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Expression of growth differentiation factor-9 and bone
morphogenetic protein-15 in oocytes and cumulus
granulosa cells of patients with polycystic ovary
syndrome
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Objective: To evaluate the effect of growth differentiation factor-9 (GDF-9) and bone morphogenetic protein-15
(BMP-15) on the development of follicles among patients with polycystic ovary syndrome (PCOS).
Design: Case-control study.
Setting: University Hospital.
Patient(s): Twenty-two oocytes were obtained from 15 patients with PCOS and 67 oocytes from 58 controls.
Cumulus granulosa cells (GC) were obtained from 16 patients with PCOS and controls treated with intracytoplas-
mic sperm injection.
Intervention(s): Immunofluorescence combined with laser scanning confocal microscopy and immunocytochem-
istry were used to analyze the expression of GDF-9 and BMP-15 in oocytes and cumulus GCs.
Main Outcome Measure(s): To detect the protein expression levels.
Result(s): No significant difference was found in the expression of GDF-9 and BMP-15 in the oocytes and BMP-
15 in the cumulus GCs of patients with PCOS and controls. However, the expression of GDF-9 in cumulus GCs of
patients with PCOS was decreased significantly compared with controls (8.88 � 1.52 vs. 5.01 � 0.83).
Conclusion(s): The expression of GDF-9 and BMP-15 in the oocytes of patients with PCOS who received ovula-
tion induction treatment was in the normal range, but the GDF-9 expression in cumulus GCs from patients with
PCOS was significantly lower than the normal. Reduced GDF-9 expression in cumulus GCs of patients with
PCOS appears to be associated with decreased long-term developmental potential of the oocytes of patients
with PCOS. (Fertil Steril� 2010;94:261–7. �2010 by American Society for Reproductive Medicine.)
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Polycystic ovary syndrome (PCOS) is a common cause of
female anovulatory infertility and menstrual irregularities
affecting 6% to 8% of women of childbearing age (1). Its
etiology and pathogenesis are still under investigation. Recent
studies have shown that PCOS is an ovarian disorder (2) caused
by abnormal neuroendocrine malfunction (3), and its mecha-
nism can be explained by disordered follicular development
and the development of oocytes (4) mainly through two key
factors in oocytes, growth differentiation factor-9 (GDF-9)
and bone morphogenetic protein-15 (BMP-15) (5, 6).

The role of GDF-9 and BMP-15 in regulating follicular
development has been established in animals and humans.
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The follicular development was stagnated in its initial stage
in GDF-9 gene knockout female mice (7). There was an in-
creased ovulation rate in sheep with GDF-9 or BMP-15 het-
erozygous mutations and an increased infertility rate in sheep
with homozygous ovaries in cord shape (8). The role of GDF-
9 and BMP-15 in follicular development also was confirmed
by a study using the active and passive immunization of sheep
with homozygous and heterozygous mutations (9). A study in
patients with PCOS indicated that GDF-9 was related to early
follicular developmental abnormalities (10).

Ovulation disorder is a typical characteristic of PCOS.
Patients with PCOS currently are treated with exogenous
gonadotropin-induced ovulation in IVF-ETand other assisted
reproductive technologies to restore normal fertility, cleav-
age, implantation, and pregnancy rate (11). However, there
is a high abortion rate at the early stage of pregnancy in
patients with PCOS. It remains unclear how ovulation induc-
tion affects local autocrine-paracrine factors, specifically
GDF-9 and BMP-15, in patients with PCOS and whether these
local factors affect the developmental potential of oocytes.

Nowadays, there is widespread interest in paracrine factors
secreted by oocytes and their role in the regulation of key
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granulosa cell (GC) processes. The cumulus GCs, which re-
main apposed to the oocyte during follicular development
and ovulation, likely are involved in regulating oocyte devel-
opment and fertilization and in turn are regulated by oocyte
factors (6). This study adopted immunofluorescence combin-
ing laser scanning confocal microscopy and immunocyto-
chemistry to detect the expression of GDF-9 and BMP-15
in oocytes and cumulus GCs in patients with PCOS receiving
ovulation-induction. The results from this study will help
clarify the mechanism of PCOS follicular dysplasia and
help find ways of improving the in vitro culture system of
PCOS oocytes and the quality of oocytes.
MATERIALS AND METHODS

Object

Approval from the Clinical Ethical Committee and informed
patient consents were obtained before the initiation of the
study. Study subjects were patients who received intracyto-
plasmic sperm injection (ICSI) from May 2006 to October
2006 in the Reproductive Medical Center of Peking Univer-
sity Third Hospital. They were in good physical and mental
condition.

The selection criteria were that the study group patients un-
dertook ICSI because of severe asthenospermia or azoosper-
mia. The diagnosis of PCOS was based on the Rotterdam
criteria (12). In the control group, patients received ICSI dur-
ing the same period for causes other than the ones in the study
group. All the study group and controls were otherwise
healthy. Patients with a history of the following procedures
or disorders were excluded: ovarian surgery, radiotherapy
or chemotherapy, premature ovarian failure, ovarian dysfunc-
tion, endometriosis, hyperprolactinemia, thyroid dysfunc-
tion, or ovulation induction within 3 months.

Because it is difficult to recruit patients with PCOS who
needed ICSI because of their husbands’ problems and had su-
perfluous oocytes, we collected oocytes from patients with
PCOS and controls in the ratio of 1:4. Because of the limited
number of oocytes and to avoid stage interference, GDF-9 ex-
pression was detected in germinal vesicle (GV) oocytes, and
the expression of BMP-15 was detected in the oocytes at mei-
otic I metaphase. Cumulus GCs of metaphase II oocytes were
collected 1:1 from patients with PCOS and controls.
Sampling

Ovulation induction with GnRH agonist short protocol Alarelin
150 mg/d (Anhui Maan Shan Fengyuan Pharmaceutical Com-
pany) and recombinant FSH (Gonal-F; Serono SA Company,
Geneva, Switzerland) were applied from the second day of
menstruation. Patients received an initial dose of gonadotro-
pin between 150 and 300 U/d on the basis of their age, the
size of ovaries on B-ultrasonography, and the number of antral
follicles. Transvaginal ultrasonography was performed to
monitor follicular development from the eighth day of the
menstruation cycle. The dosage of gonadotropin was adjusted
on the basis of the concentration of E2 and transvaginal ultra-
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sonographic results of follicular development. When the
diameter of dominant follicles reached 18 mm or at least three
follicles were >16 mm in diameter, 10,000 IU of hCG (Se-
rono) was injected, and ova were collected by means of trans-
vaginal ultrasound–guided follicular aspiration after 36 hours.

Collection of superfluous immature oocytes After two hours
of ovum pickup, the collected ova were placed in 300 U/mL
hyaluronidase for seconds. Cumulus GCs were stripped from
the oocytes, and superfluous immature oocytes were col-
lected at GVor metaphase I (MI) stages after ICSI. The sam-
ples were fixed in 4% paraformaldehyde for 30 minutes and
saved in phosphate-buffered saline solution (PBS) at 4�C.

Cumulus GC collection Two hours after ovum pickup, cumu-
lus GCs surrounding the oocytes were stripped individually.
Cumulus GC of the metaphase II oocytes were collected
and dispersed under a dissecting microscope, then centrifuged
at 700 � g/min for 5 minutes, washed twice in PBS, resus-
pended with the density of 1 � 105 cells, smeared on poly-
L-lysine processing slides, and kept at 37�C for 10 minutes.
After the cells were dried, they were fixed with cold acetone
and methanol solution (1:1) for 10 minutes and reserved in
a refrigerator at �20�C.
Experimental Methods

Immunofluorescence and cytochemical staining of
oocytes The fixed samples were rinsed in PBS three times
for 5 minutes each time; harvested by trypsin digestion
(0.1% trypsin for 2 minutes); washed in PBS three times
for 5 minutes each time; blocked with 10% rabbit serum
for 30 minutes at room temperature; incubated with primary
antibodies goat anti-human polyclonal GDF-9 (1:100) anti-
body or BMP-15 antibody (1:50) in 0.1% Triton X-100
PBS at 4�C overnight. The samples were taken out after 16
to 20 hours; kept at room temperature for 30 minutes and
then washed in PBS three times, 5 minutes each time; incu-
bated with rabbit anti-goat fluorescein isothiocyanate anti-
body (1:200) in 0.1% Triton-X100 PBS at room
temperature for 1 hour; and washed in PBS three times for
5 minutes each. The samples were then transferred to PBS/
glycerol (3:7). Primary antibody was replaced with PBS in
negative controls. Judgment criteria were as follows: negative
result: absence of green fluorescent signals in the cytoplasm
of oocytes; positive result: detection of green fluorescent
signals in the cytoplasm of oocytes. True Confocal System
New Technology (TCS-NT) laser scanning confocal micros-
copy was used to quantify fluorescence intensity.

Immunohistochemical staining (labeled streptavidin
biotin) Cumulus GC samples were rinsed with 1% Triton
X-100 for 30 minutes; washed with PBS for 5 minutes, three
times; incubated in 0.5% H2O2/methanol for 15 minutes,
washed with PBS for 5 minutes, three times; and blocked
with 10% rabbit serum for 40 minutes. After the blocking so-
lution was carefully removed, the samples were incubated
with goat anti-human GDF-9 (1:100) antibodies or BMP-15
antibodies (1:50) in 0.1% Triton-X100 PBS at 4�C overnight.
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FIGURE 1

Expression of GDF-9 in oocytes of negative controls, healthy controls, and patients with PCOS.
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Primary antibody was replaced with PBS in negative con-
trols. The samples were taken out after 16 to 20 hours and
kept at room temperature for 30 minutes; washed in PBS
for 5 minutes, three times; incubated with biotinylated rabbit
anti-goat secondary antibodies (in 0.1% Triton-X100 PBS) at
room temperature for 30 minutes; washed with PBS for 5
minutes, three times; reacted with horseradish peroxidase–la-
beled streptavidin/horseradish peroxidase for 20 minutes;
washed with PBS three times, for 5 minutes each; 3,30-diami-
nobenzidine dark coloration lasted 10 minutes; terminated by
distilled water; differentiated in hydrochloric acid and alco-
hol; conventional alcohol dehydration, xylene tissue process-
ing, and neutral resin cover. Judgment criteria were as
follows: negative result: absence of brown or yellow granules
under light microscopy; positive result: detection of brown or
yellow granules under light microscopy. In analysis, five vi-
sual fields were picked up randomly from each film; >500
cells were collected for each film; Medical Image Analysis
System Maikeaodi (Beihang University, Beijing) was used
to record integral optical density value of intensity.
Statistical Analysis

The protein expression levels were analyzed with use of the
SPSS Statistical Package, version 10.0 for Windows (SPSS,
Inc., Chicago, IL). Statistical comparison was performed by
using Student’s t-test or Mann-Whitney test, wherever these
tests were appropriate. P<.05 was considered significant.
RESULTS

Growth Differentiation Factor-9 Expressions in Oocytes

Twelve oocytes at GV stage from eight patients with PCOS
(two oocytes each from two of the patients and three oocytes
from one patient) and 35 oocytes at GV stage from 31 controls
(two oocytes each from four of the patients) were collected.
Growth differentiation factor-9 expression was detected in
the cytoplasm of all GVoocytes and distributed evenly; how-
ever, there was no expression in germinal vesicles (Fig. 1).
Fertility and Sterility�
There was no significant difference in the basal conditions
between patients with PCOS and controls, such as age, basic
FSH, and gonadotropin dosage (Table 1). There was no sig-
nificant difference of GDF-9 protein levels in the oocytes at
GV stage between patients with PCOS and the controls
(50.93 � 14.14 vs. 40.42 � 16.94, P>.05).

Bone Morphogenetic Protein-15 Expression in Oocytes

Ten MI-stage oocytes were collected from seven patients
with PCOS (two oocytes each from three of the patients)
and 32 MI-stage oocytes from 27 normal controls (two
oocytes each from five of the patients). Bone morphogenetic
protein-15 expression was detected in all of these MI oocytes,
green fluorescence signals evenly distributed in cytoplasm.

There was no significant difference in the general condi-
tions between patients with PCOS and normal controls,
such as age and basic FSH (Table 2). There was no significant
difference of BMP-15 expression in MI oocytes between
patients with PCOS and normal controls (40.94 � 10.82 vs.
33.47 � 8.55, P>.05).

Expression of GDF-9 and BMP-15 in Cumulus GCs

Cumulus GCs were collected in mature oocytes from 16
patients with PCOS and 16 healthy controls. Both GDF-9
and BMP-15 proteins were detected in the cytoplasm of cu-
mulus GCs. There was no significant difference in the general
conditions between patients with PCOS and controls, such as
age, basic FSH, and gonadotropin dosage (P>.05) (Table 3).
The expression of GDF-9 in cumulus GCs of patients with
PCOS was significantly lower than that in the controls
(5.01� 0.83 vs. 8.88� 1.52, P<.05) (Fig. 2), whereas no sig-
nificant difference was detected in the expression of BMP-15
between patients with PCOS and controls (7.36 � 1.22 and
9.45 � 1.55 [mean � SEM]).
DISCUSSION

Growth differentiation factor-9 is the first identified critical
ovarian growth factor (10) in promoting follicular growth
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TABLE 1
Comparison of general conditions of patients with PCOS and the healthy controls for study of GV stage
oocytes.

General indicators Control PCOS P value

No. of cases 31 (35 oocytes) 8 (12 oocytes)
No. of ova 17.65 � 10.87 21.00 � 11.58 >.05
Age (y) 31.74 � 3.59 31.14 � 2.48 >.05
FSH (mIU/mL) 7.51 � 1.98 6.67 � 0.89 >.05
LH (mIU/mL) 4.52 � 2.99 7.26 � 5.26 >.05
E2 (pmol/L) 81.31 � 45.36 93.67 � 44.13 >.05
PRL (ng/mL) 15.09 � 7.21 14.08 � 6.34 >.05
T (nmol/L) 1.31 � 0.56 2.43 � 1.30 < .05
A (nmol/L) 6.28 � 2.04 9.41 � 3.21 < .05
Gn dosage (IU) 1,691.67 � 301.55 1,532.14 � 359.31 >.05

Note: A ¼ androsterone; Gn ¼ gonadotropin. Data are given as mean � SD.
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and synergistically inhibiting FSH-induced GC differentia-
tion in rodents, ruminants, and primates (13, 14). This study
compared the expression of GDF-9 and BMP-15 in the oo-
cytes and cumulus GCs of patients with PCOS receiving ovu-
lation induction and of controls to investigate the physiology
of follicular development and the effect of ovarian factors.

We found even distribution of GDF-9 and BMP-15 in GV
and MI-stage oocyte cytoplasm. There was no significant dif-
ference in GDF-9 and BMP-15 protein expression levels in
oocytes between patients with PCOS and the controls. This
finding is different from findings in a study by Teixeira
et al. (10), which showed delayed and decreased expression
of GDF-9 messenger RNA (mRNA) in oocytes from ovarian
biopsy of seven patients with polycystic ovaries and five
TABLE 2
Comparison of general conditions of patients with PC
oocytes.

General indicators Control

No. of cases 27 (32 oocytes)
No. of ova 21.43 � 11.47
Age (y) 31.26 � 2.77
FSH (mIU/mL) 7.38 � 2.63
LH (mIU/mL) 3.87 � 1.45
E2 (pmol/L) 94.95 � 50.19
PRL (ng/mL) 16.67 � 6.76
T (nmol/L) 1.11 � 0.48
A (nmol/L) 4.75 � 1.93
Gn dosage (IU) 2,428.13 � 1,052.75

Note: A ¼ androsterone; Gn ¼ gonadotropin. Data are given a
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patients with PCOS who received laparoscopic treatment
but no ovulation stimulation. Consistent with our finding at
the protein level, that study revealed no significant difference
in BMP-15 mRNA level between patients with polycystic
ovaries or PCOS and control groups (10). Our study revealed
increased expression of GDF-9 and BMP-15 in patients with
PCOS after ovulation induction, indicating that the expres-
sion of GDF-9 could be enhanced by ovulation induction,
which could correct endogenous FSH deficiency, relieve
PCOS dominant follicles selection disorder, and prevent fol-
licular developmental stagnation and atresia. Moreover, the
expression of GDF-9 and BMP-15 tended to be higher in
the PCOS group than in the control group. This may be be-
cause our sample sizes were not large enough. This result
suggested that the overexpressed ovarian factors might relate
OS and the healthy controls for study of MI stage

PCOS P value

7 (10 oocytes)
26.33 � 15.93 >.05
31.33 � 2.88 >.05
5.99 � 1.39 >.05
4.71 � 3.27 >.05

85.98 � 25.45 >.05
17.52 � 7.63 >.05
2.24 � 1.64 < .05
6.34 � 3.24 >.05

2,225.00 � 808.70 >.05

s mean � SD.
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TABLE 3
Comparison of general conditions of patients with PCOS and the controls for study of cumulus GCs.

General indicators Control PCOS P value

No. of cases 16 16
No. of ova 18.13 � 11.38 22.85 � 14.19 >.05
Age (y) 30.8 � 14.55 30.69 � 3.43 >.05
FSH (mIU/mL) 7.62 � 1.81 6.68 � 1.48 >.05
LH (mIU/mL) 5.63 � 4.70 6.36 � 3.95 >.05
E2 (pmol/L) 86.37 � 27.08 87.42 � 37.99 >.05
PRL (ng/mL) 14.49 � 5.89 17.23 � 6.83 >.05
T (nmol/L) 1.28 � 0.56 2.11 � 1.16 < .05
A (nmol/L) 5.40 � 1.74 8.02 � 3.36 < .01
Gn dosage (IU) 1,982.81 � 620.26 1,863.46 � 663.69 >.05

Note: A ¼ androsterone; Gn ¼ gonadotropin. Data are given as mean � SD.
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to ovarian hyperstimulation syndrome susceptibility for pa-
tients with PCOS, but this require further studies and a larger
sample size.

Studies using gain- or loss-of-function animal models
have demonstrated that the effect of GDF-9, for example,
GDF-9 gene injection (15), improves follicular development
whereas factors reducing GDF-9 expression, for example,
interference RNA, GDF-9 gene defect, GDF-9 inactive
homozygous mutation, or long-term immunity–inducing
GDF-9 deactivation, lead to infertility caused by ovarian dys-
functional follicular abnormalities (7, 9, 16, 17). The effect
of GDF-9 also has been confirmed in a human model:
when GDF-9 is added into human ovarian cortical slices cul-
ture medium, the secondary follicle proportion increases
from 31% to 53% and the follicular development index rises
from 48% to 74% (18). Study by Dixit et al. (19) and Laissue
et al. (20) on premature ovarian failure, an ovarian dysfunc-
tional disease, has revealed GDF-9 mutation at several sites.
All of the findings above reveal the role of GDF-9 as a major
local paracrine-autocrine factor affecting ovarian follicular
development, which may be involved in PCOS follicular
dysplasia.

The effect of GDF-9 expression on follicular development
is related to FSH function. Wang and Roy (21) showed that
FSH promotes early follicular development in hamsters
through up-regulating stem cell factor (SCF) and GDF-9,
and GDF-9 can reverse the action of FSH antiserum. Wang
and Roy (22) demonstrated the critical role of GDF-9 in me-
diating the function of FSH in stimulating follicular develop-
ment through GDF-9 small interfering RNA. The studies of
Roh et al. (23) and Kaivo-Oja et al. (24) in human and rats
showed that GDF-9 could stimulate the synthesis of inhibin,
indicating its effect on follicular maturation and ovulation
through regulating FSH negative feedback.

Previous studies have shown that PCOS is related to abnor-
mal GC function (3). We found decreased GDF-9 expression
Fertility and Sterility�
in cumulus GCs from patients with PCOS on ovulation in-
duction. In vitro experiments showed that GDF-9 could pro-
mote GC mitosis and inhibit differentiation (25). The
decreased GDF-9 expression in PCOS cumulus GCs may
be related to the reduced GC proliferation, which awaits fur-
ther investigation.

Previous studies also showed that GDF-9 could inhibit
FSH-stimulated P secretion, LH receptor generation, and cy-
clic adenosine monophosphate synthesis (26). Growth differ-
entiation factor-9 was the main medium secreted by oocytes
that could promote cumulus expansion (26). Growth differen-
tiation factor-9 also participated in maintaining and develop-
ing the gap junction between oocytes and adjacent GCs, as
well as the amino acid transport between them (27). Our
study suggested that although ovulation stimulation pro-
moted follicle growth, GDF-9 expression in cumulus GCs
was still lower than normal, which might lead to premature
luteinization and decreased oocyte development potential
and luteal generation (28), and this might be related to
a higher abortion rate among patients with PCOS. Many stud-
ies on factors affecting the expression of GDF-9 have been
done, and assumptions about the effect of such factors as
GDF-9 or BMP-15 gene mutations and insulin resistance
on the expression of GDF-9 have been suggested (29, 30).

In conclusion, ovarian GDF-9 in this study appears to be
related to PCOS-associated abnormal follicular development.
Thus we speculate that, if abnormal decreased GDF-9 and/or
BMP-15 might be identified as the major cause of FSH defi-
ciency, and subsequent follicular dysplasia, exogenous sup-
plement or improvement of the paracrine factor(s) might be
a better method of inducing ovulation than supplement of
FSH.

In addition, despite the enhanced GDF-9 expression after
ovulation induction, cumulus GCs may have functional disor-
ders, which may be related to the pathogenesis of PCOS and
even the long-term growth potential of the oocytes.
265



FIGURE 2

Expression of GDF-9 in cumulus GCs of negative
controls (A), healthy controls (B), and patients with
PCOS (C).
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Therefore, regulating the function of cumulus GCs seems to
improve the growth potential of PCOS oocytes.
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