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ABSTRACT 

Follicular growth and maturation are tightly regulated processes, which involve 

the participation of endocrine, autocrineparacrine factors and intracellular molecules. Due 

to the numerous research efforts, a large number of regulators and their mechanisms of 

regulation of follicular growth and differentiation have been established. Although the 

abnormal expression and activities of some of these regulators are believed to be 

associated with ovarian dysfunction diseases, such as polycystic ovarian syndrome 

(PCOS), the etiology and pathogenesis of this syndrome are not completely understood. 

In this thesis, we have identified two novel regulators of follicular growth and 

differentiation and examined the cellular and molecular mechanisms that contribute to the 

folliculogenesis. We present here that chemerin reduces FSH-induced steroidogenic 

enzyme expression and steroid hormone production in follicles and granulosa cells. 

Prohibitin expression is upregulated by chemerin and knockdown of prohibitin attenuates 

the suppressive role of chemerin on steroidogenesis, an action regulated by Akt.  

Using an androgenized rodent model, we also present the dysregulation of 

chemerin and prohibitin and their association with dysregulated follicular 

steroidogenesis. Our data and preliminary clinical studies demonstrate the potential 

involvement of chemerin and prohibitin in the etiology of PCOS. These studies 

significantly improve the knowledge of ovarian functions and the pathophysiology of 

PCOS, and provide important clues for the development of novel diagnosis biomarkers 

and new treatment strategies for this complex syndrome. 
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THESIS FORMAT 

The thesis is written in the “Collection of published papers and manuscripts” 

format as outlined in the guidelines provided by the Faculty of Graduate and Postdoctoral 

Studies and the Department of Cellular and Molecular Medicine, University of Ottawa.  

The main body is divided as follows: 

Chapter 1 (Introduction) provides a critical review of the literature in the field 

of ovarian function and regulation. Main topics described in this chapter are: 1) follicular 

development; 2) regulation of follicular function by gonadotropin, chemerin and 

prohibitin; 3) dysregulation of ovarian follicular development and polycystic ovarian 

syndrome; and how these topics are related. 

Chapter 2 (Rationale of Research Program) provides the rationale for the work 

performed in this thesis. 

Chapter 3 (Objectives and Hypotheses) offers the overall and specific 

objectives and hypotheses for the experiments conducted in this study.  

Chapter 4 (Endocrinology, 2012, 153:5600-5611) presents the findings of the 

expression and role of chemerin in steroidogenesis. In this chapter, we present the 

evidence that chemerin suppresses FSH-induced steroidogenesis in follicles and 

granulosa cells. Also the abundance of chemerin and its receptor in ovarian cells from an 

androgenized rodent model provides an association between chemerin and the etiology of 

polycystic ovarian syndrome. The addendum in this chapter contains experimental data 

related to the manuscript and corrections/clarifications identified which could not be 

corrected in the manuscript due to copyright.    
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Chapter 5 (Endocrinology, 2013, 154: 956 - 967) provides the evidence that 

prohibitin and chemerin play negative roles in FSH-induced steroidogenesis. Here we 

present that prohibitin acts as a mediator of chemerin and suppresses FSH-induced 

steroidogenesis, a phenomenon regulated by Akt. The addendum in this chapter contains 

experimental data related to the manuscript and corrections/clarifications identified which 

could not be corrected in the manuscript due to copyright.    

Chapter 6 (Journal of Ovarian Research, 2013, 6: 23-32) presents the 

observations of the regulation and function of prohibitin in follicular development. In this 

chapter, we present the follicular stage-dependent regulation of prohibitin and its 

differential roles in apoptosis and steroidogenesis. The addendum in this chapter contains 

corrections/clarifications identified which could not be corrected in the manuscript due to 

copyright.    

Chapter 7 (General Discussion) consists of in-depth analysis of the data 

presented in the whole thesis (including addenda), describes the contributions of the 

findings and experimental limitations and also presents the possible questions that may be 

addressed in future experiments. 

Chapter 8 (References) provides the source information of ideas and results 

cited in the present thesis. 
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CHAPTER 1:  INTRODUCTION 

1.1 The Ovary and Follicular Development 

1.1.1 Overview  

The ovary controls the growth, maturation and release of the oocyte in preparation 

for fertilization and ensures species propagation. It produces various steroids required for 

maintaining regular menstrual cycles and supporting pregnancy (Leung and Adashi, 

2004). The follicle is one of the functional units in the ovary and consists of an innermost 

oocyte, surrounding granulosa cells and an outer layer of theca cells (McGee and Hsueh, 

2000). Under the precise control of endocrine and intraovarian regulators, the follicles 

develop through primordial, primary and preantral stages before forming an antrum. At 

the antral stages, the predominant follicle is selected. Most developing follicles undergo 

atresia, and only a few continue to develop to preovulatory stages and eventually ovulate 

in response to gonadotropins (McGee and Hsueh, 2000).  

 

1.1.2 Follicle Morphology and Growth  

Follicular growth from the primordial population is termed folliculogenesis. The 

definition and morphology of various stages of follicles have been well established and 

typical follicles are presented in Figure 1.1 (Gougeon, 2004; McGee, 2000). The 

primordial follicles consist of a single pre-granulosa cell (epithelium) layer surrounding 

each oocyte and a basal lamina. Pre-granulosa cells differentiate to form cuboidal 

granulosa cells in primary follicles, where a thin layer of theca cells exist outside. 

Preantral follicle growth is a result of granulosa cell proliferation and increased oocyte 

size. Preantral follicles contain three to six layers of granulosa cells and distinctive theca 



2 

 

layers, including an undifferentiated theca externa and steroid-secreting theca interna. 

With the formation of the fluid-filled antrum, the follicle growth rate increases. These 

follicles enlarge as a result of proliferation of granulosa cells and theca internal cells, and 

fluid accumulation in the antral cavity. The largest healthy follicle is selected to develop 

to the preovulatory stages, which exhibits accelerated growth rate and high 

responsiveness to follicle-stimulating hormone (FSH) (Gougeon, 2004; McGee, 2000). 

Upon receiving a surge of luteinizing hormone (LH), the dominant follicle ovulates to 

release the oocyte and the ruptured follicle develops into a corpus luteum.  

 

1.1.3 Follicular Atresia and Apoptosis 

During the dominant follicle selection, the majority of growing follicles undergo a 

degenerative process called atresia, a phenomenon associated with granulosa cell 

apoptosis and follicle degeneration (McGee and Hsueh, 2000). These atretic follicles 

exhibit small dense pyknotic nuclei, apoptotic granulosa cells, disrupted granulosa layer 

and oocyte degeneration (Gougeon, 2004; Matsuda et al., 2012).  

Apoptosis is a physiological programmed cell death process and serves as a 

protective mechanism to remove unwanted cells. Apoptotic cells exhibit cellular 

shrinkage, chromatin condensation and systematic DNA cleavage without inducing local 

inflammatory responses (Dive et al., 1992; Schultz and Harrington, 2003). Inappropriate 

dysregulation of apoptosis contributes to the pathogenesis of human diseases, such as 

cancer, autoimmune diseases and degenerative disorders (Barr and Tomei, 1994; Kerr et 

al., 1994; Thompson, 1995; Vinatier et al., 1996). 
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Figure 1.1 A schematic representation of ovarian follicular development 

Follicles in different stages (primordial, primary, seconday, preantral, antral, preovulatory 

and ovulation) are shown. According to the responsiveness of follicles, the follicle 

development stages could be categorized as gonadotropin (Gn)-independent, Gn-

responsive and Gn-dependent stages.  
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Two intracellular pathways are involved in the initiation of granulosa cell 

apoptosis: the extrinsic pathway induced by death receptor activation and the intrinsic 

pathway triggered by mitochondrial events (Danial and Korsmeyer, 2004; Jin and El-

Deiry, 2005). In the granulosa cell death receptor-ligand system, Fas ligand (FasL) and 

tumor necrosis factor-α (TNF-α) are the common apoptosis inducers across species. The 

levels of Fas and FasL are higher in atretic subordinate follicles than in dominant follicles 

(Kim et al., 1999; Kondo et al., 1996; Lin and Rui, 2010; Porter et al., 2001). The 

upregulation of Fas-FasL in vitro promotes apoptosis (Hakuno et al., 1996; Rubio Pomar 

et al., 2004; Sakamaki et al., 1997), a phenomena attenuated by the presence of survival 

factors, such as FSH, estradiol and insulin-like growth factor (IGF) (Lin and Rui, 2010; 

Matsuda-Minehata et al., 2007; Quirk et al., 2006). The roles of TNF-α in granulosa cell 

proliferation and apoptosis rely on the interaction with distinct receptors TNF receptor 1 

(TNFR1) and 2 (TNFR2), which may vary depending on physiological or pathological 

conditions. For example, binding of TNF-α to TNFR1 triggers the cell death pathway, 

while activation of TNFR2 stimulates anti-apoptotic gene expression (Baud and Karin, 

2001; Evans et al., 2004).  

The intrinsic pathway is characterized by permeabilization of the outer 

mitochondrial membrane, loss of mitochondrial potential and release of pro-apoptotic 

molecules (e.g. cytochrome c) (Hussein, 2005; Jiang et al., 2003). Cytochrome c binds to 

apoptotic protease activating factor-1 (APAF1), recruits pro-caspase-9 and forms the 

apoptosome complex which in turn activates caspase-3 and triggers apoptosis. The B-cell 

lymphoma 2 (Bcl-2) family members are the key regulators of this pathway, including 

both anti-apoptotic [Bcl-2 and B-cell lymphoma-extra large (Bcl-xL)] and pro-apoptotic 
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proteins [Bcl-2-associated death promoter (BAD) and Bcl-2-associated X protein (Bax)] 

(Wang, 2001), and their roles in granulosa cell apoptosis have been well established (Hsu 

et al., 1996; Jiang et al., 2003; Kaipia et al., 1997; Tilly, 1996).  

 

1.1.4 Follicular Steroidogenesis 

The process of ovarian follicle maturation is coupled with the functional 

differentiation of the granulosa cell layer and the production of steroid hormones. 

Granulosa cells from preantral and earlier stage follicles are considered undifferentiated 

and produce minimal amounts of steroid hormones (such as progesterone and estradiol), 

whereas granulosa cells from preovulatory follicles and granulosa-luteal cells produce 

increased amounts of steroids, particularly in response to gonadotropins (Richards, 1994; 

Woods et al., 2007).  

A well coordinated biosynthesis of steroids is critical for the control of the 

reproductive cycle and successful ovulation. Due to the cell type-specific expression of a 

few steroidogenic enzymes, synergistic interaction between granulosa cells and theca 

cells is a prerequisite for estrogen biosynthesis and follicular development (Liu and 

Hsueh, 1986). Current understanding of follicular steroidogenesis is based on the “two-

cell two-gonadotropin” concept (Figure 1.2) (Erickson, 1978; Hillier et al., 1994; Wen et 

al., 2010). The initiation and rate-limiting step in steroidogenesis is driven by the 

mitochondrial protein steroidogenic acute regulatory protein (StAR), which promotes the 

transfer of cholesterol from the outer to the inner mitochondrial membranes (Stocco, 

2001), and the cytochrome P450 side-chain cleavage enzyme (p450scc, encoded by the 

cyp11a1 gene) which converts cholesterol to pregnenolone, a process operational in both 
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granulosa cells and theca cells (Simpson, 1979). 3β-hydroxysteroid dehydrogenase (3β-

HSD, encoded by Hsd3b gene) catalyzes the conversion of pregnenolone to progesterone, 

a steroid converted to androgens by cytochrome P450c17 (known as CYP17, 17α-

hydroxylase/17, 20 lyase) and 17β-hydroxysteroid dehydrogenase (17β-HSD, encoded by 

Hsd17b gene) (Eimerl and Orly, 2002; Payne and Hales, 2004). Due to the absence of 

CYP17, granulosa cells are incapable of androgen production. Instead, they take up the 

androgens synthesized by the theca cells and convert them to estrogens, a reaction 

catalyzed by aromatase (P450arom, encoded by cyp19 gene), a granulosa cell-specific 

enzyme in the ovary (Jamnongjit and Hammes, 2006; Liu and Hsueh, 1986; Wood and 

Strauss, 2002).  

 

1.2 Regulation of Ovarian Follicular Development 

1.2.1 Gonadotropic Regulation of Ovarian Follicular Growth and Cell 

Differentiation  

The growth and differentiation of ovarian follicles are regulated by endocrine, 

paracrine and autocrine factors. The gonadotropins, including FSH, LH and human 

chorionic gonadotropin (hCG, analogue of LH made in placenta), are heterodimeric 

glycoprotein hormones with similar structures (Beck et al., 1992; Pierce and Parsons, 

1981). FSH is the main hormone to promote the maturation of follicles , and the 

preovulatory LH surge induces follicular rupture and ovulation. FSH consists of an α-

subunit common to all gonadotropins and a specific β-subunit, which confers its specific 

biological activity (Fauser, 1996; Pierce and Parsons, 1981). FSH signals by binding to 

its receptor (FSHR), a member of the subfamily of G protein-coupled receptor (GPCR), 
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Figure 1.2 Estrogen synthesis by the “two-cell two-gonadotropin” concept 

Diagramatic representation of estrogen synthesis in ovarian follicles is shown. Estradiol 

is synthesized in granulosa cells, demonstrating the granulosa cell dependence on theca 

cell testosterone production in theca cells. The expression of steroidogenic enzymes (in 

blue) is stimulated by the two gonadotropins (FSH and LH) in granulosa cells and theca 

cells (Erickson, 1978; Hillier et al., 1994; Wen et al., 2010).  
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and is the main hormone controlling follicular growth, selection and maturation (Bogerd, 

2007; Vassart et al., 2004). FSH-β or FSHR knockout mice display impaired ovarian 

follicular development (due to a block of antral follicle formation) and infertility (Abel et 

al., 2000; Dierich et al., 1998; Kumar et al., 1997; Layman, 2000).  

It is well known that FSH is critical for the continuous growth and differentiation 

of antral follicles, therefore this stage is considered to be a “Gn-dependent stage” (Figure 

1.1) (Gougeon, 2004; Marshall and Kelch, 1986; McGee, 2000). The development of 

preantral follicles, called “Gn-responsive stage”, is supported by various stimulatory and 

survival factors and is independent of gonadotropins, although these follicles respond to 

the gonadotropic stimulation (Figure 1.1) (Hsueh et al., 2000; Marshall and Kelch, 1986; 

McGee et al., 1997a).  

The growth of antral follicles is achieved by increased granulosa cell proliferation 

and suppressed cell apoptosis. It has been reported that FSH activates multiple signaling 

pathways, increases the mRNA expression of cell cycle regulatory protein cyclin D2 and 

reduces the cell cycle inhibitor molecule p27kip1, leading to granulosa cell proliferation 

(Kayampilly and Menon, 2007; Kayampilly and Menon, 2009; Richards et al., 2002). 

FSH also suppresses granulosa cell apoptosis by up-regulating the expression of an anti-

apoptotic factor X-linked inhibitor of apoptosis proteins (XIAP) (Wang et al., 2003) and 

decreasing the expression of cell death surface receptor Fas and its ligand FasL (Kim et 

al., 1998; Zhang et al., 2011). Gonadotropin withdrawal results in the upregulation of Fas 

and FasL, which is associated with follicular atresia (Chen et al., 2005; Kim et al., 1998).  

In addition to its regulatory role in follicular growth, FSH induces granulosa cell 

differentiation and stimulates steroid hormone production, which is essential for 
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continuous development of antral follicles and subsequent successful ovulation (Hsueh et 

al., 2000; Hunzicker-Dunn and Maizels, 2006). FSH is known to induce the expression of 

key steroidogenic enzymes, including aromatase, p450scc, StAR and 3β-HSD, and to 

increase the production of estrogen and progesterone in vitro (Amsterdam and Selvaraj, 

1997; Eimerl and Orly, 2002; Stocco, 2001; Wayne et al., 2007). FSH also upregulates 

the expression of differentiation-related genes, including inhibin-α, epiregulin and LH 

receptor (LHR) (Campbell and Baird, 2001; Wayne et al., 2007), and of  transcriptional 

factors, such as nuclear receptors (NRs) NR5a1 (known as steroidogenic factor-1), 

NR5a2 (known as liver receptor homolog-1), early growth response factor-1 and hypoxia 

-inducible factor-1α (Alam et al., 2004; Russell et al., 2003; Saxena et al., 2007), which 

suggests FSH is a key growth and differentiation factor during follicular development. 

LH regulates the steroidogenic activity of theca cells and stimulates the 

production of progesterone and androgens, such as testosterone and androstenedione 

(Bergh et al., 1993; Fortune and Armstrong, 1977). LH stimulates the expression of 

steroidogenesis-related enzymes, including p450scc, CYP17, 3β-HSD and StAR 

(Bogovich and Richards, 1982; Magoffin and Weitsman, 1993) and triggers the 

expression of a number of genes involved in terminal granulosa cell differentiation, 

follicular rupture and ovulation, such as pro-inflammatory factor interleukin (IL)-1β, the 

proteases for tissue remodeling, and the progesterone receptor (Adashi, 1998; Duffy et 

al., 1996; Hillier, 2001; Liu et al., 1998). 

 

1.2.2 Intra-ovarian Regulation of Ovarian Follicular Growth and Cell 

Differentiation 



10 

 

Follicle growth and differentiation are regulated not only by circulating 

gonadotropins, but also by a variety of intra-ovarian factors, including gonadal steroids, 

growth factors, cytokines and intracellular proteins.  

IGF secreted by granulosa cells has been well characterized as a local growth 

factor essential for folliculogenesis. IGF-I knockout mice are infertile and exhibit arrested 

follicular development at the small antral stage (Baker et al., 1996; Zhou et al., 1997). 

IGF induces the expression of FSHR and LHR, increases the responsiveness of granulosa 

cells to FSH, and also modulates follicle steroidogenesis by enhancing aromatase 

expression and estradiol production, either alone or synergistically with FSH and other 

growth factors (Adashi et al., 1985; Adashi et al., 1988; Duleba et al., 1997; Glister et al., 

2001; Kolodziejczyk et al., 2003; Richards, 1994; Zhou et al., 1997). In addition, IGF 

promotes granulosa cell proliferation and suppresses apoptosis via activating phospho-

inositide 3-OH kinase (PI3K)/Akt pathway and increasing the expression of the anti-

apoptotic and/or steroidogenic genes (Hu et al., 2004; Mani et al., 2010). 

Acting as a paracrine factor, growth differentiation factor-9 (GDF9), an oocyte-

derived transforming growth factor-β (TGF-β) family member, is critical for 

folliculogenesis since GDF9 deficiency blocks follicle growth after the primary stage and 

results in infertility (Dong et al., 1996; Elvin et al., 1999). In vitro data demonstrate that 

GDF9 promotes preantral follicle growth, increases thecal cell DNA synthesis, stimulates 

granulosa cell mitosis and suppresses apoptosis (Hayashi et al., 1999; Hsueh et al., 2000; 

Orisaka et al., 2009; Orisaka et al., 2006; Spicer et al., 2008; Vitt et al., 2000). GDF9 is 

also involved in the regulation of steroidogenesis as it stimulates basal estradiol 

production but suppresses FSH-induced progesterone and estradiol synthesis in rat 
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granulosa cells (Vitt et al., 2000). GDF9 increases thecal CYP17 expression and 

promotes androgen production in rat and bovine follicles (Elvin et al., 1999; Orisaka et 

al., 2009; Solovyeva et al., 2000). Bone morphogenetic protein (BMP)-15, another 

oocyte-specific molecule, stimulates granulosa cell proliferation, accelerates follicle 

growth in cooperation with GDF9, and inhibits FSH-induced progesterone production 

(McMahon et al., 2008; McNatty et al., 2005; Otsuka et al., 2000). In vitro data suggest 

that the BMP family proteins (such as BMP4 and BMP7) not only regulate the transition 

stages from primordial to primary, but also promotes the action of gonadotropins on 

follicular growth and cell differentiation, possibly via regulating their receptor expression 

(Nilsson and Skinner, 2003; Shi et al., 2010; Shimasaki et al., 1999).  

The steroids secreted by the follicles also play a role in folliculogenesis. As the 

follicles grow, they produce increasing amounts of estrogen, which in turn upregulates 

the synthesis and release of gonadotropins and promote follicle growth. A reduced 

production of estradiol by disruption of the cyp19 gene in vivo increases follicular atresia 

and granulosa cell apoptosis with age, which is associated with an upregulation of the 

pro-apoptotic genes, p53 and Bax, in granulosa cells (Britt et al., 2000; Rosenfeld et al., 

2001a; Toda et al., 2001). In vitro data support an intrafollicular role of estrogen in 

granulosa cell survival. Estrogen inhibits granulosa cell apoptosis and increases the 

expression of cyclin D2, gonadotropin receptors and IGF-I (Billig et al., 1993; Hsu and 

Hammond, 1987; Robker and Richards, 1998; Rosenfeld et al., 2001b). Furthermore, 

androgens from the theca cells as well as cyclic guanosine 3', 5'-monophosphate (cGMP) 

are also important promoters of follicular growth (McGee et al., 1997b; Murray et al., 

1998).  
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1.2.3 Regulation by the Adipokine Chemerin 

1.2.3.1 Overview 

Adipokines, a wide variety of proteins secreted from adipose tissue, act both 

locally and distally to regulate adipose differentiation, systemic energy balance and 

inflammation (Karastergiou and Mohamed-Ali, 2010). Increasing evidence indicate the 

important roles of adipokines (such as adiponectin, leptin and restin) in the regulation of 

follicular growth and steroidogenesis (Chabrolle et al., 2009; Kikuchi et al., 2001; 

Ledoux et al., 2006; Spicer et al., 2011). 

 The adipokine chemerin, also called tazarotene-induced gene 2, was first reported 

as a novel retinoid-responsive gene in psoriatic skin lesions (Nagpal et al., 1997). It is 

present in serum, plasma and biological fluids (such as ascites fluid, hemofiltrate and 

synovial fluid) and was identified as a ligand of an orphan receptor chemokine-like 

receptor 1 (CMKLR1) (Bozaoglu et al., 2007; Bozaoglu et al., 2009; Meder et al., 2003; 

Wittamer et al., 2003; Zhao et al., 2011). Chemerin is known to function as a 

chemoattractant that promotes the migration of immune cells to the sites of tissue injury 

and regulates inflammation (Berg et al., 2010; Skrzeczynska-Moncznik et al., 2009; 

Zabel et al., 2005b). Recent studies demonstrate that chemerin also plays important roles 

in the regulation of adipogenesis (Goralski et al., 2007), angiogenesis (Bozaoglu et al., 

2010), insulin signaling and glucose metabolism (Ernst et al., 2010; Sell et al., 2009; 

Takahashi et al., 2008) and steroidogenesis (Reverchon et al., 2012).  
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1.2.3.2 Protein Structure and Processing 

Human chemerin is translated as a 163 amino acid (aa) precursor (pre-proprotein) 

and secreted to the circulation as a 143aa pro-chemerin (21-163aa) after removal of its N-

terminal signal peptide (Ernst and Sinal, 2010; Wittamer et al., 2003). Pro-chemerin has 

minimal biological activity and is trimmed by proteolytic processing at its C-terminus 

(Figure 1.3). The enzymes involved in coagulation, fibrinolysis and inflammation, such 

as plasmin, carboxypeptidases and chymase, have been shown to cleave the C-terminus 

of pro-chemerin to produce active and inactive chemerins in vitro (Du and Leung, 2009; 

Ernst and Sinal, 2010; Meder et al., 2003; Zabel et al., 2008; Zabel et al., 2006a). The 

proteolytic processing sites depend on the location of chemerin, as the cleaved forms of 

chemerin found in ascites fluid, serum and hemofiltrate lack six, eight, and nine C-

terminal amino acids, respectively (Du and Leung, 2009; Zabel et al., 2005a; Zabel et al., 

2006b). Isoforms cleaved at Ala
155

 or shorter forms truncated from the active forms are 

inactive (Ernst and Sinal, 2010; Guillabert et al., 2008). The relative amount and ratio of 

various forms depend on the circumstance. Under normal conditions, pro-chemerin is the 

dominant form and the active forms are less present; while under inflammatory or other 

pathological conditions, the levels of active forms chem157S and chem158K increase 

(Zhao et al., 2011), resulting from the proteolytic processing of pro-chemerin. Therefore 

the proteolytic processing of chemerin may be a key regulatory mechanism which 

determines the local and systemic concentration of active chemerin forms and controls 

their physiological roles in a coordinated manner.  

  



14 

 

 

 

 

Figure 1.3 Protein structure and proteolytic processing of chemerin 

A schematic representation of chemerin structure is shown. The precursor of chemerin 

(Prepro-chemerin, 163aa) is secreted into the circulation as pro-chemerin (143aa) after 

removal of its N-terminal signal peptide. The pro-chemerin is trimmed to distinct active 

forms by various proteases, which show the chemotaxis activities. The active forms are 

further proteolytically cleaved to produce the inactive forms of chemerin. The C-terminal 

sequences are listed using one-letter amino acid abbreviations.  

A, Alanine; G, Glycine; F, Phenylalanine; K, Lysine;  L, Leucine;  P, Proline;   

R, Arginine;  Q, Glutamine;  S, Serine. 
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1.2.3.3 Tissue Distribution of Chemerin and Receptors 

The chemerin mRNA has been detected by several groups in various tissues and 

their relative levels vary with species. In humans, chemerin is abundantly expressed in 

liver, lung, pituitary and ovary (Wittamer et al., 2003). In murine, chemerin levels are 

higher in liver, fat tissue and kidney but relatively lower in the ovary (Bozaoglu et al., 

2007). Chemerin expression in fat tissue is lower in porcine compared with that in 

rodents (Huang et al., 2010). These data indicate that chemerin expression in mammals is 

species- and tissue-dependent.     

To date, chemerin has been reported to be the ligand of three GPCRs, CMKLR1, 

chemokine (C-C motif) receptor like 2 (CCRL2) and G-protein coupled receptor-1 (GPR-

1) (Goralski et al., 2007; Huang et al., 2010; Wittamer et al., 2003; Zabel et al., 2008). 

The expression and tissue distribution of these receptors vary among species. In humans, 

CMKLR1 expression is highly expressed in spleen, lung, lymph node and dendritic cells 

(Wittamer et al., 2003). In mouse, the expression of CMKLR1 is highest in fat tissue and 

lower in heart, lung and placenta in mouse (Goralski et al., 2007). The relative mRNA 

levels of CMKLR1 and GPR-1 in porcine are differentially expressed in liver, kidney and 

epididymal fat tissue (Huang et al., 2010), which may contribute to their distinct 

functions and responsiveness to chemerin in these tissues.  

 

1.2.3.4 Functions of Chemerin  

The elevated chemerin levels in tissues and fluids under chronic inflammation or 

pathological conditions (Nakajima et al., 2010; Skrzeczynska-Moncznik et al., 2009; 

Weigert et al., 2010; Zhao et al., 2011) and the expression of chemerin/CMKLR1 in 
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infiltrating leukocytes (Albanesi et al., 2009; Zabel et al., 2005b) suggest a role of 

chemerin in the immune system. However, our current understanding of the role of 

chemerin in inflammation is controversial. As a pro-inflammatory factor, chemerin 

promotes the migration and adhesion of macrophages and plasmacytoid dendritic cells 

and enhances the expression of pro-inflammatory cytokines, such as IL-6 and TNFα, in 

chondrocytes and fibroblast-like synoviocytes (key actors in arthiritis) (Berg et al., 2010; 

Hart and Greaves, 2010; Kaneko et al., 2011; Wittamer et al., 2003). In contrast, a few 

reports show that chemerin is anti-inflammatory in different disease models. In a 

lipopolysacch-aride (LPS)-induced acute lung injury, chemerin suppresses LPS-

stimulated neutrophil and macrophage infiltration as well as the secretion of IL-6 and 

TNF-α, an effect abolished in CMKLR1
-/-

 mice (Luangsay et al., 2009). In zymosan-

induced peritonitis, chemerin and its C-terminal peptide C15 (A
141

-A
155

) inhibit 

macrophage activation and suppress cytokine production (Cash et al., 2010; Cash et al., 

2008).  

Recently, the functions of chemerin have been extended to the regulation of 

adipogenesis, energy metabolism and insulin signaling. Circulating chemerin levels are 

associated with body mass index (BMI) (Bozaoglu et al., 2007; Hu and Feng, 2011), and 

its expression is higher in adipose tissue of obese and type II diabetes (T2D) patients 

compared with healthy subjects (Bozaoglu et al., 2009; Roh et al., 2007). Chemerin 

expression and secretion increase during adipocyte differentiation, while knockdown of 

chemerin or CMKLR1 impairs the differentiation of 3T3-L1 cells and reduces the 

expression of genes involved in glucose and lipid metabolism, such as glucose 

transporter-4 and adiponectin (Goralski et al., 2007; Muruganandan et al., 2010).  
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The role of chemerin in glucose homeostasis remains to be clarified due to 

conflicting reports. In 3T3-L1 adipocytes, chemerin has either inhibitory (Kralisch et al., 

2009) or stimulatory (Takahashi et al., 2008) effects on insulin-stimulated glucose 

uptake, which may result from different chemerin dosage and various experimental 

models. In skeletal muscle cells, chemerin suppresses insulin-induced phosphorylation of 

Akt and glycogen synthase kinase 3α/β (Becker et al., 2010; Sell et al., 2009). Chemerin 

treatment in vivo exacerbates glucose intolerance by reducing serum insulin levels and 

decreasing tissue glucose uptake in obese mice but not in the lean controls (Ernst et al., 

2010). Moreover, chemerin knockout mice exhibit increased insulin sensitivity in skeletal 

muscle cells but decreased sensitivity in the liver (Takahashi et al., 2011), suggesting a 

tissue specific role of this adipokine.   

Although the expression of chemerin and its receptors (mainly CMKLR1) in the 

ovaries has been reported (Bozaoglu et al., 2007; Goralski et al., 2007; Wittamer et al., 

2003; Zabel et al., 2005b), whether chemerin plays a role in ovarian functions remains 

unclear. A recent study demonstrated that chemerin inhibits IGF-I-induced steroid 

production and cell proliferation in luteinized granulosa cells (Reverchon et al., 2012), 

which is the first evidence linking chemerin to follicular development. 

 

1.2.4  Signaling Pathways Regulating Follicular Growth and Cell Differentiation 

1.2.4.1 Overview 

A variety of signaling pathways triggered by gonadotropins, growth factors and 

cytokines is involved in the regulation of follicular development. As an essential 

regulator of granulosa cell proliferation and differentiation, FSH binds to FSHR and leads 

to the rapid activation of signaling molecules that exert diverse effects in granulosa cells 
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(Hunzicker-Dunn and Maizels, 2006; Wayne et al., 2007). Upon binding of FSH, FSHR 

stimulates the Gs protein, activates the membrane-associated adenylyl cyclase, and 

causes an elevation of intracellular cyclic adenosine monophosphate (cAMP) (Cooke, 

1999). This cyclic nucleotide serves as a second messenger and quickly triggers the 

signaling pathways essential for cell proliferation, survival and steroidogenesis. The 

primary signaling cascade is the activation of adenylyl cyclase and cAMP-dependent 

protein kinase A (PKA), resulting in the phosphorylation of key substrates, such as 

cAMP-regulatory element binding protein (CREB), and facilitating the transcription of 

genes including aromatase and inhibin α (Gonzalez-Robayna et al., 1999; Ito et al., 2000; 

Salvador et al., 2001).  

Akt (known as protein kinase B), a serine/threonine kinase, is a major effector of 

gonadotropins and growth factors in the intracellular signaling network. Akt mediates 

various biological responses and regulates target genes involved in proliferation, 

apoptosis and differentiation (Alam et al., 2004; Hu et al., 2004; Johnson et al., 2001; 

Zeleznik et al., 2003). FSH-induced follicle maturation is inhibited by PI3K inhibitors or 

dominant negative Akt via downregulation of aromatase, inhibin-α and LHR (Zeleznik et 

al., 2003), suggesting a critical role of PI3K/Akt pathway. Inactivation of Akt by 

phosphatase and tensin homologue (PTEN) attenuates IGF-I-induced cell proliferation in 

human granulosa cells (Goto et al., 2009).   

Mitogen-activated protein kinase (MAPK)/extracellular signal-regulated kinase 

(ERK) pathways are also activated by FSH to increase the mRNA expression of cyclin 

D2 via mammalian target of rapamycin (mTOR) signaling and to reduce the cell cycle 

inhibitor molecule p27kip1, which leads to proliferation (Kayampilly and Menon, 2007; 
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Kayampilly and Menon, 2009). The p38 MAPK inhibitor SB203580 augments FSH-

induced progesterone and StAR production, but reduces estradiol production (Yu et al., 

2005), suggesting that p38 MAPK regulates FSH-induced progesterone and estradiol 

production differentially.   

FSH-mediated signaling and function can be regulated via the downregulation and 

desensitization of FSHR. In vivo equine chorionic gonadotropin (eCG) treatment results 

in a marked increase of FSHR expression, while hCG administration decreases its 

expression (LaPolt et al., 1992; Nakamura et al., 1991). The desensitization of FSHR has 

been reported via phosphorylation by G-protein-coupled receptor kinases (GRKs), 

dissociation with Gs protein and internalization for degradation (Ascoli, 1996; Troispoux 

et al., 1999). This process may facilitate the fine control of FSH-induced signaling 

pathways and prevent cells from FSH overstimulation. 

 

1.2.4.2 Intracellular Regulator - Prohibitin 

1.2.4.2.1 Prohibitin Gene and Protein  

The intracellular events triggered by gonadotropins during folliculogenesis are not 

only regulated by kinases or phosphatases, but also by other intracellular proteins 

including transcriptional factors, co-activators/repressors and other molecules (such as 

prohibitin).  

Prohibitin (PHB, also called B-cell associated protein-32) is a member of the 

Band-7 family of proteins sharing a conserved PHB domain (Browman et al., 2007; 

Nijtmans et al., 2002). The amino acid sequences of PHB across species are highly 

conserved, sharing 54 % identity between yeast and human and varying by only one 
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residue between rat (Tyr
107

) and human (Phe
107

); the sequences are identical between 

mice and rat (McClung et al., 1995; Mishra et al., 2006). In humans, the phb gene is 

located on chromosome 17q21 and consists of 7 exons with a long 3’-untranslated region 

(UTR), which is essential for its anti-proliferation role (Altus et al., 1995; Manjeshwar et 

al., 2003; Sato et al., 1992). PHB consists of an N-terminal transmembrane domain, a 

PHB domain believed to be involved in protein-protein interactions, a coiled-coil domain 

forming an α-helix structure and a putative nuclear export sequence at its C-terminus 

(Figure 1.4A) (McClung et al., 1995; Mishra et al., 2006; Winter et al., 2007). To date, 

solution or crystal structure of PHB has not been resolved. The domain structures are 

predicted based on the secondary structure using computer-based homology modeling 

techniques.    

 

1.2.4.2.2 Functions of Prohibitin  

PHB is functionally associated with multiple cellular processes such as cell-cycle 

regulation, immortalization, apoptosis and differentiation (Jupe et al., 1995; McClung et 

al., 1995; Roskams et al., 1993). The 3’-UTR of PHB acts as a trans-acting regulatory 

RNA, inhibits DNA synthesis and suppresses cell proliferation (Jupe et al., 1996; 

Manjeshwar et al., 2003; McClung et al., 1989). PHB attenuates insulin-stimulated 

glucose transport in adipocytes (Vessal et al., 2006) and silencing of PHB reduces the 

expression of adipogenic markers (Liu et al., 2012a), which suggests its role in adipoge-

nesis and obesity. 

To date results from studies on PHB-regulated apoptosis is controversial. PHB 

suppresses apoptosis induced by camptothecin (topoisomerase I inhibitor), serum/growth  
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Figure 1.4 Protein structure of prohibitin and its interaction with other proteins 

A. Protein structure of PHB. PHB consists of an N-terminal transmembrane domain, a 

PHB domain, a coiled-coil (CC) domain forming an α-helix structure and a putative 

nuclear export sequence at its C-terminus. 

B. The binding sites of PHB to p53, E2F1, Raf-1, Rb, ERα and Shp1 are indicated.  
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factor-withdrawal, staurosporine (STS, protein kinase C inhibitor), ultraviolet (UV) B 

and ceramide (N-Octanoylspingosine, an apoptosis inducer) in various cell types 

(Chowdhury et al., 2011; Chowdhury et al., 2007; Fusaro et al., 2003; Vander Heiden et 

al., 2002; Wu and Wu, 2012). Its anti-apoptotic action is achieved by modulating the 

transcriptional activity of E2F transcriptional factor 1 (E2F1) and p53 (Fusaro et al., 

2003; Joshi et al., 2007), or attenuating the release of cytochrome c into the cytocol via 

caspase-3 activation (Chowdhury et al., 2011). To the contrary, increasing evidence 

indicates that PHB promotes apoptosis in cancer cells and during colitis-associated 

tumorigenesis, via enhancing the transcriptional activity of p53, promoting Bax 

expression or physically interacting with phospho-signal transducer and activator of 

transcription (STAT) (Joshi et al., 2007; Kathiria et al., 2012; Liu et al., 2012b). The 

mechanism by which PHB differentially regulates apoptosis is unclear.  

 

1.2.4.2.3 Expression, Post-translational Modification and Subcellular Localization of 

Prohibitin  

PHB is widely expressed in various tissues and found in the circulation 

(Mengwasser et al., 2004; Wang et al., 2004). It is present in multiple cellular 

compartments, including nucleus, mitochondria and plasma membrane (Fusaro et al., 

2003; Kang et al., 2008; Mishra et al., 2005). The distinct subcellular localization of PHB 

potentially contributes to it multifunctional actions. PHB maintains the mitochondrial 

morphology, stabilizes the mitochondrial DNA and protects newly synthesized 

mitochondrial enzymes from degradation (Kasashima et al., 2006; Nijtmans et al., 2000; 

Steglich et al., 1999). Nuclear PHB acts as a co-activator or co-repressor in the regulation 
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of gene expression in different cell lines, by interacting with various transcriptional 

factors, such as E2F, p53, Rb and estrogen receptor α (ERα) (Figure 1.4B) (Choi et al., 

2008; Fusaro et al., 2003; He et al., 2008; Kathiria et al., 2012). Membrane-bound PHB 

facilitates Ras-mediated Raf-1 activation and translocates peptides to mitochondria (Chiu 

et al., 2012; Kolonin et al., 2004).  

The translocation of PHB between organelles may be a precise way to switch or 

execute its pleiotropic functions. In response to a stress stimulus, PHB shuttles between 

mitochondria and nucleus, where it serves as an anti-apoptotic factor and a transcriptional 

co-activator/co-repressor, respectively (Sripathi et al., 2011). The shuttle ability between 

organelles is not unique for PHB; in the presence of estradiol, mitochondrial PHB2 (a 

homolog of PHB) translocates to the nucleus and represses ERα-mediated transcription in 

cancer cells (Kasashima et al., 2006). Export of PHB from nucleus to cytoplasm in breast 

cancer cells in response to apoptotic stimuli has also been reported (Fusaro et al., 2003).  

Post-translational modifications of PHB in response to upstream stimuli or 

pathological conditions have been reported, including phosphorylation (Ande et al., 

2009a; Han et al., 2008; Ross et al., 2008), ubiquitination (Thompson et al., 2003) and O-

linked β-N-acetylglucosamine (O-GlcNAc) modification (Ande et al., 2009b), and have 

proved to be important in the regulation of PHB functions. Tyr
114 

phosphorylation of 

PHB recruits SH2-domain containing inositol 50-phosphatase (Shp1) and negatively 

regulates insulin-stimulated Akt phosphorylation (Ande et al., 2009a). Akt 

phosphorylates Thr
258

 of PHB, which disrupts the interaction of PHB and Shp and in turn 

facilitates PI3K/Akt signaling (Ande and Mishra, 2009). Phosphorylation of PHB at 
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Thr
258

 is essential for Ras-mediated Raf-1 activation and enhances cell migration/ 

invasion via the interaction  raft domain of the plasma membrane (Chiu et al., 2012). 

The post-translational modifications at the same or adjacent residues may affect 

each other, as demonstrated that Thr
258

 is either phosphorylated or modified by O-

GlcNAc (Ande et al., 2009b). Phosphorylation at Tyr
114

 or Tyr
259

 enhances O-GlcNAc 

modification at Ser
121

 and Thr
258

, respectively, whereas O-GlcNAc modification 

attenuates Tyr phosphorylation (Ande et al., 2009b). These modifications may recruit 

various interacting partners of PHB and contribute to its contradictory functions (such as 

pro- and anti-apoptosis) reported in the literature.  

 

1.2.4.3 Nuclear Orphan Receptors 

NR5a1 and NR5a2 belong to the nuclear receptor NR5A subfamily and play 

important roles in the process of follicular steroidogenesis (Boerboom et al., 2000; 

Fayard et al., 2004; Parker and Schimmer, 1997; Saxena et al., 2007). NR5a1 and NR5a2 

consist of a Drosophila Fushi tarazu factor 1 domain (specific for the NR5a subfamily) 

and the major structural features of all NRs: a DNA binding domain, a hinge region and a 

ligand binding domain (LBD) (Fayard et al., 2004; Hoivik et al., 2010). Unlike other 

NRs that are activated by hormones, phospholipids (such as phosphatidic acid and 

sphingolipid) bind to the LBD of NR5a1/2 and may serve as agonist or antagonist of 

these receptors (Krylova et al., 2005; Sablin et al., 2009; Urs et al., 2007). The activities 

of NR5a1 and NR5a2 can also be regulated by a set of specific co-regulators that could 

repress the constitutive activity of these receptors, such as Dosage-sensitive, sex-reversal 

Adrenal hypoplasia congenita critical region on the X chromosome gene 1 (Dax-1) and 
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small heterodimer partner (SHP) (Fayard et al., 2004; Lee and Moore, 2002; Saxena et 

al., 2007). 

NR5a1 is mainly expressed in the steroidogenic tissues (ovary and testis) and the 

tissues of hypothalamo-pituitary-adrenal axis, and regulates a large group of target genes 

involved in cholesterol synthesis, steroidogenesis and sex determination (Hoivik et al., 

2010; Parker and Schimmer, 1997; Saxena et al., 2007). NR5a2 expression is confined 

mainly to liver, pancreas, ovary, preadipocytes and placenta (Becker-Andre et al., 1993; 

Clyne et al., 2002; Sirianni et al., 2002). NR5a1 and NR5a2 are generally considered to 

bind to the same enhancer element in common target genes (such as StAR, aromatase, 

3β-HSD and p450scc) and share similar actions on steroidogenesis during follicular 

development (Caron et al., 1997; Hinshelwood et al., 2003; Hu et al., 2001; Mendelson 

and Kamat, 2007; Saxena et al., 2007; Taniguchi et al., 2009; Val et al., 2003). Although 

both receptors are expressed in granulosa cells, the differential expression of NR5a1 and 

NR5a2 in other cell types, such as NR5a1 in theca cells and NR5a2 in corpus luteum 

(Falender et al., 2003), raises a possibility that their target genes may be functional in a 

cell-specific manner. However, this hypothesis awaits further investigation.  

 

1.3 Dysregulation of Ovarian Follicular Development - Polycystic Ovarian 

Syndrome 

1.3.1 Overview 

Polycystic ovarian syndrome (PCOS) is a complex and heterogeneous medical 

condition and affects 5-10 % women in the reproductive age (Asuncion et al., 2000; 

Diamanti-Kandarakis et al., 1999; Knochenhauer et al., 1998). The patients usually 



26 

 

present in the clinic due to the symptoms of irregular bleeding, infertility and hirsutism. 

In the long-term, women with PCOS have increased risk of developing T2D, 

hypertension, cardiovascular diseases and endometrial cancer (Azziz et al., 2006; 

Chittenden et al., 2009; Guzick, 2004).  

 

1.3.2 Clinical Diagnosis 

To date, three criteria for clinical diagnosis of PCOS have been established since 

1990 based on a combination of clinical, ultrasonographic and biochemical criteria. The 

1990 National Institutes of Health (NIH) consensus workshop defined the criteria as 

menstrual dysfunction along with clinical and/or biochemical hyperandrogenism 

(Zawadski and Dunaif, 1992). Taking polycystic ovaries into consideration, the definition 

was revised by the 2003 Rotterdam consensus workshop that the diagnosis of PCOS 

should include two of the following three criteria: (1) oligo- and/or anovulation, (2) 

clinical and/or biochemical signs of hyperandrogenism, (3) polycystic ovaries on 

ultrasonography, and exclusion of related disorders (Rotterdam ESHRE/ASRM-

sponsored PCOS consensus workshop, 2004). The consensus was further modified by 

Androgen Excess Society with the principal conclusion that PCOS is a predominantly 

hyperandrogenic syndrome. These criteria defined four features of PCOS: the ovulatory 

dysfunction, hyperandrogenemia and polycystic ovaries, and exclusion of other androgen 

excess or related disorders (Azziz et al., 2006).  

 

1.3.3 Pathogenesis and Treatment of Polycystic Ovarian Syndrome 
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Hyperandrogenism is a well established contributor to PCOS etiology and is 

detected in 60-80 % of cases (Teede et al., 2010). The manifestation of hyper-

androgenism includes oily skin/acne and hirsutism (Guzick, 2004). Circulating free/total 

testosterone and androstenedione are normally elevated in PCOS patients, although the 

latter is not commonly considered as a required diagnostic test (Guzick, 2004). Theca 

cells are the major source of increased circulating androgens in PCOS women (Legro et 

al., 1998) and exhibit increased expression and activities of CYP17, p450scc and 3β-

HSD, which are the key enzymes involved in androgen production (Jakimiuk et al., 2001; 

Nelson et al., 2001; Wickenheisser et al., 2000).  

The steroidogenic ability of granulosa cells is also dysregulated in PCOS subjects. 

Individual follicles from PCOS women contain lower aromatase expression and exhibit 

reduced estradiol and progesterone levels in their follicular fluid compared with normally 

cycling women (Jakimiuk et al., 1998; Welt et al., 2005). Basal and hCG-stimulated 3β-

HSD mRNA expression are reduced in granulosa cells from PCOS patients compared 

with those from normal women undergoing in vitro fertilization (IVF) (Doldi et al., 

2000). However, granulosa cells in PCOS women exhibit hyper-responsiveness to FSH 

(Almahbobi et al., 1996; Coffler et al., 2003; Mason et al., 1994) that may be caused by 

their significantly higher FSHR expression in individual follicles (Catteau-Jonard et al., 

2008). Elevated circulating LH levels and LH/FSH ratio, enhanced LH pulse frequency 

and increased LHR expression in granulosa and theca cells have been reported in PCOS 

subjects (Guzick, 2004; Jakimiuk et al., 2001; Wu et al., 2003).  

Insulin resistance is present in 50-70 % of women with this syndrome, especially 

in those with more severe PCOS and in women who are overweight (Dunaif, 1997; Legro 
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et al., 2004). Obesity enhances insulin resistance, exacerbates the reproductive and 

metabolic abnormalities and further increases the risk of developing T2D and 

cardiovascular disease (Balen et al., 1995; Brassard et al., 2008; Kiddy et al., 1990). 

Increase of insulin sensitivity and reduction of insulin level improve the manifestation of 

hyperandrogenemia and restores ovulation (Bremer and Miller, 2008; Dunaif, 1997; 

Velazquez et al., 1994). 

The treatment of PCOS is focused on its short and long-term reproductive, 

metabolic and psychological features. Modification of life style, aimed at reducing 

weight and normalizing insulin sensitivity and androgen status, is considered the first step 

of the treatment strategy (Teede et al., 2010). Weight loss due to diet and physical 

exercise in PCOS subjects has been shown to be associated with improved spontaneous 

ovulation rates and pregnancy as well as the reduction of circulating androgens (Moran et 

al., 2006; Moran et al., 2003; Pasquali et al., 2003; Thessaloniki ESHRE/ASRM-

sponsored PCOS consensus workshop, 2008). Once the weight management in obese 

patients has been addressed, administration of oral contraceptives is the first response as a 

treatment for irregular bleeding and pure anovulation, without considering hirsutism or 

infertility. If hirsutism is also present, spironolactone (a steroidal anti-mineralocorticoid 

agent with anti-androgen properties) can be used as a standard treatment (Thessaloniki 

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

With regard to the ovulation induction for the treatment of infertility, the anti-

estrogen clomiphene citrate remains the first-line treatment. Approximately 75 - 80 % of 

PCOS subjects will ovulate when on this medication (Guzick, 2004; Thessaloniki 

ESHRE/ASRM-sponsored PCOS consensus workshop, 2008). Moreover, the insulin-
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sensitizing agents (metformin and thiazolidinediones), aromatase inhibitors (anastrozole 

and letrozole) and glucocorticoids (prednisone and dexamethasone) have been applied 

alone or in combination with clomiphene citrate for ovulation induction in PCOS subjects 

(Badawy and Elnashar, 2011).  

 

1.3.4 Animal Models of Polycystic Ovarian Syndrome 

To better understand the cellular and molecular mechanisms underlying the 

pathogenesis of PCOS and to provide clues for the identification of potential treatment 

targets, a range of animal models has been developed. These involve the induction by 

various factors including estradiol valerate and letrozole, testosterone (T), testosterone 

propionate (TP), dehydroepiandrosterone (DHEA), 5α-dihydrotestosterone (DHT), 

(Abbott et al., 1998; Beloosesky et al., 2004; Brawer et al., 1986; Dumesic et al., 2005; 

Kafali et al., 2004; Lee et al., 1998; Manneras et al., 2007; Quandt and Hutz, 1993). 

Although these models exhibit some reproductive and/or metabolic characteristics of 

human PCOS, none of them reproduces all key features of PCOS.  

Exposure to estrogen and the aromatase inhibitor letrozole resulted in the ovarian 

features of anovulation and polycystic ovaries; however, these models do not produce the 

metabolic features of PCOS, such as insulin resistance (Brawer et al., 1986; Kafali et al., 

2004; Manneras et al., 2007) and may be suitable only for the morphological studies of 

PCOS.  

Prenatally androgenized sheep and monkey models display many features of 

human PCOS (Abbott et al., 1998; Recabarren et al., 2005); however they are not widely 

used due to the high cost and restriction on the abilities for genetic manipulation. Rodent 
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models provide well-characterized and stable genetic backgrounds and are low-cost. 

Postnatal treatment with DHEA induced most ovarian characteristics but a thin layer of 

theca cells and lack of vascularized theca interna, which is different from the thickened 

theca layer in human PCOS (Luchetti et al., 2004). Prenatal exposure of T or TP does not 

consistently induce acyclicity and anovulation (Fels and Bosch, 1971; Slob et al., 1983; 

Tyndall et al., 2012; Walters et al., 2012). Postnatal treatment of T/TP results in 

acyclicity, anovulation, polycystic ovaries and insulin resistance (Beloosesky et al., 2004; 

Huffman and Hendricks, 1981; Pinilla et al., 1993; Tyndall et al., 2012), however the 

ovarian weights are reduced in these models, which is different from enlarged ovaries in 

human PCOS.  

As DHT is a non-aromatized androgen, it has been used to develop rodent model 

to avoid the effect of estrogens converted from androgens. Prenatal exposure to DHT 

induced irregular reproductive cycles and hyperandrogenism but no polycystic ovaries 

(Sullivan and Moenter, 2004; Wu et al., 2010). Postnatal exposure to DHT recapulates 

many reproductive and metabolic features of human PCOS, including acyclicity, 

polycystic ovaries, over-weight, increased body fat, enlarged mesenteric adipocytes and 

insulin resistance (Hossain et al., 2013; Manneras et al., 2007). Similar to other 

androgenized model, DHT-treated rats also exhibit reduced ovarian sizes, which is 

rescued by Gn administration (Hossain et al., 2013).  

 

1.3.5 Chemerin, Prohibitin and Polycystic Ovarian Syndrome  

As described in earlier sections, insulin resistance and obesity occur in a high 

percentage of PCOS patients. Studies of chemerin in the regulation of adipogenesis and 
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insulin signaling have suggested a role of chemerin in the symptoms of PCOS. Clinical 

investigations indicated that circulating chemerin was positively associated with BMI 

(Bozaoglu et al., 2007) and its levels elevated in obese women and in PCOS subjects 

compared with their controls (Bozaoglu et al., 2009; Tan et al., 2009). Insulin infusion in 

vivo significantly increased serum chemerin levels in human subjects and insulin 

stimulated the production and secretion of chemerin in adipose tissue explants (Tan et al., 

2009). Metformin treatment decreases serum chemerin levels in PCOS subjects (Tan et 

al., 2009). Taken together, these findings suggest a possible correlation between 

chemerin and the etiology of PCOS.  

The roles of PHB in the regulation of adipocyte differentiation and insulin-

induced glucose metabolism have been recently reported. Ovexpression of PHB induces 

adipocyte differentiation (Ande et al., 2011) and silencing of PHB reduces the expression 

of adipogenic markers (Liu et al., 2012a). PHB negatively regulates insulin-stimulated 

Akt activation and glucose transport in a phosphorylation-dependenet manner (Ande et 

al., 2009a; Vessal et al., 2006). PHB is upregulatd by IL-6 that is known to induce insulin 

resistance (Theiss et al., 2007). Although there is no direct evidence showing the 

involvement of PHB in the pathogenesis of PCOS, these data imply a link between PHB 

and insulin resistance and obesity.    
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CHAPTER 2:  RATIONALE OF RESEARCH PROGRAM 

Follicular development is tightly regulated by endocrine, autocrine and paracrine 

factors. The dysregulation of follicle growth and cell differentiation results in ovarian 

dysfunction related diseases, such as premature ovarian failure, poor-responsiveness to 

gonadotropin and PCOS. Understanding the molecular and cellular mechanisms in the 

control of follicular development will provide important insight into the pathophysiology 

of these conditions. 

Despite increasing information from clinical and basic investigations on human 

PCOS, the etiology and pathogenesis of this syndrome are still not completed understood. 

An effective animal model that mimics the human situation will provide an opportunity 

to investigate the molecular and cellular mechanisms underlying this complex syndrome, 

which otherwise would be difficult due to limited access to human ovarian cells. DHT-

treated rats exhibited increased body weight gain, disrupted estrus cyclicity, decreased 

insulin sensitivity as well as increased body fat and enlarged adipocytes (Hossain et al., 

2013; Manneras et al., 2007). Futher investigation and manipulation of the reproductive 

phenotypes of the DHT-treated rat model will extend our knowledge of the pathogenesis 

of PCOS and facilitate the investigations into the molecular and cellular basis of PCOS.  

Although a positive correlation of serum chemerin levels with obesity as well as 

PCOS is known to exist, whether and how chemerin contributes to the pathogenesis of 

PCOS, such as arrested follicular growth and dysregulated steroidogenesis, is unclear. 

Moreover, less is known about the function of chemerin and its receptors during follicular 

development, although the expression of chemerin in the ovary has been reported. 

Investigation of the role of chemerin in follicular growth and cell differentiation will 
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improve our understanding of the pathogenesis of PCOS and provide important clues on 

whether chemerin could be a potential diagnostic biomarker for this syndrome. 

Although PHB is anti-apoptotic and functions by inhibiting caspase-3 activity and 

cytochrome c release in undifferentiated granulosa cells (Chowdhury et al., 2011; 

Chowdhury et al., 2007), whether it plays a role in follicular steroidogenesis and whether 

its functions in the ovary are follicular stage-dependent await further investigation. In 

addition, the findings that PHB promotes adipogenesis and attenuates insulin-stimulated 

glucose transport and Akt activation (Ande and Mishra, 2009; Ande et al., 2012; Vessal 

et al., 2006) suggest a possible link between PHB and glucose metabolism/adipogenesis. 

However, whether PHB contributes to the dysregulation of steroidogenesis, insulin 

resistance and obesity during the pathogenesis of PCOS is unknown.   

 



34 

 

CHAPTER 3:  OBJECTIVES AND HYPOTHESES 

3.1 Overall Objective and Hypothesis 

The overall objective of the current study is to better understand the complex 

regulatory mechanisms involved in the control of ovarian follicular development and 

steroidogenesis and to gain insights into the dysregulation of these processes in the 

pathogenesis of PCOS. Our overall hypothesis is that chemerin and PHB are two 

regulators of follicular steroidogenesis and they contribute to PCOS in a hyperandro-

genized rodent model. 

 

3.2  Specific Hypotheses 

  We hypothesize that: 

1. Chemerin and PHB suppress FSH-induced follicular steroidogenic enzyme 

expression and steroid production, which involve the nuclear receptors; 

2. Chemerin and PHB contributes to the progression of PCOS in a DHT-induced 

rat PCOS model; 

3. PHB is a mediator of the chemerin action on FSH-induced steroidogenesis 

4. PHB plays a role in apoptosis during follicular development 

 

3.3 Specific Objectives 

1. To examine the expression and regulation of chemerin and PHB in the ovary; 

2. To explore the roles of chemerin and PHB in FSH-induced follicular 

steroidogenesis; 
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3. To examine the molecular mechanisms by which chemerin and PHB regulate 

ovarian functions; 

4. To investigate the potential involvement of chemerin and PHB in PCOS using 

a DHT-induced rat model 
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Abstract 

Polycystic ovarian syndrome (PCOS) is a heterogeneous syndrome associated 

with follicle growth arrest, minimal granulosa cell proliferation, dysregulated sex 

hormone profile, hyperthecosis, and insulin resistance. Using a 5α-dihydrotestosterone 

(DHT)-induced rat model that recapitulates the reproductive and metabolic phenotypes of 

human PCOS, we have examined the steroidogenic capability of granulosa cells from 

DHT-treated rats. Gene expression of several key steroidogenic enzymes including p450 

side-chain cleavage enzyme (p450scc), aromatase, steroidogenic acute regulatory protein, 

hydroxysteroid dehydrogenase-17β, and hydroxysteroid dehydrogenase-3β were 

markedly lower in DHT-treated rats than the controls, although the responsiveness of 

their granulosa cells to FSH was higher. Expression of the adipokine chemerin and its 

receptor, chemokine receptor-like 1, was evident in control and DHT-treated rats, with 

significantly higher ovarian mRNA abundances and protein contents of chemerin and its 

receptor. Recombinant chemerin decreases basal estradiol secretion in granulosa cells 

from DHT-treated rats. When the inhibitory role of chemerin in steroidogenesis was 

further examined in vitro, chemerin suppressed FSH-induced progesterone and estradiol 

secretion in cultured preantral follicles and granulosa cells. Chemerin also inhibits FSH-

induced aromatase and p450scc expression in granulosa cells. Overexpression of nuclear 

receptors NR5a1 and NR5a2 promotes p450scc and aromatase expression, respectively, 

which is suppressed by chemerin. These findings suggest that chemerin is a novel 

negative regulator of FSH-induced follicular steroidogenesis and may contribute to the 

pathogenesis of PCOS.  
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Introduction 

Follicular development is tightly regulated by endocrine, autocrine, and paracrine 

factors, and the process of ovarian follicle maturation in both mammalian and avian 

species is coupled with a functional differentiation of granulosa cell layer (1). Granulosa 

cells from preantral or earlier stages of follicles produce minimal steroid hormones and 

are considered undifferentiated. By comparison, granulosa cells from preovulatory 

follicles secrete extensive amounts of progesterone and estradiol in response to 

gonadotropins (2, 3). The coordinated biosynthesis of progesterone and estradiol in the 

ovary is critical for normal ovary function, successful ovulation, and eventual pregnancy 

(4). p450 side-chain cleavage enzyme (p450scc) and aromatase are the crucial 

steroidogenic enzymes for progesterone and estradiol biosynthesis in granulosa cells, 

respectively (5, 6). Nuclear receptors NR5a1 (previously known as steroidogenic factor-

1) and NR5a2 (also known as liver receptor homolog-1) are two transcriptional factors 

known to regulate multiple steroidogenic genes encoding aromatase, p450scc, 

steroidogenic acute regulatory protein (StAR), and hydroxysteroid dehydrogenase 

(HSD)-3β (7-11).  

Polycystic ovarian syndrome (PCOS), a multifactorial heterogeneous clinical 

syndrome, affects up to 10 % of women of reproductive age and accounts for 75% of 

anovulatory infertility (12). PCOS is associated with follicle growth arrest, chronic 

anovulation, minimal granulosa cell proliferation, hyperthecosis with hyper-

androgenemia, and insulin resistance (13). It is a disorder of reproduction and metabolism 

with potential systemic sequelae such as diabetes, endometrial cancer, and obesity (13). 

Obese women often have more severe hyperandrogenism and anovulation than normal-
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weight women with PCOS (14). The pathogenesis of PCOS and the interrelationship 

between obesity and PCOS is complex and its etiology is not completely understood. 

Chemerin is identified as a chemoattractant ligand for G protein-coupled receptor 

chemokine receptor-like 1 (CMKLR1) (15, 16). It was recently discovered as a novel 

adipokine associated with obesity and metabolic syndrome and is shown to promote 

adipogenesis and regulate immunity and glucose metabolism (16-20). Serum chemerin 

levels are higher in obese women and in PCOS subjects (21, 22), and metformin (a drug 

for treatment of PCOS patients with insulin resistance) decreases serum chemerin levels 

(21), implying a correlation between chemerin and PCOS. Although several groups 

reported that chemerin and CMKLR1 mRNA were expressed in the ovaries of human, 

rat, and mouse (16-18, 23), the role of chemerin in FSH-induced follicular development 

remains unclear. Moreover, whether chemerin contributes to the pathogenesis of PCOS is 

unknown. 

In this study, a 5α-dihydrotestosterone (DHT)-induced rat model was used to 

mimic the reproductive and metabolic phenotypes of human PCOS following that in a 

recent publication (24). First, we characterized the steroidogenic capability and 

chemerin/CMKLR1 expression in ovarian cells from DHT-treated rats. Second, we 

investigated the role of chemerin in FSH-induced steroidogenesis in granulosa cells from 

immature rats. We proposed that chemerin is a novel negative regulator of FSH-induced 

follicular steroidogenesis and contributes, at least partially, to the pathogenesis of PCOS. 
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Materials and Methods 

Reagents and antibodies 

Cell culture media (M199 and α-MEM), fetal bovine serum (FBS), penicillin and 

streptomycin, L-glutamine, sodium pyruvate, and trypsin were purchased from Invitrogen 

(Burlington, Canada). Recombinant mouse active chemerin and antichemerin antibody 

were from R&D Systems (Minneapolis, MN). Diethylstilbestrol, HEPES, BSA, bovine 

insulin, transferrin, ascorbic acid, and sodium selenite anhydrous were purchased from 

Sigma (St. Louis, MO). Recombinant human FSH was obtained from the National 

Hormone and Peptide Program (Harbor-University of California, Los Angeles, Medical 

Center, Torrance, CA). Anti-aromatase antibody was purchased from AbD Serotec 

(Oxford, UK), anti-p450scc antibody from United States Biological (Swampscott, MA), 

and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody from Abcam 

(Cambridge, MA). Horseradish peroxidase-conjugated secondary antibodies and reagents 

for SDS-PAGE were supplied by Bio-Rad (Mississauga, Canada). Enhanced 

chemiluminescent reagent was from Thermo Fisher Scientific (Rockford, IL). 

QIAShredder and RNeasy minikits were purchased from QIAGEN (Mississauga, 

Canada). Random decamer primers were from Ambion (Austin, TX). Ribonuclease 

inhibitor and deoxynucleotide triphosphate were from Fermentas (Burlington, Canada). 

Moloney murine leukemia virus reverse transcriptase was from Promega (Madison, WI). 

QuantiTect SYBR Green PCR kit, phosphatase inhibitors (PhosSTOP cocktail), and 

protease inhibitors (Complete cocktail) were from Roche Applied Science (Québec, 

Canada). PCR primers were from Invitrogen. All other chemicals were of the highest 

analytical grade and were available from Sigma. 



42 

 

Animal preparation 

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 and 

Ottawa Hospital Research Institute Animal Care Committee. 

 

DHT-filled SILASTIC capsule preparation 

The DHT-filled capsules were prepared as previously described (25). In brief, 

SILASTIC brand tubing (inner diameter 1.98mm × outer diameter 3.18 mm; Dow 

Corning Corp., Midland, MI), cut to an appropriate length to achieve a desired surface 

area of 300 mm
2
, was filled with DHT (Steraloids Inc., Newport, RI) from a 1-ml 

syringe. The tubing was closed at each end (3 mm) with a sealant (Silicone type A; Dow 

Corning), ensuring that the adhesive is in contact with the tubing walls and that there are 

no air bubbles. Control capsules were empty with only sealant on both ends. After being 

left overnight to dry, the capsules were rinsed for 2 d in 3% BSA in PBS with 0.1 % 

NaN3 solution, washed with PBS, and sterilized by dipping briefly in 70 % ethanol before 

use. 

 

Animal surgery, DHT capsule implantation, and animal care 

Female rats at 21 d of age were randomly divided into two groups (DHT vs. 

control) and implanted with a DHT-filled silicone capsules continuous releasing (83 

µg/d, empty SILASTIC brand capsule as control) for 12 wk to mimic the hyperandro-
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genic state in women with PCOS, whose plasma DHT levels are approximately 1.7-fold 

higher than those of healthy control (26, 27). Rats were monitored twice daily in the first 

3 d and once daily thereafter. Animals were weighed weekly to monitor weight gain and 

euthanized at 12 wk after implantation.  

 

Serum collection and chemerin level analysis  

Rat blood was taken after rat euthanization and serum was collected after clotting 

and centrifuging (1000 × g, 10 min) at room temperature. Serum aliquots were kept in -

80 C for chemerin analysis. The 0.5-µl serum sample was subjected to SDS-PAGE with 

4.5 % stacking and 15 % separating gels, and chemerin levels in serum were analyzed by 

Western blot using anti-chemerin antibody. A pool of six mixed serum samples was 

loaded as an internal control for density normalization between different membranes. 

 

Collection of ovaries from control (CTL) or DHT rats 

Rat ovaries were collected after rat euthanization, and the two ovaries from the 

same rat were used for RNA and protein analysis, respectively. One ovary was 

homogenized in buffer RNeasy Lysis Buffer, and total RNA were extracted according to 

the manufacturer’s instruction (QIAGEN RNeasy minikit). Another ovary was Dounce 

homogenized, and total protein was extracted on ice for 30 min in lysis buffer (10 mM 

Tris; 150 mM NaCl; 1 mM EDTA; 1 mM EGTA; 0.5 % Igepal, pH 7.4) containing 

various protease/phosphatase inhibitors (Roche). Lysates were centrifuged at 13,000 × g 

for 10 min at 4 C, and the protein concentration in the supernatants was determined by 

Bradford assay (Bio-Rad Laboratories). 
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Follicle isolation and culture 

Ovarian follicles of a diameter of 150-180 µm (large preantral/early antral 

follicles) were isolated from 14-d-old rats, as previously described (28). In brief, follicles 

were manually isolated in Leibowitz L-15 medium with BSA (0.1 %) using 28.5-gauge 

needles (Becton Dickinson and Co., Franklin Lakes, NJ). To minimize the experimental 

variation caused by damage incurred during the isolation procedures, only round and 

clear follicles with an intact basement membrane and theca layer were selected for the 

present studies. Follicles were cultured individually in a 96-well plate (Sarstedt, Newton, 

NC) in 100 µl α-MEM supplemented with HEPES (10 mM), 0.1 % BSA, bovine insulin 

(5 µg/ml), transferrin (2 µg/ml), ascorbic acid (25 µg/ml), sodium selenite anhydrous (2 

ng/ml), L-glutamine (3 mM), sodium pyruvate (100 µg/ml), streptomycin (100 µg/ml), 

and penicillin (100 U/ml). The culture medium was changed every other day and kept in -

80 C for hormone analysis. 

 

Construction of recombinant adenovirus 

Construction of recombinant adenovirus was carried out as described previously 

with some modifications (29). Briefly, cDNA of rat NR5a1 or NR5a2 were subcloned 

into the adenoviral shuttle vector pAdTrack-CMV, and the ligation product pAdTrack-

NR5A was linearized and cotransformed into competent BJ5183 bacteria with adenoviral 

backbone plasmid. The homologous recombinant adenoviral plasmid pAd-NR5A1 was 

purified, linearized, and transfected to AD293 cells. After 10 d, the cells were harvested 

and lysed through four cycles of freeze/thaw to obtain viral supernatants. The virus was 

amplified by repeated infection of AD293 cells, and the resulting viral supernatants were 
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stored at -80 C. Control virus adenovirus-green fluorescent protein (GFP) was generated 

using empty pAdTrack-CMV vector with the method described above. Virus concentra-

tions were determined by measuring the OD at 260 nm using a ratio of 1 × 10
12

 viral 

particles per 1 OD unit (30). 

 

Primary culture of rat granulosa cells and adenoviral infection 

Ovaries from diethylstilbestrol-primed immature rats (d 21, 1 mg/d, sc, for 3 

consecutive days) were preincubated with 6 mM EGTA and 0.5 M sucrose (31), and 

granulosa cells were released by follicular puncture with a 26.5-gauge needle, washed, 

and centrifuged (900 × g, 5 min). Cell clumps and oocytes were removed by filtering the 

cell suspensions through a 40-µm nylon cell strainer (BD Biosciences, Franklin Lakes, 

NJ). The number of viable granulosa cells was determined by trypan blue exclusion. 

Granulosa cells (0.45 × 10
6
 per well in a 12 well plate) were plated overnight in M199 

with 10 % FBS under a humidified atmosphere of 95 % air and 5 % CO2. After starving 

overnight in serum-free medium, granulosa cells were treated with FSH (0 - 100 ng/ml) 

or chemerin (0 - 100 ng/ml) for a designated time.  

Granulosa cells from CTL or DHT rats were recovered in a similar but more 

precisely method as mentioned above. Granulosa cells from preantral/early antral follicle 

stages in the ovary were released by follicular puncture without touching preovulatory 

follicles and corpora lutea. As a low yield of granulosa cells from adult rats, granulosa 

cells from four to five rats were pooled and plated (0.23 × 10
6
 per well in a 24 well plate) 

overnight in M199 with 10 % FBS. 
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For adenoviral infection, granulosa cells were cultured in serum-free M199 

medium containing adenoviral particles for 24 h followed by medium change. 

Multiplicity of infection (MOI) and duration of infection are detailed in the figures. Equal 

amounts of adenovirus in each experimental group were achieved by the adjustment with 

an appropriate amount of adenoviral-GFP. 

 

Reverse transcription-polymerase chain reaction 

Total RNA of granulosa cells were extracted according to the manufacturer’s 

instructions, using the QIAGEN RNeasy minikit. Two-tenths micrograms of total RNA 

were used to reverse transcript cDNA, and the mRNA abundances of target genes were 

analyzed by real-time PCR and normalized to GAPDH. Specific primer pairs using in 

experiments are listed in Table 1. Data were analyzed by the 2
-ΔΔCT

 method (32). 

 

Protein extraction and Western blot 

Total protein extracts were prepared by adding 60 µl hot (100 C) Tris buffer (1 % 

sodium dodecyl sulfate, 1 mM sodium orthovanadate) to each well. The extracts were 

obtained by rapidly scraping, transferred to a microcentrifuge tube, and boiled for 5 min. 

Protein concentrations in each sample were determined by Bradford assay (Bio-Rad 

Laboratories). Twenty micrograms of cell lysates were subjected to SDS-PAGE with 

4.5% stacking and 10 % separating gels. Proteins were electrophoretically transferred to 

nitrocellular membrane (Bio-Rad), blocked at room temperature with 5 % skim milk in 

TBST [0.05 % Tween-20 in 10 mM Tris; 0.15 M NaCl, pH 7.4 (Tris buffered saline)] for 

1 h, and then incubated overnight at 4 C with 1:1000 diluted primary antibodies in TBST  
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with constant agitation. The membranes were then treated with a secondary antibody 

(1:5,000 to 1:50,000 based on a different primary antibody). After washing three times 

with TBST, immunoreactive bands were visualized with enhanced chemiluminescence 

according to the manufacturer’s instruction. Intensity of bands of the exposed X-ray film 

was determined by densitometrically scanning, quantitated using AlphaEaseFC (Alpha 

Innotech, San Leandro, CA) and normalized with GAPDH. 

 

Steroids secretion analysis 

Spent medium of cultured granulosa cells were collected, centrifuged (900 × g, 5 

min) and kept in -80 C for hormone analysis. 17β-estradiol and progesterone concentra-

tions in spent medium were measured using enzyme immunoassay (EIA) kit (Enzo Life 

Sciences, Farmingdale, NY) according to the manufacturer’s instruction. The detection 

limitation of estradiol was 28 pg/ml, and the intra- and interassay coefficients of variation 

were 8 and 6 %, respectively. The detection limitation of progesterone was 8.5 pg/ml, and 

the intra- and interassay coefficients of variation were 7 and 6 %, respectively. 

 

Statistical analysis 

All data were analyzed using GraphPad Prism 5.0 statistical software (San Diego, 

CA). The results are given as mean ± SEM of at least three independent experiments as 

detailed in the figures. An unpaired t test was used for comparing the mRNA abundances 

and protein contents of target genes in the ovary/granulosa cells from CTL/DHT rats or 

serum chemerin levels. A two-way ANOVA was used to assess the effects and 
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interactions of two variables and multiple comparisons were achieved by a Bonferroni 

post hoc test. Significant difference was defined at P < 0.05 (* or #). 

 

Results 

Dysregulated steroidogenesis in a DHT-induced rat model 

To facilitate the investigations on the molecular and cellular mechanisms 

underlying the dysregulated reproductive and metabolic functions of PCOS, a rodent 

PCOS model induced by chronic DHT treatment was applied in this study (24). To assess 

the ovarian steroidogenic capability of DHT-treated rats, granulosa cells were collected 

from CTL and DHT-treated rats and mRNA levels of key steroidogenic enzymes 

(p450scc, aromatase, StAR, HSD-17β, and HSD-3β) were analyzed by real-time PCR. As 

shown in Fig. 1A, the mRNA abundance of p450scc (P < 0.001), aromatase (P < 0.001), 

StAR (P < 0.01), HSD-17β (P < 0.05), and HSD-3β (P < 0.01) were significantly down-

regulated in granulosa cells from the DHT group compared with those from controls. The 

protein contents of aromatase and p450scc in granulosa cells from DHT-treated rats were 

also down-regulated (Fig. 1B), and FSH (100 ng/ml) stimulated aromatase and p450scc 

contents in both the CTL and DHT groups. There was significant interaction observed 

between FSH and DHT treatment (Fig. 1B, for aromatase: DHT, P < 0.0001; FSH, P < 

0.0001; DHT × FSH, P < 0.05; for p450scc: DHT, P < 0.0001; FSH, P < 0.0001; DHT × 

FSH, P < 0.01). We also examined the steroids production in these cells in the presence 

or absence of FSH. Compared with CTL rats, basal levels of estradiol and progesterone in 

granulosa cells from DHT-treated rats was approximately 36 % (0.49 ± 0.11 vs. 1.35 ± 

0.27; P < 0.05) and 16 % (0.18 ± 0.07 vs. 1.14 ± 0.12; P < 0.001), respectively. FSH 
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stimulated granulosa cell estradiol (Fig. 1C, DHT, P < 0.05; FSH, P < 0.0001; DHT × 

FSH, P < 0.05) and progesterone (Fig. 1C, DHT, P < 0.001; FSH, P < 0.001; DHT × 

FSH, P < 0.01) production in both CTL and DHT groups in vitro, although the levels of 

steroids in those from DHT group remained lower compared with the controls. Despite 

the similar mRNA abundances of FSHR in two groups (Fig. 1A, P > 0.05), the 

responsiveness of granulosa cells to FSH was higher because the level changes of 

estradiol and progesterone in granulosa cells from DHT rats in response to FSH were 

58.5-fold (vs. 50.2 in CTL) and 6.3-fold (vs. 3.6 in CTL), respectively (Fig. 1C). The 

increases of aromatase and p450scc contents in response to FSH were similar to those of 

steroids production, with elevation of aromatase (6.77-fold in DHT vs. 2.36 in CTL) and 

p450scc (6.22-fold in DHT vs. 2.22 in CTL), as indicated in Fig. 1B. 

 

Expression of chemerin and CMKLR1 in DHT-treated rat model 

To examine whether the rat ovarian cells express chemerin and its receptor and 

whether their expression is dysregulated in the DHT-rat model, we examined the serum 

and ovarian chemerin levels. In DHT rats, serum chemerin levels were significantly 

elevated compared with CTL rats (Fig. 2A, P < 0.05). Both chemerin and its receptor 

CMKLR1 were expressed in adult rat ovaries and the contents of chemerin (P < 0.05), 

and CMKLR1 (P < 0.05) significantly increased in DHT-treated rats (Fig. 2B). Chronic 

DHT treatment also increased CMKLR1 mRNA abundance in the whole ovary (Fig. 2C, 

P < 0.05) and isolated granulosa cells (Fig. 2D, P < 0.05). Chemerin mRNA level in the 

whole ovary from DHT rats was also elevated (Fig. 2C, P < 0.001); however, its level in 

granulosa cells had no difference between CTL and DHT groups (Fig. 2D, P > 0.05).   
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Figure 1. Steroidogenic enzyme expression and steroid production in ovarian cells 

from DHT-treated rats.  

A, Granulosa cells were collected from CTL and DHT-treated rats and pooled for RNA 

extraction. The mRNA abundances of key steroidogenic enzymes and FSHR were 

analyzed by real-time PCR and normalized to the expression of GAPDH. Data are 

expressed as the fold change over that observed in control samples.  

B, Granulosa cells from CTL and DHT-treated rats were cultured with or without FSH 

(100 ng/ml, 48 h), and protein contents of p450scc and aromatase were examined by 

Western blot. Immunoblots shown are representative of four independent experiments.  
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C, Granulosa cells from CTL and DHT-treated rats were cultured with FSH (0 - 100 

ng/ml) for 48 h, and estradiol and progesterone production in spent medium was assessed 

by EIA. Data are expressed as the fold change in steroids production over that observed 

in the control samples. Data are presented as mean ± SEM of three to five independent 

experiments. Panel A used an unpaired student t test; panels B and C used two-way 

ANOVA followed by a Bonferroni post hoc test. *, P < 0.05, **, P < 0.01, ***, P < 0.001 

compared with CTL group; #, P < 0.05, ##, P < 0.01, ###, P < 0.001 compared with 

untreated control (FSH = 0). NS, Not significant 
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Figure 2. Chemerin levels in serum and ovarian cells in CTL and DHT-treated rats  

A, Serum (0.5 µl) from CTL and DHT-treated rats was subjected to Western blot and 

immunoblotted with antichemerin antibody. Immunoblots shown are six representative 

serum samples in each experimental group, whereas each histogram shows results from 

12 rats.  

B, Chemerin and CMKLR1 contents in whole-ovary extracts from CTL and DHT-treated 

rats were analyzed by Western blot and normalized to GAPDH. Each sample was 

collected from one ovary of individual CTL or DHT rats (15 rats per histogram), whereas 

six representative samples were presented in the immunoblots.  

C, Total RNA were extracted from whole ovaries of CTL and DHT-treated rats. Each 

sample was collected from one ovary of CTL or DHT rats (nine rats per histogram). The 

mRNA abundances of chemerin and CMKLR1 were analyzed by real-time PCR and 

normalized to the expression of GAPDH.  
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D, Granulosa cells were collected from four to five rats of the CTL or DHT group and 

pooled for total RNA extraction. The mRNA abundances of chemerin and CMKLR1 

were analyzed by real-time PCR and normalized to the expression of GAPDH. Data are 

presented as mean ± SEM of five independent experiments. Panels A-D used an unpaired 

Student t test. *, P < 0.05; ***, P < 0.001 compared with CTL group. NS, Not significant 
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Chemerin suppresses basal estradiol secretion of granulosa cells from both CTL and 

DHT-treated rats 

To explore the potential role of chemerin in the regulation of ovarian function, 

granulosa cells from CTL and DHT-treated rats were cultured in the presence of 

chemerin (0-100 ng/ml, 48 h), and the estradiol and progesterone levels in the spent 

medium were determined by EIA. Chemerin suppressed basal estradiol production (Fig. 

3, DHT, P < 0.01; chemerin, P < 0.001; DHT × chemerin, P < 0.05) but had no effect on 

progesterone secretion (Fig. 3, DHT, P < 0.001; chemerin, P > 0.05; DHT × chemerin, P 

> 0.05) in granulosa cells from both CTL and DHT rats. 

 

Chemerin inhibits FSH-induced aromatase expression and estradiol secretion in 

cultured follicles and granulosa cells in vitro 

We then investigated the role of chemerin in FSH-induced estradiol production in 

cultured follicles and granulosa cells from immature rats. Although chemerin had 

minimal effect on basal steroid secretion by cultured follicles, it significantly reduced 

FSH-stimulated estradiol production (Fig. 4A, chemerin, P < 0.05; FSH, P < 0.0001; 

chemerin × FSH, P < 0.05). Chemerin also suppressed FSH-induced estradiol secretion in 

granulosa cells only at higher dose (100 ng/ml) (Fig. 4B, chemerin, P < 0.05; FSH, P < 

0.0001; chemerin × FSH, P < 0.05).  
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Figure 3. Effect of chemerin on steroidogenic enzyme expression and steroid 

production in granulosa cells from CTL and DHT-treated rats  

Granulosa cells from CTL and DHT-treated rats were cultured with chemerin (0 - 100 

ng/ml) for 48 h, and estradiol and progesterone levels in spent medium were assessed by 

EIA. Data are presented as mean ± SEM of three independent experiments and analyzed 

by two-way ANOVA followed by Bonferroni post hoc test. ***, P < 0.001 compared 

with CTL group; #, P < 0.05, ##, P < 0.01 compared with untreated control (chemerin = 

0). 
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Figure 4. Effect of chemerin on FSH-induced estradiol secretion and aromatase 

expression in cultured follicles and granulosa cells  

A, Follicles were cultured with chemerin (0 - 100 ng/ml) ± FSH (10 ng/ml) for 4 d in 

vitro, and estradiol levels in spent medium were measured by EIA. Data are presented as 

mean ± SEM of 26-30 follicles per group (from three independent experiments).  

B-D, Granulosa cells were cultured with chemerin (0-100 ng/ml) ± FSH (100 ng/ml) for 

24 h. Testosterone (0.5 µM) was added as substrate of aromatase during culture. Estradiol 

levels in spent medium (B) were measured by EIA. Aromatase mRNA (C) and protein 

levels (D) were examined by real-time PCR and Western blot, respectively. Data are 

presented as mean ± SEM of three to five independent experiments and analyzed by two-

way ANOVA followed by Bonferroni post hoc test. *, P < 0.05, **, P < 0.01, ***, P < 

0.001 compared with FSH-only group  
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Because aromatase is the rate-limiting enzyme for estradiol synthesis, we 

examined whether chemerin regulates FSH-induced aromatase expression in granulosa 

cells. Both mRNA abundance (Fig. 4C, chemerin, P < 0.05; FSH, P < 0.0001; chemerin 

× FSH, P < 0.05) and protein content (Fig. 4D, chemerin, P < 0.01; FSH, P < 0.0001; 

chemerin × FSH, P < 0.001) of aromatase were induced by FSH and significantly down-

regulated by chemerin. 

 

Chemerin inhibits FSH-induced progesterone secretion and p450scc expression in 

preantral follicles and granulosa cells 

We also investigated the role of chemerin in FSH-induced progesterone 

production in cultured follicles and granulosa cells from immature rats. As with estradiol 

production, FSH-induced progesterone production in preantral follicles (Fig. 5A, 

chemerin, P < 0.01; FSH, P < 0.0001; chemerin × FSH, P < 0.01) was significantly 

suppressed in the presence of chemerin. Chemerin inhibited FSH-induced progesterone in 

granulosa cells only at higher dose (100 ng/ml) (Fig. 5B, chemerin, P < 0.0001; FSH, P < 

0.001; chemerin × FSH, P < 0.05). Although p450scc mRNA expression was 

dramatically stimulated by FSH and its abundance showed a trend of decrease in the 

presence of chemerin, it did not achieve statistical significance of chemerin effect (Fig. 

5C, chemerin, P > 0.05; FSH, P < 0.0001; chemerin × FSH, P > 0.05). The content of 

p450scc was induced by FSH and significantly down-regulated by chemerin (Fig. 5D, 

chemerin, P < 0.05; FSH, P < 0.001; chemerin × FSH, P < 0.05). 
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Figure 5. Effect of chemerin on FSH-induced progesterone secretion and p450scc 

expression in cultured follicles and granulosa cells  

A, Follicles were cultured with chemerin (0 - 100 ng/ml) ± FSH (10 ng/ml) for 4 d in 

vitro, and progesterone levels in spent medium was examined by EIA. Data are presented 

as mean ± SEM of 26-30 follicles per group (from three independent experiments).  

B-D, Granulosa cells were cultured with chemerin (0 - 100 ng/ml) ± FSH (100 ng/ml) for 

24 h. Progesterone level in spent medium (B) was measured by EIA. p450scc mRNA (C) 

and protein levels (D) were examined by real-time PCR and Western blot, respectively. 

Data are presented as mean ± SEM of three to five independent experiments and analyzed 

by two-way ANOVA followed by a Bonferroni post hoc test. *, P < 0.05; **, P < 0.01; 

***, P < 0.001 compared with FSH only group 
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Chemerin suppresses forskolin-induced aromatase and p450scc expression 

Forskolin is known to activate adenylyl cyclase and increase the intracellular level 

of cAMP (33). Next, we examined the effect of chemerin on forskolin-induced 

steroidogenesis in granulosa cells in vitro. Forskolin (10 µM) alone stimulated granulosa 

cell aromatase and p450scc expression; although pretreatment with chemerin (100 ng/ml) 

significantly suppressed foskolin-induced aromatase and p450scc contents (Fig. 6A, for 

aromatase: chemerin, P < 0.05; FSK, P < 0.0001; chemerin × FSK, P < 0.01; for p450scc: 

chemerin, P < 0.05; FSK, P < 0.0001; chemerin × FSK, P < 0.05). There was significant 

interaction between chemerin and FSK effect in both cases. 

 

Chemerin suppresses NR5a1/2-induced aromatase and p450scc expression 

The nuclear receptors, NR5a1 and NR5a2, have been implicated as the key 

transcriptional factors of multiple steroidogenic genes in vitro (7, 8, 10). It is possible that 

chemerin interferes with the transcriptional functions of NR5a1/2 on steroidogenesis. 

Therefore, we examined whether chemerin suppressed NR5a1/2-induced steroidogenic 

enzymes expression in vitro. Granulosa cells were infected with adenoviral NR5a1 or 

NR5a2 (MOI = 10, 24 h; adenoviral-GFP as control) and then cultured with chemerin 

(100 ng/ml) for 48 h. As shown in Fig. 6B, NR5a1 alone stimulated p450scc expression 

but not aromatase (data not shown), and addition of chemerin suppressed NR5a1-induced 

p450scc expression (chemerin, P < 0.05; NR5a1, P < 0.001; chemerin × NR5a1, P < 

0.01) as well as the content of NR5a1 (chemerin, P < 0.01; NR5a1, P < 0.001; chemerin 

× NR5a1, P < 0.01). Differing from that of NR5a1, exogenous NR5a2 induced aromatase 

expression and chemerin suppressed this effect (Fig. 6C, chemerin, P < 0.01; NR5a2, P < 
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0.001; chemerin × NR5a2, P < 0.05). p450scc expression was also stimulated by NR5a2 

to a lesser extent compared with those with NR5a1 because the exposure time of p450scc 

in Fig. 6C was much longer than that in Fig. 6B. There was no suppression effect of 

chemerin on NR5a2-induced p450scc expression (Fig. 6C, chemerin, P > 0.05; NR5a2, P 

< 0.001; chemerin × NR5a2, P > 0.01). The overexpression of NR5a2 was significantly 

down-regulated by chemerin (Fig. 6C, chemerin, P < 0.01; NR5a1, P < 0.001; chemerin 

× NR5a1, P < 0.01). 
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Figure 6. Effect of chemerin on forskolin- or NR5a1/2-induced aromatase and 

p450scc expression in granulosa cells  

A, Granulosa cells were cultured with chemerin (0 and 100 ng/ml) ± forskolin (FSK; 10 

µM) for 24 h, and the contents of aromatase and p450scc were examined by Western 

blot. Representative immunoblots and mean ± SEM of three replicates are shown. Results 

were analyzed by two-way ANOVA, followed by a Bonferroni post hoc test. **, P < 0.01 

compared with FSK-only group; ###, P < 0.001 compared with CTL group (FSK = 0).  
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B and C, Granulosa cells were infected with adenoviral NR5a1 (B) or NR5a2 (C; MOI = 

10, adenoviral-GFP as control) for 24 h and then cultured with chemerin (0 - 100 ng/ml, 

48 h). The contents of aromatase, p450scc, NR5a1, and NR5a2 were examined by 

Western blot. Representative immunoblots and mean ± SEM of three replicates are 

shown. Results were analyzed by two-way ANOVA, followed by a Bonferroni post hoc 

test. **, P < 0.01 compared with NR5a1/2-only group; ###, P < 0.001 compared with 

CTL group. NS, Not significant 
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Discussion  

In the present study, we have demonstrated in a hyperandrogenic rodent model 

that DHT-treated rats exhibit dysregulation of steroidogenic enzyme expression and 

aberrant serum and ovarian chemerin levels. Recombinant chemerin suppressed FSH-

induced expression of steroidogenic enzymes (aromatase and p450scc) and steroid 

production in cultured rat preantral follicles and granulosa cells. Chemerin also reduced 

NR5a1/2 contents and down-regulated NR5a1-induced p450scc and NR5a2-induced 

aromatase expression. Our findings represent the first evidence that chemerin is a novel 

negative regulator of FSH-induced steroidogenesis during follicular development. 

Here a DHT-induced rodent model is applied to recapitulate the reproductive and 

metabolic phenotypes in human PCOS. Although the basal estradiol and progesterone 

levels of granulosa cells from DHT-treated rats are relatively lower, their capabilities in 

response to FSH are higher than those from controls. Our observation is in agreement 

with previous in vivo and in vitro studies showing the hyperresponsiveness of granulosa 

cells from PCOS subjects to FSH (34-36). The enhanced responsiveness of granulosa 

cells may be due to either elevated FSH receptor (FSHR) expression or increased binding 

ability of FSH to cell surface. We observed that no obvious changes of FSHR mRNA 

abundance in DHT-treated rats; however, two groups recently demonstrated that FSHR 

expression in granulosa cell of PCOS subjects is significantly higher than women with 

normal ovulatory function undergoing in vitro fertilization (IVF) (37, 38). Gonadotropin 

treatment and experimental cell type may account for the difference between DHT-rat 

model and human PCOS. Increased binding affinity of FSH may be a possible reason in 

DHT-treated rats, as demonstrated in an earlier study that the binding of 
125

I-labeled 
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human FSH to granulosa cells from anovulatory PCOS subjects is higher than that in 

controls (34). Further experiments are needed to examine this possibility. 

In the DHT-treated rat model, granulosa cells exhibited reduced expression of key 

steroidogenic enzymes and decreased basal steroids production. Our results are in good 

agreement with the published data showing lower ovarian follicle aromatase expression 

and steroidogenesis from PCOS subjects compared with controls (39, 40). However, we 

observed a reduced expression of p450scc and StAR in granulosa cells from DHT-treated 

rats, which differs with the literature showing increased p450scc (but not StAR) 

expression from PCOS subjects (41, 42). Due to the heterogeneity of PCOS, there is no 

single model that could recapitulate all the phenotypes of human PCOS. DHT-treated rats 

exhibited increased body weight gain, disrupted estrus cyclicity, arrested follicle growth, 

decreased insulin sensitivity, and reduced ovarian weight, a phenomenon attenuated by 

gonadotropin administration in a time-dependent manner (Wang, Q., unpublished data). 

These reproductive and metabolic features in the DHT-rat model resemble the 

phenotypes of human PCOS, making it a useful rodent model to investigate the 

pathogenesis of PCOS. 

We found that chemerin was expressed in rat ovary, and its serum and ovarian 

protein levels increased in DHT-treated rats compared with controls. It has been 

demonstrated that the inactive pro-form of chemerin is converted to active forms 

(chem158K, chem157S, and chem156F) by proteolytic cleavage at its C terminus (43-

45). The double bands of serum chemerin in this study may correspond to the pro- and 

active forms; however, their precise identity needs to be further investigated. A recent 

paper reported that the active forms (chem158K+chem157S) account for approximately 
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18 % of total chemerin in normal human plasma, whereas it reached 50-75 % in 

cerebrospinal and synovial fluid samples (46), indicating that significant cleavage of 

chemerin occur in these inflammatory diseases. Nevertheless, the two bands observed in 

both CTL and DHT rats serum showed similar density with each other (by Western blot), 

implying that no obvious difference of chemerin processing in these rats. A more precise 

and sensitive assay will be helpful to determine the different forms and potential 

processing of chemerin in rat serum. 

Using an in vitro preantral follicle and granulosa cell culture system, we reported 

for the first time that chemerin suppressed FSH- and forskolin-induced steroidogenesis in 

rat ovary. The suppression of steroids production and steroidogenic enzyme expression 

by chemerin was achieved, at least partially, via down-regulating NR5a1/2 expression 

and interfering with their transcriptional activity. The DNA binding domains of the 

nuclear receptors NR5a1 and NR5a2 are highly conserved, and the two molecules bind to 

the same promoter elements of common steroidogenic genes, which encode aromatase, 

p450scc, StAR, and HSD-3β (7-11). It is noteworthy in this study that NR5a1 and NR5a2 

preferably induced p450scc and aromatase expression, respectively, in rat granulosa cells, 

with less induction of aromatase and p450scc expression. It may due to the sequence 

difference between NR5a1 and NR5a2, which results in differential recruitment of 

coactivators or corepressors (47). During the preparation of this manuscript, another 

group reported that chemerin inhibited IGF-I-induced steroidogenesis without affecting 

steroidogenic enzyme expression in luteinized human granulosa cells from non-PCOS 

infertile patients undergoing IVF (48). They demonstrated that chemerin had no effect on 

FSH-induced steroidogenesis, which was different from our results. The treatment of 
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FSH and human chorionic gonadotropin during an IVF protocol may account for the 

difference, as demonstrated by Falender et al. (9), that human chorionic gonadotropin 

treatment reduces NR5a1/2 expression in rat ovaries, which may minimize the effect of 

chemerin on steroidogenesis. 

It has been reported that chemerin is present in serum/plasma (21, 22), follicular 

fluid (48), ascites fluid (in ovarian cancer patients) (16), and synovial fluids (in arthritic 

patients) (46); however, the source of chemerin protein in circulation is unclear at 

present. In addition to the ovary, adipose tissue, liver, and kidney also have higher 

chemerin mRNA expression (16-18), which may represent other sources of chemerin. It 

is known that serum chemerin level is elevated in PCOS subjects compared with the 

controls (21, 22). In this study we also demonstrated that ovarian chemerin contents 

increased in DHT-induced PCOS model and that exogenous chemerin suppressed FSH- 

and forskolin-induced steroidogenesis, suggesting that chemerin may be dysregulated in 

PCOS and may be important in the regulation of steroidogenesis. However, we cannot 

rule out the possible contribution of chemerin from extraovarian sources in this process. 

In conclusion, our findings demonstrate that serum and ovarian chemerin levels 

are elevated in a DHT-induced rat PCOS model, which is associated with the dysregu-

lation of steroidogenesis. We also report, for the first time, that chemerin suppresses 

FSH-induced estradiol and progesterone production in rat preantral follicles and 

granulosa cells. Chemerin inhibits FSH-induced mRNA and protein expression of 

aromatase and p450scc in granulosa cells. Overexpression of NR5a1 and NR5a2 

promotes p450scc and aromatase expression, respectively, which is suppressed by 

chemerin in vitro. This study significantly improves our understanding of the role of 
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chemerin in ovarian cells. In light of these findings, our next focus will be to investigate 

the mechanism by which chemerin downregulates the nuclear receptors and which 

signaling pathway(s) is involved. 
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Addendum  

Measurement of serum chemerin levels in adult rats 

In addition to the analysis of the relative chemerin levels in serum of CTL and 

DHT-treated rats (Figure 2A), we also determined the concentration of chemerin in 

serum using diluted recombinant mouse chemerin as standards. Serum samples (0.5µl) 

from three rats in CTL group were loaded to 15 % SDS-PAGE and analyzed by Western 

blot (Figure A1). A set of diluted recombinant chemerin (0.01, 0.05, 0.1, 0.5ng) was 

loaded in parallel with these samples, together with a pool of serum for normalization 

purpose. The serum pool (Mix) was made by equally mixing serum sample from ten rats. 

The intensity of bands in the exposed X-ray film was determined by densitometrically 

scanning, quantitated using AlphaEaseFC (Alpha Innotech, San Leandro, CA) and 

normalized with Mix. The concentrations of rat serum samples were calculated after 

linear regression of the band intensity of diluted recombinant chemerin (r
2 

= 0.987). The 

average concentration of chemerin in rat serum was 112.8 ± 16.72 ng/ml, which was 

within the range of chemerin used in experiments reported in this chapter. 
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Figure A1   Estimation of serum chemerin levels in CTL rats.  

0.5 µl serum samples from three control rats were subjected to SDS-PAGE and analyzed 

by Western blot with a set of diluted recombinant mouse chemerin (rmChem, 0.01-

0.5ng). A pool of samples made from 10 equally mixed rat serum was used for 

normalization.  

  

 
  



71 

 

Corrections and Clarifications 

Since the publication of the manuscript in this chapter, a number of typographical, 

grammatical or syntax errors were identified. The list below represents the 

corrections to be included. 

Page 42, Line 14 “is” should read “was”, and “are” should read “were” 

Page 42, Line 22 “capsules” should read “capsule” 

Page 43, Line 2 “control” should read “controls” 

Page 43, Line 18 “Another” should read “The other” 

Page 45, Line 1 “adenovirus” should read “adenoviral” 

Page 45, Line 18 “precisely” should read “precise” 

Page 46, Line 7 In the qPCR experiment, measurement of amplification efficiency 

of the gene of target should be considered and 90-105 % should be 

expected to achieve reliable qPCR results 

Page 46, Line 17 “scrapping” should read “scraping” 

Page 48, Line 13-14 “limitation” should read “limit”.  

Page 64, Line 19 “than women” should read “than in women” 

Page 66, Line 17 “It may due to” should read “It may be due to” 

Where applicable “steroids production” should read “steroid production”, 

“manufacturer’s instruction” should read “manufacturer’s 

instructions” 

Figures 1, 2, 4, 5, 6 In the quantitation graph of Western blot, the label of Y axis “fold 

of control” should be changed to “relative content over GAPDH”  

Figure 3, 6 chemerin treatment dosage “0-100ng/ml” should be changed to “0 

and 100ng/ml” due to only two treatment. 

Figure 6B & p.60,L19  As aromatase band was undetectable in Western blot, NR5a1 

alone did not induce aromatase expression.  



72 

 

CHAPTER 5:  ENDOCRINOLOGY, 2013, 154: 956 - 967 

Inhibitory Roles of Prohibitin and chemerin in FSH - induced Rat Granulosa 

Cell Steroidogenesis 

 

Qi Wang, Arthur Leader and Benjamin K. Tsang 

 

Departments of Cellular and Molecular Medicine (Q.W., B.K.T.) and Obstetrics and 

Gynaecology (A.L., B.K.T.), University of Ottawa, and Chronic Disease Program (Q.W., 

A.L., B.K.T.), Ottawa Hospital Research Institute, Ottawa, Ontario, Canada K1H 8L6; 

Ottawa Fertility Centre (A.L.), Ottawa, Ontario, Canada K2C 3V4; and World Class 

University Biomodulation Major (B.K.T.), Department of Agricultural Biotechnology, 

College of Agriculture and Life Sciences, Seoul National University, Seoul 151-742, 

Republic of Korea 

 

Keywords: prohibitin, chemerin, steroidogenesis 

 

Abbreviated Title: Prohibitin and chemerin suppress steroidogenesis 

 

Abbreviations: A-Akt, active Akt; CTL, control; DES, diethylstilbestrol; DHT, 

ihydrotestosterone; DMSO, dimethylsulfoxide; DN, dominant negative; eCG, equine 

chronic gonadotropin; EIA, enzyme immunoassay; GAPDH, glyceraldehyde-3-phosphate 

dehydrogenase; HA, hemagglutinin; HSD-3β, hydroxysteroid dehydrogenase-3β; LY, 

LY294002; MEK, MAPK kinase; MOI, multiplicity of infection; PCOS, polycystic ovary 

syndrome; PHB, prohibitin; PI3K, phosphatidylinositol 3-kinase; PKA, protein kinase A; 

p450scc, p450 cholesterol side-chain cleavage enzyme; StAR, steroidogenic acute 

regulatory protein; TBST, Tween-20 in Tris and NaCl (pH 7.4) (Tris buffered saline); 
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Abstract: 

Follicular differentiation is a tightly regulated process involving various 

endocrine, autocrine, and paracrine factors. The biosynthesis of progesterone and 

estradiol in response to FSH involves the regulation of multiple steroidogenic enzymes, 

such as p450 cholesterol side chain cleavage enzyme and aromatase. Here we 

demonstrated that prohibitin (PHB), a multifunctional protein, inhibits FSH-induced 

progesterone and estradiol secretion in rat granulosa cells. The mRNA abundances of 

cyp11a (coding p450 cholesterol side-chain cleavage enzyme) and cyp19 (coding 

aromatase) were also suppressed by PHB in a time-dependent manner. It is known that a 

novel adipokine chemerin suppresses FSH-induced steroidogenesis in granulosa cells. 

Chemerin up-regulates the content of PHB, and PHB knockdown attenuates the 

suppressive role of chemerin on steroidogenesis. In addition, inhibition of phosphatidy-

linositol 3-kinase/Akt pathway enhances the suppressive action of PHB, whereas 

expression of constitutively active Akt attenuates this response. These findings suggest 

that PHB is a novel negative regulator of FSH-induced steroidogenesis, and its action 

with chemerin may contribute to the dysregulation of steroidogenesis in the pathogenesis 

of polycystic ovarian syndrome.   
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Introduction:  

Follicular growth and differentiation are tightly regulated by endocrine, autocrine 

and paracrine factors (1). The coordinated biosynthesis of steroids in the ovary is critical 

for reproductive cycle, successful ovulation and eventual pregnancy (2). FSH-induced 

synthesis of progesterone and estradiol involves the regulation of various steroidogenic 

enzymes, such as steroidogenic acute regulatory protein (StAR), p450 cholesterol side 

chain cleavage enzyme (p450scc), hydroxysteroid dehydrogenase-3β (HSD-3β) and 

aromatase (3-5). p450scc is the first and rate-limiting step in the steroidogenesis pathway 

in human granulosa cells and aromatase converts androstenedione and testosterone to 

estrone and estradiol, respectively (6, 7).  

Chemerin is a chemoattractant and a recently discovered adipokine associated 

with obesity and the metabolic syndrome in women (8, 9). Chemerin is present in human 

plasma in an inactive state and its active form is released by proteolytic cleavage of the 

C-terminus (9-11). In addition to promoting lipogenesis, adipogenesis and angiogenesis 

(12-14), chemerin has been reported to act as a pro- as well as anti-inflammatory factor 

which regulates immunity (9, 15-17). Serum chemerin levels are higher in obese women 

and in PCOS subjects and metformin decreases serum chemerin level (8, 18), implying 

an association between chemerin and PCOS. We have previously reported that chemerin 

suppressed FSH-induced steroidogenesis in granulosa cells via down-regulation of the 

expression of nuclear receptors NR5a1/2 (19). However, the mediators and mechanism 

by which chemerin suppresses FSH-induced steroidogenesis remain unknown. 

Prohibitin (PHB) is a multifunctional protein associated with many cellular 

processes such as cell cycle, proliferation, apoptosis, senescence, cellular immortalization 
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and differentiation (20-23). Recently PHB has been linked to adipogenesis and obesity as 

its expression is up-regulated in high-fat diet induced obese mice (24) and knockdown of 

PHB significantly reduces the expression of adipogenic markers and the accumulation of 

lipids (25). In the ovary, PHB is widely expressed and its expression is age and follicular 

stage regulated (26, 27). Although it is anti-apoptotic in granulosa cells (28) and silencing 

of PHB induces granulosa cell shape changes (29), our knowledge on the role and 

contribution of PHB to granulosa cell steroidogenesis is incomplete.  

In this study, we first examined the expression of PHB and chemerin and their 

regulation by gonadotropins in vitro and in vivo. We also investigated the role of PHB in 

FSH-induced steroidogenesis in granulosa cells. We intended to demonstrate that PHB is 

antidifferentiative during follicular development and that it mediates the suppressive 

action of chemerin on FSH-induced steroidogenesis, which would suggest that PHB, 

together with chemerin, may contribute to the dysregulation of steroids production in the 

pathogenesis of ovarian diseases, such as polycystic ovaries.   

  

Materials and Methods: 

Antibodies and Reagents 

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

glutamine, sodium pyruvate and trypsin were purchased from Invitrogen (Burlington, 

Canada). HEPES and equine chronic gonadotropin (eCG) were purchased from Sigma 

(St. Louis, MO). Recombinant mouse chemerin was obtained from R&D Systems 

(Minneapolis, MN) and recombinant human FSH was purchased from National Hormone 

and Peptide Program (Harbor-UCLA Medical Center, Torrance, CA). Anti-aromatase 
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antibody was purchased from AbD Serotec (Oxford, UK), anti-p450scc antibody from 

United States Biological (Swampscott, MA), anti-PHB and anti-β-actin antibodies from 

Abcam (Cambridge, MA), and antihemagglutinin (HA) antibody from Roche Applied 

Science (Quebec, Canada). Horseradish peroxidase-conjugated secondary antibodies and 

reagents for SDS-PAGE were supplied by Bio-Rad (Mississauga, Canada). Enhanced 

chemiluminescent (ECL) reagent was from Thermo Fisher Scientific (Rockford, IL). 

QIAShredder and RNeasy Mini kit were purchased from QIAGEN (Mississauga, 

Canada). Random decamer primers were from Ambion (Austin, USA). Ribonuclease 

(RNase) inhibitor and deoxynucleotide triphosphate were from Fermentas (Burlington, 

Canada). Moloney murine leukemia virus reverse transcriptase was from Promega 

(Madison, USA). QuantiTect SYBR Green PCR kit and phosphatase/protease inhibitors 

were from Roche Applied Science (Quebec, Canada). PCR primers were from Invitrogen. 

Adenoviral-PHB and adenoviral-short hairpin RNA targeting PHB were obtained from 

Dr. Winston Thompson (Morehouse School of Medicine, Atlanta, GA). Dominant 

negative (DN) Akt and constitutively active Akt (A-Akt) adenoviruses were generous 

gifts from Dr. Kenneth Walsh (Boston University School of Medicine). All chemical 

inhibitors were purchased from Calbiochem (Gibbstown, NJ). All other chemicals were 

of the highest analytical grade available from Sigma. 

 

Animal preparation 

Sprague-Dawley rats (Charles River, Montreal, 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, 
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Canadian Council on Animal Care, and were approved by the University of Ottawa and 

the Ottawa Hospital Research Institute Animal Care Committee.  

 

Primary culture of rat granulosa cells and adenoviral infection  

Ovaries from diethylstilbestrol (DES)-primed immature rats (D21, 1 mg/d, sc, for 

3 consecutive days) were pre-incubated with 6 mM EGTA and 0.5 M sucrose (30), and 

granulosa cells were released by follicular puncture with a 26.5-gauge needle, washed 

and centrifuged (900 × g, 5 min). Cell clumps and oocytes were removed by filtering the 

cell suspensions through a 40-μm nylon cell strainer (BD Biosciences, Mississauga, 

Ontario, Canada). The number of viable granulosa cells was determined by trypan blue 

exclusion. Granulosa cells (0.9 × 10
6
 per well in 6 well plate) were plated overnight in 

M199 with 10 % fetal bovine serum under a humidified atmosphere of 95 % air and 5 % 

CO2. After culture overnight in serum-free medium, granulosa cells were treated with 

FSH (0 - 100 ng/mL) or chemerin (0 - 100 ng/mL) for designated duration. Unless 

specified, granulosa cells used in the present study were collected from large preantral 

and early antral follicles of DES-treated rats. 

To harvest granulosa cells from follicles at different stages of development, 21-d-

old immature rats were injected (sc) with eCG (10 IU), and granulosa cells were collected 

from the ovaries primed with eCG at 0 h (predominantly preantral and early antral 

follicles), 24 h (predominantly early antral follicles), or 48 h (predominantly large antral 

and preovulatory follicles), as previously described (31).  

For adenoviral infection, granulosa cells were cultured in serum-free M199 

medium containing adenoviral particles for 24 h followed by medium change. Multi-



79 

 

plicity of infection (MOI) and duration of infection are detailed in the figures. Equal 

amounts of adenovirus in each experimental group were achieved by the adjustment with 

an appropriate amount of adenoviral-LacZ (negative control for adenoviral-PHB, DN-Akt 

and A-Akt) or adenoviral-shNeg (negative control for shPHB).  

 

Preparation of dihydrotestosterone (DHT)-treated rats  

The DHT-filled capsules were prepared as previously described (32). In brief, 

SILASTIC brand tubing (Dow Corning, Midland, MI; inner diameter 1.98 mm × outer 

diameter 3.18 mm;), cut to an appropriate length to achieve a desired surface area of 300 

mm
2
, was filled with DHT powder (Steraloids Inc, Newport) from 1-mL syringe. The 

tubing was closed at each end (3 mm) with a sealant (Silicone Type A, Dow Corning), 

ensuring that adhesive is in contact with tubing walls and that there are no air bubbles. 

Control (CTL) capsules were empty with sealant on both ends. After being left overnight 

to dry, the capsules were rinsed for 2 days in 3 % BSA in PBS with 0.1 % NaN3 solution, 

washed with PBS, and sterilized by dipping briefly in 70 % ethanol before use.  

Female rats at 21 days of age were divided into two groups (DHT vs. CTL) and 

implanted with a DHT-filled silicone capsule continuous-releasing (83 µg per day, empty 

SILASTIC capsule as control; Dow Corning) for 12 weeks to mimic the hyperandrogenic 

state in women with PCOS, whose plasma DHT levels are approximately 1.7-fold higher 

than those of healthy control (33, 34). Rats were monitored twice daily in the first 3d and 

once daily thereafter. Animals were weighed weekly to monitor weight gain and 

euthanized at 12 weeks post-implantation. 
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Isolation of granulosa cells from CTL or DHT rats 

Rat ovaries were collected after rat euthanization and granulosa cells from CTL or 

DHT rats were recovered in a similar but more precise method than that mentioned 

above. Granulosa cells from preantral/early antral follicle stages in the ovary were 

released by follicular puncture but the preovulatory follicles and corpora lutea were 

spared. A pool of granulosa cells collected from 5 rats of each group was used for mRNA 

and protein analysis. 

 

Reverse transcription-polymerase chain reaction 

Total RNAs of granulosa cells were extracted according to the manufacturer’s 

instruction, using the QIAGEN RNeasy Mini kit. Then 0.2 μg total RNAs was used to 

reverse transcribe cDNAs and the mRNA abundance of target genes was analyzed by 

real-time PCR and normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). 

Specific primer pairs used in the experiments are listed in Table 1. Data were analyzed 

by 2
-∆∆CT

 method (35).  

 

Protein extraction and Western blot 

Total protein extracts were prepared by adding 100 μl hot (100 °C) Tris buffer (10 

mM Tris, pH 7.4; 1 % sodium dodecyl sulfate; 1mM sodium orthovanadate) to each well. 

The extracts were obtained by rapidly scraping, transferred to a microcentrifuge tube, and 

boiled for 5 minutes. Protein concentrations in each sample were determined by a 

Bradford assay (Bio-Rad Laboratories). Twenty-microgram cell lysates were subjected to  
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 SDS-PAGE with 4.5% stacking and 10% separating gels. Proteins were electrophore-

tically transferred to nitrocellular membrane (Bio-Rad Laboratories), blocked at room 

temperature with 5 % skim milk in TBST [0.05 % Tween-20 in 10 mM Tris, 0.15 M 

NaCl, pH7.4 (Tris buffered saline)] for 1 h, and then incubated overnight at 4 °C with 

diluted primary antibodies (1:1000 to 1:10,000 according to manufactory instruction) in 

TBST with constant agitation. The membranes were then treated with a secondary 

antibody (1:5000 to 1:50,000 based on different primary antibodies). After washing three 

times with TBST, immunoreactive bands were visualized with an enhanced chemilu-

minescent agent according to the manufacturer’s instruction. Intensity of bands of the 

exposed X-ray film was determined by densitometrically scanning, quantified using 

AlphaEaseFC (Alpha Innotech, San Leandro, CA) and normalized with β-actin.  

 

Steroids secretion analysis 

Spent medium of cultured granulosa cells were collected, centrifuged (900 × g, 5 

min) and kept in -80 °C for hormone analysis. 17β-estradiol and progesterone concentra-

tions in spent medium were measured using enzyme immunoassay (EIA) kit (Enzo Life 

Sciences, Farmingdale, NY) according to the manufacturer’s instruction. The detection 

limitation of 17β-estradiol was 28 pg/ml, and the intra- and inter-assay coefficients of 

variation were 8 % and 6 %, respectively. The detection limitation of progesterone was 

8.5 pg/ml, and the intra-and inter-assay coefficients of variation were 7 % and 6 %, 

respectively. 

 

Statistical analysis 
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All data were analyzed using GraphPad Prism 5.0 statistical software (San Diego, 

CA). Results are expressed as mean ± SEM of at least 3 independent experiments as 

detailed in the figures. Unpaired t test was used for comparing the mRNA abundance of 

target genes in granulosa cells treated with FSH, or mRNA/protein level of targets in 

granulosa from CTL/DHT rats. One-way and two-way ANOVA were used to assess the 

effects and interactions of 1 or 2 variables, and multiple comparisons were achieved by a 

Bonferroni post hoc test. Significant difference was defined at p < 0.05 (*, or #). 

 

Results: 

Gonadotropin down-regulates the mRNA abundance of chemerin and PHB in 

granulosa cells 

It has been reported that chemerin and PHB are expressed in ovarian cells (9, 27). 

To determine whether their expression is dependent on the stage of follicular 

development, granulosa cells were collected from the ovaries primed with eCG at 0 h 

(predominantly preantral and early antral follicles), 24 h (predominantly early antral 

follicles), or 48 h (predominantly large antral and preovulatory follicles), and mRNA 

abundance of chemerin and PHB were analyzed by real-time PCR. As shown in Figure 

1A, mRNA expression of both chemerin (p < 0.001) and PHB (p < 0.001) in granulosa 

cells significantly decreased at late stages of follicular development (gonadotropin 24 h 

and 48 h).      

We also examined whether FSH down-regulates the expression of chemerin and 

PHB in vitro. Figure 1B indicated that both chemerin (p < 0.001) and PHB (p < 0.01) 

mRNA levels were decreased by FSH. As gonadotropin similarly regulates the 



84 

 

expression of chemerin and PHB, we then examined whether chemerin regulates PHB 

expression. As shown in Figure 1C, treatment with chemerin significantly increased 

PHB content in granulosa cells (p < 0.05).  

 

Exogenous PHB suppressed FSH-induced estradiol and progesterone secretion 

Our previous results indicated that chemerin suppressed FSH-induced granulosa 

cell steroidogenesis (19). Because chemerin up-regulates PHB content in granulosa cells, 

it is possible that the suppressive role of chemerin may be mediated by PHB. To test this 

possibility, we first examined whether PHB overexpression suppresses FSH-induced 

progesterone and estradiol production. As observed in Figure 2A, FSH markedly 

stimulated progesterone secretion in granulosa cells, a response significantly suppressed 

by exogenous PHB (FSH, p < 0.001; PHB, p < 0.05; FSH × PHB, p < 0.05). Similarly, 

PHB also suppressed FSH-induced estradiol secretion (FSH, p < 0.001; PHB, p < 0.01; 

FSH × PHB, p < 0.01). In addition, the increase of aromatase and p450scc contents 

induced by FSH was suppressed by exogenous PHB (Figure 2B; for p450scc: FSH, p < 

0.001; PHB, p < 0.001; FSH × PHB, p < 0.001; for aromatase: FSH, p < 0.001; PHB, p < 

0.001; FSH × PHB, p < 0.01). 

We then examined whether PHB knockdown attenuates the suppression of 

steroid-genesis by chemerin. Granulosa cells were infected with adenoviral-shPHB (MOI 

= 10, shNeg as control) to knock down PHB and then cultured with chemerin (0 - 100 

ng/mL) in the presence of FSH (100 ng/mL, 24 h). As shown in Figure 2C, the 

suppression of p450scc and aromatase expression by chemerin was attenuated by PHB 

knockdown (for p450scc: chemerin, p < 0.05; shPHB, p > 0.05; chemerin × shPHB, p > 

0.05; for aromatase: chemerin, p < 0.05; shPHB, p > 0.05; chemerin × shPHB, p > 0.05). 
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Figure 1. Expression of chemerin and PHB and their regulation by gonadotropin 

 (A) Granulosa cells were isolated from follicles at different stages of development in 

immature rats injected with eCG (0 h, preantral; 24 h, early antral; 48 h, late antral and 

preovulatory follicles). The mRNA abundances of chemerin and PHB were analyzed by 

real-time PCR and normalized to the GAPDH mRNA.  

(B) Granulosa cells from DES-treated rats were cultured with FSH (100 ng/mL) for 

designated time point (6 and 24 h) and the mRNA abundance of chemerin and PHB was 

analyzed by real-time PCR and normalized to GAPDH mRNA.  

(C) Granulosa cells from DES-treated rats were treated with chemerin (0-100 ng/mL, 

24h) and the content of PHB was assessed by Western blot. Shown are representative 

immunoblots and data are presented as mean ± SEM of three independent experiments. A 

and C, one-way ANOVA followed by Bonferroni post hoc test; B, unpaired t test. *, p < 

0.05; **, p < 0.01; ***, p < 0.001 compared with eCG 0 h or untreated control (FSH = 0 

or chemerin = 0).  
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Figure 2. Role of PHB in FSH-induced, chemerin-mediated steroidogenesis  

(A) Granulosa cells were infected with adenoviral-PHB (MOI = 40, adenoviral-LacZ as 

control) for 24 h and then cultured with FSH (100 ng/mL, 24 h). Testosterone (0.5 μM) 

was added to serve as substrate of aromatase during culture. Progesterone and estradiol 

secreted into the medium was measured by EIA. Data are presented as mean ± SEM of 4 

independent experiments, analyzed by 2-way ANOVA and subsequently by Bonferroni 

post hoc test. #, p < 0.05; ##, p < 0.01 compared with LacZ  
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(B) Granulosa cells were infected with adenoviral-PHB (MOI = 40, adenoviral-LacZ as 

control) for 24 h and then cultured with FSH (100 ng/mL, 24 h). The contents of p450scc 

and aromatase were examined by Western blot. Shown are representative immunoblots. 

Data are presented as mean ± SEM of 4 independent experiments and analyzed by 2-way 

ANOVA and subsequently by Bonferroni post hoc test. ###, p < 0.001 compared with 

LacZ 

(C) Granulosa cells were infected with adenoviral-shPHB (MOI = 10, adenoviral-shNeg 

as control) for 48 h and then treated with chemerin (0-100 ng/mL, 24 h) in the presence 

of FSH (100 ng/mL). The contents of p450scc and aromatase were examined by Western 

blot. Data are presented as mean ± SEM of 4 independent experiments and analyzed by 

2-way ANOVA and subsequently by Bonferroni post hoc test. *, p < 0.05 compared with 

control (chemerin = 0); #, p < 0.05 compared with shNeg; NS, not significant  
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PHB suppressed FSH-induced steroidogenesis in a time-dependent manner in 

granulosa cells 

Next we examined whether the suppression of FSH-induced steroidogenesis by 

PHB is time dependent and whether steroidogenic enzymes expression is regulated at the 

transcriptional level. As shown in Figure 3A, FSH gradually increased estradiol 

production, starting at 6 h and reaching significance after 18 h. Exogenous PHB 

suppressed FSH-induced estradiol production in a time-dependent manner (PHB, p < 

0.001; Time, p < 0.0001; PHB × Time, p < 0.0001). PHB had no effect on FSH-induced 

estradiol secretion at an earlier time point but showed inhibition action at 18 and 24 h. 

The mRNA abundance of cyp19 rapidly increased 50 - 350 folds (3-12 h) and reached 

significance at 18 h with elevated level of about 2200-fold in the presence of FSH 

(Figure 3A). The effect of PHB on cyp19 expression showed a similar trend as that of 

estradiol production, with dramatical down-regulation at 18 and 24 h (PHB, p < 0.001; 

Time, p < 0.001; PHB × Time, p < 0.001). 

In contrast to FSH-stimulated estradiol secretion, FSH rapidly increased proges-

terone secretion at 3 h, maintained higher level until 12 h and then a greater increase in 

progesterone production at 18 h and 24 h (Figure 3B). Although PHB had minimum or 

no effect on progesterone levels at an early time point (0 - 18 h), it was inhibitory at 24 h 

(PHB, p < 0.05; Time, p < 0.001; PHB × Time, p < 0.05). Although progesterone 

production quickly and significantly increased at 3 h in response to FSH, there was only a 

slightly increase of cyp11a expression until 12 h (Figure 3B, 3.03 ± 0.24-fold at 3 h and 

7.76 ± 1.01-fold at 12 h vs. 1.03 ± 0.03 at 0h). Obvious elevation of cyp11a expression 
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Figure 3. Influence of PHB on FSH-induced steroid production and steroidogenic 

enzyme expression 

Granulosa cells were infected with adenoviral-PHB (MOI = 40, adenoviral-LacZ as 

control) for 24 h and then cultured with FSH (100 ng/mL) at designated duration (0-24 

h). Testosterone (0.5 μM) was added to serve as substrate of aromatase during culture. 

Estradiol (A) and progesterone (B) secreted into the medium were measured by EIA. The 

mRNA abundance of cyp19 (A) and cyp11a (B) was determined by real-time PCR. Data 

are presented as mean ± SEM of 4 independent experiments and analyzed by 2-way 

ANOVA and subsequently by Bonferroni post hoc test. #, p < 0.05; ##, p < 0.01; ###, p < 

0.001 compared with LacZ  
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induced by FSH occurred at 18 h (51.66 ± 5.54-fold) and 24 h (60.99 ± 5.45-fold), which 

was significantly suppressed by PHB (PHB, p < 0.001; Time, p < 0.0001; PHB × Time, p 

< 0.0001). However, PHB had no significant effect on FSH-induced StAR and HSD-3β 

expression (Supplement Figure S1). 

 

Phosphatidylinositol 3-kinase (PI3K)/Akt pathway negatively regulates the 

expression of PHB 

Akt activation is an essential for granulosa cell differentiation (36-38). We 

therefore determined whether the PI3K/Akt pathway modulates the expression and 

function of PHB. Specific inhibitor of PI3K [LY294002 (LY), 10μM; dimethylsulfoxide 

(DMSO) as control] and of Akt [triciribine (TCN), 5 μM; DMSO as control] were added 

to the granulosa cell cultures, and Western blot results indicated that inhibition of the 

PI3K/Akt pathway significantly increased the expression of PHB (Figure 4A, p < 0.001).  

  We further examined whether activation of Akt affects the level of PHB using 

adenoviral constitutively A-Akt (containing a HA tag) and adenoviral DN-Akt. As shown 

in Figures 4, B and C, PHB content was down-regulated by the activation of Akt (p < 

0.05) and up-regulated when Akt function was down-regulated by DN-Akt (p < 0.001). 

 

PHB knockdown up-regulates Akt phosphorylation 

We next examined whether PHB regulates Akt content and phosphorylation in 

granulosa cells. Granulosa cells were infected with adenoviral-shPHB, and the contents 

of phosphorylated and total Akt were examined. As shown in Figure 4D, knockdown of  
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Supplement Figure S1. PHB has no effect on FSH-induced StAR and HSD-3β 

expression in granulosa cells  

Granulosa cells were infected with adenoviral-PHB (MOI = 40, adenoviral-LacZ as 

control) for 24 h and then cultured with FSH (100 ng/mL) at designated duration (0 - 24 

h). Testosterone (0.5 μM) was added to serve as substrate of aromatase during culture. 

The mRNA abundance of StAR and HSD-3β was determined by real-time PCR. Data are 

presented as mean ± SEM of 4 independent experiments and analyzed by 2-way ANOVA 

and subsequently by Bonferroni post hoc test. NS, not significant  
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Figure 4. A-C, The influence of modulation of the PI3K/Akt pathway on granulosa 

cell PHB expression  

(A) Granulosa cells were treated with PI3K inhibitor LY (10 μM, DMSO as control) or 

Akt inhibitor TCN (5μM) for 24h and the content of PHB was examined by Western blot.  

(B and C) Granulosa cells were infected with adenoviral-constitutive A-Akt (MOI=0-20, 

24h, adenoviral-LacZ as control) or adenoviral-DN-Akt (MOI = 40-80, 48 h) and PHB 

content was determined by Western blot. Both adenoviral constructs contain an HA tag.  

(D) Effect of PHB knockdown on pAkt content.  

Granulosa cells were infected with adenoviral-shPHB (MOI = 0 - 50, 24 h, adenoviral-

shNeg as negative control), and the contents of PHB, pAkt and total Akt were examined 

by Western blot. Representative immunoblots are shown in the figure. Data are presented 

as mean ± SEM of 3 independent experiments and analyzed by 1-way ANOVA and 

subsequently by Bonferroni post hoc test. *, p < 0.05; **, p < 0.01; ***, p < 0.001 

compared with DMSO or adenoviral control.  
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PHB significantly increased phosphorylated Akt levels (p< 0.01) at higher doses (MOI = 

20 and 50). 

 

Inhibition of PI3K/Akt pathway enhanced the suppressive role of PHB on 

steroidogenesis 

Next we assessed whether modulation of PI3K/Akt pathway alters the steroid-

genic response to PHB. As shown in Figure 5A, PHB alone suppressed FSH-induced 

aromatase expression (22 %) and estradiol secretion (31 %). The effect of PHB was 

enhanced in the presence of LY, exhibiting approximate 75 % suppression of aromatase 

expression and 82 % inhibition of estradiol secretion. Although pre-treatment of LY 

alone suppressed FSH-induced steroidogenesis, there was significant interaction between 

PHB and LY treatment (treatment, p < 0.001; PHB, p < 0.001; PHB × treatment, p < 

0.01). PHB was less effective on TCN treatment group because the Akt inhibitor alone 

blocked greater than 95 % steroidogenesis induced by FSH. These inhibitors had similar 

effect on p450scc expression and secretion of progesterone (data not shown). 

 

Activation of PI3K/Akt pathway attenuated the suppressive role of PHB in 

steroidogenesis 

In addition, the experiments using adenoviral A-Akt were also performed to 

examine whether expression of constitutively active Akt attenuates the action of PHB on 

FSH-induced steroidogenesis. Figure 5B indicated that forced expression of the A-Akt in 

granulosa cells prior to treatment with FSH and LY significantly attenuated the PHB-

induced down-regulation of aromatase expression and estradiol secretion (A-Akt, p <   
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Figure 5. The modulatory role of PI3K/Akt pathway on the suppression of FSH-

induced steroidogenesis by PHB  

 (A) Granulosa cells were infected with adenoviral-PHB (MOI = 40, adenoviral-LacZ as 

control) for 24 h and treated LY (10 μM) or Akt inhibitor TCN (5 μM) for 1 h prior to 

culture with FSH (100 ng/mL, 24 h). (B) Granulosa cells were co-infected with 

adenoviral-PHB (MOI = 40) and constitutively A-Akt (with HA tag, MOI = 10) for 24 h 

and then treated with LY in the presence of FSH. Testosterone (0.5 μM) was added to 

serve as substrate of aromatase during culture. Estradiol secreted into the medium (EIA) 

and the contents of aromatase, PHB, and HA (Western blot) were analyzed. Shown are 

representative immunoblots. The 2 blots for aromatase show the signals with shorter (top 

panel) and longer (bottom panel) exposure time. Data are presented as mean ± SEM of 3 

independent experiments and analyzed by 2-way ANOVA and subsequently by 

Bonferroni post hoc test. *, p < 0.05; **, p < 0.01; ***, p < 0.001 compared with DMSO. 

#, p < 0.05; ##, p < 0.01; ###, p < 0.001 compared with adenovirus control (LacZ or Neg) 
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0.05; PHB, p < 0.001; PHB × A-Akt, p < 0.01). These inhibitors had similar effect on the 

granulosa cell p450scc mRNA abundance and progesterone secretion (data not shown). 

 

Elevated expression of PHB in a DHT-induced PCOS rat model 

We have reported that serum and ovarian chemerin levels increased in a DHT-

induced PCOS rat model (19). Because PHB might be a mediator in the suppressive role 

of chemerin in steroidogenesis, it is possible that the increase in chemerin content in 

ovarian cells in DHT-treated rats may be associated with an increase of PHB expression. 

To test this possibility, granulosa cells were collected from CTL and DHT-rats and the 

levels of PHB (mRNA and protein) were examined. As predicted, both mRNA 

abundance (Figure 6A, p < 0.05) and protein level (Figure 6B, p < 0.05) of PHB were 

significantly higher in granulosa cells from DHT-treated rats compared with their 

controls. 
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Figure 6. Expression of PHB in granulosa cells from CTL and DHT-treated rats.  

Granulosa cells were collected from 5 rats of the CTL or DHT group and pooled for 

mRNA and protein analysis. The mRNA abundance (A) and protein content (B) of PHB 

were measured by real-time PCR and Western blot, respectively. Data are presented as 

mean ± SEM of 3 independent experiments and analyzed by 1-way ANOVA and 

subsequently by Bonferroni post hoc test. *, p < 0.05 compared with CTL. 
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Discussion: 

In the present study, we have demonstrated that PHB is a novel negative regulator 

of FSH-induced steroidogenesis in rat granulosa cells and mediates the suppressive action 

of chemerin on steroid production. Forced expression of PHB suppresses FSH-induced 

expression of steroidogenic enzymes (p450scc and aromatase) at both transcriptional and 

translational levels and progesterone and estradiol secretion in granulosa cells. The 

suppressive role of chemerin in FSH-induced p450scc and aromatase expression is 

attenuated by PHB knockdown. The inhibition of the PI3K/Akt pathway increases PHB 

content and enhances its regulatory role on aromatase expression, whereas induction of 

constitutively active Akt rescues this response. Elevated expression of PHB in granulosa 

cells from a chronic DHT-induced PCOS model also suggests that PHB may contribute 

to the dysregulation of steroids production during the pathogenesis of PCOS. 

In the present study, we observed that gonadotropin down-regulated the 

expression of PHB in vivo and in vitro. The regulation of PHB mRNA abundance by FSH 

in vitro was time dependent, with down-regulation evident at 6 h but not at 24 h, which 

might be due to reduced basal level of PHB at the latter time point. This would explain 

the observation that FSH failed to reduce PHB protein content after 24 h treatment 

(Figure 2B). However, our in vivo results were not in agreement with earlier 

observations that gonadotropin treatment either had no effect on the mRNA/protein levels 

(26) or increased PHB protein level (27). Although the reasons for these apparent 

differences are not immediately obvious, it is possible that this could be due to 

differences in gonadotropin dosage used and techniques in granulosa cell isolation and 
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mRNA detection. A high dose (50 IU) of gonadotropin could have minimized its effect 

on PHB expression via receptor down-regulation/desensitization.   

Although the multifunctional role of PHB has been demonstrated in various cell 

types, how the PHB gene is regulated is not completely understood. Here, we show, in 

addition to FSH, chemerin may be a novel regulator of PHB in granulosa cells. However, 

the mechanism by which chemerin up-regulates PHB expression is unknown. In addition 

to putative binding sites for CCAAT/enhancer-binding protein and insulin response 

element in the promoter of PHB (39), there are other elements such as proliferator-

activated receptor, activating protein 2, estrogen receptor, and specificity protein-1 based 

on the prediction using the transcription element search system. Whether chemerin 

regulates the expression of PHB via modulating these transcriptional factors requires 

further investigation.  

The observations that chemerin and PHB were regulated by FSH in a similar 

pattern and that chemerin up-regulates PHB content in granulosa cells suggest that PHB 

may act as a downstream molecule in granulosa cells. We have demonstrated that 

chemerin plays an inhibitory role in FSH-induced steroidogenesis in follicle and 

granulosa cell cultures (19) and that exogenous PHB suppressed FSH-induced steroid-

genesis (present study). These findings are further supported by the loss-of-function study 

showing that PHB knockdown attenuated chemerin-suppressed granulosa cell 

steroidogenesis. However, the mechanism by which PHB regulates steroidogenesis is 

unclear. Because chemerin suppresses the nuclear receptor NR5a1/2-mediated steroid-

genesis (19) and PHB is shown to act as a co-activator or co-repressor of various transcr-
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iptional factors (e.g. E2F transcriptional factor 1 or p53) (40, 41), it is possible that PHB 

acts as a co-repressor of NR5a1/2 to regulate granulosa cell steroidogenesis.  

PCOS is commonly associated with obesity, insulin resistance, dysregulation of 

steroids, and polycystic ovaries (42). Using a chronic DHT-induced PCOS rat model as 

previously reported (43), we have demonstrated that serum and ovarian chemerin levels 

are elevated in DHT-treated rats compared with controls (19). The observations that 

serum chemerin levels are elevated in obese women and in PCOS subjects (8), that 

chemerin is important in adipogenesis, and that it suppresses FSH-induced steroidoge-

nesis (19) are consistent with a possible involvement of chemerin in the pathogenesis of 

PCOS. In addition, our finding that both mRNA and protein levels of PHB increase in 

DHT-treated rats, together with its suppressive role in steroidogenesis, also raises the 

interesting possibility of an association between PHB and PCOS. Recently PHB has been 

linked to adipogenesis and obesity because its expression is up-regulated in high-fat diet 

induced obese mice, and PHB knockdown significantly reduces the expression of 

adipogenic markers (24, 25, 39). Both chemerin and PHB could regulate insulin signaling 

because chemerin induces insulin resistance in skeletal muscle in vivo (44), metformin 

treatment reduces serum chemerin level (18), and PHB attenuates insulin-stimulated 

glucose transport (45, 46). The up-regulation of PHB by chemerin, as well as their 

suppressive role in steroidogenesis and insulin signaling, raises a possibility that 

chemerin may contribute to the pathogenesis of PCOS, particularly in the phenotype of 

obesity, insulin resistance, and dysregulation of steroidogenesis in a PHB-mediated way.  

In our culture system, granulosa cells have a good steroidogenic response to FSH, which 

is in good agreement with well-established observations that FSH stimulates 
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cyp19/cyp11a expression and steroid production (5, 47, 48). Testosterone was added in 

the culture as the substrate of aromatase, which is commonly used in the studies of FSH-

induced estrogen production (38, 48, 49). We also observed that the presence of testoste-

rone augmented the effect of FSH on the production of progesterone and estradiol in 

granulosa cells (Supplement Figure S2), which was in agreement with the literature (38, 

50, 51). It is noteworthy that exogenous PHB suppresses FSH-induced steroidogenic 

enzyme expression at transcriptional and translational levels. The inhibitory role of PHB 

in cyp19 expression and estradiol production occurs at 18 and 24h after an FSH 

challenge. Although there is a rapid increase of progesterone production at 3 h, 

exogenous PHB suppresses cyp11a expression and progesterone secretion only at 24 h 

under current experimental conditions. The increase of progesterone secretion is likely 

due to rapid increase in StAR expression (42-fold) known to facilitate cholesterol 

transport into the inner mitochondrial membrane for steroidogenesis (48, 52). However 

PHB has no suppression on StAR and HSD-3β expression. Because PHB is reported to 

serve as a co-activator or co-repressor of distinct transcriptional factors (estrogen 

receptor-α, p53, E2F family of DNA-binding transcription factors, etc,) (40, 53, 54), we 

hypothesize that PHB suppresses FSH-induced steroidogenesis via acting as a co-

repressor of transcriptional factors targeting steroidogenic enzymes, such as NR5a1, 

NR5a2, CCAAT/enhancer-binding protein, et al (55-58). The different effect of PHB on 

cyp11a, cyp19, StAR and HSD-3β may result from the affinity or specificity of PHB to 

various transcriptional factors. Further studies on the promoter activity and loss in 

function by mutagenesis are needed to test this possibility and to explore the interaction 

region between these molecules.       
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Supplement Figure S2. Effect of FSH on steroids production in granulosa cells  

Granulosa cells were cultured with FSH (100 ng/mL) ± testosterone (0.5 μM) for 24h and 

the levels of progesterone and estradiol in the spent medium were measured by EIA. Data 

are presented as mean ± SEM of 4 independent experiments and analyzed by 2-way 

ANOVA and subsequently by Bonferroni test. ***, p < 0.001 compared with FSH = 0. 

###, p < 0.001 compared with T only  
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The PI3K/Akt signaling pathway plays an essential role in the regulation of 

granulosa cell survival and differentiation during follicular development (36-38). Using 

specific inhibitors and a dominant negative Akt construct, we observed that active Akt 

negatively regulates PHB expression and its suppressive role in granulosa cells. Although 

PHB is reported to be a substrate of Akt and the insulin receptor (59, 60), its 

phosphorylation status is not affected by PI3K inhibitor in granulosa cells (29). 

Nevertheless, recent data show that overexpression of PHB decreases phospho-Akt (S
473

 

and T
308

) levels in adipocytes and MCF-7 cells (59, 61), suggesting an inverse 

relationship between PHB and phosphorylated Akt. We have observed that knockdown of 

PHB increased the level of phospho-Akt (S
473

) in granulosa cells, suggesting that a 

negative feedback regulation on the Akt phosphorylation by PHB. Another example of a 

negative regulation loop is reported between the up-regulation of PHB by insulin and an 

inhibitory effect of PHB overexpression on insulin-induced adipogenesis (39). In 

addition, a positive regulatory loop is observed between PHB and MAPK kinase (MEK)-

1, demonstrating that PHB is required for MEK1 activity, while being a potential target 

of MEK1 (29). These regulatory loops, whether positive or negative, may represent a 

common mechanism for the precise control of PHB function and regulation of granulosa 

cell differentiation.  

In addition to regulating the PI3K/Akt pathways, FSH is known to activate the 

protein kinase A (PKA) pathway in ovarian cells (62-64). We have demonstrated that 

chemerin suppressed forskolin-induced steroidogenesis, possible via decreasing the 

transcriptional activity of NR5a1/2 (19) and that PHB inhibited Akt phosphorylation. 

Whether chemerin/PHB interacts with the PKA pathway is unknown. Besides the 
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regulation of NR5a1/2, it is also possible that chemerin binds to its Gi protein-coupled 

receptor and negatively regulates PKA signaling; however this possibility needs to be 

further investigated.  

In this study, the presence of PI3K inhibitor LY dramatically reduced FSH-

induced steroidogenesis. Although constitutively active Akt amplified FSH-induced 

granulosa cell differentiation (38), it alone had no significant influence on the action of 

FSH in the presence of PI3K inhibitor LY (Figure 5B). A possible reason is that the 

downstream molecules of PI3K other than Akt (such as PKA and protein kinase C) are 

also required in the regulation of steroidogenesis. Apart from phosphorylating Akt at 

Thr
308

, 3’-phosphoinositide-dependent kinase-1 (PDK1) phosphorylates the equivalent 

residues on PKA, protein kinase C, and p70-S6 Kinase, kinases in the same AGC family 

as Akt (65-68). Suppression of PI3K activity may affect PKA signaling, and 

constitutively active Akt may be unable to compensate for the inhibition of PKA 

signaling by inhibitors on FSH-induced steroidogenesis, as reported previously that 

constitutively active Akt does not overcome the inhibitory effect of PKA inhibitor H89 

on FSH-induced estradiol production (38).  

In conclusion, our findings demonstrate that PHB is a novel negative regulator on 

FSH-induced steroidogenesis and mediates the action of chemerin on steroid production. 

As shown in the hypothetical model (Figure 7), chemerin up-regulates PHB expression 

which inhibits FSH-induced steroidogenesis. Knockdown of PHB attenuates the 

suppressive effect of chemerin on FSH-induced p450scc and aromatase expression. 

PI3K/Akt activation negatively regulates the expression and function of PHB; whereas 

inhibition of PI3K pathway enhances the suppressive role of PHB. The increase of PHB 
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expression in granulosa cells from DHT-treated rats suggests that, as in the case of 

chemerin, PHB may be involved in the dysregulation of steroids production in PCOS. 

This study significantly improves our understanding of the role of PHB in ovarian cells 

and its potential contribution to the pathogenesis of PCOS.  
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Figure 7. A hypothetical model depicting PHB and chemerin as negative regulators 

of FSH-induced steroidogenesis  

In the absence of chemerin (A), FSH stimulates PI3K/Akt signaling, induces the 

expression of steroidogenic enzymes (e.g. cyp19), and promotes steroid production. Akt 

negatively regulates PHB expression and function; NR5a1 and NR5a2 are the main 

transcriptional factors involved in this process. When extracellular chemerin level 

increases (B), chemerin up-regulates PHB expression, which suppresses FSH-induced 

steroidogenesis via modulating the expression and activity of NR5a1/2. Inhibition of 

PI3K/Akt signaling enhances the suppressive role of PHB due to reduced feedback 

inhibition. 
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Addendum  

Expression and regulation of chemerin receptors in rat ovary 

To date three chemerin receptors (CMKLR1, CCRL2 and GPR-1) have been 

identified and their tissue distribution varies from species to species (Goralski et al., 

2007; Huang et al., 2010; Wittamer et al., 2003; Zabel et al., 2008). Differential 

expression of CMKLR1 and GPR-1 has been reported in porcine tissues, especially in 

liver, kidney and epididymal fat (Huang et al., 2010). One group analyzed the 

distribution of all three receptors in several mouse tissues except the ovary (Takahashi et 

al., 2011). The tissue-specific expression of these receptors may correspond to their 

distinct functions. Therefore, it is of interest to explore the relative expression of three 

receptors in the ovary.  

To examine the gene expression of the chemerin receptors, granulosa cells were 

collected from immature rats and total RNAs were extracted using Qiagen RNeasy Mini 

kit following manufacturer’s instructions. The mRNA abundance of CMKLR1, CCRL2 

and GPR-1 was analyzed by qPCR. The CCRL2 primers were a 5’ forward primer (5’-

CGGCTTTGGCAAACCTCACTTCTT-3’) and a 3’ reverse primer (5’-AAGTTCTG 

CGCTGTCCTCATTTGC-3’). The GPR-1 primers were a 5’ forward primer (5’-ACTGG 

CTTGGCCTTCCTCAATAGT-3’) and 3’ reverse primer (5’-AGAGACAGGCTCTTGG 

TTTCAGCA-3’). The CMKLR1 and GAPDH primers are shown in Table 1.  

As shown in Figure A2 (A), rat granulosa cells express predominantly CMKLR1, 

low level of CCRL2 and undetectable level of GPR-1. Therefore the action of chemerin 

in the regulation of ovarian function may be mediated by CMKLR1. 
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In this chapter, we have demonstrated that chemerin expression is downregulated 

by gonadotropin in vivo (Figure 1A). Since CMKLR1 and CCRL2 are expressed in 

ovarian cells and either one or both receptors could mediate the action of chemerin in the 

ovary, we examined the mRNA abundance of CMKLR1 and CCRL2 in the same 

experiment. As shown in Figure A2 (B), eCG administration significantly downregulated 

the mRNA abundance of CMKLR1 (p < 0.01). Although there was a trend of decrease of 

CCRL2 mRNA at 24 h post-eCG treatment, it did not reach statistical significance (p > 

0.05). These results suggest that the gene expression of CMKLR1, as in the case of 

chemerin, is altered during follicular development. Whether the change of CMKLR1 

mRNA abundance corresponds to the alteration of its protein level as well as its function, 

need to be explored with further experiments.  
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Figure A2 Expression and regulation of the chemerin receptors in the ovary 

(A) The mRNA abundance of CMKLR1, CCRL2 and GPR-1 in granulosa cells.  

Granulosa cells were collected by follicle puncture from immature rats (Day 23) and the 

mRNA abundance of CMKLR1, CCRL2 and GPR-1 was analyzed by quantitative real-

time PCR.  

(B) Effect of gonadotropin on the expression of CMKLR1 and CCRL2 in vivo.  

Granulosa cells were isolated from follicles at different stages of development in 

immature rats injected with eCG (0 h, preantral; 24 h, early antral; 48 h, late antral and 

preovulatory follicles). The mRNA abundance of CMKLR1 and CCRL2 was analyzed by 

qPCR and normalized to the GAPDH mRNA. Data are presented as mean ± SEM of four 

independent experiments and analyzed by one-way ANOVA and subsequently by 

Bonferroni post hoc test. *, p < 0.05; **, p < 0.01 compared with eCG at 0h. 



109 

 

Corrections and Clarifications 

Since the publication of the manuscript in this chapter, a number of typographical, 

grammatical or syntax errors were identified. The list below represents the 

corrections to be included. 

Page 76, Line 5 “in granulosa cells” should read “in undifferentiated granulosa 

cells” 

Page 76, Line 6 “our knowledge on” should read “our knowledge of” 

Page 78, Line 14 “Unless specified” should read “Unless otherwise specified” 

Page 79, Line 12 “is” should read “was”, and “are” should read “were” 

Page 82, Line 2 “nitrocellular membrane” should read “nitrocellulose membrane” 

Page 82, Line 18-19 “limitation” should read “limit” 

Page 88, Line 4 Since the mRNA level of a gene results from gene transcription 

and mRNA degradation, we measured the mRNA abundance but 

not gene transcription. Therefore, “whether steroidogenic enzymes 

expression is regulated at the transcriptional level” should be 

changed to “whether mRNA levels of steroidogenic enzyme 

expression is regulated” 

Page 88, Line 9 “inhibition” should read “inhibitory” 

Page 88, Line 17 “minimum” should read “minimal” 

Page 88, Line 20 “slightly” should read “slight” 

Page 90, Line 8 “is an essential” should read “is essential” 

Page 97, Line 5 “at both transcriptional and translational levels” should read “at 

both mRNA and protein levels” 

Page 100, Line 14 “PHB has no suppression on” should read “PHB does not 

suppress” 

Page 100, Line 22 “in” should read “of” 

Page 102, Line 21 “possible” should read “possibly” 

Page 103, Line 17 “on” should read “of” 

Where applicable “steroids production” should read “steroid production”, 

“manufacturer’s instruction” should read “manufacturer’s 

instructions” 

Page 96, Figure 6  “analyzed by 1-way ANOVA and subsequently by Bonferroni 

post hoc test.” should be changed to “analyzed by student t test”  
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Abstract 

Background: Follicular growth and atresia are tightly regulated processes, which involve 

the participation of endocrine, autocrine and paracrine factors at the cellular level. 

Prohibitin (PHB) is a multifunctional intracellular protein playing an important role in the 

regulation of proliferation, apoptosis and differentiation. Here we examined the 

expression of PHB and its regulation by FSH in vitro and studied the role of PHB in the 

regulation of apoptosis and steroidogenesis in response to the apoptosis inducer 

staurosporine (STS) and to FSH, respectively. 

Methods: Undifferentiated and differentiated granulosa cells were collected from 

diethylstilbestrol (DES)- and equine chronic gonadotropin (eCG)-primed immature rats, 

respectively and then cultured with various treatments (FSH, adenovirus infection, STS) 

according to experimental design. The apoptosis rate, the production of estradiol and 

progesterone, and the expression of distinct proteins (PHB, caspase-3, phospho- and total 

Akt) were assessed.  

Results: PHB is anti-apoptotic and its action is dependent on the differentiated state of 

the granulosa cells. Data from gain- and loss-of-function experiments demonstrate that 

PHB inhibited STS-induced caspase-3 cleavage and apoptosis in undifferentiated 

granulosa cells, but was ineffective in differentiated cells. In contrast, PHB suppresses 

FSH-induced steroidogenesis and this response is evident irrespective of the 

differentiated state of granulosa cells.  

Conclusion: These findings suggest that PHB regulates granulosa cell apoptosis and 

steroidogenesis in a follicular stage-dependent manner and that the dysregulation of PHB 

expression and action may be relevant to ovarian dysfunction. 
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Backgroud  

The destiny of the growing follicles (ovulation or atresia) is dependent on the fate 

of the cells within them (proliferation, differentiation or apoptosis) and is tightly 

regulated by endocrine, autocrine and paracrine factors [1]. During follicular 

development, a large number of follicles undergo atresia, a process tightly controlled by 

the cross-talk of cell death and survival signals [1, 2]. The dominant follicles continue to 

develop to preovulatory stages, producing appreciable amounts of steroid hormones 

which are critical for the reproductive cycle and successful ovulation [3, 4]. 

Prohibitin (PHB) is a multifunctional protein highly conserved in various species, 

with identical amino acid sequences in mouse and rat and only one residue differing from 

that in human [5]. It is present in multiple cellular compartments, including nucleus, 

mitochondria, plasma membrane and lipid droplets, as well as in the circulation [6-10]. 

The subcellular localization of PHB may contribute to its diverse functions in the 

regulation of proliferation, apoptosis, senescence and differentiation [11-14]. For 

example, mitochondrial PHB facilitates the maintenance of mitochondrial morphology 

and stabilizes newly synthesized mitochondrial enzymes [15, 16]. Nuclear PHB has been 

implicated in the regulation of gene expression by interacting with various transcriptional 

factors, such as E2F, p53 and estrogen receptor α (ERα) [7, 17, 18].  

PHB is widely expressed in the ovary and is anti-apoptotic during staurosporine 

(STS)- and ceramide-induced apoptosis in undifferentiated granulosa cells [19-21]. 

However, it is unknown whether PHB performs similar roles during follicular 

development. Although recent data indicated that silencing of PHB induced granulosa 

cell shape changes [22] and PHB suppressed steroidogenesis in undifferentiated 
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granulosa cells [23], our knowledge on the role and contribution of PHB to granulosa cell 

differentiation is incomplete. 

In this study, we first examined the expression of PHB and their regulation by 

FSH in vitro. Using differentiated and undifferentiated granulosa cells from distinct 

stages of follicular development, we compared its responsiveness to the apoptosis inducer 

STS and to FSH, a differentiation inducer, and also examined the role of PHB by gain- 

and loss-of function experiments. We also studied if the roles of PHB in the regulation of 

apoptosis and steroidogenesis are follicular stage-dependent. 

 

Materials and Methods 

Antibodies and Reagents 

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

streptomycin, L-glutamine, sodium pyruvate and trypsin were purchased from Invitrogen 

(Burlington, Canada). HEPES, Hoechst 33258, Equine chronic gonadotropin (eCG), and 

diethylstilbestrol (DES) were purchased from Sigma (St. Louis, MO). Recombinant 

human FSH was purchased from National Hormone and Peptide Program (Harbor-UCLA 

Medical Center, Torrance, CA). Anti-caspase-3 antibody (recognizing both intact and 

active caspase-3), anti-phospho-Akt (S
473

) and anti-Akt antibodies were purchased from 

Cell signaling (Danvers, MA), anti-PHB and anti-β-Actin antibodies were from Abcam 

(Cambridge, MA). Horseradish peroxidase-conjugated secondary antibodies and reagents 

for SDS-PAGE were supplied by Bio-Rad (Mississauga, Canada). Enhanced 

chemiluminescent (ECL) reagent was from Thermo Fisher Scientific (Rockford, IL). 

Adenoviral-PHB, shPHB and their control particles were obtained from Dr. Winston 
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Thompson (Morehouse School of Medicine, Atlanta). QIAShredder and RNeasy minikits 

were purchased from QIAGEN (Mississauga, Canada). Random decamer primers were 

from Ambion (Austin, TX). Ribonuclease inhibitor and dNTP were from Fermentas 

(Burlington, Canada). Moloney murine leukemia virus reverse transcriptase was from 

Promega (Madison, WI). PCR primers were from Invitrogen. All chemical inhibitors 

were purchased from Calbiochem (Gibbstown, NJ). All other chemicals were of the 

highest analytical grade available from Sigma.     

 

Animal preparation 

Twenty one days old Sprague-Dawley rats (Charles River, Montreal, 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 and the Ottawa Hospital Research Institute Animal Care 

Committee.   

 

Primary culture of rat granulosa cells and adenoviral infection  

Granulosa cells from eCG-primed immature rats (10 IU, 48h, s.c.; considered as 

differentiated granulosa cells) and DES-injected control rats (1 mg/day for 3 consecutive 

days, s.c.; considered as undifferentiated granulosa cells) were pre-incubated with 6 mM 

EGTA and 0.5 M sucrose [24] and were released by follicular puncture with a 26.5- 

gauge needle, washed and centrifuged (900 × g, 5 min). Cell clumps and oocytes were 

removed by filtering the cell suspensions through a 40-μm nylon cell strainer (BD 

Biosciences). The viability of granulosa cells was determined by trypan blue exclusion. 
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Granulosa cells (0.9 × 10
6
 per well in 6-well plate) were plated overnight in M199 with 

10% FBS under a humidified atmosphere of 95% air and 5% CO2. After culture 

overnight in serum-free medium, granulosa cells were treated with FSH (0–200 ng/ml) or 

STS (1 μM) for a designated duration. 

For adenoviral infection, granulosa cells were cultured in serum-free M199 

medium containing adenoviral particles for 24 h followed by medium change. 

Multiplicity of infection (MOI) and duration of infection are detailed in the figures. Equal 

amounts of adenovirus in each experimental group were achieved by adjusting with an 

appropriate amount of adenoviral-LacZ (negative control for adenoviral-PHB) or 

adenoviral-shNeg (negative control for shPHB).   

 

RT-PCR 

Total RNA of granulosa cells was extracted according to the manufacturer’s 

instruction, using the QIAGEN RNeasy Mini kit. Two hundred ng total RNA were used 

to reverse transcribe cDNAs and the mRNA abundance of target genes was analyzed by 

PCR. The PHB primers used for amplification were a 5’ forward primer (5’-TGGCAGC-

CTGAGTAGACCTT-3’) and a 3’ reverse primer (5’-TCACGGTTAAGAGGGAATGG-

3’). The p450scc primers were a 5’ forward primer (5’-ACCCTGAGTCCCAGCGGTTC-

3’) and a 3’ reverse primer (5’-CACCCCTCCTGCCAGCATCT-3’). The aromatase 

primers were a 5’ forward primer (5’-TGGTCCCGGAAACTGTGCCT-3’) and a 3’ 

reverse primer (5’-CCACGCTTGCTGCCGAATCT-3’). The actin primer were (5’-CGT-

CCACCCGCGAGTACAAC-3’) and a 3’ reverse primer (5’-GCCTCTCTTGCTCTGGG-

CCT-3’). The thermal cycling conditions were comprised of an initial denaturation step at 
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95 C for 10 min followed by 30 cycles amplification for PHB, p450scc and aromatase (20 

cycles for actin) at 95 C for 30 sec, 55 C for 30 sec, and 72 C for 30 sec. The PCR 

products were subjected to 2 % ethidium bromide-containing agarose gel and visualized 

under UV light. 

 

Protein extraction and Western blot 

At the end of the culture period, floating cells and attached cells (recovered by 

0.05% trypsin treatment) were pooled and centrifuged (1000 × g, 10 min). For protein 

extraction, cell pellets were resuspended in a lysis buffer (PBS, pH 7.4) containing NaCl 

(150 mM), SDS (0.1%), sodium deoxycholate (0.5%), Nonidet P-40 (1%), and the 

protease inhibitor cocktail (Sigma) and kept on ice for 30 min. Cell lysates were 

sonicated and centrifuged (12,000 × g, 5 min, 4°C) to remove insoluble material. 

Supernatant was recovered and stored at -20°C until further processing. Protein 

concentrations in each sample were determined by the Bradford assay (Bio-Rad 

Laboratories). Twenty μg of protein of cell lysates were subjected to SDS-PAGE with 

4.5% stacking and 15% separating gels. Proteins were electrophoretically transferred onto 

nitrocellular membrane (NC, Bio-Rad), blocked at room temperature with 5% skim milk 

in TBST [0.05% Tween-20 in Tris (10 mM) and NaCl 181 (0.15 M), pH7.4 (TBS)] for 1 

h and then incubated over-night at 4°C with diluted primary antibodies (1:1000) in TBST 

with constant agitation. The membranes were then treated with a secondary antibody 

(1:2000 to 1:10,000 based on different primary antibody). After washing three times with 

TBST, immunoreactive bands were visualized with ECL according to the manufacturer’s 

instruction. Intensity of bands of the exposed X-ray film was determined by densitome-
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trically scanned, quantified, using AlphaEaseFC (Alpha Innotech, CA) and normalized 

with β-Actin. 

 

Assessment of Apoptosis 

Apoptotic cells were identified morphologically by Hoechst-33258 (bisBen-

zimide, Sigma) staining as previously reported [25]. At the end of the culture period, 

suspended cells were collected by centrifugation and attached cells were trypsinized. The 

two cell fractions were then pooled, pelleted, and suspended in 10% phosphate-buffered 

formalin containing Hoechst 33258 (6.25 μg/ml; room temperature, 2 h), Cells were then 

spotted on slides and assessed for typical apoptotic nuclear morphology. To quantify the 

number of apoptotic cells, healthy and apoptotic cells were counted (counter was 

“blinded to sample identity”) and the apoptotic cells were expressed as a percentage of 

total cells. A minimum of 400 cells were counted in each treatment group.  

 

Steroids secretion analysis 

Spent medium from granulosa cell cultures were collected, centrifuged (900 × g, 5 

min) and kept in −80°C for hormone analysis. 17β-estradiol and progesterone concen-

trations in spent medium were measured using enzyme immunoassay kit (EIA; Enzo Life 

Sciences, Farmingdale, NY) according to the manufacturer’s instruction. The detection 

limitation of estradiol was 28 pg/ml, and the intra- and inter-assay coefficients of 

variation were 8 and 6%, respectively. The detection limitation of progesterone was 8.5 

pg/ml, and the intra- and inter-assay coefficients of variation were 7 and 6%, respectively. 

 

Statistical analysis 
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All data were analyzed using GraphPad Prism 5.0 statistical software (San Diego, 

CA). Results are expressed as mean ± SEM of at least three independent experiments as 

detailed in the figures. One-way and two-way ANOVA were used to assess the effects and 

interactions of one or two variables and multiple comparisons were achieved by a 

Bonferroni post hoc test. Significant difference was defined at p < 0.05 (*, or #). 

  

Results: 

PHB is differentially expressed in granulosa cells from different follicular stages 

To examine whether PHB is expressed in vivo in a follicular stage-dependent 

manner, differentiated and undifferentiated granulosa cells were collected and the gene 

expression of PHB was analyzed by traditional PCR. As shown in Figure 1A, differentia-

ted granulosa cells exhibited increased expression of p450scc and aromatase, the 

steroidgenic enzymes known to be associated with granulosa cell differentiation. The 

PHB expression in differentiated granulosa cells was lower than that in undifferentiated 

granulosa cells. 

 

FSH upregulates PHB content in differentiated but not undifferentiated granulosa 

cells  

To explore whether FSH regulates PHB expression in vitro, undifferentiated and 

differentiated granulosa cells were cultured with FSH (100 ng/ml) for designated time (0–

24 h) and the contents of PHB in two types of cells were examined. As shown in Figure 

1B, FSH had no effect on PHB content in undifferentiated granulosa cells (p > 0.05). In 

the contrast, FSH up-regulated PHB expression in differentiated granulosa cells (p < 
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0.001). While there was an apparent gradual increase in PHB content with the duration of 

culture in the presence of FSH, significant upregulation was not evident until 24 h. Both 

undifferentiated (p < 0.0001) and differentiated (p < 0.001) granulosa cells exhibited a 

rapid increase in phosphorylated Akt content; however, Akt activation in the former was 

stronger (6-fold vs. 2-fold change at 0.25h) and sustained longer (over basal level at 4-8h) 

compared with that in the latter. 

We then examined whether FSH regulates PHB contents in differentiated 

granulosa cells in a concentration-dependent manner. Undifferentiated and differentiated 

granulosa cells were cultured with different FSH concentrations (0-200 ng/ml) for 24 h 

and the content of PHB at the two follicular stages was examined. As shown in Figure 

1C, FSH had no effect on PHB content in undifferentiated granulosa cells (p > 0.05); 

however FSH significantly up-regulated the content of PHB (p < 0.001) at a 

concentration range of 10–100 ng/ml in differentiated granulosa cells. There was no 

significant difference between the FSH (200 ng/ml) and the control groups. Since we 

have reported that Akt and PHB could regulate each other [23], we also assessed the 

phosphorylated and total Akt levels in this experiment. As shown in Figure 1C, although 

there was a trend of decrease, FSH didn’t significantly reduce Akt phosphorylation in 

undifferentiated granulosa cells (p > 0.05). In the contrast, phosphorylated Akt levels in 

granulosa cells in differentiated granulosa cells decreased in the presence of FSH (Figure 

1C, p < 0.05), which was reversely related to PHB contents. 
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Figure 1. The regulation of PHB by gonadotropin  

(A) Total RNAs of undifferentiated and differentiated granulosa cells were extracted and 

mRNA abundance of PHB was analyzed by PCR. p450scc and aromatase mRNA levels 

were assessed as differentiated marker and Actin was used as loading control.  

(B) Undifferentiated and differentiated granulosa cells were cultured with FSH (100 

ng/ml) for designated time period and the contents of PHB, pAkt and total Akt were 

examined by Western blot.  

(C) Undifferentiated and differentiated granulosa cells were cultured with FSH (0 - 200 

ng/ml) for 24 h. PHB, pAkt and total Akt contents were examined by Western blot. 

Representative immunoblots are shown and data are presented as mean ± SEM of three 

independent experiments. B-C, one-way ANOVA, followed by Bonferroni test.  *, p < 

0.05; **, p < 0.01; ***, p < 0.001 (compared with FSH = 0 or FSH at 0 h). 
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Exogenous PHB suppresses staurosporine-induced caspase-3 cleavage and apoptosis 

in undifferentiated, but not differentiated, granulosa cells 

Although PHB has been reported to be anti-apoptotic in undifferentiated granu-

losa cells [19, 20], whether it plays a similar role in granulosa cells after differentiation is 

not known. To test this question, comparison experiments were performed using undiff-

erentiated and differentiated granulosa cells. Granulosa cells were infected with adeno-

viral-PHB (MOI = 40, adenoviral-LacZ as control, 24 h) to over-express or knockdown 

PHB, and then cultured with the apoptosis inducer staurosporine (STS, 1 µM, 2 h). As 

shown in Figure 2A, whereas PHB over-expression had no effect on basal level of 

apoptosis, it suppressed STS-induced caspase-3 cleavage (Figure 2A, PHB, p < 0.05; 

STS, p < 0.0001; PHB × STS, p < 0.05) and apoptosis (PHB, p < 0.05; STS, p < 0.0001; 

PHB × STS, p < 0.05). In contrast, overexpression of PHB in differentiated granulosa 

cells had no obvious effect on STS-induced caspase-3 cleavage and apoptosis (Figure 

2B), suggesting that PHB is anti-apoptotic during preantral follicular growth but this 

property is lost as the cells differentiate during follicle transition into the antral stage.    

 

  



123 

 

 

 

Figure 2. Effect of exogenous PHB on STS-induced caspase-3 cleavage and apoptosis 

Undifferentiated (A) and differentiated (B) granulosa cells were infected with adenoviral-

PHB (MOI = 40, adenoviral-lacZ as control) for 24 h and then cultured with STS (1 µM, 

2 h). The contents of cleaved, intact caspase-3 and PHB were examined by Western blot 

and the apoptosis rate of granulosa cells were assessed by nuclear morphology (Hoechst 

staining). Data are presented as mean ± SEM of three independent experiments and 

analyzed by two-way ANOVA and subsequently by Bonferroni test.  **, p < 0.01 

(compared with LacZ). NS: not significant 
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Knockdown of PHB increases staurosporine-induced caspase-3 cleavage and 

apoptosis in undifferentiated, but not differentiated, granulosa cells 

Similar experiments were performed using adenoviral-shRNA to knockdown PHB 

in granulosa cells derived from two preparations. As shown in Figure 3, STS-induced 

caspase-3 cleavage and apoptosis were enhanced after knockdown of PHB in 

undifferentiated granulosa cells (Figure 3A, for cleaved caspase-3, shPHB, p < 0.01; 

STS, p < 0.0001; shPHB × STS, p < 0.05. For apoptosis, shPHB, p < 0.01; STS, p < 

0.0001; shPHB × STS, p < 0.05). However, there was no effect of PHB knockdown on 

STS-induced caspase-3 cleavage and apoptosis in differentiated granulosa cells (Figure 

3B). 

 

Differentiated granulosa cells are more responsive to FSH in steroids production 

compared with undifferentiated granulosa cells 

We have previously reported that PHB suppressed FSH-induced estradiol and 

progesterone secretion and p450scc/aromatase expression in undifferentiated granulosa 

cells [23]. As the regulatory role of PHB in granulosa cell apoptosis is dependent on the 

state of cellular differentiation, we then examined whether it regulates steroidogenesis 

differently in differentiated granulosa cells by comparing the steroidogenic respon-

siveness of granulosa cells at the two differentiative states. Undifferentiated and differen-

tiated granulosa cells were cultured with FSH (0-100 ng/ml) ± testosterone (T, 0.5 µM, 

24 h), which served as a substrate of aromatase, and then the levels of estradiol and 

progesterone in spent medium were measured. We have previously demonstrated that T 

enhanced FSH-induced progesterone and estradiol secretion in undifferentiated granulosa 
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Figure 3. Effect of PHB knockdown on STS-induced caspase-3 cleavage and 

apoptosis 

Undifferentiated (A) and differentiated (B) granulosa cells were infected with adenoviral-

shPHB (MOI = 10, adenoviral-shNeg as control) for 48 h and then cultured with STS 

(1µM, 2 h). The contents of cleaved, intact caspase-3 and PHB were examined by 

Western blot and the apoptosis rate of granulosa cells were assessed by nuclear 

morphology (Hoechst staining). Data are presented as mean ± SEM of three independent 

experiments and analyzed by two-way ANOVA and subsequently by Bonferroni test. **, 

p < 0.01 (compared with LacZ). NS: not significant 
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cells [23]. We observed that FSH-induced progesterone production in these cells was 

dramatically increased in the presence of T (5.49 ± 0.4 vs. 0.63 ± 0.13 ng/ml) and the 

estradiol secretion exhibited similar effect (48.7 ± 5.7 vs. 0.91 ± 0.16 ng/ml). We 

concomitantly tested the effect of T and FSH on differentiated cells (Figure 4A) and 

observed that T also synergistically enhanced FSH-stimulated progesterone (7.79 ± 0.63 

vs. 1.22 ± 0.98 ng/ml) and estradiol secretion (94.4 ± 10.23 vs. 0.88 ± 0.14 ng/ml) in 

differentiated granulosa cells (Figure 4A, for progesterone: FSH, p < 0.001; T, p < 0.001; 

FSH × T, p < 0.001. for estradiol: FSH, p < 0.001; T, p < 0.001; FSH × T, p < 0.001). The 

basal levels of estradiol and progesterone at the two cellular differentiative states were 

similar; however production of these steroids in the presence of FSH and T was about 2-

fold higher in differentiated granulosa cells than in undifferentiated granulosa cells. 

 

PHB suppresses FSH-induced steroid production in both undifferentiated and 

differentiated granulosa cells  

Next we examined whether PHB suppresses FSH-induced steroidogenesis in 

granulosa cells and if its response is dependent on the differentiated state of the cells. 

Undifferentiated and differentiated granulosa cells were infected with adenoviral-PHB 

(adenoviral-LacZ as control) and then cultured with FSH (0-100 ng/ml) in the presence of 

T (0.5 µM) for 24 h. The levels of estradiol and progesterone in spent medium were 

measured by EIA. Exogenous PHB suppressed FSH-induced steroid production and the 

expression of steroidogenic enzymes p450scc and aromatase in undifferentiated 

granulosa cells [23]. FSH-induced progesterone production in these cells was 

dramatically suppressed by exogenous PHB (5.45 ± 0.47 vs. 3.14 ± 0.35 ng/ml) and the 
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estradiol secretion exhibited similar effect (55.6 ± 5.0 vs. 21.76 ± 7.72 ng/ml). Conco-

mitant studies with differentiated granulosa cells indicate that PHB similarly inhibited 

FSH-induced progesterone (7.70 ± 0.52 vs. 4.70 ± 0.78 ng/ml) and estradiol (95.56 ± 

11.17 vs. 48.96 ± 6.7 ng/ml) secretion (Figure 4B, for progesterone: PHB, p < 0.01; FSH, 

p < 0.001; PHB × FSH, p < 0.01. for estradiol: PHB, p < 0.05; FSH, p < 0.001; PHB × 

FSH, p < 0.05) in vitro. The contents of p450scc and aromatase induced by FSH were 

also suppressed by PHB (Figure 4C). 
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Figure 4. Influence of PHB on FSH-induced steroid production  

(A) Differentiated granulosa cells were cultured with FSH (100 ng/ml) ± T (0.5 μM) for 

24 h and the levels of progesterone and estradiol in the spent medium were measured by 

EIA. Data are presented as mean ± SEM of four independent experiments and analyzed 

by two-way ANOVA and subsequently by Bonferroni post hoc test. ***, p < 0.001 

(compared with LacZ).  

(B-C) Differentiated granulosa cells were infected with adenoviral-PHB (MOI = 40, 

adenoviral-LacZ as control) for 24 h and then cultured with FSH (100 ng/ml, 24 h) in the 

presence of T (0.5 μM). Progesterone and estradiol in the spent medium (B) were 

measured by EIA. Data are presented as mean ± SEM of four independent experiments 

and analyzed by two-way ANOVA and subsequently by Bonferroni post hoc test. **, p < 

0.01; ***, p < 0.001 (compared with CTL). (C) The expression of p450scc and aromatase 

was examined by Western blot. Representative immunoblots from three replicate 

experiments are shown.   
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Discussion: 

In the present study, we have demonstrated the distinct roles of PHB in STS-

induced apoptosis and FSH-induced steroidogenesis in granulosa cells at different stages 

of follicular development and thus at different cellular differentiative states. FSH 

regulates PHB expression in differentiated but not undifferentiated granulosa cells in 

vitro. PHB is anti-apoptotic and a suppressor of steroidogenesis in undifferentiated 

granulosa cells, while it loses its role in regulating apoptosis but maintains its latter action 

as the cells differentiate. These findings suggest that suppressive roles of PHB in 

apoptosis and steroidogenesis are precisely regulated in a follicular stage-dependent 

manner. The role of PHB in the regulation of apoptosis, steroidogenesis as well as 

proliferation [11,12], the dysregulation of ovarian follicular growth and steroidogenesis 

in polycystic ovarian syndrome (PCOS) [26-28], together with the observations that the 

expression of PHB increased in a chronically androgenized rat PCOS model [23] suggest 

a possibility that dysregulation of PHB may be relevant to the etiology of this syndrome. 

The main observation in present study is that the anti-apoptotic action of PHB is 

evidenced at the preantral follicle stage of development, one often referred to as the 

“penultimate stage” when the destiny of the follicle (continued growth versus atresia) is 

determined. This observation also raise the interesting possibility that PHB may play an 

important role in deciding the fate of the granulosa cells as the follicles transition from 

the preantral to early antral stage. With regard to the regulation of apoptosis, PHB may 

execute its anti-apoptotic role by downregulating caspase-3 cleavage and inhibiting 

cytochrome c release from mitochondria [20]. The loss of inhibition on apoptosis in 

differentiated granulosa cells may due to increased X-linked inhibitor of apoptosis 
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protein (XIAP) expression and elevated Akt phosphorylation in these cells [29] known to 

inhibit apoptosis, which may modulate the action of PHB. However, we cannot rule out 

the possibility that PHB inhibits apoptosis via regulating the activity of transcriptional 

factors involved in apoptosis, as demonstrated by Fusaro et al that PHB protects cancer 

cells from camptothecin-induced apoptosis via suppressing E2F1-mediated transcript-

tional activity [30]. While the different transcriptional factors targeted by PHB may 

switch off its anti-apoptotic function, this hypothesis needs further investigation. 

In contrast, the participation of PHB in the control of steroidogenesis in both 

undifferentiated and differentiated granulosa cells is consistent with important intra-

ovarian regulatory role of steroids during follicular development and the involvement of 

PHB in the control of the steroidogenic processes. The mechanism by which PHB acts as 

a steroidogenesis-suppressor or anti-apoptotic factor during follicular development and 

the physiological signal that drives these responses are unknown. PHB is shown to be 

regulated by the novel adipokine chemerin in vitro and it mediates the suppressive role of 

chemerin on FSH-induced steroidogenic enzyme expression in undifferentiated granulosa 

cells [23]. Because PHB is a co-activator or co-repressor of distinct transcriptional factors 

(p53, E2F, ERα) [7,17,18] and we have observed an interaction of PHB and NR5a1/2 in 

freshly isolated rat granulosa cells (Additional file 1: Figure S1), it is possible that PHB 

suppresses steroidogenesis via acting as a co-repressor of transcriptional factors targeting 

steroidogenic enzymes, such as nuclear receptors NR5a1/NR5a2, C/EBP [31-34]. Further 

studies on promoter activity, DNA mutagenesis and protein-protein interaction assay are 

needed to test this possibility. However, we cannot rule out the possibility that PHB may 

regulate the mRNA expression of FSH receptor. 
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Additional file 1: 

Figure S1. Interaction of PHB and NR5a1/2.  

Granulosa cells were collected from eCG-primed rats and then lyzed in IP lysis buffer. 

Endogenous PHB in 500 µg cell lysate was immunoprecipitated with 2 µg mouse anti-

PHB antibody (normal mouse IgG as control), subjected to 15 % SDS-PAGE and probed 

with the antibodies targeting PHB, NR5a1 and NR5a2, respectively. Darker bands in 

Western blot indicate the heavy or light chain of IgG.  
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Besides PHB, other proteins have also been reported to be differentially regulated 

and play various functions in ovarian cells from different follicular stages. Plasminogen 

activator plays a crucial role in the dynamic tissue remodeling during follicular 

development and ovulation [35,36]. Its activity is increased by FSH, and inhibited by 

transforming growth factor α, in undifferentiated granulosa cells but decreased in 

differentiated ones [37,38]. Another example is C-type natriuretic peptide (CNP), which 

binds to its receptor and promotes preantral follicle growth via stimulating the cGMP 

release in undifferentiated granulosa cells; however CNP is unable to increase cGMP 

level in differentiated granulosa cells [39]. The cell differentiation-dependent regulation 

of intra-ovarian and intracellular factors may facilitate the precise control of granulosa 

cell fate and function during follicular development.  

Although the functions of PHB are reported to regulate many cellular processes in 

various cell types, how its expression is regulated is largely unknown. The regulation of 

PHB by gonadotropin in the literature is controversial. We demonstrated that 

gonadotropin in vivo reduced PHB mRNA abundance; however others reported that PHB 

mRNA levels and protein contents are not altered [40] or higher after gonadotropin 

treatment [21]. While the reasons for these apparent differences are not immediately 

clear, whether differences in the dosages of gonadotropin used and/or in the methods of 

granulosa cell isolation could account for the different outcomes, remains to be 

determined. In this context, our results also indicated that high concentration of FSH (200 

ng/ml) failed to increase PHB expression in vitro whereas lower concentration did 

(Figure 1C). The effect of high doses of FSH or other molecules on gene expression has 

been well documented and an effective negative feedback mechanism to precisely control 
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gene expression may be operational. FSH receptor is desensitized and down-regulated by 

long exposure of high dose of FSH [41-43], accompanied by reduced cyp19 expression 

and estradiol production in granulosa cells [43]. In addition, anti-Müllerian hormone, 

known to inhibit FSH-induced aromatase expression, is also up-regulated by low but 

down-regulated by high dose of FSH [43]. Low dose of AMH stimulates inhibin B level 

in human granulosa cells while the opposite was true with higher dosages [44]. 

The mechanism by which FSH regulates PHB expression is unclear. It is known 

that FSH acts through multiple signaling pathways, including cAMP/PKA, PI3K/Akt and 

MAPK, and via various transcriptional factors, such as forkhead box O1, cAMP 

regulatory element binding protein and specific protein 1 (Sp1) [45-48]. In addition to 

putative binding sites for CCAAT/enhancer-binding protein (C/EBP) and insulin 

response element in the promoter of PHB [49], there are other DNA binding elements 

such as E2F, GATA, ER and Sp1 as predicted by the transcription element search system. 

It is possible that the transcription factors maintaining PHB expression in undifferentiated 

granulosa cells is switched to others in differentiated granulosa cells due to the distinct 

cellular contents. However, the particular transcription factor involved in the regulation 

of PHB in granulosa cells at the two stages of cellular differentiation needs to be further 

investigated. 

It is well known that FSH stimulates Akt phosphorylation in ovarian cells [45]. 

Our present studies extent these findings and show that the rapid increase of phospho-

rylated Akt content in response to FSH is dependent on the state of cellular differentia-

tion. Since the phosphorylated Akt content is a consequence of both kinase and 

phosphatase activities [50], it was of interest to determine whether this signal is removed 
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with a different efficiency between different state of differentiation and whether the 

decreased pAkt levels are correlated with increased PHB contents. Our results indicated 

that the efficiency at which the PI3K-Akt signaling pathway is turned on and off by FSH 

is also dependent on the state of cellular differentiation and may be related to the action 

of PHB. The reverse correlation of PHB and pAkt content was supported by a recent 

finding that PHB and Akt could regulate the expression of each other [23]. 

In our culture system, both undifferentiated and differentiated granulosa cells 

exhibited a robust steroidogenic response to FSH. Basal and FSH-induced estradiol 

secretion in undifferentiated granulosa cells were lower than those in differentiated 

granulosa cells in the presence of testosterone, which could be due to higher basal levels 

of p450scc and aromatase induced by gonadotropin with increased granulosa cell 

differentiation (this study, [51]). Testosterone was added in the culture as the substrate of 

aromatase, which is commonly used in the studies on FSH-induced estrogen production 

[45,52,53]. It is also possible that testosterone not only acted as a substrate in granulosa 

cells, but also augmented the action of FSH on the production of progesterone and 

estradiol [52,54,55]. 

 

Conclusion 

Our findings demonstrate that PHB expression is regulated by FSH in a follicular 

stage-dependent manner in vitro and the roles of PHB as an anti-apoptotic factor and in 

the regulation of steroidogenesis are dependent on the differentiation status of granulosa 

cells. It is an inhibitor of steroidogenesis in both undifferentiated and differentiated 

granulosa cells, but is anti-apoptotic in undifferentiated granulosa cells. This study 
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significantly improves our understanding of the role of PHB in the ovary although the 

mechanism by which PHB suppresses apoptosis and steroidogenesis and the factors 

involved in the regulation of PHB remains to be investigated. 
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Addendum 

Since the publication of the manuscript in this chapter, a number of typographical, 

grammatical or syntax errors were identified. The list below represents the 

corrections to be included. 

Title A more accurate title of the manuscript could be “Role of PHB in 

the regulation of granulosa cell steroidogenesis and apoptosis 

during follicular development”  

Page 113, Line 3 “their” should be “its” 

Page 113, Line 5 “its” should read “their” 

Page 116, Line 1 “cycles amplification” should read “cycles of amplification” 

Page 116, Line 15 “of” should read “from” 

Page 116, Line 23 “densitometrically scanned” should read “densitometrical 

scanning” 

Page 117, Line 15 “Steroids secretion analysis” should read “Steroid assays” 

Page 117, Line 20-21 “limitation” should read “limit” 

Page 118, Line 23 “In the contrast” should read “In contrast” 

Page 119, Line 7 “contents” should read “content” 

Page 119, Line 20 “reversely” should read “inversely” 

Page 122, Line 7 “or knockdown” should be deleted 

Page 126, Line 16 “differentiated” should read “differentiation” 

Page 129, Line 18 “raise” should read “raises” 

Page 132, Line 10 “of” should read “by” 

Page 133, Line 2 “exposure of” should read “exposure to” 

Page 133, Line 6 “was” should read “is” 

Where applicable “differentiative states” should read “states of differentiation”,  

Figure 1 In the legend (A), “differentiated marker” should be changed to 

“differentiation markers” 

Figure 4 In the legend (A), “LacZ” should be changed to “FSH=0”; (B), 

“CTL” should be changed to “LacZ” 
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CHAPTER 7:  GENERAL DISCUSSION 

7.1 Overview and Significance  

Ovarian follicular development is a process precisely controlled by both systemic 

factors (gonadotropins) and intraovarian regulators including steroids, growth factors, 

cytokines and intracellular proteins. Due to numerous research efforts, a large number of 

regulators and their mechanisms of regulation of follicular growth, atresia and 

differentiation have been established. Although the abnormal expression and activities of 

some of these regulators are believed to be associated with ovarian dysfunction diseases, 

such as PCOS, the etiology and pathogenesis of this syndrome are not completely 

understood. As obesity is highly associated with this syndrome, whether adipokines 

secreted from the fat tissue affect the physiological function of the ovarian cells remains 

largely unknown.  

In this thesis, we have examined the molecular mechanisms that contribute to the 

folliculogenesis and the development of PCOS. We present here, for the first time, that 

two regulators chemerin and PHB play important roles in FSH-induced steroidogenesis, 

and address the mechanisms regulating granulosa cell fate. We also present the evidence 

of the dysregulation and potential involvement of these factors in the pathogenesis of 

PCOS based on an androgenized rodent model. These findings significantly improve our 

knowledge of ovarian functions and the pathophysiology of PCOS, and provide important 

clues for the development of novel diagnosis biomarkers and new treatment strategies for 

this complex syndrome. 

 

7.2 Role of Chemerin in the regulation of ovarian function  
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During follicular development, granulosa cell fate (proliferation, apoptosis or 

differentiation) is regulated by various intraovarian and intracellular factors. A number of 

adipokines secreted by adipose tissue, including leptin, adiponectin and IL-6, have been 

shown to target the ovary and regulate ovarian function (Chabrolle et al., 2009; Kikuchi 

et al., 2001; Ledoux et al., 2006; Maeda et al., 2007; Spicer et al., 2011). After the 

mRNA expression of chemerin was demonstrated in the ovary in various species, 

Reverchon et al. reported that chemerin regulates follicular steroidogenesis (Reverchon et 

al., 2012). Chemerin suppressed IGF-I (but not FSH)-induced steroidogenesis and cell 

proliferation in human granulosa cells in vitro (Reverchon et al., 2012). They also 

demonstrated that chemerin reduced the phosphorylation of IGFR, ERK1/2 and Akt 

induced by IGF-I (Reverchon et al., 2012). In contrast to their observations, the present 

study indicates a negative effect of chemerin on FSH-induced steroidogenesis. The 

hormone treatment before cell collection (FSH/hCG vs. DES), the differentiation status 

of cells (luteinized vs. undifferentiated), and experimental species (human vs. rat) may 

contribute to the difference.  

The current study shows that chemerin suppresses NR5a1/2-mediated 

steroidogenic enzyme expression and down-regulates the expression of NR5a1/2, 

however the signaling pathways involved are unknown. Chemerin has recently been 

identified as a target gene of farnesoid X receptor (FXR) and a FXR element in chemerin 

promoter is essential for this process (Deng et al., 2013). Since FXR activation induces 

the expression of the NR5a1/2 suppressor SHP (Fayard et al., 2004; Goodwin et al., 

2000; Lee and Moore, 2002; Saxena et al., 2007), it is possible chemerin inhibits 

NR5a1/2-induced gene transcription of steroidogenic enzyme by increasing SHP 
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expression. In addition to the suppressors, the activity of NR5a1/2 can also be regulated 

by post-translational modifications (phosphorylation, acetylation and SUMOylation) 

(Chen et al., 2004; Hammer et al., 1999; Jacob et al., 2001; Komatsu et al., 2004; Yang 

et al., 2009) and NR5a1 undergos polyubiquitination for proteasomal degradation (Chen 

et al., 2007).  

The binding of PHB and NR5a1/2 (by IP) and the up-regulation of PHB by 

chemerin suggest the possibility that chemerin may increase the interaction of PHB-

NR5a1/2 which in turn interferes with the steroidogenic gene transcription and/or their 

degradation. Since we used a CMV promoter-drived vector to overexpress NR5a1/2 in 

vitro, we cannot rule out the possibility that chemerin directly regulates the activity of 

CMV promoter.  

As an ovarian paracrine/autocrine factor, chemerin could not only regulate 

granulosa cell steroidogenesis but also play a role in the control of follicular growth and 

atresia. A recent paper indicated an inhibitory role of chemerin in IGF-induced thymidine 

incorporation in human luteinzed granulosa cells (Reverchon et al., 2012). Our 

unpublished data demonstrate that chemerin inhibits the basal and FSH-induced rat 

preantral follicle growth and reduces the level of GDF9 (Kim et al., 2013), an oocyte-

specific molecule known to promote preantral follicle growth, increase thecal cell DNA 

synthesis and suppress apoptosis (Hayashi et al., 1999; Orisaka et al., 2009; Orisaka et 

al., 2006; Vitt et al., 2000). In addition, chemerin has also been shown to induce 

granulosa cell apoptosis, possibly via downregulating Akt phosphorylation and XIAP 

expression (Kim et al., 2013). These findings extend the role of chemerin as a 

paracrine/autocrine regulator of ovarian function. 
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7.3  Prohibitin as a regulator of granulosa cell fate  

While PHB is functionally associated with multiple cellular processes such as 

cell-cycle regulation, proliferation, apoptosis and differentiation (Jupe et al., 1995; 

McClung et al., 1995; Roskams et al., 1993), studies on its functions in the ovary are 

limited. PHB is known to inhibit apoptosis in undifferentiated granulosa cells by reducing 

cytochrome c release and caspase-3 activation (Chowdhury et al., 2011; Chowdhury et 

al., 2007). By comparing undifferentiated and differentiated granulosa cells, we have 

demonstrated the follicular stage-dependent role of PHB in the regulation of granulosa 

cell apoptosis. Our findings also indicate that PHB is a potential mediator of the chemerin 

action and suppresses FSH-induced steroidogenesis, which is attenuated by constitutively 

active Akt. These observations raise an interesting possibility that PHB may play an 

important role in determining the fate of the granulosa cells as the follicles transition 

from the preantral to early antral stage. However, the mechanism by which the function 

of PHB is switched between proliferation, apoptosis and differentiation is unclear.  

Besides its direct role in caspase-3 activation and cytochrome c release from 

mitochondria in response to apoptotic stimulus (Chowdhury et al., 2007), PHB also 

serves as a co-activator or co-repressor of various transcriptional factors, such as p53 and 

E2F1, and modulates the apoptotic gene expression in cancer cells (Choi et al., 2008; 

Fusaro et al., 2003; He et al., 2008). The evidence that PHB binds to NR5a1/2 suggests a 

possible mechanism by which PHB regulates FSH-induced steroidogenesis in granulosa 

cells. Additionally, two negative co-regulators Dax-1 and SHP have been shown to 

suppress the transcriptional activity of NR5a members (Fayard et al., 2004; Lee and 
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Moore, 2002; Saxena et al., 2007). It is possible that PHB may also interact with these 

regulators and interfere with the transcriptions of key steroidogenic enzymes. Further 

experiments, using IP assay and site mutagenesis, will be useful to test this possibility.  

It is well known that PI3K/Akt pathway is activated by gonadotropins and growth 

factors and plays a critical role in the regulation of proliferation, apoptosis and 

differentiation (Alam et al., 2004; Hu et al., 2004; Johnson et al., 2001; Zeleznik et al., 

2003). Although phosphorylation of PHB by Akt (at Thr) and insulin receptor (at Tyr) 

has been reported in adipocytes and pancreatic cells (Ande et al., 2009a; Han et al., 

2008), PI3K/Akt inhibitor does not block the phosphorylation of PHB in granulosa cells 

(Chowdhury et al., 2012), suggesting that PHB is not a substrate for PI3K/Akt and its 

phosphorylation may be mediated by other kinases. In the present study, we observed that 

PHB and Akt regulate each other. Overexpression of A-Akt reduced PHB content and 

knockdown of PHB increased the level of phospho-Akt (Ser
473

) in granulosa cells. The 

latter observation is in agreement with the findings that exogenous PHB decreases 

insulin-induced phospho-Akt (Ser
473

 and Thr
308

) levels in adipocytes and MCF-7 cells, 

while overexpression of mutant Tyr
114

Phe of PHB abolishes the suppression (Ande et al., 

2009a; Ande and Mishra, 2009). As Akt is a major signaling molecule involved in many 

cellular processes, the negative regulation ofAkt phosphorylation by PHB may contribute 

to the multiple functions of PHB. In addition, a positive regulatory loop between PHB 

and MEK-1 has been suggested since PHB is required for MEK1 activity, while serving 

as a potential target of MEK1 (Chowdhury et al., 2012). These regulatory loops, whether 

positive or negative, may represent a common mechanism for the precise control of PHB 

in the regulation of multiple cellular processes. 
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7.4 DHT-treated rats as an effective model for the study of polycystic 

ovarian syndrome 

A range of animal models has been developed using various inducers to 

investigate the cellular and molecular mechanisms in the etiology of PCOS (Abbott et al., 

1998; Beloosesky et al., 2004; Brawer et al., 1986; Dumesic et al., 2005; Kafali et al., 

2004; Lee et al., 1998; Manneras et al., 2007; Quandt and Hutz, 1993). However, none of 

the current models could ideally reproduce all the phenotypes of PCOS. The recently 

established DHT-treated PCOS model displays many ovarian and metabolic features of 

PCOS (Manneras et al., 2007). Low frequency physical exercise of these rats enhances 

insulin sensitivity, modulates adipose tissue gene expression and improves the metabolic 

disturbances (Manneras et al., 2008), indicating that the first choice of weight loss in the 

treatment of human PCOS also applies to that of DHT-treated rats.  

In the present study, DHT-induced rat PCOS model was used in our studies and it 

exhibited increased body weight gain, disrupted estrus cyclicity and insulin resistance 

(Hossain et al., 2013), which were consistent with an earlier report (Manneras et al., 

2007). With regard to the steroidogenic capability of PCOS ovaries, we have demon-

strated a reduced expression of steroidogenic enzymes and increased responsiveness of 

granulosa cells to FSH in DHT-treated rats. In addition, reduced ovarian sizes in DHT-

treated rats were normalized upon gonadotropin administration in vivo (Hossain et al., 

2013), implying that the follicle growth arrest in PCOS is gonadotropin-responsive. As 

shown in Table 7.1, many features are in good agreement with the clinical phenotypes in 

PCOS subjects, with a few exceptions.  
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The reduction of ovarian size in DHT-treated rats is a commonly observed 

phenomenon in androgenized and estrogenized rodent models, which differ from the 

human phenotype. Investigation of ovarian morphology in these rats demonstrated lack of 

follicular fluid, loss of granulosa cells and shrinkage of antral follicles, which are 

associated with the reduction of cytoskeleton proteins (Kim et al., 2013). These may 

account for the smaller ovarian size of DHT-treated rats.   

Plasma testosterone and DHT levels in DHT-treated rats are similar to those in 

controls. One possible explanation of this is that the exogenous administration of DHT 

might have reduced endogenous androgen production, as demonstrated by Cooper et al. 

that androgen injections in men reduce endogenous androgen production (Cooper et al., 

1998). Another possibility is that the excess androgens could have been sequestered in 

the fat pads (Azziz, 1989; Feher and Bodrogi, 1982), as these DHT-treated rats are obese.   

Despite these inconsistencies, our findings provide additional information that 

extends the work of Manneras et al, especially the reproductive phenotype, indicating 

that DHT-treated rat model is a useful model for PCOS. The application of this model 

will facilitate future investigations into the molecular and cellular basis of PCOS, 

exploiting gene manipulation approaches in vitro and in vivo. 

 

7.5 Chemerin and prohibitin as potential contributors of polycystic 

ovarian syndrome 

Since human PCOS normally presents with arrested follicle growth, dysregulated 

steroidogenesis and insulin resistance, our studies of the roles of chemerin and PHB in 

the ovary have provided evidence linking these molecules to PCOS. The present study 
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has demonstrated that the elevated serum chemerin level and increased ovarian 

expression of chemerin, CMKLR1 and PHB in DHT-treated rats are associated with the 

reduced steroidogenic enzyme expression, suggesting their potential involvement in the 

dysregulation of steroidogenesis in PCOS. This is supported by our in vitro data that both 

chemerin and PHB suppress FSH-induced steroid production and steroidogenic enzyme 

expression (Wang et al., 2012; Wang et al., 2013).  

Recent reports indicate that the cystic follicles display a weak proliferation rate 

and low apoptosis frequency in rat, bovine and porcine (Isobe and Yoshimura, 2007; 

Salvetti et al., 2009; Sun et al., 2012), which maintains a static condition without 

degeneration and results in the slow or arrested follicular growth. It is known that PHB is 

an anti-proliferation and anti-apoptotic factor in various cell types (including our data) 

(Chowdhury et al., 2011; Jupe et al., 1996; McClung et al., 1989) and chemerin inhibits 

basal preantral follicle growth in vitro (Kim et al., 2013). These data, together with the 

increased ovarian expression of chemerin and PHB in DHT-treated rats, suggest a 

possible contribution of the two molecules in the formation of follicle cysts, although this 

notion requires confirmation.  

Chemerin and PHB are involved in the regulation of adipogenesis and glucose 

metabolism. They promote adipocyte differentiation (Goralski et al., 2007; Liu et al., 

2012a) and inhibit insulin-stimulated glucose uptake and/or Akt phosphorylation in 

skeletal muscle cells and adipocytes (Ande and Mishra, 2009; Becker et al., 2010; 

Kralisch et al., 2009; Sell et al., 2009). As chemerin level increases in DHT-treated rats 

and in PCOS subjects, it is possible that it may contribute to the metabolic phenotypes 

such as obesity and insulin resistance. In addition, we cannot rule out the potential 
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involvement of other adipokines, such as TNF-α, IL-6 and adiponectin, which are known 

to regulate insulin sensitivity (Hillenbrand et al., 2012; Pedersen and Febbraio, 2007). 

 

7.6 Future directions 

Manipulation of chemerin and PHB genes in vivo 

We have examined the reproductive phenotypes of DHT-treated rats and 

demonstrated the dysregulation of steroidogenic features in ovarian cells. Increased 

ovarian levels of chemerin and PHB in DHT-treated rats indicate their potential 

involvement in the etiology and pathogenesis of PCOS. To further investigate this 

possibility, gene manipulation in follicles collected from DHT-treated rats with 

adenoviral-shRNA targeting chemerin or PHB could be an effective strategy using our in 

vitro follicle culture system. The steroidogenic capability of these follicles after 

knockdown of chemerin or PHB could be assessed. The improvement of follicle steroid-

genesis after gene knockdown would support the notion that chemerin and/or PHB 

contribute to the dysregulation of follicle differentiation in DHT-treated rats. 

Moreover, the ovary-specific conditional knockout system has been used to 

investigate the functions of various genes involved in follicle growth and steroidogenesis, 

such as NR5a1 and smad4 (Jeyasuria et al., 2004; Pangas et al., 2006). The depletion of 

chemerin and/or PHB gene by conditional knockout in the ovary could be performed to 

explore the phenotypes of these animals and their ovarian steroidogenic capability. These 

studies will facilitate the understanding of the roles of chemerin and PHB in the ovary.   

 

 



147 

 

Clinical studies 

While the DHT-treated rat model provides a mechanistic insight into the patho-

physiology of PCOS, these findings need to be validated in human. This study should be 

extended to clinical investigation in order to examine the association of chemerin with 

PCOS and/or obesity. As chemerin in the circulation may come from different sources, 

including adipose tissue, liver, ovary etc., analysis of chemerin levels in follicular fluid 

may be more reflective of the dysregulated growth and function at the follicle level in 

PCOS. A recent study has reported the presence of chemerin in human follicular fluid 

(Reverchon et al., 2012). The relationship between chemerin and the reproductive and 

metabolic parameters related to PCOS and obesity (such as sex hormone levels, sex 

hormone binding globulin, and free androgen index) could be analyzed. These studies 

would validate the mechanistic findings carried out in the rodent PCOS model and 

provide important physiologic and pathophysiologic insights into PCOS. 

As insulin resistance is a common feature in PCOS women, treatment with 

insulin-sensitizing agents improves the manifestation of hyperandrogenemia and restores 

ovulation (Dunaif, 1997; Katsiki and Hatzitolios, 2010). As the serum chemerin levels 

decrease in metformin-treated PCOS subjects (Tan et al., 2009), it will be of interest to 

investigate the relationship between chemerin and ovarian dysfunction in PCOS 

following metformin treatment. Follicular fluid levels of chemerin and steroid hormone 

as well as follicle growth could be examined in PCOS subjects before and after 

metformin treatment to shed light on these relationships. Granulosa cells could be 

analysed for steroidogenic enzyme expression. If metformin treatment decreases the 

chemerin levels in follicular fluid and restores the steroidogenic capability of granulosa 
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cells, it will offer additional insights in the involvement of chemerin in the etiology of 

PCOS. 

 

7.7 Conclusions 

This thesis demonstrates two novel regulators in follicular development and 

steroidogenesis and provides significant insights into the cellular and molecular 

mechanisms involved in the regulation of folliculogenesis and the development of PCOS. 

Specifically, we have demonstrated that chemerin and PHB negatively regulate FSH-

induced steroid production and steroidogenic enzyme expression. The inhibitory role of 

chemerin is via decreasing NR5a1/2-mediated transcription. PHB is a potential intracellu-

lar mediator of chemerin action and plays an important role in granulosa cell apoptosis 

and steroidogenesis. Using a rodent PCOS model, we present the evidence for the 

potential involvement of chemerin and PHB in PCOS.  

Taken together, these findings improve our understanding of granulosa cell fate 

regulation and ovarian follicle growth, and provide important clues for the investigation 

of etiology of PCOS. A better understanding of the ovarian function and PCOS would 

ultimately facilitate the development of new treatment strategies for this complex 

syndrome.  
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