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Alteration of TGFB1, GDF9, and BMPR2 gene
expression in preantral follicles of an estradiol
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Objective: In humans, polycystic ovary syndrome (PCOS) is an androgen-dependent ovarian disorder. Aberrant gene expression in folliculo-
genesis can arrest the transition of preantral to antral follicles, leading to PCOS. We explored the possible role of altered gene expression in
preantral follicles of estradiol valerate (EV) induced polycystic ovaries (PCO) in a mouse model.

Methods: Twenty female balb/c mice (8 weeks, 20.0+1.5 g) were grouped into control and PCO groups. PCO was induced by intramuscular
EV injection. After 8 weeks, the animals were killed by cervical dislocation. Blood serum (for hormonal assessments using the enzyme-linked
immunosorbent assay technique) was aspirated, and ovaries (the right ovary for histological examinations and the left for quantitative re-
al-time polymerase) were dissected.

Results: Compared to the control group, the PCO group showed significantly lower values for the mean body weight, number of preantral
and antral follicles, serum levels of estradiol, luteinizing hormone, testosterone, and follicle-stimulating hormone, and gene expression of
TGFB1, GDF9 and BMPR2 (p<0.05). Serum progesterone levels were significantly higher in the PCO animals than in the control group
(p<0.05). No significant between-group differences (p>0.05) were found in BMP6 or BMP15 expression.

Conclusion: In animals with EV-induced PCO, the preantral follicles did not develop into antral follicles. In this mouse model, the gene ex-
pression of TGFB1, GDF9, and BMPR2 was lower in preantral follicles, which is probably related to the pathologic conditions of PCO. Hypoan-
drogenism was also detected in this EV-induced murine PCO model.
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Introduction

Polycystic ovary syndrome (PCOS) is known to be the most com-
mon cause of female infertility in reproductive-age women (18-44
years old). In the human body, the initial basis of PCOS relates to the
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presence of male sex hormones (hyperandrogenism) at high levels;
thus, it is sometimes considered to be an endocrine disorder [1].
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Higher androgen levels can lead to hyperandrogenism, anovulation,
follicular cysts, menstrual cycle irregularities, and eventually, female
infertility [2,3]. PCOS has a primarily genetic basis. Ovarian follicles
are the smallest affected unit in folliculogenesis. Each follicle con-
tains a single central oocyte, granulosa cells, and an outer structure
of connective tissue named the theca. A fluid-filled cavity formed
adjacent to the oocyte is known as an antrum, and a follicle with an
antrum is designated as an antral follicle. A follicle with no antrum is
referred to as a preantral follicle. The transition of preantral to antral
follicles is a normal and routine procedure known as folliculogenesis.
Alterations of the genes involved in this process can arrest the transi-
tion from the preantral to antral stages, which is a defining feature of
PCOS pathophysiology [4].

Folliculogenesis is fundamentally based on the secretion of vari-
ous types of growth factors (GFs) by ovarian somatic cells [5]. Two
major types of GFs are growth differentiation factor-9 (GDF9) and
transforming growth factor-betal (TGF-B1) [6,7], which are neces-
sary for folliculogenesis and cell proliferation, respectively. Bone
morphogenetic protein (BMP)-15 is involved in folliculogenesis, in-
cluding the growth and maturation of ovarian follicles, regulation of
the sensitivity of granulosa cells to follicle-stimulating hormone
(FSH), determination of the number of ovulated follicles, and pre-
vention of granulosa cells from apoptosis. As such, BMP15 is a crucial
agent for the initiation of folliculogenesis [8]. It is released from the
oocyte into the surrounding granulosa tissue to promote granulosa
cell proliferation [9]. BMP receptor Il (BMPR2 is expressed in granulo-
sa cells. BMPR2 is a crucial receptor for BMP15 and GDF9. These 2
signaling molecules and their receptors have impressive effects on
follicular development and ovulation. BMP6 is abundant in granulo-
sa cells, and serves as an important mediator to support follicular
growth [10].

The physiological functions of TGF-1, BMP6, BMP15, GDF9, and
BMPR2 in ovaries have been confirmed in previous research, but no
comprehensive investigations exist regarding the altered expression
of these genes in preantral follicles in PCOS; this is of particular im-
portance because the expression of the genes involved in folliculo-
genesis depends on follicular stage [11]. Thus, this study aimed to in-
vestigate the role of related gene expression in preantral follicles fol-
lowing morphological induction of polycystic ovaries (PCO) in mice.

Methods

1. Animals

Twenty balb/c female mice (20.0+ 1.5 g, 8 weeks old) were ob-
tained from the university’s home. All standard conditions for animal
keeping were provided, including food pellets (Livestock and Poultry
Feed Company, Tehran, Iran), free access to water, transparent and
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separated cages, equilibrium of the environmental temperature
(22°C), humidity of 55% + 3%, and a 12-hour light/12-hour dark pho-
to-cycle.

2. Ethical considerations

All animals were treated in accordance with guidelines of the Na-
tional Institute of Health for the Care and Use of Laboratory Animals
approved by the Research Deputy based on the WMA Declaration of
Helsinki (ethics approval No. IR TBZMED.REC. 1396.346).

3. Study groups

The animals were randomly divided into control and PCO groups
(n=10each). In the control group, the animals received an intramus-
cular injection of sesame oil (0.1 mL), and the animals in the PCO
group received PCO induction by intramuscular injections of estradi-
ol valerate (EV) [12].

4. Follicular classification

According to the routine protocol, the classification of follicles was
applied based on the morphological features, as follows: primary
ovarian follicles (with a single layer of cuboidal granulosa cells), pre-
antral follicles (containing one or two small spaces filled by follicular
fluid), antral follicles (consisting of a single large antral space), and
preovulatory follicles (a rim of cumulus cells around the oocyte sus-
pended in a large space) [13].

5.PCOS induction

EV is an exogenous chemical agent that can completely mimic
PCO morphologically. EV (Sigma Chemical Co., St. Louis, MO, USA)
was injected intramuscularly on 2 consecutive days (each injection
comprised 0.2 mL of EV dissolved in normal saline) to induce PCO in
estrous cycle based on the morphological feature according to the
Table 1.

6. Animal dissection and tissue sampling

Prior to the study and on the last day of the experiment, the ani-
mals were weighed. At 56 days (8 weeks) after PCO induction, the
animals were killed by cervical dislocation. The subxiphoid approach
was used for blood aspiration for future hormonal assays. Fifteen
minutes later, the blood clot was centrifuged (4,000 rpm, 10 min-
utes). Midline laparotomy was then performed, and the ovaries were
dissected from both sides of the body. The surrounding adipose tis-
sue was separated, and the ovaries were quickly washed in normal
saline. The right ovary was fixed in 10% formalin for 3 days for mor-
phological assessments, and the left ovary was used for gene ex-
pression analyses.
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Table 1. Cellular features of vaginal smear and determination of estrus cycle in mice

Stage of estrous cycle Histological feature Physiological feature
Proestrous Mostly nucleated epithelia cells+less cornified epithelial cells Initiation of follicular growth
No ability to receive pregnancy
Proliferation of vaginal epithelium
Estrogen production
Estrous High rate of cornified epithelial cells Highest level of estrogen
Ovulation
Metestrus Cornified epithelial cells+leukocytes Corpus luteum formation
Diestrus Primarily leukocytes Degeneration of corpus luteum

7. Separation of preantral and antral follicles

Two microliters of alpha-minimum essential medium containing
3% fetal bovine serum was used as a suspension for mechanical tis-
sue dissection of the ovaries. One G-needle tip attached to an insulin
syringe was used for mechanical dissection using a stereomicro-
scope (Olympus, Tokyo, Japan). The studied follicles were morpho-
logically multilayered preantral (1-8 um in diameter) and antral folli-
cles. The isolated follicles were located inside a micro-tube and
stored at—70°C.

8. Histological preparation and hematoxylin and eosin
staining

The right fixed ovary underwent routine tissue processing for he-
matoxylin and eosin (H&E) staining. After tissue fixation (using 10%
formalin), dehydration (by different alcohol concentrations), and
clarification (with xylol), the ovaries were embedded in paraffin. The
slides were cut into 5-pm sections and stained with H&E for morpho-
logical assessments of the follicles (Table 2).

9. Hormone measurements

To assess the levels of serum hormones, the aspirated blood sam-
ples were centrifuged (4,000 x g, 10 minutes), and isolated serum
was stored in a freezer (-70°C) for biochemical analysis of luteinizing
hormone (LH), FSH, progesterone, estradiol, and testosterone using
enzyme-linked immunosorbent assays (Cayman Chemicals; Ann Ar-
bor, MI, USA). In this test, specific monoclonal antibodies were used
against an antigenic marker of the target hormone. One monoclonal
antibody was used for solid-phase stabilization, and another an-
ti-hormone antibody was used for conjugation with horseradish per-
oxidase. Upon adding a serum sample, the hormone reacted simul-
taneously with the above two antibodies and was sandwiched be-
tween the antibody bound to the solid phase and the conjugated
antibody. After 4 minutes of incubation at room temperature to re-
move free labeled antibodies, the wells were rinsed with washing
solution. After adding the substrate-dye solution (4 minutes of incu-
bation), a blue color appeared. Color production was stopped by
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Table 2. Morphological features of ovarian follicles

Type of ovarian follicles Histological feature of ovaries

Primary A single layer of cuboidal granulosa cells
Preantral One or two small spaces filled by follicular fluid
Antral Asingle large antral space

Preovulatory Arim of cumulus cells around the oocyte

adding the stop solution and the blue color turned yellow. Finally,
the color intensity was measured (at specific wavelengths, expressed
in nanometers). The intensity of color was directly related to the con-
centration of hormones in serum.

10. RNA extraction and cDNA formation

Total RNA was extracted from the ovaries using the TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) based on the manufacturer’s instruc-
tions (Cat No.11667165001; Roche, Basel, Switzerland). The quality
and quantity of each sample were assessed by a NanoDrop ND-2000
Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA)
according to the optical density. The RNA integrity was confirmed by
electrophoresis on 1% agarose gel (Ultra-Pure TM Agarose, Invitro-
gen) stained with the Gel Red RNA stain detected under ultraviolet
light. High-quality RNA samples with no degradation were stored at
—80°C. Then, complementary DNA (cDNA) synthesis was performed
using the Takara ¢cDNA kit (Takara Cat No. 6130; Takara, Mountain
View, CA, USA). The first-strand cDNA was synthesized using a cDNA
synthesis kit (Thermo Fisher). Reverse transcription of 500 ng of the
total RNA extracted from all samples was performed using both ran-
dom hexamer and oligo-dT primers.

11.Quantitative real-time polymerase chain reaction

Sense and antisense primers for the target and reference genes
were designed using primer design software (National Center for
Biotechnology Information, Primer-BLAST, https://www.ncbi.nIm.
nih.gov/tools/primer-blast/). cRPL13A and GAPDH were used as ref-
erence genes for normalization. The primers were: GDF9 (forward [F]:
CAGTCCACCTGGAGGCCTTTA, reverse [R]: GAGCGGATGGCTTTCTGC-
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CCT), BMP15 (F: TGGGCCTCTTCTCCTCGGTTA, R: AATCTTCTGGGC-
CAAAGCGAG), TGFBT (F: ACTTCTTGGCACTGCGCTGTC, R: GAACGC-
CGGGTAGCGATCGAG), BMPR2 (F: AGGAGCTGTGAACCTGAGGGA, R:
TCACCTGGGAAGAGGTCTGTA), and BMP6 (F: GGCCTTCTTCAAGGT-
GAGCGA, R: TAGTCTGAAGAACCGGAGCCC). The Quantitative poly-
merase chain reaction was performed using the Ampligon Kit by Ro-
tor-Gene 6000 system (Corbett Research, Sydney, Australia). The cy-
cling conditions were 95°C (15 minutes), 40 cycles of amplification
(95°C, 60°C, and 72°C; 40 seconds each), followed by a final extension
of 72°C (5 minutes). Finally, melting was carried out for 5 seconds at
60°C-95°C (with 0.5°C increments for each step). Relative quantifica-
tion was applied using the Livak method and the samples’ crossing
point, the number of cycles completed, the efficiency of the reaction,
and other values were used in the analysis for comparison and creat-
ing the ratios. Finally, the results were reported as normalized ratios
(Table 3).

12. Data analysis

Data were analyzed using SPSS ver. 16 (SPSS Inc,, Chicago, IL, USA).
The normal distribution of the data was confirmed by the Kolmogor-
ov-Smirnov test. The independent t-test and Tukey post-hoc test
were used to compare differences among the groups. All data were
presented as mean + standard deviation, and p < 0.05 was consid-
ered as the significance level.

Results

1. Total animal weight
On day 56, the PCO group showed a significantly lower total
weight (26.3 + 1.2 g) than the control group (30.4+ 0.9 g) (p < 0.05).

2. Number of preantral and antral follicles

According to the histological data, the PCO group showed signifi-
cantly lower mean numbers of antral follicles (6.5 in the control
group vs. 5.7 in the PCO group) and preantral follicles (5.1 in the con-
trol group vs. 4.4 in the PCO group) (p <0.05). However, no signifi-
cant differences were detected in the number of primary follicles (6.5
in the control group vs. 5.7 in the PCO group) and pre-ovulatory folli-
cles (0.26 in the control group vs. 0.08 in the PCO group).

Table 3. Nucleotide sequences for primers of studied genes
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3. Hormone assay

In the PCO group, the levels of testosterone (14.45 ng/mL in the con-
trol group vs. 5.13 ng/mL in the PCO group), estradiol (156.32 ng/mL
in the control group vs. 52.14 ng/mL in the PCO group), LH (13.24
ng/mL in the control group vs. 7.63 ng/mL in the PCO group), and
FSH (15.68 ng/mL in the control group vs. 8.85 ng/mL in the PCO
group) were significantly lower (p < 0.05), whereas the level of pro-
gesterone (19.46 ng/mL in the control group vs. 42.52 ng/mL in the
PCO group) was significantly higher (p <0.05) than in the control
group (Figure 1).

4, Histological assessment

In the PCO group, the oocytes were wrinkled compared to those in
the control group, and large cystic follicles with a narrow granulosa
layer (1-3 cellular layers) along with a significant decreased number
of preantral follicles were discovered. Furthermore, no corpus luteum
was observed in the PCO group (Figure 2). In addition, a morphologi-
cal assessment of the ovaries showed that the ovaries of EV-treated
mice were smaller than those of the control group, with large cystic
follicles and non-stromal hypertrophy.

5. Gene expression

The preantral follicles of the PCO group showed significantly lower
expression of the following genes than the control group: GDF9
(0.0068 vs. 0.0042 in the control and PCO groups, respectively),
TGFBT (0.0045 vs. 0.0020 in the control and PCO groups, respective-
ly), and BMPR2 (0.0075 vs. 0.0040 in the control and PCO groups, re-

Gene Forward Reverse

GDF9 CAGTCCACCTGGAGGCCTTTA  GAGCGGATGGCTTTCTGCCCT

BMP15 TGGGCCTCTTCTCCTCGGTTA  AATCTTCTGGGCCAAAGCGAG
TGFb1 ACTTCTTGGCACTGCGCTGTC  GAACGCCGGGTAGCGATCGAG
BMPR2 AGGAGCTGTGAACCTGAGGGA TCACCTGGGAAGAGGTCTGTA

BMP6 GGCCTTCTTCAAGGTGAGCGA TAGTCTGAAGAACCGGAGCCC
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Figure 1. Serum concentration of hormones (ng/mL). Values are
presented as meanztstandard deviation. PCO, polycystic ovaries; LH,
luteinizing hormone; FSH, follicle-stimulating hormone. Significant
differences (p<0.05).
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Figure 2. Histological photographs of the polycystic ovaries and control groups (H&E, x400). (A) Preantral (red arrow) and antral (black row)

follicles (scale bar=200 um). (B) Corpus luteum (black arrow) in the control group (scale bar=100 pm).

spectively) (p < 0.05). No significant differences were found in the ex-
pression of BMP6 (0.0048 vs. 0.0058 in the control and PCO groups,
respectively) or BMP15 (0.0080 vs. 0.0075 in the control and PCO
groups, respectively) in the preantral follicles (p > 0.05) (Figure 3).

Discussion

In adult women, folliculogenesis is a monthly process that can
eventually lead to ovulation. A crucial stage in ovulation is the transi-
tion from preantral to antral follicles, a process that is regulated by
the expression of important genes. Thus, any disruption of the pre-
antral to antral transition can potentially arrest ovulation. In patients
with PCOS, preantral follicles do not develop into the antral stage.
Thus, in the present study, the role of the expression of genes
(TGFB1, GDF9, BMP6, BMP15, and BMPR2) involved in the transition
of preantral to antral follicles was investigated in an EV-induced PCO
mouse model, and relationships with serum levels of sex hormones
were explored biochemically, histologically, and genetically.

In PCOS-affected humans, hormonal and metabolic alterations in
the ovaries are most likely associated with upregulation of PI3K-Akt
[14] and increased levels of ERK activity [15] as intracellular and ex-
tracellular pathways, respectively. In animals, the morphological fea-
tures of PCO are induced by EV injection, which cannot precisely
mimic the clinical and molecular conditions of PCOS in humans in
terms of metabolic parameters and hyperandrogenemia. Although
there are crucial differences between PCO induction in animals
(through EV injection) and humans morphologically, EV causes an-
ovulation and multicystic ovaries with less stroma and more cystic
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Figure 3. Comparison of gene expression levels in control preantral
follicles and the polycystic ovaries (PCO) group. Values are presented
as meanzstandard deviation. *Significant differences (p<0.05).

follicles. Thus, this drug was used as an exogenous chemical to mod-
el PCO in mice in the present study [12]. Furthermore, the ovulation
processes in humans and rodents are mono-ovulation and poly-ovu-
lation, respectively, suggesting that the FSH-dependent follicle se-
lection process in rodents differs from that in humans [16,17].

There are various types of PCO models in animals with different
features and limitations. It is important to state that no single meth-
od of PCO induction in animal models exactly resembles human
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PCOS [18]. PCOS can be induced in different stages of animal life
(prenatal, postnatal, prepubertal, and adolescence) with many in-
ducing factors (environmental factors, genetic factors, and hormon-
al models); thus, this pathologic condition is known to be a multifac-
torial disease. Animal models of PCO are induced by various environ-
mental factors, of which endocrine-disrupting chemicals (EDC) are
the most common. Endocrine disrupting chemicals interfere with
the hormonal balance, leading to PCO induction. Bisphenol-A (BPA),
as a synthetic xenoestrogen, is an important EDC [18]. Neonatal ex-
posure to BPA (500 ug) caused an increased testosterone concentra-
tion in serum, which led to the induction of PCO-like features in the
adulthood of animals, such as the formation of ovarian cysts [19].
BPA also induces PCOS-associated metabolic syndrome, which stim-
ulates pancreatic beta-cells to produce insulin and acts as an obe-
sogenic agent to release adiponectin from adipose tissue, which is
known to be an agent for animal PCO induction [20]. Di-(2-ethylhex-
yl) phthalate (DEHP), another EDC, is one of the major environmen-
tal estrogens. DEHP administration (2 g/kg body weight, 12 days)
caused symptoms resembling PCO, including irregular cydlicity, an-
ovulation, decreased serum estradiol, and polycystic follicle forma-
tion [21].

Tributyltin (TBT) is another endocrine disruptor with obesogenic
properties. Since, obesity is associated with insulin resistance, which
is one of the features of PCO, studies have focused on the develop-
ment of PCO caused by TBT administration [22]. Since TBT causes ir-
regular estrous cycles, hyperandrogenism, and obesity, this model
exhibits most PCO metabolic features [23]. Hormonal interventions
are another method to induce PCO in animal models. There are 3
main types of PCO animal models depending on the specific hor-
monal manipulation: androgen-induced, estrogen-related, and anti-
progesterone-induced. Testosterone, dihydrotestosterone (DHT),
dehydroepiandrosterone (DHEA), and esters of testosterone (testos-
terone propionate [TP]) are used to induce hyperandrogenism in an-
imal PCO conditions. Some papers stated that hyperandrogenism
could disrupt normal reproductive physiology, leading to PCO in-
duction [24]. Postnatal intraperitoneal exposure of TP (10 mg/kg bw)
showed the characteristic features of PCOS, such as irregular estrous
cyclicity, elevated testosterone and insulin levels, the presence of
cystic follicles with unaltered estradiol levels, reduced progesterone
levels, arrested ovulation, and the absence of corpora lutea [25]. Var-
ious studies have reported that the administration of TP did not lead
to an ovarian phenotype exactly resembling that observed in PCOS
[18]. DHEA was the first agent used by scientists to induce PCO in
animals due to the elevated levels of DHEA found in women with
PCOS [26]. Subcutaneous injections of DHEA (60 mg/kg bw in
42-day-old rats for 20-30 days) led to an improved PCO model with
increased body weight, irregular estrous cydlicity, and an increased
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number of ovarian cystic follicles [27]. A DHEA-induced PCO rodent
model exhibited all key features similar to women with PCOS. DHT is
a nonaromatizable androgen that cannot be converted into estro-
gen by the action of aromatase; thus, it enhances androgen potency.
Exposure of prepubertal rats (7.5 mg) [28] and mice (2.5 mg) [29] to
DHT (for 90 days) was found to be a precise model with features sim-
ilar to those of women with PCOS, such as increased body weight
and insulin resistance [30]. In women with PCOS, serum estrogen
levels are elevated. Based on this evidence, estrogen or other forms
of estrogen (e.g., EV or estradiol benzoate [EB]) are used to induce
PCO in animal models. One-day-old neonatal rats treated with EB
showed acyclicity and anovulation. However, the serum LH levels, as
well as the ovarian weight, decreased, and elevated serum FSH lev-
els were observed, unlike human PCOS conditions [31]. Rats exposed
to EV (2 mg) failed to exhibit key features of PCOS, representing dis-
similarities with human PCOS [32]. Prior studies suggested that, in
estrogenic conditions, ovarian alterations similar to those observed
in PCOS would not happen, and hormonal and metabolic disrup-
tions were not parallel with PCOS women under exposure to estro-
genic conditions. Among the animal models of PCO, there are some
important metabolic features and morphological characteristics,
such as acyclicity, anovulation, hyperandrogenism, cystic follicles, in-
sulin resistance, and obesity. Generally, DHEA is a chemical used to
induce PCO with various serological, morphological, and metabolic
alterations exactly resembling those found in human women with
PCOS. Additionally, EV administration can induce acyclicity, anovula-
tion, formation of cystic follicles, and obesity, with an approximate
similarity to human PCOS. However, in EV-induced PCO animal mod-
els, there are no metabolic symptoms such as hyperandrogenism
and insulin resistance [18]. It has finally been concluded that an-
drogenized PCO mouse models are a better choice in terms of re-
sembling human PCOS than models using estrogenic agents. Al-
though we assessed preantral follicles in the present study, the
EV-induced PCO mouse model did not exactly mimic human PCOS.
The absence of hyperandrogenism and insulin resistance following
the induction of PCO by EV constitute limitations of the present
study. Due to these limitations of EV-induced PCO, DHEA is recom-
mended for PCO induction in mice.

As shown by the data in the present study, weight loss occurred 56
days after PCO induction using intramuscular injections of EV. Al-
though it is scientifically accepted that weight gain is common in
PCOS patients [33], this study found weight loss in EV-induced PCO
mice. This finding was also reported by lkeda et al. [34] following
DHEA administration to animals. They found that a 1-month applica-
tion of DHEA led to decreased total weight in PCO animals. Reduced
levels of total body weight were also reported by Mesbah et al. [35]
following EV administration. There are three main reasons underly-
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ing the biological process of weight loss in animals following intra-
muscular injections of EV: (1) the lipolytic characteristics of increased
adrenal glucocorticoid levels; (2) neurological modifications in the
hypothalamic paraventricular nucleus interfering with food intake;
and (3) the activation of peripheral sympathetic neurons leading to
metabolic activity promotion, increased fat consumption, and finally
weight loss [32].

In morphological assessments, the numbers of preantral and an-
tral follicles were lower in the PCO group. This phenomenon proba-
bly relates to the effects of PCO on inhibiting follicular develop-
ment. Overall, although the ovaries in EV-treated mice were lower,
the majority of the ovarian tissue comprised abnormal cystic folli-
cles with large and filled follicles. Since the entirety of the ovaries
included cystic follicles, the stromal tissue was smaller in PCO-af-
fected animals.

In this study, changes in three major hormones secreted by PCO-af-
fected ovaries (estradiol, progesterone, and testosterone) and two
hormones secreted by the pituitary gland (LH and FSH) were analyzed.
The results showed significantly lower LH, FSH, testosterone, and es-
tradiol levels in the PCO group than in the control group, but proges-
terone showed significantly higher levels. In humans, PCOS is charac-
terized by hypersecretion of LH. The LH surge in the primary stage can
lead to ovulation, but chronic hypersecretion of LH can arrest follicular
growth, leading to anovulation [36]. As we found in this investigation,
PCO was characterized by a decreased number of preantral, antral,
and pre-ovulatory follicles. As PCO has no effect on primary follicles,
the number of primary follicles did not show significant differences. In
an experimental study, Brawer et al. [37] assessed the development of
PCOS in EV-injected rats, and reported decreased levels of LH and FSH.
FSH stimulates the growth and recruitment of immature ovarian folli-
cles in the ovary. Thus, reduced levels of FSH can eventually lead to
arrest of the development of ovarian follicles [38]. Miri et al. [39] also
assessed the effects of exercise intensity on sex hormones in female
rats with EV-induced PCOS. They found that the PCOS animals
showed decreased levels of testosterone in comparison with the
control group. This finding is in line with our results, as we found hy-
poandrogenism. Parallel to our findings, Brawer et al. [37] also stated
that the basal levels of LH and FSH decreased in EV-treated PCOS an-
imals. An experimental study conducted by Pournaderi et al. [40]
found the same results, indicating that after EV-induced PCOS, the
animals presented decreased levels of LH, FSH, and estradiol and
also found increased levels of progesterone in comparison with the
control group. Venegas et al. [41] similarly found that increased se-
rum levels of progesterone. Laird et al. [42], in an in vitro study, ex-
amined the role of testosterone on the transition of preantral follicles
to the antral form. They concluded that testosterone could stimulate
the growth of preantral follicles. However, in the present study, tes-
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tosterone levels were lower in the PCOS group, indicating arrest of
the preantral to antral transition.

Among the genes affecting the ovulation process, TGFB1, GDF9,
BMP15, BMP6, and their receptor, BMPR2, were assessed in the
present study. TGF-B1 (the protein product of TGFBT) is a factor that
leads to cell division and differentiation [43]. Thus, based on scientific
evidence, overexpression of TGF-B1 can lead to increased amounts
of stromal tissue or tissue fibrosis. As we found in the present study,
the gene expression level of TGFB1 was decreased in PCO model an-
imals. Histological assessments also showed that the stromal tissue
surrounding cystic follicles accounted for the smaller size of ovaries
in PCO animals. Recent evidence has indicated that expression of
TGFB1 and subsequent alterations in the extracellular matrix might
contribute to the pathogenesis of multicystic ovaries [44]. As the re-
sults showed, the gene expression of TGFBT was significantly lower
in the preantral follicles of the PCO group. However, on the contrary,
Miao et al. [45] concluded that the TGF-B1 pathway affected the ex-
pression of fibrillin 3 in stromal compartments of fetal ovaries, in
which the ovarian stroma was larger. In some studies, elevated levels
of TGF-B1 have been seen in PCO, unlike the results of the present
study. In the analysis of TGFBT gene expression in various PCO-af-
fected preantral follicles, this difference can serve as a turning point.
BMP signaling influences female fertility of different species in differ-
ent ways. In this study, gene expression levels of BMP6 and BMP15,
as well as their receptor (BMPR2), were measured. BMP-6 is required
for normal female fertility [46]. TGF-31 and BMP-6 are primary medi-
ators of ovarian follicular growth [47]. However, although no major
variations in BMP6 expression levels have been observed in the pres-
ent sample, decreased levels of TGFBT were found in preantral PCO
follicles. The gene expression of GDF9 and BMP15 in PCO depends
on the follicular stage [11]. We also found no major variations in
BMP15 gene expression in preantral PCO follicles. BMP15 causes the
transition from primordial follicles to primary and secondary follicles.
Along with the results of our study, another study also suggested
that BMP15 has no effects on the follicular transition into preovulato-
ry follicles [48]. There is evidence that the BMPR2 signaling pathway
is impaired in the case of PCOS, most likely due to hyperaldostero-
nism [49]. An analysis of gene expression patterns showed that
BMPR2 levels were significantly reduced. These results imply that
PCO does not have any major effect on the expression of BMP6 or
BMP15, but their receptor is significantly affected. Thus, the probable
incomplete function of BMP6 and BMP15 is related to their receptor.
In many mammalian species, GDF9 is important for early follicular
development through its direct action on granulosa cells, allowing
proliferation and differentiation [50]. GDF9 is important for folliculo-
genesis, oogenesis, and ovulation and therefore plays a major role in
women’s fertility [51]. In this study, the expression level of GDF9 was
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lower in preantral PCOS follicles. Karagul et al. [6] also found reduced
levels of GDF9 expression in primary follicles. Teixeira Filho et al. [52]
also reported the aberrant expression of GDF9 in oocytes of women
with PCOS. Overall, PCO disrupts the expression of key genes in fol-
liculogenesis.

We concluded that the expression of the GDF9, TGFB1, and
BMPR2 genes in the preantral follicles of the PCO group was signifi-
cantly reduced, resulting in impaired folliculogenesis and no ovula-
tion. The expression of the BMP6 and BMP15 genes in both normal
antral follicles and antral follicles in the PCO group was normal, with
no significant changes. All sexual hormones were decreased, except
for progesterone, which showed increased levels in the PCO group.
Thus, unlike the hyperandrogenism that has been reported in other
published papers, we found hyperprogesteronism in PCO-affected
animals following EV injections. Although gene expression, histo-
pathological alterations, and serum hormone levels were measured
in the present study in an EV-induced PCO mouse model, it is recom-
mended to design an experimental study on DHEA-induced PCO an-
imals to observe molecular alterations.
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