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CONTRIBUTION OF COLLABORATORS 

All studies were carried out under the supervision of Dr. Benjamin Tsang. All 

experimental work was conducted by Ms. Hannah Mazier except those noted below.  

 

Figure 3.2: DHT-induced ovarian structural abnormalities were modulated by 

gonadotropin. Dr. Patricia Lima (a postdoctoral fellow in Dr. Tsang’s laboratory) 

completed the majority of the slide preparations, performed H&E staining and 

obtained/arranged the image composition of the whole ovary. 

 

Figure 3.3: DHT suppressed granulosa cell apoptosis, which was attenuated by 

gonadotropin. Dr. Patricia Lima completed the majority of the slide preparations, and 

Dr. Reza Salehi (a postdoctoral fellow in Dr. Tsang’s laboratory) performed TUNEL 

assay and obtained the images using immunofluorescence microscopy. 

 

Figure 3.4: DHT-induced circular and constricted mitochondrial appearance were 

reduced by gonadotropin. Dr. Arkadiy Reunov (University of Ottawa Heart Institute) 

was our collaborator for this study with transmission electron microscopy (TEM). Dr. 

Reunov fixed and prepared the ovaries for image capture via TEM, and evaluated 

mitochondrial morphology. Ms. Mazier arranged the data to perform statistical analysis. 
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Figure 3.16: Co-treatment of early antral granulosa cells with FSH and Chemerin 

did not alter LC3I/II or p62 autophagy markers. This experiment (excluding 

densitometric analysis) was performed by Ms. Arianna Fiocco, a visiting undergraduate 

summer student in Dr. Tsang’s laboratory, under the direct supervision of Ms. Hannah 

Mazier. 
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ABSTRACT 

 Polycystic ovarian syndrome (PCOS) is a multi-factorial infertility disorder whose 

etiology and pathogenesis is not completely understood. Although there is an association 

between dysregulation of mitochondrial fission and fusion to cell death (apoptotic and 

autophagic) and the pathogenesis of various diseases, this had not been reported in the 

context of granulosa cell death, follicular growth arrest and PCOS. Follicle-stimulating 

hormone (FSH), a granulosa cell survival factor, is used during gonadotropin therapy to 

assist in follicular maturation and ovulation in women with PCOS. Whether FSH can 

modulate the possible dysregulation of granulosa cell mitochondrial dynamics and cell 

death in PCOS had not been elucidated. Chemerin is an adipokine that has been 

associated with PCOS and granulosa cell apoptosis in follicle cultures. Its role in cell 

death (apoptotic and autophagic) of primary granulosa cells had not been confirmed. 

 In this thesis, we investigated the dysregulation of granulosa cell mitochondrial 

dynamics in PCOS pathogenesis by using an androgenized rat model, and its modulation 

by exogenous gonadotropin. The mechanisms involved in gonadotropic regulation were 

investigated using primary granulosa cells. Our data suggest that increased mitochondrial 

fission leads to early antral granulosa cell death, follicular growth arrest and anovulation 

in women with PCOS. FSH can regulate the phosphorylation of mitochondrial fission 

protein Drp1, which may lead to its suppression of mitochondrial fission and apoptosis in 

PCOS. Finally, chemerin had no effect on cell death in granulosa cell cultures. These 

findings provide a greater understanding of the processes involved in PCOS pathogenesis 

and the regulatory role of FSH in granulosa cells, laying the foundation for future study 

into the development of potential biomarkers and new treatment strategies.  
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CHAPTER 1: INTRODUCTION 

1.1 Ovarian Function and Folliculogenesis 

1.1.1 The Ovary 

 The ovary is the female reproductive organ responsible for the production, 

maturation and release of female gametes. The functional unit of the ovary is the follicle, 

which consists of the oocyte, the surrounding granulosa cells and the outermost theca cell 

layer (Richards and Pangas, 2010; McGee and Hsueh, 2000). These three cell types are 

involved in an interactive cross-talk of regulatory factors to allow for the growth and 

maturation of the oocyte, starting from primordial stage through primary, secondary, 

preantral and antral stages, where dominant follicle selection occurs (Orisaka et al., 

2009). Very few follicles survive atresia during this time to continue development 

through the preovulatory stage and eventually gonadotropin-induced ovulation (McGee 

and Hsueh, 2000). During ovulation, the oocyte is released from the ovary into the 

uterine tube in preparation for fertilization. 

 

1.1.2 Follicular Development and Growth 

 Folliculogenesis is the term coined for the development, maturation and growth of 

the ovarian follicle from primordial to preovulatory stages. During human prenatal 

development at the start of human folliculogenesis, primordial follicles are formed 

containing an oocyte, basal lamina layer and pre-granulosa cells. These primordial 

follicles remain quiescent until initial recruitment after the onset of menstruation (McGee 

and Hsueh, 2000; Baerwald et al., 2012). A cohort of recruited follicles develop from 

primordial to primary follicular stage, which is characterized by granulosa cell 
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differentiation from flat to cuboidal structure in a single cell layer and zona pellucida 

formation, which separates the oocyte and the granulosa cells. Theca cells differentiate 

into theca interna and theca externa layers surrounding the basal lamina, the oocyte 

increases in size, and granulosa cells continue to proliferate at the secondary and 

preantral follicular stages. At the antral stage, the formation of the fluid-filled antrum and 

the proliferation of granulosa cells and theca interna cells increase follicular growth rate. 

It is here where cyclic recruitment takes place, and only the largest, healthiest dominant 

follicle will be selected to continue development. By the preovulatory stage, the antrum is 

fully formed and the granulosa cells are described as either cumulus granulosa cells 

surrounding the oocyte or mural granulosa cells surrounding the antrum (Richards and 

Pangas, 2010). A luteinizing hormone (LH) surge induces ovulation of the fully mature 

dominant follicle, and the oocyte is released into the uterine tube. The remnants of the 

follicle become luteinized and develop into the corpus luteum.  

 

1.1.3 Follicular Atresia and Apoptosis 

 During human folliculogenesis, only the dominant follicle in a cohort of 

approximately 1000 is destined to ovulate during a typical menstrual cycle, while the 

remaining non-dominant follicles undergo atresia via granulosa cell apoptosis and follicle 

degeneration (Hussein, 2005). Apoptosis is a form of programmed cell death necessary 

for the purposes of quality control and self-sacrifice, with damaged or unwanted cells 

removed to maintain normal function in a system. In the case of follicular atresia, 

degenerated oocytes exhibit cytoplasmic blebbing, cell shrinkage and DNA 

fragmentation as seen in apoptosis. A retraction of granulosa cells and microvilli, nuclear 
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condensation, and granulosa cell apoptosis followed by oocyte segmentation and 

cytoplasmic vacuolization is also observed (Devine et al., 2000; Hussein, 2005).  

 The mechanisms of granulosa cell apoptosis involve both extrinsic and intrinsic 

death pathways. Activation of the extrinsic death receptor-mediated pathway is initiated 

by the binding of the death ligands such as tumour necrosis factor alpha (TNF-α) and Fas 

ligand (FasL) to their death receptors TNFR1 and Fas, respectively. This leads to 

stimulation of death domains and downstream activation of a cascade of caspases and the 

induction of apoptosis (Hussein, 2005; Hussein, 2003). Atretic follicles have upregulated 

FasL and Fas contents compared to dominant follicles (Porter et al, 2001; Lin and Rui, 

2010). The intrinsic, mitochondria-mediated death pathway is initiated by death signals 

stimulating the pro-apoptotic protein family Bcl-2 (e.g. BAD, Bax) on the mitochondrial 

membrane for the release of death proteins (e.g. cytochrome C, APAF1), which binds to 

and activates pro-caspase-9 to activate caspase-3 and granulosa cell apoptosis (Hussein, 

2005; Jiang et al., 2003). A second intrinsic pathway involving the endoplasmic 

reticulum (ER) also regulates apoptosis through stress-induced disruption of calcium 

homeostasis, resulting in a release of Ca2+ ions from the ER which signal calpains to 

activate the caspase cascade, and sensitize mitochondria to the Bcl-2 protein family by 

increasing mitochondrial permeability (Breckenridge et al., 2003; Rizzuto et al., 2003). 

This pathway has also been associated with granulosa cell apoptosis during follicular 

atresia (Lin et al., 2012). 

 

1.1.4 Gonadotropic Regulation of Ovarian Cell Fate 

 Ovarian follicle development in mammals is a tightly regulated process dictated by 
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cytokines, growth factors and gonadotropins (Craig et al., 2007, Orisaka et al., 2009). 

Gonadotropins are glycoprotein polypeptide hormones produced in the anterior pituitary 

gland and include follicle-stimulating hormone (FSH) and LH (Pierce and Parsons, 

1981). The exception is human chorionic gonadotropin (hCG), which is produced in the 

placenta during pregnancy and by trophoblast cells during embryogenesis (Cole, 2009; 

Gallego et al., 2010). By binding to their transmembrane G-protein coupled receptors 

FSHR and LHCGR respectively, FSH acts as a main regulator for follicular cell 

differentiation and follicle maturation and the LH surge initiates follicular rupture, 

ovulation and luteinization (Sprengel et al., 1990).   

 A key aspect of gonadotropic regulation in folliculogenesis is the production of 

follicular steroid hormones (androgens and estrogens) in a process known as 

steroidogenesis. Follicular steroidogenesis involves the gonadotropic (FSH and LH) 

induction of cell-specific steroidogenic enzymes and requires the cooperation of both 

theca and granulosa cells in a process called the “two-cell two-gonadotropin hypothesis” 

(Liu and Hsueh, 1986; Hillier, Whitelaw and Smith, 1994). Briefly, the conversion of 

cholesterol to pregnenolone [via p450 side-chain cleavage enzyme (p450scc)], to 

progesterone (via 3β-hydroxysteroid dehydrogenase), to androgens such as 

androstenedione (via CYP17) and testosterone (via 17β-hydroxysteroid dehydrogenase) 

is completed in the theca cells (Wen et al., 2010; Liu and Hsueh, 1986; Hillier, Whitelaw 

and Smith, 1994). Although granulosa cells are capable of progesterone synthesis, they 

cannot convert androgens to estrogens as they lack the CYP17 enzyme (Simpson, 1979). 

The aromatase enzyme responsible for estrogen synthesis is exclusively expressed in the 

granulosa cells in response to FSH, thus thecal androgens must diffuse across the 
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basement membrane into the granulosa cells for conversion to estrogen such as estradiol 

(Liu and Hsueh, 1986).  

 FSH is an important regulator in folliculogenesis as follicles transition from the 

preantral gonadotropin-responsive stage to the gonadotropin-dependent antral stage 

(Orisaka et al., 2009; Craig et al., 2007). Cyclic recruitment takes place during this time, 

and a major factor differentiating the dominant follicle and follicles destined for atresia is 

responsiveness to FSH, a known survival factor. The dominant follicle will have a higher 

sensitivity to FSH correlated with a higher number of FSHR in the granulosa cells, 

allowing it to continue development past the decline in FSH (mediated by estradiol 

negative feedback) and avoid granulosa cell death and atresia (McGee and Hsueh, 2000). 

FSH acts as a survival factor by promoting granulosa cell proliferation via up-regulation 

of cell cycle protein cyclin D2, and suppressing granulosa cell apoptosis via up-

regulation of X-linked inhibitor of apoptosis (XIAP) and down-regulation of Fas and 

FasL (Han, Xia and Tsang, 2013; Wang, Rippstein and Tsang, 2003; Kim et al., 1998). 

FSH is also known to up-regulate genes involved in granulosa cell differentiation (Wayne 

et al., 2007; Alam et al., 2004; Saxena et al., 2007). 

 Multiple signaling pathways mediate the action of FSH including Akt/PI3K, 

MAPK/ERK, and cyclic AMP (cAMP)-dependent protein kinase (PKA) (Craig et al, 

2007; Wayne et al., 2007; Gloaguen et al., 2011). In the case of PKA, the active Gs 

subunit detaches from FSHR after FSH activation and binds to adenylyl cyclase, 

catalyzing the conversion of ATP into cAMP and pyrophosphate (Gloaguen et al., 2011). 

Four cAMP molecules are needed to activate PKA by binding to its two regulatory 

subunits. This binding causes a conformational change that disassociates the two catalytic 
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subunits from the complex to phosphorylate the serine, tyrosine and threonine residues of 

downstream targets, leading to the regulation of various intracellular events including 

transcriptional regulation of steroidogenic enzymes and downstream estrogen and 

progesterone production as well as regulation of ovarian cell fate (Gloaguen et al., 2011; 

Hsueh, McGee and Hayashi, 2000; Hsueh et al., 1984; Wayne et al., 2007).  

 

1.1.5 Chemerin and Ovarian Cell Fate 

 Chemerin, also known as retinoic acid receptor responder protein 2 (RARRES2) or 

tazarotene-induced gene 2 protein (TIG2), is an adipokine commonly associated with 

inflammation and immune function, adipogenesis, insulin signaling, and steroidogenesis 

(Goralski et al., 2007; Roh et al; 2007; Wittamer et al., 2003; Bozaoglu et al., 2007; 

Chen et al., 2013; Wang et al., 2012; Wang et al., 2013). Chemerin has three different G-

protein coupled receptors: chemokine-like receptor 1 (CMKLR1), chemokine (C-C 

motif) receptor like 2 (CCRL2) and G-protein coupled receptor-1 (GPR-1), though many 

of its functions are mediated by CMKLR1 binding (Goralski et al., 2007; Wittamer et al., 

2003; Zabel et al., 2008). CMKLR1-bound chemerin can act as a chemoattractant for 

immune cells such as macrophages and dendritic cells and increase the expression of pro-

inflammatory cytokines such as IL-6 and TNF-α (Berg et al., 2010). Chemerin also 

stimulates intracellular calcium release, induces phosphorylation of extracellular signal-

regulated kinase-1 and -2 (ERK 1/2), and may inhibit cAMP accumulation in dendritic 

cells and macrophages (Wittamer et al., 2003). In terms of adipogenesis, serum chemerin 

levels are correlated with body mass index (BMI) in metabolic syndrome, and 

intracellular chemerin levels are higher in adipose tissues of obese and type II diabetes 
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mellitus (T2DM) patients (Bozaoglu et al., 2010; Roh et al; 2007). Knockout studies of 

chemerin and CMKLR1 indicate their regulatory roles in adipocyte differentiation, as 

well as a tissue-specific role of chemerin on insulin sensitivity (increased in skeletal 

muscles, decreased in the liver) (Goralski et al, 2007; Takahashi et al., 2011).  

 In terms of female reproduction, chemerin inhibited IGF-1-induced progesterone 

and estradiol synthesis involving decreased aromatase levels and phosphorylation of Akt, 

ERK 1/2, and the IGF-1Rβ tyrosine subunit in primary human granulosa cells 

(Reverchon et al., 2012). Chemerin was found to up-regulate rat granulosa cell prohibitin 

content, which suppresses FSH-induced steroidogenic enzyme expression such as 

aromatase and p450scc and downstream progesterone and estradiol secretion via 

Akt/PI3K signaling (Wang et al., 2012; Wang et al., 2013). Investigations of chemerin in 

early antral follicle cultures in vitro conclude that chemerin induced granulosa cell 

apoptosis, suppressed XIAP expression, and suppressed basal, FSH- and growth 

differentiation factor-9 (GDF9)-induced follicle growth (Kim et al., 2013). However, 

chemerin-induced granulosa cell apoptosis was not assessed in isolated primary granulosa 

cell cultures. To better understand the role of chemerin in granulosa cell death, we need 

to confirm if its apoptotic signaling occurs directly in the granulosa cells, or if it induces 

apoptosis via cross-talk with other ovarian cell types. 

 

1.2 Dysregulation of Folliculogenesis and Polycystic Ovarian 

Syndrome 

1.2.1 Polycystic Ovarian Syndrome and its Symptoms 

 Polycystic ovarian syndrome (PCOS) is a multi-factorial disorder associated with 
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both reproductive and metabolic factors (e.g. obesity), and is characterized by early antral 

follicle growth arrest, chronic anovulation, suppressed granulosa cell proliferation, 

hyperandrogenemia, and insulin resistance (Dunaif, 1997; Franks, Stark and Hardy, 

2008). This condition affects up to 10% of women at reproductive age and accounts for 

75% of anovulatory infertility (Dunaif, 1997; Franks, 1995). Common symptoms that 

concern women with PCOS are hirsutism, acne and/or oily skin, irregular bleeding and 

infertility. Patients with PCOS have increased risk of long-term morbidities including 

T2DM, hypertension, cardiovascular diseases and various cancers (Azziz et al., 2009).   

 

1.2.2 Diagnostic Criteria for Polycystic Ovarian Syndrome 

 As PCOS is a broad-spectrum syndrome, a list of criteria had to be established for 

its diagnosis. In 1990, the National Institute of Heath (NIH) first proposed that patients 

must have both menstrual dysfunction and clinical and/or biochemical signs of 

hyperandrogenism (Azziz et al., 2006). These guidelines were amended to include 

polycystic ovaries as a factor during the ESHRE/ASRM consensus workshop in 

Rotterdam in 2003, which recommends that patients must have at least two of the 

following characteristics identified: a) polycystic ovaries as determined by 

ultrasonography, b) clinical and/or biochemical signs of hyperandrogenism, and c) oligo- 

and/or anovulation, with exclusion of other related disorders (Rotterdam ESHRE/ASRM- 

sponsored PCOS consensus workshop group, 2004). Most recently, the Androgen Excess 

Society suggested a tightening of these diagnostic criteria for PCOS in 2006, stipulating 

that hyperandrogenism must be present with exclusion of other related disorders, as well 

as oligo-/anovulation and/or polycystic ovaries (Azziz et al., 2006).  
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1.2.3 Pathogenesis of Polycystic Ovarian Syndrome  

 As per current diagnostic criteria, hyperandrogenism is the key feature of PCOS. 

Circulating androgen levels and expression of thecal steroidogenic enzymes are increased 

in patients with PCOS, while granulosa cell aromatase expression and secretion of 

progesterone and estradiol are lowered (Jakimiuk et al., 2001; Ehrmann, 2005; Jakimiuk 

et al., 1998; Welt et al., 2005). Although follicles of women with PCOS are hyper-

responsive to FSH due to increased FSHR expression, elevations in circulating LH and 

increased LHR expression result in a higher LH:FSH ratio, leading to androgen excess 

(Mason et al., 1994; Catteau-Jonard et al., 2008; Jakimiuk et al., 2001; Goodarzi et al., 

2011). Insulin resistance and hyperinsulinemia, which affects 50-70% of women with 

PCOS, is also a contributing factor of hyperandrogenism (Goodarzi et al., 2011). 

Androgen excess is associated with a multitude of characteristics associated with PCOS, 

including hirsutism, acne, alopecia (resembling male-pattern hair loss) and antral follicle 

growth arrest leading to cycle irregularity, oligo-/anovulation and subfertility (Ehrmann, 

2005; Goodarzi et al., 2011).  

 

1.2.4 Treatment Strategies for Polycystic Ovarian Syndrome  

 Due to its complex and heterogeneous nature, a wide range of treatment strategies 

is available to support patients depending on their symptoms and diagnostic criteria. The 

first course-of-action is changes in lifestyle such as diet and exercise to reduce weight. 

Obesity is closely associated with insulin sensitivity and androgen production, and weight 

loss has been attributed to increased chances of ovulation and pregnancy (Vause and 

Cheung, 2010; Thessaloniki ESHRE/ASRM-sponsored PCOS consensus workshop 
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group, 2008). Oral contraceptives are given to aid in symptoms such as irregular 

bleeding, hirsutism and acne (Cheung, 2010; Goodarzi et al., 2011). A common treatment 

to induce ovulation in PCOS women is clomiphene citrate, which interferes with the 

negative feedback of estrogen on FSH to increase FSH release, follicular maturation and 

ovulation in up to 80% of PCOS patients (Homberg, 2005; Thessaloniki ESHRE/ASRM-

sponsored PCOS consensus workshop group, 2008). For patients with insulin resistance, 

the anti-diabetic drug metformin can increase insulin sensitivity, reduce androgen 

synthesis and induce ovulation, with increased effectiveness if taken in combination with 

clomiphene citrate (Omran, 2007; Vause and Cheung, 2010). If a patient still struggles to 

conceive after these treatments, another alternative is closely monitored gonadotropin 

therapy using exogenous FSH and hCG for follicular maturation and ovulation 

respectively. To avoid the risk of ovarian hyperstimulation syndrome and multiple births, 

closely monitored low-level administration is recommended (Vause and Cheung, 2010; 

Thessaloniki ESHRE/ASRM-sponsored PCOS consensus workshop group, 2008). 

Patients who already require laparoscopy may also undergo ovarian drilling, where 

perforations in the ovary can reduce thecal androgen production and encourage ovulation 

(Thessaloniki ESHRE/ASRM-sponsored PCOS consensus workshop group, 2008). 

  

1.2.5 Animal Models of Polycystic Ovarian Syndrome 

 A wide array of animal models is used to study the pathogenesis of PCOS. Rhesus 

macaques, sheep and rodents are all examples of species induced by various factors such 

as estradiol valerate (EV) or the aromatase inhibitor letrozole, or by androgenization from 

testosterone propionate (TP), dehydroepiandrosterone (DHEA) or 5α-dihydrotestosterone 
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(DHT) (Padmanabhan and Veiga-Lopez, 2013; Mannerås et al., 2007). Although no 

model to date completely recapitulates all phenotypes of PCOS, these models are good 

resources for understanding cellular and molecular mechanisms of PCOS and developing 

future treatment strategies.  

 Androgenized rodent models are frequently used due to low cost, appropriate size 

for in vitro and in vivo studies, and relative homogeneity compared to other species 

(Walters, Allan and Handelsman, 2012). As a non-aromatizing androgen, DHT is ideal 

for hyperandrogenic induction due to its inability to be converted into estrogens by 

aromatase (Padmanabhan and Veiga-Lopez, 2013; Mannerås et al., 2007). A DHT-

induced rat model has been developed in the last decade involving the surgical 

implantation of a DHT-filled continuous release capsule (Mannerås et al., 2007). Three-

month DHT-implanted rats have shown consistency in many phenotypes that correspond 

to human PCOS including suppression of steroidogenic enzymes, estradiol and 

progesterone secretion from granulosa cells, granulosa cell death, follicular atresia, 

polycystic ovaries, cycle irregularity, anovulation, insulin resistance, and increased 

adipocyte size, body fat and weight (Mannerås et al., 2007; Wang et al., 2012; Kim et al., 

2013; Hossain et al., 2013). Unlike human PCOS, DHT-treated rats had a reduction in 

ovarian size and weight (Mannerås et al., 2007). Our laboratory recently determined that 

changes in phenotype associated with PCOS begin after one month of DHT induction 

such as cycle irregularity, though much is still unknown (Nivet et al., unpublished). 
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1.2.6 Granulosa Cell Fate and Follicle Growth Arrest in Polycystic Ovarian 

Syndrome 

As briefly mentioned in earlier sections, a characteristic of PCOS is antral follicle 

growth arrest (Fig. 1.1). This is associated with follicular degeneration and the 

accumulation of cyst-like ovarian structures classified as polycystic ovaries (PCO), which 

resemble “a string of pearls” when viewed under ultrasonography (Goodarzi et al., 2011; 

Erhmann, 2005). This failure to progress past the antral stage can lead to cycle 

irregularities, oligo-/anovulation and infertility seen in PCOS (Goodarzi et al., 2011). 

Differences in follicular cell fate have been observed in the antral follicles of women with 

PCOS, including increased theca cell proliferation, decreased granulosa cell proliferation 

and increased granulosa cell apoptosis (Franks, Stark and Hardy, 2008; Ding et al., 2016; 

Mikaeili et al., 2016). As antral follicle atresia/degeneration is mediated by granulosa cell 

apoptosis during normally functioning folliculogenesis, it is likely that a dysregulation in 

granulosa cell fate contributes to follicular degeneration and antral follicle growth arrest 

in PCOS (Kim et al., 2013).  

In DHT-induced rat studies, granulosa cell death was observed prior to follicular 

degeneration and accumulation of small, irregular atypical follicles (Kim et al., 2013). 

These structures have no oocyte and are predominantly theca cells, similar to the cysts 

seen in women with PCOS. Granulosa cell death may be associated with increased levels 

of serum/ovarian chemerin and ovarian CMKLR1, as seen in both PCOS patients and the 

DHT-induced model (Kim et al., 2013; Wang et al., 2012). Although the effects of 

gonadotropin on granulosa cell death were not assessed, eCG administration  
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Figure 1.1:  Polycystic ovarian syndrome arrests follicular growth at the early 

antral stage of folliculogenesis 

The stages of folliculogenesis (primordial, primary, secondary, preantral, antral, 

preovulatory and ovulation) and their responsiveness to gonadotropin (Gn) are shown. In 

the case of polycystic ovarian syndrome, one of the main characteristics is antral follicle 

growth arrest. This dysregulation in folliculogenesis prevents dominant follicles to 

develop into fully mature follicles, leading to chronic anovulation and reduced fertility 

(modified from Craig et al., 2007). 
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was found to rescue ovarian length and reactivate folliculogenesis in the DHT-induced 

model (Hossain et al., 2013). These restorative characteristics suggest that gonadotropin 

(e.g. FSH) may prevent granulosa cell apoptosis in the DHT-induced rat model for 

PCOS. 

Mechanisms leading to granulosa cell fate dysregulation in PCOS have not been 

fully elucidated. As studies from recent years show that dysfunctional regulatory 

mechanisms of cell death such as mitochondrial fission/fusion dynamics and autophagy 

are implicated in various disease pathogeneses, perhaps they also play a role in the 

pathogenesis of PCOS (Westermann, 2010; Archer, 2013; Nixon and Yang, 2012). 

	

1.3 Mitochondrial Fission and Fusion Dynamics 

1.3.1 Mitochondrial Function 

 Mitochondria are double membrane-bound organelles known first and foremost as 

“the powerhouse of the cell” due to their important role in cellular respiration by 

generating energy in the form of ATP through the citric acid cycle. However, 

mitochondria have a variety of other functions in cellular regulation involving cellular 

metabolism, calcium storage, and cell fate regulation, including proliferation and 

programmed cell death (Friedman and Nunnari, 2014; Nicholls, 2002; Westermann, 

2010; McBride, Neuspiel and Wasiak, 2006). As mitochondria are highly dynamic, they 

constantly alter their morphology to fulfill these various regulatory processes in the cell. 

 

1.3.2 Mitochondrial Fission and Fusion  

 Due to their dynamic nature, mitochondria constantly undergo division (fission) 
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and elongation (fusion) to form a network of important processes in cellular regulation 

and maintenance (Detmer and Chan, 2007; Youle and Karbowski, 2005). Fusion is 

important for the exchange of soluble and membranous components across mitochondria 

(Karbowski and Youle, 2003). During the S-phase of the cell cycle, mitochondria are 

hyperfused to increase the output of ATP, compensating for the energy required for DNA 

replication (Mitra et al., 2009). Meanwhile, mitochondrial fission is important for the 

segregation of mitochondrial DNA (mtDNA) and mitochondrial distribution during 

mitosis (Mishra and Chan, 2014; Westermann, 2010). Fission is also important for the 

purposes of quality control by isolating the damaged portions of mitochondria for 

autophagic degradation via mitophagy or by initiating the intrinsic apoptotic pathway 

(Detmer and Chan, 2007; Kluge, Fetterman and Vita, 2013).   

 Extensive mitochondrial fragmentation leads to a disruption in the inter-

mitochondrial membrane space housing cytochrome C, likely due to cristae remodeling 

triggered by mitochondrial outer membrane permeabilization (MOMP). The release of 

cytochrome C initiates a downstream chain of events, including caspase-3 activation and 

apoptosis (Detmer and Chan, 2007; Lee et al; 2004). The inhibition of mitochondrial 

fragmentation reduces cytochrome C release and delays cell death and pro-apoptotic Bak 

and Bax deficient-cells have altered mitochondrial dynamics (Frank et al. 2001; 

Karbowski et al. 2006). 

 

1.3.3 Regulation of Mitochondrial Fission and Fusion 

 A multitude of intracellular GTPase intermediates regulate both mitochondrial 

fission (Fis1, Drp1) and fusion (Opa1, Mfn1, Mfn2) (Lee et al, 2004; Youle and  
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Figure 1.2: Intracellular proteins regulate mitochondrial fusion and fission 

dynamics 

A: A number of intracellular intermediates regulate mitochondrial dynamics (fusion and 

fission). Mitofusin 1 and 2 are involved in outer mitochondrial membrane fusion while 

Opa1 regulates inner mitochondrial membrane fusion. During fission (division), Fis1 and 

Drp1 are involved. 

B: Drp1 participates in mitochondrial fission by forming oligomers around the 

mitochondrion via GTP hydrolysis. These Drp1 oligomers coil around and constrict the 

mitochondrion, dividing it into two daughter mitochondria (Youle and Karbowski, 2005).  
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Karbowski, 2005; Detmer and Chan, 2007). As illustrated in Fig. 1.2, Mitofusin proteins 

Mfn1 and Mfn2 are GTPases involved in fusion of the outer mitochondrial membrane 

(OMM) by tethering homo- and hetero-oligomers to form an anti-parallel coiled coil 

(Youle and Karbowski, 2005). Meanwhile, Optical atrophy 1 (Opa1) is responsible for 

the fusion of the inner mitochondrial membrane (IMM), and the balance of its long and 

short forms ensure mitochondrial fusion by tethering of homo- and hetero-oligomers as 

well (Youle and Karbowski, 2005). However, apoptotic signaling can stimulate cleavage 

of the membrane-bound long-form Opa1 at its S1 cleavage site by Oma1, disrupting 

fusion and shifting the balance towards increased fission (Song et al., 2007). 

Mitochondrial Fission 1 (Fis1), along with recently discovered mitochondrial fission 

factor (Mff) and mitochondrial dynamics proteins of 49 and 51 kDa (MiD49 and MiD51), 

are among proteins on the outer mitochondrial membrane that facilitate the docking and 

oligomerization of dynamin-related protein 1 (Drp1) (Losón et al., 2013).  

 Drp1 is a cytoplasmic GTPase that functions as the key player in mitochondrial 

fission. During mitochondrial fission, Drp1 is recruited from the cytoplasm to the 

mitochondrial membrane. By GTP hydrolysis, Drp1 assembles an oligomer chain that 

coils and constricts around the mitochondrion until it divides into two daughter 

mitochondria (Youle and Karbowski, 2005; Chen and Chan, 2006). The activity of Drp1 

is dependent on post-translational modifications, including ubiquitination, sumoylation, 

S-nitrosylation and phosphorylation (Chang and Blackstone, 2010; Detmer and Chan, 

2007; Santel and Frank, 2008). When its Ser616 site (Ser635 in rats) is phosphorylated by 

the cyclin-dependent kinase 1 (CDK1)/cyclin B complex, mitochondrial fission is 

initiated as seen during mitosis. However, when its Ser637 site (Ser656 in rats) is 
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phosphorylated by PKA, Drp1 function is inhibited and inactive mitochondrial 

complexes accumulate, shifting mitochondrial dynamics towards mitochondrial fusion 

instead (Merrill et al., 2011; Chang and Blackstone, 2010). As cAMP accumulation is 

responsible for both the activation of PKA and the downstream inactivation of pro-

apoptotic CDK1, it has been suggested that these two phosphorylation events (Ser616 

and Ser637) are in opposition of one another (Li, Mao and Xia, 2012). 

Dephosphorylation of Ser637 by calcineurin allows Drp1 to change its conformation and 

perform its function during fission (Cereghetti et al; 2008). Recently, Ca2+/calmodulin-

dependent protein kinase Iα (CaMKIα) has also been shown to phosphorylate Ser637, 

initiated by an influx of Ca2+ into the neuronal cell. However, this study found that Fis1 

affinity and subsequent mitochondrial fission increased with phosphorylation, in 

contradiction to other Ser637 studies (Han et al., 2008).  

 Aside from phosphorylation, other post-translational modifications are capable of 

regulating Drp1 function. Bak/Bax-dependent sumoylation via E3 ligase MAPL allows 

Drp1 to protect itself from ubiquitination and facilitates localization, while nitrosylation 

of its Cys644 site by nitric oxide can promote fission (Braschi, Zunino and McBride, 

2009; Cho et al, 2009). Ubiquitination by E3 ligase MARCH5 was originally believed to 

facilitate mitochondrial fusion, though recent studies indicate its role in trafficking and 

assembly/disassembly of Drp1 at the mitochondria to promote fission (Karbowski, 

Neutzner and Youle, 2007). 

 

1.3.4 Dysregulation of Mitochondrial Dynamics and Associated Pathologies 

 Although mitochondria are highly dynamic by nature, fission and fusion must be 
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relatively well balanced in order to maintain a healthy cell. Dysregulation in 

mitochondrial dynamic proteins can shift this balance towards excessive fusion or fission, 

which can lead to cell death and disease pathogenesis. In recent years, a number of 

diseases have been linked to a dysregulation in mitochondrial fission and fusion 

dynamics, including neurodegenerative, cardiovascular, and renal disorders 

(Westermann, 2010; Archer et al., 2013; Shenouda et al., 2011). A mutation in Mfn2 is 

associated with Charcot-Marie-Tooth neuropathy, and a number of Opa1 mutations are 

involved in optic atrophy (Züchner et al., 2004; Olichon et al., 2006). In Huntington’s 

disease, the mutated huntingtin protein binds to Drp1, increasing its activity and 

downstream mitochondrial fission and apoptosis (Song et al., 2011). A key protein 

associated with Alzheimer’s disease, called β-amyloid protein, increases nitric oxide 

production and S-nitrosylation of Drp1, leading to mitochondrial fission and neuronal 

degeneration (Cho et al., 2009). Hypertension is associated with dysregulations in Mfn2, 

Opa1, and Ser616 phosphorylation of Drp1 (Ryan et al, 2013; Marsboom et al, 2012; Jin 

et al., 2011). The rapid accumulation of Drp1 during acute kidney injury can lead to 

mitochondrial fragmentation and impairment in ATP production, contributing to tissue 

dysfunction in chronic kidney disease (Zhan et al., 2013).  

 In the context of gynecological cancers, the functional food agent piceatannol 

enhanced the effects of cisplatin (CDDP) treatment on apoptosis induction by Drp1-

mediated mitochondrial fragmentation in chemosensitive ovarian cancer cells (Farrand et 

al., 2013a). However, CDDP was unable to induce mitochondrial fragmentation and 

apoptosis in chemoresistant gynecological cancer cells due to an upstream inhibition of 

Opa1 processing (Kong et al., 2014). Dysregulation in mitochondrial dynamics is also 
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associated with cervical cancer, breast cancer, lung cancer, glioblastoma, neuroblastoma, 

colorectal cancer, pancreatic cancer and melanoma (Senft and Ronai, 2016). 

 

1.3.5 Mitochondrial Dynamics in Ovarian Granulosa Cells  

 Recent studies on mitochondrial dynamics in the ovary suggest that fission and 

fusion homeostasis is crucial for maintaining healthy follicular development. In 

Drosophila sp., Drp1-null follicle cells had increased proliferation, resistance to 

apoptosis and developmental defects in ovarioles (Mitra et al., 2012; Tanner and McCall, 

2011). An oocyte-specific Drp1 knockout (KO) mouse resulted in anovulation, follicle 

growth arrest, multi-organelle aggregations and mitochondrial deformations in the oocyte 

as well as decreased granulosa cell proliferation, while murine granulosa cells in response 

to cigarette smoke in vivo had down-regulated Mfn1 and Mfn2 contents (Udagawa et al., 

2014; Gannon, Stämpfli, and Foster, 2013). Mitochondrial fragmentation and apoptosis 

were detected in the cumulus cells of a streptozotocin-induced type I diabetic Akita 

mouse model (Wang et al., 2010). In a cisplatin-induced mouse model for premature 

ovarian failure (POF), in which pathogenesis is associated with granulosa cell apoptosis 

and accelerated follicular atresia, Mfn2 and anti-apoptotic Bcl-2 levels were down-

regulated while pro-apoptotic Bax levels were up-regulated. ATP levels were also 

decreased, and ultrastructural analysis of mitochondrial morphology via transmission 

electron microscopy (TEM) revealed mitochondrial membrane and cristae impairments 

(Chen et al., 2015). 
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1.3.6 Mitochondrial Dysfunction and Polycystic Ovarian Syndrome 

 To date, the examination of mitochondrial fission and fusion dynamics in context to 

PCOS has not been reported, though the involvement of mitochondrial respiration in the 

pathogenesis of PCOS has been briefly examined. Oxidative stress occurring at 

mitochondrial complex I led to increased reactive oxygen species production and 

decreased mitochondrial O2 consumption in polymononuclear leukocytes of PCOS 

patients (Victor et al., 2009). The occurrence of circulating markers of oxidative stress 

(e.g. homocysteine, malondialdehyde, dimethylarginine) was higher in PCOS patients 

regardless of obesity (Murri et al., 2013). As increased oxidative stress is associated with 

increased mitochondrial fission (Yu et al., 2008), overabundant mitochondrial fission 

may be seen in the pathophysiology of PCOS as well.  

 

1.4 Autophagy 

1.4.1 Overview of Autophagy 

 Autophagy, a name derived from the Greek words meaning “self eating”, is a cell 

survival mechanism that involves the degradation of intracellular constituents. The three 

types of autophagy are macroautophagy, microautophagy and chaperone-mediated 

autophagy (Glick, Barth and Macleod, 2010; Mizushima, 2007). The main pathway of 

autophagy is macroautophagy, which involves the assembly of a double membrane-

bound vesicle called the autophagosome to surround and degrade target proteins. The 

fusion of the autophagosome with the lysosome (forming a structure called the 

autolysosome) stimulates the breakdown and recycling of its cargo (He and Klionsky, 

2009; Glick, Barth and Macleod, 2010; Mizushima, 2007). Macroautophagy can also 
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perform selective autophagy of organelles. An example of this is mitophagy, which 

involves the degradation of damaged mitochondria after undergoing fragmentation via 

mitochondrial fission (Kluge, Fetterman and Vita, 2013).  

 Neither microautophagy nor chaperone-mediated autophagy requires 

autophagosomes for degradation. Instead, microautophagy utilizes lysosomes directly via 

invagination, and chaperone-mediated autophagy uses an hsc70-containing chaperone to 

facilitate translocation into the lysosome (Lee, Giordano and Zhang, 2012; Sahu et al., 

2011; Bejarano and Cuervo, 2010).   

 

1.4.2 Mechanisms and the Autophagy Process 

 Macroautophagy (which will now be generalized as “autophagy”) involves a vast 

number of players known as autophagy-related or Atg proteins whose main regulator is 

the mechanistic target of rapamycin (mTOR) (He and Klionsky, 2009; Mizushima, 2007; 

Glick, Barth and Macleod, 2010). mTOR is a serine/threonine kinase that suppresses 

autophagy via inhibitory phosphorylation of Unc-51 like autophagy activating kinase 1 

(ULK1), another serine/threonine kinase (Wong et al., 2013). Insulin and growth factor 

signaling suppresses autophagy in basal conditions through various pathways (e.g. 

PI3K/Akt) upstream of mTOR and through inhibition of the mTOR-independent pathway 

(Raf1-MAPK-ERK1/2) (Martinez-Lopez and Singh, 2014; He and Klionsky, 2009).  

 Autophagy can be stimulated by a numbers of stressors such as nutrient deprivation 

and ATP depletion, ER stress, hypoxia and oxidative stress (He and Klionsky, 2009).  

These stressors can inactivate mTOR, which allows ULK1 activation and formation of 

the isolation membrane or phagophore (Wong et al., 2013). As illustrated in Fig. 1.3, the  
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Figure 1.3:  Autophagosome formation and degradation via lysosomal fusion 

After autophagy is initiated by upstream regulators, the formation of the phagophore 

begins the sequestration of cargo by p62, which can selectively bind to ubiquitinated 

targets for degradation. LC3I becomes converted into LC3II and assembles along the 

phagophore during elongation to bind with its substrate p62. Once the autophagosome is 

fully formed, it fuses with the lysosome to form the autolysosome. Lysosomal enzymes 

degrade the cargo including p62 and interior-facing LC3II. In Western blot studies, the 

degradation of LC3II can complicate the interpretation of the data. The addition of a 

lysosomal inhibitor such as chloroquine (CLQ) can prevent degradation of the 

autophagosome contents to confirm if autophagic flux is occurring. 
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phagophore begins the sequestration of cargo, and proteins such as p62/sequestosome 1 

(SQSTM1) can selectively target ubiquitinated cellular components for degradation 

(Bjørkøy et al., 2005). Nucleation and assembly of the phagophore involve many players 

including the class III phosphatidylinositol 3-kinase (PtdIns3K) complex containing 

Beclin-1 and various Atg proteins (Nobukuni et al. 2005; Mizushima, 2007). Phagophore 

elongation and autophagosome formation is mediated in part by microtubule-associated 

protein 1 light chain 3 (LC3). Cytoplasmic LC3, or LC3I, becomes conjugated to 

phosphatidylethanolamine (PE) via Atg12-Atg5-Atg16L and converts into LC3II (Fujita 

et al., 2008; Glick, Barth and Macleod, 2010). LC3II assembles along the phagophore 

both interiorly and exteriorly, and binds with its cargo-bound substrate p62 (Pankiv et al., 

2007). Once the autophagosome is completely formed, it can fuse with the lysosome to 

form a structure called the autolysosome. Lysosomal enzymes degrade the cargo 

including p62 and interior-facing LC3II into monomeric units, which are recycled by the 

cell (Mizushima, 2007). 

 

1.4.3 Methods of Studying Autophagy 

 A wide number of cellular and molecular assays can be utilized to study autophagy 

including TEM, fluorescence microscopy, Western blot, flow cytometry and isotopic 

labeling (Fig. 1.4; Mizushima, Yoshimori and Levine, 2010). However, it can be 

challenging to make accurate interpretations about an entire dynamic process when 

limited to assessing static measurements. This can be particularly difficult when trying to 

find the optimal time-of-action for autophagy during time-course studies. Great 

variability in the time-of-action across experimental replicates may complicate the intent 

to achieve a significant result after statistical analysis from a combined mean. Therefore, 
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Figure 1.4:  Overview of methods used to study autophagy 

A: Electron microscopy (EM) can determine the presence of autophagosomes in a cell. 

B-C: Fluorescence microscopy (FM), and immunoblotting (IB) without lysosomal 

inhibitors can indicate autophagosome formation, but not autophagic flux  

D-H: FM, flow cytometry (FC), isotope release (IR), and IB with lysosomal inhibitors are 

methods used to determine autophagic flux. Chloroquine is an example of a lysosomal  

inhibitor, which inhibits fusion of the autophagosome and lysosome. (diagram taken from 

Mizushima, Yoshimori and Levine, 2010).  
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it is encouraged to carefully plan the methodological approach prior to experimentation, 

and to assess the data critically (Mizushima, Yoshimori and Levine, 2010). One of the 

most reliable yet classic methods in determining autophagy is ultrastructural 

identification of autophagic vacuoles (autophagosomes or autolysosomes) using TEM. 

By identifying their target components within the vacuole, organelle-specific autophagy 

such as mitophagy can be confirmed (Barth, Glick and Macleod, 2010; Gannon, Stämpfli 

and Foster, 2013). 

 The determination of autophagosome production is commonly studied by assessing 

LC3I to LC3II conversion as well as their relative amounts via fluorescence microscopy 

or Western blot (Mizushima, Yoshimori and Levine, 2010). In the case of Western blot 

analysis of LC3I/II, it is important to take precautions when interpreting the data. An 

increase in band intensity of LC3II indicates an increase in autophagosome production. 

Meanwhile, a decrease or no change in LC3II band intensity could indicate either one of 

two scenarios: a) autophagy is unable to be induced by the treatment; or b) autophagic 

flux has occurred and interior-facing LC3II has been degraded by the autolysosome 

(Mizushima and Yoshimori, 2007; Barth, Glick and Macleod, 2010). To reconcile this, it 

is now common to include a lysosomal inhibitor such as chloroquine to prevent fusion of 

the autophagosome and lysosome, resulting in an accumulation of autophagosomes (Fig. 

1.3). Originally intended as a treatment for malaria, chloroquine is frequently used in 

autophagy studies as an inhibitor of lysosomal acidification, preventing fusion enzymes 

that require acidic conditions to function (Dunmore et al, 2013; Mizushima, Yoshimori 

and Levine, 2010). If the intensity of the band for LC3II is unchanged in chloroquine-free 

conditions but increased in chloroquine-containing conditions, this indicates that LC3II is 
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being degraded by the autolysosome and autophagic flux is occurring (Mizushima and 

Yoshimori, 2007; Barth, Glick and Macleod, 2010).  

 Another common marker to assess autophagic flux is p62. As p62 is contained 

within the interior of the autophagosome during autophagy, it will become degraded with 

the target contents after fusion with the lysosome. In Western blot studies, a decrease in 

p62 band intensity is generally indicative of autophagic flux, however recent studies 

suggest p62 expression may increase after prolonged starvation to compensate for the 

increased demand of autophagy (Sahani, Itakura and Mizushima, 2014; Mizushima and 

Yoshimori, 2007).  

 

1.4.4 Autophagy-Mediated Cell Death and Dysregulation 

 Although autophagy is first and foremost a cell survival mechanism, chronic stress 

such as nutrient deprivation can stimulate autophagic cell death, another form of 

programmed cell death. Autophagic cell death is characterized by an overabundance of 

autophagic vacuoles and a loss in organelles without the nuclear fragmentation or 

membrane blebbing seen in apoptosis (Thorburn, 2008; Tsujimoto and Shimizu, 2005). 

Despite their distinctive morphological differences, there is extensive cross talk between 

autophagic cell death and apoptosis, which can occur simultaneously or independently of 

one another (Maiuri et al., 2007; Thorburn, 2008). 

 A dysregulation in autophagy leading to autophagic cell death has been linked to a 

number of pathological processes (Nixon and Yang, 2012). Neurons in Parkinson’s 

disease have higher numbers of autophagic vacuoles caused by mutations in PINK1 and 

Parkin mitophagy proteins, while patients with amyotrophic lateral sclerosis have an 
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increased number of autophagosomes that may be associated with suppressed phospho-

mTOR in neurons (Gasser, 2009; Sasaki, 2011; Morimoto et al. 2007). A mutation in 

presenilin 1 (PS1), a key factor of Alzheimer’s disease, leads to defective lysosomal 

acidification required for autolysosome function (Lee et al., 2010). In Crohn’s disease, a 

severe inflammatory bowel disorder, genome-wide association (GWA) scans indicate that 

genes critical for autophagy, Atg16L1 and IRGM, are implicated (Massey and Parkes, 

2007).  

 

1.4.5 Autophagy in Granulosa Cell Regulation, Follicular Atresia and PCOS  

Although the occurrence of oocyte autophagic cell death during follicular atresia 

has been well established, the role of granulosa cell autophagy in follicular atresia has 

also recently been demonstrated (Escobar Sánchez, Echeverría Martínez and Vázquez-

Nin, 2012; Devine et al., 2000). Studies on folliculogenesis and follicular atresia using 

eCG-primed rats indicated that autophagy induces apoptotic and non-apoptotic cell death 

in atretic follicles (Choi et al., 2010; Choi et al., 2011). Immunohistochemical (IHC) 

analysis showed increased LC3 and caspase-3 staining in the granulosa cells of atretic 

follicles (Choi et al., 2010; Choi et al., 2014). Gonadotropin treatment in vivo (via eCG) 

and in vitro (via FSH) suppressed autophagy by the Akt-mediated mTOR pathway, as 

seen by a reduction in both LC3II expression and autophagic vacuoles via TEM (Choi et 

al., 2014).  

Studies relating granulosa autophagic cell death and follicle loss/degeneration have 

also been assessed. In response to cigarette smoke in vivo, murine granulosa cells had 

autophagic, but not apoptotic, cell death and follicle loss associated with up-regulated 
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LC3 and Beclin-1, and down-regulated Akt and mTOR protein contents as well as 

increases in autophagosome production and mitophagy when examined by TEM (Furlong 

et al., 2015; Gannon, Stämpfli and Foster, 2012; Gannon, Stämpfli and Foster, 2013). 

Ovaries obtained from women undergoing in vitro fertilization had lectin-like oxidized 

low-density lipoprotein receptor-1 (LOX-1), a receptor for oxidated low-density 

lipoprotein (oxLDL) associated with obesity, localized in regressed antral follicles 

(Duerrschmidt et al., 2006). oxLDL treatment of a human granulosa cell line showed an 

induction of apoptosis-independent autophagic cell death indicated by increased 

LCII:LC3I ratio and presence of autophagic vacuoles (Duerrschmidt et al., 2006; Schube 

et al., 2014). 

As autophagy, mitophagy and autophagic cell death are found to induce granulosa 

cell death leading to follicular atresia or follicle loss, its dysregulation may also be 

associated with dysregulations in mitochondrial fission, granulosa cell death and 

follicular growth arrest in PCOS (Furlong et al., 2015; Choi et al., 2010). However, few 

studies using androgenized rodent models have attempted to determine the possible 

involvement of autophagy in the pathophysiology of PCOS. In DHEA-induced mice, 

there was no significant difference in mTOR or p-mTOR contents compared to control 

(Yaba and Demir; 2012). As this was assessed in pooled cells from the entire ovary, this 

lack of effect may be due to cell type-specific differences in autophagy. Myocardial 

tissue in DHT-implanted rats had disrupted autophagy as indicated by LC3II down-

regulation and p62 up-regulation, though this was not assessed in the context of the ovary 

(Gao et al., 2016).  
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1.4.6 Chemerin and Autophagy 

In recent years, chemerin has been established as an inducer of autophagy in 

various cell types. In human aorta endothelial cells (HAECs), chemerin-induced 

angiogenesis was associated with the induction of reactive oxidative species (ROS) 

generation and up-regulation of Beclin-1, Atg-7, Atg-12-Atg-5, and LC3II in chemerin-

treated cells (Shen et al., 2013). These results were supported by an observed increase in 

autophagosome number in chemerin-treated cells, and the AMPK/mTOR pathway was 

confirmed to mediate chemerin’s action on HAEC autophagy (Shen et al., 2013). 

Chemerin-induced autophagy was also recently investigated in skeletal muscle, with 

findings consistent to those found in HAECs (Xie et al., 2015). Chemerin increased 

levels of Beclin-1, Atg-5 and Atg-7 as well as the conversion of LC3I to LC3II via the 

Akt-Fox03α pathway upstream to mTOR (Xie et al., 2015; Mammucari, Schiaffino and 

Sandri, 2008). This was linked to a chemerin-induced up-regulation of mitochondrial 

fission proteins (Drp1 and Fis1) and down-regulation of mitochondrial fusion proteins 

(Mfn2 and Opa1), which led to mitochondrial dysfunction and ROS generation (Xie et 

al., 2015).  

The above studies provide convincing evidence of chemerin-induced autophagy 

and the mechanisms involved in its regulatory effects. Although this has not yet been 

reported in the ovary, it is possible that chemerin-induced granulosa cell autophagy and 

autophagic cell death may be associated with chemerin-induced granulosa cell apoptosis 

demonstrated in ovarian follicles, due to the interactive cross-talk between apoptosis and 

autophagy (Kim et al., 2013; Maiuri et al., 2007; Thorburn, 2008).  
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1.5 Rationale 

 PCOS, a broad-spectrum disorder associated with dysregulated folliculogenesis, is 

characterized by increased granulosa apoptotic cell death, antral follicular growth arrest 

and anovulation. As mounting evidence links dysregulations in regulatory mechanisms of 

cell death, such as mitochondrial fission/fusion dynamics and autophagy, to the 

pathogenesis of various diseases, mitochondrial dynamics and autophagy may play 

significant roles in granulosa cell death associated with the pathogenesis of PCOS. 

 As FSH is known for its pro-survival regulatory roles in granulosa cells as well as 

its therapeutic use for induction of folliculogenesis and ovulation in PCOS, its potential 

modulatory role on mitochondrial dynamics and autophagy in the PCOS condition 

remains to be demonstrated. Possible mechanisms for its role in mitochondrial fission and 

fusion regulation may be related to post-translational modifications of Drp1. As cAMP is 

responsible for both the activation of anti-fission PKA and the inactivation of pro-fission 

CDK1 kinases for Drp1, it is possible that FSH regulates mitochondrial dynamics by 

suppressing the activity of Drp1 via phosphorylation sites Ser616 and Ser637, hence 

suppressing mitochondrial fission. 

 Lastly, the role of chemerin in the regulation of granulosa cell apoptosis needs to be 

confirmed. Previous findings suggest that chemerin inhibits FSH-induced granulosa cell 

steroidogenesis and induces apoptosis and follicular growth. As these apoptosis studies 

were completed in follicle cultures, its remains unclear whether chemerin acts directly on 

the granulosa cells and if it could induce apoptosis in isolated granulosa cell preparations. 

Its role in the regulation of mitochondrial dynamics, possibly resulting in granulosa cell 

apoptosis and autophagy, also remains a mystery. 
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1.6 Hypothesis 

 It is hypothesized that in PCOS, a dysregulated increase in mitochondrial fission 

leads to granulosa cell death (apoptotic and autophagic) and follicular growth arrest, 

responses that are attenuated by gonadotropin. FSH plays an important role in the 

regulation of granulosa cell mitochondrial dynamics by inhibiting the activity of 

mitochondrial fission proteins such as Drp1, leading to the suppression of mitochondrial 

fission and apoptosis. Chemerin induces cell death in granulosa cell cultures, possibly 

contributing to the pathogenesis of PCOS.  

 

1.7 Overall and Specific Objectives 

 The overall objective of my research was to determine if the DHT-induced rat 

model exhibits dysregulation in mitochondrial dynamics and autophagy, and if these 

responses can be regulated by gonadotropin. These studies were accompanied by in vitro 

investigations of the mechanistic roles of FSH on mitochondrial fission/fusion and 

chemerin on granulosa cell death. 

 My specific objectives were: 

1. To determine if PCOS is associated with dysregulation in mitochondrial 

fission/fusion and autophagy in a DHT-treated model, and if exogenous 

gonadotropin can modulate this dysregulation in vivo. 

2. To determine if FSH can regulate mitochondrial fission/fusion proteins and 

morphology in granulosa cells from early antral follicles. 

3. To determine if chemerin can induce programmed cell death in granulosa cells 

from early antral follicles. 
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CHAPTER 2:  MATERIALS AND METHODS 

2.1 Reagents and antibodies 

 Cell culture media (M199), fetal bovine serum (FBS), penicillin and streptomycin, 

fungizone, trypsin, Trypan blue and ProLong® Gold Antifade Mountant with DAPI were 

purchased from Life Technologies (Burlington, ON, Canada). Equine chorionic 

gonadotropin (eCG), 3-isobutyl-1-methylxanthine (IBMX), chloroquine diphosphate salt 

solid, methylthiazolyldiphenyl-tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), 

Hoechst 33258, anti-LC3 antibody and bovine serum albumin (BSA) were purchased 

from Sigma-Aldrich (Oakville, ON, Canada). Recombinant human FSH was supplied 

from the National Hormone and Peptide Program (Harbor-University of California, Los 

Angeles, Medical Center, Torrance, CA, USA). Recombinant mouse active chemerin was 

purchased from R&D (Minneapolis, MN, USA). Dihydrotestosterone (DHT) was 

provided from Steraloids Inc. (Newport, RI, USA). RBC lysis buffer was from 

eBiosciences (San Diego, CA, USA). Rabbit polyclonal anti-rat TOM20, rabbit 

polyclonal anti-rat Fis1, and mouse monoclonal anti-rat Drp1 antibodies were purchased 

from Santa Cruz (Dallas, TX, USA). Purified rabbit polyclonal isotype control antibody 

was from BioLegend (San Diego, CA, USA). Anti-rabbit Alexa Fluor® 488 secondary 

antibody was purchased from Invitrogen (Burlington, ON, Canada). Mouse monoclonal 

anti-rat Mitofusin1, mouse monoclonal anti-rat Mitofusin2, mouse monoclonal anti-rat β-

actin, and mouse monoclonal anti-rat glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) antibodies were purchased from Abcam (Cambridge, MA, USA). Mouse 

monoclonal anti-rat Opa1 antibody was from BD Biosciences (Franklin, NJ, USA). 

Rabbit polyclonal anti-rat vinculin, rabbit polyclonal anti-rat p62, rabbit polyclonal anti-
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rat phospho-Drp1 Ser637 and rabbit polyclonal anti-rat phospho-Drp1 Ser616 antibodies 

were obtained from Cell Signaling (Danvers, MA, USA). Horseradish peroxidase-

conjugated secondary antibodies, reagents for DC™ Protein Assay and reagents for SDS-

PAGE were purchased from Bio-Rad (Mississauga, ON, Canada). Enhanced 

chemiluminescence (ECL™) reagent, ECL Prime reagent and PageRuler™ Prestained 

Protein Ladder were purchased from Thermo Fisher Scientific (Burlington, ON, Canada). 

All other chemicals were of the highest analytical grade and were from Sigma-Aldrich. 

 

2.2 Animal preparation 

 Female Sprague-Dawley rats (Charles River, Montréal, Canada) were maintained 

on 12-h light, 12-h dark cycles and given food and water ad libitum. All procedures were 

carried out in accordance with the Guidelines for the Care and Use of Laboratory 

Animals, Canadian Council on Animal Care, and were approved by the University of 

Ottawa Animal Care Committee.  

 

2.3 DHT-filled SILASTIC® capsule preparation 

 The DHT-filled silicone capsules were prepared as previously described (Wang et 

al., 2013). SILASTIC® brand tubing (inner diameter 1.98 mm × outer diameter 3.18 mm; 

Dow Corning Corp., Midland, MI, USA) was cut to an appropriate length to achieve a 

surface area of 300 mm2. The tubing was filled with DHT (purchase and use approved by 

Health Canada, authorization # 27438.02.12) via Pasteur pipette and sealed at both ends 

(3 mm) with adhesive, ensuring that no air bubbles were present. Control capsules were 

empty with sealant at both ends. After being left overnight for the sealant to dry, capsules 
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were submerged in 3% BSA in PBS with 0.1% NaN3 solution for 1 d, washed three times 

in PBS for 5 min, then sterilized in 70% ethanol overnight. After sterilization, capsules 

were left to dry prior to use. 

 

2.4 Animal surgery, DHT implantation and eCG injection 

 Rats at 21 d of age (reflective of the age of PCOS in humans) were implanted 

subcutaneously with either control (CTL) or DHT-filled continuous-release SILASTIC® 

capsules (83 µg/d) for 28 d to mimic the hyperandrogenic state in patients with PCOS 

(Sengupta, 2013; Bronstein et al, 2011). At 26 d post-implantation, half the rats with CTL 

implants and half the rats with DHT implants were injected with eCG (20 IU, i.p.) 48 h 

prior to sacrifice, resulting in a total of four treatment groups: CTL, DHT, eCG, or DHT 

+ eCG. 

 

2.5 Collection of ovaries from CTL, eCG, DHT and DHT + eCG rats 

 Rat ovaries were collected after euthanization via CO2, with one ovary used for 

paraffin-embedded ovarian sections and the other ovary from the same rat used for TEM. 

The first ovary was fixed in 4% paraformaldehyde and ovarian weight/length were 

measured, followed by paraffin embedding, serial sectioning (4 µm) and mounting onto 

positively charged slides for hematoxylin and eosin (H&E) staining (to visualize ovarian 

structural features) or TUNEL assay (to determine granulosa cell apoptosis). The second 

ovary was fixed in 2.5% glutaraldehyde in 0.1 M cacodilate buffer for conventional 

TEM. Standard procedures for dehydration and Spurr’s Low Viscosity embedding 

mixture (Electron Microscopy Sciences, Hatfield, PA, USA) were performed as per 



 36 

manufacturer’s instructions. Semi-thin and ultra-thin sections were contrasted with 

toluidine blue (Electron Microscopy Sciences) for follicle-stage selection, and 

micrographs were taken on a JEOL 1230 transmission electron microscope.  

 

2.6 Primary culture of rat granulosa cells 

 Ovaries from rats at 21 d of age were collected in M199 medium supplemented 

with HEPES (10 mM, pH 7.4), streptomycin-penicillin (100 U/mL), and Fungizone 

(0.625 g/mL), and excised of excess fat and tissue prior to incubation with 6 mM EGTA 

for 15 min and 0.5 M sucrose for 5 min. Granulosa cells were selectively released from 

preantral/early antral stage follicles based on size via follicle puncture using a 26.5-gauge 

needle and filtered through a 40-µm nylon cell strainer (BD Biosciences) to remove cell 

clumps and oocytes. After wash and centrifugation (900 × g, 10 min), the viability of 

granulosa cells was determined by Trypan blue exclusion. Granulosa cells were plated 

(0.6 × 106 per well in a 6-well plate; 1 × 104 per well in a 8-well chamber slide) at 37ºC 

for 2 d in M199 containing 10% FBS in a humidified atmosphere of 95% air and 5% 

CO2. Granulosa cells were starved overnight in M199 without FBS followed by treatment 

with FSH (0 - 200 ng/ml) and/or chemerin (0 - 200 ng/ml) for a designated time (0 – 48 

h). IBMX (10 µM) was added 90 min prior to and during FSH treatments to prevent 

cAMP degradation. 

 

2.7 Isolation of granulosa cells from CTL, DHT, eCG and DHT + eCG rats  

 Granulosa cells from CTL, DHT, eCG or DHT + eCG rats were collected using the 

same method as primary granulosa cell culture (carefully avoiding puncture of 
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preovulatory follicles and corpus lutea), stopping after the wash and centrifugation steps. 

Granulosa cells were then washed and centrifuged with PBS followed by RBC lysis 

buffer for 1 min. After wash and centrifugation with PBS again, cell pellets were 

immediately stored at -80 ºC until protein extraction. 

 

2.8 Description of ovarian structural features and categorization of follicle stages 

 To classify follicles at different stages of development, we assessed the appearance 

of the antrum, the number of granulosa and theca cell layers, the presence of mural and 

cumulus granulosa cells, and relative follicle size. The presence of corpora lutea were 

also noted. Only follicles that had visible oocytes were considered for categorization. 

Primary and secondary follicles had a single- and double-layer of granulosa cells, 

respectively. Preantral follicles had a minimum of 3 layers of granulosa cells with no 

antrum. Early antral follicles had a small antrum, taking up less than half of the entire 

follicle size. Late antral follicles had a substantial antrum that took up at least half of the 

follicle. Preovulatory follicles had the largest antrum taking up most of the follicle, and 

had even layers of mural granulosa cells as well as cumulus granulosa cells surrounding 

the oocyte. Atypical follicles were small collapsed structures in which an oocyte was not 

detectable, and were predominantly composed of theca cells.	

	

2.9 Determination of apoptosis in CTL, eCG, DHT and DHT + eCG rats 

 In situ TUNEL assay was carried out in ovarian sections using TUNEL enzyme 

(#11 767 305 001, Roche, Mississauga, ON, Canada) and fluorescent TUNEL label (#11 

767 291 910, Roche, Mississauga, ON, Canada) as per the manufacturer’s instructions. 
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Briefly, after deparaffinization and hydration (with xylene, 100% ethanol, 95% ethanol, 

80% ethanol, 70% ethanol, and distilled water in that order), the sections were 

permeabilized in 0.1% sodium citrate solution containing 0.1% of Triton X-100 for 8 min 

on ice. The sections were incubated in a combined solution of TUNEL enzyme and 

TUNEL label (5:45 proportion, respectively) during 1 h at 37°C, washed with PBS and 

mounted using ProLong® Gold Antifade Mountant with DAPI. The positive control of 

the reaction was performed using DNAse (1000 U/ml) diluted in 0.05 M Tris-HCl buffer 

(pH 7.5) containing 0.010 M MgCl2, while the negative control consisted of incubation 

with the TUNEL label without the TUNEL enzyme. 

 Images were obtained (× 20 objective) on a Zeiss® Axioplan 2 Imaging 

microscope, using Axiovision® Release 4.8.2 imaging software. Follicles with visible 

oocytes were classified as preantral, early antral, late antral and preovulatory stage, and 

TUNEL positivity was determined if ≥ 50% of the granulosa cells had positive staining. 

The distinction between TUNEL positive and TUNEL negative follicles was clear, as the 

vast majority of TUNEL negative follicles had no positive signal. TUNEL positivity was 

expressed per follicle stage as the mean number of TUNEL positive follicles over total 

follicles, obtained from the mean of three representative slides per rat (1 ovary per rat). 

The primary researcher was blinded to the treatment groups, with images obtained by a 

different researcher to avoid bias. 

  

2.10 Mitochondrial morphology assessment of CTL, eCG, DHT and DHT + eCG 

rats 

 After whole ovaries were imaged by TEM, mitochondrial morphology in granulosa 
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cells from preantral/antral follicles was categorized as either: a) rod-shaped appearance; 

b) circular appearance; c) constricted appearance or d) connected appearance. 

Mitochondria with rod-shaped appearance are elongated and have greater length 

compared to width, but do not exceed 1500 nm in length. The membranes and inner 

cristae structures of these mitochondria are clear and well defined. Mitochondria with 

circular appearance have clearly outlined mitochondrial membranes, though the interior 

can have bright (unhealthy) areas and poorly defined inner cristae structures. 

Mitochondria with constricted appearance are “dumb-bell shaped”, with an area of 

reduced width that appears constricted or “pinched in” (non-uniform width). The 

membrane is still intact and clear across this region of constriction, but interior structures 

including cristae structures are not well defined and bright areas are common. 

Mitochondria with connected appearance have at least one of the following 

characteristics: a) highly elongated with the length exceeding 1500 nm; b) mitochondria 

that appear “forked” or misshapen (non-rod); or c) mitochondria that interact either 

distally or laterally. The clarity of the membrane and interior structures of connected 

mitochondria is variable. Each category of mitochondria is expressed as a percentage of 

total mitochondria assessed per treatment group, and a minimum of 275 mitochondria 

was assessed per treatment group. 

 

2.11 Protein extraction and Western blot  

 Protein extracts were obtained by directly adding 100 µl hot lysis buffer (10 mM 

Tris, pH 7.4; 1% sodium dodecyl sulfate [SDS], 1mM sodium orthovanadate) to each 

well in a 6-well plate followed by rapidly scraping and transferring to a microcentrifuge 



 40 

tube. In CTL, DHT, eCG and DHT + eCG granulosa cells, hot lysis buffer was added 

directly to the microcentrifuge tube and the cell pellet was re-suspended. Extracts were 

then boiled for 5 min followed by sonication, centrifugation (12,000 × g, 5 min) and 

collection of the supernatant. Protein concentrations were determined by BioRad DC® 

protein assay kit. Whole cell lysates (20 µg) were subjected to SDS-PAGE and proteins 

were electrophoretically transferred to a nitrocellulose membrane (GE Healthcare 

Lifesciences, Mississauga, ON, Canada). 

 After blocking with 5% skim milk in TBST (0.05% Tween-20 in 10 mM Tris; 0.15 

M NaCl, pH 7.4) at room temperature for 1 h, membranes were incubated overnight at 4º 

C with antibodies against Drp1 (1:1000), phospho-Drp1 Ser616 (1: 1000), phospho-Drp1 

Ser637 (1:500), LC3 (1:1000), p62 (1:500), Opa1 (1:1000), Mitofusin1 (1:1000), 

Mitofusin2 (1:1000), and Fis1 (1:1000) in TBST with constant agitation. Membranes 

were then treated with 1:5000 horseradish peroxidase-conjugated rabbit or mouse 

secondary antibodies for 1 h at room temperature, washed three times with TBST, then 

visualized using enhanced chemiluminescence according to the manufacturer’s 

instructions. The intensity of the immunoreactive bands obtained by both CL-Xposure 

film (Thermo Fisher Scientific) and VersaDoc® were determined by densitometry 

quantification using AlphaEaseFC (Alpha Innotech, San Leandro, CA, USA) and 

normalized to GAPDH (1:10 000), β-actin (1:10 000) or vinculin (1:10 000) loading 

controls depending on the molecular weight of the protein. 

 

2.12 Cell viability assay  

 At the end of the culture period, granulosa cells attached to the culture plate were 
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trypsinized (0.05% trypsin; 1-2 min at 37º C) and pooled with floating cells, pelleted, re-

suspended and counted. Using a 96-well plate, 100 µl containing 2 × 105 cells were added 

per well. MTT solution (5 mg/ml in PBS) was then added in each well (10 µl) and 

incubated at 37ºC for 4 h in a humidified chamber. To solubilize the converted formazan 

dye, 100 µl DMSO was added per well and agitated for 10 min in the dark. Absorbance 

was measured at a wavelength of 570 nm and cell viability was expressed as a percentage 

compared to untreated control. 

 

2.13 Determination of apoptosis in vitro  

 Attached and floating cells, collected as described above, were pooled and re-

suspended in 4% paraformaldehyde containing Hoechst 33528 (6.25 µg/ml; overnight at 

4º C). Cells were then spotted onto slides and assessed for typical nuclear morphology of 

apoptosis (nuclear shrinkage, condensation and fragmentation) under fluorescence 

microscopy. Healthy and apoptotic cells were counted in blinded conditions, and 

apoptotic cells were expressed as a percentage of total cells. A minimum of 400 cells was 

counted per treatment group. 

 

2.14 Immunofluorescence and mitochondrial morphology assessment in vitro 

 At the end of the culture period in an 8-well glass culture slide (BD Biosciences), 

granulosa cells were rinsed with PBS and fixed in 4% paraformaldehyde overnight at 4º 

C. Cells were permeabilized with 0.25% Triton X-100 in PBS, washed in 0.1% PBS-T 

(TWEEN® 20) and blocked with 3% BSA prior to application of rabbit polyclonal 

TOM20 antibody (1:200) and Alexa Fluor® 488 goat anti-rabbit secondary antibody 
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(1:500) for mitochondrial visualization. Images were obtained (× 40 objective) on a 

Zeiss® Axioplan 2 Imaging microscope using Axiovision® Release 4.8.2 imaging 

software. Mitochondrial phenotype of each cell was categorized as either tubular or 

fragmented. Tubular mitochondria appeared as highly connected, long and tube-like 

while fragmented mitochondria were distinguished by short, rounded, circular 

morphology. Cells containing at least 8 fragmented mitochondria were classified as 

fragmented (Farrand et al., 2013b), and were expressed as percentage of total cells. At 

least 300 cells were counted per treatment group with the researcher blinded during 

image acquisition and morphology assessment.  

 

2.15 cAMP accumulation assay 

 At the end of the incubation period, spent medium was collected, centrifuged (900 

× g, 2 min, 4ºC) and stored at -80ºC. cAMP concentration was determined using an 

enzyme immunoassay kit (EIA; Enzo Lifesciences, Farmingdale, NY, USA), as per the 

manufacturer’s instructions. The detection limitation of cAMP was 0.30 pmol/ml, and the 

intra- and inter-assay coefficients of variation were 11% and 14%, respectively. 

 

2.16 Statistical analysis 

 Data are presented as mean ± SEM of a minimum of three independent experiments 

and are indicated in the figure legends. Three-way ANOVA was performed using 

SigmaPlot 11.0 statistical software (San Jose, CA, USA), while all other statistical 

analyses were performed using GraphPad Prism® 6.0 statistical software (San Diego, 

CA, USA). One-way ANOVA was used to assess the effects of a single variable while 
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two-way ANOVA and three-way ANOVA were used to assess the effects and 

interactions of two or three variables respectively, and multiple comparisons were 

achieved by Bonferroni post hoc test. Significant difference was defined at P < 0.05 (* or 

#). 
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CHAPTER 3: RESULTS 

 It is well established that the three-month DHT-induced rat model for PCOS has a 

smaller ovarian size and a higher number of ovarian structural abnormalities than control 

rats (Mannerås et al., 2007; Hossain et al. 2013; Kim et al., 2013). To examine the 

ovarian dysregulation and the possible regulatory mechanisms involved in PCOS with a 

shorter DHT treatment, a hyperandrogenized rat model (1-month DHT-implant), which 

exhibits many of the phenotypes of human PCOS (unpublished findings, Nivet et al), was 

investigated. Since controlled stimulation with gonadotropin is also known to ameliorate 

certain phenotypes of PCOS (Cheung et al, 2002; Hossain et al. 2013), we also examined 

the possible influence of equine chorionic gonadotropin (eCG, i.p., 48 h), on a number of 

morphological and biochemical parameters in both sham-control (CTL) and DHT-

implanted rats in the following in vivo design: CTL, DHT, eCG and DHT + eCG. 

 Although in vivo studies using a DHT-induced rat model are important in 

recapitulating many phenotypes of a PCOS patient, there can be limitations when 

attempting to determine molecular mechanisms in such a chronic, confounding system. 

Therefore, in vitro studies using granulosa cells from early antral follicles from 21-day 

old rats were carried out to initially investigate the signaling pathways of gonadotropin 

(e.g. FSH) and other regulatory factors (e.g. chemerin).  

 

3.1 Ovarian size and structural features were affected in a one-month DHT-

induced rat model 

 To determine if ovarian size and morphology are affected by one-month DHT 

treatment, ovarian length and weight were measured (Fig. 3.1). In support of unpublished 
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Figure 3.1:  DHT reduced ovarian length and weight, which was attenuated by 

gonadotropin injection  

Rats were surgically implanted with sham control capsule or DHT (83 µg/d) time-release 

capsules for 4 w and injected with eCG (20 IU i.p./rat) 48 h prior to sacrifice. Fresh 

ovaries from each rat were measured for length and weight. Data are presented as mean ± 

SEM of eight biological replicates, and analyzed by two-way ANOVA and Bonferroni 

post hoc test. ***, P < 0.001 vs. CTL. ##, P < 0.01 vs. DHT alone. 



 46 

results from our own laboratory (Nivet et al., unpublished), DHT treatment significantly 

reduced both ovarian length (two-way ANOVA: DHT, P < 0.001) and weight (two-way 

ANOVA: DHT, P < 0.001) in our one-month DHT-treated rat model. The Bonferroni 

post hoc test indicated that the DHT group was significantly different than the CTL group 

for both length and weight (Bonferroni: P < 0.001 vs. CTL).  

 Next, whole ovarian sections were visualized following H&E staining to discern 

changes in structural features (as described in the Methods section) in our DHT-induced 

model (Fig. 3.2). Compared to the wide range of follicular stages and corpora lutea 

observed in the ovaries of control rats, the ovaries of DHT-treated rats had no corpora 

lutea and very few large follicles, presumably at late antral and/or preovulatory stages. 

Although the DHT ovary had high number of preantral and early antral follicles, its most 

distinctive feature was the accumulation of many atypical follicles, which are described 

as small structures predominantly composed of theca cells with no discernible oocyte 

(Kim et al., 2013). 

 

3.2 Early antral granulosa cell apoptosis was induced in one-month DHT-treated 

rats 

To determine the effects of one-month DHT treatment on rat granulosa cell 

apoptosis, whole ovarian sections were assessed using a fluorescent TUNEL stain. 

Follicle with observable oocytes were classified into preantral, early antral, late antral or 

preovulatory stages as described in the Methods section, and TUNEL positivity was 

determined if ≥ 50% of the granulosa cells had positive staining (Fig 3.3A; the number of 

follicles counted per group are indicated in Table 3.1). 
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Figure 3.2:  DHT-induced ovarian structural abnormalities were modulated by 

gonadotropin  

After 1-month DHT implantation (83 µg/d) and eCG injection (20 IU/rat; i.p.) 48 h prior 

to sacrifice, representative sections of whole ovaries in each treatment group were 

visualized by H&E staining and variations in ovarian structural features were observed. 

PAF, preantral follicle; EAF, early antral follicle; POvF, preovulatory follicle; CL, 

corpus luteum; AtyF, atypical follicle.  



 48 

 As illustrated in Fig. 3.3B, DHT had a significant effect on granulosa cell apoptosis 

in early antral stage follicles (two-way ANOVA: DHT, P = 0.001), but not in follicles at 

preantral (two-way ANOVA: DHT, P > 0.05), late antral (two-way ANOVA: DHT, P > 

0.05), or preovulatory stage (two-way ANOVA: DHT, P > 0.05). DHT rats were 

determined to be significantly different than CTL rats in early antral (Bonferroni: P < 

0.01 vs. CTL) and late antral (Bonferroni: P < 0.05 vs. CTL) follicles. 

 

3.3 Morphologic and molecular indicators demonstrated increased mitochondrial 

fission in granulosa cells of DHT-treated rats  

 Excessive mitochondrial fission can lead to the induction of apoptosis associated 

with disease pathogenesis (Westermann, 2010; Archer et al., 2013; Shenouda et al., 

2011). To examine the morphologic characteristics of mitochondria in the androgenized 

rat model, the ultrastuctural morphology of granulosa cells in ovarian sections were 

examined by transmission electron microscopy (TEM). We categorized mitochondrial 

morphology in preantral/antral granulosa cells as having a rod-shaped, circular, 

constricted or connected appearance (Fig. 3.4A). Mitochondria with a rod-shaped 

appearance are elongated but do not exceed 1500 nm in length, and typify a normal, 

baseline state that does not undergo fission or fusion. Mitochondria that appear circular or 

constricted (dumb-bell shaped with “pinched in” membrane) can be morphologic 

indicators of mitochondrial fission post-fragmentation or mid-fragmentation, 

respectively. Mitochondria with a connected appearance must be at least exceed 1500 nm 

in length, have a forked or misshapen appearance and/or interact laterally/distally to each 

other, and are indicative of moments throughout the process of mitochondrial fusion.   
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Figure 3.3: DHT induced granulosa cell apoptosis, which was attenuated by 

gonadotropin  

(A) Representative images of TUNEL positive (+) preantral, early antral, late antral and 

preovulatory follicles from a 1-month DHT-induced rat ovary.  

(B) After 1-month DHT implantation (83 µg/d) and 48 h after eCG injection (20 IU/rat), 

granulosa cell apoptosis was determined in PAF (preantral follicle), EAF (early antral 

follicle), LAF (late antral follicle) and POvF (preovulatory follicle) of whole ovarian 

sections (5 µm thick) by fluorescent TUNEL assay, and was expressed as a ratio of mean 

number of TUNEL+ follicles over total ovarian follicles per rat* (*Rat = 1 ovary per rat/ 

3 representative slides from whole ovary/ 3 sections per slide; number of follicles/group 

indicated in Table 3.1). Data are presented as mean ± SEM of three biological replicates,  

and analyzed by two-way ANOVA and Bonferroni post hoc test. *, P < 0.05; **, P < 0.01 

vs. CTL. #, P < 0.05 vs. DHT. ++, P < 0.01 vs. eCG.  
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Table 3.1: Number of follicles counted per group for Fig. 3.3 

CTL DHT eCG DHT + eCG 

PAF 10 24 9 9 

EAF 9 14 9 15 

LAF 5 8 6 12 

POvF 2 1 5 8 
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As shown in Fig. 3.4B, two-way ANOVA indicates DHT significantly decreased 

the proportion of rod-shaped (DHT, P = 0.001) and connected mitochondria (DHT, P < 

0.001), and increased the proportion of circular (DHT, P < 0.001) and constricted 

mitochondria (DHT, P < 0.001). Bonferroni analysis indicate that DHT rats had 

significantly less rod-shaped mitochondria (P < 0.001 vs. CTL) and significantly more 

circular (P < 0.01 vs. CTL) and constricted (P < 0.001 vs. CTL) mitochondria compared 

to CTL rats. 

In addition to these mitochondrial morphology studies, we examined molecular 

indicators of mitochondrial fission in granulosa cells isolated from our in vivo treated 

rats. The activity of Drp1, a mediator of mitochondrial fission, is dependent on its 

phosphorylation status at its Ser616 (stimulates fission) and Ser637 (inhibits fission) sites 

(Cribbs and Strack, 2007). Therefore, we examined both the total and phosphorylated 

contents of Drp1 by Western blot analysis. As illustrated in Fig. 3.5, DHT significantly 

increased total Drp1 (DHT, P = 0.001) while phospho-Ser616 content remained 

unaffected (DHT, P > 0.05) relative to total Drp1 (two-way ANOVA). There were no 

observable bands for phospho-Drp1 Ser637. Bonferroni post hoc results were non-

significant in phospho-Drp1 Ser616 and total Drp1. 

 

3.4 DHT increased autophagosomal protein content  

  Although autophagy has been associated with granulosa cell death and follicular 

atresia during folliculogenesis, its dysregulation in the pathogenesis of PCOS has not 

been studied (Choi et al., 2010; Choi et al., 2011). In the present studies, we examined 

the autophagy markers LC3I, LC3II and p62 in isolated granulosa cells from our in vivo 
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Figure 3.4: DHT-induced circular and constricted mitochondrial appearance were 

reduced by gonadotropin 

(A) Representative examples of mitochondrial phenotypes (rod-shaped, circular, 

constricted or connected appearance) in transmission electron microscopy (TEM) images. 

(B) After 1-month DHT implantation (83 µg/d) and 48 h following eCG (20 IU/rat), 

TEM images of whole ovaries from each treatment group were captured and 

mitochondrial morphology was assessed. A minimum of 275 mitochondria was assessed 

per treatment group. Data are presented as mean ± SEM of three biological replicates, 

and analyzed by two-way ANOVA and Bonferroni post hoc test. *, P < 0.05, **, P < 

0.01, ***, P < 0.001 vs. CTL; #, P < 0.05, ###, P < 0.001 vs. DHT; +, P < 0.05, +++, P < 

0.001 vs. eCG. Scale bar = 500 nm.  



 53 

 

 

 

 

 

 

Figure 3.5:  Granulosa cells in one-month DHT-induced rats exhibited increased 

total Drp1 content  

After 1-month DHT implantation (83 µg/d) and 48 h after eCG (20 IU/rat), granulosa 

cells were isolated and protein contents of 53hosphor-Drp1 Ser616, 53hosphor-Drp1 

Ser637 and total Drp1 were assessed by Western blot. Data are presented as mean ± SEM 

of six independent experiments, and analyzed by two-way ANOVA and Bonferroni post 

hoc test.  
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DHT-treated rats by Western blot (Fig. 3.6). DHT had no significant effect on 

LC3II:LC3I ratio (two-way ANOVA: DHT, P > 0.05) or p62 content (DHT, P > 0.05), 

but significantly increased LC3I content (DHT, P = 0.047) and trended towards increased 

LC3II content (DHT, P = 0.060), as indicated by two-way ANOVA. There were no 

significant Bonferroni post hoc results for this experiment (P > 0.05).  

 

3.5 eCG modulated DHT-induced changes in ovarian morphology, granulosa cell 

apoptosis and mitochondrial morphology 

 In addition to studying the ovarian changes induced by DHT in vivo, we also 

investigated the possible modulatory role of gonadotropin on these ovarian responses. As 

shown in Fig. 3.1, two-way ANOVA indicate that eCG treatment alone and in 

combination with DHT had a significant effect on ovarian length (DHT, P < 0.001; eCG, 

P = 0.013; eCG × DHT, P = 0.021) and weight (DHT, P < 0.001; eCG, P = 0.003; eCG × 

DHT, P = 0.048). Bonferroni post hoc results also indicate that eCG mitigated the DHT-

induced down-regulation of ovarian length (P < 0.01) and weight (P < 0.01). Ovaries 

exposed to eCG alone had a high number of corpus lutea and large follicles (late 

antral/preovulatory; Fig. 3.2), suggesting that these animals have ovulated. eCG also 

appeared capable of eliminating all atypical follicles and reactivating folliculogenesis in 

DHT-treated animals, as evident by the high number of late antral and preovulatory 

follicles. However, no corpus lutea were present in the DHT-treated rats following eCG 

injection. Statistical analyses of the DHT effects, eCG effects and eCG × DHT 

interaction on granulosa cell apoptosis by two-way ANOVA (assessing these parameters  

at different follicle stages in separate analyses) indicates the following: early antral 
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Figure 3.6:  LC3II protein content was up-regulated by DHT treatment 

After 1-month DHT implantation (83 µg/d) and eCG injection (20 IU/rat) 48 h prior to 

sacrifice, granulosa cells were isolated from rat ovaries and Western blots were 

performed to determine the protein contents of LC3I/II and p62 as well as LC3II:LC3I 

ratio. Data are presented as mean ± SEM of six independent experiments, and analyzed 

by two-way ANOVA and Bonferroni post hoc test. 
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(P = 0.001, P < 0.001, and P = 0.004, respectively), late antral (P > 0.05, P = 0.002, and P 

= 0.003, respectively), preantral (P > 0.05, P > 0.05, and P > 0.05, respectively) and 

preovulatory follicles (P > 0.05, P > 0.05, and P > 0.05) as seen in Fig. 3.3B. 

Specifically, DHT + eCG rats had increased granulosa cell apoptosis compared to eCG 

rats in early antral follicles (Bonferroni: P < 0.01 vs. eCG) and significantly decreased 

granulosa cell apoptosis compared to DHT rats in late antral follicles (Bonferroni: P < 

0.05 vs. DHT). 

 The modulatory effects of eCG on DHT-induced changes in granulosa cell 

apoptosis appeared to be associated with its action on DHT-induced mitochondrial 

fission. Statistical analyses of the DHT effects, eCG effects and eCG × DHT interaction 

on mitochondrial appearance by two-way ANOVA (Fig. 3.4B) indicates the following: 

rod-shaped (P = 0.001, P > 0.05, and P < 0.001, respectively), circular (P < 0.001, P = 

0.014, and P = 0.084, respectively) constricted (P < 0.001, P < 0.001, and P < 0.001, 

respectively) and connected mitochondria (P < 0.001, P < 0.001, and P < 0.001, 

respectively). Analysis by Bonferrroni post hoc test indicate a significantly higher 

proportion of connected mitochondria (P < 0.001 vs. CTL) in eCG compared to CTL rats, 

and significantly lower proportion of rod-shaped mitochondria (P < 0.001 vs. CTL). DHT 

+ eCG rats had a significantly reduced proportion of circular (P < 0.05 vs. DHT) and 

constricted (P < 0.001 vs. DHT) mitochondria compared to DHT rats alone.  

 Despite these promising morphological results, Western blot analysis indicated that 

only DHT, but not eCG, had significant effects on the contents of total Drp1 (DHT, P = 

0.001, eCG, P > 0.05; eCG × DHT P > 0.05) in granulosa cells (Fig. 3.5). Neither had a 

significant effect on phospho-Drp1 Ser616 (DHT, P > 0.05; eCG, P > 0.05; eCG × DHT 
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P > 0.05). There were no significant Bonferroni results (P > 0.05). 

 Autophagy markers were also assessed in these isolated granulosa cells, as shown 

in Fig. 3.6. Two-way ANOVA indicate that eCG, but not DHT, significantly increased 

granulosa cell p62 content (DHT, P > 0.05, eCG, P = 0.033; eCG × DHT P > 0.05). 

However, it had no significant influence on LC3II:LC3I ratio (DHT, P > 0.05, eCG, P > 

0.05; eCG × DHT P > 0.05), LC3I content (DHT, P = 0.047, eCG, P > 0.05; eCG × DHT 

P > 0.05), or LC3II content (DHT, P = 0.06, eCG, P > 0.05; eCG × DHT P > 0.05). There 

were no significant effects indicated by the Bonferroni post hoc test.  

 

3.6 FSH induced cell viability and cAMP production in granulosa cells in vitro 

 We first examined the role of FSH as a cell survival factor by assessing cell 

viability in an FSH concentration-response study of early antral granulosa cells incubated 

in the presence of the phosphodiesterase inhibitor isobutylmethylxanthine (IBMX; added 

90 min prior to FSH), using the MTT assay. FSH significantly increased granulosa cell 

viability (Fig. 3.7; one-way ANOVA: P < 0.001), particularly at 50 ng/ml (P < 0.05 vs. 0 

ng/ml) and 100 ng/ml (P < 0.001 vs. 0 ng/ml) [Bonferroni]. We also determined if FSH 

increases cAMP production in our early antral granulosa cell cultures by measuring 

cAMP concentration in spent medium by EIA, which is reflective of cellular cAMP 

concentration. As shown in Fig. 3.8, FSH significantly stimulated cAMP production in 

granulosa cells compared to basal levels (two-way ANOVA: FSH, P < 0.001; Time, P < 

0.001; FSH × Time, P < 0.001). Bonferroni post hoc test shows significantly elevated 

cAMP concentration in FSH and FSH + chemerin rats compared to CTL rats at all time 

points (P < 0.001 vs. CTL) and compared to its treatment at 0.25 h (P < 0.001 vs. 0.25 h).  
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Figure 3.7: FSH increased granulosa cell viability in vitro 

Early antral granulosa cell cultures obtained from 21-day old rats were pre-treated with 

IBMX (10 µM) 90 min prior to and during FSH treatment (0, 50, 100, 200 ng/ml) for 24 

h. MTT assay was performed to assess cell viability. Data are presented as mean ± SEM 

of three independent experiments, and analyzed by one-way ANOVA and Bonferroni 

post hoc test. *, P < 0.05 vs. CTL; ***, P < 0.001 vs. untreated control (FSH = 0).  
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Figure 3.8: FSH markedly increased granulosa cell cAMP production in vitro 

After pre-treating primary granulosa cell cultures with IBMX (10 µM) for 30 min, 

chemerin was added (100 ng/ml) for 1 h followed by FSH (100 ng/ml) in co-treatment for 

0.25, 1, 2 and 4 h. EIA assay was performed to determine cAMP concentration in the 

spent medium. Data are log transformed and presented as mean ± SEM of three 

independent experiments, and analyzed by three-way ANOVA and Bonferroni post hoc 

test. ***, P < 0.001 vs. CTL. ###, P < 0.001 vs. 0.25 h. 
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3.7 FSH regulated Drp1 phosphorylation, but not Mfn1, Mfn2, Opa1, or Fis1 

mitochondrial dynamic regulators in vitro 

 Although we failed to observe any significant effects of eCG on total or 

phosphorylated Drp1 contents in vivo, it is possible that the regulatory effects of eCG on 

Drp1 phosphorylation were missed as phosphorylation often occurs within a few hours. 

To determine if FSH had an effect on Drp1 phosphorylation in vitro, the contents of 

phospho-Drp1 Ser616 (Fig. 3.9A) and phospho-Drp1 Ser637 (Fig. 3.9B) were assessed 

by Western blot and densitometric analysis in a short time-course study. FSH 

significantly reduced phospho-Drp1 Ser616 content and increased phospho-Drp1 Ser637 

content (three-way ANOVA results for Fig. 3.9 are detailed in Table 3.2). Our 

Bonferroni results for phospho-Drp1 Ser616 and Ser637 are described symbolically in 

Fig. 3.9. 

 A follow-up concentration-response study of FSH with IBMX was also performed 

without chemerin (Fig. 3.10) and FSH significantly increased phospho-Drp1 Ser637 (P < 

0.001) and decreased phospho-Drp1 Ser616 (P < 0.001) as indicated by one-way 

ANOVA. These results are supported by the Bonferroni post hoc test described 

symbolically in Fig. 3.10. Total Drp1 content was unaffected by FSH treatment (one-way 

ANOVA: P > 0.05). 
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Figure 3.9: FSH regulated Drp1 phosphorylation at its stimulatory (Ser616) and 

inhibitory (Ser637) sites 

Granulosa cell cultures were treated with IBMX (10 µM) 30 min prior and during to 

chemerin pre-treatment (0, 100 ng/ml; 1 h) and FSH treatment (0, 100 ng/ml; 0.25, 1, 2 

and 4 h). Protein contents of phospho-Drp1 Ser616 (A) and phospho-Drp1 Ser637 (B) 

were determined by Western blot. Data are presented as mean ± SEM of three to four 

independent experiments, and analyzed by three-way ANOVA and Bonferroni post hoc 

test. (A) *, P < 0.05; **, P < 0.01 vs. CTL; (B) *, P < 0.05; **, P < 0.01; ***, P < 0.001 

vs. CTL. ###, P < 0.001 vs. 0.25 h. +, P < 0.05 vs. FSH only group.  
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Table 3.2: Three-way ANOVA p-values for Fig. 3.9 

FSH Time FSH 
× Time Chemerin Chemerin 

× Time 
Chemerin 
× FSH 

Chemerin 
× FSH 
× Time 

phospho-Drp1 
Ser616:Total Drp1 < 0.001 > 0.05 0.034 > 0.05 > 0.05 > .0.05 > 0.05 

phospho-Drp1 
Ser637:Total Drp1 < 0.001 < 0.001 < 0.001 0.010 > 0.05 > 0.05 > 0.05 



 63 

  
 

 
 
 

 

Figure 3.10:  FSH regulated granulosa cell Drp1 phosphorylation by suppressing 

phospho-Drp1 Ser616 content and increasing phospho-Drp1 Ser637 content  

Granulosa cells were pre-incubated with IBMX (10 µM; 90 min) and incubated with 

various concentrations of FSH (0, 50, 100 and 200 ng/ml; 2 h). Protein contents of 

phospho-Drp1 Ser616, phospho-Drp1 Ser637 and total Drp1 were determined by 

Western blot. Data are presented as mean ± SEM of three independent experiments, and 

analyzed by one-way ANOVA and Bonferroni post hoc test. *, P < 0.05; **, P < 0.01; 

***, P < 0.001 vs. CTL. 
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To determine if FSH regulates mitochondrial fusion proteins, the total contents of 

Mfn1, Mfn2, and Opa1 were assessed by Western blot in a time-course study. As 

indicated in Fig. 3.11 by two-way ANOVA, duration of incubation, but not FSH (P > 

0.05), had a significant effect on the contents of Mfn1 (P < 0.05) and total Opa1 (P = 

0.006) as they decrease over time with serum starvation. Mfn2 was not significantly 

affected by FSH or incubation duration (P > 0.05). We also assessed whether FSH can 

downregulate the protein content of the mitochondrial fission regulator Fis1 by Western 

blot in both time-course and concentration-response studies. Although FSH significantly 

decreased Fis1 content in the time-course study (Fig. 3.12A; two-way ANOVA: FSH, P 

= 0.029; Time, P = 0.017; FSH × Time, P > 0.05), particularly at 24 h (Bonferroni: P < 

0.05 vs. CTL), no significant effect of FSH on Fis1 content was found in the follow-up 

FSH concentration-response study (Fig. 3.12B; one-way ANOVA: P > 0.05). 

 

3.8 FSH did not suppress mitochondrial fragmentation in granulosa cells in vitro  

 Although FSH had been shown to regulate Drp1 phosphorylation and promote 

granulosa cell survival, its role on the suppression of mitochondrial fragmentation needed 

to be determined. The effect of FSH on mitochondrial morphology in granulosa cells was 

assessed by immunofluorescence (IF) microscopy of the mitochondrial marker TOM20. 

As presented in Fig. 3.13A, granulosa cells were categorized as either having tubular 

(long, highly-connected, tube-like) or fragmented (short, rounded, circular) mitochondria, 

indicative of mitochondrial fusion and fission, respectively. With the exception of 

incubation duration (P < 0.001), there had no significant effects of FSH in the absence 

and presence of IBMX (P < 0.05) indicated by two-way ANOVA (Fig 3.13).   
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Figure 3.11: FSH had no effects on the contents of the mitochondrial fusion proteins 

Mfn1, Mfn2 and Opal 

Granulosa cells were treated with FSH (100 ng/ml) for different culture durations (0, 6, 

12 and 24 h), and protein contents of Mfn1, Mfn2 and Opal were determined by Western 

blot. Data are presented as mean ± SEM of five independent experiments, and analyzed 

by two-way ANOVA and Bonferroni post hoc test.   
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Figure 3.12: FSH had no effect on Fis1 protein content in vitro 

(A) Granulosa cell were cultured for various durations (0, 6, 12 and 24 h ± FSH (100 

ng/ml), and Fis1 content was assessed by Western blot. Data are presented as mean ± 

SEM of five independent experiments, and were analyzed by two-way ANOVA and 

Bonferroni post hoc test. *, P < 0.05 vs. CTL. 

(B) Granulosa cell were cultured with various concentrations of FSH (0, 50, 100 and 200 

ng/ml; 24 h), and Fis1 protein content was determined by Western blot. Data are 

presented as mean ± SEM of eight independent experiments, and analyzed by one-way 

ANOVA and Bonferroni post hoc test. 
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Figure 3.13: FSH did not suppress mitochondrial fragmentation in granulosa cells 

(A) Representative examples of mitochondrial phenotypes (tubular and fragmented) in 

granulosa cells. Mitochondria were immuno-stained with TOM20 antibody and 

morphology was determined using immunofluorescence microscopy. Cells exhibiting ≥ 8 

fragmented mitochondria (seen as shortened, circular bodies) were classified as 

“fragmented”. At least 300 cells were assessed per treatment group in blinded studies. 

(B) Granulosa cells were cultured with FSH (0, 100 ng/ml) for various duration (0, 6, 12, 

24 and 48 h) in the absence of IBMX. Data are presented as mean ± SEM of four 

independent experiments, and analyzed by two-way ANOVA and Bonferroni post hoc 

test. **, P < 0.01 vs. CTL. 

(C) Granulosa cells were pre-treated with IBMX (10 µM) for 90 min prior to and during 

FSH treatment (0, 100 ng/ml; 0, 2, 4, 6 h). Data are presented as mean ± SEM of five 

independent experiments, and analyzed by two-way ANOVA and Bonferroni post hoc 

test. 
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3.9 Chemerin had no significant effect on granulosa cell death, cAMP production 

or FSH-mediated Drp1 phosphorylation in vitro 

 Previous results have indicated that chemerin induces granulosa cell apoptosis in 

whole follicle cultures, though this was never examined in primary granulosa cells (Kim 

et al, 2013). In the present study, we assessed granulosa cell viability and apoptosis by 

the MTT assay and Hoechst nuclear staining, respectively. The addition of chemerin 

failed to alter cell viability (Fig. 3.14A; P > 0.05) or apoptosis (Fig. 3.14B; P > 0.05) as 

indicated by one-way ANOVA.  

 Despite these negative results, we completed our concurrent experiments on the 

possible effects of chemerin on FSH-mediated cAMP production and Drp1 

phosphorylation as per the treatments described in Fig. 3.8 and Fig. 3.9. Chemerin had no 

significant effect on basal and FSH-mediated cAMP accumulation (Fig. 3.8; three-way 

ANOVA: Chemerin, P > 0.05; FSH, P < 0.001; Time, P < 0.001; FSH × Chemerin, P > 

0.05; Chemerin × Time, P > 0.05; FSH × Chemerin × Time, P > 0.05) or phospho-Drp1 

Ser616 content (Fig. 3.9A; three-way ANOVA results are described in Table 3.2). 

Although chemerin had a statistically significant effect alone (ANOVA), it did not 

attenuate FSH-induced phospho-Drp1 Ser637 content (Fig. 3.9B; three-way ANOVA 

results are described in Table 3.2).  

 

3.10 Chemerin did not alter the contents of autophagy markers in granulosa 

cells in vitro 

 Although chemerin-induced autophagy has been studied in skeletal muscle and 

human aorta endothelial cells (HAECs) (Xie et al., 2015; Shen et al., 2013), it has not yet  
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Figure 3.14: Chemerin did not reduce cell viability nor induce apoptosis in early 

antral granulosa cells in vitro 

Granulosa cells were cultured with chemerin (0, 100, 200 ng/ml; 48 h) and cell viability 

(A) and apoptosis (B) were assessed by the MTT assay and Hoechst nuclear staining, 

respectively. Data are presented as mean ± SEM of three (A) or six (B) independent 

experiments, and analyzed by one-way ANOVA and Bonferroni post hoc test. 
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been reported in ovarian cells. To this end, the influence of chemerin on granulosa cell 

autophagy was examined in a time-course study (3, 6, 12 h), and contents of autophagy 

markers (LC3II:LC3I ratio or LC3I, LC3II and p62 contents) were assessed by 

Westernblot (Fig. 3.15). In both non-chloroquine and chloroquine-containing conditions, 

chemerin had no significant effect on LC3II:LC3I ratio or LC3I, LC3II and p62 contents 

in granulosa cells in vitro (two-way ANOVA: P > 0.05 for all endpoints studied). In 

addition, neither FSH nor chemerin, alone or together, had any significant effects on 

these parameters in both non-chloroquine and chloroquine conditions (Fig. 3.16; two-way 

ANOVA: P > 0.05 for all endpoint studied). 
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Figure 3.15:  Chemerin did not affect granulosa cell autophagy markers LC3I/II or 

p62 in vitro  

Granulosa cells were incubated with or without chemerin (100 ng/ml) for 3, 6 and 12 h in 

the presence and absence of chloroquine (CLQ; 20 µM). Protein contents of autophagy 

markers LC3I/II and p62 as well as LC3II:LC3I ratio were determined by Western blot 

analysis. Data are presented as mean ± SEM of three independent experiments, and 

analyzed by two-way ANOVA and Bonferroni post hoc test.  
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Figure 3.16: Co-treatment of early antral granulosa cells with FSH and Chemerin 

did not alter LC3I/II or p62 autophagy markers 

Early antral granulosa cells were cultured with chemerin (0, 100 ng/ml) and FSH (0, 100 

ng/ml), alone or together, for 12 h in conditions with and without chloroquine (CLQ; 20 

µM). Protein contents of autophagy markers LC3I/II, p62 ad LC3II:LC3I ratio were 

determined via Western blot. Data are presented as mean ± SEM of three independent 

replicates, and analyzed by two-way ANOVA and Bonferroni post hoc test. 



 73 

CHAPTER 4: DISCUSSION 

4.1 Overview and contributions of research 

Although the etiology of PCOS remains elusive due to its complex and 

heterogeneous nature, granulosa cell apoptosis has been suggested to play an important 

role in follicular growth arrest associated with the pathogenesis of PCOS (Ding et al., 

2016; Mikaeili et al., 2016; Kim et al., 2013). However, important regulatory processes 

of granulosa cell death such as mitochondrial fission/fusion dynamics and autophagy had 

not been thoroughly studied in either a physiological or pathophysiological (e.g. PCOS) 

context, despite growing evidence of their dysregulation in various disease pathogeneses 

(Westermann, 2010; Archer et al., 2013; Shenouda et al., 2011; Nixon and Yang, 2012; 

Levine and Kroemer, 2008). Additionally, the role and mechanism of FSH as a granulosa 

cell survival factor in the regulation of mitochondrial dynamics had not been closely 

examined.  

In the present study we demonstrated, for the first time, the dysregulation of 

mitochondrial fission and fusion dynamics and possibly autophagy in a DHT-induced rat 

model that recapitulates many phenotypes of PCOS. We also demonstrated the novel, 

modulatory role of gonadotropin (e.g. FSH) on granulosa cell mitochondrial dynamics in 

both physiological and pathophysiological conditions, as well as the mechanisms 

involved. These findings highlight the importance of mitochondrial dynamics in the 

granulosa cell, and how dysregulation in the regulatory processes of cell death may be 

involved in the pathogenesis of PCOS. They also improve our current understanding of 

the regulatory roles of FSH in granulosa cell fate decision and as a therapeutic for women 

with PCOS. Lastly, these findings provide the foundation for continued study on the 
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potential applications of mitochondrial dynamics proteins as diagnostic biomarkers or 

targets for treatment in PCOS. 

  

4.2 One-month DHT-induced rats are a reliable model to study PCOS 

pathogenesis 

  A common approach in studying the cellular and molecular mechanisms of PCOS 

pathogenesis is the utilization of an androgenized rodent model (Padmanabhan and 

Veiga-Lopez, 2013; Walters, Allan, and Handelsman, 2012). Although no “perfect” 

animal model currently exists for human PCOS, the surgical implantation of a DHT-filled 

capsule for three months in rats has proven to be an effective model that mimics many 

phenotypes seen in PCOS (Mannerås et al., 2007; Wang et al., 2012; Kim et al., 2013; 

Hossain et al., 2013). For the studies presented in this thesis, we used a DHT-induced rat 

model with a shorter (one month) duration of treatment and clarified its efficacy by 

examining ovarian size, ovarian structural features, and granulosa cell apoptosis. In 

accordance with both the three-month DHT-induced rat model and human PCOS, we 

found an induction of early antral granulosa cell apoptosis, follicular growth arrest, 

disrupted folliculogenesis and anovulation (Kim et al., 2013; Ding et al., 2016; Mikaeili 

et al., 2016; Goodarzi et al., 2011). We also observed the accumulation of small atypical 

follicles and a reduction in ovarian length and width, features that are characteristic of the 

three-month DHT-induced model (Hossain et al., 2013l; Kim et al., 2013). These results 

are consistent with unpublished findings from our lab, which include reproductive cycle 

irregularities and decreased ovarian length after one-month post-implantation of DHT 

(Nivet et al., unpublished). These initial studies confirmed that one-month DHT 
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induction provides a more convenient and less expensive model for studying PCOS, and 

that we may reliably use this model to perform novel studies pertaining to the 

pathogenesis of PCOS.  

Of course, it is important to note that we can strengthen these conclusions by 

modifying our experiments to be less subjective in future studies. The differences in 

ovarian morphological features were described across treatment groups, though these 

were merely observations made in a single section of representative ovaries, which can be 

a confounding factor in the analysis. In fact, there is a discrepancy between the lack of 

late antral follicles in DHT rats seen by the H&E staining, and the relatively high number 

of late antral follicles in DHT rats as indicated in our TUNEL studies (which used 9 

sections/rat). To improve upon these observations, an in-depth analysis on the proportion 

of ovarian structures in multiple rats across treatment groups can be determined (Kim et 

al., 2013). Our apoptosis studies using TUNEL can also be improved upon by using a 

more quantitative approach. Although the differences were very obvious between 

TUNEL negative follicles (which often showed zero positive signaling) and TUNEL 

positive follicles (which showed at least 50% positive signaling) during categorization, 

we can employ a more objective method of assessment by using a software program such 

as ImageJ to quantify the number of TUNEL positive cells as per total number of cells 

assessed within a selected area (i.e. granulosa cells as determined by DAPI staining) 

(Maidana et al., 2015).  
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4.3 Potential involvement of mitochondrial dynamics in PCOS pathogenesis 

Dysregulated mitochondrial dynamics can lead to excessive mitochondrial fission 

and cell death in certain disease pathogeneses (Westermann, 2010; Archer et al., 2013; 

Shenouda et al., 2011). To assess the potential role of mitochondrial dynamics in PCOS, 

we evaluated morphological and molecular indicators of mitochondrial fission in our one-

month DHT-induced rat model. Using TEM, we inferred the state of granulosa cell 

mitochondrial fission and fusion based on mitochondrial morphology and ultrastructural 

appearance. The reduction in rod-shaped mitochondria implied a disruption of the 

normal, baseline state of mitochondrial dynamics in our DHT-induced model, and 

suppression of connected mitochondria by DHT alluded to a reduction in mitochondrial 

fusion events (Wang et al., 2010; Picard et al., 2013). Meanwhile, a higher proportion of 

circular and constricted morphologies suggested that excessive mitochondrial fission 

occurred in our DHT-induced model (Wang et al., 2010; Zhang et al., 2016; Picard et al., 

2013). Although circular morphology can also represent transverse sections of non-

fragmented mitochondria, we assessed a high number of mitochondria per treatment 

group to ensure that any statistical differences were caused by DHT-induced 

fragmentation and not by random chance of transverse sections. Overall, these 

morphologic and ultrastructural findings suggest that a substantially high number of 

mitochondrial fission events occur in our DHT-induced rat model, which can lead to 

granulosa cell apoptosis, follicular growth arrest and anovulation as seen in PCOS. 

 To explore the biochemical mechanisms that regulate these changes in 

mitochondrial morphology, we assessed the contents of total and phosphorylated Drp1 by 
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Western blot in granulosa cells isolated from our in vivo model. The inclusion of 

phospho-Drp1 Ser637 and phospho-Drp1 Ser616 in our experiments is due to their 

respective roles in the suppression and stimulation of Drp1 activity (Merrill et al., 2011; 

Chang and Blackstone, 2010; Li, Mao and Xia, 2012). In support of our morphological 

findings, we saw a DHT-induced up-regulation of total Drp1 that likely compensates for 

the increased demand of mitochondrial fission in our chronic DHT-treated model. 

Meanwhile, the phosphorylated contents of Drp1 remained unaffected by DHT treatment. 

Initially, these results suggest that DHT regulates Drp1 exclusively through its 

modulation of total content and not by phosphorylation. However, another possibility is 

that DHT is capable of modulating Drp1 phosphorylation at a different time than our 

granulosa cell collection. Phosphorylation is a very rapid process that can occur within a 

few minutes, and it is possible we missed the optimal time-of-action in our chronic, 

DHT-induced model.  

Regardless, our studies confirm that up-regulation of Drp1 can account for the 

increase in mitochondrial fission events seen in our DHT-induced rat model. It is possible 

that this excessive mitochondrial fission leads to granulosa cell apoptosis and follicular 

growth arrest in our DHT-induced rat model, consistent with its possible role in the 

pathogenesis of PCOS. These results are compatible with an androgen study performed in 

prostate cells, in which a synthetic androgen called methyl trienolone (R1881) increased 

both total and phospho-Ser616 Drp1 contents leading to enhanced mitochondrial fission 

and apoptosis (Choudhary et al., 2011).  
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4.4 Granulosa cell autophagy in PCOS  

 Autophagy acts first and foremost as a cell survival mechanism by recycling 

damaged intracellular contents and preventing cellular damage and death (He and 

Klionsky, 2009; Glick, Barth and Macleod, 2010; Mizushima, 2007). However, its 

dysregulation (associated with the induction of apoptosis and excessive mitochondrial 

fission via mitophagy) can lead to the pathogenesis of disease (Nixon and Yang, 2012; 

Levine and Kroemer, 2008; Kluge, Fetterman and Vita, 2013). As mitochondrial fission 

and apoptosis are implicated in our DHT-induced model, it is possible that granulosa cell 

autophagy is also involved in the pathogenesis of PCOS. In the present study, we 

assessed by Western blot the contents of autophagy markers LC3I, LC3II and p62 in 

granulosa cells isolated from our rat model, and found that DHT up-regulated LC3I and 

trended towards increased LC3II content. Due to the prolonged cellular stress caused by 

chronic DHT induction, the up-regulation of LC3 protein may compensate for the 

increased demand of autophagosome formation during autophagy (He and Klionsky, 

2009; Mizushima, Yoshimori and Levine, 2010). However, we did not see LC3I to LC3II 

conversion to indicate autophagosome production or p62 degradation to indicate 

autophagic flux, which may lead to the conclusion that autophagic activity is not induced 

in our DHT-treated rat model (Mizushima and Yoshimori, 2007; Mizushima, Yoshimori 

and Levine, 2010).  

A major challenge in assessing autophagy by molecular methods is its highly 

dynamic nature. Similar to the situation discussed earlier in our mitochondrial dynamics 

studies concerning Drp1 phosphorylation, it can be difficult to catch the appropriate time-

of-action to see an effect when investigating a quick or dynamic process, and this is 



 79 

especially true during in vivo studies with a chronic DHT-induced model (Mizushima and 

Yoshimori, 2007; Mizushima, Yoshimori and Levine, 2010). Additionally, the time-of-

action for autophagy can greatly vary across biological and experimental replicates, and it 

may be difficult to obtain statistical significance from a combined mean. In terms of 

mitophagy, it may be helpful to use a mitochondrial turnover assay in granulosa cells, 

such as deuterium labelling and mass spectroscopy analysis of the half-lives of 

mitochondrial proteins, to determine an approximate time-of-effect (Kim et al., 2012). 

Regardless, it is generally recommended to perform multiple assays when studying 

autophagy to verify that the interpretations are correct (Mizushima, Yoshimori and 

Levine, 2010). The assessment of autophagosome number using TEM and/or 

immunofluorescence staining of autophagosomes and lysosomes in the whole ovary are 

future experiments that can confirm our findings in the current study. In the meantime, 

we can assume from our Western blot assessment that although autophagy was not active 

at the time of granulosa cell collection, LC3 protein is up-regulated in preparation for a 

higher number of autophagic events induced by DHT treatment, possibly reflecting the 

effects seen in PCOS. 

  

4.5 Influence of gonadotropin on folliculogenesis and mitochondrial dynamics in 

PCOS 

FSH, a key promoter of ovarian folliculogenesis, plays an important role in the 

growth of the dominant follicle due to its capabilities as a cell survival factor (Han, Xia 

and Tsang, 2013; Wang, Rippstein and Tsang, 2003; Kim et al., 1998; McGee and 

Hsueh, 2000). In the pathogenic state of PCOS, however, a dysregulated increase in the 
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ratio of LH:FSH can impair folliculogenesis and lead to antral follicle growth arrest and 

oligo-/anovulation (Ehrmann, 2005; Goodarzi et al., 2011). Controlled gonadotropin 

therapy with recombinant FSH and hCG, which can be combined with a GnRH agonist to 

suppress LH, is a treatment strategy to reactivate folliculogenesis and ovulation in 

women with PCOS (Vause and Cheung, 2010; Thessaloniki ESHRE/ASRM-sponsored 

PCOS consensus workshop group, 2008). However, the modulatory role of gonadotropin 

(e.g. FSH) in the context of our DHT-induced rat model is not completely understood.  

To assess the influence of exogenous gonadotropin (eCG, with FSH- and LH-like 

activities) in an androgenized rat model for PCOS, we elaborated on previous findings 

from our lab that reported that eCG rescued ovarian length and reactivated ovulation in a 

three-month DHT-induced rat model (Popova et al., 2002; Hossain et al., 2013). In our 

current studies using an androgenized rat model at a shorter duration of DHT induction 

(one month), we observed a restoration of ovarian length and width, as well as 

morphological changes in the whole ovary following eCG injection. In the absence of 

DHT, eCG failed to elicit a response on ovarian size. However, eCG had a significant 

effect that is dependent on the presence of DHT. This lack of response by eCG alone 

appear contrary to the observed increase in ovarian size in immature rats (21 days old), 

however they appear consistent with the lack of increased ovarian weight in more mature 

rats (111 days old) [Bell and Lunn, 1966; Hossain et al., 2013]. Whether age is a 

significant factor in the ovarian responsiveness to eCG remains to be determined.  

The morphological changes induced by eCG in DHT-treated animals included an 

elimination of atypical follicles (the mechanism of which is yet unknown) and an 

increase in late antral and preovulatory follicles, which implies a reactivation of 
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folliculogenesis and follicular maturation. Although corpus lutea were not seen in our 

model to suggest the occurrence of ovulation, it is likely that the follicles were 

unresponsive to the LH-like capabilities of eCG and that the endogenous LH surge had 

not yet occurred (De la Lastra, Forcelledo and Serrano, 1972). Other than this 

discrepancy, our results appear to correspond with the findings seen in the three-month 

DHT-induced model, indicating that eCG can effectively modulate DHT-induced 

changes after only one month of implantation. Furthermore, we found that eCG 

attenuated DHT-induced granulosa cell apoptosis at the early antral follicular stage. 

Taken together, our findings suggest that gonadotropin is anti-apoptotic on granulosa 

cells in PCOS, leading to the reactivation of folliculogenesis and the restoration of 

ovarian size.  

With our demonstration of DHT-induced mitochondrial fission and granulosa cell 

apoptosis in early antral follicles in the one-month DHT-treated rat model, we then 

investigated the potential modulatory effects of eCG on both morphological and 

molecular indicators of mitochondrial dynamics. Mitochondrial morphology studies 

demonstrated that eCG reduced the proportion of circular and constricted mitochondria in 

DHT-induced rats, and increased the proportion of rod-shaped (normal) mitochondria. 

The restoration of DHT-induced changes in mitochondrial dynamics offers new insight 

into the upstream modulatory role of eCG, leading to its attenuation of granulosa cell 

apoptosis and reactivation of folliculogenesis in PCOS. Despite these promising results, 

however, eCG did not have any effect on the total or phosphorylated contents of Drp1 in 

granulosa cells isolated from our in vivo model. These findings exclude the possible 
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involvement of other mitochondrial dynamics regulators (e.g. Fis1, Mfn1/2, Opa1), 

which will be the subject of future investigations.  

As per our hypothesis regarding the regulation of Drp1 phosphorylation by FSH, 

we did not expect any eCG-induced effects on total Drp1 content. However, the inability 

of eCG to affect the phosphorylated contents of Drp1 in vivo was unanticipated. A likely 

reason for this may be due to the optimal time-of-action for phosphorylation, which can 

occur very rapidly and easily be missed. Phosphorylation studies are best examined in 

short-term, tightly controlled conditions in vitro rather than in a chronically treated model 

in vivo. The benefits of studying cell signaling in vitro is the ability to investigate 

mechanisms of a particular treatment without confounding factors in an appropriate time 

frame specific to the research objectives.  

There are limitations to our assessment of eCG modulation on autophagy markers 

in our in vivo chronic DHT-rat model. With the exception of p62 up-regulation, eCG 

failed to significantly affect LC3I and LC3II contents or conversion of LC3I to LC3II (as 

determined by Western blot), the time-of-action for which might have been missed 

during our chronic treatment and assessment. It is possible that p62 up-regulation by eCG 

can indicate an inhibition of autophagic flux and a suppression of autophagy. However, 

assessment of autophagy by other experimental approaches and methodologies will 

determine if and how autophagy indeed plays role in the etiology of PCOS.  

	
4.6 Role of FSH on mitochondrial fission protein Drp1 

 To better understand the molecular mechanisms of gonadotropic regulation on 

mitochondrial fission and fusion dynamics, we transitioned our focus to in vitro studies 

using primary granulosa cell cultures from early antral follicles of untreated rats. These 
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culture conditions eliminated any endogenous confounding factors that may influence the 

results, allowing us to determine FSH-specific changes in the granulosa cells. This 

includes a serum starvation period prior to treatment to ensure that any changes are due to 

the FSH alone, and not by interfering factors (e.g. growth factors) found in serum (Wang 

et al., 2013; Twigg, Hardman and Baxter, 2000).  

Due to the modulatory actions of eCG on mitochondrial morphology and granulosa 

cell apoptosis in vivo, we investigated whether recombinant FSH regulates proteins 

involved in mitochondrial fission (Drp1, Fis1) and fusion (Mfn1, Mfn2, Opa1) in vitro. 

Although FSH failed to up-regulate Mfn1, Mfn2 and Opa1 or suppress Fis1 and total 

Drp1 protein contents, it regulated Drp1 phosphorylation by decreasing phospho-Drp1 

Ser616 (pro-fission site) content and increasing phospho-Drp1 Ser637 (anti-fission site) 

levels in both time-course and concentration-response studies. Although the precise 

signaling pathway involved had not been confirmed, it is likely that FSH-induced Drp1 

phosphorylation is mediated by cAMP. Consistent with the literature, our current studies 

show substantial increase in cAMP production in response to FSH (Craig et al, 2007; 

Wayne et al., 2007; Gloaguen et al., 2011). Furthermore, cAMP-dependent protein 

kinase (PKA) phosphorylates Ser637 and is proposed to inhibit the Cdk1-CyclinB 

complex that phosphorylates Ser616 downstream (Merrill et al., 2011; Chang and 

Blackstone, 2010; Li, Mao and Xia, 2012). Nonetheless, these assumptions cannot be 

confirmed until PKA knockdown studies have been performed in future experiments. 

As FSH modulated granulosa cell phospho-Drp1 content in vitro, it is possible that 

in vivo suppressive effects of eCG on DHT-induced mitochondrial fission could be due to 

its regulation of Drp1 phosphorylation, but its detection by Western blot was missed in 
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our chronic model. In an attempt to support our in vivo findings, we examined the effects 

of FSH on mitochondrial morphology in vitro. Contrary to our hypothesis, we did not see 

an FSH-induced suppression of fragmented mitochondria in both long- and short-term 

time-course studies. However, it is possible that an FSH-induced effect may be seen if we 

purposefully induce mitochondrial fragmentation first. As the time-of-action of FSH on 

Drp1 phosphorylation only occurs within a few minutes or hours, we would also expect 

to see FSH-mediated effects on mitochondrial morphology around this time period. 

However, the vast majority of mitochondria are healthy during this time and 

fragmentation is rarely observed, so the suppressive effects of FSH may not be significant 

if there is no mitochondrial fragmentation to suppress. By pre-treating our granulosa cells 

with a mitochondrial fission inducer (e.g. DHT) prior to FSH treatment, we may be able 

to see a significant effect of FSH-mediated suppression of fission. If the results of these 

future studies continue to prove that FSH has no effect on mitochondrial fission, then the 

study or the influence of FSH on other Drp1-mediated cell effects (e.g. peroxisome 

degradation and mitochondrial distribution) should be examined (Reddy et al; 2011; 

Koch et al., 2003).  

The assessment of mitochondrial morphology by immunofluorescence staining in 

vitro is commonly used, though some drawbacks have been identified regarding the 

subjectivity of this approach (Kong et al., 2014; Ong et al., 2010; Farrand et al., 2013b). 

In particular, the variability of interpretation between observers can lead to different 

results. As recommended by Farrand et al., we attempted to avoid this issue by 

employing an objective scoring system to determine mitochondrial fragmentation, with 

cut-off scores at different levels of stringency (Farrand et al., 2013b). In the present 
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study, as adopted by Farrand et al., we have chosen a cut-off score of at least eight 

mitochondria that exhibited a completely circular, punctate-like appearance to indicate a 

cell undergoing mitochondrial fragmentation (Farrand et al., 2013b). By setting a 

standard for our mitochondrial assessments, this can aid in the reproducibility of our 

results. Another possible issue is the aggregation of mitochondria in some cell types, 

which may mask the appearance of fragmented mitochondria due to their overlapping in 

a two-dimensional image. However, due to the spread out, epithelial-like nature of 

granulosa cells, mitochondria were well distributed and aggregation was hardly an issue 

(Roberts and Skinner, 1990).  

 

4.7 Chemerin does not regulate cell death or mitochondrial dynamics in primary 

granulosa cells 

 The role of chemerin in the regulation of FSH- and forskolin-induced 

steroidogenesis has been described in primary granulosa cells (Wang et al., 2012, Wang 

et al., 2013). As both FSH and forskolin are known to activate cAMP production, we 

determined if chemerin was also able to attenuate FSH-induced cAMP production and 

phospho-Drp1 contents, and whether this was associated with its induction of granulosa 

cell apoptosis seen in follicle cultures (Gloaguen et al., 2011; Hedin and Rosberg, 1983; 

Kim et al., 2013). Surprisingly, we failed to observe any notable changes in basal and 

FSH-stimulated granulosa cell cAMP production in the presence of chemerin, indicating 

that chemerin may not affect granulosa cell death via granulosa cell cAMP-mediated 

mitochondrial fission.  
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As the above results were being resolved, we performed concurrent studies of 

chemerin-induced granulosa cell apoptosis in primary granulosa cell cultures. We 

initially predicted that chemerin would induce granulosa cell apoptosis as this was 

already seen in the whole follicle cultures (Kim et al., 2013). However, chemerin did not 

affect cell viability or apoptotic cell death in the primary granulosa cell cultures. A recent 

study may support our findings, as granulosa cell apoptosis was unaffected in chemerin 

receptor CMKLR1-null mice (Tang et al., 2016). It is possible that the chemerin-induced 

granulosa cell death observed previously in follicle cultures involves the cross-talk of 

other cell types, as CMKLR1 is present on the oocyte, theca and granulosa cells in bovine 

and rat ovaries (Kim et al., 2013; Reverchon et al., 2014). Although the mechanisms 

involving chemerin signaling in the theca are unclear, chemerin is known to down-

regulate GDF-9 expression in the oocyte. As GDF-9 is known to promote follicular 

growth by its suppression of granulosa cell apoptosis, it is possible that chemerin may 

attenuate GDF-9-induced granulosa cell survival (Orisaka et al., 2009; Kim et al., 2013).  

Due to the inability of chemerin to suppress cell viability, it is unlikely that 

chemerin can induce autophagy to the point of autophagic cell death. Regardless, 

chemerin has been shown important role in various aspects of granulosa cell regulation, 

and this may include autophagy as evidenced by its effect on autophagy in other cell 

types (Kim et al., 2013; Wang et al., 2012; Wang et al., 2013; Shen et al., 2013, Xie et 

al., 2015). We assessed the effects of chemerin on autophagy markers LC3I, LC3II and 

p62 via Western blot in serum-starved conditions with and without chloroquine in a time-

course study and a co-treatment study with FSH, and noted that chemerin did not induce 

autophagy in either study.  



 87 

As mentioned earlier, it is common to have a starvation period prior to treatment in 

granulosa cell studies as serum contains many growth factors that can mask the effects of 

treatment. However, the induction of cell starvation itself could stimulate autophagy as 

observed in our results (Mizushima and Yoshimori, 2007; Barth, Glick and Macleod, 

2010). Although our treatments were compared to a control at all time points during our 

time course studies, it is possible that starvation-induced autophagy in the granulosa cells 

masked the effects of chemerin. Future studies of chemerin in both serum-free and 

serum-containing conditions will allow us to determine if chemerin can induce autophagy 

in non-starved conditions. Additionally, we should not completely rely on the results of 

just one method such as immunoblotting. Perhaps immunofluorescence studies involving 

LC3II, p62 and LAMP1 (which are indicators of autophagy during autophagosome 

formation and autolysosome fusion) would be helpful as a follow-up experiment to our 

Western blot studies (Mizushima and Yoshimori, 2007; Shuvayeva et al., 2014).  

 

4.8 Conclusions and future directions 

In this thesis, we investigated the involvement of mitochondrial dynamics in the 

pathogenesis of PCOS as well as its regulation by gonadotropin (e.g. FSH) using both in 

vivo and in vitro studies. We determined, for the first time, that up-regulation in Drp1 was 

associated with excessive mitochondrial fission and apoptosis in antral follicle stage 

granulosa cells in an androgenized rat model for PCOS. FSH, a known survival factor, 

increased phospho-Ser637 and decreased phospho-Ser616 contents of Drp1, and 

attenuated mitochondrial fission and apoptosis in the androgenized model for PCOS (Fig. 

4.1). The adipokine chemerin was unable to induce apoptotic or autophagic cell death in  
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Figure 4.1: Hypothetical model of gonadotropin-induced modulation of 

mitochondrial dynamics in PCOS granulosa cells 

(A) In PCOS, androgen excess results in the up-regulation of Drp1 leading to 

overabundant mitochondrial fission. This dysregulation in mitochondrial fission causes 

an increase in apoptosis and possibly autophagy, leading to early antral follicular growth 

arrest. 

(B) During gonadotropin (Gn) stimulation, Drp1 is down-regulated by decreased 

phosphorylation of its stimulatory site (Ser616) and increased phosphorylation of its 

inhibitory site (Ser637). This contributes to its role as a suppressor of mitochondrial 

fission, apoptosis and follicular growth arrest in PCOS.  
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granulosa cells. These findings broaden our understanding of the mechanisms involved in 

PCOS pathogenesis and FSH-induced regulation, and provide novel insights into current 

treatment strategies of PCOS including gonadotropin therapy. They lay the groundwork 

for future studies involving the development of mitochondrial dynamics proteins as a 

biomarker for disease or as a target for future treatment strategies in PCOS. 

As the one-month DHT-treated rat seems to be a likely candidate for future 

investigations concerning PCOS, our model could benefit from further studies that extend 

past the reproductive phenotypes of PCOS. Metabolic aspects of PCOS include its 

association to low-grade systemic inflammation involving leptin signaling, the binding of 

free steroid hormones and insulin resistance (Duleba et al., 2012; Houjeghani et al., 

2012). Women with PCOS have elevated serum levels of the adipokines leptin and 

chemerin, which are correlated with the secretion of TNF-ɑ and IL-6 inflammatory 

cytokines (Houjeghani et al. 2012, Ravishankar Ram et al., 2005; Berg et al., 2010). 

Elevated leptin can also cause leptin resistance in the hypothalamus, and a dysregulation  

of glucose homeostasis leading to insulin resistance as seen in PCOS (Koch et al., 2010). 

Insulin resistance is associated with high levels of active free steroids such as androgens, 

which is exacerbated by the suppression of sex hormone-binding globulin in women with 

PCOS (Houjeghani et al., 2012). One study has shown that hypothalamic leptin is 

unaffected in a three-month DHT-induced rat model, however the assessment of this 

inflammatory loop in relation to the metabolic aspects of PCOS still needs to be further 

elucidated (Nikolić et al., 2016). 

Although our findings are promising with regards to the role of mitochondrial 

dynamics in PCOS, we need to extend our Drp1 studies and assess the possible 
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dysregulation of other mitochondrial dynamics proteins in our DHT-induced rat model. 

This would entail Western blot analysis of fission protein Fis1 and fusion proteins Mfn1, 

Mfn2 and Opa1. As Mfn1 and Mfn2 down-regulation has been associated with granulosa 

cell death and follicular degeneration in mice, the dysregulation of fusion proteins may 

also contribute to these phenotypes observed in our DHT-induced model (Gannon, 

Stämpfli, and Foster, 2013; Chen et al., 2015). Regarding Drp1 and other mitochondrial 

dynamics proteins affected by DHT, an examination of the signaling pathways stimulated 

by DHT need to be elucidated by protein studies in vitro. Once the DHT-induced effects 

of mitochondrial fragmentation and mechanisms of these proteins have been confirmed in 

vitro, we can determine the outcomes of gene manipulation via ovary-specific conditional 

knockout of mitochondrial dynamics proteins (e.g. Drp1) in our DHT-induced model to 

demonstrate the importance of these proteins in PCOS pathogenesis (Huang et al., 2013; 

Jeyasuria et al., 2004; Pangas et al., 2006). The use of a Drp1 inhibitor (e.g. mDivi-1, 

P110) provides promising results in animal studies as a potential treatment strategy for  

individuals with Huntington’s disease (Guo et al., 2013; Manczak and Reddy, 2015; 

Reddy, 2014). By inhibiting Drp1 in our DHT-induced rat model, we can determine if 

PCOS pathogenesis is affected and if Drp1 is an ideal target for treatment. Additionally, 

its potential correlation with PCOS pathogenesis may allow Drp1 to be a candidate 

biomarker for the disease. 

 Although our studies in the DHT-induced rat model provide good insight into the 

pathogenesis of PCOS, it does not completely recapitulate all phenotypes of PCOS. 

Therefore, we must confirm if the biochemical and morphologic phenomenon observed 

in the current androgenized rat model could be validated in human PCOS patients. We 
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can determine if there is an associated dysregulation in mitochondrial dynamics proteins 

(e.g. Drp1) and mitochondrial morphology including fission and fusion in PCOS by 

assessing granulosa cells obtained from follicles from women with and without PCOS 

(Das et al., 2008; Mikaeili et al., 2016). To determine if gonadotropin therapy can 

modulate altered mitochondrial dynamics in PCOS, we can include “women with PCOS 

undergoing gonadotropin therapy” as a third treatment group to our studies.
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