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Abnormal expression levels of BMP15/Smad1 are
associated with granulosa cell apoptosis in patients
with polycystic ovary syndrome
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Abstract. Polycystic ovary syndrome (PCOS) is a common
endocrine disorder that affects reproductive dysfunction and
metabolism in women of childbearing age. An increasing
number of studies have suggested that the bone morpho-
genetic protein 15 (BMP15) signalling pathway serves an
important role in the pathogenesis of PCOS; however, the full
mechanism remains unknown. The present study revealed that
intrinsic follicular dysplasia may be associated with regula-
tion disorders of ovarian granulosa cell apoptosis. Compared
with the control group, body mass index, luteinising hormone
and testosterone levels were significantly increased (P<0.05).
The percentage of S phase cells was significantly higher,
cells in G2/M phase cells was significantly lower, and cells
undergoing apoptosis was significantly higher in the PCOS
group compared with the control group (P<0.05). The expres-
sion levels of B-cell lymphoma 2 was significantly decreased
in granulosa cells of PCOS group, whereas the expression of
caspase-3 was higher than the control group (P<0.05). The rate
of apoptosis of granulosa cells was measured by a terminal
deoxynucleotide transferase dUTP nick-end labelling assay.
The relative mRNA expression levels of BMP receptor 2 and
SMADI were significantly decreased in granulosa cells in the
PCOS group compared with the control (P<0.05). In addi-
tion, the expression of BMP1S5 in follicular fluid and Smadl
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in granulosa cells was significantly decreased in the PCOS
group compared with the control (P<0.05). The data suggested
that the BMP15/Smadl signalling pathway may be involved
in granulosa cell apoptosis, and may be a target for clinical
treatment for PCOS.

Introduction

Polycystic ovary syndrome (PCOS) is a common disorder
that affects reproductive function in women, affecting 5-10%
of women of reproductive age (1,2). It is the primary reason
for ovulation inhibition, infertility and irregular menstruation
in women. As its underlying aetiology and pathophysiology
remains to be fully understood, endocrine, immunological and
genetic factors require further investigation to aid the identi-
fication of more effective treatments (3,4). Recently, a study
demonstrated that cross-talk between granulosa cells (GCs)
and oocytes in the follicle is a key process in oocyte matura-
tion and metabolism (5). Disorders of follicular development
in PCOS were closely associated with apoptosis of GCs (6-8).

Bone morphogenetic proteins (BMPs) are functionally
involved in all stages of folliculogenesis, and are multifunc-
tional growth factors that belong to the transforming growth
factor B (TGFp) superfamily. Their actions are mediated by
BMP receptors (BMPRs), which share differing degrees of
affinity for their ligands (9-11). The oocyte-secreted factor,
BMPI15, is a ligand of the TGFf superfamily that medi-
ates Smadl signalling pathway when it binds to BMPR2.
Following the activation of receptor kinases by ligand binding,
downstream signalling molecules are activated, and subse-
quently modulate the expression of target genes. Previous
studies have demonstrated that BMPI15 serves a role in
follicular growth and oocyte quality, and was downregulated
in PCOS patients (12). It has additionally been revealed that
the state of the oocyte may reversely influence granulosa cell
proliferation, and following removal of oocytes, apoptosis of
granulosa cells increased. However, when BMP15 was added
to the cultures, it significantly reduced apoptosis of granulosa
cells (10,12). Therefore, it is of value to investigate the effect of
BMP15 on apoptosis of granulosa cells, and whether this effect
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is associated with BMPs and the Smad signalling pathway in
PCOS.

In the present study, the expression of B-cell lymphoma
2 (Bcl-2), caspase-3, Smadl, BMP15 and BMPR2 was inves-
tigated in granulosa luteinizing cells from women affected
by PCOS, compared with healthy ovulatory women. The
present study aimed to investigate the involvement of the
BMP15/Smadl signalling pathway in granulosa cell of PCOS
women, and the underlying mechanism.

Materials and methods

Patients. The study population consisted of women who were
referred to the Reproductive Medicine Centre of Shanxi Women
and Infants Hospital (Taiyuan, China), between May 2014 and
May 2015. All patients were of Han ethnicity, from Shanxi,
North China. Informed written consent was obtained from
each patient and the study was approved by the Reproductive
Ethics Committee of the Children's Hospital of Shanxi and
Women's Health Center of Shanxi (Taiyuan, China).

Individual follicular fluid and serum samples were
collected from 138 women undergoing in vitro fertilization
(IVF)/intracytoplasmic sperm injection (ICSI) treatment.
Patients with PCOS (n=70) were selected based on the 2003
Rotterdam criteria (13). The diagnosis of PCOS was based on
the association of two out of three of the following criteria:
i) Oligomenorrhea and/or anovulation; ii) clinical and/or
biological hyperandrogenism; iii) polycystic ovaries. Patients
with endometriosis, congenital adrenal hyperplasia, hypothy-
roidism, androgen-secreting tumours, Cushing's syndrome
and other diseases that interfere with the hypothalamus-
pituitary-ovary axis were excluded from the study. The control
group (n=68) were women undergoing fertility treatment due
to male infertility or tubal infertility disorders, although they
experienced regular menstrual cycles.

All patients did not present with cardiovascular system
diseases, thyroid abnormalities or other endocrine metabolic
disorders.

Controlled ovarian hyperstimulation protocol. The present
study obtained standard operating procedures from embryolo-
gists and physicians. Patients with PCOS received a monophasic
combined oral contraceptive pill for 28 consecutive days.
Patients with PCOS were pretreated with protection of
the endometrium, adjustment of the menstrual cycle, and
downregulation of hyperandrogenism prior to the down-
regulation protocol using oral ethinylestradiol [Diane®-35
(Bayer HealthCare Pharmaceuticals; Bayer AG, Leverkusen,
Germany) or Marvelon® (Organon Pharmaceuticals; Merck
KGaA, Darmstadt, Germany)]. All women underwent
controlled ovarian hyper-stimulation with the gonadotropin
releasing hormone agonist long protocol (14), and pitu-
itary suppression was commenced with leuprolide acetate
(Diphereline®; GeneScience Pharmaceuticals Co., Ltd.,
Changchun, China) at a dose of 0.05 mg/day, during the
mid-luteal phase of the preceding cycle. Complete pituitary
suppression was confirmed by serum follicle-stimulating
hormone (FSH) levels of <5 mIU/ml, luteinising hormone
(LH) <5 mIU/ml, estradiol (E,) <50 pg/ml, bilateral antral
follicle diameter <5 mm and endometrial thickness <5 mm.
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Urofollitropin (Lizhu Pharmaceutical Trading Co., Ltd.,
Nanjing, China) was used at doses ranging between 75 and
300 IU/day in accordance with patient age, body mass index
(BMI), size and number of antral follicles and serum FSH
levels. The dosage of urofollitropin was adjusted according
to ovarian response, which was assessed by ultrasound and
serum E, levels. Treatment with urofollitropin was continued
until =2 follicles had reached 18 mm in diameter. Treatment
with 250 pug subcutaneous human chorionic gonadotropin
(HCG; Lizhu Pharmaceutical Trading Co., Ltd.) was subse-
quently administered to stimulate follicle maturation. Oocyte
retrieval was performed with the guidance of ultrasound
34-36 h after HCG injection. Routine IVF or ICSI procedures
were performed, and two embryos were transferred 3-5 days
after oocyte retrieval using ultrasound guidance. Pregnancy
was diagnosed by a rising concentration of serum or urine
B-HCG, which was measured 14 days after embryo transfer.
The fertilization rate was defined as the percentage of fertil-
ized embryos (2 pronuclei) in the mature oocytes. Clinical
pregnancy was defined as the presence of a gestational sac
or heartbeat during vaginal ultrasound examination 4 weeks
after embryos transfer. Miscarriage was defined as pregnancy
loss before 28 weeks.

Clinical measurements. Medical information was collected
and recorded, including age, BMI, menarche age, serum basic
sexual hormone levels, retrieved oocyte number, mature oocyte
rate, fertilization rate, portable embryo rate, high-quality
embryo rate and clinical pregnancy rate.

Collection of follicular fluid and granular cells. After oocyte
retrieval, the follicular fluids from each patient were pooled
and stored in a tube at 37°C. Cells and supernatant were
separated by centrifugation for 30 min at 2,200 x g at room
temperature. Supernatants were collected in a tube for analysis
of BMP15. The cell pellet was resuspended in 1 ml PBS. The
suspension was overlayed on 1 ml Ficoll (Tianjin Haoyang
Biological Products Technology Co., Ltd., Tianjin, China) and
was centrifuged at 1,000 x g at room temperature for 15 min.
Granular cells were aspirated from the interface, washed with
PBS three times and counted on a Neubauer haemocytometer.
Cells were either used for the terminal deoxynucleotide trans-
ferase dUTP nick-end labelling (TUNEL) assay or stored at
-80°C for mRNA, protein and cell cycle analysis.

Serum collection and analysis. Blood samples were taken
between 8:00 and 9:00 am after a 12 h overnight fast, and
collected into a tube containing EDTA. The samples were
centrifuged at 2,200 x g at room temperature for 3 min and the
serum and buffy coat were separated. Serum was either used
for testing sex hormone levels or was stored at -80°C.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). RT-qPCR was used to assess the mRNA expres-
sion levels of BMPR2, BCL2, CASP3 and SMADI. Total RNA
was extracted from granular cells using the RNAsimple Total
RNA kit (Tiangen Biotech Co., Ltd., Beijing, China), and was
reverse-transcribed using a kit from Takara Bio, Inc. (Otsu,
Japan). A SYBR Green kit (Takara Bio, Inc.) was used as
described previously (15). The ACTB gene that encodes the
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[-actin protein was used as the endogenous housekeeping gene
for normalization. The PCR was performed at 93°C for 2 min,
followed by a total of 40 cycles at 93°C for 1 min and 55°C for
2 min. Primers sequences were as follows: Forward, 5'-AAT
ACTCGCACTTCCTCAGAACC-3" and reverse 5'-AGCATA
GCAAGGCTTCAGACAG-3' for BMPR?2; forward, 5'-GTC
ATCGTTGGGCAGAAGTTT-3" and reverse, 5-GAAGAC
TCAACATGGGCTCTAAA-3' for SMADI; forward, 5'-GGT
GGGGTCATGTGTGTGG-3' and reverse, 5'-CGGTTCAGG
TACTCAGTCATCC-3' for BCL2; forward, 5'-CATGGA
AGCGAATCAATGGACT-3" and reverse, 5'-CTGTACCAG
ACCGAGATGTCA-3' for CASP3; forward, 5-TGTACG
TTGCTATCCAGGCT-3" and reverse, 5'-CTCCTTAATGTC
ACGCACGA-3' for ACTB. The 2444 method was used for
quantification (16).

Western blotting analysis. Follicular fluids were prepared
from all patients for western blotting analysis to determine the
expression levels of BMP15 (17). Cell lysates were prepared
in lysis buffer (Nanjing KeyGen Bio Tech Co., Ltd., Nanjing,
China) for the measurement of Smadl, Bcl-2 and caspase-3
expression. Protein concentration was determined using a
bicinchoninic acid assay kit. A total of 50 ug protein/lane
was separated by SDS-PAGE on a 10% gel and blotted onto
polyvinylidene difluoride membranes (Merck KGaA). The
membranes were blocked with 5% bovine serum albumin
(Beyotime Institute of Biotechnology, Haimen, China) for 1 h
at room temperature and incubated with rabbit anti-BMP15
(catalog no. 18982-1-AP; 1:500; ProteinTech Group, Inc.,
Chicago, IL, USA) Smad-1 (catalog no. 10429-1-AP; 1:500;
ProteinTech Group, Inc.), caspase-3 (catalog no. 19677-1-AP;
1:500; ProteinTech Group, Inc.), Bcl-2 (catalog no. 12789-1-AP;
1:1,000; ProteinTech Group, Inc.) and p-actin (catalog
no. 60008-1-Ig, 1:2,000; ProteinTech Group, Inc.) in TBS with
Tween-20 (TBST) with 5% non-fat milk at 4°C overnight.
Membranes were subsequently probed with a horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody
(1:2,000; Protein Tech Group Inc.; catalog no. SA00001-2)
at room temperature for 1 h. The proteins of interest were
detected using enhanced chemiluminescence (Beyotime
Institute of Biotechnology) and analysed using Image-Pro Plus
software (version 5.1; Media Cybernetics, Inc., Rockville, MD,
USA).

Cell cycle analysis. The cell cycle distribution was analysed
using a flow cytometer (FACSAria II; BD Biosciences,
Franklin Lakes, NJ, USA). Granular cells were pooled and
stored in tubes at a density of 1.6x10° cells per tube. Cells were
fixed in 70% ethanol for 24 h at 4°C and washed three times
with PBS. Finally, the cell pellets were stained with RNase
(I mg/ml, Thermo Fisher Scientific, Inc. Waltham, MA, USA)
and 400 pl propidium iodide solution (100 x1/ml) for 30 min
in the dark and analysed by flow cytometry using ModFit LT
software (version 3.2; Verity Software House, Inc., Topsham,
ME, USA). Each experiment was repeated at least three times.

TUNEL assay. Granular cells (1x10° cells/well) were fixed in
4% paraformaldehyde solution for 20 min and permeabilized
in 0.1% Triton X-100 in 0.1% citrate solution for 5 min at room
temperature in 24-well plates. Subsequently, granular cells
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Table I. Comparison of clinicopathological factors in PCOS
and control patients.

Parameters PCOS group  Control group P-value
Age 29.01+3.56 28.47+3.52 0.37
BMI 25.37+6.73 22.62+5.81 0.01*
Menarche age 13.11+1.25 13.58+1.47 0.81
FSH (mIU/ml) 6.70+1.35 6.88+1.67 049
LH (mIU/ml) 10.95+7.12 4.73x1.54 <0.0001*
E, (pg/ml) 57.32+14.74 55.28+18.31 0.47
PRL (ng/ml) 13.77+5.89 14.23+5.62 0.64
TES (ng/dl) 92.80+15.53 45911820  <0.0001*

“P<0.05 vs. control group. PCOS, polycystic ovary syndrome; BMI,
body mass index; FSH, follicle stimulating hormone; LH, luteinizing
hormone; E,, estradiol; PRL, progesterone; TES testosterone; PRL,
prolactin.

were incubated in TUNEL reaction medium (Nanjing KeyGen
Biotech Co., Ltd.) for 1 h at 37°C in the dark. After the reaction
was stopped, granular cells were washed three times in PBS
and the cell nuclei were labelled with streptavidin-horseradish
peroxidase (Nanjing KeyGen Bio Tech Co., Ltd.) for 30 min
at room temperature in the dark. A total of 1-5 drops diami-
nobenzidine chromogen solution was added to the cells and
incubated for 5 min at room temperature. Cells were visual-
ized under a brightfield microscope at x200 magnification.
TUNEL-positive cells appeared to be brown or buffy. The
total number of cells and the number of apoptotic cells were
counted in a randomly-selected visual field in each group.
Negative control cells were subjected to the TUNEL assay
without the addition of terminal deoxynucleotidyl transferase
in the reaction mixture. Positive control cells were incubated
with 100 ul DNase I solution prior to the TUNEL assay, in
order to induce DNA strand degradation.

Statistical analysis. Statistical analysis was performed using
the SPSS software version 17.0 (SPSS, Inc., Chicago, IL, USA).
Normally distributed data were expressed as the mean + stan-
dard deviation. To check the normality of the distribution, the
Shapiro-Wilk test was performed. Two-tailed Student's t-test
was used to assess differences in values between each group.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Comparison of conditions and IVF outcomes between PCOS
and control patients. Tables I and II summarize the medical
information and IVF outcomes of patients. Compared with the
control group, the BMI and the levels of LH and testosterone
(TES) were significantly increased, whereas the portable
embryo rate was significantly decreased (P<0.05).

Comparison of apoptosis status in granulosa cells between
the PCOS and control groups. As demonstrated in Fig. 1A and
B, there was no significant difference in the percentage of cells
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Table II. Comparison of in vitro fertilization outcomes in PCOS and control patients.

Parameters PCOS group Control group P-value
Retrieved oocyte number (n) 23.61£2.77 17.35+1.93 1.65
Mature oocytes rate (%) 78.71 (1301/1653) 78.98 (932/1180) 0.86
Fertilization rate (%) 66.24 (1095/1653) 67.29 (794/1180) 0.56
Portable embryo rate (%) 86.39 (946/1095) 90.05 (715/794) 0.02°
High-quality embryo rate (%) 56.98 (539/956) 60.62 (440/715) 0.06
Clinical pregnancy rate (%) 47.14 (33/70) 52.94 (36/68) 0.50

“P<0.05 versus control group. PCOS, polycystic ovary syndrome.

in GO/G1 between the PCOS and control groups (P>0.05).
In the PCOS group, the percentage of cells in S phase was
significantly higher, the percentage of cells in G2/M phase was
significantly lower and the apoptosis peak was significantly
higher, compared with the control group (P<0.05). RT-qPCR
(Fig. 1C) and western blotting (Fig. 1D) demonstrated that the
expression levels of the gene encoding Bcl-2 and its corre-
sponding protein were significantly decreased in granulosa
cells of PCOS group compared to control group (P<0.05),
whereas the expression of gene encoding caspase-3 and its
corresponding protein was higher than control group (P<0.05).
As demonstrated in Fig. 1E, the level of apoptosis in granulosa
cells was measured by a TUNEL assay. The level of apoptosis
in granulosa cells was 21.47+6.81 in the PCOS group, which
was significantly greater than the control group (P<0.05;
14.78+4.58) (data not shown). Cells in 20 randomly-selected
fields (magnification, x200) were counted by eye.

Comparison of BMPI15 in follicular fluid and BMPR2 and
Smadl in granulosa cells of the PCOS and control groups.
As demonstrated in Fig. 2A, the relative mRNA expression
levels of BMPR2 and SMADI were significantly decreased in
granulosa cells of the PCOS group compared with the control
group (P<0.05). Western blot analysis (Fig. 2B) demonstrated
that the expression of BMP15 in follicular fluid and Smadl
in granulosa cells was reduced in the PCOS group compared
with the control group.

Discussion

PCOS is the most prevalent female endocrinopathy and is the
largest single cause of anovulatory infertility. It is classically
characterized by chronic anovulation, hyperandrogenism
and a polycystic ovarian morphology, as revealed by ultraso-
nography (16,18,19). PCOS has been defined as a metabolic
syndrome associated with obesity, insulin resistance, type 2
diabetes, dyslipidaemia, hypertension and other cardiovascular
diseases (20-22). The present study demonstrated that BMI,
LH and TES were significantly increased, whereas portable
embryo rate was significantly decreased in PCOS patients
compared with healthy controls. However, the pathogenesis of
PCOS remains unclear.

Recently, researchers have hypothesised that the patho-
genesis of PCOS may be due to a combination of genetic and
environmental factors, where the follicle microenvironment

affects the quality of oocytes and cleavage quality (23-25).
Granulosa cells are key somatic cells in the follicle microen-
vironment, and serve an important role in oocyte maturation
and follicular development. Follicular development is accom-
panied by growth, proliferation, differentiation and maturation
of granulosa cells. Studies have demonstrated that intrinsic
follicular dysplasia may be associated with regulation disor-
ders of ovarian granulosa cell apoptosis (6,26,27). Research
on ovarian granulosa cell apoptosis in patients with PCOS
may provide an insight into the pathological mechanisms and
generate novel clinical treatments. Therefore, the present study
investigated apoptosis of granulosa cells. There was no signifi-
cant difference in the percentage of cells in the GO/G1 phase
between the PCOS and control groups. The percentage of cells
in S phase was significantly higher, cells in G2/M phase was
significantly lower and the degree of apoptosis was signifi-
cantly higher in the PCOS group compared with the control
group. Bcl-2 is an anti-apoptotic protein and caspase-3 serves a
central role in the apoptotic execution pathway. Therefore, the
present study measured the expression levels of these proteins.
Expression of Bcl-2 was significantly decreased in granulosa
cells of the PCOS, whereas expression of caspase-3 was higher
compared to the control group. This suggested that there was a
greater degree of apoptosis in the PCOS group.

BMPs belong to the TGFf superfamily and have been
implicated in the control and regulation of follicular devel-
opment and female fertility. As an oocyte-secreted factor,
BMPI5 serves a crucial role in follicular growth and oocyte
quality, which is underexpressed in PCOS patients. Adding
BMP15 to cultures significantly reduced the apoptosis of
granulosa cells (9,28-30). Therefore, it is of value to investi-
gate the effect of BMP15 on the apoptosis of granulosa cells
in PCOS (11,12,31). In the present study, the expression of
BMP15 in follicular fluid, and BMPR2 and Smadl expres-
sion levels were measured in granulosa cells of women with
PCOS undergoing ovarian stimulation for IVF. The mRNA
expression levels of BMPR2 and SMADI were significantly
decreased in granulosa cells of the PCOS group compared to
the control group and the expression of BMP15 in follicular
fluid was significantly decreased in PCOS group. Therefore,
this suggested that the BMP15/Smadl signalling pathway may
be associated with apoptosis of granulosa cells in PCOS.

In the present study, oocyte-secreted factor BMP15 was
detected in follicular fluid of mature follicles, and the expres-
sion of BMPI15 was significantly decreased in the PCOS
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Figure 1. Comparison of apoptosis status in granulosa cells between the
PCOS group and the control group. (A) The cell cycle distribution of the cells
was analysed using a flow cytometer. (B) The percentage of S phase cells
was significantly higher in the PCOS group than the control group, whereas
the percentage of cells in G2/M phase was significantly lower in the PCOS
group. The apoptotic peak was significantly higher in the PCOS group than
the control group (P<0.05). (C) RT-qPCR analysis demonstrated that the
mRNA expression level of BCL2 was significantly decreased in granulosa
cells of the PCOS group compared with the control group (P<0.05), whereas
the expression level of CASP3 was higher than the control group (P<0.05).
(D) Western blot analysis revealed that the protein expression level of Bcl-2
was significantly decreased in granulosa cells of the PCOS group compared
with the control group, whereas the expression of caspase-3 was higher than
the control group. (E) TUNEL assay showing the apoptosis in granulosa cells.
The buffy nucleus indicate TUNEL-positive cells (black arrows). Slides were
observed under a microscope (magnification, x200). Data are expressed as
the mean =+ standard deviation. PCOS, polycystic ovary syndrome; BCL2,
B-cell lymphoma 2; CASP3, caspase 3; TUNEL, terminal deoxynucleotide
transferase dUTP nick-end labelling.
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Figure 2. Comparison of BMP15 in follicular fluid and BMPR2 and Smadl
in granulosa cells of the PCOS and control groups. (A) The relative mRNA
expression levels of BMPR2 and SMADI were significantly decreased
in granulosa cells of the PCOS group compared with the control group
(P<0.05). Data are expressed as the mean + standard deviation. (B) Western
blot analysis revealed that the expression levels of BMP15 in follicular fluid
and Smadl in granulosa cells was reduced in the PCOS group compared
with the control group. PCOS, polycystic ovary syndrome; BMPR2, bone
morphogenetic protein receptor 2; BMPI5, bone morphogenetic protein 15.

group. Aberrations in the BMPI15 signalling pathway may
affect oocyte maturation disorders and reduce the develop-
mental potential. In addition, there was increased apoptosis of
granulosa cells and alterations in the expression levels of apop-
totic proteins in PCOS, suggesting that this may be associated
with abnormal alterations in the BMP15 signalling pathway;
however, this requires further investigation.
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