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Abstract 
Poly-Cystic Ovary Syndrome (PCOS) is the most prevalent endocrine disorder, characterized by hyperandrogenism and 
hyperinsulinemia, both at systemic and ovarian levels. This study investigated the synergistic effect of hyperinsulinemia and 
hyperandrogenism on the regulatory mechanism of ovarian steroidogenesis using Luteinized Granulosa Cells (LGCs). LGCs were 
isolated from 40 weaning female Charles Foster rats by superovulation by PMSG and characterized for purity and stability in 
modified DMEM: F12 media. The isolated cells were divided into following groups- control, hyperinsulinic group (0.1-2 mIU/
mL of insulin), excess androgen (10-100 ng/mL of DHT) and combination of both. One-way ANOVA was performed with a 
Bonferroni post-hoc test. Results demonstrate that the LGCs exhibit reduced expression of FSHR and CYP19A and increased 
expression of LHR, StAR and CYP17A1 at 72 hours. There was reduction in cell viability of LGCs when induced with hyperinsulin 
and hyperandrogen doses individually or in combination.0.1 mIU/mL of insulin and 50 ng/mL of DHT in combination were the 
minimum effective dose in inducing PCO like ovarian microenvironment in the primary culture of LGCs. There was exaggerated 
androgen biosynthesis, reduced progesterone secretion and non-significant change is estradiol levels in the LGCs. The abnormal 
steroidogenesis can be attributed to upregulation of key genes such as StAR, CYP17A1, AMH and SREBP1-c and down-regulation 
of genes like CYP19A1, HSD3B2, IGFBP1 and SHBG. This model can be used to study downstream signaling pathways involved 
with dysregulated ovarian microenvironment as observed in PCOS at cellular level and for screening of drug targets for such 
pathological conditions.
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1. Introduction
Poly-Cystic Ovary Syndrome (PCOS) is defined by the 
presence of polycystic ovaries, chronic anovulation and 
hyperandrogenism, leading to metabolic syndrome and 
infertility. Pathological etiologies of this syndrome are 
extremely complex as there is link between the intrinsic 

Keywords: Hyperinsulinemia, Hyperandrogenemia, Luteinized Granulosa Cells, Polycystic Ovary Syndrome, Primary Culture, 
Steroidogenesis

Original Research

and extrinsic factors further leading to complication of 
hyperandrogenemia and hyperinsulinemia1. It is reported 
that women suffering from PCOS exhibit selective insulin 
resistance, i.e., they have defective insulin signaling 
due to enhanced insulin receptor (IR) and insulin 
receptor substrate-1(IRS-1) serine phosphorylation2. 
Also, there is excess insulin production in these women 
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due to hyper secretion of Luteinizing Hormone (LH), 
thereby, stimulating IR and Insulin like growth factor 1 
receptor (IGFR1) further leading to perturbed ovarian 
steroidogenesis3. The serum levels of insulin are increased 
in PCOS women4 along with an increase in the follicular 
fluid5. Hyperinsulinemia reinforces local insulin-like 
growth factor (IGF)-I activity in the ovary and, as a result, 
this induces an androgenic composition in theca cells6. 
Both increased IGF-I activity and a high androgenic 
environment appear to be involved in the ovulation 
disorder in PCOS patients7.

Another important cause of hyperandrogenism 
in PCOS is modulation of LH and over expression of 
Luteinizing Hormone Receptors /Human Chorionic 
Gonadotropin Receptor (LHR/hCGR), further rendering 
them to be hypersensitive to LH stimuli along with 
hypersecretion of androgens in theca cells8. In addition to 
this, reduction in inhibition of Gonadotropin Releasing 
Hormone (GnRH) pulse frequency by proges terone, 
promotes the development of the PCOS phenotype9. 
Recent studies have demonstrated that 65% of PCOS 
patients exhibit high titres of androgens, reduced estrogen-
to-testosterone (E2/T) ratio as well as insulin resistance 
in the follicular fluid in spite of having normal serum 
androgen levels10. Normal physiologica androgen levels 
in follicular fluid is found to be 5-20 ng/mL11, whereas 
clinical samples of PCOS patients are known to have 
10-100 ng/mL androgen levels in the follicular fluid12. The 
microenvironment of the ovary critically influences the 
follicular development and hence, it is still unclear as to 
how hyperandrogenemia and hyperinsulinemia present 
in the PCOS ovarian microenviroment synergistically 
causes ovarian dysfunction associated with PCOS. 
Therefore, it would be interesting to develop an “in 
vitro” model wherein, there is co-exposure of insulin and 
androgen, which would allow us to study independent 
as well as cross-talk events at cellular levels. The present 
study has attempted to develop an “in vitro” ovarian 
microenvironment model of PCO phenotype.

2. Materials and Methods

2.1 Chemicals
Pregnant Mare’s Serum Gonadotropin (PMSG), Insulin 
(40IU), Bovine Serum Albumin (BSA), 5-Androsten-
3b-ol-17-one sulfate sodium salt and Transferrin 

were procured from Sigma Aldrich India. DMEM: 
F12 (1:1) and Penstrep solution were procured from 
GIBCO®. Human Menopausal Gonadotrophin (HMG) 
[HUMOG®-150 IU] was procured from Bharat Serums 
and Vaccines Limited. 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), EGTA [ethylene 
glycol-bis (β-aminoethyl ether)-N,N,N',N'-tetraacetic 
acid], sucrose, trypan blue and di-methyl sulf-oxide 
(DMSO) were procured from HiMedia Laboratories Pvt. 
Ltd. Hank’s Balanced Salt Solution (HBSS) and Phosphate 
Buffered Saline (PBS) were prepared manually in the 
laboratory using the standard recipe.   Sterile cell culture 
plastic wares were procured from Corning Inc. RNAiso 
Plus was procured from Takara Inc. High-Capacity cDNA 
Reverse Transcription Kit was procured from Applied 
Biosystems. Primers for key steroidogenic and metabolic 
genes were designed by primer blast tool of NCBI and 
synthesized by INTEGRATED DNA TECHNOLOGIES 
(IDT). Hormones- testosterone, estradiol and 
progesterone were assayed using direct ELISA kits (DBC 
Canada). 

2.2 Animals
Forty weaning Charles Foster female rats were chosen 
for the study which were housed in standard controlled 
animal care facility, in cages (four rats/cage), and 
maintained in a temperature-controlled room (22-25°C, 
45% humidity) on a 12: 12-hour dark-light cycle. The 
animals were maintained under standard nutritional and 
environmental conditions throughout the experiment. All 
the experiments were carried out between 9:00 and 16:00 
hours, at ambient temperature. The CPCSEA guidelines 
were strictly followed and all the studies were approved 
by the Institutional Animal Ethics Committee (IAEC), 
Department of Biochemistry, The M. S. University of 
Baroda, Vadodara (Ethical Committee Approval Number 
(MSU/BIOCHEMISTRY/IAEC/2018/06)). 

2.3  Luteal Granulosa Cell (LGC) Isolation 
from Rat Ovaries

Forty weaning female rats were super-ovulated in batches 
of four animals, by injecting 10 I.U of pregnant mare’s 
serum gonadotropin (PMSG) subcutaneously. After 48 
hours, 50 I.U of Human Chorionic Gonadotropin (hCG) 
was injected to the animals intra-peritoneally (ip). After 
24 hours, the ovaries from four super-ovulated rats were 
excised and processed for isolation of granulosa- lutein 
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cells by the Campbell method13. In this procedure, 
ovaries were initially punctured and then incubated 
in EGTA followed by hypertonic sucrose at 37°C. The 
ovaries were then gently squeezed to release the cells 
into Hank’s Balanced Salt Solution (HBSS) and further 
centrifuged over 45% Percoll to remove RBCs. Luteal cells 
were isolated from the interface, washed 3-4 times with 
HBSS and resuspended in 1 mL of modified serum- free 
DMEM/F12 media (Media Composition: DMEM/ F12 
(1:1), 0.1% BSA, Insulin (10 ng/mL), hMG (50 ng/mL), 
5 μg/mL Transferrin, 1% Penstrep (100 U/mL Penicillin, 
100 μg/mL Streptomycin) and the cell yield was estimated 
using trypan blue exclusion method14.

2.4  Characterization of Isolated Luteinized 
Granulosa Cells

Cultures of luteinized granulosa cells were tested for cell 
type purity by analysis of the transcript abundance of key 
molecular targets such as Follicle-stimulating Hormone 
Receptor (FSHR), Luteinizing Hormone Receptor 
(LHR), Steroidogenic Acute Regulatory protein (StAR), 
Cytochrome P450 family 19 subfamily a member 1 
(CYP19A1) and Cytochrome P450 Family 17 subfamily 
A member 1 (CYP17A1). The crude cell isolates were 
counted with a hemocytometer and diluted to 1×105 
cells/ mL and cultured in 1.0 mL of modified media in 
35-mm polystyrene tissue culture treated dishes. Cells 
were collected at different time intervals of 24 hours upto 
72 hours and their RNA was extracted using RNAiso 
Plus reagent and reverse transcribed to form cDNA. The 
relative expression of the molecular targets mentioned 
above was studied by Real-time quantitative Polymerase 
Chain Reaction (qPCR). The details of RNA isolation, 
cDNA preparation, primers and Real time qPCR are 
explained below.

2.5  Culture and Development of PCOS 
Conditions in Luteinized Granulosa 
Cells Primary Culture

1×106 cells were cultured in modified serum- free DMEM/
F12 medium and the culture conditions consisted of 
humidified atmosphere of 5% CO2 and 95% air at 37⁰C 
for 24 hours. Thereafter, the cells were incubated with 
insulin [0.1 – 2 IU/mL (0.7 – 13.9 nM)] and Di-Hydro-
Testosterone (DHT) [10 – 100 ng/mL (34.4 – 344 μM)] 
treatments separately as well as in combinations for 

36 hrs. The concentrations of insulin and DHT used in 
these experiments were significantly greater than the 
concentrations present in the normal women. However, 
the concentrations used in these experiments were within 
an order of magnitude of the concentrations present in 
the patients with severe insulin resistance15. In order 
to exclude the effect of conversion of testosterone to 
estradiol, we utilized DHT, instead of testosterone, as the 
androgen for assessment of the appropriate AR action. 
At the end of the treatment period, spent medium was 
collected at different time intervals and stored at -20°C 
until assayed for hormonal content. For gene expression 
analysis, treated and control cells were lyzed for RNA 
extraction.

2. 6  Cell Viability Assay by MTT
Cells were seeded in a 96-well flat-bottom microtiter plate 
at a density of 1 × 104 cells/well and allowed to adhere 
for 24 hours at 37°C in a CO2 incubator. After 24 hours 
of incubation, the culture medium was replaced with 
a fresh medium. Cells were then treated with various 
concentrations of insulin and DHT for 36 hours at 37°C 
in a CO2 incubator. After 36 hours of incubation, the 
culture medium was replaced with a fresh medium and 
10μL of MTT working solution (5 mg/mL in phosphate 
buffer solution) was added to each well and the plate was 
incubated for 2-3 hours at 37°C in a CO2 incubator. The 
medium was then aspirated, and the formed formazan 
crystals were solubilized by adding 100μL of DMSO per 
well for 30 min at 37°C in a CO2 incubator. Finally, the 
intensity of the dissolved formazan crystals (purple color) 
was quantified using the ELISA plate reader at 570 nm 
and 620nm.

2.7  RNA Isolation and Real time qPCR
Total RNA was obtained using RNAiso Plus reagent as 
per the manufacturer’s instructions. The quantification 
was performed using NanoVue Plus spectrophotometer 
(GE Healthcare Life Sciences) at a wavelength of 260nm. 
RNA integrity was assessed by electrophoresis in a 1.2% 
agarose gel stained with ethidium bromide. Purity was 
assessed through absorption rate OD260/OD280 and 
samples showing a value less than 1.8 were discarded. The 
reverse transcription reaction to cDNA was performed 
using the High-Capacity cDNA Reverse Transcription 
Kit (Applied Biosystems) according to manufactures 
instructions. Real-time qPCR was performed using 
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QuantStudio 5 Real Time PCR system using SYBR Green 
(Power SYBR Green PCR Master Mix - Life Technologies, 
USA). All samples were run in triplicate and accompanied 
by a non-template control. Thermal cycling conditions 
included initial denaturation in one cycle of 2 min 
at 95°C, followed by 40 cycles of 15s at 95°C, 1 min at 
60°C and 1 min at 72°C. After amplification, the melting 
curves were analyzed to verify the amplification of only 
one product. The relative mRNA expression and fold 
change was calculated based on the amplification of the 
reference gene beta act in (ACTB). The primers used for 
the amplification are given in Table 1. The fold changes in 
expression levels of less than 0.5 and greater than 2 were 
considered to be biologically significant.

2.8 Measurement of Hormone Levels
Spent media were collected after giving treatments and 
lyophilized and then dissolved in Phosphate buffered 
saline. It was used as samples to estimate the testosterone, 
estradiol and progesterone levels using kit-based direct 
ELISA, procured from Diagnostics Biochem Canada 
(DBC) as per the manufacturer’s instructions. Each 
sample was assayed in duplicate. Sensitivity of the kits was 

0.022 ng/mL, 10 pg/mL and 0.1 ng/mL for testosterone, 
estradiol and progesterone kits respectively. The working 
range was 0.08 to 116.7 ng/mL, 20 to 3200 pg/mL and 0.3 
to 60 ng/mL of testosterone, estradiol and progesterone 
respectively. The intra-assay Coefficient of Variation (CV) 
was between 6.6% and 9.6%, 4.6% and 9.3% and 10.2% 
and 10.6% for testosterone, estradiol and progesterone 
kits respectively. The inter-assay CV was between 6.1% 
and 7.3%, 6.2% and 10.1% and 10.2% and 12.6%, for 
testosterone, estradiol and progesterone kits respectively. 
The recovery range was between 80.5% and 110.1%, 
90.3% and 116.2% and 78% and 124% for testosterone, 
estradiol and progesterone kits respectively.

2.9 Statistical Analysis
The values are presented as mean + standard error of 
mean in all the experiments. Statistical analysis was 
done using one-way analysis of variance followed by 
Bonferroni multiple comparison test (GraphPad Prism 
5 software, La Jolla, CA). The p values when less than 
0.05 were considered to be statistically significant at 95% 
confidence limit.

Table 1. List of primers used in the study along with the amplicon size.

Gene Accession Number Sequence (5’ →3’)
Product 
Size

Annealing 
Tempera-ture

FSHR NM_199237.1 F:ACGCCATTGAACTGAGGTTT 148 58 
R:TTGGGTAGGTTGGAGAACAC 

CYP19A1 NM_017085.2 F:CCTGGCAAGCACTCCTTATC 199 58 
R:CCACGTCTCTCAGCGAAAAT 

CYP17A1 NM_012753.2 F: ATGATCCAAAACTGACCGCC 132 60 
R:AACCCTTTATCACCTCCAAGCC 

HSD3B2 NM_017265.4 F:GGATCCTTTGCAGAGACCAG 147 58 
R:TGGAGATGCTCAGCCACA 

SHBG NM_012650.1 F:TATTCTGAGCCACTGGGT 153 60 
R:GAGCACTCTGGATAGGGTCAAT 

SREBF1-c NM_001276708.1 F: TCAGTTCCAGCATGGCTACC 174 60 
R:TGGGAAGGGGTCTCTCAGTT 

IGFBP1 NM_013144.1 F:CACAGCAAACAGTGCGAGAC 162 60 
R:GGAGGGAGGAAACAACTTTCAG 

StAR NM_031558.3 F:AGTGACCAGGAGCTGTCCTA 216 58 
R:GCGGTCCACCAGTTCTTCATA 

ACTB NM_007393 F: ACTGTCGAGTCGCGTCC 88 60 
R:TCATCCATGGCGAACTGGT 
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3. Results

3.1  Isolation and Characterization of 
Luteinized Granulosa Cells

Results demonstrate that 10.94×106 + 0.7708 cells were 
obtained when ovaries from four animals were pooled. 
The isolated cells were further cultured for 72 hours and 
their characteristics such as cell viability and molecular 
markers were analyzed upto 72 hours. Cell viability assay 
by MTT demonstrated that around 50% of luteinized 
granulosa cells (LGCs) were viable up to 72 hours 
(Figure 1). There was a time-dependent decline in the 
cell viability which was not perfectly linear. The results 
were further confirmed using trypan blue exclusion 
assay. Characterization of the isolated LGCs (Figure 
2) demonstrated the presence of FSHR and CYP19A1 
in the isolated cells up to 72 hours suggesting that the 
isolated cells were indeed granulosa cells. However, the 
expression of FSHR decreased over time, which might be 
attributed to the fact that the cells might be undergoing 
luteinization. In addition to this, there was an increase 
in the expression of LHR, StAR and CYP17A1 from 48 
hours onwards, suggesting that the isolated granulose 
cells have undergone luteinization. The LGCs are essential 
for normal oocyte development and steroid hormone 
production. Therefore, they are a good model for the 
current study.

Figure 1. Cell viability of isolated luteinized granulosa 
cells in a time –dependent manner when grown in modified 
serum free media by Trypan blue exclusion assay. The values 
are represented as Mean plus/minus SEM. N=6-8. **p<0.01, 
***p<0.0001 as compared to 0 hour. 

Figure 2. Characterization of isolated luteinized granulosa 
cells markers [A] FSHR, [B] LHR, [C] CYP19A1, [D] STAR 
and [E] CYP17A1 by estimating their transcript abundance. 
The values are represented as Mean plus/minus SEM. N=6-8. 
*p<0.05, **p<0.01, ***p<0.0001 as compared to 0 hour.

Figure 3. Cell viability assay by treating the isolated 
luteinized granulosa cells with [A] insulin doses (0.1, 0.5, 
1.0 and 2.0 mIU/mL); [B] DHT doses (10, 25, 50 and 100 
ng/mL) and [C] Combined doses of insulin and DHT. The 
values are represented as Mean plus/minus. N=7. *p<0.05, 
**p<0.01, ***p<0.001 as compared to control. 
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3.2  Effect of Hyperinsulinemia on Cell 
Viability of Luteinized Granulosa Cells

Results from MTT assay demonstrated that LGC exhibited 
significant dose- dependent decline in cell viability when 
incubated with insulin (Figure 3A). The dose of 0.1mIU/
mL of insulin was found to be the minimum effective 
dose; therefore, it was used for further co-administration 
studies along with varying concentrations of androgen for 
development of “in-vitro” PCO condition.

3.3  Effect of Hyperandrogenemia on Cell 
Viability of Luteinized Granulosa Cells

Results revealed that all the treatment groups i.e. 10, 25, 
50, and 100 ng/mL of DHT dose significantly decreased 
the cell viability when compared to the control (Figure 
3B). It is important to note that results werenot significant 
as observed in case of hyperinsulinemia. Moreover, 
androgens are known to act differentially when they are 
present in high levels along with other growth factors like 
insulin or insulin like growth factor due to synergistic 
effects16. Therefore, all the four doses (i.e. 10, 25, 50 
and 100 ng/mL) of DHT were selected for the further 
co-administration studies.

3.4  Synergistic Effect of Hyperinsulinemia 
and Hyperandrogenemia on Cell 
Viability and Morphology of Primary 
Culture of Luteinized Granulosa Cells

Insulin at 0.1 mIU/mL of insulin was considered as the 
optimum dose for inducing hyperinsulinemia along with 
varying concentrations of androgen (10, 25, 50 and 100 
ng/ml of DHT) for induction of hyperandrogenemia in 
the ovarian microenvironment. Results from MTT assay 
demonstrated that all the treatment groups exhibited 
greater than 50% cell viability (Figure 3C) suggesting that 
the doses are non-toxic to the cells. The cells were observed 
under inverted light microscope at 20X magnification and 
it was observed that the primary culture of granulose cells 
had normal and healthy morphology in all the treatment 
groups (Figure 4). 

3.5  Synergistic Effect Of Hyperinsulinemia 
and Hyperandrogenemia on the 
Transcript Levels of Key Steroidogenic 
Targets in Primary Culture of 
Luteinized Granulosa Cells

Results showed that, gene expression of StAR, CYP17A1, 
SREBP1-c and AMH increased significantly when the 
primary LGCs were co-administered with 0.1 mIU/mL of 
Insulin along with 50 and 100ng/mL of DHT. However, a 
significant decrease in the gene expression of CYP19A1, 
HSD3B2, SHBG and IGFBP1 was observed when primary 
LGCs were co-administered with 0.1 mIU/mL Insulin 
and 50 ng/ml DHT (Figure 5). Thereby, minimum 
effective dose of Insulin and DHT to mimic ovarian 
microenvironment present in PCO using an “in vitro” 
primary culture of LGCs was found to be a combined 
dose of 0.1 mIU/mL and 50 ng/mL respectively. Further 
validation of the same can be done on the basis of 
hormone secretion by the primary culture of LGCs. 

3.6  Synergistic Effect of Hyperinsulinemia 
and Hyperandrogenemia on the 
Hormones Secretion by Primary 
Culture of Luteinized Granulosa Cells

Table 2 reveals that there was an increase in the secretion 
of testosterone by the primary culture of LGCs, when 
they are subjected to hyperinsulin (0.1mIU/ml) and 
hyperandrogen (50 and 100 ng/mL) conditions (p<0.05 
and p<0.001 respectively). On the other hand, there was 
a significant decrease in the secretion of progesterone by 
the LGCs upon co-administering them with 0.1mIU/mL 
of insulin and 50 and 100 ng/mL of androgen (p<0.5 and 
p<0.05). However, no significant difference was found 
in the levels of secreted estradiol. Data suggests that 
there is altered steroidogenesis by the primary culture 
of LGCs when they are subjected to “in-vitro” PCO like 
ovarian microenvironment. Thus, we can conclude that 
co-administration of 0.1 mIU/mL of insulin and 50 ng/
mL  of DHT is the minimum effective dose for developing 
“in-vitro” PCO like condition in LGCs. 
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Figure 4. The morphology of the isolated luteinized granulosa cells as observed at 40x magnification of inverted light 
microscope. [A] control; [B] 0.1 mIU/mL Insulin,10 ng/mL DHT; [C] 0.1 mIU/mL insulin, 25 ng/mL DHT; [D] 0.1 mIU/mL 
insulin, 50 ng/mL DHT; [E] 0.1 mIU/mL insulin, 100 ng/mL DHT.

Figure 5. Synergistic effect of hyperinsulinemia and hyperandrogenemia on the transcript levels of key steroidogenic targets 
[A] STAR, [B] CYP19A1, [C] CYP17A1, [D] HSD3B2, [E] SHBG, [F] SREBP1-c, [G] AMH and [H] IGFBP1 of isolated 
luteinized granulosa cells. The values are represented as Mean plus/minus SEM. N=6-8. *p<0.05, **p<0.01, ***p<0.0001 as 
compared to control.
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4. Discussion
PCOS is the most common endocrinopathy of women 
in reproductive age. Since quite long, it has been debated 
that the ovarian dysfunction in PCOS is a consequence 
of high levels of insulin and androgens in circulation17. 
However, recent reports have shown that ovarian 
microenvironment plays a crucial role in maintenance of 
the ovarian dynamics18. Therefore, any alteration in the 
ovarian microenvironment would lead to to perturbed 
follicular development, oogenesis, ovulation and 
steroidogenesis. Therefore, the present study was aimed at 
developing an “in-vitro” model of PCO that mimics their 
ovarian microenvironment and study its implication on 
the most important cells of the ovary- granulosa luteinized 
cells. In this context, the luteinized granulosa cells were 
isolated from weaning female rats by superovulation and 
characterized for their purity by studying the molecular 
markers like FSHR, CYP19A1, LHR, StAR and CYP17A1. 
Data showed that letting animals superovulate on 
treatment with PMSG and hCG, lead to high yield of 
LGCs. Similar procedures have also been performed in 
the past for obtaining granulosa cells from rats19, mice20, 
rabbits21, buffaloes22 and pigs23, suggesting that this is the 
most standard protocol of granulosa cell isolation.

The isolated luteinized granulosa cells were grown 
in serum free conditions using modified DMEM/F12 
medium and the cells were found to be stable in the culture 
for at least 72 hours. In this regard, results from literature 
have shown that luteinized granulosa cells are stable upto 
8 days, when grown in serum free conditions containing 
FSH24. Therefore, the luteinized granulosa cells are a good 

and stable “in-vitro” model to study the signaling cascades 
involved in steroidogenesis, folliculogenesis and ovulation. 
The isolated LGCs demonstrated the presence of FSHR 
and CYP19A1 during the course of experiment. However, 
there was a decline observed in the relative expression of 
these genes beyond 24 hours. On the other hand, there 
was an increase in the gene expression of LHR, StAR and 
CYP17A1 after 48 hours of culture condition, suggesting 
that the cells might be undergoing luteinization. Similar 
results have been observed when granulosa cells isolated 
from human derived follicular fluid were cultured in 
serum free conditions for a prolonged time25. After 
establishment of the conditions for luteinized granulosa 
cell primary culture, an induction of hyperandrogen and 
hyperinsulin was given to cells.

The isolated LGCs demonstrated a dose dependent 
decline in the cell viability when treated with 0.1  mIU/mL-2  
mIU/mL of Insulin and 10-100 ng of DHT independently. 
0.1 mIU/mL of Insulin was found to be the minimum 
effective dose for induction of hyperinsulinemia in the 
primary culture of LGCs. There is a long debate regarding 
the varying levels of androgens present in the follicular 
fluid of PCOS patients26. Therefore, a dose dependent 
study was performed by varying DHT concentrations in 
combination with 0.1 mIU/mL of Insulin. It was observed 
that a dose dependent decrease in cell viability in the 
cultured LGCs upon co-administration of hyperinsulin 
and hyperandrogen conditions. Similar studies have not 
been performed in the past. However, in some isolated 
studies it has been shown that incubating granulosa 
cells with IGF1 and/or DHT lead to induction of 
hyperinsulinemia and hyperandrogenic condition in the 
cells27,28.

Table 2. Synergistic effect of hyperinsulinemia and hyperandrogenemia on the hormone secretion by the 
primary culture of luteinized granulosa cells

Control
0.1,10 (mIU/mL 
Insulin, ng/mL 
DHT)

0.1,25 (mIU/mL 
Insulin, ng/mL 
DHT)

0.1,50 (mIU/mL 
Insulin, ng/mL 
DHT)

0.1,100 (mIU/mL 
Insulin, ng/mL 
DHT)

Testosterone 
(ng/ml)

0.11+ 0.003 0.9+0.010 7.93+0.005** 28.47+ 0.93*** 36.4+ 0.43***

Estradiol (pg/
ml)

142+ 3.679 121+0.041 150+ 4.952 140+0.284 135+ 11.53

Progesterone 
(ng/ml)

58+4.75 42+9.10 20+2.46* 17.15+ 0 .62** 25.80+ 0.035**

The values are represented as Mean+ SEM. N=6-8. **p<0.01, ***p<0.0001 as compared to Control.
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Ovarian microenvironment influences the ovarian 
structure-function. The follicular fluid of PCOS 
patients contains high androgen and high insulin 
titers, along with disturbed steroidogenesis29. Intra-
ovarian hyperandrogenism may be causatively linked 
with anovulation in PCOS30. It has also also studied 
that hypersecretion of insulin is responsible for excess 
production of androgens in theca interna cells by impaired 
tyrosine kinase Ser-phosphorylation of inositolglycan31 
and also reduced hepatic production of sex hormone 
binding globulin, resulting in higher concentrations of 
free androgens in circulation32. In this regard, it would 
be interesting to study the impact of hyperandrogenic 
and hyperinsulinemic condition in combination on 
the important cells of the ovaries- luteinized granulosa 
cells.  Data demonstrates that there is an alteration in 
the markers of follicular development, steroidogenesis 
and luteinization, mainly upregulation of key genes such 
as StAR, CYP17A1, SREBP1-c and AMH and down-
regulation of genes like CYP19A1, HSD3B2, SHBG and 
IGFBP1 has been observed when primary culture of LGCs 
were induced with “in-vitro” PCO-like microenvironment. 
It has been demonstrated in the ovary that StAR expression 
highly correlates with steroidogenic activity, because 
the increased production or concentration of StAR may 
result in abnormal steroidogenesis found in PCOS33. 
Evidence suggests that patients with PCOS may have 
an abnormality in androgen biosynthesis, with StAR as 
one possible target of abnormality. Kashar-Miller, et al.34 
hypothesized that increased production or concentration 
of StAR may be responsible for the increased ovarian and 
adrenal androgen found in PCOS of some patients. In 
addition to StAR, differential activity of the cytochrome 
p450 17α-hydroxylase (CYP17A1) gene promoters have 
been observed in PCOS theca cells35,36.

 There are several reports in this regard, which show 
higher expression of CYP17A1 at both transcriptional 
and post-transcriptional level in the ovaries of PCOS 
women and it is partly responsible for the perturbed 
steroidogenesis37. Also, 4-folds greater CYP17A1 
promoter activity was observed in the theca interna cells 
of human polycystic ovaries38. Recent studies have linked 
aberrant regulation of cholesterol mobilization in PCOS, 
through up-regulation of SREBP1-c, suggesting that this 
pathway might play a role in the manifestation of PCOS39. 
The gene expression of SREBP1-c has been found to 
significantly increase in the endometrium of women with 
PCOS and endometrial cancer compared with controls40. 

Another important regulator of ovarian activity is 
Anti-Mullerian Hormone (AMH). It plays plays a crucial 
role in the follicular recruitment41,42. Studies from the 
past decade have shown that AMH is modulated by 
hyperandrogenism and hyperinsulinemia, leading to 
abnormal follicular dynamics in PCOS pathology43,44. 
AMH levels in the serum of PCOS patients are two or 
three times higher than average women45. It is surprising 
to note that AMH production by granulosa cells in the 
polycystic ovary is 75 times higher compared to healthy 
women46.  Additionally, histological analysis of ovaries of 
PCOS patients have shown an increased AMH expression 
in the granulosa cells, which coincide with an increased 
number of preantral and small antral follicles, 2–3 times 
greater than that found in normal ovaries47. In women 
with PCOS, elevated levels of AMH appears to play 
an important role in long term disruption of ovarian 
physiology48, with greater AMH concentrations being 
linked to poor fertility outcomes49. 

The down-regulation of genes like CYP19A1, HSD3B2, 
SHBG and IGFBP1 can be considered to be responsible 
for the elevated androgen biosynthesis and reduced 
progesterone secretion. Also, high levels of LH and 
hyperactive theca cells as well as altered granulosa cell 
activity results into decreased estradiol and progesterone 
production50. Aromatase is encoded by CYP19A1 
gene and is responsible for conversion of androgens 
(androstenedione and testosterone) to estrogens (estrone 
and estradiol) during steroidogenesis. Insulin stimulates 
aromatase activity and induces the development of antral 
follicles due to the greater sensitivity of granulosa cells to 
FSH51. There is evidence that high concentrations of insulin 
result in premature differentiation of the granulosa cells 
and follicular arrest52. Also, follicular hyperandrogenism 
downregulates aromatase in luteinized granulosa cells 
in PCOS women53. Clinical studies demonstrate that 
luteinizing granulosa cells from follicles of patients with 
PCOS have a reduced capacity to synthesize progesterone 
“in-vitro” due to reduced 3BHSD gene expression54. In 
addition to this, mutations in 3BHSD and SHBG are 
responsible for the excess androgen production in the 
ovaries of PCO patients55. Also, PCOS patients demonstrate 
low serum concentration of IGFBP1, which has been found 
to be associated with high concentrations of circulating 
androgens and a greater risk of endometrial hyperplasia 
and neoplasia56. These reports clearly suggest that PCO like 
phenotype has been developed in the primary culture of 
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LGCs induced by co-administration of hyperandrogen and 
hyperinsulin

5. Conclusion
In the present study, an “in-vitro” model of PCO 
that mimics the ovarian microenvironment has 
been successfully developed by co-induction of 
hyperinsulinemia and hyperandrogenemia in the primary 
culture of luteinized granulosa cells isolated from rat 
ovaries. Co-administration of 0.1 mIU/mL of Insulin and 
50 ng/mL of DHT to the LGCs could effectively modulate 
the key genes involved in steroidogenesis, folliculogenesis 
and ovulation at molecular level along with abnormal 
steroid hormone secretion by the cells. The development 
of an “in-vitro” PCO model is novel and holds huge 
potential towards studying detailed downstream cellular 
signaling as well as screening drug targets for ovarian 
dysfunctions like PCOS, ovarian cancer and infertility.

6. Acknowledgments
This work is supported by Department of Science and 
Technology (Ministry of Science and Technology, 
Government of India) under the grant no. DST-SERB/ SB/ 
SO/ HS190/2013. The authors acknowledge Institutional 
Animal Ethical committee (IAEC) members, Department 
of Biochemistry for the animal ethical clearance.

7.  Conflict of Interest
The authors declare that they have no conflict of interest.

8.  References
1. Rosenfield RL, Ehrmann DA. The pathogenesis of Poly-

Cystic Ovary Syndrome (PCOS): The hypothesis of PCOS 
as functional ovarian hyperandrogenism revisited. Endocr. 
Rev. 2016; 37(5):467-520. https://doi.org/10.1210/er.2015-
1104. PMid:27459230 PMCid:PMC5045492.

2. Diamanti-Kandarakis E, Dunaif A. Insulin resistance 
and the polycystic ovary syndrome revisited: an update 
on mechanisms and implications. Endocr. Rev. 2012; 
33(6):981-1030. https://doi.org/10.1210/er.2011-1034. 
PMid:23065822 PMCid:PMC5393155.

3. Poretsky L, Glover B, Laumas V, KALIN M, Dunaif 
A. The effects of experimental hyperinsulinemia on 
steroid secretion, ovarian [125I] insulin binding, and 

ovarian [125I] insulin-like growth-factor I binding in 
the rat. Endocrinology. 1988; 122(2):581-585. https://doi.
org/10.1210/endo-122-2-581. PMid:2962853.

4. Polak K, Czyzyk A, Simoncini T, Meczekalski B. New 
markers of insulin resistance in polycystic ovary 
syndrome. J. Endocrinol. Invest. 2017; 40(1):1-8. https://
doi.org/10.1007/s40618-016-0523-8. PMid:27473078 
PMCid:PMC5206255.

5. Li A, Zhang L, Jiang J, Yang N, Liu Y, Cai L, Cui Y, Diao 
F, Han X, Liu J, Sun Y. Follicular hyperandrogenism and 
insulin resistance in polycystic ovary syndrome patients 
with normal circulating testosterone levels. J. Biomed. Res. 
2018; 32(3):208.

6. Rojas J, Chávez M, Olivar L, Rojas M, Morillo J, Mejías 
J, Calvo M, Bermúdez V. Polycystic ovary syndrome, 
insulin resistance, and obesity: Navigating the 
pathophysiologic labyrinth. Int. J. Reprod.. 2014; 2014. 
https://doi.org/10.1155/2014/719050. PMid:25763405 
PMCid:PMC4334071.

7. Hasegawa T, Kamada Y, Hosoya T, Fujita S, Nishiyama 
Y, Iwata N, Hiramatsu Y, Otsuka F. A regulatory role of 
androgen in ovarian steroidogenesis by rat granulosa cells. 
J. Steroid Biochem. Mol. Biol. 2017 172:160-165. https://
doi.org/10.1016/j.jsbmb.2017.07.002. PMid:28684382.

8. Ehrman DA, Barnes RB, Rosenfield RL. Polycystic ovary 
syndrome as a form of functional ovarian hyperandrogenism 
due to dysregulation of androgen secretion. Endocr. Rev. 
1995; 16(3):322-353. https://doi.org/10.1210/edrv-16-3-
322. PMid:7671850.

9. Goodarzi MO, Dumesic DA, Chazenbalk G, Azziz R. 
Polycystic ovary syndrome: etiology, pathogenesis and 
diagnosis. Nat. Rev. Endocrinol. 2011; 7(4):219-231. 
https://doi.org/10.1038/nrendo.2010.217. PMid:21263450.

10. Li A, Zhang L, Jiang J, Yang N, Liu Y, Cai L, Cui Y, Diao 
F, Han X, Liu J, Sun Y. Follicular hyperandrogenism and 
insulin resistance in polycystic ovary syndrome patients 
with normal circulating testosterone levels. J. Biomed. Res. 
2018; 32(3):208.

11. Costa LO, Mendes MC, Ferriani RA, Moura MD, Reis RM, 
Silva de Sá MF. Estradiol and testosterone concentrations 
in follicular fluid as criteria to discriminate between 
mature and immature oocytes. Braz. J. Med. Biol. Res. 
2004; 37(11):1747-1755. https://doi.org/10.1590/S0100-
879X2004001100021. PMid:15517092.

12. Roe AH, Prochaska E, Smith M, Sammel M, Dokras A. Using 
the Androgen Excess-PCOS Society criteria to diagnose 
polycystic ovary syndrome and the risk of metabolic 
syndrome in adolescents. J. Pediatr. 2013; 162(5):937-
941. https://doi.org/10.1016/j.jpeds.2012.11.019. PMid: 
23260096.

https://doi.org/10.1210/er.2015-1104
https://doi.org/10.1210/er.2015-1104
https://doi.org/10.1210/er.2011-1034
https://doi.org/10.1210/endo-122-2-581
https://doi.org/10.1210/endo-122-2-581
https://doi.org/10.1007/s40618-016-0523-8
https://doi.org/10.1007/s40618-016-0523-8
https://doi.org/10.1155/2014/719050
https://doi.org/10.1016/j.jsbmb.2017.07.002
https://doi.org/10.1016/j.jsbmb.2017.07.002
https://doi.org/10.1210/edrv-16-3-322
https://doi.org/10.1210/edrv-16-3-322
https://doi.org/10.1038/nrendo.2010.217
https://doi.org/10.1590/S0100-879X2004001100021
https://doi.org/10.1590/S0100-879X2004001100021
https://doi.org/10.1016/j.jpeds.2012.11.019


Arpi Dey, Ishita Mehta, Priyanka Ghosh and Laxmipriya Nampoothiri

Journal of Endocrinology and Reproduction 63Vol 24 (1) | June 2020 | http://www.informaticsjournals.com/index.php/jer/index

13. Campbell KL. Ovarian granulosa cells isolated with EGTA 
and hypertonic sucrose: cellular integrity and function. 
Biol. Reprod. 1979; 21(4):773-786. https://doi.org/10.1095/
biolreprod21.4.773. PMid:118773.

14. Strober W. Trypan blue exclusion test of cell viability. Curr. 
Protoc. Immunol. 1997; 21(1):A-3B.

15. Baptiste CG, Battista MC, Trottier A, Baillargeon JP. Insulin 
and hyperandrogenism in women with polycystic ovary 
syndrome. J. Steroid Biochem. Mol. Biol. 2010; 122(1-
3):42-52. https://doi.org/10.1016/j.jsbmb.2009.12.010. 
PMid:20036327 PMCid:PMC3846536.

16. Yoshizawa A, Clemmons DR. Testosterone and Insulin-
like Growth Factor (IGF) I interact in controlling 
IGF-binding protein production in androgen-responsive 
foreskin fibroblasts. J. Clin. Endocrinol. Metab. 2000; 
85(4):1627-1633. https://doi.org/10.1210/jcem.85.4.6517. 
PMid:10770208.

17. Schüring AN, Schulte N, Sonntag B, Kiesel L. Androgens 
and insulin-two key players in polycystic ovary 
syndrome. Gynakol. Geb. 2008; 48(1):9-15. https://doi.
org/10.1159/000111465. PMid:18209494.

18. Kinnear HM, Tomaszewski CE, Chang FL, Moravek MB, 
Xu M, Padmanabhan V, Shikanov A. The ovarian stroma 
as a new frontier. Reproduction. 2020; 160(3):R25-R39. 
https://doi.org/10.1530/REP-19-0501. PMid:32716007.

19. Belani M, Purohit N, Pillai P, Gupta S, Gupta S. Modulation 
of steroidogenic pathway in rat granulosa cells with 
subclinical Cd exposure and insulin resistance: An 
impact on female fertility. Biomed. Res. Int. 2014; 2014. 
https://doi.org/10.1155/2014/460251. PMid:25210711 
PMCid:PMC4157004.

20. Arcos A, de Paola M, Gianetti D, Acuña D, Velásquez ZD, 
Miró MP, Toro G, Hinrichsen B, Muñoz RI, Lin Y, Mardones 
GA. α-SNAP is expressed in mouse ovarian granulosa cells 
and plays a key role in folliculogenesis and female fertility. 
Sci. Rep. 2017; 7(1):1-4. https://doi.org/10.1038/s41598-
017-12292-9. PMid:28924180 PMCid:PMC5603506.

21. Piquette GN. Isolation and characterization of rabbit 
ovarian surface epithelium, granulosa cells, and peritoneal 
mesothelium in primary culture. In Vitro Cell. Dev. Biol. 
1990; 26(5):471-81. https://doi.org/10.1007/BF02624089. 
PMid:1693612.

22. Gutierrez CG, Campbell BK, Webb R. Development of a 
long-term bovine granulosa cell culture system: induction 
and maintenance of estradiol production, response 
to follicle-stimulating hormone, and morphological 
characteristics. Biol. Reprod. 1997; 56(3):608-616. https://
doi.org/10.1095/biolreprod56.3.608. PMid:9047004.

23. Cai L, Sun A, Li H, Tsinkgou A, Yu J, Ying S, Chen Z, Shi Z. 
Molecular mechanisms of enhancing porcine granulosa cell 
proliferation and function by treatment in vitro with anti-

inhibin alpha subunit antibody. Reprod. Biol. Endocrinol. 
2015; 13(1):1-0. https://doi.org/10.1186/s12958-015-0022-
3. PMid:25889399 PMCid:PMC4395973.

24. Monga R, Sharma I, Datta TK, Singh D. Characterization 
of serum-free buffalo granulosa cell culture and analysis 
of genes involved in terminal differentiation from 
FSH-to LH-responsive phenotype. Domest. Anim. 
Endocrinol. 2011; 41(4):195-206. https://doi.org/10.1016/j.
domaniend.2011.07.001. PMid:21885231.

25. Belani M, Deo A, Shah P, Banker M, Singal P, Gupta S. 
Differential insulin and steroidogenic signaling in insulin 
resistant and non-insulin resistant human luteinized 
granulosa cells-A study in PCOS patients. J. Steroid 
Biochem. Mol. Biol. 2018; 178:283-292. https://doi.
org/10.1016/j.jsbmb.2018.01.008. PMid:29339197.

26. Naessen T, Kushnir MM, Chaika A, Nosenko J, Mogilevkina 
I, Rockwood AL, Carlstrom K, Bergquist J, Kirilovas D. 
Steroid profiles in ovarian follicular fluid in women with 
and without polycystic ovary syndrome, analyzed by 
liquid chromatography-tandem mass spectrometry. Fertil. 
Steril. 2010; 94(6):2228-2233. https://doi.org/10.1016/j.
fertnstert.2009.12.081. PMid:20171618.

27. Mani AM, Fenwick MA, Cheng Z, Sharma MK, Singh D, 
Wathes DC. IGF1 induces up-regulation of steroidogenic 
and apoptotic regulatory genes via activation of 
phosphatidylinositol-dependent kinase/AKT in bovine 
granulosa cells. Reproduction. 2010; 139(1):139. https://
doi.org/10.1530/REP-09-0050. PMid:19819918.

28. Doblado M, Zhang L, Toloubeydokhti T, Garzo GT, 
Chang RJ, Duleba AJ. Androgens Modulate Rat Granulosa 
Cell Steroidogenesis. Reprod. Sci. 2020:1-6. https://
doi.org/10.1007/s43032-019-00099-0. PMid:31916094 
PMCid:PMC7539820.

29. Magoffin DA. Ovarian Steroidogenic Abnormalities in the 
Polycystic Ovary Syndrome. In Androgen Excess Disorders 
in Women. Humana Press. 2006; 203-211. https://doi.
org/10.1007/978-1-59745-179-6_18.

30. Jonard S, Dewailly D. The follicular excess in polycystic 
ovaries, due to intra‐ovarian hyperandrogenism, may be 
the main culprit for the follicular arrest. Hum. Reprod.
Update. 2004; 10(2):107-117. https://doi.org/10.1093/
humupd/dmh010. PMid:15073141.

31. Cadagan D, Khan R, Amer S. Thecal cell sensitivity to 
luteinizing hormone and insulin in polycystic ovarian 
syndrome. Reprod. Biol. 2016; 16(1):53-60. https://doi.
org/10.1016/j.repbio.2015.12.006. PMid:26952754.

32. Jayagopal V, Kilpatrick ES, Jennings PE, Hepburn DA, 
Atkin SL. The biological variation of testosterone and sex 
hormone-binding globulin (SHBG) in polycystic ovarian 
syndrome: Implications for SHBG as a surrogate marker 
of insulin resistance. J. Clin. Endocrinol. Metab. 2003; 

https://doi.org/10.1095/biolreprod21.4.773
https://doi.org/10.1095/biolreprod21.4.773
https://doi.org/10.1016/j.jsbmb.2009.12.010
https://doi.org/10.1210/jcem.85.4.6517
https://doi.org/10.1159/000111465
https://doi.org/10.1159/000111465
https://doi.org/10.1530/REP-19-0501
https://doi.org/10.1155/2014/460251
https://doi.org/10.1038/s41598-017-12292-9
https://doi.org/10.1038/s41598-017-12292-9
https://doi.org/10.1007/BF02624089
https://doi.org/10.1095/biolreprod56.3.608
https://doi.org/10.1095/biolreprod56.3.608
https://doi.org/10.1186/s12958-015-0022-3
https://doi.org/10.1186/s12958-015-0022-3
https://doi.org/10.1016/j.domaniend.2011.07.001
https://doi.org/10.1016/j.domaniend.2011.07.001
https://doi.org/10.1016/j.jsbmb.2018.01.008
https://doi.org/10.1016/j.jsbmb.2018.01.008
https://doi.org/10.1016/j.fertnstert.2009.12.081
https://doi.org/10.1016/j.fertnstert.2009.12.081
https://doi.org/10.1530/REP-09-0050
https://doi.org/10.1530/REP-09-0050
https://doi.org/10.1007/s43032-019-00099-0
https://doi.org/10.1007/s43032-019-00099-0
https://doi.org/10.1007/978-1-59745-179-6_18
https://doi.org/10.1007/978-1-59745-179-6_18
https://doi.org/10.1093/humupd/dmh010
https://doi.org/10.1093/humupd/dmh010
https://doi.org/10.1016/j.repbio.2015.12.006
https://doi.org/10.1016/j.repbio.2015.12.006


Synergistic Interplay of Hyperandrogenism and Hyperinsulinism on Primary Culture of Luteinized ...

Journal of Endocrinology and Reproduction64 Vol 24 (1) | June 2020 | http://www.informaticsjournals.com/index.php/jer/index

 

 

 

 

 

 

 

 

 

2016; 32(11):926-930. https://doi.org/10.1080/09513590.2
016.1193140. PMid:27275748.

42. Nardo LG, Gelbaya TA, Wilkinson H, Roberts SA, Yates 
A, Pemberton P, Laing I. Circulating basal anti-Müllerian 
hormone levels as predictor of ovarian response in 
women undergoing ovarian stimulation for in vitro 
fertilization. Fertil. Steril. 2009; 92(5):1586-1593. https://
doi.org/10.1016/j.fertnstert.2008.08.127. PMid:18930213.

43. Pigny P, Merlen E, Robert Y, Cortet-Rudelli C, Decanter 
C, Jonard S, Dewailly D. Elevated serum level of anti-
mullerian hormone in patients with polycystic ovary 
syndrome: relationship to the ovarian follicle excess and 
to the follicular arrest. J. Clin. Endocrinol. Metab. 2003; 
88(12):5957-5962. https://doi.org/10.1210/jc.2003-030727. 
PMid:14671196.

44. Dewailly D, Pigny P, Decanter C, Robert Y. Elevated serum 
level of Anti-Müllerian Hormone (AMH) in Polycystic 
Ovary Syndrome (PCOS): relationship to the ovarian 
follicle excess and to the serum FSH and to the follicular 
arrest. Fertil. Steril. 2003; 80:276. https://doi.org/10.1016/
S0015-0282(03)01703-5. 

45. Wiweko B, Maidarti M, Priangga MD, Shafira N, Fernando 
D, Sumapraja K, Natadisastra M, Hestiantoro A. Anti-
mullerian hormone as a diagnostic and prognostic tool for 
PCOS patients. J. Assist. Reprod. Genet. 2014; 31(10):1311-
1316. https://doi.org/10.1007/s10815-014-0300-6. 
PMid:25119192 PMCid:PMC4171421.

46. Pellatt L, Hanna L, Brincat M, Galea R, Brain H, Whitehead 
S, Mason H. Granulosa cell production of anti-Mullerian 
hormone is increased in polycystic ovaries. J. Clin. 
Endocrinol. Metab. 2007; 92(1):240-245. https://doi.
org/10.1210/jc.2006-1582. PMid:17062765.

47. Karkanaki A, Vosnakis C, Panidis D. The clinical significance 
of anti-Müllerian hormone evaluation in gynecology and 
endocrinology. Hormones (Athens) 2011; 10(2):95-103. 
https://doi.org/10.14310/horm.2002.1299. PMid:21724534.

48. Pierre A, Peigné M, Grynberg M, Arouche N, Taieb J, 
Hesters L, Gonzalès J, Picard JY, Dewailly D, Fanchin R, 
Catteau-Jonard S. Loss of LH-induced down-regulation 
of anti-Müllerian hormone receptor expression may 
contribute to anovulation in women with polycystic ovary 
syndrome. Hum. Reprod. 2013; 28(3):762-769. https://doi.
org/10.1093/humrep/des460. PMid:23321213.

49. Chang RJ, Cook-Andersen H. Disordered follicle 
development. Mol Cell Endocrinol. 2013; 373(1-2):51-60. 
https://doi.org/10.1016/j.mce.2012.07.011. PMid:22874072 
PMCid:PMC3727408.

50. Chaves RN, Duarte AB, Rodrigues GQ, Celestino JJ, Silva 
GM, Lopes CA, Almeida AP, Donato MA, Peixoto CA, 
Moura AA, Lobo CH. The effects of insulin and follicle-
stimulating hormone (FSH) during in vitro development 

88(4):1528-1533. https://doi.org/10.1210/jc.2002-020557.
PMid:12679434.

33. Aghaie F, Khazali H, Hedayati M, Akbarnejad A. The effects
  of  exercise  on  expression  of  CYP19  and  StAR  mRNA  in
  steroid-induced  polycystic  ovaries  of  female  rats.  Int.  J.
  Fertil. Steril. 2018; 11(4):298.

34. Kashar-Miller  M,  Azziz  R.  Heritability  and  the  risk  of 
developing  androgen  excess.  J.  Steroid  Biochem.  Mol.
1999;  69(1-6):261-268. https://doi.org/10.1016/S0960-
0760(99)00043-6.

35. Wickenheisser  JK,  Biegler  JM,  Nelson-DeGrave  VL,
Legro  RS,  Strauss  III  JF,  McAllister  JM.  Cholesterol  side-
chain cleavage gene expression in theca cells: Augmented 
transcriptional regulation and mRNA stability in polycystic 
ovary  syndrome.  PloS  one.  2012;  7(11):e48963. https://
doi.org/10.1371/journal.pone.0048963.  PMid:23155436 
PMCid:PMC3498373.

36. Comim FV, Teerds K, Hardy K, Franks S. Increased protein 
expression of LHCG receptor and 17α-hydroxylase/17-20-
lyase  in  human  polycystic  ovaries.  Hum.  Reprod.  2013;
28(11):3086-3092. https://doi.org/10.1093/humrep/det352.
PMid:24014605.

37. Wickenheisser  JK,  Nelson-DeGrave  VL,  McAllister  JM.
Dysregulation  of  cytochrome  P450  17α-hydroxylase 
messenger ribonucleic acid stability in theca cells isolated 
from  women  with  polycystic  ovary  syndrome.  J.  Clin.
Endocrinol.  Metab.  2005;  90(3):1720-1727. https://doi.
org/10.1210/jc.2004-1860. PMid:15598676.

38. Wickenheisser JK, Quinn PG, Nelson VL, Legro RS, Strauss 
III JF, McAllister JM. Differential activity of the cytochrome 
P450 17α-hydroxylase and steroidogenic acute regulatory 
protein  gene  promoters  in  normal  and  polycystic  ovary 
syndrome  theca  cells.  J.  Clin.  Endocrinol.  Metab.  2000;
85(6):2304-2311. https://doi.org/10.1210/jcem.85.6.6631.
PMid:10852468.

39. Knebel  B,  Janssen  OE,  Hahn  S,  Jacob  S,  Nitzgen  U,  Haas 
J,  Muller-Wieland  D,  Kotzka  J.  Genetic  variations  in 
SREBP-1 and LXRα are not directly associated to PCOS but 
contribute to the physiological specifics of the syndrome.
Mol.  Biol.  Rep.  2012;  39(6):6835-6842. https://doi.
org/10.1007/s11033-012-1508-0. PMid:22311022.

40. Shafiee MN, Mongan N, Seedhouse C, Chapman C, Deen 
S,  Abu  J,  Atiomo  W.  Sterol  regulatory  element  binding 
protein‐1 (SREBP1) gene expression is similarly increased 
in polycystic ovary syndrome and endometrial cancer. Acta 
Obstet.  Gynecol.   Scan.  2017;  96(5):556-562. https://doi.
org/10.1111/aogs.13106. PMid:28176325.

41. Tokmak  A,  Kokanali  D,  Timur  H,  Kuntay  Kokanali  M,
Yilmaz  N.  Association  between  anti-Mullerian  hormone 
and  insulin  resistance  in  non-obese  adolescent  females 
with  polycystic  ovary  syndrome.  Gynecol.  Endocrinol.

https://doi.org/10.1210/jc.2002-020557
https://doi.org/10.1016/S0960-0760(99)00043-6
https://doi.org/10.1016/S0960-0760(99)00043-6
https://doi.org/10.1371/journal.pone.0048963
https://doi.org/10.1371/journal.pone.0048963
https://doi.org/10.1093/humrep/det352
https://doi.org/10.1210/jc.2004-1860
https://doi.org/10.1210/jc.2004-1860
https://doi.org/10.1210/jcem.85.6.6631
https://doi.org/10.1007/s11033-012-1508-0
https://doi.org/10.1007/s11033-012-1508-0
https://doi.org/10.1111/aogs.13106
https://doi.org/10.1111/aogs.13106
https://doi.org/10.1080/09513590.2016.1193140
https://doi.org/10.1080/09513590.2016.1193140
https://doi.org/10.1016/j.fertnstert.2008.08.127
https://doi.org/10.1016/j.fertnstert.2008.08.127
https://doi.org/10.1210/jc.2003-030727
https://doi.org/10.1016/S0015-0282(03)01703-5
https://doi.org/10.1016/S0015-0282(03)01703-5
https://doi.org/10.1007/s10815-014-0300-6
https://doi.org/10.1210/jc.2006-1582
https://doi.org/10.1210/jc.2006-1582
https://doi.org/10.14310/horm.2002.1299
https://doi.org/10.1093/humrep/des460
https://doi.org/10.1093/humrep/des460
https://doi.org/10.1016/j.mce.2012.07.011


Arpi Dey, Ishita Mehta, Priyanka Ghosh and Laxmipriya Nampoothiri

Journal of Endocrinology and Reproduction 65Vol 24 (1) | June 2020 | http://www.informaticsjournals.com/index.php/jer/index

of ovarian goat preantral follicles and the relative 
mRNA expression for insulin and FSH receptors and 
cytochrome P450 aromatase in cultured follicles. Biol. 
Reprod. 2012; 87(3):69,1-11. https://doi.org/10.1095/
biolreprod.112.099010. PMid:22811569.

51. Franks S, Stark J, Hardy K. Follicle dynamics and 
anovulation in polycystic ovary syndrome. Hum. Reprod 
Update. 2008; 14(4):367-378. https://doi.org/10.1093/
humupd/dmn015. PMid:18499708.

52. Franks S, Mason H, White D, Willis D. Etiology of 
anovulation in polycystic ovary syndrome. Steroids. 
1998; 63(5-6):306-307. https://doi.org/10.1016/S0039-
128X(98)00035-X.

53. Yang F, Ruan YC, Yang YJ, Wang K, Liang SS, Han YB, Teng 
XM, Yang JZ. Follicular hyperandrogenism downregulates 
aromatase in luteinized granulosa cells in polycystic ovary 

syndrome women. Reproduction. 2015; 150(4):289-296. 
https://doi.org/10.1530/REP-15-0044. PMid:26199450.

54. Doldi N, Grossi D, Destefani A, Gessi A, Ferrari A. Polycystic 
ovary syndrome: evidence for reduced 3β-hydroxysteroid 
dehydrogenase gene expression in human luteinizing 
granulosa cells. Gynecol. Endocrinol. 2000; 14(1):32-
37. https://doi.org/10.3109/09513590009167657. 
PMid:10813104. 

55. Dadachanji R, Shaikh N, Mukherjee S. Genetic 
variants associated with hyperandrogenemia in PCOS 
pathophysiology. Genet. Res. Int. 2018; 2018. https://
doi.org/10.1155/2018/7624932. PMid:29670770 
PMCid:PMC5835258.

56. Fowler DJ, Nicolaides KH, Miell JP. Insulin-like growth 
factor binding protein-1 (IGFBP-1): a multifunctional role 
in the human female reproductive tract. Hum. Reprod.
Update. 2000; 6(5):495-504. https://doi.org/10.1093/
humupd/6.5.495. PMid:11045880.

https://doi.org/10.1095/biolreprod.112.099010
https://doi.org/10.1095/biolreprod.112.099010
https://doi.org/10.1093/humupd/dmn015
https://doi.org/10.1093/humupd/dmn015
https://doi.org/10.1016/S0039-128X(98)00035-X
https://doi.org/10.1016/S0039-128X(98)00035-X
https://doi.org/10.1530/REP-15-0044
https://doi.org/10.3109/09513590009167657
https://doi.org/10.1155/2018/7624932
https://doi.org/10.1155/2018/7624932
https://doi.org/10.1093/humupd/6.5.495
https://doi.org/10.1093/humupd/6.5.495

