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Abstract

Over the course of the 20" century there has been an increasing trend in western women
opting to delay childbirth in the pursuit of social and economic stability. This development
has highlighted the need to identify and characterise ovotoxic xenobiotics (foreign chemical
compounds) which threaten their fertility. Arguably the most insidious ovotoxic xenobiotics
are those which target the irreplaceable primordial follicle pool for destruction, resulting in
pre-mature ovarian senescence. Although many of these xenobiotics have been identified, the
molecular mechanisms behind their ovotoxicity remain largely unknown. Employing a
neonatal mouse model rich in primordial follicles, the studies presented in this thesis were
aimed at characterising the mechanisms of ovotoxicity for six xenobiotics known to target
immature follicles (4-vinylcyclohexene diepoxide; Methoxychlor; Menadione; Benzo-a-
pyrene, 7,12-Dimethylbenz-[a]anthracene; 3-Methylcholanthrene). The effects of short term
xenobiotic exposure on long term oocyte viability were also examined to determine whether

follicles which survive ovotoxic destruction were still functionally viable.

Microarray analysis and quantitative PCR revealed a unique ovarian response to each
xenobiotic involving a number of genes linked to follicular growth/development, cell death
and tumorigenesis in vitro. Immunohistological and histomorphological analysis confirmed
the microarray data, and revealed a consistent mechanism of ovotoxicity involving primordial
follicle activation alongside developing follicle atresia in vitro and in Vvivo.
Immunohistological and pharmacological inhibition studies also revealed an essential role for
the PIBK/AKt/mTOR signalling pathways in 3-Methylcholanthrene and 7,12-Dimethylbenz-
[a]anthracene induced primordial follicle activation and survival. Studies into the effects of
short term neonatal exposure on long term female fertility revealed no difference in the
number of healthy oocytes ovulated in neonatally treated adults compared to controls.
However, comprehensive oocyte viability analysis revealed a decreased capacity for
fertilisation caused by oxidative damage to the oolemma membrane due to mitochondrial

electron transport chain leakage.

The studies conducted in this thesis have identified a common mechanism of xenobiotic
induced primordial follicle depletion via a homeostatic mechanism of developing follicle

recruitment, with some ovotoxic xenobiotics inducing primordial follicle survival as opposed



to atresia. In addition, the contents of this thesis also provide the first documented evidence
of short term neonatal exposure causing long term oocyte dysfunction through xenobiotic

induced oxidative stress.



Aims and Hypothesises

The overall aim of this thesis was to determine the molecular mechanisms behind xenobiotic
induced follicular depletion and to examine the long term effects of ovotoxic xenobiotic
exposure after its removal from the follicular environment. Given the discrepancies seen in
the current literature, it was hypothesised that xenobiotic induced primordial follicle
depletion is not solely due to follicular atresia, and that short term xenobiotic exposure has
long term effects on female fertility. The first aim was investigated through a series of in
vitro and in vivo culture experiments using histological/immunohistological techniques
combined with microarray analysis. The second involved an extensive in vivo experiment
where neonatal mice were dosed with varying concentrations of xenobiotic over several days.
These neonatal mice were then allowed to reach sexual maturity, and parameters of female
fertility were assessed 6 weeks after they were last treated with xenobiotics. Overall six
xenobiotics were assayed. These were 4-vinylcyclohexene diepoxide, methoxychlor,

menadione, 9:10-dimethyl-1:2-benzanthracene, benzo[a]pyrene, and 3-methylcholanthrene.
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All Your Eggs in One Basket:
Mechanisms of Xenobiotic Induced
Female Reproductive Senescence

Alexander P. Sobinoff, Ilana R. Bernstein and Eileen A. McLaughlin
Priority Research Centre in Chemical Biology,

University of Newcastle

Australia

1. Introduction

The irreplaceable mammalian primordial follicle represents the basic unit of female fertility,
serving as the primary source of all developing oocytes in the ovary. These primordial
follicles remain quiescent, often for decades, until recruited into the growing pool
throughout a woman’s adult reproductive years. Once recruited, <1% will reach ovulation,
with the remainder undergoing an apoptotic process known as atresia (Hirshfield, 1991).
Menopause, or ovarian senescence, occurs when the pool of primordial follicles becomes
exhausted.

Pre-mature ovarian failure (POF; or early menopause) is an ovarian defect characterised by
the premature loss of menstrual cyclicity before the age of 40, well below the median age of
natural menopause (51 years). Approximately 1-4% of the female population suffers from
this condition, making POF a significant contributor of female infertility (Coulam et al.,
1986). There is now a growing body of evidence which suggests that foreign synthetic
chemicals, also known as xenobiotics, are capable of causing POF by inducing premature
follicular depletion. Indeed, exposure to pesticides, workplace chemicals, chemotherapeutic
agents and cigarette smoke have all been associated with primordial follicle reduction
resulting in premature ovarian senescence (Hoyer and Devine, 2001; Mattison et al., 1983a,
1983b; Sobinoff et al., 2010, 2011).

In addition to infertility, the loss of ovarian hormones which accompanies POF has been
connected with an increased risk of early morbidity and mortality (Shuster et al., 2010). With
current statistics indicating an increasing trend in western women opting to delay
childbirth, xenobiotic exposure could have long lasting repercussions for both the fertility
and long term health of these women. In this review we discuss the susceptible nature of
primordial follicles and the consequences of xenobiotic induced POF. We then examine the
mechanisms of ovotoxicity for environmental toxicants and xenobiotics known to target
immature follicles, and discuss the development of novel methods of wildlife fertility
control utilizing these ovotoxicants.
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560 Senescence

2. The primordial follicle: Precious and vulnerable

Oocyte development and maturation occurs within ovarian follicles. These follicles assemble
when primary oocytes (arrested at meiosis prophase I) are enveloped by a single layer of
flattened granulosa cells, forming the most immature stage of follicular development, the
primordial follicle. The timing of this event is species-specific, but generally occurs in the
primitive ovary during foetal development (McNatty et al., 2000). Due to the nature of
follicular formation, the number of oocytes established around the time of birth is finite, and
represents the total number of germ cells available to the mammalian female throughout her
entire life (Edson et al., 2009). It is therefore the size and persistence of this primordial
follicle pool which determines the female reproductive lifespan (Fig. 1).
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Fig. 1. Simple mechanistic diagram of the human female reproductive lifespan.

The first stage of folliculogenesis involves the recruitment of selected primordial follicles
into the growing population. To prolong the length of the female reproductive lifespan, only
a few primordial follicles are chosen for recruitment at any one time, with some follicles
remaining in a quiescent (non-proliferative) state for months or years (Fig 1). This event
occurs in regular waves, and is continuous from birth until ovarian senescence (McGee and
Hsueh, 2000). Overall, only a few hundred of all the recruited follicles will complete
folliculogenesis and undergo ovulation, with the vast majority being lost to atresia
(Hirshfield, 1991). Atresia is thought to be an apoptotic process which selects the healthiest
follicles for ovulation, although its mechanism of action is poorly understood. As virtually
all follicles are lost during optimal follicular development, it is important that primordial
follicles not only survive but also are maintained in a healthy state. Over-stimulation of
primordial follicle activation and premature atresia results in the extensive depletion of the
primordial follicle pool, resulting in premature ovarian senescence (Reddy et al., 2008).

There is now an increasing volume of studies which link primordial follicle depletion with
xenobiotic exposure, suggesting that these irreplaceable follicles are highly sensitive to
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cytotoxic insult (Hoyer and Devine, 2001; Mattison et al., 1983a, 1983b; Sobinoff et al., 2010,
2011). It is thought that this sensitivity may stem from the primordial follicles quiescent
nature. For example, somatic cells which undergo regular rounds of proliferation constantly
renew macromolecules and organelles by virtue of mitosis. However, the oocyte and
granulosa cells of the primordial follicle are non-proliferative, and do not benefit from
mitotic renewal, perhaps making them excessively vulnerable to xenobiotics which cause
sub-lethal damage to mitochondria and other structures over time (Tarin, 1996). Similarly
the location of the primordial follicle population within a poorly vascularised region of the
ovarian cortex also makes them highly susceptible to toxins which damage ovarian blood
vessels, with the resulting cortexual fibrosis destroying primordial follicle rich segments of
the ovary (Guraya, 1985; Meirow et al., 2007; van Wezel and Rodgers, 1996).

In addition to direct primordial follicle injury, certain xenobiotics which target developing
follicles have been shown to cause excessive primordial follicle activation (Keating, 2009;
Sobinoff et al., 2010, 2011). This may be due to a homeostatic mechanism of follicular
replacement, in which destroyed developing follicles result in primordial follicle activation
to replace the developing pool. If the offending xenobiotic is not removed, this could
potentially lead to a vicious cycle of primordial follicle depletion.

3. Consequences of xenobiotic induced primordial follicle depletion

The overall impact of xenobiotic induced follicular depletion on female reproduction
depends on the type of follicle targeted for destruction, dose, and duration of exposure
(Hoyer and Sipes, 1996). For example, xenobiotics which target large developing follicles
have an immediately noticeable effect on female fertility. Antral follicles are the primary
producers of ovarian estrogen, and therefore play an important role in the FSH-LH negative
feedback loop responsible for ovulation. Xenobiotics which selectively target antral follicles
consequently have harmful effects on ovarian cyclicity, effectively acting as endocrine
disruptors (Jarrell et al., 1991; Mattison and Schulman, 1980). Fortunately, both prolonged
and acute exposure to these ovotoxic agents only causes temporary infertility, as these
follicles can be replaced by the primordial follicle pool once the harmful xenobiotic is
removed from the immediate environment.

Conversely, xenobiotics which target small pre-antral follicles have more permanent effects
on female fertility which could potentially go unrecognised for years. Due to the non-
renewing nature of primordial follicles, these xenobiotics are particularly damaging to
female fertility, causing permanent infertility and premature ovarian senescence. What
makes this type of ovotoxicity concerning is that it has a delayed effect on reproduction
which is not made apparent until such a time that follicular recruitment cannot be
supported (Hooser et al., 1994). Thus this extended period of time between cause and effect
means that the detrimental action of xenobiotic contact often goes unnoticed, and
consequently steps are not taken to minimise exposure until it is too late. Thus even a
systemic low dose of xenobiotics may produce cumulative effects over time, resulting in the
same consequences on female fertility as a large single exposure. With current statistics
suggesting an increasing trend in developed countries of women opting to delay childbirth
until late in their reproductive life (>30 years), accelerated follicle loss resulting from
xenobiotic exposure can deprive these women of the chance to start a family in the
conventional manner (Martin et al., 2003).
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In addition to permanent infertility, the loss of ovarian hormones which accompanies early
menopause has been associated with an increased risk for a variety of health problems. For
example, estrogen deficiency (a consequence of menopause) is the most common cause of
osteoporosis in humans (Cenci et al., 2003). Bone loss results from the absence of estrogen
production by maturing ovarian follicles, which leads to a subsequent increase in FSH
production due to the negative feedback of estrogen on pituitary gonadotropin secretion. In
terms of bone remodelling, increased FSH production stimulates tumor necrosis factor
(TNF) secretion, which in turn increases osteoclast formation and bone reabsorption (Cenci
et al., 2003). Menopause induced estrogen withdrawal has also been associated with an
increase in many traditional cardiovascular risk factors, including body fat redistribution,
insulin resistance and high blood pressure, increased plasma triglyceride levels and high-
density lipid cholesterol absorption (Bilianou, 2008; Rosano et al., 2007). Increased risk for
Alzheimer’s disease is also associated with the menopause induced loss of sex steroid
hormones as evidenced by various epidemiological and experimental studies, although
some clinical findings refute this evidence (Pike et al., 2009).

Over the course of the 20th century, the average life expectancy for women in the developing
world has increased by ~40%, resulting in women now living up to a third of their lives in
post menopausal years. Unfortunately, this means that women are now spending a larger
proportion of their life with increased health risks brought about by the onset of menopause.
In addition, increased risk resulting from xenobiotic induced premature menopause means
an enhanced chance for problems. It is therefore important to understand the mechanisms
behind xenobiotic induced primordial follicle depletion.

4. Mechanisms of xenobiotic induced primordial follicle depletion
4.1 The Aryl Hydrocarbon Receptor

The Aryl Hydrocarbon Receptor (Ahr) is a ligand activated transcription factor implicated in
the regulation of a variety of physiological and developmental effects, including xenobiotic
metabolism, cell cycle progression, apoptosis and oxidative stress (Denison and Heath-
Pagliuso, 1998; Nebert et al., 2000). In its inactivated state, Ahr is found in the cytoplasm
bound to a number of molecular chaperones including hsp90, Xap2, and p23 (Carlson and
Perdew, 2002; Petrulis and Perdew, 2002). Ligand binding causes conformational changes
which expose a nuclear import signal on the Ahr, resulting in its translocation into the
nucleus (Pollenz et al.,, 1994). Once imported the Ahr-ligand receptor complex disassociates
with its chaperones and dimerizes with the aryl hydrocarbon receptor nuclear translocator
(ARNT) to form an active transcription factor with high affinity to specific DNA sequences
known as xenobiotic-response elements (XRE) within the promoter region of a variety of
genes, inducing transcription (Fig.2) (Reyes et al., 1992).

The Ahr-ARNT ligand activated transcription factor is known to regulate the toxicity of
various xenobiotic compounds such as polycyclic aromatic hydrocarbons, polychlorinated
dibenzofurans and polychlorinated biphenyls which are found ubiquitously in the
environment and are highly resistant to metabolic breakdown (Nguyen and Bradfield, 2007;
Stapleton and Baker, 2003). In an adaptive response to their accumulation in the cell, Ahr
induces the expression of a number of xenobiotic metabolising enzymes, including members
of the cytochrome P450 A and B families which oxygenate the intruding xenobiotic as part
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of a three tiered enzymatic detoxification mechanism (Conney, 1982). Unfortunately, this
oxygenation often results in the bioactivation of the parent xenobiotic into a more reactive
and therefore toxic metabolite (Harrigan et al., 2004; Melendez-Colon et al., 1999). Indeed,
many of Ahr’s known xenobiotic ligands, such as the polycyclic aromatic hydrocarbons
benzo[a]pyrene (BaP), 9:10-dimethyl-1:2-benzanthracene (DMBA), and 3-methyl-
cholanthrene (3-MC), cause primordial follicle destruction through Ahr initiated cytochrome
P450 induced bioactivation (Borman et al.,, 2000; Mattison and Thorgeirsson, 1979). For
example, BaP is initially metabolised by Ahr regulated cyplAl and cyplBl enzymes
resulting in its biotransformation into 7,8-diol, and 9,10-diol macromolecular-adduct
forming metabolites within the ovary. Inhibition of Ahr by a-naphthoflavone nullifies its
effects on primordial follicle destruction (Bengtsson et al., 1983; Mattison et al., 1983a).

Fig. 2. Molecular mechanism of Arh-Arnt directed gene expression in response to xenobiotic
exposure.

In addition to detoxification, the development of Ahr-deficient mice has revealed a
physiological role for Ahr in regulating reproduction, growth and development (Benedict et
al., 2000, 2003; Nebert et al., 1984; Robles et al., 2000; Schmidt et al., 1996). Benedict et al.
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(2000) demonstrated that ovaries from mice deficient for Ahr expression contained
significantly more fully formed primordial follicles compared to wild type mice on PND2-3.
Robles et al (2000) found similar results, identifying more than a two-fold significant
increase in the primordial follicle pool of Ahr deficient PND4 mice compared to wild type
mice. These results suggest a developmental role for Ahr in regulating primordial follicle
formation and atresia in the mouse. Although the exact details of Ahr role in the regulation
of the primordial follicle pool have yet to be determined, given that Ahr xenobiotic ligands
cause primordial follicle depletion, we hypothesise that part of these ovotoxic compounds
method of ovotoxicity may involve perturbed AhR developmental signalling, inducing
premature primordial follicle atresia.

4.2 Bioactivation

Humans come into contact with a variety of xenobiotics over the course of their lifetime, and
have evolved a number of physiological mechanisms designed to remove their harmful
influence from within the body. Hydrophilic xenobiotics tend to be less toxic, as the body is
able to directly excrete them relatively unchanged. However, if the xenobiotic is lipophilic, it
will need to be modified by a series of biochemical reactions before it can be eliminated
(Pavek and Dvorak, 2008). This series of biochemical reactions is termed biotransformation,
and can be divided into two phases. Phase I metabolism involves the introduction or
exposure of a reactive polar group on the xenobiotic via oxidation, resulting in a more
reactive/water soluble metabolite to facilitate excretion and/or the induction of phase II
metabolism. The cytochrome p450 super family of oxidases catalyse the majority of these
reactions, although other oxidases, esterases, amidases, and monooxygenases can also be
involved (Schroer et al., 2010). Phase II metabolism involves the conjugation of charged
species such as glutathione, sulphate, glycine or glucuronic acid to the phase I metabolite to
increase its water solubility (Kohalmy and Vrzal, 2011). The addition of these large anionic
groups detoxifies reactive electrophiles, resulting in a more polar metabolite which can be
actively transported out of the cell. These reactions are carried out by a broad range of
transferases, such as glutathione S-transferase, ~UDP-glucuronosyltransferases,
sulfotransferases, N-acetyltransferases, and methyltransferases (Jancovaa et al., 2010).

Unfortunately, phase I metabolism of xenobiotics by the liver and other tissues occasionally
results in the production of a more cytotoxic metabolite, a process known as bioactivation
(Dekant, 2009). These highly reactive metabolites are electrophilic, and are capable of
forming covalent bonds (or adducts) with the nucleophilic centers of cellular
macromolecules, such as proteins, DNA, and RNA. Cellular toxicity occurs when these
adducts disrupt the normal structure and/or function of these macromolecules, resulting in
apoptosis, necrosis or carcinogenesis. The main site of xenobiotic biotransformation within
the body is the liver, although the ovary is capable of both phase I and phase II metabolism
(Igawa et al., 2009; Rajapaksa et al., 2007a, 2007b; Shimada et al., 2003). Therefore, there is
potential for the vulnerable primordial follicle to come into contact with bioactivated
ovotoxic metabolites via several routes of exposure. Bioactivated metabolites produced by
the liver maybe stable enough to diffuse back into the venous circulatory system, resulting
in direct ovarian exposure. Additionally, as the primordial follicle is capable of expressing
xenobiotic metabolising enzymes itself, oocytes may be exposed to localised bioactivation.
Finally, the xenobiotic may be bioactivated locally into its ovotoxic metabolite by
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neighbouring somatic ovarian cells and taken up by the primordial oocyte, contributing to
localised bioactivation.

A number of studies performed in vitro have revealed that the ovary is capable of the
localised bioactivation of a number of xenobiotics into ovotoxic intermediates which target
primordial follicles for destruction (Rajapaksa et al., 2007a, 2007b). An example of this
localised bioactivation is the reported metabolism of the polycyclic aromatic hydrocarbon
DMBA (Fig.3). Ovarian exposure to DMBA disrupts folliculogenesis, resulting in the
destruction of all follicle populations leading to POF in rodents, although recent evidence
suggests an alternate mechanism of ovotoxicity resulting in primordial follicle depletion in
the mouse (Mattison and Schulman, 1980; Sobinoff et al., 2011). This toxicity has been
attributed to the bioactivation of DMBA into its ultimate DN A-adduct forming intermediate
DMBA-3,4-diol-1,2-epoxide (Shiromizu and Mattison, 1985). DMBA is bioactivated by
Cyp1B1 to a 3,4-epoxide which is then converted into a 3,4-diol by the microsomal epoxide
hydrolase (MeH) phase II enzyme. This intermediate is then further modified by either
CyplA1l or CyplBl1 to form the ultimate ovotoxicant DMBA-3,4-diol-1,2-epoxide (Shimada
and Fujii Kuriyama, 2004; Shimada et al., 2001). These three enzymes required for DMBA’s
biotransformation are all expressed and induced by DMBA exposure in the murine ovary
(Igawa et al., 2009; Rajapaksa et al., 2007b; Shimada et al., 2003). In further support of
localised DMBA bioactivation, inhibition of MeH in cultured rat ovaries inhibited DMBA
induced ovotoxicity, while ovarian culture in the presence of DMBA-3,4-diol induced
significantly more primordial follicle depletion than DMBA alone (Igawa et al., 2009;
Rajapaksa et al., 2007b).

Cyp 1B1
Cyp1B1 Cyp 1A1
> oM

DMBA-3,4-epoxide DMBA-3,4-diol DMBA-3,4-diol-1,2-epoxide
(Ovotoxic)

VCH 1,2-VCM veD
(Ovotoxic)

Fig. 3. Metabolism of DMBA and VCD into their ovotoxic metabolites.

Another example of localised bioactivation is the conversion of the industrial chemical 4-
Vinylcyclohexene (VCH) into VCH diepoxide (VCD) (Fig. 3). VCH is metabolised by
cytochrome P450 phase I enzymes to form VCM-monoepoxide (VCM), which is then
converted into VCD. Studies have shown VCD to be the ultimate ovotoxicant, targeting both
primordial and primary follicles for depletion (Hu et al., 2001; Smith et al., 1990; Sobinoff et
al., 2010). As demonstrated in vivo and in vitro via knockout studies, VCH/VCM is
bioactivated into VCD exclusively by the cyp2el isoform in the ovary (Rajapaksa et al.,
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2007a). Rajapaksa et al (2007a) cultured neonatal ovaries from both cyp2el*/+ and cyp2el-/-
neonatal mice in VCM and VCD containing media. Both VCH metabolites caused
primordial follicle depletion in cyp2el*/* cultured ovaries. However, unlike VCD, VCM did
not produce an ovotoxic affect in cyp2el-/- cultured ovaries, thus demonstrating its role in
VCH induced bioactivation.

4.3 Xenobiotic induced reactive oxygen species generation

Reactive oxygen species (ROS), such as superoxide anion, hydrogen peroxide and the highly
toxic hydroxyl free radical, are highly reactive oxygen-containing molecules which are
produced naturally as a consequence of oxidative energy metabolism (Valko et al., 2007).
These short lived ROS play an important role in regulating signal transduction, selectively
oxidizing cysteine residues on proteins resulting in a variety of reversible molecular
interactions (Janssen-Heininger et al.,, 2008). However, in excess these highly unstable
molecules may lead to perturbed signal transduction and/or oxidative damage to cellular
macromolecules, inducing DNA mutations, lipid peroxidation and premature protein
degradation. These molecular lesions coupled with perturbed signal transduction can
ultimately result in abnormal cellular function, apoptosis and necrosis (Valko et al., 2006,
2007; Wells et al., 2009).

The ovary is a highly redox sensitive organ, with oocytes themselves being particularly
vulnerable to excess ROS exposure due to the low rates of oxidative repair in post-mitotic
cells (Cadenas and Davies, 2000; Terman et al, 2006). According to the free radical
hypothesis of ageing, non-renewing primordial follicles, which can remain quiescent for
many years, gradually produce ROS through electron leakage from the mitochondrial
electron transport chain (Tarin, 1996). Over time this excess ROS damages the mitochondrial
membranes, leading to more electron leakage and further ROS production. Given the redox
sensitive nature of primordial follicles, it is reasonable to assume that the generation of
xenobiotic induced ROS formed through detoxification may exacerbate this process,
contributing to primordial follicle loss (Bondy and Naderi, 1994; Danielson, 2002; Wells et
al., 2009).

Xenobiotic enhanced ROS formation may occur via several mechanisms in the primordial
follicle (Fig.4). If the ovotoxic xenobiotic contains a quinone-like structure, it may undergo
redox cycling with the corresponding semiquinone radical to produce superoxide anions.
Further enzymatic and/or spontaneous dismutation of the superoxide anions produces
hydrogen peroxide, which can further react with trace amounts of iron or other transition
metals to form hydroxyl free radicals (Bolton et al., 2000). Given the futile cyclical nature of
redox cycling, this would allow a relatively small concentration of quinone-like xenobiotics
to generate an amplified production of ROS in the ovary (Park et al., 2005). For example,
menadione (MEN), a synthetic vitamin K with a quinone-like structure, is a potent toxicant
which exerts its cytotoxic affect via quinone cycling (Thor et al., 1982). Recently, we
examined the effects of MEN on folliculogenesis in neonatal mouse ovaries in vitro (Sobinoff
et al., 2010). This study found that MEN caused wide spread oxidative stress and DNA
damage resulting in primordial and small developing follicle destruction, as evidenced by
the detection of increased levels of the hydroxyl radical-induced mutagenic DNA lesion 8-
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hydroxyguanine, and Terminal deoxynucleotidyl transferase dUTP nick end labelling
(TUNEL) analysis (Klaunig and Kamendulis, 2004).

XENOBIOTIC
MACROMOLECULAR
ADDUCTS
0 o?
S GSH  GSSG
Uncoupling . /\ o \/ .
Xenobiotic — —— Xenobiotic  Redox Xenobiotic Detoxified
o-quinone Cycding  semiquinone Metabolite

Phase | Phaselll

Bioactivation '\/ Bioactivation

7N\

0: [0}
Dismutation Fe HQ® —— OXIDATIVE
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TRANSDUCTION

GSH
GSH
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REDUCED

ANTIOXIDANT |+———— GS5G
POTENTIAL

H0

Fig. 4. Biochemical pathways outlining the mechanisms of xenobiotic induced ROS
production which may contribute to primordial follicle depletion. Abbreviations: Fe, iron;
0,°, superoxide; H,0,, hydrogen peroxide; HO®, hydroxyl radical.

Another mechanism of xenobiotic induced ROS formation is the phase I bioactivation of the
offending xenobiotic into reactive and redox active o-quinone metabolites. As mentioned
previously, the PAH BaP is converted into 7,8-diol, and 9,10-diol by Ahr induced cyplAl
and cyplBl enzymes in the ovary (Bengtsson et al., 1983). Studies have also shown that
cyplAl is also capable of converting BaP into the BaP o-quinones benzo[a]pyrene-3,6-dione
and benzo[a]pyrene-6,12-dion (Schwarz et al., 2001). Additionally, cyp 1A1 bioactivated BaP
7,8-diol can be further metabolised via NAD(P)*-dependent oxidation by the phase I
dihydrodiol dehydrogenase Akrlcl enzyme, resulting in the formation of a ketol. This ketol
then undergoes tautomerisation to form catechol 7,8-dihydroxybenzo[a]pyrene. Two
subsequent 1-electron auto-oxidation events produce a o-semiquinone anion, followed by
the formation of the o-quinone benzo[a]pyrene-7,8-dione (Trevor et al., 1996). Given the
increases observed in cyp 1A1 expression in the ovary in response to BaP exposure, and the
relatively high level of dihydrodiol dehydrogenase expression in the ovary compared to the
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liver, it is reasonable to assume BaP may be exerting part of its ovotoxic affect through o-
quinone formation (Hou et al, 1994). Indeed, both benzo[a]pyrene-3,6-dione and
benzo[a]pyrene-6,12-dion were detected in rat ovaries after a single dose exposure of BaP in
rodents (Ramesh et al., 2010).

The un-natural “uncoupling” of phase I cytochrome P450 enzymes may also contribute to
xenobiotic induced ovotoxicity via ROS production. Cytochrome P450 enzymes use H*
obtained from NADPH to reduce O, which leads to the production of hydrogen peroxide
and/or superoxide anion radicals as part of phase I oxygenation. Unfortunately, the P450
catalytic cycle can be uncoupled, resulting in the release of the reactive hydrogen peroxide
and/or superoxide anion radical from the enzyme substrate complex (Meunier et al., 2004).
Although all cytochrome P450 enzymes experience uncoupling, cyp 2E1 experiences a high
rate of the phenomenon (Caro and Cederbaum, 2004). Even in the absence of substrate, cyp
2E1 undergoes un-natural “uncoupling” due to its NADPH oxidase activity independent of
phase I metabolism (Ekstrom and Ingelman-Sundberg, 1989). As described previously, VCH
is exclusively bioactivated by cyp 2E1 to produce the ovotoxic metabolite VCD. It is
therefore possible that VCH may partially cause primordial follicle depletion via excess ROS
production. Indeed, studies conducted in our laboratory have demonstrated VCD itself,
along with the pesticide methoxychlor (MXC) and MEN, is capable of inducing cyp 2E1
expression and oxidative stress in the form of 8-hydroxyguanine adduct formation in
primordial follicles (Sobinoff et al., 2010).

Another mechanism by which ovotoxic xenobiotics may cause oxidative stress is through
the depletion of glutathione peroxidase (GSH) via detoxification. GSH is the body’s most
abundant antioxidant, providing protection against all forms of oxidative stress by
scavenging ROS by virtue of its reducing thiol group, forming oxidised glutathione
disulfide (GSSG) (Kidd, 1997). The glutathione system (GSH/GSSG ratio) acts as a
homoeostatic redox buffer that contributes to maintenance of the cellular redox balance,
with a reduction in the GSH/GSSG ratio indicating oxidative stress (Schafer and Buettner,
2001). In addition to its function as a ROS scavenger, GSH is also employed in the phase II
metabolism of many ovotoxic xenobiotics (Keating et al., 2010; Tsai-Turton et al., 2007; Wu
and Berger, 2008). For example, VCD is conjugated to GSH by the glutathione S-transferase
Gst isoform pi (Gstp) as part of phase II detoxification in the ovary (Keating et al., 2010).

The mammalian ovary itself is highly redox sensitive, with maturing oocytes containing the
highest concentration of GSH compared to any other cell type in the body (Calvin et al.,
1986; Clague et al., 1992; Luderer et al., 2001). It is therefore likely that ovarian somatic and
germ cell GSH plays an important role in protecting ovarian follicles from damage by
ovotoxic xenobiotics. This is especially evident in primordial follicles, where a natural
decrease in the GSH/GSSG ratio with advancing reproductive age increases primordial
follicle susceptibility to xenobiotic induced destruction (Mattison et al., 1983b). Therefore,
we hypothesise that the detoxification of ovotoxic xenobiotics via GSH conjugation reduces
the GSH/GSSG ratio in primordial follicles, leaving them vulnerable to oxidative stress and
primordial follicle depletion. Indeed, DMBA detoxification involves GSH conjugation, and
its ovotoxic ROS production can be reduced through the addition of GSH, curbing its
ovotoxicity (Tsai-Turton et al., 2007). There is controversial evidence for this mechanism of
ovotoxicity in VCD induced primordial follicle loss. Rodent exposure to VCD was shown to
reduce GSH concentrations by 25% and 55% in rat and mouse ovaries 2 hours after VCD
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administration (Bhattacharya and Keating, 2011). Additionally, rodents given the same dose
of VCD over a period of several days caused specific primordial follicle depletion only after
15 days of continual dosing (Springer et al., 1996). The significant decrease in GSH
concentrations almost immediately after exposure, coupled with the delayed loss of follicles
following chronic exposure suggest that GSH reduction over time due to VCD detoxification
could leave the susceptible primordial follicle vulnerable to increasing concentrations of
xenobiotic induced ROS, resulting in primordial follicle destruction. It is pertinent that a
single dose of a higher concentration of VCD (320 mg/kg) causes significant primordial
follicle depletion 6 days after exposure, but is not specific to the primordial follicle pool
(Devine et al., 2004). Additionally, VCD in vitro culture assays have linked an increase in
Gstp expression with the first signs of primordial follicle loss after 6 days of exposure in
neonatal rat ovaries (Bhattacharya and Keating, 2011; Keating et al., 2010). As Gstp catalyses
VCD-GSH conjugation, the increase in enzymatic expression and therefore activity could
have contributed to the observed primordial follicle loss due to a reduction in GSH/GSSG
oxidative buffer. Conversely, substituting VCD culture media with antioxidant such as GSH
does not prevent primordial follicle depletion, suggesting it is not the ultimate cause of
depletion (Devine et al., 2004).

4.4 Xenobiotic induced primordial follicle activation

Traditionally, studies attempting to identify the molecular mechanisms behind xenobiotic
induced POF have focused on premature follicular atresia as the main source of primordial
follicle depletion. However, there is now a growing body of evidence which suggests that
xenobiotics cause primordial follicle depletion through accelerated primordial follicle
activation (Keating, 2009, 2011; Sobinoff et al., 2010, 2011). A study of VCD and MXC
induced primordial follicle depletion has revealed a selective mechanism of pre-antral
ovotoxicity involving small developing follicle atresia and primordial follicle activation both
in vitro and in vivo (Sobinoff et al., 2010). Extracted neonatal mouse ovaries cultured in either
VCD or MXC were immunopositive for the apoptotic markers caspase 2, caspase 3, and
TUNEL in small developing follicles from the primary stage onward, but were absent in
primordial follicles (Fig.5). In addition, the primordial follicles in VCD and MXC cultured
ovaries expressed proliferating cell nuclear antigen (PCNA), a marker of primordial follicle
activation (Picut et al., 2008; Tomének and Chronowska, 2006). VCD and MXC exposure
also induces primordial follicle activation and developing follicle atresia in vivo as evidenced
by increased primordial follicle PCNA expression and histomorphological analysis (Sobinoff
et al.,, 2010). Microarray analysis confirmed via qPCR also showed VCD and MXC up-
regulated PI3K/Akt and mTOR signalling, two synergistic pathways intimately associated
with primordial follicle activation (Reddy et al., 2010). Further evidence for PI3K/Akt
signalling in VCD induced primordial follicle activation comes from a study conducted by
Hoyer et al (2009), in which LY294002, an inhibitor of PI3K, prevented primordial follicle
depletion in cultured rat ovaries (Vlahos et al., 1994).

The polycyclic aromatic hydrocarbon DMBA, which was previously thought to cause
indiscriminate follicular destruction, has also been shown to cause pre-antral ovotoxicity
through selective immature follicle destruction and primordial follicle activation (Mattison
and Schulman, 1980; Sobinoff et al., 2011). In addition to showing signs of maturing follicle
atresia (caspase 2, caspase 3, TUNEL) and primordial follicle activation (PCNA), DMBA
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induced Aktl phosphorylation, mTOR activation, and decreased FOXO3a expression in
DMBA cultured primordial oocytes. All of these events occur downstream of the PI3K/ Akt
and mTOR signalling pathways, providing evidence for these pathways involvement in
xenobiotic induced primordial follicle depletion (Reddy et al., 2010). Unlike VCD however,
PI3K/Akt inhibitor studies utilising LY294002 in DMBA cultured rat ovaries caused
accelerated primordial follicle depletion (Keating, 2009). In addition to its role in primordial
follicle activation, PI3k/ Akt signalling is also responsible for augmenting cellular survival
by inhibiting the activation of proapoptotic proteins and transcription factors (Blume-Jensen
et al., 1998; Testa and Bellacosa, 2001). Therefore, in addition to acting synergistically with
mTOR signalling to cause primordial follicle activation, PI3k/Akt signalling may help
preserve the primordial follicle pool in times of cytotoxic stress. Interestingly however,
mTOR signalling does not require PI3k/Akt signalling to induce primordial follicle
activation, and in fact may be the sole driver of DMBA induced primordial follicle activation
(Adhikari et al., 2010).

Caspase 2

TUNEL

Control

VvCD

Fig. 5. Immunohistological staining of apoptotic markers in VCD exposed neonatal mouse
ovaries. Blue staining (DAPI) represents nuclear staining; red staining (Cy-5) represents
specific staining for the protein of interest; green staining (Fluorescein) represents specific
staining for degraded DNA (TUNEL). Thin arrow=developing follicle; scale bar is equal to
50pum.

As xenobiotic induced primordial follicle activation is reportedly accompanied by small pre-
antral follicular destruction, it has been hypothesised that xenobiotic induced primordial
follicle depletion is the result of a homeostatic mechanism of follicular replacement
(Keating, 2009; Sobinoff et al., 2010). In this hypothesis, the ovotoxic xenobiotic targets and
destroys developing follicles, leading to increased primordial follicle recruitment to
maintain the developing pool (Fig. 6). Although the developing pool may be maintained for
some time, eventually the rate of developing follicle destruction will exceed the dwindling
primordial follicle pools rate of replacement, resulting in POF. Indeed, it is well known that
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rapidly dividing cells, such as the granulosa cells of developing follicles, are highly
susceptible to the action of cytotoxic xenobiotics (Blumenfeld and Haim, 1997; Hirshfield,
1991). Therefore, if the xenobiotic targeted these proliferating granulosa cells for destruction,
the entire follicular structure would demise (Hughes and Gorospe, 1991). Even given the
vulnerable nature of the primordial follicle explained earlier in this review, the primordial
follicles quiescent nature may reduce their susceptibility to certain xenobiotics, and are only
destroyed once a commitment to activation/recruitment has been made.

Control
Negative signal of
primordial foilicle
activation

(@Da@» — @

((@))

Primordial Maturing
fallicles follicles

Xenobiotic treated

A ° [+] N Cl
©@ — o/

<~ ~
@j}w 5 ° MXC
g/

Primordiai foliicle
activation

Fig. 6. Homeostatic mechanism of follicular replacement hypothesis. Under control
conditions, premature primordial follicle activation is prevented by negative cytokine
signals excreted from the developing pool of follicles. Xenobiotic exposure results in the
destruction of this developing pool, removing these negative signals causing primordial
follicle activation.

Another proposed mechanism of xenobiotic induced primordial follicle activation may
involve perturbed signal transduction caused by oxidative stress. As described previously,
ROS play a physiological role in regulating signal transduction by selectively oxidising
cysteine residues on proteins resulting in a variety of reversible molecular interactions
(Wells et al., 2009). It is therefore conceivable that increased levels of xenobiotic induced
ROS could lead to abnormal cysteine oxidation and consequently dysregulated signal
transduction. For example, the PI3K/Akt signalling pathway has been shown to be up-
regulated by increased levels of ROS through the H>O; oxidation of phosphatases which
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negatively regulate the pathway (Kim et al., 2005; Naughton et al., 2009). Given the
PI3K/ Akt pathway’s role in the regulation of primordial follicle recruitment, increased ROS
production could potentially cause primordial follicle activation in xenobiotic treated
ovaries. Indeed, all three xenobiotics which have thus far been reported to induce
primordial follicle activation also cause oxidative stress and induce the
expression/activation of members of the PI3K/Akt signalling pathway in the ovary
(Sobinoff et al., 2010, 2011; Tsai-Turton et al., 2007).

Xenobiotic induced primordial follicle activation may also be the result of abnormal cross-
talk between signalling pathways. For example, DMBA exposure was shown to induce
Dnajb6 expression, a heat shock protein whose expression is normally induced by Nrf2 and
Hsf1 in response to oxidative stress (Sobinoff et al., 2011; Thimmulappa et al., 2002; Wang,
K. et al., 2009). Dnajb6 responds to stress by inhibiting nuclear factor of activated T cells
(NFAT) transcriptional activity through the recruitment of class II histone deacetylase (Dai
et al., 2005). In turn NFAT positively regulates PTEN expression, a known inhibitor of Aktl
phosphorylation. Therefore DMBA induced Dnajb6 expression may inhibit NFAT
transcriptional activity, reducing PTEN expression and stimulating Aktl phosphorylation,
resulting in primordial follicle activation (Baksh et al., 2002; Reddy et al., 2010; Wang, Q. et
al.).

4.5 Xenobiotic induced cell death

Ovarian follicles undergo physiological cell death via the apoptotic process of atresia, which
is thought to select dysfunctional follicles and thus reserving the healthiest follicles for
ovulation (Tilly et al., 1991). A number of studies have concluded that ovotoxic xenobiotics
which target primordial follicles for destruction do so by inducing premature follicular
atresia (Hu et al., 2001; Matikainen et al., 2001; Tilly and Robles, 1999). In this review we
have already discussed the mechanisms by which ovotoxic xenobiotics may induce
follicular atresia in primordial follicles (Ahr activation, Bioactivation, and ROS generation).
However, other forms of cell death have been reportedly induced by xenobiotic exposure.
Cell death by necrosis usually occurs in response to tissue injury, and elicits an
inflammatory response in the surrounding tissue. Necrosis can be distinguished from
apoptosis via histomorphological and ultrastructural analysis (Gobe and Harmon, 2001). In
a study by Mattison (1980), the three PAHs BaP, 3-MC, and DMBA were shown to cause
morphological changes in mouse primordial follicle oocytes which were consistent with
necrosis (Mattison, 1980). The alkylating chemotherapeutic agent cyclophosphamide was
also shown to cause necrotic damage in mouse primordial follicle oocytes three days after a
single ip injection (Plowchalk and Mattison, 1992). However, lower doses of
cyclophosphamide produced atretic changes in primordial follicle oocytes, suggesting the
type of cell death (apoptosis/necrosis) caused by xenobiotic exposure depends upon the
dose given, and the duration of exposure. Therefore, concentrations of xenobiotic which
cause mild cellular damage may result in active cell death, or apoptosis, while concentration
which result in severe damage will result in passive cell death, or necrosis (Raffray and
Gerald, 1997).

Autophagy or “self eating” is another possible non-apoptotic mechanism of cell death which
may result in primordial follicle depletion. This conserved catabolic process involves the
lysosomal-dependant turnover of cytoplasmic organelles and proteins during times of
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starvation or nutrient deficiency, allowing the regeneration of metabolic precursor
molecules to ensure survival (Levine and Klionsky, 2004). Increased incidences of
autophagy have also been observed in response to other environmental stresses, including
hypoxia, oxidative stress, and xenobiotic exposure (Kiffin et al., 2006; Kondo et al., 2005).
Under these conditions autophagy may renew damaged or dysfunctional organelles,
thereby maintaining a healthy cell population. Although the activation of autophagy in
response to cell stress may be a cellular adaptation to promote survival, excessive activation
beyond a key threshold may result in cellular collapse and atrophy, a process known as
autophagic cell death (Galluzzi et al., 2008). While debatable whether autophagic cell death
is independent from apoptosis, it has been almost universally accepted that excess
autophagy can induce apoptosis (Levine and Yuan, 2005; Maiuri et al., 2007). Recent studies
have suggested autophagy as an alternate form of programmed cell death in the ovary, with
evidence indicating it is the main mechanism by which oogonia are lost prior to primordial
follicle formation (Duerrschmidt et al., 2006; Lobascio et al., 2007; Rodrigues et al., 2009).
Thus prolonged xenobiotic exposure resulting in organelle damage may induce autophagic
cell death in primordial follicles, resulting in depletion. Indeed, proteins responsible for
regulating apoptosis, such as members of the Bcl2 family, have also been found to regulate
autophagy (Maiuri et al., 2007; Shimizu et al., 2004). Therefore, gene expression studies in
which these pathways have been thought to induce xenobiotic atresia could be inducing
primordial follicle destruction by apoptotic independent or dependent autophagy (Flaws et
al., 2006).

5. Ovotoxic xenobiotics as agents for wildlife fertility control

Population control of native and exotic pest species is necessary to prevent environmental
degradation, competition and predation of native wildlife, the spread of pathogenic
diseases, and conflicts with humans over food production. Traditionally, population control
has involved the elimination of the target species through poisoning, trapping and shooting
(McAlpine et al., 2007). Although effective immediately, these methods are seen as inhuman,
unsustainable, and ineffective over the long term. Manipulating the reproductive rate,
particularly in females, instead of increasing the mortality rate is potentially more humane,
species specific, and effective at curtailing populations (Kirkpatrick, 2007). The use of
ovotoxic xenobiotics as agents of contraception/sterilisation represents a novel approach to
fertility control. Of particular interest are xenobiotics which have been shown to cause POF
by specifically targeting the primordial follicle population for degradation (Hoyer and
Devine, 2001; Sobinoff et al., 2010), thus causing permanent sterility.

To achieve widespread efficacy ovotoxic xenobiotics in fertility control must be delivered
via single or minimal oral administration. To be successful an oral agent must also have
permanent or very long lasting effects, be specific for the target pest species and be
humane/environmentally safe (Castle and Dean, 1996). Rodents such as the rice-field rat
represent a serious pest in cereal agriculture, accounting for an average annual loss of
between 5-10% of rice crops in Asia, 17% of rice crops in Indonesia, between 15-100% of
maize in Africa, and between 5-90% of total crop production in South America (Geddes,
1992; Mwanjabe and Leirs, 1997; Rodriguez and Jaime, 1993; Singleton, 2003; Taylor, 1968).

VCD represents an ideal fertility control agent due to its ability to induce rapid small follicle
depletion resulting in POF in rodents at concentrations which do not cause widespread
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cytotoxicity (Springer et al., 1996). Additionally, VCD metabolism in the liver and hepatic
tissue of rodents results in the production and excretion of the inert compound from the
body, potentially reducing its effects on predators and its bioaccumulation in the
environment (Flaws et al., 1994; Keating et al., 2010; Rajapaksa et al., 2007a). However, VCD
does have disadvantages which make it fall short of the ideal fertility control agent. As
described previously, VCD requires multiple doses to cause complete infertility in the
rodent model (Springer et al., 1996). In addition, a VCD containing bait would need to be
both attractive and palatable to the pest species, but not palatable or accessible to non-pest
species. Currently, VCD is being trialled as an oral fertility control agent in the rice-field rat
Rattus argentiventer. Registered by SenesTech Inc. as ContraPest®, the company website
suggests the formulated bait is palatable, causes complete sterility within one month’s
ingestion, and does not adversely affect the animal’s health and well being
(http:/ /www.senestech.com/). The use of other ovotoxicants as oral fertility control agents
has been less successful. In a study by Sanders et al (2011) ERL-4221, a less toxic diepoxide,
cycloaliphatic epoxide resin, which recently replaced VCD in industry, was investigated as a
possible fertility control agent for pigs. A 20 day treatment period using palatable bait
containing 16.0 mg ERL-4221 kg-1 bodyweight failed to produce any difference in follicular
composition compared to control treated animals (Sanders et al, 2011). In summary,
ovotoxicants represent potential fertility control agents, provided the xenobiotic delivers
significant follicle depletion without side effects, and does not adversely affect the
environment or food chain.

6. Conclusions

Ovotoxic xenobiotics cause primordial follicle depletion via several mechanisms which
ultimately lead to their destruction or activation. These chemicals are rarely ovotoxic
by themselves, and require hepatic or ovarian metabolism to exert their destructive effects
on reproduction. This type of ovotoxicity is insidious in its nature, and is not usually
detected until the primordial follicle pool has become severely depleted, resulting
in premature reproductive senescence. Besides a loss in fertility, reproductive senescence
is also associated with an increased incidence of a variety of health problems. Despite
the negatives associated with ovotoxic xenobiotics, there is potential to use their
destructive nature for wildlife control and agricultural gain. It is a form of poetic justice
that ovotoxic xenobiotics which prevent women from conceiving may be used to combat
one of the biggest causes of death in the third world, starvation. Future research should be
aimed at further elaborating the specific mechanisms of primordial follicle ovotoxicity,
improving our ability to predict/detect human risk from environmental exposure, and
investigating the possibility of using these ovotoxicants for the environmental control of
pest species.
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Mammalian females are born with a finite number of non-
renewing primordial follicles, the majority of which remain in
a quiescent state for many years. Because of their nonrenewing
nature, these “resting” oocytes are particularly vulnerable to
xenobiotic insult, resulting in premature ovarian senescence and
the formation of dysfunctional oocytes. In this study, we
characterized the mechanisms of ovotoxicity for three ovotoxic
agents, 4-vinylcyclohexene diepoxide (VCD), methoxychlor
(MXC), and menadione (MEN), all of which target immature
follicles. Microarray analysis of neonatal mouse ovaries exposed to
these xenobiotics in vitro revealed a more than twofold significant
difference in transcript expression (p < 0.05) for a number of genes
associated with apoptotic cell death and primordial follicle
activation. Histomorphological and immunohistological analysis
supported the microarray data, showing signs of primordial
follicle activation and preantral follicle atresia both in vitro and
in vivo. Sperm-oocyte fusion assays on oocytes obtained from
adult Swiss mice treated neonatally revealed severely reduced
sperm-egg binding and fusion in a dose-dependent manner for
all the xenobiotic treatments. Additionally, lipid peroxidation
analysis on xenobiotic-cultured oocytes indicated a dose-dependent
increase in oocyte lipid peroxidation for all three xenobiotics
in vitro. Our results reveal a novel mechanism of preantral
ovotoxicity involving the homeostatic recruitment of primordial
follicles to maintain the pool of developing follicles destroyed
by xenobiotic exposure and to our knowledge provide the first
documented evidence of short-term, low- and high-dose (VCD
40-80 mg/kg/day, MXC 50-100 mg/kg/day, MEN 7.5-15 mg/kg/day)
neonatal exposure to xenobiotics causing long-term reactive
oxygen species—induced oocyte dysfunction.

Key Words: xenobiotic; fertility; ovary; primordial follicle;
oocyte dysfunction.

The mammalian female reproductive life span is largely
defined by a finite pool of primordial follicles established
around the time of birth. These follicles serve as the primary
source of all developing oocytes in the ovary and cannot be
regenerated after fetal development (Hirshfield, 1991). Only
a few primordial follicles are recruited into the growing pool of

follicles at any one time, with some follicles remaining in
a quiescent state for many years. This event occurs in regular
waves and is continuous from birth until the primordial
follicle pool is depleted, resulting in menopause (McGee and
Hsueh, 2000). Overall, < 1% of all follicles recruited into the
growing pool are destined for ovulation, with the vast majority
being lost during development in an apoptotic process called
atresia (Hirshfield, 1991). Although atresia is a normal physio-
logical process, it is now known that it can be abnormally
triggered through exposure to synthetic chemical compounds
(or xenobiotics) with disastrous effects on female fertility
(Hoyer and Sipes, 1996). Because of their nonrenewing nature,
xenobiotics that destroy primordial follicles are particularly
damaging to female fertility, causing permanent infertility and
premature ovarian failure (Borgeest et al., 2004; Borman et al.,
2000; Neal et al., 2007).

Although the ovotoxic effects of many xenobiotics are well
documented, the exact molecular mechanisms behind their
action are only just being elucidated. One of the most
extensively characterized mechanisms underpinning primordial
follicle ovotoxicity has been explored using the xenobiotic 4-
vinylcyclohexene diepoxide (VCD), an ovotoxic metabolite of
4-vinylcyclohexene used as a solvent for epoxides in industry
(Hoyer and Sipes, 1996). Repeated dosing of VCD in rodents
induces preantral follicle loss, specifically primordial and
primary follicle destruction (Kao et al., 1999). Molecular
mechanistic studies demonstrate that VCD enhances follicular
atresia in preantral follicles via the activation of Bcl-2 family of
proto-oncogenes and proapoptotic members of the mitogen-
activated protein kinase (MAPK) family (Hu ez al., 2001, 2002).
VCD-induced primordial follicle ovotoxicity has also been
shown to be nullified by phosphatidylinositol 3-kinase (PI3
kinase) inhibition in vitro (Keating et al., 2009). As PI3 kinase is
believed to be required for primordial follicle activation, growth,
and survival, this suggests that VCD may induce primordial
follicle loss through increased follicular activation (McLaughlin
and Mclver, 2009). Whereas increased follicle activation and
atresia contributes to VCD-induced follicular atresia in vitro, the
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entire in vivo mechanism underpinning VCD and other
xenobiotic ovotoxicity remains unclear.

In addition to the molecular mechanisms behind xenobiotic
ovotoxicity, the effects of xenobiotic exposure on long-term
oocyte function have not been studied. One potential impact of
xenobiotic exposure on egg and embryo quality is the induction
of the formation of reactive oxygen species (ROS). Ovarian
somatic and germ cells normally remove the harmful influence
of xenobiotics through a three-tier enzymatic defence mechanism.
The initial detoxification step involves the bioactivation of
xenobiotic compounds into free radical intermediates by
the cytochrome p450 family of oxidases (Danielson, 2002).
Xenobiotic-enhanced ROS formation can occur in the oocyte
via the unnatural uncoupling of the oxidative reaction or, if the
hydroxylated metabolite forms a quinone, through redox
cycling (Wells er al., 2009). In the mammalian ovary,
cytochrome P450 enzyme mRNA levels rise in response to
xenobiotic exposure (Cannady et al., 2003), potentially leading
to disturbed oocyte redox potential, resulting in oxidative
damage to cellular macromolecules and/or perturbed signal
transduction (Tarin, 1996). In terms of oocyte functional
competence, peroxidative damage to the oocyte plasma
membrane lipids may also alter membrane fluidity and
elasticity, inhibiting sperm/oocyte fusion and fertilization.

To better understand the mechanisms underpinning xenobiotic-
induced ovotoxicity, we examined the effects of three ovotoxic
environmental chemicals on ovarian follicle signaling path-
ways and oocyte dysfunction. In addition to VCD, the ovarian
xenobiotics, methoxychlor (MXC), and menadione (MEN)
were used in this study. MXC is a synthetic organochlorine
insecticide that has been shown to directly induce follicular
atresia in vivo, specifically targeting antral follicles in adult
cycling female mice (Borgeest er al., 2004, 2002). Additionally,
preliminary studies in our laboratory have also shown that
MXC is capable of inducing primordial follicle loss in neonatal
ovaries in vitro, possibly because of an independent mechanism
of prepubertal ovotoxicity. The effects of the synthetic vitamin
K quinone MEN on ovarian folliculogenesis have not been
reported; however, pilot studies in our laboratory demonstrated
that it is a potent ovotoxicant capable of inducing follicular
atresia in neonatal ovaries cultured in vitro. Microarray, follicle
counts, and immunohistological analysis revealed a consistent
mechanism of primordial follicle activation in VCD and
MXC ovotoxicity in vitro and all three xenobiotics in vivo.
Sperm-oocyte fusion assays and lipid peroxidation analysis
demonstrated that short-term xenobiotic exposure causes
long-term oocyte dysfunction possibly because of xenobiotic
ROS-induced oxidative stress.

MATERIALS AND METHODS

Reagents. Unless otherwise stated, chemicals, xenobiotics (> 95% purity),
and custom-designed primers were purchased from Sigma Chemical Co.
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(St Louis, MO) and were of molecular biology or research grade. Mouse
monoclonal anti-proliferating cell nuclear antigen antibody (anti-PCNA,
NAO3T) was obtained from Merck KGaA (Darmstadt, Germany). Rabbit
polyclonal anti-active caspase 3 antibody (anti-Casp3, ab13847), rabbit
polyclonal anti-active caspase 2 antibody (anti-Casp2, ab2251), mouse
monoclonal anti-human p63 (anti-p63, ab3239), and rabbit polyclonal anti-
cytochrome p450 2E1 (anti-Cyp2El, ab73878) were obtained from Abcam
(Cambridge, MA). Mouse monoclonal anti-8-oxoguanine (anti-8ox,
MAB3560) was obtained from Chemicon (Billerica, MA). Alexa Fluor 594
goat anti-rabbit immunoglobulin G (IgG) (A11012), Alexa Fluor 594 goat anti-
mouse IgG (A11005), 4,4-difluoro-5-(4-phenyl-1,3-buttadienyl)-4-bora-
3a,4a-diaza-s-indacene-3-undecanoic acid 581/591 C11 (BODIPY; D3861),
fetal bovine serum, L-glutamine, and Insulin-Transferrin-Selenium (ITS) were
purchased from the Invitrogen Co. (Carlsbad, CA). L-Ascorbic Acid was
obtained from MP Biomedicals (Solon, OH) and 0.4-pum Culture Plate Inserts
were purchased from Millipore (Billerica, MA). All culture dishes and cell
culture plates were obtained from Greiner Bio-One (Monroe, NC). Oligo(dT)15
primer, RNasin, dNTPs, M-MLV-Reverse Transcriptase, RQ1 DNAse, GoTaq
Felxi, MgCl,, GoTaq quantitative PCR (qPCR) master mix, and Proteinase K
were purchased from the Promega Corporation (Madison, WI).

Animals. All experimental procedures involving the use of animals were
performed with the approval of the University of Newcastle’s Animal Care and
Ethics Committee (ACEC). Inbred Swiss mice were obtained from a breeding
colony held at the Institute’s central animal facility and maintained according to
the recommendations prescribed by the ACEC. Mice were housed under
a controlled lighting regime (16L:8D) at 21-22°C and supplied with food and
water ad libitum.

Animal dosing. Female Swiss neonatal mice (day 4, 6-10 animals per
treatment group) were weighed and administered (ip) 7 daily, consecutive doses
of either sesame oil containing vehicle control (< 0.5 ml/kg/day dimethyl
sulfoxide [DMSO]) or sesame oil containing a low and high dose of VCD (40
and 80 mg/kg/day), MXC (50 and 100 mg/kg/day), or MEN (7.5 and 15 mg/kg/
day). The dosage, routes of administration, and dosing time courses were based
on previous studies and were chosen with the intention of inducing partial
ovotoxicity with minimal cytotoxicity (Borgeest et al., 2002; Cannady et al.,
2003; Gupta et al., 2006; Radjendirane et al., 1998). Animals were observed
daily for symptoms of toxicity and mortality. Half of the treated animals were
culled by CO, asphyxiation 24 h after the last injection. The remaining animals
were weaned and then superovulated at 6 weeks of age via ip injection of 10 IU
of Folligon (equine chorionic gonadotropin; Intervet, Sydney, Australia)
followed by ip administration of 10 IU of Chorulon (human chorionic
gonadotrophin [hCG]; Intervet) 48 h later.

Ovarian culture. Ovaries from days 3-4 Swiss neonatal mice were
cultured as described previously (Holt e al., 2006). Briefly, Swiss neonates
were sacrificed by CO, inhalation followed by decapitation. Ovaries were
excised, trimmed of excess tissue, and placed on culture plate inserts in six-well
tissue culture plate wells floating atop 1.5 ml Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12 medium containing 5% (vol/vol) fetal
calf serum, 1 mg/ml bovine serum albumin (BSA), 50 pg/ml ascorbic acid,
27.5 pg/ml ITS, 2.5mM glutamine, and 5 U/ml penicillin/streptomycin. Media
were supplemented with 40 ng/ml basic fibroblast growth factor, 50 ng/ml
leukemia inhibitory factor, and 25 ng/ml stem cell factor. Using fine forceps,
a drop of medium was placed over the top of each ovary to prevent drying.
Ovaries were cultured for 4 days at 37°C and 5% CO, in air, with media
changes every 2 days. Ovaries were treated with vehicle control medium (0.1%
DMSO), VCD (25uM), MXC (25uM), or MEN (5uM). Xenobiotic culture
concentrations were determined by pilot studies performed in our laboratory
with the intention of inducing overt toxicity.

Histological evaluation of follicles. Following in vitro culture/in vivo
dosing, ovaries were placed in Bouin’s fixative for 4 h, washed in 70% ethanol,
paraffin embedded, and serially sectioned (4 pm thick) throughout the entire
ovary, with every fourth slide counterstained with hematoxylin and eosin.
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Healthy oocyte—containing follicles were then counted in every hematoxylin-
and eosin-stained section. Follicles with eosinophilic oocytes were not counted
as they could not be definitively identified as follicles. Primordial follicles were
classified as those with a single layer of squamous granulosa cells. Activating
follicles were identified as those that contained one or more cuboidal granulosa
cells in a single layer. Primary follicles were classified as those that contained
more than four cuboidal granulosa cells in a single layer. Secondary follicles
were identified as those with two layers of granulosa cells, and preantral
follicles were classified as those with more than two layers of granulosa cells.
Both in vitro— and in vivo—treated ovaries did not contain follicles beyond the
preantral stage.

Immunohistochemistry. Ovaries for immunohistochemistry were fixed in
Bouin’s and sectioned 4 pm thick. PCNA, active Casp2 and active Casp3 were
stained using the same protocol with the exception of the primary antibody.
Slides were deparaffinized in xylene and rehydrated with subsequent washes
in ethanol. Antigen retrieval was carried out by microwaving sections for
3 X 3 min in Tris buffer (50mM, pH 10.6). Sections were then blocked in 3%
BSA/tris-buffered saline (TBS) for 1.5 h at room temperature. The following
solutions were diluted in TBS containing 1% BSA. Sections were incubated
with anti-PCNA (1:80), anti-Casp2 (1:200), or anti-Casp3 (1:200) for 1 h at
room temperature. After washing in TBS containing 0.1% Triton X-100,
sections were incubated with the appropriate fluorescent-conjugated secondary
antibodies (Alexa Fluor 594 goat anti-rabbit IgG and Alexa Fluor 594 goat anti-
mouse IgG; 1:200 dilution) for 1 h. Slides were then counterstained with 4’-6-
diamidino-2-phenylindole (DAPI) for 5 min, mounted in Mowiol, and observed
on an Axio Imager Al fluorescent microscope (Carl Zeiss Microlmaging, Inc.,
Thornwood, NY) under fluorescent optics and pictures taken using an Olympus
DP70 microscope camera (Olympus America, Center Valley, PA).

TUNEL analysis. Bouin’s fixed sections were deparaffinized and
rehydrated as mentioned previously. Sections were then boiled in Tris buffer
(50mM, pH 10.6) for 20 min and treated with 20 pg/ml Proteinase K for 15 min
in a humidified chamber. Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) analysis was then performed using an In Situ Cell Death
Detection Kit, Fluorescein (Roche Diagnostics Pty Ltd.; Dee Why, New South
Wales, Australia), according to the manufacturer’s instructions. Slides were
then counterstained with DAPI for 5 min, mounted in Mowiol, and observed on
an Axio Imager A1 fluorescent microscope (Carl Zeiss) under fluorescent optics
and pictures taken using an Olympus DP70 microscope camera (Olympus).

Protein extraction and immunoblotting. Ovaries were solubilized with
SDS lysis buffer and quantified aliquots separated by electrophoresis and
transferred onto a nitrocellulose Hybond C-Extra membrane (Amersham) prior
to blocking for 2 h in 5% skim milk powder in TBST (0.1% Tween-20) and
then incubated in a 1:1000 dilution of anti-Cyp2El in 1% BSA/TBST
overnight at 4°C. Following washing and incubation with horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody (Santa Cruz,
sc-2004) at a 1:5000 dilution for 1 h at room temperature, proteins were
visualized using an ECL Detection Kit (Amersham) according to manufacturer’s
instructions. The membrane was then stripped in 100mM [-mercaptoethanol, 2%
SDS, and 62.5mM Tris (pH 6.7) at 60°C for 1 h and reprobed using a mouse
monoclonal anti-o-tubulin (Sigma, T5168) as a loading control.

RNA extraction. Total RNA was isolated from ovaries using two rounds
of a modified acid guanidinium thiocyanate-phenol-chloroform protocol
(Chomczynski and Sacchi, 1987): washed cells resuspended in lysis buffer
(4M guanidinium thiocyanate, 25mM sodium citrate, 0.5% sarkosyl, 0.72%
B-mercaptoethanol). RNA was isolated by phenol/chloroform extraction and
isopropanol precipitated.

Real-time PCR. Reverse transcription was performed with 2 pg of isolated
RNA, 500 ng oligo(dT)15 primer, 40 U of RNasin, 0.5SmM dNTPs, and 20 U of
M-MLV-Reverse Transcriptase. Total RNA was DNase treated prior to reverse
transcription to remove genomic DNA. Real-time PCR was performed using
SYBR Green GoTaq qPCR master mix according to manufacturer’s
instructions on an MJ Opticon 2 (MJ Research, Reno, NV). Primer sequences
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along with annealing temperatures have been supplied as supplementary data
(Supplementary table 3). Reactions were performed on cDNA equivalent to
100 ng of total RNA and carried out for 40 amplification cycles. SYBR Green
fluorescence was measured after the extension step at the end of each
amplification cycle and quantified using Opticon Monitor Analysis software
Version 2.02 (MJ Research). For each sample, a replicate omitting the reverse
transcription step was undertaken as a negative control. Reverse transcription
reactions were verified by B-actin PCR performed for each sample in all
reactions in triplicate. Real-time data were analyzed using the equation
27AACD  \here C(1) is the cycle at which fluorescence was first detected
above background fluorescence. Data were normalized to “cyclophilin,” “beta-
2-microglobulin,” and “beta-glucuronidase” and are presented as the average
of each replicate normalized to an average of the reference genes (+ SEM).

Microarray analysis. Total RNA (approximately 5 pg) was isolated from
xenobiotic-cultured neonatal ovaries and prepared for microarray analysis at the
Australian Genome Research Facility (AGRF) using an Affymetrix Mouse
Genome 430 2.0 Array platform. Labeling, hybridizing, washing, and array
scanning were performed by the AGRF using the Affymetrix protocol on
a GeneChip scanner 3000 (Affymetrix, Santa Clara, CA). All experiments were
performed in triplicate with independently extracted RNAs. Data analysis and
normalization were also performed by AGRF using the Robust Multichip
Average method. Briefly, control (DMSO)-treated neonatal ovaries were used as
a background to generate expression signal log ratios with basis 2 to determine
fold changes (n-fold) between control- and xenobiotic-treated ovaries.
Statistically significant genes with more than a twofold difference in gene
expression determined through the use of a “volcano plot” were then analyzed
using Ingenuity Pathways Analysis (IPA) (Ingenuity Systems, Redwood City,
CA) software to identify canonical signaling pathways influenced by xenobiotic
exposure. The data discussed in this publication have been deposited in National
Center for Biotechnology Information’s Gene Expression Omnibus (GEO) and
are accessible through GEO Series accession number GSE23725 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE23725).

Sperm-oocyte fusion assay. Adult mice (6 weeks) treated with xenobiotics
over a 7-day period after birth were superovulated as described previously
under animal dosing. Cumulus-intact oocytes were recovered 12—15 h after the
final hCG injection by rupturing the oviductal ampullae of superovulated
animals in M2 medium. Adherent cumulus cells were then dispersed by treating
the collected oocytes with 300 IU/ml hyaluronidase solution and washing twice
in M2 medium under oil. The zona pellucida was then removed from these
oocytes by brief treatment with low-pH (2.5) acid Tyrode’s solution and
allowed to recover for at least 1 h at 37°C in an atmosphere of 5% CO, in air.
Sperm were collected from mature male mice by dissecting the cauda
epididymides and squeezing out the dense sperm mass along the tube. The
sperm were then allowed to disperse into 800 pl M2 medium, diluted to a final
concentration of 2 X 10° sperm per milliliter in M2 medium, and allowed to
capacitate for 3 h at 37°C in 5% CO, in air. Following capacitation, zona-free
oocytes were preloaded with DAPI for 15 min; 12-25 oocytes were then added
to the sperm suspensions and coincubated for 15 min at 37°C in 5% CO, in air.
Using serial aspiration through a finely drawn pipette, unbound and loosely
adhered spermatozoa were removed from oocytes. Oocytes were then mounted
on slides and the number of sperm bound to the oocyte membrane counted
using phase contrast microscopy. Sperm-oocyte fusion was then assayed by
counting the number of DAPI-stained sperm heads attached to the oocyte
membrane using fluorescent microscopy.

QOocyte lipid peroxidation assay. Adult female mice (6-8 weeks) were
superovulated, oocytes recovered, and adherent cumulus cells removed as
described previously. Oocytes were then treated with vehicle control medium
(0.1% DMSO) or xenobiotics (5, 15, and 25uM) for 2 h under oil at 37°C and 5%
CO, in air. An oxidative stress—positive control was also carried out by exposing
oocytes to 80mM H,0, for 30 min under oil at 37°C and 5% CO, in air. Oocytes
were then washed twice in M2 medium under oil and incubated in 10mM
BODIPY stain for 30 min at 37°C in 5% CO, in air. The dye-loaded oocytes were
then washed twice in M2 medium and mounted on slides. Green and red
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fluorescence of BODIPY were determined using an LSM510 laser-scanning
microscope (Carl Zeiss Microlmaging, Inc.) equipped with argon and helium/
neon lasers at excitation wavelengths of 488 and 543 nm and emission spectra of
500-530 nm (green) and greater than 560 nm (red). Histogram analysis was then
used to determine the ratio of green to red fluorescence.

Statistics. Comparisons between the control and treatment groups were
performed using one-way ANOVA and Tukey’s Honestly Significant
Difference test. The assigned level of significance for all tests was p < 0.05.

Experimental design. A summary of the experimental design can be
found in supplementary data (Supplementary fig. 1).

RESULTS

Influence of Xenobiotic Exposure on the Neonatal Ovary
Transcriptome

All three xenobiotic treatments led to significant differences
in ovarian gene expression (Fig. 1). Similarities between the
neonatal ovarian responses to all three xenobiotics were assessed
using Ingenuity Pathways comparison analysis software (IPA)
(Fig. 1D; Supplementary table 1). Overall, only six genes were
commonly regulated between the three xenobiotic-treated
groups. However, 70 common genes were regulated in response
to VCD and MXC exposure, making up 6% of the total number
of genes affected by VCD and 16% of the total number of genes
affected by MXC. This suggested an overlapping mechanism
between VCD- and MXC-induced ovotoxicity.

Significantly altered genes were then categorized according
to biological function (Table 1). In agreement with the current
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literature, xenobiotic exposure influenced a large number of
genes involved in cell death. Interestingly, all three xenobiotics
also influenced the expression of genes implicated in the cell
cycle, cellular assembly and organization, development, and
growth/proliferation. This indicated that the observed ovarian
follicular response to these xenobiotics was not limited to
follicular atresia but also involved a number of other biological
processes.

VCD and MXC Exposure Upregulate Signaling Pathways
Implicated in Follicular Development and Atresia

In order to confirm a multilayered mechanism of xenobiotic-
induced preantral ovotoxicity involving various biological
functions in neonatal ovaries, differentially expressed genes
were analyzed for signaling pathways and molecular functions
using IPA (Fig. 2; Supplementary Table 2). VCD exposure
caused the significant upregulation of a large number of
canonical signaling pathways associated with follicular
development (vascular endothelial growth factor [VEGF],
peroxisome proliferator-activated receptor alpha/retinoid X
receptor alpha, Integrin, and insulin-like growth factor 1
signaling) and primordial follicle activation (Phosphatidylino-
sitol 3-kinase/serine-threonine protein kinase [PI3K/Akt],
mammalian target of rapamycin, and extracellular signal-
regulated kinase/MAPK signaling) in contrast to a small
number of pathways involved in follicular atresia (PTEN,
protein 53 [p53], and myelocytomatosis oncogene (myc)-
mediated apoptosis signaling). MXC exposure also resulted in

/ D.
1,138 1107
\- 31

VCD

[0 Downregulated

Microarray analysis of DMSO-cultured ovaries versus xenobiotic-cultured ovaries. Ovaries were excised from neonatal mice (4 days old, n = 15) and

cultured in xenobiotic-treated medium for 96 h, RNA extracted, and prepared for microarray analysis as described in the Materials and Methods section. (A—C)
Summary of microarray results for each xenobiotic treatment. Total number of genes found on an Affymetrix Mouse Genome 430 2.0 Array platform are presented
as nonregulated (black) and regulated (white) genes with a significant change in expression (> twofold change, p < 0.05). The top bar represents the number of
positively regulated genes, and the bottom bar represents the number of negatively regulated genes in xenobiotic-cultured ovaries. (D) Venn diagrams of genes
with significantly altered gene expression in xenobiotic-cultured ovaries. Between the VCD- and MXC-cultured ovaries, 70 common genes were regulated in

response to xenobiotic exposure.
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TABLE 1
Functional Classification of Genes that Were Upregulated or Downregulated by Xenobiotic Exposure in Cultured Neonatal Ovaries.
Genes Were Analyzed Using IPA (Ingenuity Systems) for Molecular and Cellular Functions. Only Those Genes Exhibiting a Greater
than Twofold Change in Expression Were Categorized (p < 0.05). Note that Some Genes Are Listed in Multiple Functional Groups

VCD MXC MEN
Molecular and cellular function Upregulated Downregulated Upregulated Downregulated Upregulated Downregulated
Cell cycle 50 1 21 2 2 4
Cell death 129 4 33 12 20 19
Cell morphology 65 2 31 5 14 14
Cell signaling 5 1 11 5 12 5
Cell-to-cell signaling and interaction 40 — 18 11 27 15
Cellular assembly and organization 64 1 38 4 17 13
Cellular development 151 4 50 16 18 33
Cellular function and maintenance 43 3 28 6 19 14
Cellular growth and proliferation 129 4 13 18 12 25
DNA replication and repair 24 1 12 6 3 13
Gene expression 102 2 38 4 3 21

the significant upregulation of canonical signaling pathways
associated with follicular development (retinoic acid receptor
activation, VEGF, granulocyte-macrophage colony stimulating
factor, Ga12/13, and aryl hydrocarbon receptor signaling),
primordial follicle activation (PI3K/Akt signaling), and
follicular atresia (PTEN, p53, myc-mediated apoptosis, and
apoptosis signaling). However, unlike VCD and MXC, MEN
only influenced two pathways implicated in follicular atresia
(ataxia telangiectasia—mutated gene and B-alanine signaling)
and a number of other pathways involved in the immune
response and xenobiotic metabolism.

qPCR Validation of Microarray Results: VCD and MXC
Upregulate Common Genes Involved in Folliculogenesis

Validation of the microarray results using qPCR confirmed
the upregulation of all 10 selected genes in both VCD- and
MXC-cultured ovaries (Table 2). Of these genes, two (MAPKS
and Bci21]) had been associated with either VCD- or MXC-
induced atresia, Ccnd2 has been implicated in MXC ovotoxicity,
and two were linked with the PTEN/PI3K/PDK 1/Akt signaling
pathway, which has been coupled with VCD-induced primor-
dial follicle activation (Akt! and Akt2). The remaining five
genes were novel and two have been implicated in apoptosis
(Medl and Cdkn2a) and the other three in later follicular
development (Sox4, Dig4 and Ccnd2). These results suggest
that MXC and VCD have additional ovotoxicity mechanisms.

Effects of Xenobiotic Exposure on Primordial Follicle
Activation and Follicular Atresia In Vitro

Neonatal ovaries cocultured with xenobiotics were probed
for markers of primordial follicle activation and cell death.
PCNA staining was detected in the granulosa cells and oocyte
nuclei of primary and secondary follicles in vehicle control

(DMSO)—cultured ovaries and was absent in primordial
follicles, indicating that they were in their quiescent state
(Fig. 3). However, PCNA staining was detected in both the
granulosa cells and the oocytes of primordial follicles in all
three xenobiotic-cultured ovaries, indicating a commitment to
follicular development. In contrast to the vehicle control, both
active Casp2 and Casp3 were detected in the majority of
primary and secondary follicles in all three xenobiotic-cultured
ovaries, with active Casp2 being localized to developing oocytes
and active Casp3 to developing granulosa cells (Fig. 3).
Interestingly, both activated Casp2 and Casp3 were not detected
in any primordial follicles in the xenobiotic-cultured ovaries.
This suggests that both the granulosa cells and the oocytes of
developing preantral follicles had committed to apoptosis, but
not primordial follicles. TUNEL staining was also detected in
primary and secondary stage follicles in both VCD- and MXC-
cultured ovaries but was detected in all follicle types in MEN-
treated ovaries, indicating widespread DNA damage. These
results indicate selective apoptosis in developing preantral
follicles in both VCD- and MXC-cultured ovaries and
widespread cell death in MEN-cultured ovaries.

Effects of Xenobiotic Exposure on Primordial Follicle
Activation and Follicular Atresia In Vivo

Female Swiss neonatal mice were administered daily
injections of either high- or low-dose xenobiotic for 7 days.
PCNA was detected in large clusters of primordial follicles in
all three high-dose xenobiotic treatments (Fig. 4), with
a staining pattern similar to that observed in vitro. The
follicular composition of ovaries from all three low-dose
xenobiotic treatments revealed an observable reduction in the
number of preantral follicles (Fig. 5A). The low-dose VCD
treatment also induced a slight but significant reduction in the



658 SOBINOFF ET AL.

= -log(p-value) Ratio VCD
8 0.25
71 maN
: - 0.2
6 . :
n 4
= 1|
25 ] - L 015
1 g
a 4 =
D (=]
& 5] S04
T
2 |
0.05
1 1
0 - t ¢ f t ; t t ; t -0
IGF-1 ERK/MAPK  Integrin PTEN PPARaRXRa VEGF PISK/IAKT p53  Myc Mediated mTOR
Signaling  Signaling Signaling Signaling  Activation  Signaling  Signaling Signaling Apoptosis  Signaling
Signaling
* * * *% * * =~ *
kad
mmm -log(p-value) - Ratio MXC
8 0.25
7 4
- 0.2
&
)
s 5 L 0.15
z
2 4 =
T
2 ]
- 0.05
4 4
0 - t } + t + -0
p53 At Apoptosis  Ga12/13 Myc GM-CSF P!3K.'AKT PTEN
Signaling Hydrocarbon Signaling Signaling Mediated Signaling Achvatlon S\gnalmg Signaling  Signaling
% Receptor *x +* Apoptosis * * +* * Py
Signaling Signaling
* e
= -log(p-value) Ratio MEN
8 0.25
7
0.2
s 4
@
5 51 015
T4 8
o o
33 - 04
“T
I i . -
Antigen Dendritic DNA Interferon LXR/IRXR IL-4 Caveolar- Cytochrorne B—alanine
Presentation Cell Methylation  Signaling  Activation  Signaling  mediated P450 S\gnallng Metabolism
Pathway  Maturation Endocytosis Metabolism
Signaling ** %

FIG. 2. Top canonical pathways that were significantly upregulated by xenobiotic-cultured neonatal ovaries as identified by IPA. The significance of the
association between upregulated genes and the canonical pathway was evaluated using a right-tailed Fisher’s exact test to calculate a p value determining the
probability that the association is explained by chance alone (y-axis). Ratios referring to the proportion of upregulated genes from a pathway related to the total
number of molecules that make up that particular pathway are also displayed (line graph, z-axis). Asterisks indicate pathways associated with follicular
development, and double asterisks indicate pathways associated with follicular atresia.

number of primordial follicles, mirrored by a comparable significant. Analysis indicated that the low-dose MEN
increase in activating primordial follicles. Both the low-dose treatment induced a significant decrease in follicular number
MXC and MEN treated ovaries also revealed a slight reduction  (54% of the control). In agreement with the PCNA results, the
in the number of secondary follicles, although this was not follicular composition of ovaries from all three high-dose
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TABLE 2
qPCR Validation of Microarray Results for Select Transcripts Upregulated by VCD- and MXC-Cultured Neonatal Ovaries. Total
RNA Was Isolated from Xenobiotic-Cultured Ovaries, Reverse Transcribed, and qPCR Performed with Primers Specific for the cDNA
of Indicated Genes as Described in the Materials and Methods section. Fold Change (Mean + SE) and Summary of Function Relating
to Folliculogenesis Are Included. All Fold Changes Were Statistically Significant (p < 0.05)

Gene symbol Gene name

Fold change

Summary of function VCD MXC

Sox4 SRY-box—containing gene 4

Transcription factor; positive regulator of the

53409 6.34 + 0.5

Wt receptor pathway implicated in
folliculogenesis (Sinner et al., 2007)

Aktl Thymoma viral proto-oncogene 1

Member of the PTEN/PI3K/PDK 1/Akt

45804 4.54£04

signaling pathway implicated in follicle
activation and granulosa cell proliferation
(Brown et al., 2010; Reddy et al., 2009)

Akr2 Thymoma viral proto-oncogene 2

Implicated in primordial germ cell growth,

272+0.2 1.73 £ 0.1

cell death, and proliferation (Brown et al.,
2010; Datta ef al., 1999)

Dig4 Discs, large homolog 4 (Drosophila)

Plasma membrane kinase; expressed in

2.85+0.5 2.17+03

activated primordial follicle granulosa
cells with a suspected role in regulating
folliculogenesis (Huang er al., 2003)

Ccnd?2 Cyclin D2

Essential for granulosa cell proliferation,

425+0.7 4.26 £ 0.5

decreased expression associated with
MXC antral follicle ovotoxicity
(Gupta et al., 2006; Muiiiz et al., 2006)

Mapk8 Mitogen-activated protein kinase 8

Increased expression is associated with

2.02+03 4.81 1.3

VCD-induced atresia (Hu et al., 2002)

Bcel2ll Bcl-2-like 1

Associated with granulosa cell proliferation

322+03 298 +0.7

and survival; overexpression reduces
MXC ovotoxic effect in antral follicles
(Borgeest et al., 2004; Brown et al., 2010;
Rucker et al., 2000)

Rarg Retinoic acid receptor, gamma

Expressed in primary follicle granulosa cells;

2.40 = 0.1 1.71 £ 0.1

shown to transcriptionally inhibit FSH
receptor transcription (Kascheike and
Walther, 1997; Xing and Sairam, 2002)

Cdkn2a Cyclin-dependent kinase inhibitor 2A

Increased expression associated with

492 +0.6 2.89+0.2

follicular atresia; decreased expression
associated with primordial follicle
activation (Bayrak and Oktay, 2003)

Medl Mediator complex subunit 1

DNA repair gene involved in p53-dependent

299+03 2.80 0.2

apoptosis (Frade er al., 2002)

Note. SRY, sex-determining region Y; Wnt, wingless; FSH, follicle-stimulating hormone.

xenobiotic treatments indicated a large significant reduction in
primordial follicles, with a comparably large increase in the
number of activating follicles (Fig. 5B). Additionally, the high-
dose xenobiotic treatments also caused a similar decrease in the
number of preantral follicles to that observed in the low-dose
treatments. Individually, VCD caused no further changes in
follicular composition, MXC caused a significant increase in
the composition of primary (~fourfold increase) and secondary
(~twofold increase) follicles, and MEN caused an observable
increase in the composition of primary follicles (~twofold
increase). Analysis of the average number of follicles per
section demonstrated a significant decrease in follicular number

for VCD (43% of the control), MXC (59% of the control), and
MEN (53% of the control).

Short-Term Xenobiotic Exposure Reduces Long-Term Oocyte
Fusibility In Vivo

Adult Swiss mice treated with either a low or a high dose of
xenobiotics for a 7-day period after birth were superovulated
and their oocytes tested in sperm-oocyte fusion assays. Oocytes
from both low- and high-dose xenobiotic treatments exhibited
severely reduced sperm-egg binding compared with the
control, with both MXC and MEN oocytes exhibiting a dose-
dependent response (Fig. 6B). Similarly, sperm-egg fusion was
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FIG. 3. Fluorescent immunohistological and TUNEL staining as visualized via fluorescent microscopy. Ovaries excised from neonatal mice (4 days old) were
cultured in xenobiotic-treated medium for 96 h and processed for immunohistochemistry and TUNEL analysis as described in the Materials and Methods section.
Ovarian sections were incubated with antibodies against PCNA, active caspase 2, and active caspase 3 or subjected to TUNEL analysis. The results presented here are
representative of n = 3 experiments. The percentage of labeled follicles per section is represented by the following scale: * = < 25%, ** = 25-50%, *** = 51-75%,
and **** = 76-100%. Thin arrow, primordial follicle; arrow head, primary follicle; scale bar is equal to 100 pm.

reduced to ~20% of the control for all three low-dose
xenobiotic treatments, with negligible levels of sperm-egg
fusion being detected in the oocytes from high-dose exposure
(Fig. 6C). These results are intriguing, as they indicate that
neonatal exposure to low doses of xenobiotic, which do not
cause drastic changes in follicular composition (see Fig. 5A),
will significantly reduce oocyte function.

Xenobiotic Exposure Induces Oocyte Lipid Peroxidation

In Vitro

To investigate the possibility of xenobiotic-induced oocyte
dysfunction resulting from peroxidative damage to the oocyte
plasma membrane, lipid peroxidation studies using the
fluorescent dye BODIPY were performed on ovulated MII
oocytes exposed to xenobiotics in vitro. BODIPY is a fluores-
cent fatty acid analog, which shifts its emission peak from
560 (red) to 500-530 nm (green) upon the oxidation of
fatty acids. In these experiments, MXC was substituted for
its more ovotoxic metabolite 2,2-bis-(p-hydroxyphenyl)-1,1,
1-trichloroethane, as MXC itself had no effect on lipid
peroxidation (data not shown). All three xenobiotic treatments
were capable of significantly inducing varying levels of lipid
peroxidation in vitro (Fig. 7), and these results confirm the

possibility of decreased sperm-egg binding/fusion observed
in vivo being partially because of peroxidative damage to the
oocyte plasma membrane.

DISCUSSION

Microarray analysis indicated a multilayered mechanism of
xenobiotic-induced preantral ovotoxicity for both VCD and
MEN involving follicular growth/development and atresia.
Previous studies have also implicated increased follicular
growth/development in VCD-induced ovotoxicity through PI3
kinase—dependent primordial follicle depletion in rodents
(Hu et al., 2006; Keating et al., 2009). Indeed, in our study,
VCD also upregulated the expression of genes involved in the
PI3K/Akt signaling pathway, providing further support for
this pathway in VCD-induced ovotoxicity. However, MXC has
only been implicated in antral follicle atresia in adult rodents
(Borgeest et al., 2002, 2004) and the inhibition of antral follicle
growth (Gupta et al., 2009). Those experiments using adult
cycling rodents are at odds with our unique findings of MXC
upregulating pathways associated with follicular growth/
development in neonatal ovaries. This difference may be because
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FIG. 4. Fluorescent immunolocalization of PCNA protein in low and high dose xenobiotic—treated ovaries in vivo. Neonatal mice (4 days old) were treated with
either a low or a high dose of xenobiotics over a 7-day period, culled, and their ovaries extracted and processed for immunohistochemistry as outlined in the Materials
and Methods section. The results presented here are representative of n = 3 experiments. The percentage of labeled follicles per section is represented by the
following scale: * = < 10%, ** = 10-50%, *** = 51-75%, and **** = 76-100%. Thin arrow, primordial follicle; scale bar is equal to 100 pm.

of an independent mechanism of MXC-induced prepubertal
ovotoxicity, as evidenced by age-dependent differences between
the disposition and metabolism of xenobiotics.

In addition to the global similarities between VCD and MXC
upregulated signaling pathways implicated in follicular growth/
development and atresia, both xenobiotics influenced a number
of common signaling pathways, suggesting an overlapping

mechanism of ovotoxicity (Fig. 2). In further support of this
hypothesis, qPCR analysis confirmed the upregulation of 10
genes in VCD- and MXC-cultured ovaries, five of which have
not been previously associated with preantral ovotoxicity
(Table 2). Two isoforms belonging to the Akt family of serine/
threonine-directed kinases, Akt/ and Akt2, were found to be
upregulated by VCD and MXC. Both kinases have been
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FIG.5. Effect of xenobiotic exposure on ovarian follicle composition and number in vivo. Neonatal mice (4 days old) were treated with either a low or a high
dose of xenobiotics over a 7-day period as described in the Materials and Methods section. Ovarian sections were stained with hematoxylin and eosin, and healthy
oocyte—containing follicles were classified and counted under a microscope. (A) Low-dose ovarian follicle composition (left panel) and average number of follicles
per counted section (right panel). (B) High-dose ovarian follicle composition (left panel) and average number of follicles per counted section (right panel). Values
are mean + SEM, n = 3-5 ovaries from three to five mice. The symbols * and ** represent p < 0.05 and p < 0.01, respectively, in comparison with DMSO control

values.
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FIG. 6. Effect of neonatal xenobiotic exposure on long-term oocyte quality in vivo. Neonatal mice (4 days old) were treated with either a low or a high dose of
xenobiotics over a 7-day period, weaned, and superovulated at 6 weeks of age. Collected zona-free oocytes were then coincubated with sperm and assessed for
impaired sperm-egg binding and fusion as outlined in the Materials and Methods section. (A) Corresponding phase contrast and fluorescent microscopy images of
control zona-free oocyte after sperm-egg binding assay. Arrows, fused sperm nuclei. Scale bar is equal to 100 pm. (B) Number of sperm heads bound to zona-free
oocytes after coincubation. (C) Number of fused sperm observed after coincubation. Values are mean + SE, n = 12-25 oocytes from three mice. The symbols
* and ** represent p < 0.05 and p < 0.01, respectively, in comparison with DMSO control values.

implicated in the regulation of follicular development, with (Brown er al., 2010). Akt has been shown to regulate
Akt]l knockout mice displaying reduced fertility character- folliculogenesis via the PI3K/Akt signaling pathway, which
ized by abnormal folliculogenesis and Akz2 overexpression itself has been implicated in primordial follicle survival and
being associated with increased cell survival in the ovary activation (Reddy et al., 2009).
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FIG. 7. Xenobiotic-induced oocyte membrane lipid peroxidation in vitro. Oocytes obtained from superovulated mice were cultured in a xenobiotic-treated
medium for 2 h and labeled with BODIPY fluorescent dye as outlined in the Materials and Methods section. (A) Representative images of BODIPY-labeled
DMSO-treated (top) and H,O,-treated (bottom) oocytes. Scale bar is equal to 100 pm. (B) Levels of lipid peroxidation as measured by the ratio of red:green
fluorescence in varying concentrations of xenobiotics. Results were normalized to DMSO values for each experiment. HO, (8mM) was used as a representative of
free radical ROS—induced lipid peroxidation. Values are mean + SE, n = 18-27 oocytes from four mice. The symbols * and ** represent p < 0.05 and p < 0.01,
respectively, in comparison with DMSO control values.
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Another gene upregulated was Sox4, an important transcrip-
tion factor of progenitor cell development and a regulator of the
Wht signaling pathway associated with follicular development
(Boyer et al., 2009; Sinner et al., 2007). Interestingly, Sox4 has
also recently been found to transcriptionally activate growth
factor receptors associated with PI3K/Akt signaling, making it
a possible regulator of primordial follicle activation (Scharer
etal.,2009). The identification of two members of the Akt family
of protein kinases and a possible upstream regulator of the PI3K/
Akt signaling pathway indicates an important mechanism of
early preantral follicle ovotoxicity. In addition to genes
associated with follicular development, VCD and MXC also
upregulated the expression of Mapk8, and MAPK associated
with induced atresia, and Med!, a DNA repair gene involved in
pS53-induced apoptosis (Frade et al., 2002; Hu et al., 2002).

Evidence of increased primordial follicle activation was
found in VCD- and MXC-cultured ovaries by increased staining
for PCNA in the granulosa cells and oocytes of primordial
follicles (Chapman and Wolgemuth, 1994; Hutt et al., 2006).
The markers of apoptosis, Casp2, Casp3, and TUNEL were all
detected in small developing follicles from the primary stage
onward. Studies involving mice deficient in Casp2 have
identified the cysteine protease as a marker for cell death in
the oocyte, whereas Casp3 is critical for granulosa cell apoptosis
(Matikainen et al., 2001; Morita et al., 2001). Unfortunately,
these results do not provide any insight into what cell type
(granulosa cell or the oocyte) is targeted directly by VCD and
MXC, as Casp2 and Casp3 were observed simultaneously in
both primary and secondary follicles. The observed patterns of
Casp2, Casp3, and TUNEL staining in VCD-treated ovaries
have also been reported in similar studies using mice and rats,
but the observed PCNA staining remains unique (Devine et al.,
2002). Interestingly, these markers were not detected in the
primordial follicles of VCD- and MXC-treated ovaries, in-
dicating that these follicles were spared destruction.

Collectively, our results suggest a mechanism of VCD- and
MXC-induced ovotoxicity involving small preantral follicular
destruction and primordial follicle activation. The observed
increase in primordial follicle activation may be because of a
homeostatic mechanism of follicular replacement, maintaining
the pool of developing follicles destroyed by xenobiotic
exposure. Indeed, immunocontraception studies targeting zona
proteins in developing follicles in the rabbit and marmoset
primates are proposed to cause small preantral follicular
destruction and primordial follicle activation through a similar
mechanism (Paterson et al., 1992; Skinner et al., 1984). In
further support for this hypothesis, in vivo experiments on
xenobiotic-dosed neonatal mice also detected increased
follicular activation and follicular depletion. This follicular
replacement hypothesis has been previously suggested as
a mode of VCD-induced primordial follicle depletion in vitro,
but to our knowledge, this study is the first time that this
hypothesis has been supported by microarray analysis and
in vivo observations (Keating et al., 2009).
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In addition to the follicular replacement hypothesis, follicle
activation may be exacerbated by xenobiotic-induced oxidative
stress. We have shown that xenobiotic exposure in vitro can
cause oxidative stress and DNA damage, as evidenced by the
detection of increased levels of 8-hydroxyguanine, a hydroxyl
radical-induced DNA molecular lesion (Supplementary fig. 3)
(Klaunig and Kamendulis, 2004). As recently reviewed by
Wells et al. (2009), ROS play an important role in regulating
signal transduction. Physiologically, ROS-mediated signal
transduction occurs through H,O,, which selectively oxidizes
cysteine residues on proteins resulting in a variety of reversible
molecular interactions. We propose that increased levels of
H,O, caused by xenobiotic detoxification could lead to
perturbed cysteine oxidation and upregulation of PI3K/Akt
signaling through the inactivation of phosphatises, which nega-
tively regulate the pathway via H,O, oxidation (Kim er al.,
2005; Naughton et al., 2009).

Unlike VCD and MXC, MEN upregulated pathways
implicated in follicular atresia, the immune response, and
xenobiotic metabolism. Although upregulation of apoptotic
and xenobiotic-metabolizing pathways was expected,
upregulation of immune response pathways such as the
dendritic cell maturation pathway, the antigen presentation
pathway, and interleukin-4 signaling was not. We propose that
these pathways become activated because of oxidative stress
following MEN quinone redox cycling (Cadenas and Davies,
2000; Kantengwa et al., 2003; Powis et al., 1981). MEN-
induced ovotoxicity chiefly induces primordial and primary
follicular atresia in vitro as indicated by increased Casp2 and
Casp3 staining in developing follicles and widespread DNA
damage in MEN-cultured neonatal ovaries (Fig. 3). Our in vivo
follicular composition analysis of low-dose MEN supports
these results; however, high-dose MEN in vivo analysis
revealed increased follicular activation alongside increased
small preantral follicular depletion. These results are intriguing
and could be the result of differences between MEN
metabolism in ovarian culture and in vivo. In the rodent liver,
MEN is metabolized through a two-stage electron reduction
into menadiol, which is then enzymatically conjugated to
glucuronide and excreted from the body (Jarabak and Jarabak,
1995; Thompson et al., 1972). The resulting menadiol
glucuronide conjugate is less reactive than MEN and therefore
less toxic. The ovary is capable of limited detoxification, as
xenobiotic detoxifying enzymes are increased (Supplementary
fig. 2) (Cannady et al., 2003). However, as evidenced by the
effect on follicular destruction in the low-dose treatments, it
was still more potent than VCD and MXC.

Gamete interaction assays revealed severely reduced sperm-
egg binding and fusion in a dose-dependent manner for all the
xenobiotic treatments (Fig. 6). To our knowledge, this is the
first evidence of short-term neonatal exposure to xenobiotics
reducing fertilization at sexual maturity. Additionally, these
results demonstrate that low-dose xenobiotic exposures, which
do not profoundly affect the follicular population, can cause
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oocyte dysfunction (Figs. 5 and 6). As sperm-egg fusion assays
are an indicator of oocyte membrane fluidity, it was suggested
that the reduced levels of sperm-egg binding and fusion were
because of peroxidative damage to the oocyte plasma
membrane. Oocyte lipid peroxidation is a physiological process
that is thought to occur after the penetration of the membrane
by an oxidizing spermatozoon, with the resulting change in
plasma membrane fluidity acting as a block to polyspermy
(Perry and Epel, 1985). We propose that xenobiotic-induced
ROS initiate this process prematurely in the ovary, causing
the observed impaired sperm-egg binding/fusion. To confirm
xenobiotic exposure could lead to oocyte lipid peroxidation,
levels of lipid peroxidation were measured in xenobiotic-
cultured MII oocytes. All xenobiotics or their metabolites
(Miller et al., 2006) induced lipid peroxidation (Diaz et al.,
2007; Swain and Smith, 2007). These results support the view
that xenobiotic exposure can cause oocyte dysfunction by
altering the fluidity of the oocyte plasma membrane, thus
impairing fertilization.

These findings challenge the established dogma of preantral
ovotoxicity, which suggests that a xenobiotic is only harmful at
concentrations where it induces follicular loss and that once it
is removed from the immediate environment female fertility
can revert to normal. Our data indicate that even a short-term,
low-dose xenobiotic exposure that does not induce follicular
atresia can cause lasting effects on oocyte quality in the form of
xenobiotic ROS—induced oocyte dysfunction, even after it is
removed from the environment. Additionally, these results also
raise the possibility of using low-dose xenobiotic exposures to
study the effects of mitochondrial loss in the ageing oocyte,
a postulated cause of poor fertility in older women (Tarin,
1996)

In summary, our results support a mechanism of preantral
ovotoxicity involving the homeostatic recruitment of primordial
follicles to maintain the pool of developing follicles destroyed by
xenobiotic exposure. These results also provide evidence of an
overlapping mechanism of preantral ovotoxicity between VCD
and MXC demonstrated by similarities in gene expression and
affect on folliculogenesis in vitro and in vivo. To our knowledge,
these studies also demonstrate for the first time that short-term
xenobiotic exposure can cause long-term oocyte dysfunction,
even at levels which do not have an adverse affect on follicular
composition.

SUPPLEMENTARY DATA
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7,12-Dimethylbenz-[a]anthracene (DMBA) is an environmental
carcinogen which has a potent ovotoxic affect on rat and mouse
ovaries, causing complete follicular depletion resulting in pre-
mature ovarian failure. Although the overall effects of DMBA on
ovarian folliculogenesis are well known, little is known about the
exact molecular mechanisms behind its ovotoxicity. In this study,
we characterized the mechanisms behind DMBA-induced ovotox-
icity in immature follicles. Microarray analysis of neonatal mouse
ovaries exposed to DMBA in vitro revealed a multilayered
mechanism of DMBA-induced neonatal ovotoxicity involving
a distinct cohort of genes and ovarian signaling pathways
primarily associated with follicular atresia, tumorigenesis, and
follicular growth. Histomorphological and immunohistological
analysis supported the microarray data, showing evidence of
primordial follicle activation and preantral follicle atresia both
in vitro and in vivo. Further immunohistological analysis
identified increased Aktl phosphorylation, mTOR activation,
and decreased FOXO03a expression in DMBA-treated primordial
oocytes. Our results reveal a novel mechanism of DMBA-induced
preantral ovotoxicity involving selective immature follicle de-
struction and primordial follicle activation involving downstream
members of the PI3K/Akt and mTOR signaling pathways.

Key Words: DMBA,; fertility; ovary; primordial follicle; PI3K/
Akt/mTOR signaling.

The irreplaceable primordial follicle represents the basic unit
of female fertility, serving as the primary source of all
developing oocytes in the ovary. In order to maintain a steady
supply of developing follicles throughout the mammalian
female reproductive lifespan, the majority of these finite
follicles must be maintained in a quiescent state (McGee and
Hsueh, 2000). Once recruited into the growing pool of follicles,
<1% will reach ovulation, the rest undergo an apoptotic
process known as atresia (Hirshfield, 1991). Menopause, or
ovarian senescence, occurs when the pool of primordial follicles

has become exhausted (McGee and Hsueh, 2000). The delicate
balance between primordial follicle quiescence, activation, and
follicular atresia is dependent on the expression and activation
of a number of growth factors promoting follicular growth,
differentiation, and atresia. Although we do not know exactly
why certain follicles are selected for growth and atresia, recent
research has identified a number of cellular signaling pathways,
including PI3K/Akt-mediated and caspase pathways, involved in
these processes (McLaughlin and Mclver, 2009; Reddy et al.,
2010).

Premature ovarian failure (POF; or early menopause) is an
ovarian defect characterized by the early loss of primordial
follicles before the age of 40. Approximately 1-4% of the
female population suffers from this condition, making POF
a major cause of female infertility (Coulam ez al., 1986). There
is now a growing body of evidence which suggests that foreign
chemical compounds (or xenobiotics), which target immature
follicles are capable of causing POF by inducing premature
follicular atresia (Borman et al., 2000; Hoyer and Sipes, 1996).
Recent studies conducted by ourselves and others have also
found that these ovotoxic xenobiotics might induce POF through
dysfunctional primordial follicle activation (Keating ez al., 2010,
Sobinoff et al., 2010). The discovery of a xenobiotic perturbed
developmental process not directly associated with follicular
destruction is intriguing and has led to new approaches in
studying xenobiotic-induced ovotoxicity.

The polycyclic aromatic hydrocarbon 7,12-dimethylbenz-
[a]anthracene (DMBA) is an environmental carcinogen used in
the induction of many tumors, including ovarian, in rodent
models of cancer (Hoyer et al., 2009). Sources of human
DMBA exposure in the environment include cigarette smoke,
charbroiled foods, and automotive exhaust (Gelboin, 1980). In
addition to its carcinogenic nature, DMBA has also been
shown to disrupt folliculogenesis, causing the depletion of all
follicle populations leading to POF (Mattison and Schulman,
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1980). In the ovary, DMBA is converted into a 3,4-diol 1,2-
epoxide by members of the cytochrome P450 family of
oxidases and the microsomal epoxide hydrolase enzyme
(Igawa et al., 2009). This bioactive metabolite binds to both
dAdo and dGuo residues in DNA, forming DMBA-DNA
adducts which result in follicular atresia (Vericat et al., 1989).
Recent evidence suggests that DMBA does not cause POF
through increased follicular activation, consequently resulting
in accelerated atresia in both primordial and primary follicles in
rodents (Keating et al., 2010), but instead causes direct follicle
atresia.

Although there are a number of studies which demonstrate
the overall effects of DMBA on ovarian folliculogenesis, little
is known about the exact molecular mechanisms behind its
ovotoxicity. Therefore, the objective of this study was to use
a genomic approach to better understand the molecular
mechanisms behind DMBA-induced ovotoxicity by examining
its effects on the ovarian transcriptome of cultured neonatal
mouse ovaries. Microarray analysis confirmed via qPCR
revealed a complex mechanism of DMBA-induced neonatal
ovotoxicity involving a distinct cohort of genes and ovarian
signaling pathways primarily associated with follicular atresia,
tumorigenesis, and follicular growth. Interestingly, histomor-
phological and immunohistochemical analysis revealed no
evidence supporting the hypothesis that DMBA causes
primordial follicle atresia, instead revealing a consistent
mechanism of DMBA-induced primordial follicle activation
and developing follicle atresia. In addition, we also provide
evidence of increased Aktl phosphorylation, mTOR activation,
and decreased nuclear FOXO3a localization, all of which have
been associated with increased primordial follicle activation/
survival.

MATERIALS AND METHODS

Reagents. DMBA (> 95% purity) and custom designed primers were
purchased from Sigma Chemical Co. (St Louis, MO) and were of molecular
biology or research grade. Mouse monoclonal anti-Proliferating Cell Nuclear
Antigen antibody (anti-PCNA, NAO3T) was obtained from Merck KGaA
(Darmstadt, Germany). Rabbit polyclonal anti-active Caspase 3 antibody (anti-
Casp3, ab13847), Rabbit polyclonal anti-active Caspase 2 antibody (anti-Casp2,
ab2251), Rabbit monoclonal anti-Aktl (phospho S473) (anti-pAktl (S474),
ab81283), Rabbit monoclonal anti-Aktl (phospho T308) (anti-pAktl (T308),
ab5626), and Rabbit polyclonal anti-Foxo3a (anti-Foxo3a, ab47409) were
obtained from Abcam (Cambridge, MA). Mouse monoclonal anti-human Anti-
mullerian hormone (anti-AMH, MCA2246) was obtained from AbD Serotec
(Kidlington, U.K.). Rabbit polyclonal anti-Akt (anti-Akt, #9272) was obtained
from Cell Signaling Technologies (Beverly, MA). Alexa Fluor 594 goat anti-
rabbit IgG (A11012), Alexa Fluor 594 goat anti-mouse I1gG (A11005), fetal
bovine serum, L-glutamine, and insulin-transferrin-selenium (ITS) were pur-
chased from the Invitrogen Co. (Carlsbad, CA). L-ascorbic acid was obtained
from MP Biomedicals (Solon, OH). Rabbit polyclonal anti-phospho-mTOR
(phosphor S2448) (anti-pmTOR (S2448), 09-213SP), Rabbit polyclonal anti-
phospho-mTOR (phosphor T2446) (anti-pmTOR (T2446), 09-345SP), and 0.4
pm culture plate inserts were purchased from Millipore (Billerica, MA). All
culture dishes and cell culture plates were obtained from Greiner Bio-One
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(Monroe, NC). Oligo(dT)15 primer, RNasin, dNTPs, M-MLV-Reverse Tran-
scriptase, RQ1 DNase, GoTaq Felxi, MgCl,, GoTaq qPCR master mix, and
Proteinase K were purchased from the Promega Corporation (Madison, WI).

Animals. All experimental procedures involving the use of animals were
performed with the approval of the University of Newcastle’s Animal Care and
Ethics Committee (ACEC). Inbred Swiss mice were obtained from a breeding
colony held at the institute’s central animal facility and maintained according to
the recommendations prescribed by the ACEC. Mice were housed under
a controlled lighting regime (16L:8D) at 21°C-22°C and supplied with food
and water ad libitum.

Animal dosing. Female Swiss neonatal mice (day 4; 6-10 animals per
treatment group) were weighed and administered (ip) 7 daily consecutive doses
of either sesame oil containing vehicle control (<10 pl/kg/daily acetone) or
sesame oil containing DMBA (1mg/kg/daily). The dosage, routes of
administration, and dosing time courses were based on previous studies and
were chosen with the intention of inducing ovotoxicity with minimal
cytotoxicity (Borman et al., 2000). Animals were observed daily for symptoms
of toxicity and mortality. Treated animals were culled by CO, asphyxiation 24 h
after the last injection.

Ovarian culture. Ovaries from days 3 to 4 Swiss neonatal mice were
cultured described previously (Sobinoff et al., 2010). Briefly, Swiss neonates
were sacrificed by CO, inhalation followed by decapitation. Ovaries were
excised, trimmed of excess tissue, and placed on culture plate inserts in 6-well
tissue culture plate wells floating atop 1.5 ml Dulbecco’s modified Eagle’s
medium/F12 medium containing 5% (vol/vol) fetal calf serum, 1 mg/ml bovine
serum albumin (BSA), 50 pg/ml ascorbic acid, 27.5 pg/ml ITS, 2.5mM
glutamine and 5 U/ml penicillin/streptomycin. Media were supplemented with
40 ng/ml basic fibroblast growth factor, 50 ng/ml leukemia inhibitory factor,
and 25 ng/ml stem cell factor. A drop of medium was placed over the top of
each ovary to prevent drying. Ovaries were cultured for 4 days at 37°C and 5%
CO, in air, with media changes every 2 days. Ovaries were treated with vehicle
control medium (0.01% acetone) or DMBA (50nM). The DMBA culture
concentration was determined by pilot studies performed in our laboratory with
the intention of inducing overt ovotoxicity.

Histological evaluation of follicles. Following in vitro culture/in vivo
dosing, ovaries were placed in Bouin’s fixative for 4 h, washed in 70% ethanol,
paraffin embedded, and serially sectioned (4 pm thick) throughout the entire
ovary, with every 4th slide counterstained with hematoxylin and eosin. Healthy
oocyte-containing follicles were then counted in every hematoxylin and eosin-
stained section. Follicles with eosinophilic (pyknotic) oocytes were considered
as degenerating or atretic and so were not counted. Primordial follicles were
classified as those with a single layer of squamous granulosa cells. Activating
follicles were identified as those which contained one or more cuboidal
granulosa cells in a single layer. Primary follicles were classified as those which
contained more than four cuboidal granulosa cells in a single layer. Secondary
follicles were identified as those with two layers of granulosa cells and preantral
follicles were classified as those with more than two layers of granulosa cells.
Both in vitro and in vivo treated ovaries did not contain follicles beyond the
preantral stage.

Immunohistochemistry. Ovaries for immunohistochemistry were fixed in
Bouin’s and sectioned 4 pum thick. PCNA, active Casp2, active Casp3, AMH,
Akt, pAktl, and Foxo3a were stained using the same protocol with the exception
of the primary antibody. Slides were deparaffinized in xylene and rehydrated
with subsequent washes in ethanol. Antigen retrieval was carried out by
microwaving sections for 3 X 3 min in Tris buffer (SOmM, pH 10.6). Sections
were then blocked in 3% BSA/Tris buffer saline (TBS) for 1.5 h at room
temperature. The following solutions were diluted in TBS containing 1% BSA.
Sections were incubated with either anti-PCNA (1:80), anti-Casp2 (1:200),
anti-Casp3 (1:200), anti-AMH (1:200), anti-Akt (1:100), anti-pAkt1 (1:100), or
anti-Foxo3a (1:200) for 1 h at room temperature. After washing in TBS
containing 0.1% Triton X-100, sections were incubated with the appropriate
fluorescent conjugated secondary antibodies (Alexa Fluor 594 goat anti-rabbit
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IgG, Alexa Fluor 594 goat anti-mouse IgG; 1:200 dilution) for 1 h. Slides were
then counterstained with 4’-6-diamidino-2-phenylindole (DAPI) for 5 min,
mounted in Mowiol, and observed on an Axio Imager Al fluorescent
microscope (Carl Zeiss Microlmaging, Inc., Thornwood, NY) under fluorescent
optics and pictures taken using a Olympus DP70 microscope camera (Olympus
America, Center Valley, PA). Protein staining was quantified according to Cy-5
intensity in primordial follicle oocytes using ImageJ software (NCBI).

Terminal deoxynucleotidyl transferase dUTP nick end labeling
analysis. Bouin’s fixed sections were deparaffinized and rehydrated as
mentioned previously. Sections were then boiled in Tris buffer (50mM, pH
10.6) for 20 min and treated with 20 pg/ml Proteinase K for 15 min in
a humidified chamber. Terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) analysis was then performed using an In Situ Cell Death
Detection Kit, Fluorescein (Roche Diagnostics Pty Ltd., Dee Why, Australia)
according to the manufacturer’s instructions. Slides were then counterstained
with DAPI for 5 min, mounted in Mowiol, and observed using an Axio Imager
Al epifluorescent microscope (Carl Zeiss) and images captured using an
Olympus DP70 microscope camera (Olympus).

RNA extraction. Total RNA was isolated from ovaries using two rounds
of a modified acid guanidinium thiocyanate-phenol-chloroform protocol
(Chomczynski and Sacchi, 1987): washed cells resuspended in lysis buffer
(4M guanidinium thiocyanate, 25mM sodium citrate, 0.5% sarkosyl, 0.72%
B-mercaptoethanol). RNA was isolated by phenol/chloroform extraction and
isopropanol precipitated.

Real-time PCR. Reverse transcription was performed with 2 pg of isolated
RNA, 500 ng oligo(dT)15 primer, 40 U of RNasin, 0.5mM dNTPs, and 20 U of
M-MLV-Reverse Transcriptase. Total RNA was DNase treated prior to reverse
transcription to remove genomic DNA. Real-time PCR was performed using
SyBr Green GoTaq qPCR master mix according to manufacturer’s instructions
on an MJ Opticon 2 (MJ Research, Reno, NV). Primer sequences along with
annealing temperatures have been supplied as Supplementary data (Supple-
mentary Table 3). Reactions were performed on cDNA equivalent to 100 ng of
total RNA and carried out for 40 amplification cycles. SYBR Green
fluorescence was measured after the extension step at the end of each
amplification cycle and quantified using Opticon Monitor Analysis software
Version 2.02 (MJ Research). For each sample, a replicate omitting the reverse
transcription step was undertaken as a negative control. Reverse transcription
reactions were verified by B-actin PCR, performed for each sample in all
reactions in triplicate. Real-time data were analyzed using the equation
27AAMCD  \yhere C(7) is the cycle at which fluorescence was first detected
above background fluorescence. Data were normalized to cyclophilin, beta-2-
microglobulin, and beta-glucuronidase and are presented as the average of each
replicate normalized to an average of the reference genes (+tSEM).

Microarray analysis. Total RNA (approximately 3 pg) was isolated from
DMBA-cultured neonatal ovaries and prepared for microarray analysis at the
Australian Genome Research Facility (AGRF) using an Illumina Sentrix
Mouse ref8v2 Beadchip. Labeling, hybridizing, washing, and array scanning
were performed by the AGRF using the Illumina manual on an lllumina BeadArray
Reader and normalized according to the quantile normalization method using
GenomeStudio version 1.6.0 (Illumina, Inc., San Diego, CA). All experiments were
performed in triplicate with independently extracted RNAs. Statistically significant
genes with more than a twofold difference in gene expression (p < 0.5) determined
through the use of a “volcano plot” were then analyzed using Ingenuity Pathways
Analysis (Ingenuity Systems, Redwood City, CA) software to identify canonical
signaling pathways influenced by DMBA exposure. The data discussed in this
publication have been deposited in NCBI’s Gene Expression Omnibus and are
accessible through GEO Series accession number GSE29263 (http:/
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc%BC%20GSE29263).

Statistics. Comparisons between the control and treatment groups were
performed using one-way analysis of variance (ANOVA) and Tukey’s
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Honestly Significant Difference test. The assigned level of significance for all
tests was p < 0.05.

RESULTS

Effects of DMBA Exposure on the Neonatal Ovarian
Transcriptome

DMBA exposure caused a statistically significant change in
gene expression for a small cohort of 110 genes, representing
0.4% of all the genes present on the array, suggesting a specific
response in neonatal ovarian gene expression (Fig. 1A). These
significantly altered genes were analyzed for their roles in
networks and molecular functions using Ingenuity Pathway
Analysis software. In accordance with its reported ovotoxicity/
carcinogenicity, DMBA-altered genes were identified as com-
ponents of molecular networks involving cancer, cell death,
genetic disorder, and organismal injury (Fig. 1B). Interestingly,
DMBA also significantly altered the expression of a number of
genes belonging to other functional groups including cellular
growth and proliferation, immunological disease, inflammatory
disease, and cellular development (Table 1; Supplementary Table
1). This suggests that, despite apparent selective gene expression
modulation, DMBA-induced ovotoxicity may involve a variety
of other mechanisms apart from follicular atresia.

Canonical Pathways Significantly Upregulated by DMBA
Exposure

In order to gain a further understanding of, and confirm
a multilayered mechanism of DMBA-induced ovotoxicity,
differentially expressed genes were also classified according to
signaling pathways (Fig. 2; Supplementary Table 2). DMBA
exposure influenced two signaling pathways involved in the
immune response, suggesting a potential immunological like
mechanism of follicular destruction (antigen presentation, com-
plement system). DMBA also influenced four pathways associated
with follicular growth and development (mTOR, integrin-linked
kinase (ILK), EIF2, and vascular endothelial growth factor
signaling) and one pathway associated with amino acid synthesis
(methionine metabolism). Interestingly only one pathway out of
the top 10 influenced by DMBA was associated with follicular
atresia and DNA repair (protein ubiquitination). This was
surprising, given DMBA'’s well-known ability to form DNA
adducts resulting in apoptosis and suggests that the observed
ovarian response to DMBA might not be limited to follicular
atresia but involve a number of other biological processes.

qPCR Validation of Microarray Results

Validation of microarray results was performed by examin-
ing the levels of expression for 10 different genes using qPCR
(Table 2). Similar upregulated gene expression patterns were
observed for all targets measured by qPCR when compared
with the results of the microarray gene expression study.
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FIG. 1.

Microarray analysis of control-cultured ovaries verses DMBA-cultured ovaries. Ovaries were excised from neonatal mice (4 days old, n = 15) and

cultured in xenobiotic-treated medium for 96 h RNA extracted and subjected to microarray analysis as described in the ‘‘Materials and Methods’’ section.
(A) Summary of microarray results. Total number of genes found on an Illumina Sentrix Mouse ref8v2 Beadchip are presented as nonregulated (black) and regulated
(white) genes with a significant change in expression (> twofold change, p < 0.05). The red bar represents the number of positively regulated genes and the yellow bar
represents the number of negatively regulated genes in xenobiotic-cultured ovaries. (B) Molecular networks of significantly altered genes influenced by DMBA exposure.
Significantly altered genes were overlaid onto a global molecular network developed from information contained in the Ingenuity Pathways Knowledge Base (Ingenuity
Systems). Networks of significantly altered genes were then algorithmically generated based on their connectivity. The networks are ranked according to their scores, and
the five highest-ranking networks of genes are displayed. The numbers of genes in each network are shown in brackets. Note. See online version for color version.

Consistent with a role in ovotoxicity/carcinogenesis, three of
these genes were associated with cell cycle arrest and apoptosis
(Cdknla, Ddx5, and Foxn3), three were associated with

TABLE 1
Functional Classification of Genes That Were Upregulated
or Downregulated by DMBA Exposure in Cultured
Neonatal Ovaries

Molecular and

cellular function Upregulated Downregulated
Cell death 25 3
Cellular growth and proliferation 12 1
Cancer 27 4
Immunological disease 17 7
Inflammatory disease 17 13
Cell-to-cell signaling and interaction 13 3
Genetic disorder 20 6
Protein synthesis 17 2
Cellular development 13 2
Tissue morphology 10 3
Connective tissue disorders 18 5

Note. Genes were analyzed using ingenuity pathways analysis (ingenuity
systems) for molecular and cellular functions. only those genes exhibiting
a greater than twofold change in expression were categorized (p < 0.05). note
that some genes are listed in multiple functional groups.

increased tumorigenesis (Srsf5, Ddx5, and Gbas), and one
with repressed tumorigenesis (Foxn3). Interestingly, four genes
were also associated with cell cycle progression and follicular
development (Srsf5, HspaS, Dnaja6, and Ccndl). The two
remaining genes, AnapcS and Calr, are both associated with
a variety of cellular processes, including translational repression
and cell cycle progression. These results further implicate
DMBA-induced ovotoxicity with other cellular mechanisms
apart from apoptosis, including follicular development.

DMBA Causes Primordial Follicle Activation and Immature
Follicle Atresia

To consolidate the data obtained from our microarray
analysis and further characterize the ovarian response to
DMBA, cultured neonatal ovaries were fixed and stained by
immunohistochemistry for markers associated with follicular
development and atresia. Actively proliferating granulosa cells
and activated primordial oocytes were identified by probing for
PCNA, a developmental marker of primordial follicle activa-
tion. Follicles destined for follicular atresia were identified by
staining for activated Casp2 and Casp3, which are early
markers of apoptosis in oocytes and granulosa cells, re-
spectively. Follicles undergoing the final stages of atresia were
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identified by using TUNEL, a technique used to detect DNA
strand breaks indicative of DNA degradation.

PCNA staining was detected in both the granulosa cell and
the oocyte nuclei of DMBA-treated primordial follicles and
absent in the control, suggesting increased levels of primordial
follicle activation (Fig. 3A). Casp2, Casp3, and TUNEL
staining were detected in the majority of primary and
secondary follicles present in DMBA-cultured ovaries, sug-
gesting follicular atresia. However, all three markers of cell
death were absent in DMBA-treated primordial follicles,
suggesting a selective mechanism of follicular destruction.

To confirm the observed effects of neonatal xenobiotic
exposure on follicular activation and atresia in vivo, female
Swiss neonatal mice (PND4) were administered daily injec-
tions of DMBA over 7 days. Follicle counts determined
a significant reduction in the percentage of primordial follicles,
mirrored by a comparable increase in activating primordial
follicles in DMBA-treated animals (Fig. 3B). In addition,
DMBA also caused a significant increase in the percentage of
primary (~twofold) and secondary (~threefold) follicles
compared with the control. Analysis of the average number
of follicles per section demonstrated a significant decrease in
follicular number for DMBA-treated animals (~50% of the
control). These results suggest an excessive stimulation of
follicular activation and development combined with increased
follicular atresia in DMBA-treated animals.

Effect of DMBA Exposure on Akt, pAktl (S473), and pAktl
(T308) Proteins

To explore the mechanisms associated with DMBA-induced
primordial follicle activation, cultured neonatal ovaries were
probed for Akt, pAktl (S473), and pAktl (T308) (Fig. 4). Total
Akt protein staining was detected in both the oocyte and the
granulosa cells of primordial, primary, and secondary follicles.
In the oocyte specifically, it was localized in both the cytoplasm
and the nucleus, with no distinguishable difference in the level
of staining observed between control- and DMBA-cultured

oocytes. Similarly, pAktl (S473) and pAktl (T308) staining
were detected in both the oocyte and the granulosa cells of
primordial, primary, and secondary follicles. However, there was
an observable increase in the levels of pAktl expression in
DMBA-cultured ovaries compared with the control; with pAktl
expression being significantly enriched (~twofold) in DMBA-
cultured primordial follicles. These results suggest DMBA
caused a significant increase in Aktl phospho activation,
implicating the PI3K/Akt pathway in DMBA-induced follicular
activation.

Effect of DMBA Exposure on pmTOR (52448), pmTOR
(T2446), and Foxo3a Proteins

Given DMBA'’s significant affect on the phosphorylation
status of Aktl, we next observed the protein levels of
downstream targets pmTOR (S2448), pmTOR (T2446), and
Foxo3a in primordial follicle oocytes (Fig. 5). pmTOR (52448)
expression was found to have significantly increased (~2.5 fold),
whereas pmTOR (T2446) expression had significantly decreased
(~fivefold) in DMBA-treated primordial oocytes. Additionally,
pmTOR (52448) expression was localized within the cytoplasm
and nucleus, whereas pmTOR (T2446) expression was localized
to the oocyte nucleus. Foxo3a protein staining was detected in
the granulosa and oocyte cell nuclei of both control- and
DMBA-cultured primordial, primary, and secondary follicles.
Staining was predominantly localized to the oocyte nucleus,
with a significant decrease in expression (78% of the control)
observed in DMBA-treated primordial follicles.

DISCUSSION

In this study, we examined the effects of the potent ovotoxic
agent DMBA on the ovarian transcriptome of neonatal mice
in vitro. Microarray analysis revealed a composite mechanism of
DMBA-induced ovotoxicity involving a subset of genes
involved in cancer, follicular growth/development, and atresia
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TABLE 2
qPCR Validation of Microarray Results for Select Transcripts Upregulated by DMBA-Cultured Neonatal Ovaries

Gene symbol Gene name

Summary of function Fold change

Cdknla Cyclin-dependent kinase inhibitor 1A

Anapcs Anaphase-promoting complex subunit 5

Hspa8 Heat shock protein 8

Dnajb6 Dnal (Hsp40) homolog, subfamily B,
member 6

Ddx5 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5

Srsfs Serine/arginine-rich splicing factor 5

Foxn3 Forkhead box N3

Calr Calreticulin

Gbas Glioblastoma amplified sequence

Cendl Cyclin D1

Regulator of cell cycle progression at G1 37703
phase; implicated in DNA damage repair,
increased expression associated with
DMBA-induced ovarian neoplasm (Kim
et al., 2003)

Forms part of the APC; regulates sister
chromatid segregation and mitotic exit,
regulates cell cycle through ubiquitination.
Acts independently as a negative regulator
of translation (Baker ef al., 2007; Koloteva-
Levine et al., 2004)

Stress-related chaperone; regulates cyclin D1
and cyclin D1-dependent protein kinase
accumulation (Diehl et al., 2003)

Stress-related chaperone; regulates gene
expression in response to stress through
Class II Histone Deacetylase Recruitment
(Dai et al., 2005)

RNA helicase; stimulates cell proliferation,
coactivator of p53 signaling, overexpression
associated with estrogen receptor alpha
tumorigenesis (Nicol and Fuller-Pace, 2010)

RNA-binding protein; involved in
constitutive and alternative splicing of pre-
mRNAs, implicated in cell cycle regulation,
aberrant expression associated with
tumorigenesis (Diamond et al., 1993; Huang
et al., 2007)

Transcription factor; regulator of cell cycle
progression at G2 phase, implicated in
preventing tumorigenesis (Scott and Plon,
2005)

Ca®*-binding chaperone involved in
numerous cellular processes; major Ca2+-
binding chaperone in oocytes, (Du et al.,
2009; Vougas et al., 2008; Zhang et al.,
2010)

Mitochondrial protein; involved in
mitochondrial oxidative phosphorylation,
expressed in 40% of glioblastomas
(Martherus and Sluiter, 2010; Wang et al.,
1998)

Promotes cell cycle progression from G1 to S
phase; overexpression associated with
breast/ovarian cancer (Hashimoto ef al.,
2011; Robker and Richards, 1998)

1.93 +0.2

285+0.5

1.71 + 0.1

1.85+0.3

1.48 + 0.2

141 = 0.1

1.68 + 0.2

58205

Note. Total RNA was isolated from xenobiotic-cultured ovaries, reverse transcribed, and qpcr performed with primers specific for the cDNA of indicated genes
as described in the ‘‘materials and methods’’ section. genes selected for validation were chosen from those most significantly altered by DMBA exposure as
detected via microarray analysis. preference was given to those genes with the highest changes in gene expression. Fold change (mean + se) and summary of
function relating to folliculogenesis are included. all fold changes were statistically significant (p < 0.05). er, estrogen receptor.

(Fig. 1; Table 1). This is the first time DMBA has been linked
with developmental pathways in addition to apoptosis in the
ovary, suggesting an ovarian response separate from follicular
atresia. Canonical pathway analysis also identified a number of
significantly (p < 0.05) upregulated pathways involved in
follicular growth/development (Fig. 2). In particular, DMBA

upregulated genes involved in mTOR signaling, which has been
shown to induce primordial follicle activation (Adhikari et al.,
2010), and ILK signaling, which has been previously implicated
in cell survival and proliferation (Reddy et al., 2010).
Conversely, protein ubiquitination was the only significantly
upregulated pathway directly associated with follicular atresia.
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on ovarian follicle composition and number in vivo. Neonatal mice (4 days old) were dosed with DMBA over a 7-day period as described in the ‘‘Materials and
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The symbol ** represents p < 0.01 in comparison with control values. Note. See online version for color version.

In addition to a role in upregulating follicular growth/
development and atresia, canonical pathway analysis also
revealed DMBA upregulated immune response pathways
(antigen presentation and the complement system). We suggest
that the observed upregulation of the antigen presentation
pathway may allude to a mechanism by which apoptotic
DMBA-afflicted cells are signaled for destruction. Indeed,
there is evidence of a capacity for antigen presentation in
ovarian cells, and a mechanism by which nonimmune apoptotic
cells directly present antigens to the immune system to signal
their destruction (Barua and Yoshimura, 1999; Blachere er al.,
2005). Upregulation of the complement system may also be
another mechanism by which apoptotic DMBA follicles are
targeted for destruction. A major role for the complement
system is the removal of apoptotic cells through phagocytosis
to prevent the release of intracellular contents (Nauta et al.,
2003). In theory, this could limit the effects of DMBA and its
toxic metabolites on other cells in the ovary.

Another significantly upregulated pathway was methionine
metabolism. Methionine metabolism is an important aspect of
cellular physiology, involved in preventing oxidative stress and
cell cycle progression (Moskovitz et al., 1997). As DMBA
metabolism causes elevated levels of reactive oxygen species
in the ovary, its upregulation in DMBA-treated ovaries may be
a mechanism utilized by the ovary to prevent DMBA-induced
oxidative stress (Tsai-Turton ez al., 2007).

In further support of a complex mechanism of DMBA-
induced ovotoxicity, qPCR analysis confirmed the upregulation
of 10 genes of interest involved in a variety of cellular
processes (Table 2). One of these genes was Ddx5, a member
of the DEAD-box RNA helicase family. In addition to its role
in RNA splicing and microRNA processing, Ddx5 also acts as
a coactivator for two highly regulated transcription factors, one
of which is tumor suppressor p53 (Nicol and Fuller-Pace,
2010). Tumor suppressor pS53 is upregulated in response to
DNA damage and in conjunction with Ddx5 upregulates genes
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involved in cell cycle arrest and apoptosis. Interestingly, one of
these upregulated genes is Cdknla, a regulator of G1 cell cycle
arrest and another gene of interest upregulated in DMBA-
treated ovaries (Kim ef al., 2003). Foxn3, a transcription factor
involved in G2 phase cell cycle arrest in response to DNA
damage, was also upregulated by DMBA (Pati ef al., 1997).
Given DMBA'’s capacity to cause DNA damage through DNA
adducts, the upregulation of Ddx5 and Foxn3 may be
mechanisms by which DMBA induces follicular atresia.

In addition to their roles in cell cycle arrest, both Ddx5 and
Foxn3 have been shown to induce and prevent tumorigenesis,
respectively. Ddx5 acts a coactivator of estrogen receptor
alpha, upregulating its expression and promoting growth/cell
survival in cancer cell lines (Fuller-Pace and Moore, 2011). In
contrast, Foxn3 has been shown to interact with SKIP,
a transcriptional coregulator which represses genes important
for tumorigenesis in response to cancer treatments (Scott and
Plon, 2005). Given that DMBA has been shown to generate
ovarian adenocarcinoma in rats, Ddx5 upregulation could be

a mechanism by which DMBA induces tumorigenesis, whereas
Foxn3 upregulation might be the ovaries way of combating this
(Crist et al., 2005).

Two stress-related chaperones, Hspa8 and Dnajb6, were also
upregulated by DMBA exposure. Hspa8 is a heat shock protein
constitutively expressed within both the nuclear and the
cytosolic compartments of the cell and is responsible for
regulating protein maturation and function (Agashe and Hartl,
2000). Hspa8 has been shown to play a role in cyclin D1
maturation, another gene upregulated by DMBA exposure
(Diehl et al., 2003; Muiiz et al., 2006). Cyclin D1 promotes
cell cycle progression from G1 to S phase and is exclusively
expressed within the theca cells of the ovary (Robker and
Richards, 1998). As theca cells are only present in developing
follicles, increased Cyclin DI expression could represent
increased primordial follicle activation. Recent evidence also
suggests Cyclin D1 overexpression is associated with the overall
prognosis in epithelial ovarian cancer patients (Hashimoto et al.,
2011). Dnajb6 is also a heat shock protein which regulates gene
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expression in response to stress by inhibiting nuclear factor of
activated T cells (NFAT) transcriptional activity through the
recruitment of class II histone deacetylase (Dai et al., 2005).
NFAT is a transcription factor that has been shown to
negatively regulate CDK4 and positively regulate PTEN
expression (Baksh ef al., 2002; Wang et al., 2011). PTEN is
a known inhibitor of Aktl phosphorylation, an essential event
during PI3K/Akt signaling, which is responsible for primordial
follicle activation (Reddy er al., 2009). It is therefore possible
that the upregulation of HspaS8, Cyclin DI, and Dnajb6 by
DMBA could lead to increased theca cell proliferation,
tumorigenesis, and primordial follicle activation.

Other genes found to be upregulated by DMBA exposure
were Anapc5, Srsf5, Calr, and Gbas. Anapc5 encodes
a subunit which forms part of the anaphase-promoting
complex (APC) which regulates cell cycle progression
through ubiquitination (Baker er al., 2007). However, no
other members of the APC were upregulated in the presence
of DMBA, suggesting a role independent from the APC.

Interestingly, Anapc5 has been shown to interact with poly(A)
binding protein and inhibits mRNA circularization of mRNAs
which rely on internal ribosome entry sites (IRESs),
repressing translation (Koloteva-Levine er al., 2004). Al-
though most commonly used by viral mRNAs, IRES is also
used for the alternative initiation of translation of several
mammalian genes (Arnaud et al., 1999; Huez et al., 1998;
Martineau et al., 2004). Srsf5 is an RNA binding protein
involved in the constitutive and alternative splicing of pre-
mRNAs linked with cell cycle progression and increased
tumorigenesis (Diamond et al., 1993; Huang et al., 2007).
Calr is a Ca®" storage protein required for multiple functions,
including apoptosis and oocyte maturation and is overex-
pressed in many cancer cells, suggesting a role in the
progression of tumorigenesis (Du ez al., 2009; Vanoverberghe
et al., 2003; Vougas et al., 2008; Zhang et al., 2010). Gbas is
a mitochondrial protein thought to be involved in oxidative
phosphorylation and is overexpressed in 40% of glioblasto-
mas (Martherus and Sluiter, 2010; Wang et al., 1998).
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We have compiled our microarray results into a preliminary
model of DMBA-induced ovotoxicity which attempts to
connect the observed changes in gene expression to possible
effects on folliculogenesis (Fig. 6). The common themes seen
in this model were apoptosis, tumorigenesis, and follicular
growth/development. As mentioned before, the prospect of
DMBA-inducing follicular growth/development was intrigu-
ing, as DMBA has been traditionally thought to cause
indiscriminately follicular atresia (Mattison and Schulman,
1980). To investigate this, we probed DMBA-cultured ovaries
for markers of follicular activation and atresia (Fig. 3A).
PCNA, a marker of primordial follicle activation, was detected
in the granulosa cells and oocytes of DMBA-treated primordial
follicles. Markers of follicular atresia, Casp2, Casp3, and
TUNEL, were all detected in developing primary and
secondary follicles. Interestingly, all three markers of cell
death were absent from DMBA-treated primordial follicles.
Histomorphological analysis also detected increased levels of
primordial follicle activation and follicular atresia in vivo (Fig. 3B)
(Supplementary Fig. 2).

Collectively, these results support a mechanism of DMBA-
induced ovotoxicity involving primordial follicle activation
and developing follicle atresia. These results coincide with our
previous study, in which we found three potent ovotoxicants
also caused developing follicle atresia and primordial follicle
depletion through increased primordial follicle activation

(Sobinoff er al., 2010). We proposed that the increase in
primordial follicle activation was due to a homeostatic
mechanism of follicular replacement, leading to a vicious
cycle of developing follicle atresia and primordial follicle
activation. Indeed, primordial follicle activation is under
negative control by the growing follicle population through
the secretion of AMH, a member of the TGF-f superfamily
(Reddy et al., 2010). As DMBA caused immature follicle
atresia, we observed the level of, and distribution of, AMH,
a negative regulator of follicular recruitment. AMH staining
was localized to the granulosa cells of primary and secondary
follicles in both the control- and the DMBA-cultured ovaries,
with no apparent difference in the level of or number of
follicles stained (Supplementary Fig. 1). This suggests that
a homeostatic mechanism of follicular replacement may not be
occurring in DMBA-induced ovotoxicity.

Our results demonstrating DMBA-induced primordial folli-
cle activation are directly at odds with the current literature,
which suggests DMBA-induced ovotoxicity is not promul-
gated by PI3K/Akt signaling, a molecular pathway responsi-
ble for primordial follicle activation (Keating ef al., 2010).
The study conducted by Keating and colleagues used the
compound LY294002, a competitive inhibitor of PI3K
activation. Therefore, we hypothesized that DMBA-induced
primordial follicle activation might be initiated downstream of
PI3K. In support of this hypothesis, we observed increased
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levels of Aktl T308 and S437 phosphorylation in DMBA-
treated primordial follicle oocytes (Fig. 4). Aktl is phosphor-
ylated on its T308 residue by Pdk1, an event which is essential
for primordial follicle activation and occurs directly down-
stream of PI3K signaling (Reddy ez al., 2009). Although pAktl
(T308) is an indirect measurement of PIK3 activity, other
events could have lead to its phosphorylation. As mentioned
previously, DMBA increased the expression of Dnajb6, which
could lead to increased pAktl through PTEN abolition, and
Calr, which has also been shown to induce Aktl phosphory-
lation (Du er al., 2009). Aktl is also phosphorylated on its
S473 residue by mTORC2, an event which coincides with,
although which may be independent of, Aktl T308 phosphor-
ylation (Polak and Hall, 2006).

To provide further support of DMBA-induced primordial
follicle activation, we investigated the levels of mTOR
phosphorylation in primordial follicle oocytes. mTOR is
a Ser/Thr protein kinase which functions as a key regulator
of protein translation and cell growth. It is now known that
mTOR signaling is responsible for primordial follicle activa-
tion, forming the central component of the multimeric kinase
complex mTORC1, whose suppression leads to a reduction in
the overactivation of primordial follicles in Tsc/ ™'~ mutant
mice (Adhikari et al., 2010). mTOR itself is regulated via
a phosphorylation-dependent molecular switch, whereby
mTOR Ser***® phosphorylation results in activation and mTOR
Thr***¢ phosphorylation results in inhibition (Cheng er al.,
2004). We observed an increase in mTOR Ser”**® phosphor-
ylation and a decrease in mTOR Thr***® phosphorylation in
DMBA-treated primordial follicle oocytes compared with the
control, suggesting increased mTOR activity resulting in
primordial follicle activation (Fig. 5). As mTOR activation is
proposed to be synergistic to PI3K/Akt signaling in primordial
follicle activation, these results further support DMBA-induced
primordial follicle activation (Adhikari er al., 2010). In-
terestingly, mTOR Ser***® phosphorylation was primarily
cytoplasmic, whereas mTOR Thr***® phosphorylation was
nuclear. Given that mTOR functions predominantly within the
cytoplasm, these results suggest a possible phosphorylation-
dependent nucleocytoplasmic shuttling mechanism of mTOR
activation within the primordial follicle.

Within oocytes, increased pAktl leads to Foxo3a nucleocy-
toplasmic shuttling, resulting in primordial follicle activation
(Reddy et al., 2010). However, Foxo3a was not detected in the
cytoplasm of both DMBA- and control-treated primordial
follicles (Fig. 5). This suggests that pAktl was not interacting
with Foxo3a to cause primordial follicle activation. However,
there was a significant reduction in the level of Foxo3a staining
in the nucleus of DMBA-treated primordial follicles. Although
the mechanism behind DMBA-induced Foxo3a reduction
remains unknown, it is reasonable to assume that this reduction
may have contributed to the observed increase in primordial
follicle activation through a downstream event following
DMBA Aktl and mTOR phosphorylation.
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In summary, this study represents the first in vitro
examination of the effect of DMBA exposure on ovarian gene
expression at the transcriptome level. Our results describe
a multilayered mechanism of DMBA-induced ovotoxicity
which is not limited to cell death, involving both selective
developing follicle atresia and primordial follicle activation. In
regards to primordial follicle activation, DMBA activates
downstream members of the PI3K/Akt and mTOR signaling
pathway via phosphorylation events which may be independent
of PI3K activity.

SUPPLEMENTARY DATA
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ABSTRACT

Benzo(a)pyrene (BaP) is an ovotoxic constituent of cigarette smoke associated with pre-mature ovarian fail-
ure and decreased rates of conception in IVF patients. Although the overall effect of BaP on female fertility has
been documented, the exact molecular mechanisms behind its ovotoxicity remain elusive. In this study we
examined the effects of BaP exposure on the ovarian transcriptome, and observed the effects of in vivo
exposure on oocyte dysfunction. Microarray analysis of BaP cultured neonatal ovaries revealed a complex
mechanism of ovotoxicity involving a small cohort of genes associated with follicular growth, cell cycle pro-
gression, and cell death. Histomorphological and immunohistochemical analysis supported these results,
with BaP exposure causing increased primordial follicle activation and developing follicle atresia in vitro
and in vivo. Functional analysis of oocytes obtained from adult Swiss mice treated neonatally revealed signif-
icantly increased levels of mitochondrial ROS/lipid peroxidation, and severely reduced sperm-egg binding
and fusion in both low (1.5 mg/kg/daily) and high (3 mg/kg/daily) dose treatments. Our results reveal a com-
plex mechanism of BaP induced ovotoxicity involving developing follicle atresia and accelerated primordial
follicle activation, and suggest short term neonatal BaP exposure causes mitochondrial leakage resulting in
reduced oolemma fluidity and impaired fertilisation in adulthood. This study highlights BaP as a key
compound which may be partially responsible for the documented effects of cigarette smoke on follicular
development and sub-fertility.

© 2012 Elsevier Inc. All rights reserved.

Introduction

Cigarette smoke is a known reproductive hazard associated with
delayed conception, premature ovarian failure (POF), and lower fertilisa-
tion rates in women undergoing assisted conception (EI-Nemr et al.,
1998; Freour et al., 2008; Gruber et al., 2008; Howe et al., 1985; Sun et
al., 2011; Windham et al., 2005). In addition to direct inhalation, side-
stream cigarette exposure also adversely affects female fertility, resulting
in reduced embryo implantation and pregnancy rates in IVF patients
(Neal et al., 2005). Although we are aware of the destructive nature of
cigarette smoke on female fertility, limited data exists on the chemical
constituents which cause its reported ovotoxicity.

Cigarette smoke is composed of over 4,000 chemicals, including
nicotine, nitroso compounds, aromatic amines, protein pyrolysates
and polycyclic aromatic hydrocarbons (PAH) (Rustemeier et al.,
2002). Of these chemicals, of particular interest is the polycyclic aro-
matic hydrocarbon Benzo(a)pyrene (BaP). BaP is a mutagenic

* Corresponding author at: Discipline of Biological Sciences, ARC Centre of Excellence
in Biotechnology & Development, School of Environmental & Life Sciences, University of
Newcastle, Callaghan, NSW 2308, Australia. Fax: +61 2 4921 6308.

E-mail address: eileen.mclaughlin@newcastle.edu.au (E.A. McLaughlin).

0041-008X/$ - see front matter © 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.taap.2012.01.028

toxicant produced via the incomplete combustion of carbon, and is
present at relatively high levels in cigarette smoke (Lodovici et al.,
2004). Studies of the effects of BaP on ovarian function have identified
this chemical as a potent ovotoxicant capable of inducing POF
through the rapid depletion of the primordial follicle pool (Mattison
and Thorgeirsson, 1979). In the ovary, BaP is converted into a 7,8-
dihydrodiol-9,10-epoxide bioactive metabolite by Aryl hydrocarbon
receptor (Ahr) induced members of the cytochrome P450 family of
oxidases (Bengtsson et al., 1983; Mattison et al., 1983). This bioactive
metabolite then binds to the 2-amino group of DNA guanosine to
form BaP-DNA adducts, resulting in mutagenesis and follicular atresia
(Zhou et al., 2009). Interestingly, BaP-DNA adducts have been
detected in the granulosa cells of women who smoke, indicating
BaP may be a contributing factor in cigarette induced POF (Zenzes,
2000). Although the overall effect of BaP on follicular development
has been well documented, the exact molecular mechanisms behind
its ovotoxicity remain elusive. Recent studies conducted by ourselves
and others have identified a novel mechanism of premature ovarian
failure involving primordial follicle activation and developing follicle
atresia for a number of ovotoxic xenobiotics, including the PAH
7,12-Dimethylbenz-[a]anthracene (DMBA) (Keating et al, 2010;
Sobinoff et al., 2010, 2011). Given the similarities between DMBA
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and BaP induced ovotoxicity, we sought to confirm that BaP also in-
duces POF via a similar mechanism (Bengtsson et al, 1983;
Mattison et al., 1983).

In addition to POF, evidence also suggests BaP may induce oocyte
dysfunction. BaP is detected at high concentrations in the follicular
fluid of female IVF patients who smoke, and was associated with a
decreased rate of conception (Neal et al., 2008). One potential mecha-
nism by which BaP may adversely affect oocyte quality is through the
production of reactive oxygen species (ROS). Xenobiotic-enhanced
ROS formation can occur via several mechanisms, including the unnat-
ural “uncoupling” of phase I cytochrome P450 detoxification, quinone
formation, and glutathione peroxidise depletion (Sobinoff et al., in
press). Indeed, BaP is converted into 3,6-dione and 6,12-dion redox
cycling quinones by cyp1A1, both of which have been detected in
rodent ovaries after a single dose exposure of BaP (Ramesh et al.,
2010). We have previously demonstrated that neonatal xenobiotic
exposure severely reduces the ability of oocytes obtained in adulthood
to undergo fertilisation, and that exposure to the same xenobiotics in
vitro causes dose dependant lipid peroxidation in cultured MII oocytes
(Sobinoff et al., 2010). Therefore, we hypothesised that BaP induces
oocyte dysfunction through xenobiotic induced lipid peroxidation,
resulting in impaired membrane fluidity and therefore sperm-oocyte
fusion.

In order to gain a better understanding of the mechanisms behind BaP
induced ovotoxicity, we examined the effects of BaP exposure on the
ovarian transcriptome of cultured neonatal mouse ovaries, and observed
the effects of in vivo exposure on oocyte dysfunction. Microarray analysis
revealed a complex mechanism of BaP induced ovotoxicity targeting a
small cohort of genes associated with follicular growth, cell cycle progres-
sion, and cell death. Histomorphological and immunohistochemical
analysis supported these results, with BaP exposure causing increased
primordial follicle activation and developing follicle atresia in vitro and
in vivo. Mitochondrial ROS, lipid peroxidation, and sperm-oocyte fusion
assays supported our hypothesis of BaP induced oocyte dysfunction,
with short-term BaP exposure causing long term mitochondrial
membrane damage, altered oolemma membrane fluidity, and impaired
sperm/oocyte fusion and fertilisation.

Methods

Reagents.  BaP (>95% purity), Menadione (MEN; >95% purity) and
custom designed primers were purchased from Sigma Chemical Co. (St.
Louis, MO). Mouse monoclonal anti-Proliferating Cell Nuclear Antigen
antibody (anti-PCNA, NAO3T) was obtained from Merck KGaA
(Darmstadt, Germany). Rabbit polyclonal anti-active Caspase 3 antibody
(anti-Casp3, ab13847), Rabbit polyclonal anti-active Caspase 2 antibody
(anti-Casp2, ab2251) were obtained from Abcam (Cambridge, MA).
Mouse monoclonal anti-human Anti-Miillerian hormone (anti-AMH,
MCA2246) was obtained from AbD Serotec (Kidlington, UK). Alexa
Fluor 594 goat anti-rabbit IgG (A11012), Alexa Fluor 594 goat anti-
mouse IgG (A11005), 4,4-difluoro-5-(4-phenyl-1,3-buttadienyl)-4-
bora-3a,4a-diaza-s-indacene-3-undecanoic acid 581/591C11 (BODIPY;
D3861), MitoSOX red (M36008), fetal bovine serum (FBS), L-
Glutamine, and Insulin-Transferrin-Selenium (ITS) were purchased
from the Invitrogen Co. (Carlsbad, CA). L-Ascorbic Acid was obtained
from MP Biomedicals (Solon, OH) and 0.4 um Culture Plate Inserts
were purchased from Millipore (Billerica, MA). All culture dishes and
cell culture plates were obtained from Greiner Bio-One (Monroe, NC).
Oligo(dT)15 primer, RNasin, dNTPs, M-MLV-Reverse Transcriptase,
RQ1 DNAse, GoTaq Felxi, MgCl,, GoTaq qPCR master mix and Proteinase
K were purchased from the Promega Corporation (Madison, WI).

Animals.  All experimental procedures involving the use of animals
were performed with the approval of the University of Newcastle's
Animal Care and Ethics Committee (ACEC). Swiss mice were obtained
from a breeding colony held at the institute's central animal facility

and maintained according to the recommendations prescribed by
the ACEC. Mice were housed under a controlled lighting regime
(16L:8D) at 21-22 °C and supplied with food and water ad libitum.

Animal dosing.  Female Swiss neonatal mice (day 4; 6-10 animals/
treatment group) were weighed and administered (intraperitoneal;
i.p.) 7 daily, consecutive doses of either sesame oil containing vehicle
control (<10 pl/kg/daily Acetone) or sesame oil containing a low and
high dose of BaP (1.5 mg/kg/daily; 3 mg/kg/daily). The dosage, routes
of administration, and dosing time courses were based on previous
studies, and were chosen with the intention of inducing ovotoxicity
with minimal cytotoxicity (Borman et al, 2000). Animals were
observed daily for symptoms of toxicity and mortality. Half of the
treated animals were euthanised by CO, asphyxiation 24 hours after
the last injection. The remaining animals were weaned and then
super-ovulated at 6 weeks of age via i.p. injection of 10 [U of Folligon
(eCG; Intervet, Sydney, Australia), followed by i.p. administration of
101U of Chorulon (hCG; Intervet, Sydney, Australia) 48 h later and
euthanasia by CO, asphyxiation 12 hrs later.

Ovarian culture. ~ Ovaries from day 3-4 Swiss neonatal mice were
cultured described previously (Sobinoff et al., 2010). Briefly, Swiss
neonates were sacrificed by CO, inhalation followed by decapitation.
Ovaries were excised, trimmed of excess tissue and placed on culture
plate inserts in 6-well tissue culture plate wells floating atop 1.5 ml
DMEM/F12 medium containing 5% (v/v) fetal calf serum, 1 mg/ml
bovine serum albumin, 50 pg/ml ascorbic acid, 27.5 pg/ml insulin-
transferrin-selenium, 2.5 mM glutamine and 5U/ml penicillin/
streptomycin. Media were supplemented with 40 ng/ml basic fibroblast
growth factor, 50 ng/ml leukemia inhibitory factor, and 25 ng/ml stem
cell factor. A drop of medium was placed over the top of each ovary to
prevent drying. Ovaries were cultured for 4 days at 37 °C and 5% CO,
in air, with media changes every two days. Ovaries were treated with
vehicle control medium (0.01% Acetone) or BaP (1 uM). The BaP culture
concentration was determined by pilot studies performed in our labora-
tory with the intention of inducing overt ovotoxicity.

Histological evaluation of follicles.  Following in vitro culture/in vivo
dosing, ovaries were placed in Bouin's fixative for 4 h, washed in 70%
ethanol, paraffin embedded and serially sectioned (4um thick)
throughout the entire ovary, with every 4th slide counterstained with
hematoxylin and eosin. Healthy oocyte containing follicles were then
counted in every hematoxylin and eosin stained section. Follicles with
eosinophilic (pyknotic) oocytes were considered as degenerating or
atretic, and so were not counted. Primordial follicles were classified as
those with a single layer of squamous granulosa cells. Activating follicles
were identified as those which contained one or more cuboidal
granulosa cells in a single layer. Primary follicles were classified as
those which contained more than 4 cuboidal granulosa cells in a single
layer. Secondary follicles were identified as those with two layers of
granulosa cells, and pre-antral follicles were classified as those with
more than two layers of granulosa cells. Both in vitro and in vivo treated
ovaries did not contain follicles beyond the pre-antral stage.

Immunohistochemistry.  Ovaries for immunohistochemistry were
fixed in Bouin's and sectioned 4 pm thick. PCNA, active Casp2 and
active Casp3 were probed for using the same protocol with the excep-
tion of the primary antibody. Slides were deparaffinised in xylene and
rehydrated with subsequent washes in ethanol. Antigen retrieval was
carried out by microwaving sections for 3x3 min in Tris buffer
(50 mM, pH 10.6). Sections were then blocked in 3%BSA/TBS for
1.5 h at room temperature. The following solutions were diluted in
TBS containing 1% BSA. Sections were incubated with either anti-
PCNA (1:80), anti-Casp2 (1:200) or anti-Casp3 (1:200) for 1h at
room temperature. After washing in TBS containing 0.1% Triton X-
100, sections were incubated with the appropriate fluorescent
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conjugated secondary antibodies (Alexa Fluor 594 goat anti-rabbit
IgG, Alexa Fluor 594 goat anti-mouse IgG; 1:200 dilution) for 1 h.
Slides were then counter-stained with 4’-6-Diamidino-2-phenyl-
indole (DAPI) for 5 min, mounted in Mowiol and observed on an
Axio Imager A1l fluorescent microscope (Carl Zeiss Microlmaging,
Inc, Thornwood, NY) using epifluorescent optics and images captured
using a Olympus DP70 camera (Olympus America, Center Valley, PA).

TUNEL analysis.  Bouin's fixed sections were deparaffinised and
rehydrated as described previously. Sections were then boiled in
Tris buffer (50 mM, pH 10.6) for 20 min and treated with 20 pg/ml Pro-
teinase K for 15 min in a humidified chamber. TUNEL analysis was then
performed using an In Situ Cell Death Detection Kit, Fluorescein (Roche
Diagnostics Pty Ltd.; Dee Why, NSW) according to the manufacturer's
instructions. Slides were then counter-stained with DAPI for 5 min,
mounted in Mowiol and observed on an Axio Imager A1 fluorescent mi-
croscope (Carl Zeiss) using epifluorescent optics and images captured
using a Olympus DP70 microscope camera (Olympus).

RNA extraction.  Total RNA was isolated from ovaries using two
rounds of a modified acid guanidinium thiocyanate-phenol-chloro-
form protocol (Chomczynski and Sacchi, 1987): washed cells
resuspended in lysis buffer (4 M guanidinium thiocyanate, 25 mM so-
dium citrate, 0.5% sarkosyl, 0.72% [3-mercaptoethanol). RNA was iso-
lated by phenol/chloroform extraction and isopropanol precipitated.

Real time PCR.  Reverse transcription was performed with 2 pg of
isolated RNA, 500 ng oligo(dT)15 primer, 40 U of RNasin, 0.5 mM
dNTPs, and 20 U of M-MLV-Reverse Transcriptase. Total RNA was
DNase treated prior to reverse transcription to remove genomic
DNA. Real-time PCR was performed using SyBr Green GoTaq qPCR
master mix according to manufacturer's instructions on an M]
Opticon 2 (M] Research, Reno, NV, USA). Primer sequences along
with annealing temperatures have been supplied as supplementary
data (sTable 3). Reactions were performed on cDNA equivalent to
100 ng of total RNA and carried out for 40 amplification cycles.
SYBR® Green fluorescence was measured after the extension step at
the end of each amplification cycle and quantified using Opticon Mon-
itor Analysis software Version 2.02 (M] Research). For each sample, a
replicate omitting the reverse transcription step was undertaken as a
negative control. Reverse transcription reactions were verified by 3-
actin PCR, performed for each sample in all reactions in triplicate.
Real-time data were analyzed using the equation 2724, where
C(t) is the cycle at which fluorescence was first detected above back-
ground fluorescence. Data were normalized to cyclophilin, beta-2-
microglobulin, and beta-glucuronidase, and are presented as the average
of each replicate normalized to an average of the reference genes
(£ SEM).

Microarray analysis.  Total RNA (approximately 3 pg) was isolated
from BaP cultured neonatal ovaries and prepared for microarray analy-
sis at the Australian Genome Research Facility (AGRF) using an
[llumina Sentrix Mouse ref8v2 Beadchip. Labelling, hybridising, wash-
ing and array scanning were performed by the AGRF using the Illumina
manual on an [llumina BeadArray Reader, and normalised according to
the quantile normalisation method using GenomeStudio version 1.6.0
(Ilumina, Inc., San Diego, CA). All experiments were performed in trip-
licate with independently extracted RNAs. Statistically significant
genes with more than a twofold difference in gene expression
(p<0.05) determined through the use of a ‘volcano plot’ were then
analysed using Ingenuity Pathways Analysis (Ingenuity Systems, Red-
wood City, CA) software to identify canonical signalling pathways
influenced by BaP exposure. The data discussed in this publication
have been deposited in NCBI's Gene Expression Omnibus and are ac-
cessible through GEO Series accession number GSE29263 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc%BC%20GSE29263).

Sperm-oocyte fusion assay.  Adult mice (6 weeks) treated with BaP
over a 7 day period after birth were super ovulated as described pre-
viously under “animal dosing.” Cumulus-intact oocytes were recov-
ered 12-15 h after the final hCG injection by rupturing the oviductal
ampullae of superovulated animals in M2 medium. Adherent cumu-
lus cells were then dispersed by treating the collected oocytes with
300 IU/ml hyaluronidase solution and washing twice in M2 medium
under oil. The zona pellucida was then removed from these oocytes
by brief treatment with low-pH (2.5) Acid Tyrode's solution and
allowed to recover at least 1 h at 37 °C in an atmosphere of 5% CO,
in air. Sperm were collected from mature male mice by dissecting
the cauda epididymides and squeezing out the dense sperm mass
along the tube. The sperm were then allowed to disperse into
800 pl M2 medium, diluted to a final concentration of 2 x 10° sperm/
ml in M2 medium, and allowed to capacitate for 3 h at 37 °C in 5%
CO, in air. Following capacitation, zona free oocytes were preloaded
with DAPI for 15 min; 12-25 oocytes were then added to the sperm
suspensions and co-incubated for 15 min at 37 °C in 5% CO, in air.
Using serial aspiration through a finely drawn pipette, unbound and
loosely adhered spermatozoa were removed from oocytes. Oocytes
were then mounted on slides, and the number of sperm bound to
the oocyte membrane counted using phase-contrast microscopy.
Sperm-oocyte fusion was then assayed by counting the number of
DAPI stained sperm heads attached to the oocyte membrane using
fluorescent microscopy.

Oocyte lipid peroxidation assay. ~ Cumulus free oocytes were collect-
ed from adult mice (6 weeks) treated with BaP over a 7 day period as
described previously under “sperm-oocyte fusion assay.” Oocytes
were then incubated under oil in 10 mM BODIPY stain for 30 min at
37 °Cin 5% CO- in air. An oxidative stress positive control was also
carried out by exposing oocytes from non-treated animals to 80 mM
H,0, for 30 min under oil at 37 °C and 5% CO, in air. The dye loaded
oocytes were then washed twice in M2 medium and mounted on
slides. Green and red fluorescence of BODIPY were determined
using a LSM510 laser-scanning microscope (Carl Zeiss) equipped
with Argon and Helium/Neon lasers at excitation wavelengths of
488 and 543 nm and emission spectra of 500-530 nm (green) and
greater than 560 nm (red). Histogram analysis was then used to de-
termine the ratio of green to red fluorescence.

Mitochondrial ROS assay.  Cumulus free oocytes were collected from
adult mice (6wks) treated with BaP over a 7 day period as described
previously under “sperm-oocyte fusion assay”. Oocytes were then incu-
bated under oil in 5 tM MitoSOX red stain for 20 min at 37 °Cin 5% CO,
in air. An oxidative stress positive control was also carried out by ex-
posing oocytes from non-treated animals to 80 mM H,0, for 30 min
under oil at 37 °C and 5% CO, in air. The dye loaded oocytes were
then washed twice in M2 medium and mounted on slides. MitoSOX
red fluorescence was determined using a LSM510 laser-scanning mi-
croscope (Carl Zeiss) equipped with Argon and Helium/Neon lasers at
an excitation wavelength of 510 nm and emission maximum of
580 nm. Quantification of MitoSOX red was then carried out via histo-
gram analysis.

Statistics.  Comparisons between the control and treatment groups
were performed using one-way analysis of variance (ANOVA) and
Tukey's Honestly Significant Difference test. The assigned level of sig-
nificance for all tests was p<0.05.

Experimental design. A summary of the experimental design can be
found in supplementary data (sFig. 1).
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Results
Effects of BaP exposure on the neonatal ovarian transcriptome

BaP exposure significantly altered the expression of a small cohort
of genes representing 0.7% of the total number present on the array,
suggesting a specific gene-regulatory response in the neonatal ovary
(Fig. 1A). Significantly altered genes were then analysed for networks
and molecular functions through the use of Ingenuity Pathway Anal-
ysis software. BaP altered genes were identified as components of
molecular networks for gene expression, the cell cycle, cellular
growth and proliferation, cellular development, and cell to cell signal-
ling (Fig. 1B). In accordance with its reported role as an ovotoxicant/
mutagen, BaP exposure also influenced a large number of genes
implicated in cell death, cancer, and genetic disorder (Table 1).

Canonical pathways significantly up-regulated by BaP exposure

In order to gain further insight into the mechanisms behind BaP
induced ovotoxicity, differentially expressed genes were also
analysed for signalling pathways and molecular functions using
Ingenuity Pathways Analysis (Fig. 2; sTable 2). We limited our
analysis to those genes which demonstrated a significant increase
(two fold, p<0.05) in expression to identify molecular signalling
pathways that were significantly up-regulated by xenobiotic expo-
sure. BaP exposure influenced five canonical pathways associated
with follicular growth and development (Androgen and estrogen
metabolism, EIF2 signaling, chromosomal replication, retinol metabo-
lism, and growth hormone signaling), three pathways associated with
DNA repair and follicular atresia (ATM signalling, Ahr signalling, and
p53 signaling), one pathway associated with detoxification/bioactivation
(Ahr signalling), and one pathway associated with oxidative stress
(Nitric oxide and ROS production).

A

Benzo(a)pyrene

(BaP)

B

I Array Transcripts
B Upregulated
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QPCR validation of microarray results

Validation of microarray results was performed by examining the
levels of expression for 10 different genes using QPCR (Table 2). Sim-
ilar gene expression patterns were observed for all targets measured
by QPCR when compared to the results of the microarray gene
expression study. Consistent with a role in ovotoxicity/mutagenesis,
three of these genes were associated with cell cycle arrest and
apoptosis (Cdknla, Ddx5 and Cxcl12), two were associated with in-
creased tumorigenesis (Ddx5 and Cxcl12), and two with xenobiotic
metabolism (Cyp1b1, Utglal0). The remaining five genes were all as-
sociated with increased cell cycle progression and follicular develop-
ment (Ccngl, Cdk2, Mcm7, Hspa8, and Igf2). Interestingly, only three
out of the 10 different genes have been previously associated with
BaP induced toxicity (Cyp1b1, Utg1al0, Cdknla), suggesting BaP may
have other mechanisms of ovotoxicity in addition to those already
documented by the literature.

BaP causes primordial follicle activation and immature follicle atresia in
vitro

To consolidate the data obtained from our microarray analysis and
further characterise the ovarian response to BaP, cultured neonatal
ovaries were fixed and probed by immunohistochemistry for markers
associated with primordial follicular activation and atresia. PCNA
staining was detected in both the granulosa cell and oocyte nuclei
of BaP treated primordial follicles and absent in the control, indicating
these follicle had committed to follicular activation (Fig. 3). Casp2,
Casp3, and TUNEL staining were all detected in BaP treated primary and
secondary follicles, but were absent from BaP treated primordial follicles,
suggesting a selective mechanism of developing follicle atresia. AMH was
localised to the granulosa cells of primary and secondary follicles in both
control and BaP treated ovaries (Supplementary Fig. 3).
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Fig. 1. Microarray analysis of control cultured ovaries verses BaP cultured ovaries. Ovaries were excised from neonatal mice (4 days old, n=15) and cultured in xenobiotic treat-
ment medium for 96 hours RNA extracted and subjected to microarray analysis as described in the materials and methods. (A) Summary of microarray results. Total number of
genes found on an Illumina Sentrix Mouse ref8v2 Beadchip are presented as non-regulated (black) and regulated (white) genes with a significant change in expression
(>2-fold change, p<0.05). The red bar represents the number of positively regulated genes, and the yellow bar represents the number of negatively regulated genes in xenobiotic
cultured ovaries. (B) Molecular networks of significantly altered genes influenced by BaP exposure. Significantly altered genes were overlaid onto a global molecular network de-
veloped from information contained in the Ingenuity Pathways Knowledge Base (Ingenuity Systems). Networks of significantly altered genes were then algorithmically generated
based on their connectivity. The networks are ranked according to their scores, and the five highest-ranking networks of genes are displayed. The numbers of genes in each network

are shown in brackets.
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Table 1

Functional classification of genes that were up-regulated or down-regulated by BaP ex-
posure in cultured neonatal ovaries. Genes were analysed using Ingenuity Pathways
Analysis (Ingenuity Systems) for molecular and cellular functions. Only those genes
exhibiting a greater than two-fold change in expression were categorised (p<0.05).
Note that some genes are listed in multiple functional groups.

Molecular and cellular function Up regulated Down regulated

Cellular growth and proliferation 39 20
Tissue development 30 14
Cell-to-cell signalling and interaction 15 13
Gene expression 32 11
Cell death 30 13
Cell cycle 18 5

Genetic disorder 63 35
Cellular development 31 13
Cancer 51 22
Tissue morphology 25 9

Small molecule biochemistry 28 13

Effects of BaP exposure on primordial follicle activation and follicular
atresia in vivo

To confirm the observed effects of neonatal xenobiotic exposure
on follicular activation and atresia in vivo, female Swiss neonatal
mice (PND4) were administered daily injections of either a high or
low dose of BaP for seven days and their ovaries collected for analysis.
Immunohistological examination of fixed ovaries did not detect any
staining for PCNA in primordial follicle in the low dose BaP treatment
(Fig. 4). However, PCNA staining was detected in large clusters of pri-
mordial follicles in the high dose treatment, with a staining pattern
similar to that observed in vitro (Fig. 3). Histomorphological analysis
revealed a slight but significant reduction in low dose treated primor-
dial follicle population, mirrored by a comparable increase in the
number of activating follicles (Fig. 5A). In agreement with our PCNA
results, the follicular composition of ovaries from the high dose trea-
ted ovaries indicated a significant reduction (~2-fold) in primordial
follicles, with a comparably large increase in the number of activating
follicles (Fig. 5B). In addition, BaP also caused a significant increase in
the percentage of primary (~2-fold) and secondary (~2-fold) follicles,
and a significant decrease in the percentage of pre-antral follicles
(~5-fold). Analysis of the average number of follicles per section
also demonstrated a significant decrease in total follicular number
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Short term neonatal BaP exposure causes long term mitochondrial damage,
oolemma lipid peroxidation, and impaired oocyte fusibility in vivo

To investigate the effects of short term BaP exposure on long term
oocyte dysfunction, adult Swiss mice treated with either a low or high
dose of BaP after birth were superovulated and their oocytes collected
for analysis. There was no difference between the number of retriev-
able oocytes from the control and BaP treated groups, indicating the
process of folliculogenesis had not been disrupted long term (Supple-
mentary Fig. 2). Mitochondrial ROS was detected using the fluorescent
dye MitoSOX red, and revealed a significant increase in mitochondrial
membrane leakage in both low and high dose treated oocytes
(Fig. 6A). Lipid peroxidation studies using the fluorescent dye BODIPY
also revealed significantly increased levels of peroxidative damage in
the oolemma membrane of both low and high dose treated oocytes
(Fig. 6B). Functional analysis of the treated oocytes ability to undergo
fertilisation revealed significantly reduced sperm-egg binding in both
high and low dose treatments (Fig. 7). Additionally, sperm-egg fusion
was also severely reduced to almost negligible levels in both
treatments.

Discussion

In this study we characterised the effects of the ovotoxic smoking
constituent BaP on the ovarian transcriptome of neonatal mice in
vitro. Microarray analysis revealed an elaborate mechanism of BaP in-
duced ovotoxicity involving a small cohort of genes implicated in fol-
licular growth and development, cell cycle regulation, cell to cell
signalling, cell death, cancer, and genetic disorder (Fig. 1; Table 1).
These results support previous studies which have identified BaP as
a potent ovotoxicant and carcinogen (Lodovici et al., 2004; Mattison
and Thorgeirsson, 1979). However, this is the first documented evi-
dence of BaP stimulating follicular growth and development, with
previous studies suggesting it is a potent inhibitor of antral follicle
growth (Neal et al., 2007). In support of these observations, analysis
of the signalling pathways up-regulated by BaP exposure identified
a number of canonical pathways associated with the progression of
folliculogenesis (Fig. 2). In particular, BaP exposure induced up-
regulation of genes involved in growth hormone signalling, a path-
way implicated in primordial follicle recruitment (Slot et al., 2006),
and in estrogen metabolism, an essential process required for antral
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Fig. 2. Top canonical pathways that were significantly up-regulated by BaP cultured neonatal ovaries as identified by Ingenuity Pathways Analysis. The significance of the associ-
ation between up-regulated genes and the canonical pathway was evaluated using a right-tailed Fisher's exact test to calculate a p-value determining the probability that the as-
sociation is explained by chance alone (blue bars, y-axis). Ratios referring to the proportion of up-regulated genes from a pathway related to the total number of molecules that

make up that particular pathway are also displayed (line graph, z-axis).
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Table 2

QPCR validation of microarray results for select transcripts up-regulated by BaP cultured neonatal ovaries. Total RNA was isolated from xenobiotic cultured ovaries, reverse tran-
scribed, and qPCR performed with primers specific for the cDNA of indicated genes as described in the materials and methods. Fold change (mean 4 SE) and summary of function
relating to folliculogenesis are included. All fold changes were statistically significant (p<0.05).

Gene Gene name Summary of function Fold
symbol change
Cdknla Cyclin-dependent kinase inhibitor ~ Regulator of cell cycle progression at G1 phase; implicated in DNA damage repair, increased expression 6.94+0.8
1A in response to BaP-DNA adduct formation (Binkova et al., 2000)
Cyp1b1 Cytochrome P450, family 1, Phase [ detoxifying enzyme; implicated in the bioactivation of BaP into DNA adduct forming metabolites 5.49+40.4
subfamily b, polypeptide 1 in the ovary (Bengtsson et al., 1983; Mattison et al., 1983)
Cengl Cyclin G1 Regulator of cell cycle progression at G2/M phase; implicated in DNA damage repair and apoptosis; associated ~ 3.154-0.2
with granulosa cell proliferation and differentiation (Kimura et al,, 2001; Liu et al., 2006)
Cxcl12 Chemokine (C-X-C motif) ligand 12 Chemokine; expressed in developing ovarian follicles; acts as an inhibitor of primordial follicle activation; 2.8 4-0.2
overexpression associated with ER alpha tumorigenesis (Holt et al., 2006; Rhodes et al., 2011)
Cdk2 Cyclin-dependent kinase 2 Protein kinase essential for G1/S cell cycle transition; Elevated Cdk2 associated with accelerated follicular ~ 2.18 £0.2
activation and increased primordial follicle survival (Rajareddy et al., 2007)
Mcm?7 Minichromosome maintenance DNA replication factor essential for cellular proliferation; Increased expression associated with primordial ~ 2.0540.2
complex component 7 follicle activation (Park et al., 2005)
Hspa8 Heat shock protein 8 Stress related chaperone; expression increases during cell cycle G1 phase; regulates cyclin D1 accumulation 1.98 +£0.4
and maintains its activity in the presence of inhibitory Cdkn1la (Diehl et al., 2003)
Ddx5 DEAD (Asp-Glu-Ala-Asp) box RNA helicase; stimulates cell proliferation, co-activator of p53 signalling, overexpression associated with ER  1.774-0.2
polypeptide 5 alpha tumorigenesis (Nicol and Fuller-Pace, 2010)
Igf2 Insulin-like growth factor 2 Growth factor expressed in rodent ovarian theca cells; acts as a autocrine signal and granulosa paracrine 1.76 £0.1
signal; stimulates proliferation (Adashi et al., 1985; Davoren et al., 1986; Hernandez et al., 1990)
Ugt1al0 UDP glycosyltransferase 1 family, ~ Phase II detoxifying enzyme; Implicated in the detoxification of bioactivated BaP metabolites 1.59+0.1

polypeptide A10 (Dellinger et al., 2006)

estrogenic metabolism is intriguing, as pre-antral follicular growth is
estrogen independent. One explanation for the induction of this path-
way may be the metabolism of estrogenic BaP metabolites, rather
than estrogen itself, which are formed as a consequence of Ahr medi-
ated bioactivation (van Lipzig et al., 2005). Indeed, one of the other
pathways up-regulated by BaP exposure was aryl hydrocarbon recep-
tor (Ahr) signalling, the primary mechanism responsible for BaP
bioactivation in the ovary (Bengtsson et al., 1983; Mattison and
Thorgeirsson, 1979). Analysis of Ahr-deficient mice has also revealed
a physiological role for this receptor in regulating reproduction,
growth and development (Robles et al., 2000). Robles et al. (2000)
demonstrated that ovaries from Ahr deficient PND4 mice had a signif-
icant two-fold increase in the primordial follicle population, suggest-
ing a developmental role for Ahr in regulating primordial follicle

Caspz

Control

BaP

formation and atresia. Given that BaP is an Ahr ligand which causes
follicular depletion, we hypothesise that part of its ovotoxicity may
be due to perturbed Ahr developmental signalling, disrupting follicu-
logenesis. In accordance with its reported ovotoxicity, BaP exposure
also up-regulated signalling pathways associated with DNA repair
and follicular atresia (ATM signalling and p53 signalling).

In addition to stimulating pathways associated with follicular
growth and atresia, BaP exposure also up-regulated genes involved in
nitric oxide and ROS production. As described previously, BaP bioactiva-
tion can lead to the production of quinone-like metabolites in the ovary
(Ramesh et al., 2010). These metabolites may undergo redox cycling to
a corresponding semiquinone radical to produce superoxide anions,
which then go on to form hydrogen peroxide and hydroxyl free radicals
(Bolton et al., 2000). The up-regulation of this pathway, combined with

Casp3

TUNEL

Fig. 3. BaP exposure causes immature follicular destruction and primordial follicle activation in vitro. Fluorescent immunohistological and TUNEL staining as visualised via epifluor-
escent microscopy. Ovaries excised from neonatal mice (4 days old) were cultured in BaP treated medium for 96 hours and processed for immunohistochemistry and TUNEL anal-
ysis as described in the materials and methods. Ovarian sections were probed with antibodies against PCNA, active caspase 2 and active caspase 3, or subjected to TUNEL analysis.
Blue staining (DAPI) represents nuclear staining; red staining (Cy-5) represents specific staining for the protein of interest; green staining (Fluorescein) represents specific staining
for degraded DNA (TUNEL). The results presented here are representative of n =3 experiments. The percentage of labelled follicles per section is represented by the following scale
present in the top right hand corner; * =<25%, ** =25-50%, *** =51-75%, **** =76-100%. Thin arrow = primordial follicle highlighted in insert at higher magnification; arrow

head = primary follicle; scale bar is equal to 100 pm.
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High dose

Control

BaP

Fig. 4. Fluorescent immunolocalisation of PCNA protein in low and high dose BaP trea-
ted ovaries in vivo. Neonatal mice (4 days old) were treated with either a low or high
dose of BaP over a seven day period, culled, and their ovaries extracted and processed
of immunohistochemistry as outlined in materials and methods. The results presented
here are representative of n =3 experiments. Blue staining (DAPI) represents nuclear
staining in all cells; red staining (Cy-5) represents specific staining for PCNA protein.
The percentage of labelled follicles per section is represented by the following scale
present in the top right hand corner; *=<10%, **=10-50%, ***=51-75%, **** =76-
100%. Thin arrow = primordial follicle highlighted in insert at higher magnification;
scale bar is equal to 100 pm.

the increased levels of mitochondrial ROS observed in vivo (Fig. 6A),
suggest BaP may induce part of its ovotoxicity via oxidative stress.

In support of a complex mechanism of BaP induced ovotoxicity,
we confirmed the up-regulation of 10 genes of interest involved in a
diverse range of cellular processes (Table 2). Two of these genes
were Ddx5, a member of the DEAD-box RNA helicase family, and
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Cdknla, a regulator of G1 cell cycle arrest (Binkova et al., 2000;
Nicol and Fuller-Pace, 2010). Ddx5 acts as a co-factor for tumour sup-
pressor p53 induced Cdknla gene expression in response to DNA
damage (Nicol and Fuller-Pace, 2010). Interestingly, a previous
study by our laboratory also identified an up-regulation of ovarian
Ddx5 and Cdknla in response to DMBA exposure, suggesting a com-
mon response to PAH induced DNA damage (Sobinoff et al., 2011).
Cxcl12, a chemoattractive cytokine with receptors present in both
the oocyte and granulosa cells (Holt et al., 2006), was also found to
be up-regulated by BaP exposure. In terms of follicular development,
Cxcl12 expression increases during the primordial to primary follicle
transition, and has been shown to act as an inhibitor of primordial folli-
cle activation (Holt et al., 2006). Cxcl12 can also act as a pro-survival
factor, stimulating Akt dependant anti-apoptotic pathways (Yano et al.,
2007). Therefore, increased Cxcl12 expression may represent an increase
in the developing follicle number due to primordial follicle activation,
thus acting to both repress overstimulated primordial follicle activation
and as a pro-survival factor preventing BaP induced germ cell loss.

In addition to their roles in cell cycle arrest and primordial follicle
regulation, both Ddx5 and Cxcl12 have been shown to induce tumori-
genesis. Ddx5 acts as a co-activator of estrogen receptor alpha,
up-regulating its expression and promoting proliferation/survival in
cancer cell lines (Fuller-Pace and Moore, 2011). Cxcl12 has also been
shown to regulate estrogen receptor alpha induced tumour growth,
and promotes the transition of breast cancer cells into a more aggressive
hormone independent phenotype (Rhodes et al., 2011). Given that BaP
can be converted into estrogen like metabolites which stimulate estro-
gen receptor alpha, Ddx5 and Cxcl12 up-regulation provides insight into
a potential mechanism by which BaP may induce ovarian tumorigenesis
(Halon et al., 2011; van Lipzig et al., 2005).

Two detoxifying enzymes, Cyp1b1 and Ugtlal0, were also up-
regulated by BaP exposure. Cyp1b1 is a cytochrome p450 oxidase
which acts as a phase I detoxification enzyme in Ahr induced xenobi-
otic metabolism (Bengtsson et al., 1983; Mattison et al., 1983).
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Fig. 5. Effect of BaP exposure on ovarian follicle composition and number in vivo. Neonatal mice (4 days old) were treated with either a low or high dose of BaP over a seven day period as
described in materials and methods. Ovarian sections were stained with hematoxylin and eosin and healthy oocyte containing follicles were classified and counted under a microscope.
(A) Low dose ovarian follicle composition (left panel) and average number of follicles per counted section (right panel). (B) High dose ovarian follicle composition (left panel) and average
number of follicles per counted section (right panel). Values are mean 4+ SEM, n = 3-5 ovaries from 3 to 5 mice. The symbol ** represents p<0.01 in comparison with control values.
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Fig. 6. Effect of neonatal BaP exposure on adult oocyte mitochondrial ROS production
and lipid peroxidation in vivo. Neonatal mice (4 days old) were treated with either a
low or high dose of BaP over a seven day period, weaned and super-ovulated at
6 weeks of age. Oocytes obtained from super-ovulated mice were then labelled with ei-
ther MitoSOX red or BODIPY fluorescent dye as outlined in the materials and methods.
(A) MitoSOX red results. Representative images of MitoSOX labelled control treated
(top) and MEN treated (bottom) oocytes (left panel) and levels of mitochondrial ROS
measured by red fluorescence (right panel). MEN (5 uM) was used as a representative
of free radical ROS induced mitochondrial damage. Scale bar is equal to 100 um. Results
were normalised to control values for each experiment. Values are mean + SE, n=18-
27 oocytes from 5 mice. IBaP = low dose; hBaP = high dose. The symbol ** represents
p<0.01 in comparison with control values. (B) Representative images of BODIPY la-
belled control treated (top) and MEN treated (bottom) oocytes (left panel) and Levels
of lipid peroxidation as measured by the ratio of red:green fluorescence (right panel).
Scale bar is equal to 100 pm. Results were normalised to control values for each exper-
iment. Values are mean 4 SE, n=18-27 oocytes from 5 mice. [BaP=low dose; hBa-
P = high dose. The symbol ** represents p<0.01 in comparison with control values.

Cyp1b1, along with cyp1lal, has been identified as the initial enzyme
which results in the bioactivation of BaP into DNA adduct forming me-
tabolites, estrogenic metabolites, and quinone like structures (Zhou et
al., 2009).Ugt1a10 is a UDP-glucuronosyltransferase which acts as a
phase Il detoxification enzyme in the conversion of hydrophobic xeno-
biotics into water-soluble metabolites for excretion.Ugt1a10 metabo-
lism results in the detoxification of Cyp1b1 bioactivated metabolites,
and has been linked with BaP detoxification in the liver (Dellinger et
al., 2006). Although increased Cyp1b1 expression has been detected
in BaP exposed ovaries before, the identification of increased Ugt1a10
expression is novel, and provides further illumination of the detoxifica-
tion of BaP metabolites in the ovary (Bengtsson et al., 1983; Mattison et
al, 1983).

In support of BaP stimulating follicular growth and development,
three genes associated with cellular proliferation (Ccng1, Cdk2, and
Mcm?7) were also up-regulated by BaP exposure. Ccng1 is a regulator
of cell cycle progression at the G2/M phase associated with granulosa
cell proliferation and differentiation (Kimura et al., 2001; Liu et al.,
2006). Cdk2 is a cyclin dependant protein kinase responsible for G1/
S cell cycle transition. Interestingly, increased Cdk2 expression has
also been linked with accelerated primordial follicle activation, and
increased primordial follicle survival (Rajareddy et al., 2007). Mcm7
is a DNA replication licensing factor essential for cellular proliferation

and increased Mcm?7 protein has also been linked to elevated levels of
primordial follicle activation (Park et al., 2005).

Two other genes up-regulated by BaP exposure were Hspa8, and
Igf2. Hspa8 is a heat shock protein which was also up-regulated in
DMBA exposed neonatal ovaries (Sobinoff et al., 2011). Hspa8 has
been shown to play a role in cyclin D1 maturation, and the formation
of a catalytically active cyclin D1/CDK4/Cip/Kip protein complex im-
plicated in cell cycle progression (Diehl et al., 2003). Igf2 is a growth
factor hormone which shares structural similarities with insulin, and
is instrumental in fetal and placental growth during gestation
(Gicquel and Le Bouc, 2006). Ovarian expression of Igf2 has been loca-
lised to both the theca and granulose cells of developing follicles
(Hernandez et al., 1990). It is thought Igf2 is produced in the theca
cells, and acts as an autocrine and granulosa paracrine signal, promot-
ing proliferation (Adashi et al., 1985; Davoren et al., 1986).

We have compiled our microarray results into a preliminary
model of BaP induced ovotoxicity focusing on how the observed
changes in gene expression relate to folliculogenesis (Fig. 8). The
common themes seen throughout this model were apoptosis, tumor-
igenesis, and follicular growth/follicular activation. These results sug-
gest an overlapping mechanism of BaP induced ovotoxicity involving
follicular growth and atresia. In support of this PCNA, a marker of in-
creased proliferation and follicular activation was up-regulated in the
granulosa cells and oocytes of BaP treated primordial follicles (Fig. 3)
(Picut et al., 2008; Tomdanek and Chronowska, 2006). However,
markers of follicular atresia (Casp 2, Casp 3, TUNEL) were absent in
BaP treated primordial follicles, and present in developing follicles
(Fig. 3). Immunohistochemical and histomorphological analysis on
BaP high dosed neonatal mice also detected increased follicular acti-
vation and developing follicular depletion in vivo (Figs. 4 and 5).

Collectively, these results support a mechanism of BaP induced ovo-
toxicity involving developing follicle atresia and increased primordial
follicle recruitment. These observations coincide with our previous
studies, in which we found DMBA and three other ovotoxic xenobiotics
induced primordial follicle depletion via activation, not atresia
(Sobinoff et al., 2010, 2011). In these studies we proposed that the
observed increase in primordial follicle activation was due to a homeo-
static mechanism of follicular replacement, whereby primordial follicle
activation occurs in order to maintain the developing pool of develop-
ing follicles destroyed by xenobiotic exposure. To support this hypoth-
esis we probed BaP cultured ovaries for AMH, a homeostatic regulator
of primordial follicle growth secreted by developing follicles to prevent
excessive follicular activation (Reddy et al., 2010). However, there was
no difference in the staining pattern observed between control and BaP
cultured ovaries (Supplementary Fig. 3). BaP induced primordial folli-
cle activation may also be due to BaP induced ROS production. ROS
play a physiological role in regulating signal transduction by selectively
oxidising cysteine residues on proteins resulting in a variety of
reversible molecular interactions (Wells et al., 2009). It is therefore
conceivable that increased levels of BaP induced ROS could lead to
abnormal cysteine oxidation and consequently dysregulated signal
transduction. For example, the PI3K/Akt signalling pathway of primor-
dial follicle activation has been shown to be up-regulated by increased
levels of ROS through the H,0, oxidation of phosphatases which nega-
tively regulate the pathway (Kim et al.,, 2005; Naughton et al., 2009).

Another aim of this study was to determine if BaP in vivo exposure
resulted in oocyte dysfunction via oxidative stress. According to the
free radical hypothesis of mitochondrial ageing, non-renewing
primordial follicles, which can remain quiescent for many years, grad-
ually produce ROS through electron leakage from the mitochondrial
electron transport chain (Tarin, 1996). Over time this ROS damages
the mitochondrial membrane, leading to more electron leakage and
further ROS production. It is hypothesised that in aged oocytes, mito-
chondrial ROS builds up to such high levels that it leads to oocyte dys-
function. It is therefore reasonable to assume that BaP induced ROS
could exacerbate this process, damaging mitochondrial membrane
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Fig. 7. Effect of neonatal BaP exposure on long term oocyte quality in vivo. Neonatal mice (4 days old) were treated with either a low or high dose of BaP over a seven day period,
weaned and super-ovulated at 6 weeks of age. Collected zona-free oocytes were then co-incubated with sperm and assessed for impaired sperm egg binding and fusion as outlined
in materials and methods. (A) Corresponding phase contrast and fluorescent microscopy images of control zona-free oocyte after sperm egg binding assay. Arrows = fused sperm
nuclei. Scale bar is equal to 100 pm. (B) Number of sperm heads bound to zona-free oocytes after co-incubation. (C) Number of fused sperm observed after co-incubation. Values are
mean = SE, n=12-25 oocytes from 4 mice. IBaP =low dose; hBaP = high dose. The symbol ** represents p<0.01 in comparison with control values.

integrity resulting in oocyte dysfunction. In support of this hypothe-
sises, increased levels of mitochondrial ROS and oolemma lipid per-
oxidation were detected in oocytes obtained from adult mice
treated with either a low or high dose of BaP over a 7 day period
after birth (Fig. 6). Sperm-egg fusion assays also revealed severely
reduced sperm-egg binding and fusion in both the high and low
dose exposed groups (Fig. 7). Interestingly, there was no observable
difference in oocyte dysfunction between exposed groups, indicating
low level exposure which does not result in significant follicular

depletion can induce the same level of oocyte dysfunction as the
highest dose tested i.e. follicular depletion is independent of dysfunc-
tion (Fig. 5).

Taken together, these results suggest short term BaP exposure
causes significant mitochondrial ROS leakage/dysfunction resulting
in considerable plasma membrane lipid peroxidation and perturbed
fertilisation. Interestingly, the severely decreased levels of sperm
oocyte fusion observed in BaP exposed oocytes mimics the failure of
fertilisation which occurs in oocytes obtained from female IVF
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Fig. 8. Summary of qPCR results generating a preliminary model of the ovotoxic effects of BaP on ovarian folliculogenesis. BaP influenced the expression of a number of genes which
either directly or non-directly associated with apoptosis, tumorigenesis, and follicular growth/development. 1 represents up-regulation.
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patients who smoke (Gruber et al., 2008). Given that BaP is detected
at high concentrations in the follicular fluid of female IVF patients
who smoke, we hypothesise BaP exposure may be a significant
cause of cigarette smoke induced female sub-fertility. The results
obtained in the sperm-egg fusion assay also correspond with that
found previously in our studies with other ovotoxic xenobiotics, and
suggest that short term xenobiotic exposure can cause lasting effects
on female fertility in the form of xenobiotic ROS induced oocyte dys-
function, even after the offending toxin has been removed from the
ovarian environment (Sobinoff et al., 2010).

In conclusion, the findings of this study suggest BaP exposure
results in primordial follicle depletion via a complex mechanism of
ovotoxicity involving developing follicle atresia and accelerated
primordial follicle activation. This mechanism appears similar to
that observed in other xenobiotic exposed models, and may represent
a common mechanism by which some ovotoxic xenobiotics induce
primordial follicle depletion. This study also demonstrates short
term neonatal BaP exposure causes mitochondrial leakage resulting
in reduced oolemma fluidity and impaired fertilisation in adulthood,
a mechanism which may be partially responsible for the chronic
levels of female sub-fertility observed in female smokers.

Supplementary materials related to this article can be found on-
line at doi:10.1016/j.taap.2012.01.028.
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te a vickom copcle of primwrdial follicle activation o an affeoopt to replace developing follicks
undargoing follicnlar atresia.

Esywords: F-methylcholmthrems, ovwary, pomondial foliicle, oallelar smndeal, PEEAkfmTOR
i amalli
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Inireducdon

The mmjor fimction of the meesmitn ey i the developoent of mohme cocyms for
mrlation and ferfilisation Clocyis mahretion oooms in o follicles, wrich ame fmd ecsensbled
within the primitve ovary, when primary cocyies are aoveloped by a single layer of Sattensd pre-
pramlosa cells (AdcNatty e ol 20000 The remiting strachre is known as the primordial follics, the
most momatm stage of follicular developmsant These precicus follicles cannot be regezerated post
framl development, and represant the total mshar of germ cells rmilable to the momeealion fumals:
thromghont har enting reprodnctive life (Edwon er af! 308). Primordis] follicle: rereain in a quiescent
st for oy momths or years untl they e selectiwly recuited to join the growing population. This
svunt oooms in regular waves, and is contimeoms fros birth unil the primordis] follicle pool becomes
depleiud, remlting n menopmse (MeCes and Hmeh 3000 Cheand], = 1% of all reomited follicks
will copplel mammaton and endargo ovnlatico, wid the vest pajonty baing koot to 2o apoptotc
proces: knoom aa abesia (Himhfield 1591 Thoefors, the fumale mproductroe lifespan cam b
shoriened if amything unfeward bappens to the primordial follicle pool, such 25 aberant activation
andor follEcular atresiy (McLasphlin amd Mchear 20097,

An increauimg tremd in the oursbar of women opting to delay childbarth (=30 years) has led o
mn increased smamene of the impact of eviroemanis] chemicls on reprodncive fimction (FHami o
o ail. 2010, Cngning rewearch bas idantfiod a mumber of ovotomic xenchioto which specBoalty
target ovariam follicles for destucticn, leading te parturbed Sortifity (hark-Fapnaler o @l D011). OF
chief infwest azm those ewoboxic memobiotics which specificlly trget imeplaccable primordial
follicks, rmuling @ pematoe oarsm filee (POF). Endence snggests that thess owobonmc
Bel? signalling) rewelting in primordal follicle atresia, and by sommilating membars of the POE Akt
and mTOR signalling pathaays. resultng in accalarsted primordial follicle acthvation (He et al 2001
Matikaiman of @l M0 Sobined® er al 201 1a; Sobinoff er af H011). Althongh patioms an starting o
amarge as 0 how emdronmental motoxicint camse primorndial follicls depletion, the mechasdimms
undartying thair seotoxicity repain birpely unkmesm (Schinoff eval DI1Za)

COme proup of envimnmsantal chardcals which are noiomons meprodoctio toxicant o e
pobyoyelic aromatic bydrecarbons (PAR). PAH ae major constirsents of cigaretie woks, and e
prodeced wia varions combustion mactions (incleding antomotive exhaast and charbredled foods],
maling theso comspounds shiqeitvns pollutants (CDC 2009). The thres FAH Banmo(a)pyrene (BaF),
9:10-dimethryl-1:2-banzanthracems (CBEA), amd F-metiyicheolanthrems (3IMC) are 2l thomght to
specificalty target irseatire follicles for destructinn, cansing, POF (Bommam er w3000, Mttison o o
19E3). Aldongh thare are 2 nembar of stadies characterizing the ovarixm response to both BaP and
DMEA expomms, relativaly lizle mformation cxists on the mechanizres behind MO induced
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ovomEicty (Hhattacherys and Eeating 201 1; Maal of ai 2007; Sobinod «f @f 3011; Sobinof o o
2017b). Initial wmdies in rodents suggest tat IMC specfically targets fmmamme primerdial follicls
pocytes for destucton (Bommaan e @f 2000, Marticon 1960). Inhibiton of the arp-hydrecarbon
mecapior by alpha-naphdhoflerone millifies IMC induced prirscrdial follicke depletion, revealing it
ovoinxicty i dependant upen metabolic bioactivation { Ehiromiem and Matiizon 19 5),

In coder to further charscterise the mochanispes behind IMC indeced cvotoxicity we axamined
it efects on the oweram trenscrptome of colhmed peomeral mwonss overies. Microarmy anabymis
ravealed 30 sidficamtly altered the exprewdon of genes invebred in cancar, cellalar growth and
prolifaration, amd call death In commast to e coment Hteanme, histomerphological and
immremcbivinlogical analyuis revealed IME specifically trpeted developing follicles for destmction,
not primordial follicles Cur el suggest thar 3WC expomme indnees. primordial fnllicls: depletion
viz an overstievslabon of primordial follicle achvabom Dmohing dowmstuam members of e
PEEAkt and mTOR signalling pathwmys (Mclanghlin and Schinoff 2010). Hoawsr, mhibition of
FIEE ming the inhikiter LY2824002 msuid = S sevare dopletion of the primordial follicle peol,
mepssting that PINE/Ak sipralling prevents IMC indnred prirsondial follicle destruction in addition
e propuoting pricserdial follicls activation We alwo provide evidescs of morsased pro-survival BAD
5134 phosphorylation in IMC exposed primsordial follicks, indicating the population entars a “pro-
srival sizhe” mpom exposre o IME.

MAlerhod:

Reagenrs: IMC (=05% prazity), LY202002 (L5608), Bapanycin (R0357) and custons designed primens
ware parckased from Sigea Chapsical Co. (51, Lowis, MO and were of molecular biclogy or mscarch
grade. Momse monocliomal ant-Proliferating Cell Moclear Antigen antibody (anti-PCHA, MADST) was
obtained from Mendk EGad (Damsstadt, Germeny). Babhit polyclomal anfi-acttes Caspass 3 antibody
{anti-Cazp3, abl384T), Rabkdt polyclonal axt-active Capase 2 axtibody (amti-Caspl, ab2251), Rabhit
monoclonal ant-Aktl (phospho 5473) (anti-pAkel (5474), 2bE1253), Fabbit monoclonal ant-Akt]
{phosphio T30E) (aot-pAktl (TIOE), ab5628) Rabhit polyclonal anti-Foxoda (anti-Foxoda, ab 37409,
Eabbit polyclomal ant-Tscl (phosphe E539) (amti-pTecl (3937), ob35259), and Fabbit polyclozal
anti-Bad (phosphor 513%) (anti-pBad (5139), 2h28324) wers obdained from Abcam {(Camshodas, BA)
Momse monocional amt-bemen Ant-Mollaran hommcos (aot-AMH, MCAZZ4S) wes chizined foo
AbD Sarctec (Fidlmgton, UK). Babhbit polyclonal ant-Alks {amti-Akt, #5277) was obtained foos Call
Sigmalling Technologies (Bevarly, MA). Alaxa Fluer 794 poat anti-rabbdt Izl (A11012), Alex Flecr
302 goat anti-mouss IgG (AL1007F), feal bovizs wnmm (FBE), L-Ghotering, axd Ivalin-Transfarr-
Salenium (TTE) ware purchased from the Invitrogen Choo (Carlshad, CA) L-Ascorbic Acid was
obtzined from MP Biomedicals (Solom, OF). Eabhit pobyclomal asti-phospbo-mTOR (phosphor
£2443) (anti-pmTOR. (S2HE), [9-2135F), Rabbat polyclonal ant-phosphe-mTOR (phosphor T2HE)
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{anti-peTOR (T2448), 09-3455P), and 0 4pm Calhme Flate Insarts wers purchased from Millipors
{Billarica, M4) Al miwe dishes amd cell celturs platus wers obtained fom Greimar Bio-lme
{(Mozzon, MO, Olige(dT)17 primar, RNagin, TP, M-MLV-Beovene Transeiptass, RO1 [,
(=0Taq Floxi, MgCl;, GoTag PCR moster miv and Proteizase E wers purchased from the Promoga
Corporatiox (Madizon, W1

Amimals: All exparimental procedams nelving the use of amimals wee parfommed with the approval
of the University of Newcastle's Animal Care and Fthice Commeites {ACEC). Swin oice wans:
obtained from a beeeding colony beld at the institete’s contral anirea] facility and rmintaingd according
te the recomesndatons prescibed by the ACEC. M ware boused under a controlled Lghting
regimse (186L:ETY) at 21-22"C amd wegplied with food and water o fibie.

Amimeal dosimg: Famale Swiss neonatal mice (& 4 §-10 aninalv'meatment groep) wre weighed and
admeinistened (ivtraperionsal; ip) 7 daily, consecetios doses of either sesame odl combnimg webick:
conirol (=10plkgdaity DALS0) or wsame oil confiving 2 low and high dowe of IMC oy and
1imekgdaiky). The doage, routes of administration, and dowing tirse cowmes were based on pravious
studis, and wem chosen with the Wtemtion of indecimg owotomicity with meiwimal cyiotesicity
(Borzman e @f DOMY). Azdraals wome obearved dadby for mymptoess of toxicty and mertality. Treakd
animnals ware called by OOy asphnyariation 24 hour after the laet injecton.

(ot Cufrere: Chvanes from day 34 Swdn neczatal peice ware cubured as desaribed proviously
[Sohinedf o af H010). Briefly, Sein necmates wem sacificed by OOy mbalafion followed by
decapitarion. (rraries were axrived, trimmed of excess tissue and placed om colhmwe plate nsests in &
wall tiswee culters plate wells foating atop 1Sl DMFMFIZ modme: containing % (v'v) foml calf
sanmn, leg'ml boving serem albupsin, $0ugim] ascorhic acid, 27.5 peiel imeelin-trecfurrin—
selaniom, 2.5 mM ghotaneine and J0m=] pemicillinGtepmpmycn Modis were wepplosentod with
40 ng'mel basic Shroblxt mrowth facter, 50 ng'ml leskemia inhibitory factor, and 25 mg'ml s call
facior. A drop of medium was placed ower the fop of sach ovary to prevent dryimg. Crares e
cultured for 4 deys at 37°C and 3% OOy & i, with me¥a changos ovary teo dave. Pilot stodics
parformed in cer laboratory identified this fime peint 25 a “middle groend” betwesn the initial and and
stages of IMC nduced ovomxicty (Le. affer wrpoceme and before complets follionlar depleticn). This
wold allow us to idantify both cmsatiee and Tespomsive changms i oarian gees: sxpression indnosd
Ty 3BT axposure. Cheasies wm treated with wekick control meedines {0.01% DMSO) or 3IME (5 pM)
= LY20a002 (17 pbl) or Raparmein (30 nM). The 3MC and LYXEMINExansycin caltme
concenations ware detmrmingd by pilot stadies parformed in our laboratory with the imtunticn of

Hisdogom evalmoion of follicker: Following m wero coltere’m wio dowing, onvaries wem phced in
Bouin's fxarhes for £ b, washed in 70%: efanel, poraffm embedded and sarialhy sectiomed (Fum drick)
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thromghont e antine ovary, with every 4th slide countersixined with bemaxineydin and sosm Haalthry
pocyte comtiming follicles wems: then counted I avery hemrioarylin and sosim shined sectom. Follicks
with ecsimophdlic (pykootc) cocytes wers comudersd 3 degezematng or afredc, a=d so ware Dot
counted  Primordia] fiollicles ware classified as those with a single bryer of squamous gramslosa cells.
Acgvating follicles are idextified as Swoas which contined one or mom caboddal ramloss cells ma
single laver. Prirsary follickes weare classifiod as thoswg which contyined mors tham 4 mboidal grambos
talls n a wngls laver. Secomdery folbices wemw wdentified as thos with tao layers of granulosa cells,
and pre-aniral follicles were classified ax thoss with more tham tam layers of gramelosa cells. Both i
wira and in vive treated ovaries did mot contam folliclos beyond the: pre-animal sage.

femumalnrochemiinry:  Charies for ipssemobisrochamictry was fmd m Bonin's amd sectioned 4 o
thick. PCHA, active Casp, active Caspd, AME, Akt, pAktl. pmTOR, pTucl pHad and Foxn3a wans
staingd waing the e profoce] with the exception of the pricary antibady. Slides ware depamatfnieed
in xylens amd rehydrated with sobuequent waahes in ethanel Axtigen retrioval was camied o by
micromving sectons for 3«3min in Trs buffar (30 mbi, pi 10.8). Sections were then hlocked @ 3%
BEATES for 1.3 b 2t room tamperatims. The Sollowing wohitiens ware diluted i TEE conmining 1%
BEA Sections wore incubated uith eithar anti-PCHA (1:80), ant-Casp2 (1-300), ant-Caspd {1300,
anti-AMET (1200, ant-Akt (1:100), anti-pAke]l {1:100) or anti-Fomoda (1:200) for 1 b 2t roem
tumparatere. After wasking in THS containing 0.1% Tritom X-100, wection: ware incebad with the
spproprizie feomacen conjuga®d woondary antibodies Ak Fleor 554 poat ann-rabhit Igls, Alom
Fleor 354 goat ant-mows [gh: 1:300 diltion) for 1 b Shdes wem then counter-stringd with 45
Drianviding--pheeylindolo (ThAPT) for 5 min, monwied in biowiol and obesrved on an Axio Ivogaer Al
finorescance microacope (Carl Zeiss Miooleaging, ne, Thormaood, WY under finomescence optics
and pictures t2kem mring 3 Chyzopue DPT) microscope camena (Oiymepes Apsarica, Comer Valley, PAL
Frotuin stining was quantified according v CyvY intensity in primordial follicle cocytes ming Imagel
sxpariment { Supplemantary Figurs 3).

TUNEL Anafysis: Borain's fxed sections wem degaraffinited and minydrated 25 mantioned pronvionsty.
Soctions were then beiled in Trs beffar (S0mAL pH 1005) for 20 min and teated with 20 pg'ml
Protwinae E for 15 min in 2 Immid@fied chambar. TUNEL analyzis was then parformed using an In
&im Call Death Dietection Kit, Flnorescain (Roche Diamostics Pry Lid ; Dee Why, MEW) accerding tor
the mamefacteres imtractions. Shides wure thon coemter-siined with DAPI for Spein, mountod in
Miowdiol and otrarved naimg an Awio Irager A1 epifivomscent microecope (Carl Zaia) and images
rapmred wxing a Obmspes DFT) micoscope camema (Ohymopms). Megative conirols lacking e
TUNEL snryme and positive controls pre-treated with DNase enmyme wers parformed alongside sach
sxpariment { Supplemantary Figurs 4).
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ANA Forocnor: Tol BENA was isolabed from ovaries using two roends of a modiSed acid

mnidinimm thiccyanate—phannl—chloredorm protecal (Chomerymski and Sacchi 1987 wacked calls

ware revspanded in byt baffer (4 M guasidiniue thiocyanate, 27 mbd wodinm citrate, 0. 5% sadkosyl,

01.77% proercaptosthancl) FMA wos isohimd by phenolchlorofom corraction and isopropannl
imied

Rea! Time PCR (APCE): Revene transcription was parformeed with 2 ug of kolated ENA, 500 ng
olige(dT) 15 primer, 40 U of FI¥azin, 0.7 mM £9TPs, and 30 U of M-MLV-Feverse Transcriptas.
Tota] FMA was DiNme teated prior to reiurss: ransoriptom to remove genomic DA Real-time PCE
was periormed nsing Sy8r Gresn GoTag gPCE masks mix acoording to mamScmna s msmuctions
m am BT Opticon 2 (MT Esssarch, Fomo, NV, USA) Pomor wequences alomg with aomsaling
temparatores heve been supplied as supplementery dets (5Tabled) Reactions were perfrmed on
cIMA ogunaient to 100 ng of total BMNA amd carried ot for 4 amplification coycles. SYBRE® Groan
flnorescance woas measured afier the wxiemsion shap af the end of sach amplifimton cyce and
quantified meing Cpticon Mondior Analysis soffaam Vemion 2.02 (MT Esswsarch). For sach sangpla, a
replicate cmifting the reverne Tanssipion step was undertkes x 2 Demtve coofrol Bewers
trnscription reactioms ware varified by facon PCR, pariormed for sach sampls in all reactions. in
triplicats. Feal-tims data were anabymed wwing the squation T, where (1) is the oycle ot which
flnorescance was frst dewcied shoe backgromd fraorecmme. Diat ware normmm e to orckopluive
mnd e presanted a5 the mamge of sach replicate norealived o 0 ;erage of the e gemes
[ZEEM).

Microarray Amafynis: Toml ENA (approsimately 3 pg) wes isolated from 3IWC-mlitered necmatal
marios and propared fir microarmry anelysds ot the Anstalion Genoms: Ressarch Facility (AGRF)
using an [Mmima Sentrix Mouse redffv? Beadchip. Laballing, kndridising. waahimg and arry scanning
ware parformed by the AGEF usimg the Dkewvine mamml on an Nleming Bead Arrry Reader, and
normalimd acoording to the guantle normalisation method ming GonemeSmdio wemiom 160
[(Itemina, Inc., Sam Diego. CA). All sxperiments were performed in fplicate with mdependetly
exacted RMAs, Stanistically cignificant panos with pvoze than a 1.7 fold diffarence In pene arpresticn
{p=0.05) desmrmined thromgh the nse of 2 “wolone plot” wers then malyied ming Ingamrity Pathoays
Azabyin (Ingemity Sywteen, Redwood City, CA) wofware to idsatify canonical simalbng pathmays
infemced by IMC cxposure. The data discussed & this publication kave been deposited in MCHT:
Gene Fxprecsion Coonibus and ame accessible through GED Sares accesion mmber GEEIJE36
{ttp: wrarr nohi mihm nib g geo'qoeryacc. op Tacc=EEEI 5834).

Snmvsncs: Comparions betwesn the conirol and 3IMC-treated groups were performed nsing one-way
anabysis of varimncs (AROVA), Smdent’s t-est, and Tokey's Honesthy Significant Differemce test. The:
muigmed lave] of sipmificance for all wes wes pall 05
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Bzl

oot af AW emposune on the rromaal ovariam IRamscRpome

IMC expomme crmed a significant changs In ovarim gune axpression, alfering the expresmon
of 428 gemes representing 1. 7% of the fotel mumber presant on the ameny (Fig. 1A} Though the we of
[mgemmity Patowzy Azabzis (IPA) sofreers these altered genes ware identified # compooests of
molelar notworks meplicated in call cycls reglation, cancer, call death, cell to cell simalling, froe
radical wcanenging. and drag metabaolizm (Fig. 16). Groeping according to thair molemmbar and cellnlar
femction revealed a large propordon of sizmdficamtly altered menes were aliwo inplicard in cellular
prowth and profifuration, genetic disordar, and reprodocthe sysem disssss (Table 1; sopplemantry
table 1). These resuls sagpest that IMC saposure altems 2 wmall sehsst of penes vived n a vty
of cellilar processes which comiritmie o it erobodcity.

Canorical pasneay geifioamty sp-repulared by D0C sxpasire

In ordar to forther choractoriw the mechanism: bekind IMC indnred ovotoxicity,
using IPA (Fig 2; sTable X 3MC exponme infhenced pemes belomgng o padmonys mneoheed in
xanchiotic metbolizm (Arpl hvdrocarbon receptor sizmalling, zemobdotic metahelizm sigzollimg]),
tumorigenesis (molecehr mechasiums of cancer, ovaran cancer sizmalling), cell death and DMA
dereavge repair (¢33 wimmalling, call cycle G2M IMA dimage chackpodnt regelation, cell orclke GLE
checkpoint regnlation], callular penliferation {cycling amd call cycle rogelation), and follicalopenasis
{Aryl bydrocarbon receptor stzmalling. ILE signalling PIE/Akt wgnalling) The up-regulation of
patbayn associaed with mcreased proliforation and follimulsr developeeant is infrigming, as it
mepsats IMC mdnced ewoboadicity is not Bmited te primordial follicle amesia.

(PR vrldanon of Microarray resuis

Validatom of porcamay recalts s parformed by wxapsming the lewals of axpressicn for
measured by (PCE whan copapared o the results of the peormmy pene expression smudy. Of these
panot, v wore maociamd with xenchiotic detcarification'matabolizm (Cypdbd, ALR2, Aldvdal,
NWogd, and {igefaid), thres with incraased cellnlar prolifeation nd folliobr derelopment (Cogd,
Comd !, and Hipa), teo with cell cycle arest and apoptoss (Caflmda, and AR T, md cxe with
increased call smess (Hzpad). These results prondde indght isto ovarian IMC eeobolism, and sappart
the motion IMC wxponme is not linsised to prinsoedial follicls destrnction.
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I exposure induces developing folficle arenla and prmondiod hliicle acrvanon in virmo and' i

L2

In ordar to gein a betier endartemding of the effects of IMC axposure on the primordial
follicle pool we cultored neonatal oearic: in the precancs of IMC and probed for paoicers of follicular
atrasia and prolfemation (Fig. 3). The early mariars of apoptosiz, Casp? and Casp3, wers both demoed
in IMC-treated developing follicle cooytus and granuloca calls, et wwre sbeant i IMC-toatked
primordial Snlliclos. TUMEL, a techniqee weed to detect DNA srand breaks and thersfore and stage
atruia, was also detectad in IMC-teated deixloping follicles amd abseat from teated primordial
follicles. Thete result wzgeest that 3MC mpecifically targets developing follicles for dectraction, not
primardisl folliclos. PCHA, a porker of celllar proliferstion and primondial follicle activation, was
detacted in the mejority of IMC-tread primerdial folbcle cocyie and gramlosa cells, suggesting
increased levely of primsordial fnllicle acteeation (Fig 3). Again thews recclts are intiguimg: 2z they
mgpest that 3MC indnced pricsordial follicls depletion pony be doe o eocewive acihatom, not ameca

To confirm the chsamed efecsn of IMC axponme o folBonlogemesis e wive, we meaed
PHD4 ool puire with both low (Smgky'daily) and high (1{megkg'diky) dove exposemes over a
partcd of seven days and collected thair cvamies for azalbysis. POMA wa detected in larpe groups of
primordial fnllicles reeviniscent of Jocalisation patiems obeerved w vers In the high dow teated
primordial fnlicles, but not in the low dess and comtrol-treated primordial follicles (Fig. 4
Histomserphological azabysic revealsd a sbight redoction In pricsardial Sollicle compotiton compled
with a comparsble inoease i activating and primary follicles (Fig 54). Thare was mo differencs:
between the mwemage mumhar of follickes par section between the webicks comirol (DMSC) and boar
dose treated ovaries. The high dows teatment ndured a significant dooease i primordial follick:
compondtion (-2-Snld) and a wipnificant increase in acthatng follicls composdtion (~3-fold) (Fig. 58).
Thare was aleo 2 dpmificant decrsass i the total mimber of folliclus par secbon beramen the high dow
and comtrol-teatment (5% of the control). These resmlts suggest that comsiderable 3MC induced
follicnlar depletion oonrs alongsida the prodmmd primondial follide actvation obearved i wve.

I erposune dmoreases primordial follicle Az § phosphorplanon

To miestigais the mechanizms behind 3MC mdaced primordial follicle activation, e probed
cultumed neomatal evanios for total Akt protain, pAktl (8473), and pAkt] (T30E) (Fig &) Total Akt
Protein was detected = both the cooyte (cytoplazm: and zackons) znd mramlesa cells of IMC and
coniol-treated follickes af all stages of folEculogemesiz, with mo dstingmithable difforence: bebwreen
the tare treaments (Fig. €40 Both pAkel (5473) and pAkt] (T308) awre also detected in the oocys
and granulosa cells at all stages of follicnlogemssis (Fiz. 68 and 6C). Howsver, quanfitative anahywis
revealed a significant up-megelation i pAktl (5473) and pAlel (T30E) phosphordation @ IMIC-
treated primordial follicle cocyten (~1.3-fnld) (Fig 5B and 6C). Lewls of pAkt] (5473 and pAktl
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Thase remlis suggest that IMC exposure cmses incased primordil foflicle Aktl phosphorylation;
an event which is cracial for PIVE( Akt indeced follicelar activation

ST exposure wp-regulares posiovee mTOE sigmaliing i primordial follicle aocnes

CGiven the powitive np-regulation of Akt]l phesphorylation i IMC-treated primordial folliclas,
we naxt chsarved the lovels of downstream targets pTec? (5830, pmTOR (52446), and pe=TOR
(T244§) in primordial fallicle oocytes (Fig. 7). pTsc2 {S930) phosphorylation was predominamsly
localized = the cocyte mackms of developing follicles i control-treated ovaries, but was sipificanthy
up-megalated in IMC-meated primordial follicles (~1.B fold) (Fig.7A) pmTCR (5144E)
phosphorylation was localized to both the cocyte moclens and cytoplamm, and was alo significamdly
up-megelated in IMC-meated primordial follicles (~1.B fold) (Fig.7H). peTOR (T4
phosphorylation was primerily bocalised to the mclens of control-eated primordial =nd primary
follicls oocytes, and was severaly meduced in IMC-treated primcrdial follicles (~3 fold) (Fig. 7C)
Thase quents corespond with the posithe wp-regabition of the mTOR partmeny, which also plays an
eszantial role in primordial follicle activation.

PIEE mbubivion omeses compicne promoraial fodlicle depleson in A Ccwlered meomaal ovaries

In order to cxamsing the mole of POE/AM wgalling in 3MC induced primsordial follicls
ovotoxicty, seonatal ovaries wers culbeed in vebdcls control and IMC sepplenwnied medinm in e
presemce of the PISE inhibitor LY 282002 and proted for markers of peimacndial follicle acthation and
amesia (Fig B). PCHNA was detected in both the cocyle and gramlosa cells of LY 294002 eated
ovarins fom e primery stage cmwards, aod wee absent froms pomerdial fellicles. Although PCNA
was alwo localised to the oocyte and grammlosa cells of devsloping follicle m 3BIC LY 254102
mimmed maries, almost oo primordia] follicdes were detecied, mggevimg 2 complets bk of the
primordial follicle pool This wes confirmed via histomorphological azalbymiz, which revealed a 20-fold
reduction in primordial follicle smmber compamed to the LY284002 control-treatment (Supplensrtary
Fig 1) Caspl, Casp3, and TUNEL wurs all localised fo the majorty of primary and secondary
follicles prasemt in AT +LY202002 caltured ovaries, sagpesting follicalar atresia. In addition, Caspd
and TUNEL staining were also detected in the sparw primocdial follicle popalation of IMC
+LY 2842 cultured overies (Fig. BB Thews rwalts sagpest that PIE/ Akt dgnalling is eussatial for
mrimordid follick mmhal when exposed to IMC, bt dows oot play 2 mole I 3MC inducsd
developmg follicle ovolomicfy. Akil stmnisie phosphoryiaton of pro-snvivel pBad on
E13€ Thamufore we axapximed 30 C-mult=red necoatal ovaries for pBad (13€) phosphorylation (Fiz. 9]
Phosphorylation was sgniSicantly ncreased in 3T exposed primordial follicles (=& fold), suggesting
that thews follicles kv sntared a “pro-waeival state”™
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o .

The prizmry focus of this smdy wes o chamcorise the mechanioms behind AT indneed
ovommicty. Microarmy anabmis remaled 2 diverss msponse I ovarian geme saprwssion te IMAC
saposure. 3MC Infleenced the sxpression of a2 mmober of genes inwolved in cellnlyr procssses
consistent with its binactivation into DA addect formeing compoends, mch 2 dmg metboliom, call
dearth, penstic disordar, and cancar (Fig. 1;Tabls 1) (Wood & ail 1578). In addition, IMC also camsed
the up regulation of a mumber of gemes mooolved in cellzhbr processes associxed with pouitve
follicular development, wach s cellular groardprolifintion, cellnlar development, mnd call cycls:
megulation This was serprisng, as these developmental processes here not been pravious by associzied
with 3MC indonred cvotcodicity. Cancnical pattoray azalysiz also identified » mmshar of sigmifiramtty
up-regalaied signalling pathoays associabed with positve proliferstion and follionlogemssss (Fig X)L
Thase pattmays incleded PTIEAkt and TE sipnalling, hoth of which ane essential for primeo—dial
follicle activation'srewth and survival (Reddy e 2010; Troussand er @l 2003), and Abr signalling,
which plays an important phyuinlogical rols in the regnlation of follicelar growd and developrent
{Bobles e @l 2004 In the comtext of it reported cvetoxicity, Abr sigmalling is also ewwentinl for TMC
[Shiromirn and Mattison 1598 7). Pattways associated with DNA darage and prograrmed call death
(033 dpmalling G2M and GUE chedpoint control) were alse wp-reguiated by 3MC axpomre,
sapporting fnllionlar ateis a5 2 mechoniom of i ovotomcdty. Chorian cancer sigpalling was alux
ugnificantty wp-regeiied by 3MC axpomme, mggeting that the ovotoxicant mey also soomlais
mrarian tmrigenesis in addition to cansing POF.

(JPCE. anahysis oo gemes up-regnlaied i oer micrmmery dafe confirmed an increass m ming
indreidml gumes assodxed with a wanety of celbelbr processes (Table I). One of thews genes was
orpfb i, a cytochrome p430 oidsse phase T detoxifying enzyms up-regnlxted by Abr wipnalling in
Tesponse e Eenohiotic exposem. Cyplbl hes been identified as ooe of the motal enrymes wioch
rasults in the bicacthation of a mmber of PAH fin DMA addect forving metabelites, recelting in
toxicity (Shimads and Fujii-Faurhvana J004). As inhibition of Ahr mllifies IMC ovotexicity, cyplbl
most likehy plays a role in ovarizn IMC bicactivation (Ehinepsiem and Maftisom 1965). 3MC exposmme
diw up regulated aldhill and aldhdad, mwo members of the aldehyde dahydropenase (ALDEH)
mperfareily of MATF)--depandont phase T aldshyde oxidisors (Marchitti o af 2008). Aldekndes ans
highty meactive molerales which am pathogeeically prodeced 25 2 conseqeence of codate wiess
{Evtarbanar er o' 1591). As xenohiotics genarsie Teartive oxygen wpecies a5 @ conseqoancs of their
detconification, the up-regnlafion of these two detcadfyng enrymes may be 3 comsequence of IW4C
induced omidative sowss (BobimedE o af 2012). Indeed, the AIDEH 4khfe) confans mmlfpls
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Eanohiotic responss slements o it promoier region, 2nd is up-regnlaed by IMC cxpovere (Reisdorph
and Lindahl 2{7) Individualky, aldhll? is a mitochomdral homeclog of pro-apopiotic 10~
fommenitetralinedrofolate delnydregemase, whils aldidal is a mitcchondrial matrix protain inplicaned in
P33 medised protwcton against caidstine simss, TNA ropair and cell sundval (Fhose o af 2008
Enupeanko or @f 2010 Yoom o @l 2004). In addiSon to phase I deteadifying ey, JMT axpomnme
alwo up-rogplaed fwo phose 0 epmymes, wgriofd and moagl. leriedd B ox UDP-
ghomonesyitansfanse which oovert ploase [ bioacivated menobictics infe  weebar-soboble
metzholites for excretion. Ugtlal(l membolise remlts in the detoadfication of Cyplhl bicacthvated
metsholics, and is up-regnlamd by IMC exposurs (Dellinger o af 2006; Horo and Hode 1997)
HMgol is a anti-oxidant flavoprotem that detmrifies quinones into guinols, and bas been prendomshy
irplicated in 3MC metabelizm (Eondampnt o al. 2008: Eoss 2004). In addition, Mol has alio bean
mssociated with pi3 dependent apopiests (Rom 2. The ep-reguistion of these Fiose I and I gemas
inresponse te 3BT expomre provides inzight ixto its ovanian hicactvaton inhe ovotoxc coospoands.

IMC exposure also up-regulated 3 mumber of gezes imvohred o call oycle regulation Cme of
thess genes was caflm fa, 2 well knowm reguistor of il cycls progression at (51 phesa, involved in p33
induced apoptoads and DNA damage repair (Barkk and Lefos 2001). The up-regelation of thiz cell
oycle chockpoint protein would suggest that 3MC indnred ovetoxicity mreelves reduced collnlar
prolifarstion alongudes DHA damags and apopicads. Howemr, 3MC axposms also ep-regniamnd gemes
maociated with posdtive call cycle progressicn, wach as the oycling ocmd! and cong ). Condl propsetes
all cycle progression from &1-5 phase, and is sochisively coproused in theca cells within the ooy
[Bobker amd Rickards 199E). As theca cells 2w only present in developing follicks, cmd] represants a
markor of daveloping follicle growth and am indirator of inoeased dfnlliculyr acthation Intdgmingty,
tend] himds to cdk4 and promotes el cycle progression from the (31-5 piase, while odimla bands b
cendl'edicd complexes to mbdbit G plose progreswion (Flamis and Leving 2007). Anctier pang wp-
ragulaed by IMC o Aspad, 2 beat sheck prowin respensible Sor regulating protuin. functon and
matumation (Agashe and Hart] 2004). It is now known thet bspa® axpression increases dering the 1
phass whare it binds to cond] complaxes and provents the mhibdnry affect of cdinla, alloaing e
foaneartiom of an active cond] fcdk4/odimla complex (Dichl er m! 2003} Themedoms: hspa ¥ up-remmlation
in response o IMC expomre oy prewest cdknla repression, ad allow cond] medated il cyck:
progresmon. Inoeased comd! sapression has alse bean aswocixed with an increased ncdence in
marian cncar, providing fothar support for a bypothesis of 3MC dnced orarn momorigenasis
{Bali er af 30M). Cmgl, 2 megnlsior of cell oycle progrescion af the G ploase, wes also mp-
ragulaed by 3MC cxposeres (Kimmra o afl 3001} In temes of overias function and developosant,
rengl is essential for gamioa cell prolfuation md difeentanon, and ooy therefors mepmessnt 2
mazker of primerdial follicle acthation (Lo or af 20406,
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Craral] oer microarray mesuls reveal a compiss mecheniom of 3MC indoced oeotoxicity
imrotving & mumber of callebr processes. Thess remit amn comparable to wiat we ctearved in other
studics imustigating the meckanizms of DAMEA and BaP indueed ovetoaicity, and imply a sineilar
mechawizm of follicalar deplation (SobinofT e ait 3011; Sobinoff er af 20130). Howovar, our rewalts
e 2 odds with powdous stadies, as they waggest that IMC indncod owotoxicity is Emitd fo
primordial follicds oocyie afmesia, a hypothesds based exchisimly om histomorphological anabyis
(Do e ot 20040; Maitivon er of. 1953). Themafors, we re-examyingd the: effects of IMC expomms on
follicologenesis wiing markars of follicelar activetion and atresia PCMA. a marker of cellular
prolifaration and primordial follicle activation, was detected i both the oocyte and granuloc calls of
primomdial follicles in both mimmed and i weo high dowe meated ovanies (Fig. 3; Fig 4). Comveraly,
markors of Snllioular atresia (Casp 2, Caspd, and TUNEL) ware all detected in developing follicles, but
not primordial follicles (Fiz. 3). Althoagh thase marken of apopiosis do not appsar fo be Inohed
plyuiclogical primordial fnllicle atrecis, they do participate in sross indnced primordial follicks cell
dearth (Flamceey oo ! 2006; Sobined o o 2010 Timgen or @f 2009, Tharafom, thess Tesults vazpast
that IMC does ot specifically target primardial follick oocrms for aivesia, amd inswad cavees
devuloping follicle atreiia and primerdial Sollicls actvation. Thess recelts coincide with cur prendons
siudies, i which we fommd eenmaic semohiotics canwe primsordial follicle lows throngh actvation, and
not aivesia (Sobinoff er af 3011; Schinef er ai 2010, 20120} As primordial follics activation
oocurmed alomguide developing Snlkcl atragia, we hypotesized that IMT indueed fellimbar activation
was dne to & homeostatic mechanizm of developing follicls eplacemess To spport this bypothasis
wa probed IMC-malured ermes for AMH, & negeiive megalator of follicelar activation secwied by
devuloping fnllicles (Supplomestary Fig ) (Reddy v al 20100 FHhistomerphological anabyids revealed
2 wignificant redection in the mmber of dewloping folbicles erpressing AME Thews rewalts sepport a
homeoataric replacement hypotheads of primerdial follicle depletion, wharshy IMC dimecthy target
devuloping foliicles for amesia, resulting aberamt primordial follicle activation due o 2 decuass in
negative signalling (Sobimof o af 2012a). Tharefore previces imeectigations nto IMC ovotoxicity
ralyizg solely on bivtomerphological analysis may hanve weea no evidemcs of ameis o the demloping
follicnlar pool due to i weccescfil rmimcnomco throegh primordial follicle activation, with e
mesulting depletion in the primordial folicle pool being put dowm fo aiesia (Bommem o @f 2000;
Martizon ov @f 1965 Hiviemnoephological analysis wepparts this v wio, 26 sipmdBicomt IMC indnecd
follicnlar depletion oconred alonguide wigmificant primordial follicle actreation, with no apparent
champe I the denveloping pools composrtion (Fig. 55}

To furthar imsstigats the mechamiams bebind IMC induced primerdial fllick activation we
probed IMC-caltured ovaries for members of the POEAkt and mTOR patimarys of primordial
£=lick actvation. Akt] i 8 serine-threcnize protein kinas cemmmal to e POE simalling patimeay,
mnd i phospborplated wpon POE stmmlation (Raddy e al 2010) Ws chearved mcreased lovals of
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both pAktl (T308) and pAktl (3437) im IMC-treated primondial folbicls eocrtes (Fig. &) Aktl is
phosphorylated oo s T3E maidm by Pdpkl (3-phosphoinositide-dependent profein kinass), an
indirect mcaveTement of PIEE actinity and 2 marker of primerdial follicle acteeaticn (Reddy e all
2009 Aktl iz alko phosphorylxed oo its 5437 reaides by activated mTORCY, m ewat which
coincides with Aktl T308 phospborylton dwing follicular acttratica (Polak and Hall 2004). o
addition to Aktl phosphoryhiton bavels, wo alio imvertigated Ticl and mTOR phosphorylation (Fig
Ty Tscl is a tomoer weppressor proten which forms 2 beturodmaer with Tscl o sopprea mTOR
phospoaciteation, mnd thesfors prevent the owvestmmlation of prmordial follick recroiteent
{Adhilcar or aff 2009). Tecl is phosphonisted oo it 5839 residus by pAkt] as part of the FOE/ Akt
sgnalling cascads, reselting in its sequesteton from Tecl by 14-3-3 prowiss o allow =TOR
actoration {Cai o ail 2004€). Tecl was localised to the oocyte of developizg folliclk in control-meated
ovaring, but wes signifScantdy inoeased n IMC-eated primordial follicles, segpesting a promotion of
mICR activation mTOR #wlf is 2 cental componere & the pealirsaric kinyss mTORCL, a key
regulaor of primondial follicle actweton (Adkdkar er @l 2010). & actiity b mepnlaed iz a
phosphorylation-dependent maolecular switch, wharshy mTCOR 52443 phosphorylation moeelts in
actoration, amd mTOR T2445 phosphorylation canses mepmession (Cheng of o 2004, mTOR 82448
phosphorylation was significantly imcreased in IMC-meated primordial follicle oocytes, while mTOE
T444 phosphorylation wes significantly decsased (Fig. 7). This sggests 2n np-regalation of mTOR
actortion npan IMC eaposurs, and Swredore primardizl follicls activaticn Chanall Swss mwults
mgge:t that 3MC mducos peizondial follicle depletion via acthation Smough synergiatic FEE Akt]
and mTOR sdgmalling.

To confirm a role for FOK signalling in 3MC induced primerdial follicle depletion we:
sxposed neonafal ovanies to both IMC and the FOE inhihitor Y4002 (Keating e of 30100
Immmchistelogical amabyis for morkers of follimbar activation and follidar amoia mvsaled a
wvaraly rednced population of primendial follicles shoming signs of afreaia (Casp2, TUNEL) i 3MC
+LY2B4H2 cultered ovaries (Fig. &) (Supplementary Fig 1). These results saggest that the =p-
regulation of the FOK pattmary may plry 2 role in preventing MO induced primerdial follicls
depletion by prometing cell sunival. Indeed, thars is axnsive docementation detailing FIIE and it
droaniream frget: imohement m the promotion of call sndval by midhitng apopioss (Fanks er
ail 2003). Te comfires this hypothesis of PEE mdeced primendial follicle sandwal, we probed IMIC
sxpossd neonata] ovaries for phad 5134 phospharylation. Bad is 2 member of fe BCL-2 famity of
rall death regnlaiors which binds to, and inhibds pro-apopotc membars from the ame family (Kims er
af. 2008). Upen stimmlation of PEE wdpalbing, actvated Aktl phospherylme Bad om i B136
mesidne, Tesmiting i i seqoestaton from pro-serdval fectors by 14-3-3 proteins to premt apopdos
[(Blurw-Tansem ¢f o 1995 Mastars o ol DI000). pBAD (5136) was dgnificanthy ncreased in IMC
exposed primordisl follicles, mepecting the inhihifiem of apoptowis via Aktl and therefors FOIE
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dgnalling (Fig ¥) These reemlts am intgming. as they directly comflict with the corest ovarian
toxicology litemmrs in suggesting that sopowveme o IME achally activates pro-memnal pathoays in
primardial follicls, not atmesia (Borman o aft 2000; Mattivon 1980, Martison o al. 1983). To confirma
ol for mTOR wgnalling in 3MC indnred primondial follicls depletion we sapoed neczatal cesies to
both IMC and the mTORC] complex inhibiter Bapammyrin (Eim o ail 2002). Immumahistological
analysis for mowiars of follimbar acthvation and follicelar atresia mepest that inhibdtion of mTORC1
does mot alter IMC indeced primordial follicls: acthvation 2nd developing follicle atresia, 2 evidenced
by primeondial follicle PCHA sizining in the oocyte and grammlosa cells and merkers of follicular
atrugia (Casp 2, Casp3, and TUNEL) baing detected i deweloping fnllicles (Sopplamentary Fig §). I
is now knowm that mTOR sismalling ach synesgistically with PIIE/Akt wgmalling o inducs
primordial fellicls activation, and that the inhibition of one pathwzy & not sefficent to prevent
actreation {Timgen of @f 2009 Therefore, thess remlis meggest that mTORC] doss not play a roks in
IMC indoced primordial follicle mmval, and act B a2 synargistic role with POE wpmalling in
promoting SMC mdeced primordal follicls mrowth,

In conchosion, #has siady repressnts one of the fimt copsprebansive smdies o the mechasim
of 3MC indured ewetomicity. (ur result mepest that the ovary directly combam MO induced
primordial follicles pool comem doe fo 2 homwostatic mechamism of developmg follicls replacemant in
an attarmpt to replace pamring fnllicles lost due te IMC mdeced follicalr amosia.
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maries; microarey dats for coninol v, 3MC-tesied neomal cramies, primorndial follicke cowmds in
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Fignre 1. Microarmay anabyus of control-cathmed ovaries wermsas I C-omiteed oanes. Cvares wans:
excised from neonsfal mics (4 deys old, n=17) and multered in senobiotic treated medtem for $6 hoem
EMA axtracted and subjected to miccamay malysisn as described i the matorialy and mgtheds. (A)
Symevory of microamay resolts. Totd member of genes fimnd on an Moeive Senirix Momss rffc?
Beadckip azo preseanted as moz-regulted (Black) and megelared (white) gens: with a sgnificant chamge
in saprewion {=1.5-fold chenge, p=.07). The red bar represents the membar of positively regelaed
ganas, and the yellow bar mepresemts the: momber of negatioely regelited panes M zemobiotic coltured
mvaries. (B) Molecular netwoics of sigmificantty alwred geees mffsmeed by 3MIC exposme.
Eigmificamtly almred penos vere cvarlsid omio 2 global molkcelsr norwork denseloped froms nfromertion
contamed in the Ingpanuity Pathweys Exnowledge Base (Ingeevaity Sywtems). Metaodks of simificanthy
atared munet wwmw then algerthreically penerated based oo their commectvity. The mebwori: ars
ranked according fo thedr womes, and fhe Gve highest-rankng networks of genes are daplayed . The:
mmbems of ganes in sack netarerk ame shomm = brackets.,

Fignre 2. Top canomical pafimenys tat were @gnificenthy up-regnlaizd by IMC-cnitered neonaral
ovaries 3 identified by [IPA The significance of the associztion beranen wp-regalated pancs and &
anomical pattmery was evahsied ming a right-dled Fihar's oot test to aloolste 2 pevalee
detarmining the probability that the aeociation iz explained by chames alomo (blne barw, y-axis). Baties
mafarring io the proportion of up-regnivied gemes from a pateoy wlaed b the tobl member of
moleculss that make up that particular patmeny: ares alse displeyod (line graph, e-axis).

Fignre 3. 3MC cxpovere cames immatem follicebr destroction and primomdial follics activation iw
wirg., Floorument momemobisiological and TUNEL stimmg s viembsed v epifloorescent
micrescopy. Oarks excised from necnatal peice (4 drys old) were caltured in IMC-meated medinm
for %6 hours and processed for imeemobvnchemistry and TUMEL apalysis as described o e
matarials and methods. Crearian sections wem probed with antibodies against PCHA artive caspass 2
and actve caspase 3, or sohjected to TUNEL ambsiz Bloe shining (DAPT) repessns moclear
staining: Ted staiming (Cy-3) represents specific staining for the protein of imferest mreen staining
{Flucrescein) represants specific staining for DNA soamd breales (TUNEL). The remits presested bans
e represantative of 0= 3 expericwmis. The percentage of labelled follicles par sectiom is represanied
by the following scale precant in tho fop right hand comer; *=c13%, **=13-5%;, *#9=3]-T¥%,
=T 100, Thin aoron—primordial follicle highlightod in insert at higher pagwification; amow
head=primary follick: wcals bar i aqual to 100 pm.

Fignre 4. Fluorescent imermolocalisation of PCHA protin in low amd kigh dose IMC-teated ovamiss
i wvn. Meomatal mice (4 days old) wers trearted with aither a bowr or high doss of 3ME ower a senen
dey pariod, mulled, mnd thedr mvarnies extracted and processed of mmnohismchadsiry as outlined o
maiarials and mefhods. The resulis presented bans: ane represantative of =3 axpariments. Bles staining
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[DAPT) repressnts mcleer waining i 2l calls; red staiming (Cy-7) ropmeseats specific staming for
PCNA protsin The parcestage of laballsd follicles per section is repressnted by the following scals
Pressst i the top might hamd coman =108, *9=10-30%, *ee=31TT, eee=TE00%. Thin
arrow=primordial follicls highlightd i insert at higher mammiSication: scals bar is equal to 100um

Fignre 5. Effuct of IMC axporem on. ovariom dnllicl composition and mmbar 1w vive. Meonamd mios:
{4 d=ys old) wars meated with wither a low or kigh diose of 30 over a weven day pazicd 2 described
in matgrials and metheds. Charian sectioms were stained with hermtoxrylin and eosin and healthy
oocyte comtaiming follicle: ware clasified and comnied wndar & microscope. (4) Low dows ovarian
follicl coppoaition (luft panal) and average numher of follicles par coemted wection (Hght paned). (B)
High dose owarian fnllicls composdtion (left panel) and sverags membar of follicles par commiod section
{right panel) Value: are mean = SFM, 2=3-5 mare: from 3-5 mice. The mymbel ** reprasants p<0.01
in compparison with control valus.

Fignre 6. Fluomscent immimnolocalisation of Akt (A), pAkt]l (B473)E)L and pAktl (TI08Y) in
IMC-multured ovamies. Crvaries axcived from noonatal mice (4 davs old) were cultered n IMC-meand
medmm for $& hours and procassed for imremokistochemisiny & outlingd in momkrials amd methods.
Eeproseatativg image of both control and IMC-treated ovaries (laft paned) and quamtiSicaton ef oocys
mrisar saining (right panel). The rewels presented bers are reprewantaito of =3 experimants Blwe:
staiming (DAPT) reprosants mclsar staimimg in all cells; red staming (Coy-5) mpmusents specific staining
for the descibed proteim. Amow—primordial follicle: wcale bar is equal to 100 pm. The wymbal **
Tepresants il 0] in comsparison with comtred values.

Fignre 7. Finoracent immunaclocalisation of pTecl (S030(A), peTOR (31448)E), and pe=TOR
[TH45(C) m IMC-mubmmed ovaries. Chane axciwd from neonatal pice (4 days old) were caltimed
in IMC-treated medtam for S6 hours and processed for immimchistecheaisiry 2: oatlined in mtorials
and mwthods. Fopresenfative image of both commel and 3MC-trexted owamies (Jeft pomsl) and
quantification of oocyte mclear sixinwmg (nght panal). The rmits presemizd bare ars mpresamiamee of
=3 experimantz. Elue smining (DAPT) represents ouclear staining = all cally; red staiming (Cy-5)
Tepresants specific sinmyg for the dewcribed prokin. Amew—=primondial follicl: smle bar G egml b
1{) pm. The symbel ** repmesents p=0.01 o comparison with control w2lnes.

Fipnre 8. POE inhibition camses conplen primordial foltice depletom in IMC expossd mramies. in
wirro, [A) Fluorsecest mmpemckistological amd TUMNEL smiming 2 visualised vwia epiffmorescent
microscopy. {B) Primordial follicle Tasp? and TUMEL staiming im IMNCHLY 2042 treated ovamiss.
Charizss excised from oeomatal mice (4 deys old) were calfured in IMC-tated mxedinm + LY 254002
for %6 hours and processed for imeemokivtochomistry and TUMEL anahymis as described in dhe
matarials and methods. Crraman sections wem probed with antibodies against PCHA arive caspass 2
and actve caspase 3. or suhjected to TUMEL amabmiz Elue shining (DAPT) mepressnt moclear
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siaming: med steiming (Cy-3) repesents specfic saming for the protein of imerest gresn shining
{Fluorsscsin)) mpresents speciiic smining for degaded DMNA (TUNEL). The remlis presenbed homs an
repreceanttive of 0= 3 cxperiment: The percentags of labelled fiollicles par secton & reprecentud by
the following scale prosent W the wp might bond comar, *=cI15%, *e=I5-50%, *#9=51-T#%,
*dd=TE- 1. Thin aron—primordial follicle highlightod in insert at kighor papeification: amomr
head=primar—y foilick: wcals bar is equal to 100 pm.

Fipnre 8. Finorewcent immumolocalisation of pBad (5134) in 3MC-coltemd eraries. Charies axcied
froms neonatel mics (4 davs old) were coltered in 33JC-taed medimm for 846 hours and processed for
ipmreemakdvinchamisty as outlimed = moaterialy and pastheds. Rapresentaies Imape of both coxirol 2nd
IMC-trearied ovaries (laft panal) and quamtification of cocys mclesr sinmg (Hght panal). The rewalis
presemied hers: are represantative of =3 experiments Bl staining (DA PT) represents. moclear staining
in all calls; med staimdng (Cy-J) ropressmss specific stamming for the descibed proteim Amow
head=primomdial follicle: scale bar is equal o 100 pn The symbol ** represents p<001 m

comgerison with cominol vaings.
Tables

Table 1. Functional dassification of gemes up-regulaied or down-reguisied by IMC expomme in
cultured necnatal cvaries. Geoes ware amalyied muing Ingemmity Patways Anabyuis (Ingeeesty
Sysbams) for molecnlar and cellular finctons. Coly thows gemes axhibiting 2 meatar than fwo-fold
chanps I exprevion wers categorsed (p=0.07). Note that some genes 2re lisked in proltiple fonciiozal

s el
hIolecular and C elbular Functien Tp resulasedDown resulated
Callular mowth amd prolferation 100 3
{emstic disordar =3 3
(Callnlar Savalopmant |'3-5 =
[[izme el opmest EX il
E.m_l:'-:-:h.l:l:'.'n Ty disease 77 T
el death T m
|Call bz call signalling and mteraction [ Cs
[mflammoviory respomss [z e
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el cvcle I} rs
|Celitar fancticn m ™)
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Table 2. QPCE validation of microamny memlts for salect mamscrips up-regnlxied by 30IC-cotmed
necnatal ovaries. Tetal BMNA was isclaisd from zenchictc coliursd ovasies, revsms tamscibed, and
gPCR. parformed with primers specific for the <DNA of indicated ganes a: desoribed o the messrials
md methods. Gemes selected for validaSon wwre chosen Som thess most wpniScantly altemed by
CAMEA sxposure as defecied via migoamyy amabysiz Prefarence was gven o those genes with the
highest changes = gane expression Fold changn (mean = EE) and supeeary of foncton melating oo
follicnlngenesis ang inchded Al fiold changes were st stically wgmificane {p-<0 07 )

{reme - Fold
rubal iCeme mamne Summary of fanction o
e L yriin-dependent kinase E.ng'ulah:n: o call oycle progression af {rl phase g 5] 0
" nhibiter 14 proplicated in OHA dsmage ropair (Binkma otal, 20000 | ’

gulainr of cell cycle progressiom at (1M phose;
licated in OMA dxmagze repair and apoptosis: 30204
ssocized with grammloea oall proliferaton and o
dffareatiation (Kinmera ot al 3001 Lia ot al 20{4)

omgl  JCylin =1

i orinchrone P430, fanwly
wpibl |1, sobdarmily b,

[ detoxifying emrymas; mplicated in the
toactivaton of PAH intn DMA addect Sorming 3.7B=04

pohpeptids itgs ([ Shirads and Fujii-Feryama, 5004
. . finchondrial homolog of pro-apopiotic 10-
Al 113 '.”d“"’E orde '“"’*"’”I i"?"“ formryitrabydrofolats dabvdrogenass (Fhose ot al, 20083 16202
i o Forupanko et 2l , 2010).
- . IT detoifying enwyme; debcarifies quinomes inbo
o/ ]'-..-'!.D_T]]'[ fuacas imcl; imsphicated in 3MC potabolizps (Foss, 3004 2.41=0.2
fdoreductase . el 7
ECondragamti of all | hO0E]
. finchondrial matris protem esseniial f-:l:]:u'o]-:i.nn
 Aldanyde dabrydrogana: y
gl [, oo 0" P bogradation: implicated in p33 mediated prosection againsd 2 430.1
A 3 andative sirews (Yoon etal | 2004
[griahi JUDP gycosyimansiarsss IT detoxifying enwyme; Inplicamd in the 1E®=D3

toxification of bivactveied PAH metabolios (Crallmger
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AL tal. 2006)

) cycle progresion from G1-5 phass:
mdi  JCyrlin D TRreEpressiom associvted with braast'ovariam cancer 1704
ar and Richards 1998; Bali et al, 2004 ).

tress relbimd choperone; saprevcdon incesses doring call
vele &1 phase; reguiates cyclin D] accezmlasion and L9101

pad  [Haat s protn § its actiwity in the presence of mhibdory Cdkmla

Diik] o al , 2003)
P |Cyelin-depandont kinace Plagnixtor of cell cycle progreswdon af 1 phase: BE41 0
. Iinh.l'l:l.il:-:-c- 14 Ernplicated in DNA drmage repair (Binkova etal 20000 |7
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Figure L. Microarmay analyss of control cultured ovaries verses 3MC cultured ovares. Ovaries were excised
from neonatal mice {4 days old, n=15) and cultured in xenobiotic treated medium for 96 hours RNA
extracted and subjected 10 microdray analyss as described in the materials and methods. (A) Summary of
microamay results. Total number of genes found on an TTuming Sentrix Mouse refBv2 Beadchip are
presented as non-reguiated (dlack) and requiated (white) genes with a significant change in expression
(>1.5100d change, p<0.05). The red bar represents the number of postively requiated genes, and the
yellow bar represems the number of negatively regulated genes in xenobiotic cultured ovaries. (B) Molecular
networks of significantly akered genes influenced by 3NC exposure. Significantly aered genes were
overdaid cnto 3 gicbal molecular network develoged from information contained in the Ingenuity Pathways
Knowledge Base {Ingenuity Systems). Networks of significantly altered genes were then algorithmically
Qenerated based on thelr connectivity. The netwarks are ranked according to their scores, and the five
highest-ranking networks of genes are displayed. The numbers of genes in each network are shown in
brackets.
190x142mm (300 x 300 OFT)
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Figuine 2. Top canonkcal patheays that wene significantly up-regulaied by IHC oublured meonatal ovarks as
Mentifed by [P&. The significance of the assocaton between up-regulabed genes and the canonical pathray
was evaludied wsing a dght -@iled Fisher's exact st o caloulate a p-walee determining the probability that
thae association s explaimned by chamnce alone (blue bars, y-axis). Ratks referming to the proportion of up
regulated genes from a pathway relabed o e tokal numibser of moleodles that make up that partcular
patfreay are ako displyged (§ne graph, F-amis).
150x142mm (300 » 300 DR
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Agure 2. 3MC exposure causes immature follicular destruction and primardial follicle activation in vitro.
Tuorescent immunohistological and TUNEL staining as vsualsad via epifiuorescent microscopy. Ovaries
cised from neonatal mice (4 days old) were cultured in 3NC treated mediam or 96 hours and processed
Immunohistochemistry and TUNEL analysis as described in the materals and methods. Ovarian sections
ere probad with antibodies against PCNA, active caspase 2 and active caspase 3, or subjected to TUNEL
wiysk. Blue staining (DAPT) represents nucihear staining; red staindng (Cy-5) represents specific staining
¢ the protein of nterest; green staining (Fluorescein) represents specific staining for DNA strand breaks
MUNEL). The resuls presented here are representative of n = 3 experiments. The percentage of labelied
ollicies per section Is represented by the following scale present in the top right hand corner;, *««<25%,
Pu25:-50%, ** 51759, "M LT76-100%. Thin arrow =primordial follicie highlighted in insert at higher
magnification; armow head=primary follicke, scale bar is 3ual to 100 wm.
190x142mm {300 x 300 OFT)
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Cortrol

3MC

Figure 4. Fluorescent immunoiocalsation of PCNA proten in low and high dose 3MC treated ovasies in vivo.
Neonatal mice (4 days old) were treated with ether a low or high dose of 3MC over a seven day period,
culied, and their ovares extracted and processed of immunchstochemistry as outlined in materials and

methads. The resulls presented here are representative of n=3 expariments. Biue stalning (DAPT)
represents nuciear staining in al cells; red staining (Cy-5) represems specific staning for PONA protein. The
percentage of labeled folicikes per section & representad by the following scale present in the 10 rght hand
comer, *««<109%, **«10-50%, ***«51-75%, ****=76-100%. Thin arrow=primardial follicie highlighted in
Insert at higher magnification; scale bar £ equal to 100am,
190x142mm {300 x 300 DFT)
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Figure 5. Bffect of 3MC exposure on owaran follicke composEion and ramber in sivo. Heonatal mice (4 days
obd ) were treated with either o ko or hilgh dose of 380 over 3 seven day perod 28 described in materiak
and methods. Ovarian sections wene stained with hematosyiin and eosin and healthy oocybe Conta ining
follicles were dassified amd counbed wnder & microsoope. (&) Low dose ovarkan Tollicle oo position [efit
panieEl ) and averape numiber of flickes per countied section [rght panel]. [B) High dose owarian folicle
composition (left panel] amd averaspe numbser of Tollickes per counbed section (rfght pamel). Values ane maan
= S5EM, n=3-5 owarkes froem 3-5 miboe. The symbod ¥¥ pepresents ps 0001 n o comparison with conbrol salues.
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Figure 6. Fluorescent immundiocalisation of Akt (A), pAktl (S473XN8), and pAktl (T308)C) in 3MC cutured
ovaries. Ovaries excised from neonatal mice (4 days old) were cutured in 3MC treated medium for 56 hours
and processed for mmunohistochemistry as outfined in materials and methods. Representative image of
both control and 3NC treated ovaries (left panel) and guantification of cocyte nuciear staning (right panel).
The resuls presentad here are representative of ne=3 experiments. Blue staining (DAFL) represents nucioar
staining in a8 cells, red staining (Cy-5) represents specific staning for the descridbed protein.
Arrow=primoedial follicke; scale bar i equal 10 100 pm. The symbal ** represents p«<0.01 In comparison
with control values.
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Figure 7. Fuorescent immunoiocalsation of pTec2 (S939)(A), pTOR (S2448)(B), and pmTOR (T2446)C) n
3IMC cultured ovares, Ovacies exceed from neonatal mice (4 days old) were cultured in 3MC treated
medium for 96 hours and processed for immunohistochemistry as outlined in materials and methods.
Representative image of both control and 3MC treated ovaries (et panel) and quantification of cocyte
nuciear staining [right panel). The results presented here are repgresentative of ne3 experimens. Blue

staining (DAFL) represents nuciear staining in all cells; red staining (Cy-5) represents speciic staining for
the described protein. Amow=primordial follicke; scale bar i equal to 100 ym. The symbal ** represents
p<0.01 in comparison with controd values,
190x142mm {300 x 300 DFT)
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Figure 8. PI3X iohbition causes compiete primordal folicie depletion in 3MC exposed ovaries in vitro. (A)
Fuorescent immunohistological and TUNEL staining as visualised via epifiuarescent microscopy. (B)
Primoedial follicle Casp2 and TUNEL staining in 3MC+ LY294002 treated ovaries. Ovarkes exceed from
neonatal mice (4 days old) were cultured in INC-treated medium + LY294002 for 96 hours and processed
for immunohistochemistry and TUNEL analysis as descrided in the materials and methods. Ovarian sections
were probed with antbodies against PCNA, active caspase 2 and active caspase 3, or subjected to TUNEL
analysks. Blue staining (DAPT) represents nuciear staining ; red staining (Cy-5) represents spedcific staining
for the protein of interest; green staining (Fluorescein) regresents specific staining for degraded DNA
{TUNEL). The results presented here ane regresentative of n = 3 experiments. The percentage of labelied
follicles per section is represented by the following scale present in the top right hand corner; *««<25%,
SPL25:50%, " aS5175%, Y LT6-100%, Thin armow=primordial follicie highlighted in insert at higher

magnification; arow head=primary follicke; scale bar is eaual to 100 wm.
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Chapter 5: Final Discussion

5.1 Introduction

The mammalian ovary is a complex organ which contains the entire supply of female
germ cells available for reproduction. The primordial follicle represents the basic functional
unit of the ovary, and consists of a single oocyte surrounded by a layer of immature somatic
support cells (McNatty et al. 2000). Due to the nature of ovarian follicular development, the
number of primordial follicles established around the time of birth is finite, representing the
total population of germ cells available to the mammalian female throughout her entire life
(Edson et al. 2009). Once the primordial follicle pool becomes exhausted, the mammalian
female enters reproductive senescence, or menopause. Therefore, this precious ovarian
reserve dictates the length of the female reproductive lifespan. Female fertility is also highly
dependant on oocyte quality. Long lived species such as humans and primates experience a
decline in oocyte quality with age, with higher incidences of chromosomal abnormalities,
cellular fragmentation, abnormal morphology and poor fertilization being reported in “older”
women (>30 years) (Battaglia et al. 1996; Broekmans et al. 2009; Miao et al. 2009).

Exposure to specific xenobiotics and other reproductive hazards has been shown to
adversely affect female fertility, including inducing oocyte dysfunction and primordial
follicle loss resulting in pre-mature ovarian failure (POF) (Borman et al. 2000; Mark-
Kappeler et al. 2011a; Mattison et al. 1983; Sobinoff et al. 2010, 2012c). In addition to the
inability to conceive, exposure to ovotoxic hazards also represents a significant health risk for
females, as the loss of ovarian hormones which accompanies POF has been linked with an
increased incidence of cardiovascular disease, osteoporosis, Alzheimer's disease, and ovarian
cancer (Cenci et al. 2003; Pike et al. 2009; Rosano et al. 2007; Shuster et al. 2010).
Unfortunately, female exposure to these Xxenobiotics often goes unnoticed due to the
primordial follicle’s gonadotropin independent nature and the subtlety of oocyte dysfunction,
making effective diagnosis and treatment difficult (Edson et al. 2009; Hooser et al. 1994).

Over the last 5 years there has been a growing body of evidence leading to the
characterisation of the molecular mechanisms underpinning xenobiotic induced primordial
follicle depletion and oocyte dysfunction (Bhattacharya et al. 2012; Keating et al. 2011;
Keating et al. 2009; Mark-Kappeler et al. 2010; Sobinoff et al. 2011, 2012b; Sobinoff et al.
2010, 2012c). This has led to new approaches in studying this type of ovotoxicity, increasing

awareness and producing novel insights, which may lead to the development of better
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reproductive strategies to assist women exposed to these compounds. The following is a brief
review summarising the contribution this thesis has made to the advancements in
understanding pre-antral/long term ovotoxicity and the implications of this research for future

study.

5.2 Primordial follicle depletion; not as simple as atresia

The ability of specific xenobiotics to cause POF via primordial follicle depletion has
been studied in depth over the last 30 years. Some of the most extensive studies have been
performed on the polycyclic aromatic hydrocarbon (PAH) family of potent environmental
toxicants (Borman et al. 2000; Mattison 1980; Mattison et al. 1983). Particular attention has
been paid to the three ovotoxic PAHs benzo[a]pyrene (BaP), 9:10-dimethyl-1:2-
benzanthracene (DMBA), and 3-methylcholanthrene (3-MC). Early investigations into their
mechanisms of ovotoxicity found that in vitro and in vivo exposure to these three PAH
resulted in a dose related depletion of the primordial follicle pool (Borman et al. 2000;
Rajapaksa et al. 2007). These early studies relied heavily on histomorphological analysis to
determine the effects of these xenobiotics on folliculogenesis. Follicle counts revealed
reduced numbers of primordial and primary follicles in treated ovaries, with the remaining
follicles showing signs of pre-mature follicular atresia (or apoptosis) and necrosis (Borman et
al. 2000; Mattison 1980; Mattison et al. 1983). Subsequent metabolic studies revealed that
these PAH were non-toxic in their native format, and that the observed primordial and
primary follicle depletion was dependant on their bioactivation by the Aryl Hydrocarbon
Receptor (Ahr) (Jurisicova et al. 2007; Shiromizu and Mattison 1985). It was therefore
hypothesised that these PAH are bioactivated into ovotoxic constituents by the body, and are
then capable of causing DNA damage in small developing follicle oocytes, resulting in pre-
mature primordial follicle atresia and consequently POF. In the case of DMBA, latter studies
also identified increased expression of pro-apoptotic protein Bax in exposed pre-antral
oocytes, further supporting an apoptotic based mechanism of primordial follicle depletion
(Matikainen et al. 2001).

Although the hypothesis of xenobiotic induced primordial follicle atresia has
remained unchanged since the initial studies investigating BaP, DMBA, and 3MC induced
ovotoxicity in the early 1980’s, recent evidence acquired by our laboratory has supported an
alternative hypothesis of primordial depletion via activation (Sobinoff et al. 2011, 2012b;
Sobinoff et al. 2012c). All three PAH up-regulated molecular pathways associated with
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follicular growth/development in neonatal ovaries cultured in vitro (BaP 1uM; DMBA 50nM;
3MC 5uM), including PI3K/Akt, mTOR, and growth hormone signalling (Reddy et al. 2010).
PCNA, a marker of primordial follicle activation, was also significantly up-regulated in PAH
treated primordial follicles in vitro and in vivo, suggesting activation (Picut et al. 2008).
Conversely, markers of follicular atresia (activated Caspase 2/3 and TUNEL) were absent in
PAH treated primordial follicles, and were instead localised exclusively to the developing
follicle pool.  Studies incorporating multiple intraperitoneal (i.p.) injections (BaP
3mg/kg/daily; DMBA 1mg/kg/daily; 3MC 10 mg/kg/daily) over a period of 7 days also
revealed significant primordial follicle activation alongside follicular depletion in vivo
(Sobinoff et al. 2011, 2012b; Sobinoff et al. 2012c). As primordial follicle activation
occurred alongside developing follicle atresia for each xenobiotic, it can be hypothesised that
these PAH act in a similar way to directly target developing follicles for atresia, resulting in
the homeostatic activation of the primordial follicle pool to replace those targeted for
destruction (Sobinoff et al. 2012a). Immunocontraception studies targeting developing
follicles in rabbits and primates have identified a similar mechanism of primordial follicle
depletion, and may be due to the loss of negative regulators of primordial follicle activation
secreted by the developing pool (Paterson et al. 1992; Skinner et al. 1984). However, Anti-
Millerian hormone (AMH), a member of the TGF-f superfamily secreted by developing
follicles to prevent excessive primordial follicle activation, was only found to be significantly
decreased by 3MC exposure, and was unaffected in BaP and DMBA treated ovaries (Reddy
et al. 2010; Sobinoff et al. 2011, 2012b; Sobinoff et al. 2012c). Therefore, although each
PAH induced similar levels of developing follicle atresia alongside primordial follicle
activation, their mechanisms of ovotoxicity remain unique. An alternative mechanism for
BaP and DMBA related primordial follicle activation could be perturbed signal transduction
caused by xenobiotic induced oxidative stress (Wells et al. 2009). BaP itself is converted into
the o-quinones benzo[a]pyrene-3,6-dione and benzo[a]pyrene-6,12-dion by cyplal, and
caused significant levels of oxidative stress in adult oocytes exposed to the xenobiotic in vivo
(Schwarz et al. 2001; Trevor et al. 1996). DMBA metabolism has also been shown to induce
oxidative stress in the follicular population of the ovary (Tsai-Turton et al. 2007).

In further support of excessive primordial follicle activation in response to PAH
exposure, DMBA and 3MC have both been found to up-regulate members of the PI3K/Akt
and mTOR pathways of primordial follicle activation (Fig. 1) (Reddy et al. 2010; Sobinoff et

al. 2011, 2012b). Inhibition studies performed in 3MC cultured ovaries also revealed a role
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for PI3K/Akt signalling in preserving the primordial follicle pathway by stimulating pro-
survival events, such as the phospho-inhibition of pro-apoptotic Bad (Sobinoff et al. 2012b).

Growth factor

\Sﬂzua Thr2446
Foxo3a Tsc1/Tsc2 @ Pras40

Ser930
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@@
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Figure 1. Diagrammatic representation of primordial follicle PI3K/Akt/mTOR signalling adapted from Reddy et al., 2010.

Molecules and phosphorylation sites which maintain primordial follicle senescence are labelled red, while molecules and
phosphorylation sites which induce primordial follicle activation are labelled green. Briefly, Rptk activation by growth
factors results in PI3K activation, which subsequently facilitates the conversion of Pip2 to Pip3 via phosphorylation, a
reversible event catalysed by Pten. Pip3 provides a docking site for Pdk1 and Akt1, resulting in Pdk1 induced Aktl Thr308
phosphorylation and mTORC2 induced Aktl Ser473 phosphorylation. Aktl then phosphorylates Foxo3a, resulting in its
translocation from the nucleus to the cytoplasm, stimulating follicular activation. Aktl also phosphorylates Tsc2 on its
Ser930 residue, causing Tsc1/Tsc2 complex repression and allowing mTORC1 activation. Aktl also negatively regulates
Pras40, another inhibitor of mMTORCL1 activation. Aktl activated mTORC1 then enhances S6K1-rpS6 signalling through
S6K1 Thr369 phosphorylation. PI3K activated Pdk1 also phosphorylates S6K1 on its Thr229 residue, further stimulating
S6K1-rpS6 signalling. (Rptk: Receptor Protein Tyrosine Kinase; PI3K: Phosphoinositide 3-kinase; Pip2/3:
Phosphatidylinositol 4,5-bisphosphate 2/3; Pten: Phosphatase and tensin homolog; Pdk1: Phosphoinositide-dependent
kinase-1; Aktl: RAC-alpha serine/threonine-protein kinase; mTORC1/2: mammalian target of Rapamycin complex 1/2;
Foxo3a: Forkhead box O3; Tsc1/2: Tuberous sclerosis protein 1/2; Proline-rich Akt substrate of 40 kilodaltons; S6K1: 70-
kDa 40 S ribosomal protein S6 kinase-1; rpS6: Ribosomal protein S6)

Inhibition of the PI3K/Akt signalling pathway in DMBA cultured ovaries has also been
shown to cause a similar effect, exacerbating the loss of primordial and small primary
follicles in neonatal rats (Keating et al. 2009). We have repeated these studies using our

ovarian in vitro culture system and observed similar results in mice, with DMBA causing
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complete primordial follicle depletion reminiscent of 3MC exposure (Fig. 2A). In addition,
we also found DMBA to stimulate the phospho-inhibition of Bad (S136), suggesting DMBA
induced PI3K/Akt signalling also stimulated pro-survival of the primordial follicle pool (Fig.
2B). These results have lead to the generation of a novel hypothesis of DMBA and 3MC
induced ovotoxicity in which the ovary attempts to preserve the primordial follicle pool when
faced with xenobiotic insult by stimulating pro-survival pathways (Fig. 3). Unfortunately, this
attempt ultimately proves futile due to the excessive stimulation of primordial follicle
activation to preserve the developing pool. This hypothesis is novel as it refutes the
conventional view that 3MC and DMBA cause direct primordial follicle atresia (Mattison

1980; Mattison et al. 1983).

A.
PCNA

LY294002

LY294002+ DMBA

Figure 2. Role of PI3K signalling in DMBA induced ovotoxicity. (A) PI3K inhibition causes complete primordial follicle
depletion in 3MC exposed ovaries in vitro. (B) Fluorescent immunolocalisation of pBad (S136) in 3MC-cultured ovaries .
Ovaries excised from neonatal mice (4 days old) were cultured in 3MC-treated medium + LY294002 for 96 hours and
processed for immunohistochemistry and TUNEL analysis as described previously (Sobinoff et al., 2012b). Ovarian sections
were probed with antibodies against PCNA, active caspase 2, active caspase 3 and pBad (S136), or subjected to TUNEL
analysis. Blue staining (DAPI) represents nuclear staining; red staining (Cy-5) represents specific staining for the protein of
interest; green staining (Fluorescein) represents specific staining for degraded DNA (TUNEL). The results presented here
are representative of n = 3 experiments. The percentage of labelled follicles per section is represented by the following scale
present in the top right hand corner; *=<25%, **=25-50%, ***=51-75%. Thin arrow=primordial follicle highlighted in insert

at higher magnification; arrow head=primary follicle; scale bar is equal to 100 um.
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Recent investigations into the molecular mechanisms behind other xenobiotic induced
ovotoxicity have also identified activation as a method of primordial follicle depletion. The
industrial chemical 4-vinylcyclohexene diepoxide (VCD) is a commercially available
chemical diluent of diepoxides and epoxy resins, and a well known ovotoxicant (Hoyer and
Sipes 2007; Huff 2001). Early studies involving VCD demonstrated its potent ovotoxicity
towards primordial and primary follicles in rodents, with in vitro and in vivo exposures
resulting in POF (Devine et al. 2002; Kao et al. 1999; Springer et al. 1996). Follicle counts
and immunohistological analysis combined with mechanistic studies suggested that VCD
directly targets these follicles for destruction by inducing members of the BCL2 and mitogen-
activated protein kinase families (Hu et al. 2001a; Hu et al. 2001b; Hu et al. 2002). Recent
studies performed by ourselves and others have now also demonstrated that VCD exposure
causes primordial follicle depletion via activation (Keating et al. 2011; Sobinoff et al. 2010).
Neonatal mouse ovaries cultured in VCD (25uM) for 96 hours up-regulated key genes and
pathways involved in primordial follicle activation, including Aktl, Akt2, Rarg, PI3K/Akt and
mTOR signalling. VCD neonatal mouse cultured ovaries also showed signs of developing
follicle atresia and primordial follicle activation. Studies performed in rat ovaries in vitro also
identified a role for Kit and Kitl in VCD induced follicle loss, with the addition of exogenous
Kitl attenuating VCD induced primordial follicle loss (Fernandez et al. 2008; Mark-Kappeler
et al. 2011b). Binding of the granulosa cell secreted growth factor Kitl to primordial follicle
oocytes has been shown to localise to oocyte cell surface Kit receptor and activate the
PI3K/Akt signalling pathway, promoting primordial follicle activation and survival (Reddy et
al. 2010). PI3K inhibition in VCD cultured rat ovaries prevented primordial follicle
depletion, but had no effect on primary and developing follicle destruction (Keating et al.
2009). The observed increases in primordial follicle activation in mice coupled with the
“protective” effects of PI3K inhibition suggests that primordial follicles may be resistant to
VCD induced ovotoxicity, and only become destroyed once committed to activation (Keating
et al. 2009). However, in a follow up study performed by Keating et al, VCD exposure did
not positively regulate Akt or Foxo3a expression/phosphorylation in rat cultured primordial
follicles, both of which are integral events during PI3K induced follicular activation (Keating
et al. 2011). The aforementioned study observed these changes in events after two and four
days of VCD exposure, while significant primordial follicle loss only occurs after six days of
culture (Keating et al. 2011; Keating et al. 2009). Therefore, the time points chosen may have

been too early to observe significant changes representative of the PI3k/Akt signalling.
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Figure 3. Hypothesised mechanism of DMBA and 3MC induced primordial follicle depletion. Under control conditions,
developing follicles secrete negative regulators of primordial follicle activation to preserve the quiescent pool. DMBA and
3MC exposure both cause cytotoxic stress, which leads to the destruction of the developing pool, and an increase in
primordial follicle pro-survival signalling. However, the removal of the negative signals produced by the maturing follicle
population results in excessive primordial follicle activation, ultimately leading to a vicious cycle of primordial follicle

depletion.

Our research has also identified xenobiotics which are capable of depleting primordial
follicles via activation neonatally, but have a different mechanism of ovotoxicity in
adulthood. Methoxychlor (MXC) is an organochlorine pesticide intended as a replacement for
dichlorodiphenyltrichloroethane (DDT), but has since been banned in the United States and
Australia (APVMA 2009; Edwards 2004). It is now used as a model compound for
environmental estrogens due to its pro- and antiestrogenic activity (Bulger et al. 1985;
Cummings and Laskey 1993). Studies performed in adult rodents have revealed that MXC
directly impacts female reproduction by targeting the antral follicular pool. In adult mice,

dosing regimes of 8, 16 and 32mg/kg/day were shown to significantly increase antral
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follicular atresia and decrease markers of follicular growth over a 20 day time period
(Borgeest et al. 2002; Gupta et al. 2009). Culture experiments using antral follicles obtained
from 39-day-old mice confirmed the of ability MXC (1-100 pg/ml) to induce antral follicular
atresia and prevent follicular growth, both of which were inhibited by the addition of the anti-
oxidant N-acetyl cysteine (1-10 mM) (Gupta et al. 2006). Antral follicles isolated from adult
Esrl overexpression mice were also shown to be more sensitive to toxicity caused by MXC
(1-100 pg/ml) and its metabolites mono-hydroxy MXC (MOH) (0.1-10 ug/ml) and bis-
hydroxy MXC (HPTE) (0.1-10 pg/ml) (Paulose et al. 2011). Combined, these results suggest
a method of ovotoxicity dependant on both xenobiotic induced oxidative stress and the suite
of genes activated by Esrl. In neonatal mice, whole ovarian culture revealed MXC (25uM)
upregulated genes and pathways involved in cell death and proliferation, including Ccnd2,
Bcl2l1, Cdkn2a, PI3K/Akt and p53 signalling (Sobinoff et al. 2010). Additionally, MXC was
shown to directly target primary and secondary follicles for follicular atresia, and showed
evidence of increased primordial follicle activation and therefore granulosa cell proliferation
(Sobinoff et al. 2010). Neonatal mice given 100mg/kg/day of MXC over a period of seven
days also showed signs of primordial follicle activation and developing follicle atresia.
Therefore, the ovotoxic effects of MXC on the follicular pool differ in both neonates and
adults, with neonatal exposure causing developing follicle activation and small developing
follicle atresia, and adult exposure repressing antral follicular growth and inducing pre-
mature follicular atresia. Although both exposures have different effects on the ovary, they
may both be caused by a similar mechanism. Adult pre-antral follicular toxicity seemed to be
dependant on xenobiotic induced oxidative stress, while neonatal MXC exposure also
increased signs of oxidative stress within the whole ovary (Gupta et al. 2006; Sobinoff et al.
2010). This suggests xenobiotic induced oxidative stress as a primary mechanism of MXC
induced ovotoxicity. The differences in effect could be due to several reasons, including age-
dependent differences between the disposition and metabolism of xenobiotics. For example,
MXC ovotoxicity was found to increase with higher expression levels of Ersl (Paulose et al.
2011). However, the neonatal ovary is estrogen independent; removing the possibility of
activating the Ersl gene battery partially credited with MXC induced pre-antral ovotoxicity
(Edson et al. 2009). Levels of antioxidant potential in neonates, particularly if born pre-term,
are generally lower than that observed in adults, and may impact on the effects of MXC
induced oxidative stress on the ovary (Sullivan and Newton 1988).
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5.3 Long term impacts of ovotoxic exposure; adding insult to injury

A recent avenue of ovotoxic research has focused on the effects short term xenobiotic
exposure on long term female fertility. One of the currently held theories of xenobiotic
induced follicular destruction is that once the offending xenobiotic is removed from the
environment, female fertility can revert back to “normal”. Although this may be the case in
regard to folliculogenesis, it has been hypothesised that xenobiotic exposure may lead to
decreased oocyte quality through the production of xenobiotic induced reactive oxygen
species (ROS), causing female sub-fertility. The basis for this hypothesis revolves around the
theory of mitochondrial induced ageing through free radical production (Beckman and Ames
1998). According to this theory, cells gradually produce excess ROS over time due to
electron leakage from the mitochondrial electron transport chain. Eventually this excess ROS
can build up to such levels that it damages the mitochondrial membrane, leading to further
electron leakage and ROS production. When coupled with the already “redox sensitive”
nature of the mammalian ovary, this makes the oocyte particularly vulnerable to excess ROS
exposure (Tarin 1996). It is now thought that xenobiotic induced ROS production caused by
detoxification can exacerbate this process, leading to accelerated mitochondrial ROS
production (Sobinoff et al. 2012a). In terms of oocyte functionality, excess ROS production
can result in oxidative adducts leading to DNA damage/mutation, abnormal cytoskeletal
alterations which increase the frequency of aneuploidy and gross morphological
abnormalities, and lipid peroxidation resulting in a change of oolemma membrane fluidity
and therefore reduced fertilisation (Tarin 1996) (Fig. 4).

Studies conducted in our own laboratory have focused mainly on the effects of short
term xenobiotic exposure on long term oolemma membrane fluidity. The PAH BaP is a
potent ovotoxicant and one of the most prevalent chemicals found in cigarette smoke
(Lodovici et al. 2004; Mattison et al. 1983). In the context of oocyte dysfunction, BaP is
detected in high concentrations in the follicular fluid of women who smoke, and has been
positively linked with reduced fertilisation rates in female smokers undergoing in vitro
fertilisation (IVF) (Neal et al. 2008). Oocytes obtained from adult mice treated neonatally
with either a “low dose” (1.5 mg/kg/daily) or “high dose” (3 mg/kg/daily) of BaP over a
period of several days had
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Figure 4. Potential effects of xenobiotic induced ROS on oocyte functionality. Excess ROS produced by xenobiotic
metabolism results in mitochondrial membrane damage and electron transport chain leakage, resulting in a vicious cycle of
ROS production. Accumulated ROS eventually results in oxidative DNA adducts/damage, abnormal cytoskeletal alterations

causing aneuploidy, and increased lipid peroxidation resulting in reduced oolemma membrane fluidity and fertilisation.

significantly increased mitochondrial ROS production and lipid peroxidation compared to
control treated animals (Sobinoff et al. 2012c). This increase in oxidative damage to the
oolemma membrane was accompanied by severely reduced levels of sperm-egg binding and
fusion in both doses. It was hypothesised that BaP exposure damaged the mitochondrial
membrane in the neonatal animals, with the resulting electron transport chain leakage causing
significant mitochondrial ROS leakage/dysfunction over time, and ultimately increased lipid
peroxidation and perturbed fertilisation (Sobinoff et al. 2012c). This study also reported no
neonatal follicle loss in the “low dose” treated animals, and no difference in the number of
super-ovulated oocytes between the control and both BaP treatments (Sobinoff et al. 2012c).
It would have therefore been difficult to detect any abnormalities caused by the “low dose”
BaP exposure without comprehensive oocyte analysis, making this type of ovotoxicity

insidious.
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Further evidence of this type of ovotoxicity was seen with the xenobiotics VCD,
MXC, and Menadione (MEN). Each of these xenobiotics, or their bioactivated products,
caused significant oolemma lipid peroxidation in a dose dependant manner in vitro (Sobinoff
et al. 2010). Adult mice treated neonatally with either a “low dose” (VCD 40mg/kg/day,
MXC 50mg/kg/day, MEN 7.5mg/kg/day) or “high dose” (VCD 80mg/kg/day, MXC
100mg/kg/day, MEN 15 mg/kg/day) of the xenobiotics over several days also had
dysfunctional oocytes which displayed a severely reduced capacity to interact with
spermatozoa and undergo fertilisation (Sobinoff et al. 2010). As in the BaP study, the “low
dose” VCD and MXC treatments did not induce significant follicle loss in neonatal mice,
with defective oocytes only being detected through in depth individual analysis. This study
further supports a hypothesis of xenobiotic induced long term oocyte dysfunction through
oxidative damage, and suggests a common mechanism of ovotoxicity shared between various

chemical compounds.

5.4 Future Directions

Although the research contained within this thesis provides a comprehensive view of
the mechanisms of pre-antral ovotoxicity and the long term consequences of xenobiotic
exposure, there are a number of limitations which must be addressed and improved upon in
future research. For example, the doses and modes of exposure used in our in vivo model of
ovotoxicity do not take into account real life doses and modes of exposure; women are more
likely to become exposed a cocktail of environmental pollutants at chronic doses rather than
acute, and will rarely inject these compounds intraperitoneally. Therefore, future research
should take into account “real life” doses and modes of exposure. Cigarette smoke represents
a common source of human xenobiotic exposure and contains over 4,000 potentially harmful
chemical compounds including PAH, nicotine, nitroso compounds, protein pyrolysates, and
aromatic amines (Carmines 2002). Although there is evidence of cigarette induced female
infertility and sub fertility, the mechanisms behind these outcomes remains largely unknown,
and should be the subject of future investigations (Freour et al. 2008; Gruber et al. 2008;
Windham et al. 2005). The majority of investigations into the effects of ovotoxic compounds
on female fertility have based their conclusion on their effects on follicle populations and
germ cells analysis (Hoyer and Sipes 2007; Neal et al. 2008; Sobinoff et al. 2011, 2012b;
Sobinoff et al. 2010, 2012c). However, these investigations lack corresponding breeding

trials to confirm the hypothesised female infertility and sub-fertility. Although these
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experiments in polyovular mouse models may not directly relate to monovular humans, these
trials would help deduce the effects of these ovotoxicants on pregnancy rates and embryo
development. In addition, these studies would permit the investigation of transgenerational
effects of ovotoxic exposure, as the reported oxidative stress and DNA-adducts could result
in genetic mutation.

Experiments conducted by ourselves have also been limited to the effects of short and
long term ovotoxic neonatal exposure, and do not take into account the effects of adult
exposure (Sobinoff et al. 2011, 2012b; Sobinoff et al. 2010, 2012c). Due to the differences
between adults and neonates in xenobiotic defence mechanisms and overall metabolism, our
investigations are only indicative of early life exposure which may be different in adults.
Therefore, future experiments should focus on the short and long term effects of adult
exposure on female fertility. In addition, our novel investigations into the effects of short
term neonatal xenobiotic exposure on long term oocyte viability have exclusively focused
fertilisation potential (Sobinoff et al. 2010, 2012c). As xenobiotic induced oxidative stress
could also cause oxidative adducts and abnormal effects on cytoskeletal organisation, future
investigations should examine the levels of aneuploidy and 8-oxoguanine formation in
neonatally treated adult oocytes (Klaunig and Kamendulis 2004; Tarin 1996). Xenobiotic
macromolecular adducts have also been detected in the follicular fluid and granulosa cells of
women who smoke, and therefore may also be present in neonatally exposed adult oocytes,
resulting in dysfunction (Lodovici et al. 2004; Neal et al. 2008). Microarray analysis has also
revealed the up-regulation of many genes and signalling pathways involved in tumorigenesis
in response to xenobiotic exposure (Sobinoff et al. 2011, 2012b; Sobinoff et al. 2010, 2012c).
Although there is evidence of xenobiotics inducing ovarian cancer, further characterisation of
these pathways may increase our understanding of the causes and symptoms of this disease,

leading to novel treatments and diagnostic tests.

5.5 Conclusion

The findings contained within this thesis have a number of implications in the field of
reproductive toxicology, environmental health management, and biomedical research. The
identification of follicular activation as a mechanism of xenobiotic induced follicular
depletion has increased our knowledge of the mechanisms behind xenobiotic induced POF,
and lead to new approaches in studying ovotoxicity which are not limited to atresia. In

addition, our research has helped increase awareness of the effects of these ovotoxic
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compounds on female fertility. In particular, the discovery of short term xenobiotic exposure
causing long term oocyte dysfunction at concentrations which do not cause overt follicular
destruction calls for a re-evaluation of the level of xenobiotic exposure deemed to be “safe”.
A better understanding of the molecular mechanisms behind xenobiotic induced ovotoxicity
will also assist in the development of novel reproductive strategies to help women exposed to
these compounds. For example, the identification of ROS as a significant factor in xenobiotic
induced oocyte dysfunction and potentially primordial follicle depletion in the smoking
constituent BaP could help women who recently quit smoking through antioxidant therapy.
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Abstract In the human ovary, early in pre-natal life, oocytes are surrounded by
pre-granulosa follicular cells to form primordial follicles. These primordial oocytes
remain dormant, often for decades, until recruited into the growing pool throughout
a woman’s adult reproductive years. Activation of follicle growth and subsequent
development of growing oocytes in pre-antral follicles are major biological check-
points that determine an individual females reproductive potential. In the past
decade, great strides have been made in the elucidation of the molecular and
cellular mechanisms underpinning maintenance of the quiescent primordial follicle
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pool and initiation and development of follicle growth. Gaining an in-depth knowl-
edge of the intracellular signalling systems that control oocyte preservation and
follicle activation has significant implications for improving female reproductive
productivity and alleviating infertility. It also has application in domestic animal
husbandry, feral animal population control and contraception in women.

Keywords Fertility control - Granulosa cells - Oocyte - Primary follicle -
Primordial follicle

1 Introduction

In the mammalian ovary, early in pre-natal life, oocytes are surrounded by pre-
granulosa follicular cells to form primordial follicles. These primordial oocytes remain
dormant, often for decades, until recruited into the growing pool throughout a woman’s
adult reproductive years (Choi and Rajkovic 2006; Reynaud and Driancourt 2000).
Once in the primordial follicle, there are only two fates awaiting the oocyte; either the
germ cell will be directed to grow and eventually be ovulated or more likely, the oocyte
will become atretic. In most mammals, greater than 99% of the oocytes are lost — with
only a tiny proportion selected for ovulation. The growing follicles doomed to atresia
are easily recognisable within the ovary as they display several markers of apoptotic
cell death (Krysko et al. 2008). In contrast, the mechanisms that underpin the mainte-
nance, selection and maturation of the very small population of good-quality and
presumably functional oocytes in primordial follicles are only just becoming clear.
Bi-directional signalling between the oocyte and the surrounding somatic cells is
considered fundamental in the delicate balance of positive and negative forces
controlling the maintenance and activation of the primordial follicle pool (Hutt
et al. 2006a; McLaughlin and Mclver 2009; Skinner 2005). Both the maintenance
of healthy follicles and the highly regulated and selective release of primordial
oocytes into the growing pool (Jin et al. 2005) involves cross-talk between an every
growing list of cytokines and growth factors (Dissen et al. 2009; Picton et al. 2008;
Trombly et al. 2009). Excitingly in the past few years, great strides have been made
in characterising the intracellular signalling pathways activated during pre-antral
follicle development (John et al. 2007; Reddy et al. 2008) providing fundamental
knowledge and insight into the molecular systems responsible for ensuring produc-
tion of functional oocytes for fertilisation (McLaughlin and Mclver 2009).
Throughout the globe, many couples are unable to control their fertility, with an
estimated 200 million plus women in the developing world either not using any
form of contraception or relying on traditional methods only (Rowlands 2009). In
contrast, in the Western world, both access and use of contraception are high;
however, the vast majority of women still rely on the oral contraceptive pill or on
barrier methods, principally the condom (Rowlands 2009). Ostensibly, there have
been many advances in the “pill” over the past 50 years including improved
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formulations and the introduction of a range of local vaginal and intrauterine,
injectable or sub/transdermal hormonal-based contraceptives. Barrier methods with
complementary spermicide/microbicide activity are also under development —
particularly as adjuncts for the control of sexually transmitted diseases, such as
HIV/AIDS (Rowlands 2009). Since no novel methods of contraception have been
introduced since the 1960s, recent insights into the basic cellular mechanisms
underpinning follicle maintenance and oocyte development will inform biotechnol-
ogy strategies for the manipulation of reproduction in humans.

2 Opvarian Folliculogenesis and Exhaustion of the
Primordial Follicle Pool

In mammals, primordial germ cells (PGCs) migrate early in embryonic develop-
ment to colonise the naive gonad where they differentiate to become oogonia.
Folliculogenesis begins with recruitment of somatic pre-granulosa cells to the
oocyte to form the primordial follicle (Fig. 1) (Dickinson et al. 2010). In rodents
and lagomorphs, synchronous primordial follicle formation occurs during the first

Fig. 1 Photomicrographs depicting the architecture and classification of ovarian follicles during
folliculogenesis (a) primordial follicles; quiescent oocytes surrounded by a single layer of squa-
mous granulosa cells, (b) primary follicle; primary oocytes characterised by a single layer of
cuboidal granulosa cells, (¢) secondary follicle; enlarged oocytes surrounded by a second layer of
granulosa cells and marked by the acquisition of a thecal cell layer surrounding the follicle,
(d) pre-antral follicle; large oocytes surrounded by multiple layers of granulosa cells, (e) antral
follicle; mature follicle characterised by the presence of a fluid filled cavity within the granulosa
cell layer known as an antrum, (f) atretic follicle; degenerated follicles found at all stages of
follicular development characterised by “detached” granulosa cells and apoptotic oocytes
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few days and weeks of early post natal life (Hutt and Albertini 2006; Pedersen and
Peters 1968). In contrast, in livestock and primates including the human, follicle
formation and activation occur asynchronously during foetal life (Lintern-Moore
etal. 1974; Wandji et al. 1996), resulting in ovaries at birth containing both growing
pre-antral and early antral follicles in the neonatal ovary (Picton et al. 1998).

Endocrine mechanisms are thought to trigger primordial follicle formation and
these are mediated by the maternal hormonal milieu. High levels of maternal
oestrogen in the foetal ovary act to maintain intact germline nests and the subsequent
decrease of oestrogen and progesterone allows follicle formation (Chen et al. 2007,
2009; Nilsson et al. 2006; Nilsson and Skinner 2009; Pepling et al. 2009). Similarly, a
progesterone and oestrogen endocrine-based mechanism of primordial follicle acti-
vation has been postulated as both hormones act in in vitro culture experiments to
decrease primordial follicle recruitment during the first wave of folliculogenesis in
rodents (Kezele and Skinner 2003). Multiple perinatal mechanisms establish the size
of the primordial follicle reserve with follicle loss resulting from apoptotic germ cell
loss, substantial autophagy and ovarian morphogenesis comprising active extrusion
of non-apoptotic germ cells, all resulting in substantial depletion of the follicle
population (Rodrigues et al. 2009). As progesterone and oestrogen levels have
been noted to drop in bovine and primate foetal ovaries during mid to late gestation
coincident with follicle assembly and growth initiation, this further implicates a
steroid-based negative regulatory mechanism (Kezele and Skinner 2003; Nilsson
and Skinner 2009; Yang and Fortune 2008). Interestingly, earlier studies indicate that
there are increased populations of pre-antral and antral follicles in juvenile oestro-
gen-deficient aromatase knockout (ArKO) mice, also supporting the notion that
primordial follicle activation is dependent on a decline in oestrogen levels (Britt
et al. 2004). Furthermore, diethylstilbestrol inhibits follicle formation and develop-
ment in neonatal mouse ovaries in vitro, by acting through oestrogen receptor alpha
(EPa) (Kim et al. 2009a, b). Latterly, the androgen, testosterone, has been demon-
strated to increase follicle activation in vitro (Yang et al. 2010) and extrapolating
from this observation is the hypothesis that excess intra-ovarian androgen is linked to
polycystic ovary syndrome (PCOS) (Yang et al. 2010).

In the primordial follicle, and throughout most of its subsequent growth and
development, the oocyte is arrested in prophase I of the first meiotic division
and only re-enters meiosis or germinal vesicle breakdown upon ovulation (Fig. 1)
(Pedersen 1969, 1970). The resting primordial follicles in the ovarian pool are
sequentially stimulated to activate and grow, at which point a majority become atretic
(Rodrigues et al. 2008; Tingen et al. 2009), with a small minority developing through
pre-antral and antral stages into mature Graffian follicles (McLaughlin and Mclver
2009; Skinner 2005) (see Fig. 1). Following activation, the rapidly enlarging oocyte
synthesises an acellular extracellular matrix, the zona pellucida, and this process is
supported by proliferating granulosa cells (Fig. 1). Finally, during antral follicle
development, the oocytes become meiotically competent (Zheng and Dean 2007).
A surge of luteinising hormone initiated just prior to ovulation resulting in nuclear
maturation, completion of the first meiotic division and first polar body extrusion,
then re-arrest in meiosis II at metaphase II (Hutt and Albertini 2007) (Fig. 1).
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Fig. 2 Ovarian cytokine and growth factor signalling factors involved in primordial follicle
recruitment. Abbreviations: SCF stem cell factor; leukaemia inhibitory factor; FGF fibroblast
growth factor; GDNF glial-derived neurotrophic factor; BMP bone morphogenic factor

In female mammals, the primary determinant of successful reproductive perfor-
mance is the initial size and then the controlled release of primordial follicles from
the resting pool (Maheshwari and Fowler 2008). Studies of total non-growing
ovarian follicle populations have determined that the rate of decline in quiescent
functional follicles in the adult ovary increases with age (Hansen et al. 2008).

So how does the ovary regulate primordial follicle population dynamics? Recently,
quantification of the relative spatial positions and inter-follicular distances between
the quiescent primordial follicles and growing pre-antral follicles in neonatal mouse
ovaries indicated that follicles were significantly less likely to have started growing
if they had one or more primordial follicles closely adjacent (Da Silva-Buttkus et al.
2009). This observation is consistent with the notion that primordial follicles may,
as has been previously hypothesised (McLaughlin and Mclver 2009), produce
diffusible factor(s) that inhibit neighbouring primordial follicles from activating
and initiating development (Adhikari and Liu 2009). Thus, the use of positive and
negative paracrine signalling mechanisms (Fig. 2) may allow the ovary to both
maintain an ovarian pool of follicles throughout the reproductive lifespan, while
providing a highly selected supply of functional oocytes for ovulation (Adhikari and
Liu 2009; Edson et al. 2009; McLaughlin and Mclver 2009).

3 Early Folliculogenesis: Roles of Cytokines, Chemokines,
Hormones and Growth Factors

Folliculogenesis in the mammalian ovary has been well characterised into
major morphologically distinct entities based on the size of the oocyte and
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number of granulosa cells (see Fig. 1) surrounding the oocyte (Pedersen and
Peters 1968). More generally these stages are classified as either pre-antral and
gonadotrophin independent, comprising the primordial, primary and secondary
follicles or the antral, gonadotrophin-dependent phase consisting of the antral,
pre-ovulatory, ovulatory follicles and the corpus luteum (see Fig. 1) (Pedersen
and Peters 1968; 1971). Studies of naturally occurring mutant mice, particularly
mice with Kit mutations (Geissler et al. 1981), were able to determine some of
the signalling cascades inherent to normal folliculogenesis (Hutt et al. 2006b).
Subsequently, large scale genomic and more recently proteomic approaches
have identified a number of paracrine and autocrine signalling pathways asso-
ciated with primordial follicle and pre-antral follicle development (Arraztoa
et al. 2005; Holt et al. 2006; Kezele et al. 2005b; Serafica et al. 2005; Wang
et al. 2009).

Key findings from these studies have included the identification of ligands and
their receptors localised in primordial follicles, which are implicated as key
regulators of the primordial to primary and secondary follicle transition as well as
atresia and maintenance of quiescence (see Figs. 2 and 4).

Intracellular signalling pathways initiated, via a wide range growth factors and
pleiotrophic cytokines, are known to activate mammalian primordial follicles in
mammalian ovarian explant culture systems. These include basic fibroblast
growth factor (FGF2) (Garor et al. 2009; Nilsson et al. 2001), vascular endothelial
growth factor A (VEGFA) (Artac et al. 2009; McFee et al. 2009), platelet-derived
growth factor (PDGF) (Nilsson et al. 2006), kit ligand/stem cell factor (KIT-L/
SCF) (Hutt et al. 2006b), leukaemia inhibitory factor (LIF) (Nilsson et al. 2002),
keratinocyte growth factor (KGF) (Kezele et al. 2005a), bone morphogenic
proteins (BMP 4 and 7) (Craig et al. 2007; Lee et al. 2001, 2004; Nilsson and
Skinner 2003), glial-derived neurotrophic factor (GDNF) (Dole et al. 2008) and
the neurotrophins (NGF, NT4, BDNF, NT3) (Dissen et al. 2002; Dole et al. 2008;
Nilsson et al. 2009; Paredes et al. 2004; Romero et al. 2002; Spears et al. 2003)
(see Fig. 2).

Repressors of follicle activation include anti-Miillerian hormone (AMH)
which, when added to ovarian explant cultures, inhibits the primordial to
primary follicle transition in rodents (Durlinger et al. 2002a). However, no
mouse model exists that supports this claim as over-expression of AMH
in vivo results in germ cell loss and ovarian degeneration (Behringer 1995;
Lyet et al. 1996) probably via activation of an AMHRII-mediated pathway
(Mishina et al. 1999). Interestingly, prolonged exposure to AMH initiates
follicle development in human ovarian explant cultures (Schmidt et al. 2005).
Recently, the chemoattractive chemokine SDF-1 (also known as CXCL-12) was
identified as second inhibitor of primordial follicle activation in vitro (Holt et al.
2006). Manipulating the primordial follicle pool remains an attractive method
of controlling female fertility though as yet no unique and most importantly
reversible contraceptive agent targeting primordial follicle activation has been
identified.
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4 Multiple Activator and Repressor Pathways Converge
to Regulate Activation of the Primordial Follicle

Numerous studies point to multiple stimulatory and negative pathways converging to
regulate the activation of the primordial follicle. In in vitro culture systems, large
numbers of primordial follicles spontaneously enter the growing pool — and treatment
with exogenous cytokines, chemokines, hormones and growth factors increases
(or decreases) the proportion of activated follicles. Notably treatment with antago-
nists or function blocking antibodies will also suppress but not abolish primordial
follicle activation indicating multiple possible redundant endogenous mechanisms
(Holt et al. 2006; Hutt et al. 2006b; Kezele et al. 2002; Nilsson et al. 2007).

Studies of null or mutated mice indicate that many of the ligands or their
receptors implicated in follicle activation are not essential (Dono et al. 1998;
Stewart et al. 1992). A recent example is the knock-in mutation (Kit YI9F ) mice,
which despite a complete abrogation of the PI3K pathway have normal folliculo-
genesis, ovarian morphology and are fertile (John et al. 2009).

In conclusion, multiple cytokine and growth factor-activated pathways must
undertake cross talk to produce an intracellular balance of positive and negative
signals, thus ensuring the long-term stability of quiescent primordial follicles, with
the release of selected oocytes from repression into the growing population from
this precious and finite resource. Targeting the intracellular pathways activated by
these pleiotrophic cytokines/growth factors is an attractive prospect as a mechanism
to influence follicle growth. Great strides have been made in the past 5 years in the
characterisation of these pathways and the development of primordial follicle-
specific contraceptive pharmacological agents is now a very real possibility.

5 Intracellular Signalling in Oocytes and Pregranulosa
Cells in Primordial Follicles

A member of the forkhead transcription family FoxO3a is a central player in the
pathway(s) implicated in primordial follicle activation (Fig. 3). FoxO3a is a well-
characterised regulator of embryogenesis, tumorigenesis and the maintenance of
differentiated cell states through direction of key cellular processes such as stress
responses, cell cycle arrest and programmed cell death (Hosaka et al. 2004;
Kaufmann and Knochel 1996).

FoxO3a null mice suffer from a lack of primordial follicles in early neonatal life
coupled with increased numbers of growing follicles and a subsequent increase in
oocyte degeneration of newly growing follicles (Castrillon et al. 2003; Hosaka
et al. 2004). Localised initially to granulosa cells (Richards et al. 2002), FoxO3a
was thought to mediate its suppressive effects on primordial oocyte recruitment
by increasing the expression in the oocyte of a cell cycle inhibitor, p27kipl
(or Cdknl1b), whilst concurrently decreasing cyclin D1 and D2 expression, thereby
arresting the cell cycle (Brenkman and Burgering 2003) (Fig. 3). However,
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characterisation of the p27kipl deficient mouse revealed accelerated postnatal
follicle assembly and a vast increase in the founding primordial follicle population,
which then underwent premature activation (Rajareddy et al. 2007). Consequently,
it was established that p27kipl controls oocyte development by suppressing the
functions of Cdk2/Cdc2-Cyclin A/E1 in the diplotene arrested oocytes (Rajareddy
et al. 2007), while simultaneously activating a caspase-mediated apoptotic cascade,
thus also inducing follicle atresia (Rajareddy et al. 2007).

6 Signal Transduction: The Phosphatidylinositol 3-Kinase
(PI3K) and the mTOR Pathways

Akt (Protein Kinase B) signalling was predicted to be activated via extracellular
receptor tyrosine kinase (RTK) signalling pathways that regulate the phosphory-
lation control of FoxO3a inactivation via nuclear exclusion (Junger et al. 2003).
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The use of multiple germ cell-specific knockout mice indicates that extracellular
signals transduced through the PI3K (phosphatidylinositol 3-kinase) pathway
(Reddy et al. 2005) are fundamentally important for the regulation of early follicular
development (Liu et al. 2006) (Fig. 3). The majority of the constituents of one PI3K
pathway, including GSK-3a and GSK-3p, Akt, Foxo3a, (Liu et al. 2007b), FoxO3a
and p27kipl (Rajareddy et al. 2007) have been demonstrated to be present in
growing mouse oocytes. It was proposed that stimulation of the PIK3 pathway
through an RTK (possibly c-kit though not exclusively) (see John et al. 2009)
results in the phosphorylation and functional suppression of FoxO3a and thus
the release of quiescent oocytes into a state of active growth and development
(Liu et al. 2007a). This hypothesis was supported by evidence that FoxO3a is
capable of both suppressing BMP15, connexin 37 and connexin 43 production in
mouse oocytes (Fig. 3), important factors in oocyte-granulosa and inter-granulosa
cell communications, and also to up-regulate expression of p27 in the oocyte
nucleus, ultimately resulting in the suppression of oocyte growth and follicular
activation (Liu et al. 2006).

Phenotypic analysis of a null mouse with an oocyte-specific conditional knock-
out of Pten (phosphatase and tensin homolog deleted on chromosome 10), a major
negative regulator of PI3K (phosphatidylinositol 3-kinase) revealed the entire
primordial follicle pool becomes activated and all primordial follicles become
depleted in early adulthood, causing premature ovarian failure (Fig. 3). The authors
concluded that the oocyte Pten-PI3K pathway governs follicle activation through
control of the initiation of oocyte growth (Reddy et al. 2008) (see Fig. 3). This was
subsequently confirmed with the development of an oocyte-specific inducible
[Vasa-Cre(ERT2)] conditional knock-out mouse (John et al. 2008). Using this
model, targeted ablation of Pten was shown to activate the PI3K/Akt pathway
leading to hyperphosphorylation of Foxo3 and primordial follicle activation. More-
over, Foxo 3 was shown to control primordial follicle activation via a nucleocyto-
plasmic shuttling mechanism; the phosphorylation of this transcription factor
catalysing its movement from the nucleus to the cytoplasm.

More recent studies of Aktl null females indicate that they have both reduced
fertility and abnormal oestrous cyclicity (Brown et al. 2009). In early postnatal life,
Aktl null ovaries display abnormal folliculogenesis and this is followed in early
adulthood by a significant decrease in the primordial follicle population (Brown
et al. 2009), reinforcing the notion that the PI3K/Akt pathway is critical for
primordial follicle development.

Subsequent to their studies of the Pten null mouse, another member of the PI3K
pathway, 3-phosphoinositide-dependent protein kinase-1 (Pdpkl), was implicated
in follicle activation (Fig. 3). In stage-specific Pdpkl null mice, the majority of
primordial follicles were depleted prematurely, causing ovarian failure by early
adulthood (Jagarlamudi et al. 2009; Reddy et al. 2009). This outcome was linked to
the suppression of Pdpkl— p70 S6 kinase 1 (S6K1)-ribosomal protein S6 (rpS6)
signalling (Jagarlamudi et al. 2009; Reddy et al. 2009), thus continuing to implicate
the PI3K/Pten/Pdpk1 signalling pathway as central to the molecular oocyte network
that controls the primordial follicle population. Thus, reproductive ageing in
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females appears fundamentally linked to the dysregulation of this signalling path-
way in oocytes resulting in subfertility and premature ovarian failure.

A second pathway appears to function synergistically with the PI3K—Pten
network described above. Oocyte-specific deletion of a negative regulator of Target
of Rapamycin Complex 1 (mtorcl), tumour suppressor tuberous sclerosis complex
1 (Tscl), results in the premature activation of the entire pool of primordial follicles
and follicular depletion in early adulthood, causing premature ovarian failure
(Adhikari et al. 2010). Not surprisingly, oocyte-specific tumour suppressor tuberous
sclerosis complex 2 (Tsc2), which also negatively regulates (mtorcl), also func-
tions to maintain the primordial follicle population in quiescence (Adhikari et al.
2009). As described for Tscl null mice, the absence of the Tsc2 gene in oocytes
results in a phenotype in which the primordial follicles are prematurely activated
and depletion of follicles in early adulthood, causing premature ovarian failure
(Fig. 3). These findings’ results suggest that the Tsc1-Tsc2 complex is required to
establish the quiescent state of primordial follicles via suppression of mtorcl
activity and that activation of the primordial follicle is dependent on mtorc1 activity
in oocytes (Adhikari et al. 2009).

Supporting somatic cell lineages also play a major role in controlling and
nurturing primordial follicle activation and development. A key example is the
forkhead transcription factor Fox12, as mutations in the FOXL2 gene are associated
with ovarian failure in both humans and mice (Duffin et al. 2009; Uda et al. 2004).
FoxI12-deficient mice display major defects in primordial follicle activation with
consequent follicle loss. In addition, roles in gonadal development and sex deter-
mination have also been suggested (Uda et al. 2004). Features of Fox12 null animals
point towards a new mechanism of premature ovarian failure, with all major
somatic cell lineages failing to develop around growing oocytes from the time of
primordial follicle formation (Uda et al. 2004).

7 Promoting and Regulating Early Follicle Growth
and Development

Many members of the TGFf superfamily act as paracrine growth factors and are
expressed by both ovarian somatic cells and oocytes in a developmental-stage
specific manner. A well characterised marker of ovarian follicular reserve is
AMH - originally identified in Sertoli cells of the foetal testis and known to
promote the regression of the Miillerian ducts during differentiation of the male
reproductive tract (Munsterberg and Lovell-Badge 1991). AMH is also expressed in
ovarian granulosa cells (Durlinger et al. 1999) and as outlined above both acts as an
inhibitor of the initiation of primordial follicle growth and decreases the sensitivity
of follicles to the FSH-dependent selection for dominance in both mice (Visser and
Themmen 2005) and humans (Dumesic et al. 2009).

During folliculogenesis, AMH expression is initiated in the granulosa cells of
primary follicles, peaks in granulosa cells of pre-antral and small antral follicles and
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gradually diminishes in pre-ovulatory follicles (Dumesic et al. 2009; Durlinger et al.
2002b; Visser and Themmen 2005). This continued expression of AMH until the
antral stage indicates a continual function in folliculogenesis beyond inhibiting the
initiation of primordial follicle growth (Fig. 4). AMH inhibits FSH-stimulated
follicle growth in both the mouse and human, suggesting that AMH is one of the
factors determining the sensitivity of ovarian follicles for FSH (Durlinger et al. 2001)
and is therefore a dominant regulator of early follicle growth (Dumesic et al. 2009).

In mammals, FSH also acts as the predominant survival factor for selected antral
follicles, preventing the spontaneous onset of follicular apoptosis. Within this
subpopulation, the follicles with the highest FSH sensitivity become dominant and
continue to develop into Graffian follicles. On the other hand, AMH inhibition of
FSH follicle sensitivity may play a role in antral follicle selection (McGee and
Hsueh 2000; Durlinger et al. 2001). On binding to AMH receptors located on the
granulosa cells of small pre-antral follicles (Fig. 4), AMH signalling activates
SMAD transcriptional regulators which reduce LH receptor expression, leading to
a decrease in aromatase (Diclemente et al. 1994) and therefore oestradiol levels
(Andersen and Byskov 2006) and reduced FSH sensitivity (Kevenaar et al. 2007a, b).

Recent studies in normo-ovulatory women have indicated that serum AMH
levels decrease with age in pre-menopausal women (de Vet et al. 2002), and that
there is a direct correlation between serum AMH levels and antral follicle number
(van Rooij et al. 2002), thus reflecting the size of the primordial follicle pool
(Fig. 4). Therefore, AMH levels can be used to indicate ovarian follicle reserve
(Visser et al. 2006) and to determine treatment strategies for women undergoing
assisted conception (Macklon et al. 2006; Nelson et al. 2007, 2009).

Given that AMH plays important roles in both primordial follicle activation and
antral follicle selection, it is a tempting target for a contraceptive agent. One
possible avenue involves the use of recombinant AMH, or AMH agonists and/or
antagonists for the long-term control of female fertility. In the case of contracep-
tion, the use of recombinant AMH and/or agonists that mimic the endogenous
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growth factor could be used to halt primordial follicle recruitment, augmenting or
providing an alternative form of hormonal contraceptive with the added benefit of
possibly preserving the primordial follicle pool and therefore prolonging the repro-
ductive life cycle. Indeed, advancements in recombinant technology have allowed
the production of bio-activated AMH, which could possibly be used in such a role
(Weenen et al. 2004).

GDF9, an oocyte-specific member (McGrath et al. 1995) of the growth and
differentiation subfamily of TGF[ growth factors and it’s receptor, bone morpho-
genic receptor type II, are expressed in rodent and human primary follicle stage
oocytes and granulosa cells (Aaltonen et al. 1999; Hayashi et al. 1999), suggesting a
role in paracrine signalling within the follicular microenvironment (Vitt et al.
2002). GDF9 has been shown to be essential for the development of primary
follicles (Juengel et al. 2004), plays a crucial role in somatic ovarian cell develop-
ment (Hreinsson et al. 2002) and is a key regulator of normal cumulus cell function
(Gilchrist et al. 2008; Su et al. 2004) (Fig. 4).

GDF9 null mice have abnormal primary follicles which fail to develop beyond
the primary stage, are unable to form a theca, and have impaired meiotic compe-
tence (Dong et al. 1996; Yan et al. 2001). In addition, in vitro cultures of ovarian
tissue supplemented by GDF9 in both rats and humans enhance the progression of
early to late stage primary follicles (Hreinsson et al. 2002; Nilsson and Skinner
2002). Interestingly, the abnormal follicles seen in GDF9 null mice consist of
enlarged oocytes surrounded by a single layer of cuboidal granulosa cells. While
these granulosa cells are typical of primary follicles, ultrastructural analysis of
oocytes obtained from GDF9 null mice revealed that these oocytes had progressed
to advanced stages of differentiation and were capable of resuming meiosis after
in vitro maturation (Carabatsos et al. 1998). GDF9 signalling is also required for
pre-antral follicle growth and ovulation (Elvin et al. 1999b) (Fig. 4), and GDF9
expression has been detected in the oocytes of both murine and human antral
follicles (Elvin et al. 1999b; Gilchrist et al. 2004; Hreinsson et al. 2002). Culture
of rat granulosa cells isolated from antral follicles has shown that GDF9 stimulates
proliferation, but also suppresses FSH-induced granulosa cell differentiation, as
indicated by lower progesterone and oestradiol levels with attenuated LH receptor
formation (Vitt et al. 2000; Yamamoto et al. 2002). These results suggest that GDF9
may regulate antral follicle development by ensuring continued granulosa cell
proliferation and preventing premature luteinisation (Fig. 4).

In addition to its proposed role in ensuring antral follicle development, GDF9
has also been implicated in ensuring pre-antral follicular survival by suppressing
granulosa cell apoptosis and inducing thecal cell androgen production. In a recent
study by Orisaka et al. down regulation of GDF9 expression in cultured rat
granulosa cells led to a subsequent increase in caspase-3 activation and granulosa
apoptosis (Orisaka et al. 2006). GDF9 was also capable of preventing ceramide
induced apoptosis in granulosa cells cultured from pre-antral follicles, but had no
affect on pre-ovulatory follicles (Orisaka et al. 2006). Studies involving double
mutant GDF9 and inhibin-o knockouts have also shown GDF9 is required to induce
theca cell differentiation, as indicated by the formation of theca-like cells in
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developing follicles lacking thecal cell-specific markers Cypl7al and LH receptor
(Wu et al. 2004). This observation is supported by a number of in vitro studies,
which have demonstrated that GDF9 increases androgen production, Cypl7al and
c-kit expression in rat pre-antral follicles (Elvin et al. 1999b; Orisaka et al. 2009;
Solovyeva et al. 2000).

Further studies have shown GDF9 signalling is also essential for cumulus
development and metabolism (Elvin et al. 1999a; Su et al. 2008, 2009). During
ovulation, GDF9 induces cumulus cell expansion, a process associated with the
intricate association of cumulus cells with the oocyte throughout the ovulatory
process and subsequent fertilisation. This process is essential, as it protects the
oocytes during follicular extrusion,and assists fertilisation. Treatment of isolated
granulosa cells in vitro with recombinant GDF9 has been shown to influence the
expression of a suite of genes involved in cumulus cell expansion (HAS2, COX-2,
StAR, uPA and LHR) and induce the same process in oocytectomised cumulus cell-
oocyte complexes in vitro (Elvin et al. 1999b). These results are also supported by
RNAI studies which show that selective knockdown of GDF9 in mature mouse
oocytes reduces cumulus expansion in vitro (Gui and Joyce 2005).

GDPF9 is also a viable target for a contraceptive agent due to its essential
requirement for oocyte maturation. Immunocontraceptive studies in sheep have
found that antisera generated against peptides corresponding to the first 1-15 amino
acid residues on the N-terminus of GDF9 cause anovulation in ewes following
primary and single booster vaccinations (McNatty et al. 2007). This raises the
possibility of inhibitory/antisense compounds which target the N-terminus of
GDF9 being used as potential human contraceptives in the near future.

Bone Morphogenic Proteins (BMPs) are the largest group of multifunctional
growth factor cytokines belonging to the TGF[} superfamily. BMPs are expressed in
numerous cell types and tissues and are involved in a wide variety of biological
processes including mesoderm patterning, neurogenesis, bone formation and angio-
genesis (David et al. 2009; Furtado et al. 2008; Morikawa et al. 2009; Xiao et al.
2007). First reported in mammalian ovary development in 1999, a whole host of
BMPs have subsequently been identified in the oocyte, granulosa and thecal cells of
the ovarian follicle (Knight and Glister 2006; Shimasaki et al. 2003).

BMP15 expression remains constant throughout folliculogenesis, being detected
initially in oocytes and granulosa cells in the primordial follicle stage in the human
ovary (Aaltonen et al. 1999; Margulis et al. 2008; Teixeira Filho et al. 2002), in
primary follicle stage oocytes in the mouse (Dube et al. 1998) and in primordial
follicle stage oocytes in the sheep (McNatty et al. 2001) suggesting a species-
specific role for BMP15 (Fig. 4).

Knockout studies conducted in the mouse have shown females lacking a func-
tional BMP15 gene are sub-fertile, due to impaired ovulation and fertilisation (Yan
et al. 2001). Sheep with homologous point mutations corresponding to the chromo-
somal location of BMP15 are infertile, with follicular development beyond the
primary stage being impaired (Galloway et al. 2000; Hanrahan et al. 2004). In
humans, studies have led to the discovery of various missense mutations and
polymorphisms in the BMP15 gene, which have all been associated with primary
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and secondary amenorrhea (Di Pasquale et al. 2004, 2006). Interestingly, these
mutations were described as having a similar phenotype to sheep with BMP15
homologous point mutations, with impaired follicular development beyond the
primary stage (Di Pasquale et al. 2004; Galloway et al. 2000). When combined,
these studies suggest that BMP15 may play a “curtailing” role in the transition of
primary to secondary follicles during human folliculogenesis (Fig. 4).

In terms of BMP15’s mechanism of action, follow-up in vitro experiments on
isolated human granulosa cells have shown that treatment with recombinant BMP-
15 in culture stimulates granulosa cell growth, while treatment with recombinant
“mutant” BMP15 had no effect (Di Pasquale et al. 2004). This advocates that BMP-
15 may exert its effect on follicular development by stimulating granulosa cell
proliferation at the primary stage. Interestingly, co-culture with both recombinant
wild type and mutant BMP15 had no effect on granulosa growth, suggesting an
antagonistic effect (Di Pasquale et al. 2004) (Fig. 4).

As well as its role in the transition of primary to secondary follicles, BMP15 has
also been implicated in the suppression of FSH-induced progesterone synthesis in
rat and ruminants, and the stimulation of cumulus cell expansion and metabolism in
the mouse (McNatty et al. 2005; Yoshino et al. 2006; Sugiura et al. 2007). Although
BMP15 has been found to play varying roles beyond primary follicle growth, given
the species-specific nature of BMP15’s function, and the lack of analogous studies,
it is unknown whether human BMP15 mimics any of these reported functions.

A recent study into the expression of BMP15 in human oocyte and cumulus
granulosa cells has mapped BMP15 expression in pre-ovulatory stage oocytes and
pre-ovulatory/ovulatory stage cumulus cells (Chen et al. 2009). BMP15 expression
was found to increase significantly during late stage pre-ovulatory oocytes,
suggesting a role for BMP15 in the final stages of oogenesis (Fig. 4). Additionally,
the level of BMP15 significantly decreased in cumulus cells surrounding ovulatory
oocytes compared with those surrounding pre-ovulatory oocytes. This decreased
level of BMP15 in cumulus cells after oocyte maturation, coupled with the fact that
BMP15 suppresses progesterone synthesis in mammalian models and is involved in
human granulosa cell growth, suggests that this protein has the ability to act as an
inhibitor of the premature luteinisation of cumulus cells (Chen et al. 2009; Di
Pasquale et al. 2004; Gilchrist et al. 2008; McNatty et al. 2005; Otsuka et al. 2001).

BMPI5 is an autosomal homologue of GDF9, both of which are expressed from
a very early stage of follicular growth and play key roles in promoting follicular
growth beyond the primary stage (Di Pasquale et al. 2004; Dong et al. 1996;
Galloway et al. 2000) (Fig. 4). BMP15 and GDF9 have also been shown to act
synergistically in mice during development of the oocyte-cumulus cell complex
(Yan et al. 2001). In terms of fertility regulation, BMP15 immunisation studies in
sheep have found that both active and passive immunisations are able to influence
the biological activity of BMP15 in ewes (Juengel et al. 2002). Furthermore, recent
immunocontraceptive studies in sheep have found that antisera generated against
peptides corresponding to the first 1-15 amino acid residues on the N-terminus of
BMP15 cause anovulation in ewes following primary and single booster vaccina-
tions (McNatty et al. 2007). This raises the possibility of inhibitory/antisense
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compounds which target the N-terminus of BMP15 being used as potential contra-
ceptives in the near future. Another novel concept for a BMP15-based contracep-
tive agent involves the use of recombinant BMP15 mutants as potential antagonists.
As described above, in vitro experiments using a mutant recombinant protein
(BMP15Y235C) showed that the mutant BMP15 was able to antagonise the stimula-
tory effects wild-type BMP15 on granulosa cell growth (Di Pasquale et al. 2004).
Additionally, in the study through which this mutation was identified, the women
who are heterozygous carriers of the Y235C mutation are infertile, with an impaired
follicular phenotype. Therefore, the Y235C mutation may antagonise wild-type
BMP1I5 in vivo (Di Pasquale et al. 2004) and underpin development of a BMP15
antagonist, or recombinant BMP15Y>*°¢ as a possible contraceptive.

In a recent paper by McMahon et al., recombinant human BMP15 and GDF9
were shown to undergo phosphorylation, and that this phosphorylation was required
for normal bioactivity (McMahon et al. 2008). This study is novel, in that it is the
first to report any member of the TGFf superfamily as phosphoproteins. More
interesting though was the fact that dephosphorylated BMP15 and GDF were
capable of antagonising their wild-type counterparts by competitively binding to
BMP receptors and failing to induce the BMP/Smad pathway (McMahon et al.
2008). These results raise the interesting possibility of using phosphorylation as a
method of BMP15 and GDF9 regulation in the context of fertility control. The use
of modified recombinant BMP15 and GDF9 incapable of undergoing phosphoryla-
tion could also be theoretically used as potential antagonists, and therefore as
possible contraceptives.

8 Conclusions

Recent improvements in our understanding of the intracellular signalling systems,
such as the PI3K and Tscl pathways, that control maintenance of the primordial
follicle population and transduce the as yet elusive extracellular signals necessary
for primordial follicle activation, have significant implications for the design of
new contraceptive agents for women. As primordial follicle activation requires
close communication between oocyte and somatic cells and many cytokine and
chemokine factors have a clearly demonstrated role in releasing oocytes into the
growing pool, then if the trigger is oocyte generated, an early response must include
suppression of FOXO3A and mTORC activity and ultimately regulation of the
“folliculogenesis clock” (Matzuk et al. 2002). Once activated to grow, the oocyte
orchestrates and coordinates the development of mammalian ovarian follicles, the
rate of follicle development being controlled by the oocyte (Eppig et al. 2002).
Importantly, we are also beginning to elucidate those pathways activated by
members of the TGFP superfamily that regulate and support oocyte development.
Pharmacological inhibition of these signalling pathways may hold the key develop-
ment of non-steroidal ovarian contraceptives for the twenty-first century.
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Abstract

The mammalian female reproductive lifespan is largely defined by a finite pool of ovarian
follicles established around the time of birth. It is now understood that certain synthetic
chemical compounds, known as xenobiotics, can cause premature ovarian senescence through
the destruction of small ovarian follicles. Although the ovotoxic effects of these chemicals
are well documented, the exact molecular mechanisms behind their action are only just
becoming understood. Recent evidence suggests that bioactivation of xenobiotics by Phase |
detoxifying enzymes may lead to the generation of free oxygen radicals (ROS), which we
suspect may perturb intracellular signalling pathways in primordial follicles. In this study we
attempted to identify ovarian follicle signalling pathways activated by xenobiotic exposure
using ovotoxic agents which target immature follicles. Neonatal ovaries obtained from 3/4-
day old Swiss mice were exposed to either 4-Vinylcyclohexene (25uM), Methoxychlor
(25uM) or Menadione (5uM) for 96hrs using our in vitro culture system. Total RNA was
then collected and analysed using Affymetrix Mouse Genome 430 2.0 Arrays. Bioinformatic
analysis identified between ~500-1000 genes with a two-fold significant difference in gene
expression (p<0.05) for each xenobiotic compared to the control. Differentially expressed
genes were analysed for pathways and molecular functions using Ingenuity Pathways
Analysis (Ingenuity Systems). In agreement with the current literature, many of the genes
belonged to toxic response pathways, such as; Xenobiotic metabolism (10); p53 (15) and
Apoptosis (11) signalling. However, the vast majority of the differentially expressed genes
belonged to canonical pathways implicated in follicular development, such as PI3K/AKT
(18), Wnt/ b -catenin (21), and JAK/Stat (8) signalling. Further gPCR analysis has confirmed
a substantial increase in the transcription factor Sox4 and cell cycle inhibitor Cdkn2a in 4-

Vinylcyclohexene and Menadione treated ovaries respectively. These results suggest that
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xenobiotics which target primordial follicles may exert part of their ovotoxic effects by

perturbing signalling pathways involved in follicular activation and development.

A.2.2. Xenobiotics; Influence on long term oocyte viability
V. Pye1, A. P. Sobinoffi, B. Nixoni,2, S. D. Romani,2, E. A. McLaughlinz,2

1 School of Environmental and Life Sciences, The University of Newcastle, Callaghan, NSW,
Australia
2 The ARC Centre of Excellence in Biotechnology and Development, The University of

Newcastle, Callaghan, NSW, Australia
Abstract

Mammalian females are born with a finite number of non-renewing primordial follicles, the
majority of which can remain in a quiescent state for many years. Due to their non-renewing
nature, these “resting” oocytes are particularly vulnerable to environmental and toxic insults,
especially those which are capable of inducing oxidative stress. Recent evidence suggests that
certain synthetic chemical compounds, known as xenobiotics, have the potential to generate
oxidative stress through the production of free oxygen radicals as a byproduct of the cell’s
detoxification process. Given the redox sensitive nature of the mammalian oocyte, xenobiotic
exposure has been hypothesized to have long term adverse effects on oocyte viability. In this
study, we attempted to identify the effects of short term xenobiotic exposure on long term
oocyte viability. Female Swiss neonatal mice (day 4) were administered 7 daily consecutive
doses of 4-Vinylcyclohexene diepoxide (40mg/kg/daily; 80mg/kg/daily) Methoxychlor
(50mg/kg/daily; 100mg/kg/daily) or Menadione (7.5mg/kg/daily; 15mg/kg/daily). Mice were
superovulated at 6wks and their oocytes collected for sperm-egg fusion assays. Sperm-egg
fusion assays revealed a significant decrease in sperm egg binding/fusion (p<0.05) in a dose
dependent manner for all three xenobiotic treatments in vivo, signifying a decrease in oocyte
membrane fluidity. Follow-up lipid peroxidation analysis on xenobiotic cultured oocytes also
showed a dose dependent increase in membrane lipid peroxidation in response to xenobiotic
exposure. These results suggest that short term xenobiotic exposure can cause long term
oocyte dysfunction, possibly interfering with the fluidity and/or elasticity of the oocyte

plasma membrane through lipid peroxidation.
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A.2.3. Consistent mechanism of primordial follicle

activation in neonatal mouse ovotoxicity
A. P. Sobinoff 1, V. Pye1, B. Nixon1,2, S. D. Romani,2, E. A. McLaughlinz,2
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Australia

2 The ARC Centre of Excellence in Biotechnology and Development, The University of
Newcastle, Callaghan, NSW, Australia

Abstract

The mammalian female reproductive lifespan is largely defined by a finite pool of primordial
follicles established around the time of birth. Overall, <1% of these follicles are destined for
ovulation, with the vast majority being lost during development in a process called atresia.
While atresia is a normal physiological process, it is now well documented that it can be
triggered through exposure to certain synthetic chemical compounds, known as xenobiotics,
causing premature ovarian senescence. In addition to follicular atresia, new evidence suggests
that aberrant follicular activation may play a role in the xenobiotic ovotoxicity. In this study
we attempted to identify similarities between the mechanisms of ovotoxicity for three
ovotoxic agents, 4-Vinylcyclohexene Diepoxide (VCD), Methoxychlor (MXC), and
Menadione (MEN), which target immature follicles. Microarray analysis of neonatal mouse
ovaries exposed to these xenobiotics in vitro revealed a more than two-fold significant
difference in gene expression (p<0.05) for a number of genes associated with apoptotic cell
death and primordial follicle activation. Follow-up gPCR analysis on VCD and MXC
cultured ovaries confirmed an increase in expression for Aktl (5.8, 6 fold), Akt2 (2.9, 1.5
fold), and Ccnd2 (5.3, 6 fold), all three of which are involved in follicular development.
Histomorphological and immunohistological analysis supported the microarray data, showing
signs of primordial follicle activation and pre-antral follicle atresia in vitro and in vivo. These
results indicate a consistent mechanism of primordial follicle activation in pre-antral

ovotoxicity for all three xenobiotics.
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A.2.4. Short term xenobiotic exposure compromises long

term oocyte viability
A. P. Sobinoff 1, V. Pye1, B. Nixon1,2, S. D. Romani,2, E. A. McLaughlinz,2
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Abstract

Mammalian females are born with a finite number of non-renewing primordial follicles, the
majority of which remain in a quiescent state for many years. These oocyte containing
follicles serve as the primary source of all developing follicles in the ovary, and cannot be
regenerated post fetal development. Due to their non-renewing nature, these “resting” oocytes
are particularly vulnerable to xenobiotic insult, especially those which are capable of
inducing oxidative stress. Recent evidence suggests that certain synthetic chemical
compounds, known as xenobiotics, have the potential to generate oxidative stress through the
production of free oxygen radicals as a byproduct of the cell’s detoxification process. Given
the redox sensitive nature of the mammalian oocyte, Xxenobiotic exposure has been
hypothesized to have long term adverse effects on oocyte viability. In this study, we
attempted to identify the effects of short term xenobiotic exposure on long term oocyte
viability. Female Swiss neonatal mice (day 4) were administered 7 daily consecutive doses of
4-Vinylcyclohexene diepoxide (40mg/kg/daily; 80mg/kg/daily) Methoxychlor
(50mg/kg/daily; 100mg/kg/daily) or Menadione (7.5mg/kg/daily; 15mg/kg/daily). Mice were
superovulated at 6wks and their oocytes collected for sperm-egg fusion assays. Sperm-egg
fusion assays revealed a significant decrease in sperm egg binding/fusion (p<0.05) in a dose
dependent manner for all three xenobiotic treatments in vivo, signifying a decrease in oocyte
membrane fluidity. Follow-up lipid peroxidation analysis on xenobiotic cultured oocytes also
showed a dose dependent increase in membrane lipid peroxidation in response to xenobiotic
exposure. These results provide some of the first evidence of short term xenobiotic exposure
causing long term oocyte dysfunction, possibly interfering with the fluidity and/or elasticity

of the oocyte plasma membrane through lipid peroxidation.
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A.2.5. Evidence of selective follicular destruction and

primordial follicle activation in DMBA induced ovotoxicity
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Abstract

7,12-dimethylbenz-[a]anthracene (DMBA) is an environmental xenobiotic which has a potent
ovotoxic affect on rat and mouse ovaries, causing complete follicular depletion resulting in
pre-mature ovarian failure (POF). In order to define the molecular mechanisms behind
DMBA induced ovotoxicity, we cultured neonatal mouse ovaries in DMBA (50nM) for 4
days and examined its affects on the ovarian transcriptome. Microarray analysis revealed 98
genes were significantly up-regulated >2-fold (p<0.05) in response to DMBA exposure, with
bioinformatics analysis linking these genes to ovarian signalling pathways associated with
follicular growth (mTOR, ILK, VEGF signalling) and atresia (p53 signalling, protein
ubiquitination). Validation of our microarray data via qPCR confirmed the up-regulation of
several genes, including Cdknla (3.77 fold), Ddx5 (1.71 fold), Hspa8 (1.93 fold), Dnaja6
(2.85 fold), and Ccndl (5.82 fold). Histomorphological and immunohistological analysis
supported the microarray data, showing signs of primordial follicle activation and pre-antral
follicle atresia in vitro and in vivo. Further immunohistological analysis identified a
significant increase (p<0.05) in Aktl phosphorylation, mTOR activation, and FOXO3a
repression in DMBA treated primordial follicle oocytes, events known to be intimately
associated with primordial follicle activation. Our results reveal a novel mechanism of
DMBA induced pre-antral ovotoxicity involving selective immature follicle destruction and
primordial follicle activation, possibly involving downstream members of the PI3K/Akt and

mTOR signalling pathways.
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A.2.6. Neonatal xenobiotic exposure compromises adult
oocyte viability
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Australia
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Abstract

The irreplaceable primordial follicle represents the basic unit of female fertility, serving as
the primary source of all developing oocytes in the ovary. Unfortunately, these non-renewing
oocytes are particularly vulnerable to xenobiotic insult, with recent evidence suggesting
exposure results in oxidative stress. Given the redox sensitive nature of the mammalian
oocyte, xenobiotic exposure has been hypothesized to have long term adverse effects on
oocyte viability. In this study, we attempted to identify the effects of short term xenobiotic
exposure on long term oocyte viability. Female Swiss neonatal mice (day 4) were
administered 7 daily consecutive doses of 4-Vinylcyclohexene diepoxide (40mg/kg/daily;
80mg/kg/daily)  Methoxychlor  (50mg/kg/daily;  100mg/kg/daily) or  Menadione
(7.5mg/kg/daily; 15mg/kg/daily). Mice were superovulated at 6wks and their oocytes
collected for analysis. Sperm-egg fusion assays revealed a significant decrease in sperm egg
binding/fusion (p<0.05) in a dose dependent manner for all three xenobiotic treatments in
vivo, signifying a decrease in oocyte membrane fluidity. Lipid peroxidation analysis
confirmed this observation, demonstrating a dose dependent increase in membrane lipid
peroxidation in response to xenobiotic exposure. Finally, we detected significantly increased
levels of mitochondrial ROS (p<0.05) in all three xenobiotic treatments in vivo. These results
suggest that short term xenobiotic exposure can cause long term oocyte dysfunction, possibly
through increased mitochondrial ROS production interfering with the fluidity and/or elasticity

of the oocyte plasma membrane via lipid peroxidation.
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B.1. Adding Insult to Injury; Effects of
Xenobiotic-Induced Preantral Ovotoxicity on

Ovarian Development and Oocyte Fusibility
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sFigure 2. Ovarian cyp2E1 expression in xenobiotic cultured neonatal ovaries. (A) Ovarian Cyp2E1 protein
expression. Ovaries excised from neonatal mice (4 days old) were cultured in xenobiotic treated medium for 96
hours and processed for immunoblotting with polyclonal antibodies against cyp2E1 as described in the materials
and methods. (B) Ovarian Cyp2E1 mRNA expression. Total RNA was isolated from xenobiotic cultured
ovaries, reverse transcribed, and gPCR performed with primers specific for Cyp2E1 cDNA as described in the
materials and methods. Values are mean + SE. The symbols * represents p<0.05 in comparison with DMSO

control values.

DMSO vcD MXC MEN

8-hydroxyguanine

sFigure 3. Fluorescent immunolocalisation of the hydroxyl radical induced DNA molecular lesion 8-
hydroxyguanine in xenobiotic cultured ovaries. Ovaries excised from neonatal mice (4 days old) were cultured
in xenobiotic treated medium for 96 hours and processed for immunohistochemistry as outlined in materials and
methods. Blue staining (DAPI) represents nuclear staining in all cells; red staining (Cy-5) represents specific

staining for 8-hydroxyguanine. Scale bar is equal to 200um.

sTable 1. Comparison of genes with significantly altered gene expression commonly
regulated between the three xenobiotic treated groups (Available on disc; Supplementary
Tables B1.xls).

sTable 2. Top canonical pathways that were significantly up-regulated by xenobiotic cultured
neonatal ovaries as identified by Ingenuity® Pathway Analysis (IPA). The significance of the

association between up-regulated genes and the canonical pathway was evaluated using a

162



right-tailed Fisher’s exact test to calculate a p-value determining the probability that the
association is explained by chance alone. Ratios referring to the proportion of up-regulated
genes from a pathway related to the total number of molecules that make up that particular

pathway are also displayed (Available on disc; Supplementary Tables B1.xls).

sTable3. Primer sequences used in gPCR (Available on disc; Supplementary Tables B1.xIs).
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B.2. Understanding the Villain: DMBA-Induced
Preantral Ovotoxicity Involves Selective
Follicular Destruction and Primordial Follicle
Activation through PI3K/Akt and mTOR
Signaling
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sFigure 1. Fluorescent immunolocalisation of AMH in DMBA cultured ovaries. Ovaries excised from neonatal
mice (4 days old) were cultured in DMBA treated medium for 96 hours and processed for
immunohistochemistry as outlined in materials and methods. Blue staining (DAPI) represents nuclear staining in

all cells; red staining (Cy-5) represents specific staining for AMH. Scale bar is equal to 200um.
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sFigure 2. Effect of xenobiotic exposure on ovarian follicle composition and number in vivo. Neonatal mice (4
days old) were dosed with DMBA over a seven day period as described in materials and methods. Ovarian
sections were stained with hematoxylin and eosin and healthy oocyte containing follicles were classified and

counted under a microscope. Values are mean + SE, n=3-5 ovaries. The symbol ** represents p<0.01 in
comparison with control values.
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sTable 1. Genes with significantly altered gene expression in DMBA cultured ovaries
classified according to molecular and cellular functions (Available on disc; Supplementary
Tables B2.xIs).

sTable 2. Top canonical pathways that were significantly up-regulated by DMBA cultured
neonatal ovaries as identified by Ingenuity® Pathway Analysis (IPA). The significance of the
association between up-regulated genes and the canonical pathway was evaluated using a
right-tailed Fisher’s exact test to calculate a p-value determining the probability that the
association is explained by chance alone. Ratios referring to the proportion of up-regulated
genes from a pathway related to the total number of molecules that make up that particular

pathway are also displayed (Available on disc; Supplementary Tables B2.xls).

sTable3. Primer sequences used in gPCR (Available on disc; Supplementary Tables B2.xIs).

166



B.3. Jumping the gun: Smoking constituent
BaP causes premature primordial follicle
activation and impairs oocyte fusibility through

oXxidative stress
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sFigure 2. Effect of neonatal in vivo BaP exposure on the production of oocytes post superovulation
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Control BaP

sFigure 3. Fluorescent immunolocalisation of AMH in BaP cultured ovaries. Ovaries excised from neonatal
mice (4 days old) were cultured in BaP treated medium for 96 hours and processed for immunohistochemistry as
outlined in materials and methods. Blue staining (DAPI) represents nuclear staining in all cells; red staining

(Cy-5) represents specific staining for AMH. arrow head=primary follicle; Scale bar is equal to 100um.

sTable 1. Genes with significantly altered gene expression in BaP cultured ovaries classified
according to molecular and cellular functions (Available on disc; Supplementary Tables
B3.xls).

sTable 2. Top canonical pathways that were significantly up-regulated by BaP cultured
neonatal ovaries as identified by Ingenuity® Pathway Analysis (IPA). The significance of the
association between up-regulated genes and the canonical pathway was evaluated using a
right-tailed Fisher’s exact test to calculate a p-value determining the probability that the
association is explained by chance alone. Ratios referring to the proportion of up-regulated
genes from a pathway related to the total number of molecules that make up that particular
pathway are also displayed (Available on disc; Supplementary Tables B3.xls).

sTable3. Primer sequences used in gPCR (Available on disc; Supplementary Tables B3.xls).
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B.4. Staying alive: PI3K pathway promotes
primordial follicle activation and survival in

response to 3-MC induced ovotoxicity
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sFigure 1. PI3K inhibition causes excessive primordial follicle depletion in 3MC-treated ovaries in vitro.
Ovaries excised from neonatal mice (4 days old) were cultured in 3MC-treated medium + LY294002 for 96
hours as described in materials and methods. Ovarian sections were stained with hematoxylin and eosin and
healthy primordial follicles were counted under a microscope. Values are mean + SEM, n=3-5 ovaries from 3-5
mice. The symbol ** represents p<0.01 in comparison with control values.
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sFigure 2. Fluorescent immunolocalisation of AMH in 3MC-cultured ovaries. Ovaries excised from neonatal
mice (4 days old) were cultured in 3MC-treated medium for 96 hours and processed for immunohistochemistry
as outlined in materials and methods. Blue staining (DAPI) represents nuclear staining in all cells; red staining

(Cy-5) represents specific staining for AMH. Scale bar is equal to 200um.
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sFigure 3. Representative images of negative control experiments with the omission of the primorday antibody

performed alongside immunolocalisation studies. Blue staining (DAPI) represents nuclear staining in all cells;

red staining (Cy-5) represents specific staining for the described protein. Scale bar is equal to 100um.
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sFigure 4. Representative images of positive and negative control experiments performed alongside TUNEL

analysis. Blue staining (DAPI) represents nuclear staining in all cells; green staining (Fluorescein) represents
specific staining for DNA strand breaks (TUNEL). Scale bar is equal to 200um.
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sFigure 5. Quantification of pAktl (S473) and pAktl (T308) oocyte nuclear staining in 3MC-cultured
developing follicles. Ovaries excised from neonatal mice (4 days old) were cultured in 3MC-treated medium for
96 hours and processed for immunohistochemistry as outlined in materials and methods. The results presented

here are representative of n=3 experiments.
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Rapamycin

Rapamycin+ 3MC

sFigure 6. mTOR inhibition does not repress primordial follicle activation in vitro. (A) Fluorescent
immunohistological and TUNEL staining as visualised via epifluorescent microscopy. Ovaries excised from
neonatal mice (4 days old) were cultured in 3MC-treated medium + Rapamycin for 96 hours and processed for
immunohistochemistry and TUNEL analysis as described in the materials and methods. Ovarian sections were
probed with antibodies against PCNA, active caspase 2 and active caspase 3, or subjected to TUNEL analysis.
Blue staining (DAPI) represents nuclear staining; red staining (Cy-5) represents specific staining for the protein
of interest; green staining (Fluorescein) represents specific staining for degraded DNA (TUNEL). The results
presented here are representative of n = 3 experiments. The percentage of labelled follicles per section is
represented by the following scale present in the top right hand corner; *=<25%, **=25-50%, ***=51-75%,
****=76-100%. Thin arrow=primordial follicle highlighted in insert at higher magnification; arrow

head=primary follicle; scale bar is equal to 100 um.

sTable 1. Genes with significantly altered gene expression in 3MC-cultured ovaries classified
according to molecular and cellular functions (Available on disc; Supplementary Tables
B4.xls).

sTable 2. Top canonical pathways that were significantly up-regulated by 3MC-cultured
neonatal ovaries as identified by Ingenuity® Pathway Analysis (IPA). The significance of the
association between up-regulated genes and the canonical pathway was evaluated using a
right-tailed Fisher’s exact test to calculate a p-value determining the probability that the
association is explained by chance alone. Ratios referring to the proportion of up-regulated
genes from a pathway related to the total number of molecules that make up that particular
pathway are also displayed (Available on disc; Supplementary Tables B4.xls).
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sTable3. Primer sequences used in gPCR (Available on disc; Supplementary Tables B4.xIs).

175





