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Chapter 6
To elucidate mechanism underlying insulin and
steroidogenic signalling in insulin resistant and non-insulin
resistant human luteinized granulosa cells.

6.1 Introduction

Polycystic ovarian syndrome (PCOS) is the most common endocrine disorder among women of
reproductive age and is frequently associated with infertility in women. Poly cystic ovaries may
be observed in anovulatory women, ovulatory women and at times in women with regular
menstrual cycles attending in vitro fertilization clinics (Almahbobi et al. 1996). The statistics by
National Women’s Health Information Centre (NWHIC) quotes about 5-10% of women of child
bearing age (20-40) to have PCOS. The disorder was first reported by Stein and Leventhal in
1936 in a small population of overweight women. PCOS is a heterogeneous disorder with
variable features such as 1. Clinical or biochemical hyperandrogenism, 2. Chronic anovulation 3.
PCO after exclusion of disorders of pituitary, ovary or the adrenal that could present in a manner
similar to PCOS (Fig. 6.1) (Diamanti-Kandarakis and Dunaif 2012).

Hyperandrogenism

Figure 6. 1: The diagnostic criteria for PCOS includes
two or more of these features. (Diamanti-Kandarakis and
Dunaif 2012).

Polycystic
Ovaries

Considering these as the diagnostic features, PCOS was given several phenotypes by different
groups such as National Institute of Child Health and Development (NICHD), Rotterdam and
Androgen Excess Society (AES) which accounted for its increased prevalence from 10 to 20%
globally, including India where the numbers have doubled in last 10 years (Azziz et al. 2009;
Diamanti-Kandarakis and Dunaif 2012). Apart from being a gynaecological disorder, PCOS is
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now accepted to have several metabolic problems amongst which insulin resistance (IR) is one of

the most significant metabolic aberration (Ergen et al. 2012).

The prevalence of IR in the general population is 10-25%, whereas in PCOS it is approximately
60-70% (Marshall and Dunaif 2012). Approximately, 20-50% of the women with PCOS are
normal weight or are lean, and the pathophysiology of the disorder in these women differs from
that in obese women (Verit and Erel 2008). Similarly 70-80% of obese PCOS (BMI >30) and
20-25% lean PCOS (BMI<25) are IR, and the pathophysiology of the disorder in these women
may differ from that in non - insulin resistant PCOS (PCOS-NIR) (Marshall and Dunaif 2012).
Continued with these facts, the Rotterdam criteria has also considered anovulatory women with
normal androgen levels and PCO as a distinct phenotype of PCOS. In this group of women
insulin sensitivity was observed to be normal (Azziz et al. 2009). According to the NIH criteria,
IR is a common and not universal feature of PCOS and seems to be in the range of lesser
common findings in the additional phenotypes of PCOS diagnosed using the Rotterdam criteria
(Marshall and Dunaif 2012). Many studies in literature have demonstrated IR in both obese as
well as lean PCOS women. On the other hand, several studies have revealed normal insulin
sensitivity in PCOS and lean PCOS women using the gold standard ‘“hyperinsulinemic
euglycemic clamp” when compared to reproductively normal control women (Marshall and
Dunaif 2012). Only one study in the literature has reported anthropometric and endocrine
differences between IR and NIR women with PCOS and has further demonstrated
hyperinsulinemia to accompany PCOS-IR patients with hyperandrogenemia (Meirow et al.
1996). Taking this into account it is an intriguing problem to unravel signalling mechanisms
underlying PCOS —IR and NIR conditions and furthermore to evaluate candidate molecules for
characterizing the defect and designing appropriate therapy. Thus human luteinized granulosa
cells (hLGC’s), harvested from follicular aspirates obtained at egg collection for in vitro
fertilization (IVF), provide a practical model for studying insulin and steroidogenic action
(Richardson et al. 2005). Thus in the present chapter we investigated insulin receptor-p (INSR-B)
at first to classify them as IR and NIR and then evaluated expression of proteins involved in
insulin and steroidogenic signalling, expression of genes involved in IGF system, along with

steroid hormone levels in follicular fluid.
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6.2 Experimental Design
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6.3 Results

6.3.1 Characterization of IR in granulosa cell and assessment of viability

Granulosa cells from individual PCOS follicular fluid samples were isolated and analysed for
expression of INSR-B. The samples having down regulation of INSR- were segregated as
PCOS-IR, and rest having expression of INSR-f similar to that of control as PCOS-NIR. The
control, PCOS-IR and PCOS-NIR granulosa cells were analysed for their viability by trypan blue
exclusion dye. The viability of luteinized granulosa cells was significantly decreased in PCOS-
IR ( P <0.001) as well as PCOS-NIR (P < 0.05) group, however the decrease was much more
significant in PCOS-IR group (P < 0.01) as compared to PCOS-NIR (Fig.6.2).
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6.3.2 Insulin signalling is altered in PCOS-IR and PCOS-NIR

To explore the in depth mechanism of insulin signalling in control, PCOS-IR and PCOS-NIR
hLGC'’s, the protein expression of p-IRS (307), PI(3)K, p-Akt, PKC-{, ERK1/2,pP38MAPK and
PPAR-y was analyzed by western blot. Along with down regulated protein expression of INSR-
B; downstream candidate proteins such as PI(3)K, p-Akt and PKC-( also showed significant
decrease (P < 0.05 and P < 0.01) in PCOS-IR group as compared to control and PCOS-NIR
group. PCOS-IR and PCOS-NIR showed significant increase (P < 0.05) in expression of ERK1/2
and pP38MAPK as compared to control group. The results demonstrated elevated protein
expression of p-IRS (307) (P < 0.05) in PCOS-IR group as compared to PCOS-NIR and control.
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Significant increase was observed in protein expression of PPAR- vy in PCOS-IR (P < 0.01) and
PCOS-NIR (P < 0.05) as compared to control group (Fig: 6.3).
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Figure 6. 3: Expression of insulin signalling proteins in control, PCOS-IR and PCOS-NIR. A) Western blot B)
Densitometry " P < 0.05, ™ P < 0.01 vs. control. # P < 0.05, # P < 0.01 vs. PCOS-IR. n=30 control, 24 PCOS-IR, 15
PCOS-NIR (20 pg protein).

N
h

expression

-
1

Relative protein

6.3.3 Fat metabolism genes are altered in PCOS-IR
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mentioned earlier PCOS is associated with several metabolic disturbances, we dissected whether
any difference in fat metabolism exists in PCOS IR group as compared to PCOS NIR. Thus the
expression of fatty acid metabolism genes namely SREBP1c, FAS, ACC-1 and CPT-1 were
analysed by real time PCR. The results demonstrated that there was a significant increase in
MRNA expression in SREBP1c, FAS, ACC-1 and CPT-1 in PCOS-IR as compared to control
(*** P < 0.001, ** P < 0.01) and PCOS-NIR (**P < 0.01) group. The results clarified that fatty
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acid synthesis and oxidation was in PCOS-IR condition as no change in these candidate genes

were observed in NIR group as compared to control (Fig: 6.4).

6.3.4. Expression of steroidogenic genes and proteins is altered in PCOS-IR and NIR
Altered steroid hormone levels are the major culprit for the development of PCOS. Thus to
elucidate further, expression of steroidogenic genes and proteins expression mainly of StAR,
CYPI1ALl, 3B-HSD, CYP19A1 and 17B-HSD were analysed by real time PCR and western blot
respectively. Significant decrease was observed in mRNA of StAR (P < 0.05) and protein of
StAR (P < 0.01 and P < 0.05) in PCOS-IR as well as PCOS-NIR as compared to control.
However CYP11A1 mRNA and protein demonstrated significant increase (P < 0.05, P < 0.01)
and (P < 0.001, P < 0.01) respectively in PCOS-IR compared to PCOS-NIR and control. There
was a down regulation in 17p-HSD and 3p3-HSD mRNA (P < 0.05) as compared to control in
both the groups along with decrease in protein expression (P < 0.001). Significant decrease (P <
0.01) was also observed in mRNA and protein expression of CYP19A1 in PCOS-IR and PCOS-
NIR groups as compared to control (Fig: 6.5).
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Figure 6. 5: Expression of genes and proteins involved in steroidogenesis in control, PCOS-IR, PCOS-NIR. A.
MRNA expression B. Western blot study using B- actin as endogenous control C. Densitometry analysis. *** P <
0.001, ** P < 0.01, * P < 0.05 vs. control, ¥ P < 0.001, # P <0.01, # P < 0.05 vs. PCOS-IR. n=30 control, 24
PCOS-IR, 15 PCOS-NIR.
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6.3.5 Steroid hormones are altered in follicular fluid from PCOS-IR and PCOS-NIR
Alterations in the level of steroid hormones were determined and it was observed that estradiol
did not reveal any significant difference between control, PCOS-IR and PCOS-NIR groups.
However a considerable decrease (P < 0.01) was observed in progesterone concentration in
PCOS-IR group as compared to control and PCOS-NIR group, with a significant increase (P <
0.01 and P < 0.05) in the levels of testosterone in PCOS-IR group as compared to control and
PCOS-NIR respectively (Fig:6.6).
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Figure 6. 6: Steroid hormone concentration in follicular fluid aspirates. A. estradiol, B. progesterone and C.
testosterone. ™ P < 0.01 vs. control, @ P < 0.05 vs. PCOS-IR. n=30 control, 24 PCOS-IR, 15 PCOS-NIR

6.3.6 MRNA expression of FSH-R and LH-R are altered in PCOS-IR and NIR
Gonadotropin receptors also play an important role in steroidogenesis. After observing
significant decrease in steroidogenic proteins, gene expression of FSH-R and LH-R was analysed
by quantitative real time PCR. The analysis revealed significant increase (P < 0.01 and P <
0.05) in FSH-R and (P <0.001 and P < 0.05) LH-R in PCOS-IR and PCOS-NIR respectively as
compared to control. (Fig: 6.7).
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Figure 6. 7: Expression of FSH-R and LH-R genes
in PCOS-IR and PCOS-NIR. *P < 0.05, ***P <
0.001 vs. control. n=30 control, 24 PCOS-IR, 15
PCOS-NIR.
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6.3.7 Insulin like growth system (IGF) is altered in PCOS-IR and NIR

IGF signalling is known to be altered during PCOS condition however its status in PCOS with
and without IR is not clear. Hence IGF-1, IGF-2 and their receptors IGF-1R and IGF-2R were
analysed in hGLC’s of PCOS-IR and PCOS-NIR by gRT-PCR. There was a remarkable down
regulation of IGF-1 (P < 0.05) in PCOS-IR whereas IGF-2 demonstrated significant increase (P
< 0.05) in PCOS-IR group. However when analysed for the gene expression of its cognate
receptors there was a marked up regulation in PCOS IR group as compared to that of PCOS NIR
and control group (Fig: 6.8).
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Figure 6. 8: Expression of IGF’s and their receptors in PCOS-IR and PCOS-NIR. A. IGF-1 and IGF-1R and B.
IGF-2 and IGF-2R *P < 0.05, **P < 0.01 vs. control. ns= non significant. n=30 control, 24 PCOS-IR, 15 PCOS-
NIR.

6.4 Discussion

Over production of androgens and insulin resistance have synergetic effect in many PCOS
women contributing to the alteration of functions in several tissues, including granulosa cells.
This leads to change in the expression of proteins related to tissue homeostasis, intracellular
steroid bioavailability. It has also been described that hyperinsulinemia in PCOS could possibly
be due to defects in the expression and/or activity of proteins downstream from the insulin
receptor. Thus, understanding granulosa cell death and protein expression in insulin and
steroidogenic signalling in PCOS-IR and PCOS-NIR patients could help expand knowledge
about reproductive failure observed in the majority of these cases. Granulosa cells are the major
somatic cells that are involved in steroidogenesis, apoptosis and provide nutrition for the
development of oocyte. Several studies have reported decrease in granulosa cell viability in

PCOS (Niu et al. 2014). Drastic decrease in granulosa cell viability in PCOS-IR group as
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compared to PCOS-NIR group in the present study could be co related to down regulated INSR-

B leading to decreased survival and increased apoptosis in PCOS-IR.

Presence of hyperinsulinemia in PCOS-IR but not in PCOS-NIR has been reported earlier which
could possibly be due to some defect in proteins downstream from the INSR-p (Dunaif 1997;
Schinner et al. 2005). Thus, in the present study we opted to understand the protein expression of
insulin signalling cascade in PCOS-IR and PCOS-NIR patients. Insulin mediates its actions via
three major pathways: the PI-3K pathway, implicated in the metabolic effects of insulin; the
MAPK pathway, responsible for the mitogenic effects of insulin; and the PKC pathway
(Baillargeon and Nestler 2006). To better understand insulin activity in these cells, in the present
investigation at first on the basis of down regulation of INSR- B in hLGC’s, PCOS were
segregated as PCOS-IR and PCOS-NIR following which proteins that participate in the
downstream insulin signalling pathway, specifically p-IRS (307), PI(3)K, p-Akt, PKC{, pP38
MAPK, ERK1/2 and PPARy were evaluated between control, PCOS-IR and PCOS-NIR
hLGC'’s. Activation of these signaling proteins leads to translocation of GLUT-4 from cytoplasm
to membrane thus helping in glucose uptake by the cell during folliculogenesis. Decreased
expression of IR-B, PI(3)K, p-Akt and PKC{ along with increase in p-IRS (307) in PCOS-IR
group suggested a lowered GLUT4 vesicle translocation to the cell periphery, eventually leading
to a deficient glucose entering into the cell as compared to control groups. Further in PCOS-
NIR cells where, expression of IR-B, PI(3)K, p-Akt, PKC( and p-IRS (307) were unchanged as
compared to control group confirmed the findings of the literature that their activation was not
mandatory for ovarian steroidogenesis thus explaining a post insulin binding divergence of IR-f
signalling and possibility of other pathways playing role in steroidogenesis (Poretsky et al.
2001).

In the present study increase in expression of pP38 MAPK and P44/42 MAPK was observed in
both PCOS-IR and PCOS-NIR groups as compared to control suggesting roles of other stimuli.
Osmotic shock, inflammatory cytokines, heat shock, oxidative stress etc overexpress pP38
MAPK and ERK pathways upregulating thioredoxin-interacting protein (TXNIP) thus
contributing to an increase in reactive oxygen species in PCOS-IR and PCOS-NIR which can be
responsible for decreased viability (Evans 2007; Lin et al. 2009; Ito et al. 2010; Seto-Young et
al. 2011; Kaur et al. 2012). Studies have revealed constitutive activation or involvement of

various other hormones in the MAPK-ERK pathway for contributing to resistance to insulin’s
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metabolic actions in PCOS-IR by increasing ser/thr phosphorylation (Corbould et al. 2006; Lin et
al. 2009; Tee and Miller 2013). Other than these activation of p38MAPK functions as the
mediator for GnRH-stimulated Lhb promoter activity, thus explaining the mechanism by which

granulosa cells would be undergoing premature luteinisation in PCOS (Sharma et al. 2011).

Granulosa cells play a pivotal role in uptake of cholesterol, fatty acids and other lipids, many of
which act as substrates for developing oocyte and steroid synthesis after luteinization. Insulin
performs these important aspects through the transcription factors such as PPAR-y, sterol
regulatory element binding protein 1c (SREBP1c), fatty acid synthase (FAS), carnitine
palmitoyltransferase-1 (CPT-1) and acetyl coA carboxylase (ACC-1) whose expression in human
granulosa cells support the existence of lipogenic and lipolytic activity in them. (Shimomura et
al. 1997; Christenson et al. 2001; Richardson et al. 2005). In the present study we observed up
regulation of protein expression of PPAR-y accompanied by up regulation in SREBP1c, FAS,
CPT-1 and ACC genes in PCOS-IR group as compared to control and PCOS-NIR. The increase
in SREBP1c is supported by the fact that in liver despite of insulin resistance, high circulating
insulin continues to stimulate SREBP-1c in liver, the same paradigm might be responsible for
IR granulosa cells as well leading to over production of fatty acids. Also due to the shift from
normal situation to IR, the isoform SREBP1c precedes SREBPla in human granulosa cells
ultimately hindering the up regulation of StAR promoter activity and hence limiting the transfer
of cholesterol for steroidogenesis (Christenson et al. 2001). Further, our observations for
increased expression of FAS, CPT-1land ACC imply up regulation of fatty acid metabolism.
Taken together our results indicated a major shift in hormonal balance that favours fatty acid
synthesis in granulosa cells where rather greater need appears for cholesterol production as a

substrate for steroidogenesis.

StAR protein plays first and significant step in steroidogenesis by transferring cholesterol from
outer to the inner mitochondrial membrane (Park et al. 2015). Decrease in gene and protein
expression of StAR was in line with reported literature indicating reduced gonadal
steroidogenesis (Jakimiuk et al. 2001a; Petrescu et al. 2001). CYP11A1 is the key enzyme that
intitiates the rate limiting step in steroidogenesis by conversion of cholesterol to pregnenolone
and 3 B-HSD in the biosynthesis of progesterone. In PCOS human luteinized granulosa cells the
expression of CYP11A1 is up regulated whereas that of 3 B-HSD is down regulated which is in

accordance with earlier study (Doldi et al. 2000; Jakimiuk et al. 2001b). Moreover reports have
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also unravelled that overexpression of CYP11A1 leads to defects in luteal phase development
further hampering mitochondrial production and decreasing progesterone synthesis as observed
in the present study (Chien et al. 2013). The synthesis of estradiol is dependent on CYP19A1 and
17B-HSD (Miro et al. 1995). The granulosa cells from follicular fluid samples of classic PCOS
i.e irrespective of insulin resistance, are hyper responsiveness to LH rose their proliferating
capacity by undergoing luteinisation and restricting the growth of follicle to a diameter of ~ 4-
7mm leading to absence or very low expression of CYP19A1 and 178 HSD (Jonard and
Dewailly 2004). Other than this presence of several proteins in follicular fluid such as high
molecular weight FSH receptor binding inhibitor, inhibin-a subunit precursor, insulin-like
growth factor binding proteins (IGFBPs), epidermal growth factor (EGF), tumour necrosis
factor-a (TNF-a) and 5a-androstane-3,17-dione reflect that the physiological microenvironment
in follicles from polycystic ovaries inhibit the expression of CYP19A1 mRNA as observed in
both the groups of PCOS in the present study (Jakimiuk et al. 1998).

Steroid hormones in the follicular fluid play an important role in the physiology of follicular
growth, oocyte maturation and ovulation (de Resende et al. 2010). Estradiol is important for
follicular growth whereas progesterone plays an important role in maintenance of pregnancy. In
the present study estradiol concentrations were not different as compared to any of the PCOS
types whereas decrease in concentration of progesterone was demonstrated in PCOS-IR as well
as PCOS-NIR group as compared to control with less significant decrease in PCOS-NIR. In the
follicles, the periovulatory period shifts the steroidogenic mission of the Graffian follicle from
estrogenic synthetic tissue to predominantly progesterone synthetic tissue leading to recruitment
of paracrine/endocrine factors. Growth Differentiation Factor -9 (GDF-9) and Bone morphogenetic
protein (BMP-15) are oocyte derived factors and inhibit progesterone production induced by
FSH and 8-bromo-cAMP in granulosa cells during controlled hyper stimulation in IVF reported
to be highly expressed in oocytes of PCOS patients undergoing COH during IVF (Otsuka et al.
2000; Yamamoto et al. 2002; Zhao et al. 2010; de Resende et al. 2012).Testosterone levels
proved to be very high in PCOS-IR group which is attributed to reduced CYP19A1 activity that
leads to piling up of the androgens thus confirming previous theories of association of

hyperandrogenism with hyperinsulinemia (Meirow et al. 1996).

The gonadotropin receptors, FSH-R and LH-R play a significant role in folliculogenesis and

ovulation respectively. Their polymorphic variants observed in PCOS are strongly associated
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with its clinical features such as increased levels of gonadotrophic hormones and the presence of
hyperandrogenism thus leading to severity of the disorder (Valkenburg et al. 2009). In the
present study increase in FSH-R and LH-R along with downregulation of most of the
steroidogenic proteins, ultimately decreasing progesterone synthesis in PCOS-NIR group
indicate intrinsic defect in steroidogenesis. Moreover studies in literature have demonstrated
increased LH/FSH ratio in normo insulinemic PCOS patients (Li et al. 2010). This finding along
with our findings for PCOS-NIR group indicate that the dysfunction in PCOS-NIR might be at
the level of hypothalamus-pituitary. Further studies in literature have demonstrated normal
LH/FSH ratio in hyper insulinemic PCOS patients (Li et al. 2010). This finding along with our
findings of decreased insulin signalling and steroidogenic signalling in PCOS-IR group indicate
that the dysfunction might be caused by metabolic disorder. (Legro et al. 1998; Li et al. 2010).

After observing for the effect of IR on insulin, fat metabolism and steroidogenic signalling, we
further expanded our studies to IGF system which plays an important role in the development of
preantral to preovulatory follicles and apoptosis (Silva et al. 2009). In human granulosa cells
IGF-1I plays a significant role as against IGF-1 in folliculogenesis and embryonic development.
Hyperinsulinemia accompanying IR suppresses hepatic insulin like growth binding protein
(IGFBP-1) production thus increasing the bioavailability of IGF-11 and IGF-1R as observed in
PCOS-IR group in the present study. The increase in IGF-11 peptide disrupts the folliculogenesis
and up regulation of IGF-1R further stimulates differentiation in granulosa cells thus contributing
to the pathogenesis of syndrome (Mantzoros 2006; Mehta et al. 2013; Livingstone and Borai
2014). Increase in IGF-II peptide up regulates IGF-2R which in turn sequesters IGF-II for
internalization limiting the activation of IGF1R and INSR- by IGF-2 peptide thus inhibiting the
growth of granulosa cells as observed in the present study in PCOS-IR and PCOS-NIR patients
(Spicer and Aad 2007; Brown et al. 2008; Kaur et al. 2012).

Summarizing the results, PCOS-IR group demonstrated decrease in insulin signalling proteins
related to metabolism, genes involved in fatty acid metabolism and steroidogenesis as against
PCOS-NIR group where only steroidogenesis showed a decrease. Increased testosterone levels
increased presence of hyper androgenism in both the groups. In conclusion, prevalence of
hyperinsulinemia and hyperandrogenemia in PCOS-IR and intrinsic ovarian defects
accompanied by defects at defects at hypothalamus and pituitary ultimately would affect the

oocyte growth and quality (Fig. 6.9).
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Figure 6. 9: Schematic figure showing difference in signalling between control, PCOS-IR and PCOS-NIR
luteinized granulosa cells.
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