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Abstract 

 

Over the course of the 20
th 

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 vivo. 

Immunohistological and pharmacological inhibition studies also revealed an essential role for 

the PI3K/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 
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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.  
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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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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). 

 

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 cyp1A1 and cyp1B1 enzymes 
resulting in its biotransformation into 7,8-diol, and 9,10-diol macromolecular-adduct 

forming metabolites within the ovary. Inhibition of Ahr by -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 DNA-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 

Cyp1A1 or Cyp1B1 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).  

 

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 cyp2e1 isoform in the ovary (Rajapaksa et al., 
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2007a). Rajapaksa et al (2007a) cultured neonatal ovaries from both cyp2e1+/+ and cyp2e1-/- 
neonatal mice in VCM and VCD containing media. Both VCH metabolites caused 
primordial follicle depletion in cyp2e1+/+ cultured ovaries. However, unlike VCD, VCM did 
not produce an ovotoxic affect in cyp2e1-/- 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).  

 

Fig. 4. Biochemical pathways outlining the mechanisms of xenobiotic induced ROS 
production which may contribute to primordial follicle depletion. Abbreviations: Fe, iron; 
O2

, superoxide; H2O2, 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 cyp1A1 

and cyp1B1 enzymes in the ovary (Bengtsson et al., 1983). Studies have also shown that 

cyp1A1 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 Akr1c1 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 O2, 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; Tománek 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 Akt1 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). 

 

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 
50µm. 

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. 

 

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 H2O2 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 Akt1 
phosphorylation. Therefore DMBA induced Dnajb6 expression may inhibit NFAT 
transcriptional activity, reducing PTEN expression and stimulating Akt1 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 i.p 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; Rodríguez 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 et 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 McIver, 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 et 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 et 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.

(St Louis, MO) and were of molecular biology or research grade. Mouse

monoclonal anti-proliferating cell nuclear antigen antibody (anti-PCNA,

NA03T) 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-Cyp2E1, 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-lm 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, MgCl2, 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 CO2 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 et al., 2006). Briefly, Swiss neonates

were sacrificed by CO2 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 lg/ml ascorbic acid,

27.5 lg/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% CO2 in air, with media

changes every 2 days. Ovaries were treated with vehicle control medium (0.1%

DMSO), VCD (25lM), MXC (25lM), or MEN (5lM). 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 lm 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 lm 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 3 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 A1 fluorescent microscope (Carl Zeiss MicroImaging, 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 lg/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-Cyp2E1 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 b-mercaptoethanol, 2%

SDS, and 62.5mM Tris (pH 6.7) at 60�C for 1 h and reprobed using a mouse

monoclonal anti-a-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 lg 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

(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

2�DDC(t), where C(t) 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 lg) 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?acc¼GSE23725).

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% CO2 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 ll M2 medium, diluted to a final

concentration of 2 3 105 sperm per milliliter in M2 medium, and allowed to

capacitate for 3 h at 37�C in 5% CO2 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% CO2 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. 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 25lM) for 2 h under oil at 37�C and 5%

CO2 in air. An oxidative stress–positive control was also carried out by exposing

oocytes to 80mM H2O2 for 30 min under oil at 37�C and 5% CO2 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% CO2 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 MicroImaging, 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

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

FIG. 1. Microarray analysis of DMSO-cultured ovaries versus xenobiotic-cultured ovaries. Ovaries were excised from neonatal mice (4 days old, n ¼ 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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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 (MAPK8
and Bcl2l1) 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/PDK1/Akt signaling

pathway, which has been coupled with VCD-induced primor-

dial follicle activation (Akt1 and Akt2). The remaining five

genes were novel and two have been implicated in apoptosis

(Med1 and Cdkn2a) and the other three in later follicular

development (Sox4, Dlg4 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

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

Molecular and cellular function

VCD MXC MEN

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
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number of primordial follicles, mirrored by a comparable

increase in activating primordial follicles. Both the low-dose

MXC and MEN treated ovaries also revealed a slight reduction

in the number of secondary follicles, although this was not

significant. Analysis indicated that the low-dose MEN

treatment induced a significant decrease in follicular number

(54% of the control). In agreement with the PCNA results, the

follicular composition of ovaries from all three high-dose

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.
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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

TABLE 2

qPCR Validation of Microarray Results for Select Transcripts Upregulated by VCD- and MXC-Cultured Neonatal Ovaries. Total

RNAWas 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 Summary of function

Fold change

VCD MXC

Sox4 SRY-box–containing gene 4 Transcription factor; positive regulator of the

Wnt receptor pathway implicated in

folliculogenesis (Sinner et al., 2007)

5.34 ± 0.9 6.34 ± 0.5

Akt1 Thymoma viral proto-oncogene 1 Member of the PTEN/PI3K/PDK1/Akt

signaling pathway implicated in follicle

activation and granulosa cell proliferation

(Brown et al., 2010; Reddy et al., 2009)

4.58 ± 0.4 4.54 ± 0.4

Akt2 Thymoma viral proto-oncogene 2 Implicated in primordial germ cell growth,

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

2.72 ± 0.2 1.73 ± 0.1

Dlg4 Discs, large homolog 4 (Drosophila) Plasma membrane kinase; expressed in

activated primordial follicle granulosa

cells with a suspected role in regulating

folliculogenesis (Huang et al., 2003)

2.85 ± 0.5 2.17 ± 0.3

Ccnd2 Cyclin D2 Essential for granulosa cell proliferation,

decreased expression associated with

MXC antral follicle ovotoxicity

(Gupta et al., 2006; Muñiz et al., 2006)

4.25 ± 0.7 4.26 ± 0.5

Mapk8 Mitogen-activated protein kinase 8 Increased expression is associated with

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

2.02 ± 0.3 4.81 ± 1.3

Bcl2l1 Bcl-2-like 1 Associated with granulosa cell proliferation

and survival; overexpression reduces

MXC ovotoxic effect in antral follicles

(Borgeest et al., 2004; Brown et al., 2010;

Rucker et al., 2000)

3.22 ± 0.3 2.98 ± 0.7

Rarg Retinoic acid receptor, gamma Expressed in primary follicle granulosa cells;

shown to transcriptionally inhibit FSH

receptor transcription (Kascheike and

Walther, 1997; Xing and Sairam, 2002)

2.40 ± 0.1 1.71 ± 0.1

Cdkn2a Cyclin-dependent kinase inhibitor 2A Increased expression associated with

follicular atresia; decreased expression

associated with primordial follicle

activation (Bayrak and Oktay, 2003)

4.92 ± 0.6 2.89 ± 0.2

Med1 Mediator complex subunit 1 DNA repair gene involved in p53-dependent

apoptosis (Frade et al., 2002)

2.99 ± 0.3 2.80 ± 0.2

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

XENOBIOTIC EXPOSURE AND OOCYTE DYSFUNCTION 659

 



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

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 ¼ 3 experiments. The percentage of labeled follicles per section is represented by the following scale: * ¼ < 25%, ** ¼ 25–50%, *** ¼ 51–75%,

and **** ¼ 76–100%. Thin arrow, primordial follicle; arrow head, primary follicle; scale bar is equal to 100 lm.
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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, Akt1 and Akt2, were found to be

upregulated by VCD and MXC. Both kinases have been

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 ¼ 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.

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 ¼ 3 experiments. The percentage of labeled follicles per section is represented by the

following scale: * ¼ < 10%, ** ¼ 10–50%, *** ¼ 51–75%, and **** ¼ 76–100%. Thin arrow, primordial follicle; scale bar is equal to 100 lm.
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implicated in the regulation of follicular development, with

Akt1 knockout mice displaying reduced fertility character-

ized by abnormal folliculogenesis and Akt2 overexpression

being associated with increased cell survival in the ovary

(Brown et al., 2010). Akt1 has been shown to regulate

folliculogenesis via the PI3K/Akt signaling pathway, which

itself has been implicated in primordial follicle survival and

activation (Reddy et al., 2009).

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 lm. (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 ¼ 12–25 oocytes from three mice. The symbols

* and ** represent p < 0.05 and p < 0.01, respectively, in comparison with DMSO control values.

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 H2O2-treated (bottom) oocytes. Scale bar is equal to 100 lm. (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. H2O2 (8mM) was used as a representative of

free radical ROS–induced lipid peroxidation. Values are mean ± SE, n ¼ 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

Wnt 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

et al., 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 Med1, a DNA repair gene involved in

p53-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).

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 H2O2, which selectively oxidizes

cysteine residues on proteins resulting in a variety of reversible

molecular interactions. We propose that increased levels of

H2O2 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 H2O2 oxidation (Kim et 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 Akt1 phosphorylation, mTOR activation,

and decreased FOXO3a 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 McIver, 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 et 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 et 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,

� The Author 2011. Published by Oxford University Press on behalf of the Society of Toxicology. All rights reserved.
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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 Akt1 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, NA03T) 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-Akt1 (phospho S473) (anti-pAkt1 (S474),

ab81283), Rabbit monoclonal anti-Akt1 (phospho T308) (anti-pAkt1 (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 IgG (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

lm 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 Tran-

scriptase, RQ1 DNase, GoTaq Felxi, MgCl2, 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 ll/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 CO2 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 CO2 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 lg/ml ascorbic acid, 27.5 lg/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%

CO2 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 lm 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 lm thick. PCNA, active Casp2, active Casp3, AMH,

Akt, pAkt1, 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 3 3 min in Tris buffer (50mM, 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 A1 fluorescent

microscope (Carl Zeiss MicroImaging, 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 lg/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

A1 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 lg 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

2�DDC(t), where C(t) 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 3 lg) 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 Illumina 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

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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Consistent with a role in ovotoxicity/carcinogenesis, three of

these genes were associated with cell cycle arrest and apoptosis

(Cdkn1a, Ddx5, and Foxn3), three were associated with

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, Hspa8, Dnaja6, and Ccnd1). The two

remaining genes, Anapc5 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

FIG. 1. Microarray analysis of control-cultured ovaries verses DMBA-cultured ovaries. Ovaries were excised from neonatal mice (4 days old, n ¼ 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.

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.
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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, pAkt1 (S473), and pAkt1
(T308) Proteins

To explore the mechanisms associated with DMBA-induced

primordial follicle activation, cultured neonatal ovaries were

probed for Akt, pAkt1 (S473), and pAkt1 (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, pAkt1 (S473) and pAkt1 (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 pAkt1 expression in

DMBA-cultured ovaries compared with the control; with pAkt1

expression being significantly enriched (~twofold) in DMBA-

cultured primordial follicles. These results suggest DMBA

caused a significant increase in Akt1 phospho activation,

implicating the PI3K/Akt pathway in DMBA-induced follicular

activation.

Effect of DMBA Exposure on pmTOR (S2448), pmTOR
(T2446), and Foxo3a Proteins

Given DMBA’s significant affect on the phosphorylation

status of Akt1, we next observed the protein levels of

downstream targets pmTOR (S2448), pmTOR (T2446), and

Foxo3a in primordial follicle oocytes (Fig. 5). pmTOR (S2448)

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 (S2448) 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

FIG. 2. Top canonical pathways that were significantly upregulated by DMBA-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 (blue bars, 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). Note. See online version for color version.
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(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.

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

Cdkn1a Cyclin-dependent kinase inhibitor 1A Regulator of cell cycle progression at G1

phase; implicated in DNA damage repair,

increased expression associated with

DMBA-induced ovarian neoplasm (Kim

et al., 2003)

3.77 ± 0.3

Anapc5 Anaphase-promoting complex subunit 5 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 et al., 2007; Koloteva-

Levine et al., 2004)

2.03 ± 0.2

Hspa8 Heat shock protein 8 Stress-related chaperone; regulates cyclin D1

and cyclin D1-dependent protein kinase

accumulation (Diehl et al., 2003)

1.93 ± 0.2

Dnajb6 DnaJ (Hsp40) homolog, subfamily B,

member 6

Stress-related chaperone; regulates gene

expression in response to stress through

Class II Histone Deacetylase Recruitment

(Dai et al., 2005)

2.85 ± 0.5

Ddx5 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5 RNA helicase; stimulates cell proliferation,

coactivator of p53 signaling, overexpression

associated with estrogen receptor alpha

tumorigenesis (Nicol and Fuller-Pace, 2010)

1.71 ± 0.1

Srsf5 Serine/arginine-rich splicing factor 5 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)

1.85 ± 0.3

Foxn3 Forkhead box N3 Transcription factor; regulator of cell cycle

progression at G2 phase, implicated in

preventing tumorigenesis (Scott and Plon,

2005)

1.48 ± 0.2

Calr Calreticulin Ca2þ-binding chaperone involved in

numerous cellular processes; major Ca2þ-

binding chaperone in oocytes, (Du et al.,

2009; Vougas et al., 2008; Zhang et al.,

2010)

1.41 ± 0.1

Gbas Glioblastoma amplified sequence Mitochondrial protein; involved in

mitochondrial oxidative phosphorylation,

expressed in 40% of glioblastomas

(Martherus and Sluiter, 2010; Wang et al.,
1998)

1.68 ± 0.2

Ccnd1 Cyclin D1 Promotes cell cycle progression from G1 to S

phase; overexpression associated with

breast/ovarian cancer (Hashimoto et al.,

2011; Robker and Richards, 1998)

5.82 ± 0.5

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.
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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; Blachère et 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 et 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 p53 is upregulated in response to

DNA damage and in conjunction with Ddx5 upregulates genes

FIG. 3. DMBA exposure causes immature follicular destruction and primordial follicle activation in vitro and in vivo. (A) Fluorescent immunohistological and

TUNEL staining as visualized via fluorescent microscopy. Ovaries excised from neonatal mice (4 days old) were cultured in DMBA-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. 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 ¼ 3 experiments. The percentage of labeled follicles per section is represented by the following scale; * ¼ < 25%, ** ¼ 25–50%,

*** ¼ 51–75%, **** ¼ 76–100%. Thin arrow ¼ primordial follicle; arrowhead ¼ primary follicle; scale bar is equal to 100 lm. (B) Effect of xenobiotic exposure

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

Methods’’ section. Ovarian sections were stained with hematoxylin and eosin and healthy oocyte-containing follicles were classified and counted under

a microscope. Ovarian follicle composition (left panel) and average number of follicles per counted section (right panel). Values are mean ± SE, n ¼ 3–5 ovaries.

The symbol ** represents p < 0.01 in comparison with control values. Note. See online version for color version.
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involved in cell cycle arrest and apoptosis. Interestingly, one of

these upregulated genes is Cdkn1a, a regulator of G1 cell cycle

arrest and another gene of interest upregulated in DMBA-

treated ovaries (Kim et al., 2003). Foxn3, a transcription factor

involved in G2 phase cell cycle arrest in response to DNA

damage, was also upregulated by DMBA (Pati et 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; Muñiz 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 D1 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

FIG. 4. Fluorescent immunolocalization of Akt, pAkt1 (S473), and pAkt1 (T308) in DMBA-cultured ovaries. Ovaries excised from neonatal mice (4 days old)

were cultured in DMBA-treated medium for 96 h and processed for immunohistochemistry as outlined in the ‘‘Materials and Methods’’ section. Representative image

of both control- and DMBA-treated ovaries (left panel) and quantification of oocyte nuclear staining (right panel). The results presented here are representative of n ¼
3 experiments. Blue staining (DAPI) represents nuclear staining in all cells; red staining (Cy-5) represents specific staining for the described protein. Thin arrow ¼
primordial follicle; scale bar is equal to 100 lm. The symbol ** represents p < 0.01 in comparison with control values. Note. See online version for color version.
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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 et al., 2002; Wang et al., 2011). PTEN is

a known inhibitor of Akt1 phosphorylation, an essential event

during PI3K/Akt signaling, which is responsible for primordial

follicle activation (Reddy et al., 2009). It is therefore possible

that the upregulation of Hspa8, Cyclin D1, 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 et 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 et 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 Ca2þ 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 et 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).

FIG. 5. Fluorescent immunolocalization of pmTOR (S2448), pmTOR (T2446), and Foxo3a in DMBA-cultured ovaries. Ovaries excised from neonatal mice (4

days old) were cultured in DMBA-treated medium for 96 h and processed for immunohistochemistry as outlined in materials and methods. Representative image of

both control- and DMBA-treated ovaries (left panel) and quantification of oocyte nuclear staining (right panel). The results presented here are representative of

n ¼ 3 experiments. Blue staining (DAPI) represents nuclear staining in all cells; red staining (Cy-5) represents specific staining for the described protein. Thin arrow ¼
primordial follicle; scale bar is equal to 100 lm. The symbol ** represents p < 0.01 in comparison with control values. Note. See online version for color version.
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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 et 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-b 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 et 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

FIG. 6. Summary of qPCR results generating a preliminary model of the ovotoxic effects of DMBA on ovarian folliculogenesis. DMBA influenced the

expression of a number of genes which either directly or nondirectly associated with apoptosis, tumorigenesis, and follicular growth/development. [ represents

upregulation, Y represents downregulation.
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levels of Akt1 T308 and S437 phosphorylation in DMBA-

treated primordial follicle oocytes (Fig. 4). Akt1 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 et al., 2009). Although pAkt1

(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 pAkt1 through PTEN abolition, and

Calr, which has also been shown to induce Akt1 phosphory-

lation (Du et al., 2009). Akt1 is also phosphorylated on its

S473 residue by mTORC2, an event which coincides with,

although which may be independent of, Akt1 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 Tsc1�/� mutant

mice (Adhikari et al., 2010). mTOR itself is regulated via

a phosphorylation-dependent molecular switch, whereby

mTOR Ser2448 phosphorylation results in activation and mTOR

Thr2446 phosphorylation results in inhibition (Cheng et al.,
2004). We observed an increase in mTOR Ser2448 phosphor-

ylation and a decrease in mTOR Thr2446 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 et al., 2010). In-

terestingly, mTOR Ser2448 phosphorylation was primarily

cytoplasmic, whereas mTOR Thr2446 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 pAkt1 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 pAkt1 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 Akt1 and mTOR phosphorylation.

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.
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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 (El-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-
streamcigarette 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

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 themechanismsbehind 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 associatedwith 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, NA03T) 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-Müllerian 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 μm 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, MgCl2, GoTaq qPCRmastermix 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 (b10 μl/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 CO2 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 IU of Folligon
(eCG; Intervet, Sydney, Australia), followed by i.p. administration of
10 IU of Chorulon (hCG; Intervet, Sydney, Australia) 48 h later and
euthanasia by CO2 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 CO2 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 μg/ml ascorbic acid, 27.5 μg/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% CO2

in air, with media changes every two days. Ovaries were treated with
vehicle control medium (0.01% Acetone) or BaP (1 μM). The BaP culture
concentrationwas 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 (4 μm 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
thosewith 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 μm 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 3×3 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 1 h at
room temperature. After washing in TBS containing 0.1% Triton X-
100, sections were incubated with the appropriate fluorescent

71A.P. Sobinoff et al. / Toxicology and Applied Pharmacology 260 (2012) 70–80



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 A1 fluorescent microscope (Carl Zeiss MicroImaging,
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 treatedwith 20 μg/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 inMowiol and observed on anAxio Imager A1 fluorescentmi-
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% β-mercaptoethanol). RNA was iso-
lated by phenol/chloroform extraction and isopropanol precipitated.

Real time PCR. Reverse transcription was performed with 2 μg 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 MJ
Opticon 2 (MJ 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 (MJ Research). For each sample, a
replicate omitting the reverse transcription step was undertaken as a
negative control. Reverse transcription reactions were verified by β-
actin PCR, performed for each sample in all reactions in triplicate.
Real-time data were analyzed using the equation 2−ΔΔC(t), 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 μg) was isolated
from BaP cultured neonatal ovaries and prepared for microarray analy-
sis at the Australian Genome Research Facility (AGRF) using an
Illumina Sentrix Mouse ref8v2 Beadchip. Labelling, hybridising, wash-
ing and array scanning were performed by the AGRF using the Illumina
manual on an Illumina BeadArray Reader, and normalised according to
the quantile normalisation method using GenomeStudio version 1.6.0
(Illumina, 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
(pb0.05) 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% CO2

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 μl M2 medium, diluted to a final concentration of 2×105 sperm/
ml in M2 medium, and allowed to capacitate for 3 h at 37 °C in 5%
CO2 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% CO2 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 °C in 5% CO2 in air. An oxidative stress positive control was also
carried out by exposing oocytes from non-treated animals to 80 mM
H2O2 for 30 min under oil at 37 °C and 5% CO2 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”. Oocyteswere then incu-
bated under oil in 5 μMMitoSOX red stain for 20 min at 37 °C in 5% CO2

in air. An oxidative stress positive control was also carried out by ex-
posing oocytes from non-treated animals to 80 mM H2O2 for 30 min
under oil at 37 °C and 5% CO2 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 pb0.05.

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, pb0.05) 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 associatedwith detoxification/bioactivation
(Ahr signalling), and one pathway associated with oxidative stress
(Nitric oxide and ROS production).

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 (Cdkn1a, Ddx5 and Cxcl12), two were associated with in-
creased tumorigenesis (Ddx5 and Cxcl12), and two with xenobiotic
metabolism (Cyp1b1, Utg1a10). The remaining five genes were all as-
sociated with increased cell cycle progression and follicular develop-
ment (Ccng1, Cdk2, Mcm7, Hspa8, and Igf2). Interestingly, only three
out of the 10 different genes have been previously associated with
BaP induced toxicity (Cyp1b1, Utg1a10, Cdkn1a), 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 selectivemechanism of developing follicle atresia. AMHwas
localised to the granulosa cells of primary and secondary follicles in both
control and BaP treated ovaries (Supplementary Fig. 3).

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, pb0.05). 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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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
in the high dose treated animals (52% of the control).

Short term neonatal BaP exposure causes long termmitochondrial 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
follicular growth (Couse and Korach, 1999). The induction of

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 (pb0.05).
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

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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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

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-likemetabolites 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

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±SE) and summary of function
relating to folliculogenesis are included. All fold changes were statistically significant (pb0.05).

Gene
symbol

Gene name Summary of function Fold
change

Cdkn1a Cyclin-dependent kinase inhibitor
1A

Regulator of cell cycle progression at G1 phase; implicated in DNA damage repair, increased expression
in response to BaP-DNA adduct formation (Binkova et al., 2000)

6.94±0.8

Cyp1b1 Cytochrome P450, family 1,
subfamily b, polypeptide 1

Phase I detoxifying enzyme; implicated in the bioactivation of BaP into DNA adduct forming metabolites
in the ovary (Bengtsson et al., 1983; Mattison et al., 1983)

5.49±0.4

Ccng1 Cyclin G1 Regulator of cell cycle progression at G2/M phase; implicated in DNA damage repair and apoptosis; associated
with granulosa cell proliferation and differentiation (Kimura et al., 2001; Liu et al., 2006)

3.15±0.2

Cxcl12 Chemokine (C-X-C motif) ligand 12 Chemokine; expressed in developing ovarian follicles; acts as an inhibitor of primordial follicle activation;
overexpression associated with ER alpha tumorigenesis (Holt et al., 2006; Rhodes et al., 2011)

2.8±0.2

Cdk2 Cyclin-dependent kinase 2 Protein kinase essential for G1/S cell cycle transition; Elevated Cdk2 associated with accelerated follicular
activation and increased primordial follicle survival (Rajareddy et al., 2007)

2.18±0.2

Mcm7 Minichromosome maintenance
complex component 7

DNA replication factor essential for cellular proliferation; Increased expression associated with primordial
follicle activation (Park et al., 2005)

2.05±0.2

Hspa8 Heat shock protein 8 Stress related chaperone; expression increases during cell cycle G1 phase; regulates cyclin D1 accumulation
and maintains its activity in the presence of inhibitory Cdkn1a (Diehl et al., 2003)

1.98±0.4

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

RNA helicase; stimulates cell proliferation, co-activator of p53 signalling, overexpression associated with ER
alpha tumorigenesis (Nicol and Fuller-Pace, 2010)

1.77±0.2

Igf2 Insulin-like growth factor 2 Growth factor expressed in rodent ovarian theca cells; acts as a autocrine signal and granulosa paracrine
signal; stimulates proliferation (Adashi et al., 1985; Davoren et al., 1986; Hernandez et al., 1990)

1.76±0.1

Ugt1a10 UDP glycosyltransferase 1 family,
polypeptide A10

Phase II detoxifying enzyme; Implicated in the detoxification of bioactivated BaP metabolites
(Dellinger et al., 2006)

1.59±0.1

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; *=b25%, **=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 μm.
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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

Cdkn1a, 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 Cdkn1a 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 Cdkn1a 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 expressionmay 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 amore 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 potentialmechanismbywhich BaPmay induce ovarian tumorigenesis
(Halon et al., 2011; van Lipzig et al., 2005).

Two detoxifying enzymes, Cyp1b1 and Ugt1a10, 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).

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; *=b10%, **=10–50%, ***=51–75%, ****=76–
100%. Thin arrow=primordial follicle highlighted in insert at higher magnification;
scale bar is equal to 100 μm.

Fig. 5. Effect of BaP exposure on ovarian follicle composition and number in vivo. Neonatalmice (4 days old)were treatedwith 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) Lowdose 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 3 to 5 mice. The symbol ** represents pb0.01 in comparison with control values.
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Cyp1b1, along with cyp1a1, 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 II 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 BaPmetabolites 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
Mcm7) 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 Mcm7 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; Tománek 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 H2O2 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

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 μM) was used as a representative
of free radical ROS induced mitochondrial damage. Scale bar is equal to 100 μm. 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
pb0.01 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 μm. Results were normalised to control values for each exper-
iment. Values are mean±SE, n=18–27 oocytes from 5 mice. IBaP=low dose; hBa-
P=high dose. The symbol ** represents pb0.01 in comparison with control values.
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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

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 μm. (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 pb0.01 in comparison with control values.
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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 exposedmodels, 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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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 xenobiotics 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 1µM; DMBA 50nM; 

3MC 5µM), 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-

Müllerian hormone (AMH), a member of the TGF- 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 cyp1a1, 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).  

 

 

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 Akt1 Thr308 

phosphorylation and mTORC2 induced Akt1 Ser473 phosphorylation. Akt1 then phosphorylates Foxo3a, resulting in its 

translocation from the nucleus to the cytoplasm, stimulating follicular activation. Akt1 also phosphorylates Tsc2 on its 

Ser930 residue, causing Tsc1/Tsc2 complex repression and allowing mTORC1 activation. Akt1 also negatively regulates 

Pras40, another inhibitor of mTORC1 activation. Akt1 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; Akt1: 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). 

 

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 µm. 
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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 (25µM) for 96 hours up-regulated key genes and 

pathways involved in primordial follicle activation, including Akt1, 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 µg/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 

Esr1 overexpression mice were also shown to be more sensitive to toxicity caused by MXC 

(1-100 µg/ml) and its metabolites mono-hydroxy MXC (MOH) (0.1–10 μg/ml) and bis-

hydroxy MXC (HPTE) (0.1–10 μg/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 Esr1. In neonatal mice, whole ovarian culture revealed MXC (25µM) 

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 Ers1 (Paulose et al. 

2011). However, the neonatal ovary is estrogen independent; removing the possibility of 

activating the Ers1 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 mm 
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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 ormore 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 McIver 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 McIver 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 Ovarian 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

b c
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30µm 25µm 50µm

75µm 125µm 75µm

a

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, (c) 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

et al. 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 McIver

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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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 McIver 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 McIver 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

Factor Effect Reference

SCF Stimulates follicular
recruitment and 
promotes precursor 
theca function 

Jin et al., 2005; Hutt 
et al., 2006

LIF Stimulates follicular 
recruitment

Nilsson et al., 2002

FGF2 Promotes SCF 
expression and cell 
growth

Nilsson et al., 2001; 
Nilsson and skinner,
2004

FGF7 Promotes SCF 
expression

Kezele et al., 2005

GDNF Autocrine signalling 
promotes follicular 
recruitment

Dole et al., 2008

BMP4, BMP7 Stimulates follicular 
recruitment and 
survival

Nilsson and Skinner,
2003; Lee et al., 
2001; Lee et al 2004

SCF

LIF

Oocyte

Gra
nulosa

Pre
cu

rs
or t

hec
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BMP4

Primordial
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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
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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-M€ullerian 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 Y19F) 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, p27kip1

(or Cdkn1b), 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 p27kip1 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 p27kip1 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).

RTK

PIP2
PTEN

Y
P p85 p110

T229 rpS6

AKt

T389
elF4B

Tsc2

4E-BP1

Tsc1

p

p
p p

p

BMP15/GDF9 expression

BMP–15, Cx37
transcription

Oocyte growth
and secretion

Follicle
Development

Retardation of
oocyte growth

Protein
translation

Rapamycin

p

p

p

p

p

PDK-1

PIP3

S6K1

mTORC1

Fox03a

Fox03a
p27kip1

Cdk2/Cdc2-cyclinA/E1

PI3K

Fig. 3 The oocyte PTEN-PI3K – FoxO3a and mTORC pathways govern follicle activation

through control of initiation of oocyte growth and maintenance of oocyte quiescence. Abbrevia-

tions: PIP2 Phosphatidyl inositol bisphosphate; PI3K Phosphoinositide 3-kinase; PIP3 Phospha-

tidylinositol (3,4,5)-trisphosphate; PDK1 3-Phosphoinositide-dependent protein kinase, S6K1, p70
S6 kinase; PTEN phosphatase and tensin homolog; Akt Protein Kinase B; rpS6 Ribosomal protein

S6; FoxO3a Forkhead box O3A; GSK3 Glycogen synthase kinase 3; p27kip1 Cyclin-dependent

kinase inhibitor 1B (CDKN1); Cdk2 Cyclin dependent kinase 2; BMP15 Bone Morphogenic

Protein 15; Cx37 Connexin 37; GDF9 Growth Differentiation factor 9; mTORC1 mammalian

Target of Rapamycin Complex 1; eIF4B eukaryotic initiation factor 4B; TSC1/2 tuberous sclerosis
complex 1/2; 4E-BP1 Eukaryotic translation initiation factor 4E binding protein 1

52 E.A. McLaughlin and A.P. Sobinoff



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-3b, Akt, Foxo3a, (Liu et al. 2007b), FoxO3a
and p27kip1 (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 Akt1 null females indicate that they have both reduced

fertility and abnormal oestrous cyclicity (Brown et al. 2009). In early postnatal life,

Akt1 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 (Pdpk1), was implicated

in follicle activation (Fig. 3). In stage-specific Pdpk1 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 Pdpk1– 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 (mtorc1), tumour suppressor tuberous sclerosis complex

1 (Tsc1), 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 (mtorc1), also func-

tions to maintain the primordial follicle population in quiescence (Adhikari et al.

2009). As described for Tsc1 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 mtorc1

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 Foxl2, as mutations in the FOXL2 gene are associated

with ovarian failure in both humans and mice (Duffin et al. 2009; Uda et al. 2004).

Foxl2-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 Foxl2 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 TGFb 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 M€ullerian 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 TGFb 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-a 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 Cyp17a1 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, Cyp17a1 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).

GDF9 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 TGFb 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).

BMP15 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 Y235Cmutation are infertile, with an impaired

follicular phenotype. Therefore, the Y235C mutation may antagonise wild-type

BMP15 in vivo (Di Pasquale et al. 2004) and underpin development of a BMP15

antagonist, or recombinant BMP15Y235C, 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 TGFb 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 Tsc1 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 TGFb 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 I 

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 (25µM), Methoxychlor 

(25µM) or Menadione (5µM) 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 qPCR 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. Sobinoff1 , B. Nixon1,2 , S. D. Roman1,2 , E. A. McLaughlin1,2 

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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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 qPCR analysis on VCD and MXC 

cultured ovaries confirmed an increase in expression for Akt1 (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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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, 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 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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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 Cdkn1a (3.77 fold), Ddx5 (1.71 fold), Hspa8 (1.93 fold), Dnaja6 

(2.85 fold), and Ccnd1 (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 Akt1 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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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 1. Flow chart of experiments 
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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 qPCR 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. 

 

 

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 200µm. 

 

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 
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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 qPCR (Available on disc; Supplementary Tables B1.xls). 
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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 200µm. 

 

 

 

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.xls). 

 

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 qPCR (Available on disc; Supplementary Tables B2.xls). 
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B.3. Jumping the gun: Smoking constituent 

BaP causes premature primordial follicle 

activation and impairs oocyte fusibility through 

oxidative stress 
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sFigure 1. Experimental design. 

 

 

sFigure 2. Effect of neonatal in vivo BaP exposure on the production of oocytes post superovulation  
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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 100µm. 

 

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 qPCR (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. 

 

 

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 200µm. 
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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 100µm. 
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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 200µm. 

 

 

sFigure 5. Quantification of pAkt1 (S473) and pAkt1 (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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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 µm. 

 

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 qPCR (Available on disc; Supplementary Tables B4.xls). 

 




