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Abstract
Purpose  To evaluate whether PTX3 is differentially expressed in the granulosa lutein cells derived from women with PCOS 
and whether BMP6 can regulate the expression of PTX3 in hGL cells.
Methods  The expression levels of BMP6 and PTX3 in granulosa lutein cells were evaluated by RT-qPCR. The correlation 
between the expression levels of BMP6 /PTX3 and oocyte quality indexes were analyzed using clinical samples. The cells 
were incubated with BMP6 at different concentrations and times to check the expression of PTX3 in KGN cells. TGF-β type I 
inhibitors and small interfering RNA targeting ALK2/3/6,SMAD1/5/8 and SMAD4 were used to study the involvement of 
SMAD dependent pathways in KGN cells.
Results  The levels of BMP6 in hGL cells were negatively correlated with the corresponding oocyte maturation rate and 
high-quality embryo rate, whereas the levels of PTX3 were positively correlated with the corresponding oocyte maturation 
rate in PCOS. Additionally, the in vitro cell cultured results showed BMP6 significantly inhibited the expression of PTX3 
in KGN cells. Furthermore, using a dual inhibition approach (kinase inhibitors and small interfering RNAs), we identified 
the ALK2/ALK3 type I receptors and BMPR2/ACVR2A type II receptors and the downstream SMAD1/SMAD5-SMAD4 
signaling pathway were responsible for the BMP6-induced cellular activities in KGN cells.
Conclusions  The suppressive effect of BMP6 on PTX3 was mediated by ALK2/ALK3 type I receptors and BMPR2/ACVR2A 
type II receptors in granulosa cells through the SMAD1/5-SMAD4 dependent signaling pathway in PCOS.Our findings 
provides new insights into the understanding of the pathogenesis of PCOS-related ovulatory disorders.

Keywords  Polycystic ovary syndrome · Bone morphogenetic protein 6 · Pentraxin 3 · SMAD1/5/8 · ALK2/3/6 · Human 
granulosa-lutein cells

Introduction

Ovulation is an essential event for mammals to maintain nor-
mal reproductive activities. The dysregulation of ovulation 
is one of the leading causes of female infertility. Polycystic 
ovary syndrome (PCOS) is one of the most common causes 
of female infertility due to ovulation disorders and because 
the etiology of PCOS is currently unclear, it is one of the 
most challenging research topics in the field of female repro-
duction. In humans, ovulation is regulated by gonadotropins 
and involves a series of steps, such as oocyte meiosis restart, 
cumulus-oocyte complex (COC) formation, extracellular 
matrix reconstruction, and COC expansion [1]. This series 
of processes is essential for successful fertilization and early 
embryo development after the entrance of the oocyte into 
the oviduct. More importantly, successful ovulation largely 
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depends on the proper expansion of COC under the con-
trol of gonadotropins and several growth factors [2]. COC 
expansion is initiated by the accumulation of hyaluronic acid 
derived from granulosa cells; this process plays an important 
role in regulating oocyte maturation and ovulation. Moreo-
ver, the extent of COC expansion is a crucial morphological 
indicator for oocyte maturation and embryo quality in clini-
cal assessment [3].

Pentraxin 3 (PTX3) belongs to the pentraxin superfamily 
and is expressed in various human tissues. As a multifunc-
tional secreted protein, PTX3 regulates cell proliferation, 
angiogenesis, migration, and invasion and plays a vital role 
in the regulation of immune and inflammatory responses, 
matrix deposition, and female reproduction [4]. PTX3 is a 
key factor in the formation of a stable hyaluronic acid struc-
ture, which is essential for mammalian ovulatory function 
[5]. The expression of PTX3 in granulosa cells is closely 
associated with oocyte quality and subsequent fertilization 
rate [6]. Gene inactivation of PTX3 decreases the fertiliza-
tion ability of oocytes by destroying the structural integ-
rity of COC. Zhang et al. found that the expression level 
of PTX3 in cumulus cells is closely related to the fertiliza-
tion ability of the corresponding oocyte and the subsequent 
development of an embryo with implantation potential [7]. 
An animal study using transcriptional analysis indicated that 
the oocytes with higher expressions of PTX3 had higher 
potential for division and fertilization in buffalo [8]. Simi-
larly, the downregulation of PTX3 expression in granulosa 
cells resulted in a defect in female fertility [9]. Most stud-
ies suggested that the plasma level of PTX3 is associated 
with the pathogenesis of obesity, low-grade inflammation, 
and insulin resistance in patients with PCOS. However, the 
molecular mechanisms underlying the correlation between 
PTX3 level and PCOS [10–12] have not been determined. 
Considering the valuable role of PTX3 in follicular devel-
opment and ovulation, relevant research regarding PTX3 
modulation may help find new targets for managing ovula-
tion dysfunction. To our knowledge, only a few studies on 
PTX3 levels in follicular fluid samples and granulosa cells 
obtained from patients with PCOS have been carried out.

Bone morphogenetic proteins (BMPs) are the largest 
members of transforming growth factor β (TGF-β) super-
family growth factors and are extremely important for main-
taining female reproduction. Previous studies have shown 
that several BMPs, including BMP2, BMP4, BMP6, and 
BMP7 can regulate hyaluronic acid synthesis in human 
granulosa cells, leading to ovulation [13–15]. BMPs phos-
phorylate and activate intracellular signaling mediators 
Sma- and Mad-related protein (SMAD)1/5/8 after binding 
to the functional receptors, TGF-β type I and type II recep-
tors, on the cell membrane [16]. In particular, BMP6 has 
been shown to regulate mammalian follicle function, oocyte 
maturation, and luteal function [17, 18] by modulating 

intercellular communication in the ovary [19]. Additionally, 
the results obtained from clinical studies have revealed that 
the dysregulation of BMP6 signaling in the ovary is related 
to the pathogenesis of PCOS and ovulatory dysfunction [20]. 
Taken together, BMP6 is an essential intraovarian regulator 
for maintaining normal follicular development.

In summary, both PTX3 and BMP6 play a role in the 
hyaluronic acid structure, affecting cumulus expansion and 
leading to follicular development disorders, which may be 
related to the occurrence of PCOS. However, the presence 
of an interaction and regulatory relationship between PTX3 
and BMP6 and the significance of this interaction in the 
occurrence and development of PCOS remain unknown and 
have great exploratory value.

This study was proposed to evaluate the association 
between the expression of BMP6 and PTX3 in the human 
granulosa-lutein (hGL cells) and PCOS through both clinical 
observation and in vitro cell culture experiments. By study-
ing the molecular mechanism by which BMP6 regulates the 
expression of PTX3 in hGL cells, we aimed to understand the 
regulatory process of the ovulation event and identify new 
targets for treating ovulation disorders at the molecular level.

Materials and methods

Patients included in this study

All participants underwent the initial cycle of in vitro fer-
tilization/embryo transfer (IVF/ET) at the reproductive and 
genetic center of Shandong University of Traditional Chinese 
Medicine from January 2018 to January 2022. The calcula-
tion of the sample size was performed before the start of the 
study. Our study was considered a pilot, which aimed to gather 
at least 12–25 participants per group [21]. The participants 
included 31 women with PCOS (as a study group) and 31 
patients with tubal factor infertility (as a control group). The 
diagnosis of PCOS was primarily based on the criteria estab-
lished by the Rotterdam Society of Human Reproduction and 
Embryology/American Society of Reproductive Medicine, 
revised in 2003 [22]. All participants had no other endocrine 
system diseases, genital malformations, or chromosomal 
disorders and had not taken hormones or addictive drugs 
recently. The recruitment criteria for the PCOS group and the 
control group were similar, and participants in both groups 
had similar characteristics, including age, sex, and physical 
condition other than PCOS, to overcome selection bias [23].

All participants provided written informed consent, 
and the study was approved by the ethics committee of the 
Reproductive and Genetic Center of Shandong University of 
Traditional Chinese Medicine, approval no. SDTCM/E2110-
03. All procedures performed involving human participants 
met the ethical standards of the institutions, national research 
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committees, and 1964 Declaration of Helsinki and its subse-
quent amendments or similar ethical standards.

Ovarian stimulation and oocyte retrieval

Patients undergoing IVF/ET treatment initially received 
controlled ovarian hyperstimulation using medication that 
prevents the premature luteinization, including GnRH antag-
onists (ganirelix, Merck, Canada) in the follicular phase or 
triptorelin acetate (Synarel, Pfizer, Canada) in the luteal 
phase of the previous cycle to downregulate the pituitary 
gonadotropin-releasing hormone receptors and subsequent 
transduction pathways. On the second day of the menstrual 
cycle, appropriate human menopausal gonadotropin (hMG, 
Menopur, Ferring, Canada) or recombinant FSH (Pur-
egon, Merck, Canada) were administered to stimulate fol-
licular growth. When the diameter of the leading follicle 
reached > 18 mm or the diameters of at least three follicles 
reached > 17 mm, hCG (Pregnyl, Merck) was administered 
to trigger final oocyte maturation. Oocytes were retrieved 
under vaginal ultrasound-guiding 34–36 h after the trigger, 
and corresponding follicular fluid was collected.

Oocyte scoring criteria

The embryologists collected all the retrieved oocytes and 
evaluated the maturation of oocytes based on the following 
four perspectives [24]:

(1)	 Cumulus size: large cumulus cells and loose arrange-
ment (1 point); small or clustered cumulus cells and 
close arrangement (0 points).

(2)	 Oocyte color and transparency: light and good transpar-
ency (1 point); dark and dim transparency (0 points).

(3)	 Radial crown arrangement: radial crown cells arranged 
radially (1 point); radial crown cells did not disperse, 
or the radial crown was too divergent (0 points).

(4)	 Oocyte visibility: the oocyte was visible under the 
microscope (1 point); the oocyte visibility was fuzzy 
and light in color (0 points).

According to the aforementioned scoring standards, 
oocytes with scores of 3–4 were considered of high quality.

In vitro fertilization and embryo culture

Fertilization was determined by observing the formation of 
the pronucleus after 17 h of insemination. When two differ-
ent pronuclei containing nuclei (2 PN) were observed, suc-
cessful fertilization was determined [25]. The morphology 
and quality of embryos were evaluated based on the cleav-
age of cells after 72 h. Grade I embryos included 7–9 cells 
with uniform germ layers and fragment rates of < 10%. The 

fragment rate of grade II embryos was between 11 and 25%. 
The cell division of grade III embryos was irregular, and 
the fragmentation rate exceeded 25% [26]. Grade I embryos 
were considered to be high-quality embryos. Grade I and 
II embryos were considered viable. Viable embryos were 
used to perform fresh embryo transfers or frozen-thawed 
embryo transfers.

Clinical outcomes

The oocyte maturation rate was defined as the number of 
oocytes that scored 3–4 divided by the total number of 
oocytes retrieved. The fertilization rate was defined as the 
number of fertilized oocytes divided by the total number of 
retrieved oocytes. The cleavage rate was defined as the num-
ber of cleaved embryos divided by the total number of ferti-
lized eggs. The viable embryo rate was defined as the num-
ber of embryos available for transfer divided by the number 
of all cleaved embryos. The high-quality embryo rate was 
defined as the number of high-quality embryos divided by 
the number of all viable embryos. Clinical pregnancy was 
defined as the presence of a pregnancy sac and a fetal pole 
in the uterine cavity monitored by ultrasound at six weeks 
of gestation. The cumulative clinical pregnancy rate was 
defined as the number of clinical pregnancies divided by the 
total number of all transferred cycles. The main outcomes 
were measured by the high-quality oocyte rate and cumula-
tive clinical pregnancy rate. The secondary outcomes were 
measured by the fertilization rate, cleavage rate, transferred 
embryo rate, and high-quality embryo rate.

Human ovarian granulosa cell line (KGN cells) 
culture

The human ovarian granulosa cell line (KGN cells) is a com-
monly used cell model for in vitro experiments to study ovar-
ian functions because these cells are easy to isolate, culture, 
and transfect and can be analyzed by immunocytochemical 
methods [27, 28]. KGN cells were seeded (2–4 × 105 per 
well) in six-well plates and were cultured at 37 ºC in 5% CO2 
and 95% air. Dulbecco's Modified Eagle's Medium/Nutrient 
Mixture F-12 Ham (DMEM/F-12; Sigma Aldrich, USA) was 
used to culture the cells and was supplemented with penicil-
lin (100 U/mL, Invitrogen, Life Technologies, USA), strep-
tomycin sulfate (100 μG/mL, Invitrogen, Life Technologies, 
USA), glutamine (1x, Invitrogen, Life Technologies, USA), 
and 10% carbon/dextran treated fetal bovine serum (10%, 
HyClone, USA). The medium was changed every other day. 
All cells were resuspended in a serum-free medium for 24 h 
before the experiment. For concentration-dependent studies, 
cells were treated with BMP6 at different concentrations (1, 
10, or 100 ng/mL) for 24 h. For time course studies, cells 
were treated with 100 ng/mL BMP6 for 3, 6, 12, or 24 h. 
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Cells were harvested for reverse transcription-quantitative 
polymerase chain reaction (RT‒qPCR) and Western blot 
analysis to examine messenger RNA (mRNA) and protein 
levels, respectively. The PTX3 levels secreted in the culture 
medium were examined using an enzyme immunoassay.

Preparation and culture of primary hGL cells

The primary hGL cells used in the experiment were all 
isolated from the remaining follicular fluid obtained from 
patients undergoing IVF treatment at the reproductive and 
genetic center of the affiliated hospital of Shandong University 
of Traditional Chinese Medicine. The hGL cells were centri-
fuged and purified by density gradient centrifugation precipi-
tation after collecting follicular fluid [29]. These cells were 
counted with a hemocytometer, and cell viability was assessed 
by trypan blue (0.04%) exclusion. Purified primary hGL cells 
were seeded (2 × 105 cells per well in 12-well plates) and cul-
tured in a humidified atmosphere of 5% CO2 and 95% air at 
37 ºC. Cells were cultured in DMEM/DMEM/F-12 (Sigma-
Aldrich Corp., Oakville, ON) supplemented with 10% fetal 
bovine serum (Hyclone, Logan, UT), 100 U/mL penicillin 
(Life Technologies, Inc./BRL, Grand Island, NY), 100 μg/mL 
streptomycin sulfate (Life Technologies), and 1 × GlutaMAX 
(Life Technologies). The culture medium was changed every 
other day. All cells were resuspended in a serum-free medium 
for 24 h before the experiment.

Antibodies and reagents (Table 1)

Reverse transcription quantitative real‑time PCR 
(RT‒qPCR)

Cells were washed with cold phosphate buffered saline 
(PBS), and total RNA was extracted from hGL cells using 

TRIzol Reagent (Invitrogen, Life Technologies) according 
to the manufacturer's instructions. Typically, 2 μg of RNA 
was used to produce first-strand cDNA with random prim-
ers and Moloney murine leukemia virus (MMLV) reverse 
transcriptase (Promega, Madison, USA). Every 20-μL mix-
ture contained 10 μL of 1X SYBR Green PCR Master Mix 
(Applied Biosystems, USA), 20 ng of cDNA template, and 
250 nm of primer. The reverse transcription reaction con-
ditions were as follows: 42 ºC for 40 min and 65 ºC for 
10 min. After the reaction, cDNA was obtained and stored 
at − 80 ºC. The primer sequences used in this study are listed 
in Table 2. The primers used for the TaqMan gene expres-
sion assays were as follows: PTX3 (Hs00173615_m1), 
ACVR1 (ALK2, Hs00153836_m1), BMPR1A (ALK3, 
Hs01034913_g1), BMPR1B (ALK6, Hs01010965_m1), 
SMAD1 (Hs01077084_m1); SMAD5 (Hs00195437_m1), 
SMAD8 (HS001195441_m1), SMAD4 (Hs00929647_m1), 
and GAPDH (Hs02758991_G2) (Applied Biosystems, Fos-
ter, CA). PCR was performed using the Applied Biosystems 
7300 real-time fluorescent quantitative PCR system. The RT-
qPCR program and system conditions were as follows: 95 
ºC for 3 min, followed by 95 ºC for 10 s and 60 ºC for 30 s, 
all for a total of 35 cycles. Three independent experiments 
were performed using different cultures, and each sample 

Table 1   Antibodies and reagents

Name Company

Recombinant human BMP6 protein (507-BP) R&D Systems (Minneapolis, MN, USA)
Dorsomorphin dihydrochloride (DM) (3093)
4-[6-[4-(1-methylethoxy) phenyl] pyrazolo[1,5-a] pyrimidin-3-yl]-quinoline DMH-1 (DMH-1) 

(4126) antibody
TGF-β type I receptor inhibitor SB431542 Sigma Aldrich (St Louis, MO, USA)
Polyclonal rabbit anti-phospho-SMAD1 (Ser463/465) antibody Cell Signaling Technology (Beverly, MA)
Polyclonal rabbit anti-phospho-SMAD5 (Ser463/465) antibody
Polyclonal rabbit anti-phospho-SMAD8 (Ser426/428) antibody (13,820, diluted at 1:1000)
Olyclonal rabbit anti-SMAD4 (9515, diluted at 1:1000) antibody
Horseradish peroxidase-conjugated goat anti-rabbit (diluted at 1:5000) Bio-Rad Laboratories (Hercules, CA)
Goat anti-mouse IgGs (diluted at 1:5000)
Horseradish peroxidase-conjugated donkey anti-goat IgG Santa Cruz Biotechnology

Table 2   Primer synthesis information

Gene Number Primers Sequence (5’-3’)

Reference GAPDH-F GAG​TCA​CGG​ATC​AAG​ATT​GGT​CGT​
GAPDH-R GAC​AGA​CTT​CTC​TCT​CTG​TTC​GTC​TCAG​

1 PTX3-F TCT​CTG​GTC​TGC​AGT​GTG​G
PTX3-R TGA​AGA​GCT​TCC​CAT​TCC​

2 SMAD4-F TGG​CCC​AGG​ATC​AGT​AGG​T
SMAD4-R CAT​CAA​CAA​TTC​CAGCA​



35Journal of Assisted Reproduction and Genetics (2024) 41:31–48	

1 3

was repeated three times. Relative quantitative analysis of 
mRNA levels was performed using the comparative cycle 
threshold (CT) method, with GAPDH as a reference gene 
and the calculation formula 2−∆∆Ct. All primers used in this 
study passed the validation test.

Western blot analysis

After washing with cold PBS, the cells were lysed in lysis 
buffer (Cell Signaling) containing a protease inhibitor cock-
tail (Sigma‒Aldrich). The cell lysates were centrifuged at 
14,000 rpm for 15 min at 4 ℃, and the supernatants were 
subsequently collected. The protein concentration in the 
supernatant was quantitatively determined using the DC 
protein assay (Bio Rad Laboratories). Equal amounts of 
protein were separated using 10% sodium dodecyl sulfate‒
polyacrylamide gel electrophoresis (SDS‒PAGE) and 
transferred to a polyvinylidene fluoride membrane. After 
1 h of blocking with 5% nonfat dry milk in TBS buffer, the 
membranes were incubated overnight with relevant primary 
antibodies and washed three times with TBST buffer (TBS 

with Tween-20); the membranes were incubated for 1 h 
with appropriate peroxidase-conjugated secondary antibod-
ies. The immunoreactive bands were detected by enhanced 
chemiluminescent substrate or SuperSignal West Femto 
Chemiluminescent Substrate (Pierce, Rockford, IL). The 
membranes were stripped with stripping buffer at 50 ºC for 
30 min and reprobed with rabbit anti-SMAD1/5/8 or mouse 
anti-α-tubulin antibody as a loading control.

Small interfering RNA (siRNA) transfection

We used 25  nM of ON-TARGETplus SMARTpool or 
25  nM ON-TARGETplus Non-Targeting Pool (Thermo 
Fisher Scientific; Lafayette, CO, USA) to decrease the level 
of ALK2, ALK3, ALK6, BMPR2, ACVR2A, ACVRR2B, 
SMAD1, SMAD5, SMAD8, or SMAD4 expression. Cells 
were cultured to 50% confluence in antibiotic-free DMEM/
F12 medium containing 10% FBS and then transfected with 
25 nM siRNA for 48 h using Lipofectamine RNAiMAX 
(13,778–150; Invitrogen, Life Technologies). SiCONTROL 
Non-Targeting Pool siRNA was used as the transfection 

Table 3   Baseline characteristics 
of recruited patients

Data are presented as mean ± SD for continuous variables and n (%) for dichotomous variables. All P val-
ues were assessed with the use of Student’s t test or χ2(**p < 0.01,*p < 0.05)

PCOS group Control group P-value

No of patients 31 31
Female age at oocyte retrieval(years) 30.10 ± 3.38 30.52 ± 3.01 0.61
Duration of infertility (years) 2.97 ± 1.78 2.74 ± 1.41 0.58
Infertility type 0.31
Primary infertility 16 (51.6%) 12 (38.7%)
Secondary infertility 15 (48.4%) 19 (61.3%)
Duration of COS 11.45 ± 1.65 11.74 ± 1.12 0.42
Total Gn dose administered 2804.19 ± 515.75 3174.20 ± 595.67 0.01*
AMH level (ng/ml) 6.75 ± 1.69 2.48 ± 0.91  < 0.001**
BMI (kg/m2) 24.19 ± 4.52 23.15 ± 3.51 0.31
Basic LH level (IU/L) 8.83 ± 4.87 4.52 ± 1.39  < 0.001**
Basic T level (ng/ml) 1.15 ± 0.45 0.34 ± 0.18  < 0.001**
No. of oocytes retrieved 24.78 ± 13.87 10.68 ± 3.11  < 0.001**

Table 4   Clinical outcomes

Data are presented as mean ± SD for continuous variables and n (%) for dichotomous variables. All P val-
ues were assessed with the use of χ2(**p < 0.01,*p < 0.05)

PCOS group Control group P-value

No of patients 31 31
Oocyte maturation rate (%) 50.9% (391/768) 70.1% (232/331)  < 0.001**
Fertilization rate (%) 67.2% (516/768) 67.7% (224/331) 0.88
Cleavage rate (%) 59.3% (306/516) 74.1% (166/224)  < 0.001**
Viable embryo rate (%) 36.8% (190/516) 52.7% (118/224)  < 0.001**
High-quality embryo rate (%) 35.3% (67/190) 28.0% (33/118) 0.18
Cumulative clinical pregnancy rate (%) 28.6% (10/35) 52.8% (19/36) 0.04*
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control. The knockdown efficiency was confirmed by real-
time quantitative RT-PCR or Western blot analysis.

Measurement of BMP6 and PTX3 by enzyme‑linked 
immunosorbent assay

The cell culture medium was collected for the enzyme-
linked immunosorbent assay. BMP6 and PTX3 protein pro-
duction levels in culture medium or follicular fluid were 
measured by an enzyme immunoassay kit (R&D Systems) 
per the manufacturer's instructions. The levels of BMP6 
and PTX3 were normalized to the protein concentration of 
each cell lysate. Each sample was measured three times.

Statistical analysis

The results were analyzed using SPSS Version 22. Compari-
sons between the two groups were performed by Student’s 
t-test or the Mann‒Whitney U test for continuous variables 
and the χ2 test for categorical variables. Spearman correlation 
analysis was applied to identify correlations between BMP6/
PTX3 expression and clinical indicators. Experimental results 
were presented as mean ± standard error of the mean (SEM) 
based on at least three independent experiments. The results 
were analyzed by one-way analysis of variance followed by 
Tukey’s multiple-comparison tests using PRISM software 
(GraphPad Software, San Diego, CA). Data were considered 
significantly different if the P-value was < 0.05.

Results

Clinical data analysis

Baseline characteristics of recruited patients

This study included 31 patients with PCOS and 31 patients 
with tubal factor infertility (with normal endocrine 

function). A total of 71 embryo transfer cycles were 
included. The baseline characteristics of patients are dis-
played in Table 3. No significant difference was identified 
in patient age, infertility duration and cause, and body mass 
index (BMI) between the two groups (P > 0.05). Addition-
ally, no significant difference was present in the duration 
of gonadotropin (Gn) administration (P > 0.05). However, a 
significantly lower total dose of Gn during the stimulation 
cycle was found in the PCOS group than that in the control 
group (P < 0.05). Moreover, significantly higher levels of 
basal LH, basal testosterone, and anti-müllerian hormone 
(AMH) were found in the PCOS group (P < 0.001). The 
number of retrieved oocytes was also higher in the PCOS 
group (P < 0.001).

Clinical outcomes

We conducted statistical analysis on the relevant indicators 
of oocyte retrieval and embryo transfer cycle of the two 
groups. The results are presented in Table 4. In the oocytes 
removed from the two groups, the high-quality oocyte rate 
of the PCOS group was significantly lower than that of 
the control group (50.9% vs. 70.1%, P < 0.001). Although 
no significant difference was identified between the ferti-
lization rates of the two groups, the cleavage rate of the 
PCOS group was still significantly lower than that of the 
control group (59.3% vs. 74.1%, P < 0.001). A significantly 
lower viable embryo rate was identified in the PCOS group 
(36.8% vs. 52.7%, P < 0.001); however, no significant dif-
ference was determined in the high-quality embryo rates 
between the two groups (Table 2). Additionally, the cumu-
lative pregnancy rate of the PCOS group was lower than 
that of the control group (28.6% vs. 52.8%, P = 0.038).

Increased expression of BMP6 and decreased 
expression of PTX3 in the cumulus granulosacells 
and follicular fluid obtained from patients 
with PCOS

To determine whether the expression levels of BMP6 
and PTX3 in the cumulus granulosacells of patients with 
PCOS differed from those of control patients, we meas-
ured the mRNA levels of BMP6 and PTX3 of cumulus 
granulosacells using RT-qPCR. The isolated cells and 
follicular fluid were directly used for the mRNA analy-
sis without further culture. The results are presented 
in Fig.  1a and b, showing that BMP6 mRNA levels 
were upregulated, whereas PTX3 mRNA levels were 
downregulated in the hGL cells of patients with PCOS. 
Additionally, the BMP6 protein levels were increased, 
whereas the PTX3 protein levels were decreased in fol-
licular fluid samples obtained from patients with PCOS, 
compared with those from the control group (P < 0.05, 

Fig. 1   Comparison of the expression of BMP6 and PTX3 in human 
granulosa-lutein (hGL) cells and follicular fluid between PCOS and 
control groups. The isolated cells and follicular fluid were directly 
used for the mRNA analysis without further culture. The mRNA 
levels of BMP6 and PTX3 in hGL cells of patients with PCOS and 
control patients were examined using RT-qPCR (a–b). The protein 
levels of BMP6 and PTX3 in the granulosa cells of patients with 
PCOS and control patients were then examined using Western blot 
analysis (c–e). The accumulated protein levels of BMP6 and PTX3 
in the follicular fluid samples obtained from patients with PCOS and 
control patients were examined using ELISA (f–g). The results were 
expressed as means ± standard errors of at least three independent 
experiments, with different letters indicating statistically significant 
differences (P < 0.05)

◂
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Fig. 1c to e). Similarly, using an enzyme-linked immu-
nosorbent assay, we found that the BMP6 protein levels 
were increased, whereas the PTX3 protein levels were 
decreased in the hGL cells obtained from patients with 
PCOS, compared with those from the control group 
(P < 0.05) (Fig. 1f and g).

Correlation between the mRNA levels of BMP6 
and PTX3 in hGL cells and clinical outcomes 
in patients with PCOS

To investigate the effects of the expression changes in BMP6 
and PTX3 in the cumulus granulosacells of patients with 

Fig. 2   Correlation between the mRNA levels of BMP6 and PTX3 in 
hGL cells and clinical outcomes in patients with PCOS. Spearman 
correlation analyses were used to investigate the correlation between 
the mRNA levels of BMP6 and the oocyte maturation rate (a), cleav-
age rate (b), available embryo rate (c), high-quality embryo rate 
(d), cumulative clinical pregnancy rate (e), and fertilization rate (f) 

in patients with PCOS. Spearman correlation analyses were used to 
investigate the correlation between the mRNA levels of PTX3 and the 
oocyte maturation rate (g), cleavage rate (h), available embryo rate 
(i), high-quality embryo rate (j), cumulative clinical pregnancy rate 
(k), and fertilization rate (l) in patients with PCOS
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PCOS on the clinical outcomes of IVF treatment, we con-
ducted a correlation study using the Spearman correlation 
analysis. The results showed that the mRNA levels of BMP6 
in hGL cells were negatively correlated with the oocyte mat-
uration rate (r =  − 0.580, P < 0.01, Fig. 2a) and high-quality 
embryo rate (r =  − 0.440, P < 0.05, Fig. 2d). This indicates 
that high the level of BMP6 in hGL cells was related to the 
low rates of oocyte maturation and high-quality embryos. 
The mRNA levels of PTX3 were positively correlated with 
the oocyte maturation rate (r = 0.448, P < 0.05, Fig. 2g).

BMP6 suppresses the expression of PTX3 in KGN 
and hGL cells

To investigate the effect of BMP6 on the expression of PTX3 
in the human ovary, we used recombinant human BMP6 
to treat KGN cells. The results showed that treatment with 
different concentrations (1, 10, or 100 ng/mL) of BMP6 for 
12 h significantly decreased the mRNA levels of PTX3 in 
a concentration-dependent manner using in vitro KGN cell 
culture (Fig. 3a). We further treated KGN cells with 100 ng/
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Fig. 3   The effects of BMP6 on the expression of PTX3 in KGN and 
hGL cells. a KGN cells were treated with vehicle control or differ-
ent concentrations (1, 10, or 100  ng/mL) of BMP6 for 12  h, and 
the mRNA levels of PTX3 were examined using RT-qPCR. b KGN 
cells were treated with 100 ng/mL BMP6 for 3, 6, 12, or 24 h, and 
the mRNA levels of PTX3 were examined using RT-qPCR. c KGN 
cells were treated for 24 h with vehicle control or different concen-
trations (1, 10, or 100  ng/mL) of BMP6, and the accumulated pro-

tein levels of PTX3 were measured using an enzyme immunoassay. 
d The primary hGL cells were treated with different concentrations 
(1, 10, or 100  ng/mL) of BMP6 for 6  h, and the mRNA levels of 
PTX3 were examined using RT-qPCR. The results were expressed 
as means ± standard errors of at least three independent experiments, 
with different letters indicating statistically significant differences 
(P < 0.05)
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mL BMP6 for different durations (3, 6, 12, or 24 h), and the 
time course experiments demonstrated that the suppressive 
effects of BMP6 on the mRNA levels of PTX3 started at 3 h 
and persisted until 24 h after treatment (Fig. 3b). Similarly, 
the Western blot analysis results revealed that BMP6 treat-
ment for 24 h decreased the protein levels of PTX3 in a 
concentration-dependent manner in KGN cells (Fig. 3c). To 
confirm the physiological relevance of the results obtained 
from the immortalized cell line, we used primary hGL cells 
isolated from follicular fluid samples obtained from patients 
undergoing IVF. Similar to the results obtained from KGN 
cells, the level of PTX3 mRNA was significantly decreased 
in primary hGL cells after treatment with different concen-
trations of BMP6 (1, 10, or 100 ng/mL) for 6 h (Fig. 3d).

The BMP type I receptors ALK2/ALK3, but not ALK6, 
mediate the BMP6‑induced downregulation of PTX3 
in KGN cells

Several BMP type I receptors (activin receptor-like kinases or 
ALKs) have been shown to transduce BMP signaling [30, 31], 
whereas several kinase inhibitors have been shown to inhibit 
the activity of ALKs. For instance, DMH-1 selectively inhib-
its ALK2/3, dorsomorphine (DM) inhibits ALK2/3/6, and 
SB431542 inhibits ALK4/5/7 [32, 33]. Our results showed 
that pretreatment with DM (10 μM) or DMH-1 (0.25 μM) for 
1 h reversed the suppressive effect of BMP6 on PTX3 mRNA 
levels in KGN cells (Fig. 4a and b). However, pretreatment 
with 5 μM SB431542 did not have this effect (Fig. 4c). To 
further determine which ALKs were involved in this process, 
a siRNA-based inhibition approach was conducted to knock 
down the type I receptors (ALK2, ALK3, or ALK6). Previous 
studies have verified that transfection of cells with siRNA tar-
geting ALK2, ALK3, or ALK6 for 48 h significantly reduced 
the mRNA levels of specific ALKs [19]. Specifically, the 
results showed that knockdown of ALK2 or ALK3 partially 
reversed the suppressive effect of BMP6 on the mRNA levels 
of PTX3 (Fig. 4d and e), whereas knockdown of ALK6 had 
no such effect (Fig. 4f). Notably, the combined knockdown of 
ALK2 and ALK3 completely reversed the suppressive effect 
of BMP6 on the expression of PTX3 (Fig. 4g). These results 

indicate that the type I receptor ALK2 or ALK3 is required to 
mediate the BMP6-induced downregulation of PTX3 expres-
sion in KGN cells.

BMPR2 and ACVR2A are required to mediate 
the suppressive effect of BMP6 on the expression 
of PTX3 in KGN cells

Bone morphogenetic protein receptor type II (BMPR2), 
activin receptor type IIA (ACVR2A), and activin recep-
tor type IIB (ACVR2B) are the functional type II receptors 
implicated in BMP-induced cellular signaling [30]. A similar 
siRNA approach was used to determine which type II recep-
tor (BMPR2, ACVR2A, or ACVR2B) mediates the BMP6-
induced signaling in KGN cells [33]. The results showed that 
knockdown of BMPR2 and ACVR2A partially reversed the 
BMP6-induced downregulation of PTX3 mRNA (Fig. 5a 
and b). However, knockdown of ACVR2B did not have this 
effect (Fig. 5c). In addition, we found that the simultaneous 
knockdown of BMPR2 and ACVR2A completely reversed 
the BMP6-induced downregulation of PTX3 mRNA (Fig. 5d). 
However, either concomitant knockdown of BMPR2 and 
ACVR2B (Fig. 5e) or concomitant knockdown of ACVR2A 
and ACVR2B (Fig. 5f) did not have this effect. These results 
indicate that the type II receptors BMPR2 and ACVR2A, but 
not ACVR2B, are required to mediate the suppressive effect 
of BMP6 on the expression of PTX3 in KGN cells.

ALK2/ALK3 type I receptors and BMPR2/ACVR2A 
type II receptors mediate BMP6‑induced 
phosphorylation of SMAD1/5/8 in KGN cells

Previous studies have suggested that BMP6 may induce the 
activation of downstream SMAD1/5/8 proteins [34]. To 
further determine which receptors were involved in BMP6-
induced SMAD1/5/8 phosphorylation, we treated KGN 
cells with type I receptor inhibitors or knocked down the 
aforementioned type I and type II receptors using siRNA 
to analyze phosphorylated SMAD1/5/8 protein levels using 
Western blot analysis. Our results showed that pretreatment 
with DM or DMH-1 significantly lessened BMP6-induced 
increases in phosphorylated SMAD1/5/8 protein levels in 
KGN cells. However, pretreatment with SB431542 did not 
have this effect (Fig. 6a). In addition, knockdown of ALK2, 
ALK3, or combined knockdown of ALK2 and ALK3 sig-
nificantly reversed the BMP6-induced increase in phospho-
rylated SMAD1/5/8 protein levels, whereas knockdown of 
ALK6 did not have this effect (Fig. 6b and c). Interestingly, 
knockdown of BMPR2, but not ACVR2A or ACVR2B, 
reversed the BMP6-induced increase in phosphorylated 
SMAD1/5/8 protein levels (Fig. 6d to f). Our results fur-
ther showed that the combined knockdown of BMPR2 
and ACVR2A or combined knockdown of BMPR2 and 

Fig. 4   ALK2 and ALK3 type I receptors are required to mediate 
BMP6-induced downregulation of PTX3 expression in KGN cells. 
a–c KGN cells were pretreated with dimethyl sulfoxide (DMSO), 
10 μM DM (a), 0.25 μM DMH-1 (b), or 10 μM SB431542 for 1 h, 
and cells were then treated with 100 ng/mL BMP6 for another 6 h. 
The mRNA levels of PTX3 were examined using RT-qPCR. d–g 
KGN cells were transfected with siCtrl, siALK2 (d), siALK3 (e), 
siALK6 (f), or combined siALK2 and siALK3 (g) for 24  h, and 
cells were then treated with 100 ng/mL BMP6 for another 6 h. The 
mRNA levels of PTX3 were examined using RT-qPCR. The results 
are expressed as means ± standard errors of at least three independent 
experiments. Different letters indicate statistically significant differ-
ences (P < 0.05)
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ACVR2B reversed the BMP6-induced increase in phos-
phorylated SMAD1/5/8 protein levels, while the com-
bined knockdown of BMPR2 and ACVR2A reversed the 
increase in phosphorylated SMAD1/5/8 protein levels to a 
greater extent, indicating the important role of BMPR2 and 
ACVR2A in regulating SMAD1/5/8 activity (Fig. 6g and h).

SMAD1 and SMAD5 mediate the suppressive effect 
of BMP6 on PTX3 expression in KGN cells

To further determine which SMAD mediates the suppres-
sive effect of BMP6 on the expression of PTX3, specific 
siRNAs were used to knock down SMAD1, SMAD5, and 
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Fig. 5   BMPR2 and ACVR2A type II receptors are required to medi-
ate the BMP6-induced downregulation of PTX3 expression in KGN 
cells. a–c KGN cells were transfected with siCtrl, siBMPR2 (a), 
siACVR2A (b), or siACVR2B (c) for 48  h, and cells were then 
treated with 100 ng/mL BMP6 for another 6 h. The mRNA levels of 
PTX3 were examined using RT-qPCR. d–f KGN cells were trans-
fected with siCtrl, combined siBMPR2 and siACVR2A (d), com-

bined siBMPR2 and siACVR2B (e), or combined siACVR2A and 
siACVR2B (f) for 48  h. Cells were then treated with 100  ng/mL 
BMP6 for another 6 h, and the mRNA levels of PTX3 were examined 
using RT-qPCR. The results are expressed as means ± standard errors 
of at least three independent experiments. Different letters indicate 
statistically significant differences (P < 0.05)
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SMAD8, respectively. The knockdown efficiency of each 
SMAD was verified using RT-qPCR (Fig. 7a, b, and c). 
In particular, single knockdown of SMAD1, SMAD5, or 

SMAD8 did not impact the suppressive effect of BMP6 on 
the expression of PTX3 in KGN cells (Fig. 7d, e, and f). 
Interestingly, combined knockdown of SMAD1 and SMAD5 
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Fig. 6   ALK2/ALK3 type I receptors and BMPR2 type II receptor 
mediate BMP6-induced phosphorylation of SMAD1/5/8 in KGN 
cells. a KGN cells were pretreated for 1 h with DMSO, DM (10 µM), 
DMH-1 (0.25 µM), or SB431542 (10 µM), and cells were then treated 
with 100 ng/mL of BMP6 for another 6 h. The levels of phosphoryl-
ated SMAD1/5/8 protein levels were examined using Western blot 
analysis. b KGN cells were transfected with siCtrl, siALK2, siALK3, 
or siALK6 for 24 h, and cells were then treated with 100 ng/mL of 
BMP6 for another 1 h. The phosphorylated SMAD1/5/8 protein lev-
els were examined using Western blot analysis. c KGN cells were 
transfected with siCtrl, siALK2, siALK3 or combined siALK2 and 
siALK3 for 24  h, and cells were then treated with 100  ng/mL of 

BMP6 for another 1 h. The phosphorylated SMAD1/5/8 protein lev-
els were examined using Western blot analysis. d–f KGN cells were 
transfected with siCtrl, siBMPR2 (d), siACVR2A (e), or siACVR2B 
(f) for 48  h, and cells were then treated with 100  ng/mL of BMP6 
for another 6 h. The phosphorylated SMAD1/5/8 protein levels were 
examined using Western blot analysis. g–h KGN cells were trans-
fected with siCtrl, combined siBMPR2 and siACVR2A, combined 
siBMPR2 and siACVR2B, or combined siACVR2A and siACVR2B 
for 48  h, and cells were then treated with 100  ng/mL BMP6 for 
another 6  h. The phosphorylated SMAD1/5/8 protein levels were 
examined using Western blot analysis
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reversed the suppressive effect of BMP6 on the mRNA lev-
els of PTX3 (Fig. 7g). However, combined knockdown of 
SMAD1 and SMAD8 or SMAD5 and SMAD8 did not have 
this effect (Fig. 7h and i). These results showed that SMAD1 
and SMAD5 were key molecules to mediate the suppressive 
effect of BMP6 on the expression of PTX3 in KGN cells.

SMAD4 mediates the BMP6‑induced suppressive 
effect on PTX3 expression in KGN cells

In most tissues, phosphorylated SMAD1/5/8 proteins bind 
to SMAD4 and translocate to the nucleus to regulate the 
expression of the related target genes [35]. To further 

Fig. 7   SMAD1 and SMAD5 
mediate the suppressive effect 
of BMP6 on PTX3 expres-
sion in KGN cells. a–c KGN 
cells were transfected with 
25 nM siCtrl, 25 nM SMAD1 
siRNA (siSMAD1) (a), 25 nM 
SMAD5 siRNA (siSMAD5) 
(b), or 25 nM SMAD8 siRNA 
(siSMAD8) (c) for 24 h. The 
mRNA levels of SMAD1, 
SMAD5, and SMAD8 were 
examined using RT-qPCR. d–f 
KGN cells were transfected with 
25 nM siCtrl, 25 nM siSMAD1 
(d), 25 nM siSMAD5 (e), or 
25 nM siSMAD8 (f) for 24 h, 
and cells were then treated with 
100 ng/mL BMP6 for another 
6 h. The mRNA levels of PTX3 
were examined using RT-qPCR. 
g–i KGN cells were transfected 
with 25 nM siCtrl, concomitant 
25 nM siSMAD1 and siS-
MAD5 (g), concomitant 25 nM 
siSMAD1 and siSMAD8 (h), or 
concomitant 25 nM siSMAD5 
and siSMAD8 (i) for 24 h and 
then treated with 100 ng/mL 
BMP6 for 6 h. The mRNA 
levels of PTX3 were examined 
using RT-qPCR. The results 
are expressed as means ± SEMs 
of at least three independent 
experiments. Different letters 
indicate significant differences 
(P < 0.05)
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investigate the role of SMAD4 in the BMP6-induced down-
regulation of PTX3 expression, we knocked down SMAD4 
using a specific siRNA. The knockdown efficiency and 
specificity of siSMAD4 were examined using RT-qPCR 
(Fig.  8a). Notably, knockdown of SMAD4 completely 
reversed the suppressive effect of BMP6 on PTX3 mRNA 
levels in KGN cells (Fig. 8b). Similarly, knockdown of 
SMAD4 completely reversed the suppressive effect of BMP6 
on accumulative PTX3 protein levels in KGN cells (Fig. 8c).

Discussion

PCOS is one of the main causes of ovulatory dysfunction 
infertility. The development of assisted reproductive tech-
nology has solved the reproductive problems of patients 
with PCOS to some extent. However, patients with PCOS 
still face challenges. Although patients with normal ovarian 
reserves can obtain more follicles, fewer oocytes have good 
capacities. Of the two groups of patients included in this 

study, patients with PCOS showed relatively poor follicu-
lar maturation ability. Because the oocytes of patients with 
PCOS did not fully acquire the ability to mature, they were 
more likely to lead to follicular development stagnation and 
ovulation disorders [36]. High quality oocytes often have 
the ability to undergo meiosis, further maturation, and form 
embryos that can be used for transplantation; they may even 
form high-quality embryos after fertilization, resulting in a 
higher likelihood of pregnancy [37]. The relevant results 
were confirmed in the clinical outcomes of the two groups 
of patients included in this study.

In addition, in the late stage of follicular development, 
mural granulosa cells, cumulus granulosa cells, and oocytes 
work together to induce cumulus expansion, thereby form-
ing mature and capable oocytes. In the ovary, PTX3 is 
involved in the process of cumulus expansion and is con-
sidered to be a marker gene for the developmental potential 
of oocytes [38]. BMP6 is also considered to be involved 
in the formation of hyaluronic acid, which is an important 
substance in the process of cumulus expansion. Considering 

Fig. 8   SMAD4 mediates the suppressive effect of BMP6 on PTX3 
expression in KGN cells. a KGN cells were transfected with 25 nM 
siCtrl or 25 nM SMAD4 siRNA (siSMAD4) for 24 h, and the mRNA 
levels of SMAD4 were examined using RT-qPCR. b KGN cells were 
transfected with 25 nM siCtrl or 25 nM siSMAD4 for 24 h, and cells 
were then treated with 100  ng/mL of BMP6 for another 6  h. The 
mRNA levels of PTX3 were examined using RT-qPCR. c KGN cells 

were transfected with 25 nM siCtrl or 25 nM siSMAD4 for 24 h, and 
cells were then treated with 100 ng/mL of BMP6 for another 6 h. The 
accumulative protein levels of PTX3 were examined using ELISA. 
The results are expressed as means ± SEMs of at least three inde-
pendent experiments. Different letters indicate significant differences 
(P < 0.05)
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the pathological state of follicular development disorders in 
patients with PCOS, we believed that PTX3 and BMP6 may 
play an important role in the occurrence and development 
of PCOS. Through PCR experiments on follicular fluid and 
cumulus granulosa cells in patients with PCOS, we found 
high levels of BMP6 expression and low levels of PTX3. 
Interestingly, cell experiments on hGL cells and KGN cells 
showed that BMP6 had an inhibitory effect on PTX3 expres-
sion. To our knowledge, this study is the first to explore 
the levels of BMP6 and PTX3 in the ovaries of women 
with PCOS. A possible inhibitory relationship between 
BMP6 and PTX3 was discovered. Pan et al. found that non-
obese women with PCOS had higher levels of PTX3. They 
believed that PTX3 levels were positively correlated with 
low-grade inflammatory status in patients with PCOS [39], 
which differed from the results obtained in our study. Pan 
et al. suggested that the time interval between hCG injection 
and oocyte retrieval, as well as BMI, may be important fac-
tors affecting the expression levels of PTX3 in the follicular 
fluid of patients with PCOS. In our study, no difference was 
identified in BMIs between the PCOS group and the control 
group. The difference in BMIs between the two groups of 
patients included in the study may be an important factor 
affecting the expression of PTX3. In addition, based on the 
detection of PTX3 levels in follicular fluid obtained dur-
ing ovarian stimulation therapy, we also tested the levels of 
PTX3 and BMP6 in primary hGL cells, and the results were 
consistent with the expression trend in follicular fluid. How-
ever, future large-scale, multicenter clinical studies are still 
needed to deeply explore the relationship between PTX3, 
BMP6, and clinical pathological features of PCOS.

In this study, we further demonstrated through Spearman 
correlation analysis that BMP6 was negatively correlated 
with oocyte maturity and high-quality embryo formation, 
while PTX3 was positively correlated with oocyte maturity. 
The relatively high expression of BMP6 and the low expres-
sion of PTX3 in patients with PCOS may have a common 
or subtle interaction, leading to a decrease in oocyte quality 
and embryonic development potential. In vitro experimen-
tal results also demonstrated that BMP6 downregulated the 
expression of PTX3 in hGL cells and KGN cells. Previous 
studies suggested that gene mutations in BMP and its recep-
tors, or interruptions in BMP-mediated signaling, may lead 
to reproductive disorders [40]. Therefore, we can speculate 
that increased BMP6 activity in the ovaries of patients with 
PCOS might inhibit the expression of PTX3 through specific 
pathways, leading to oocyte development arrest and ovula-
tion disorders.

Given the potential role of BMP6 in the pathogenesis 
of ovulation dysfunction, a comprehensive understanding 
of the molecular mechanisms underlying the response of 
PTX3 to BMP6 in cells is crucial for developing treatment 

strategies for patients with PCOS. Similar to the TGF-β 
family, BMP induces cellular response signal transduc-
tion by interacting with serine/threonine kinase receptors 
bound to type I and type II membranes [41, 42]. Although 
BMP6 plays a crucial role in human fertility, the cellu-
lar receptors that mediate BMP6 biological activity are 
largely unknown. Previous studies have confirmed that 
ALK type I receptors and BMPR2, ACVR2A, or ACVR2B 
type II receptors may mediate BMP-induced phosphoryla-
tion of SMAD1/5/8. After phosphorylation and activation, 
SMADs bind to SMAD4 and translocate to the nucleus 
to regulate target gene expression [33, 43]. To under-
stand the role of these two receptor types in the molecular 
regulatory mechanism of BMP6 on PTX3 expression, we 
conducted a series of experiments. Our results indicate 
that the addition of DM (ALK2/ALK3/ALK6 inhibitor) 
or DMH-1 (ALK2/ALK3 inhibitor) completely reversed 
the increase in SMAD1/5/8 phosphorylation induced by 
BMP6 and the inhibition of PTX3 expression, indicating 
that ALK2 or ALK3 may be involved in BMP6-mediated 
cell activity. Using siRNA based inhibition methods, we 
further confirmed that ALK2 and ALK3 are functional 
type I receptors that mediate BMP6 induced cell activ-
ity in human granulosa cells. Using the same method, 
our results suggest that BMPR2 or ACVR2A may be 
involved in BMP6-induced cellular effects, indicating that 
BMPR2 and ACVR2A are functional type II receptors in 
the molecular regulatory mechanism of BMP6 on PTX3 
expression. However, BMPR2 may be the main type II 
receptor for BMP6-induced cellular activity.

Receptor activated SMADs or receptor regulated 
SMADs (R-SMADs), including SMAD 1, SMAD 5, and 
SMAD 8, are essential for BMP-mediated cellular activity 
[44]. Using similar inhibition methods, we demonstrated 
that SMAD1 and SMAD5 were functional signaling mol-
ecules that mediated BMP6 to inhibit PTX3 expression in 
KGN cells. Our results also indicated that SMAD4 was 
an indispensable mediator in the downstream signaling 
pathway induced by BMP6, which led to inhibition of 
PTX3 expression. However, this study is only a prelimi-
nary result obtained from in vitro cell experiments and 
needs to be validated through clinical trials. The study of 
key receptors in the BMP6 regulatory pathway of PTX3 
may contribute to the development of a new approach for 
treating PCOS.

In summary, our research findings reveal the physiologi-
cal role and potential molecular mechanisms of BMP6 and 
PTX3 in regulating ovarian function and ovulation, which 
may be related to the pathogenesis of PCOS. However, short-
comings and limitations remain in this study. For example, 
our study included a small number of patients and detected 
the expression levels of related factors in cumulus granulosa 
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cells and follicular fluid after drug-induced ovarian stimu-
lation, which may affect the correlation between BMP6, 
PTX3, and PCOS. In addition, our study did not consider the 
subgroups of patients based on BMI and cannot rule out the 
impact of BMI on the experimental results. Future in-depth 
research is necessary to better understand the expressions 
of PTX3 and BMP6 genes at different stages of follicular 
development in the ovaries of patients with PCOS.
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