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Abstract
Background Polycystic ovary syndrome (PCOS) is the main cause of anovulatory infertility in women of reproductive 
age, and low-grade chronic inflammation plays a key role in the occurrence and development of PCOS. However, 
obesity, as a likely confounding factor, can affect the inflammatory state of PCOS patients.

Objective The aim of this study was to comprehensively investigate intra-ovarian inflammatory states and their 
impact on embryo quality in PCOS patients with a normal BMI undergoing IVF treatment.

Methods DIA-mass spectrometry-based proteomics and bioinformatic analysis were combined to comprehensively 
profile the protein expression of granulosa cells (GCs) from 5 normal-BMI PCOS patients and 5 controls. Thirty-four 
cytokines were further systematically detected in follicular fluid (FF) from 32 age- and BMI-matched normal-BMI 
patients using Luminex liquid chip suspension technology. Next, the differentially expressed cytokines were evaluated 
by enzyme-linked immunosorbent assay (ELISA) in 24 newly recruited subjects, and the relationship between these 
cytokines and embryo quality in PCOS patients was analysed. Finally, these cytokine levels were compared and 
evaluated in PCOS patients with different androgen levels.

Results Proteomic analysis showed that the suppression of substance metabolism and steroid biosynthesis, more 
interestingly, resulted in an enhanced immune and inflammatory response in the GCs of normal-BMI PCOS patients 
and prompted the involvement of cytokines in this process. Luminex analysis further showed that FF macrophage 
inflammatory protein-1 beta (MIP-1β) and stromal cell-derived factor-1 alpha (SDF-1α) levels were significantly 
increased in normal-BMI PCOS patients compared to controls (P = 0.005; P = 0.035, respectively), and the ELISA results 
were consistent with these findings. Besides, FF MIP-1β showed an inverse correlation with the number of D3 good-
quality embryos and the good-quality blastocyst rate in patients with PCOS (P = 0.006; P = 0.003, respectively), which 
remained significant after correction for multiple comparisons. Moreover, SDF-1α levels had no relationship with 
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Introduction
Polycystic ovary syndrome (PCOS) is the most com-
mon gynaecological endocrine and metabolic disease in 
women of childbearing age. PCOS is characterized by 
ovulatory dysfunction, hyperandrogenism and polycystic 
ovarian morphology, with a global incidence of 5–20%, 
and is currently the main cause of anovulatory infer-
tility [1]. Increasing evidence suggests that low-grade 
chronic inflammation plays a key role in the occurrence 
and development of PCOS, which is considered a het-
erogeneous disease. However, its specific role is not fully 
understood [2].

Numerous studies have showed a systemic low-grade 
chronic inflammatory state in women with PCOS and 
that the levels of cytokines (interleukin [IL]-6, IL-18, 
tumour necrosis factor-α [TNF-α]) and acute-phase pro-
teins (high sensitivity C-reactive protein [hs-CRP], heat 
shock protein 70 [HSP70]) are increased in the periph-
eral blood [3]. The low-grade chronic inflammatory state 
in women with PCOS has been thought to be associated 
with the accumulation of visceral fat [4, 5]. More than 
50% of PCOS patients are overweight or obese, while 
obesity induces adipotoxicity, leading to the release of 

large amounts of cytokines (serum C-reactive protein 
[CRP], TNF-α and IL-6) and adipokines into the systemic 
circulation and ovaries [6]. Therefore, obesity, as a likely 
confounding factor, can affect the inflammatory status of 
PCOS patients.

Low-grade chronic inflammation has been shown 
to affect ovarian function, ovulation, fertilization and 
embryo implantation in females with PCOS [7]. Abnor-
malities in oocyte and early embryo development and 
negative reproductive outcomes among obese subjects 
are also thought to be linked to inflammation [8, 9]. How-
ever, the potential for the development of oocytes and 
top-quality embryos tends to reduce in nonobese PCOS 
patients, and pregnancy outcomes also tend to be poorer 
[10, 11], although the cause is not clear.

The follicle is the basic functional unit of oocyte gen-
eration and development, and granulosa cells (GCs) and 
follicular fluid (FF) provide a very important microen-
vironment for follicular growth and oocyte maturation. 
GCs play a key role in the development of normal fol-
licles, and abnormalities in GCs, such as increased levels 
of inflammation, can affect follicular development and 
are correlated with follicular atresia [12]. Besides, FF is 

embryo development in PCOS patients. Additionally, SDF-1α levels were significantly lower in PCOS patients with high 
androgen levels than in controls (P = 0.031).

Conclusions Local ovarian inflammation was present in normal-BMI PCOS patients, affecting follicular development, 
and FF MIP-1β may be a potential biomarker associated with embryo quality in normal-BMI PCOS patients.

Keywords Polycystic ovary syndrome, Normal BMI, Intra-ovarian inflammatory states, Embryo quality, In vitro 
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closely connected to GCs. Recent work showed that cyto-
kines are significant regulators of gamete production and 
steroidogenesis [13] that are present in FF, that they play 
diverse roles throughout folliculogenesis, and that they 
are intertwined with inflammation [14]. Elevated inflam-
matory cytokines in FF can affect GC function and inter-
fere with normal oocyte development [15]. The above 
studies suggest that inflammatory changes in the local 
ovarian microenvironment are likely to be a key cause of 
abnormal follicular development. However, the inflam-
matory status of the local ovarian microenvironment in 
PCOS patients with a normal body mass index (BMI) 
remains to be explored.

Previous comprehensive studies of the inflammatory 
state in patients with PCOS have focused mainly on sero-
logical detection. However, fewer studies have focused on 
the inflammatory state of the local ovarian microenviron-
ment, and others address only one or a few inflammatory 
proteins or cytokines of interest but with little assess-
ment of the impact on embryo quality or developmental 
competence.

In this study, we hypothesized that a low-grade chronic 
inflammatory state exists in the ovaries of women with 
PCOS with a normal BMI and that it may affect embryo 
quality, as reflected comprehensively by the proteomic 
analysis of GCs and characteristics of the FF cytokine 
profile. Therefore, this study aimed to systematically 
investigate intra-ovarian inflammatory states and their 
impact on embryo quality in PCOS patients with a nor-
mal BMI undergoing in vitro fertilization (IVF) and to 
identify potential inflammatory markers that influence 
the developmental competence of embryos in PCOS 
patients with a normal BMI.

Materials and methods
In this study, subjects who underwent IVF visiting the 
Reproductive Medical Center of Tianjin Medical Uni-
versity General Hospital from September 2022 to August 
2023 were recruited. This study was approved and moni-
tored by the Ethical Committee of Tianjin Medical Uni-
versity General Hospital (IRB2021-KY-196). All patients 
signed informed consent forms before starting the study.

Patient selection
All included PCOS patients were diagnosed according to 
the 2003 Rotterdam diagnostic criteria and met two of 
the three following criteria: (1) oligo- or anovulation; (2) 
clinical and/or biochemical signs of hyperandrogenism; 
and (3) polycystic ovaries and exclusion of other etiolo-
gies (congenital adrenal hyperplasia, androgen-secreting 
tumors, Cushing’s syndrome) [16]. Each participant had 
a normal weight (18.5  kg/m2 ≤ BMI < 25  kg/m2) and was 
between 23 and 35 years old.

An age- and weight-matched control group of females 
was included in the study. These women had normal lev-
els of free testosterone (T), no abnormalities on ovarian 
ultrasound examination, no hypertrichosis, and no other 
androgen-related skin manifestations.

The first exclusion criterion was the use of oral con-
traceptives or medications that may affect hormonal 
and metabolic levels within the last 6 months. To avoid 
the effects of some diseases on FF cytokines, we also 
excluded patients with metabolic disorders, known active 
infections or inflammatory diseases, autoimmune dis-
eases, endometriosis, or diminished ovarian reserve.

Clinical examination
The baseline hormonal and biochemical param-
eters of the women in the PCOS and control groups 
were measured. BMI (kg/m2) was calculated as 
weight (kg)/height squared (m2). Based on the World 
Health Organization (WHO)’s classification of BMI, 
18.5  kg/m2 ≤ BMI < 25  kg/m2 was defined as normal 
weight [17]. Previous studies have shown that basal 
androgen levels ≥ 40 ng/dl in patients undergoing IVF 
are significantly detrimental to pregnancy outcomes [18]. 
Therefore, patients with PCOS were grouped according 
to basal serum androgen levels ≥ 40 ng/dl.

IVF
All patients in our study received the appropriate con-
trolled ovarian stimulation protocol with exogenous 
follicle-stimulating hormone (FSH) at individualized 
doses and according to their own situation. When the 
diameter of one or two follicles was ≥ 18 mm or those of 
three or more follicles were ≥ 17  mm, human chorionic 
gonadotropin (hCG) and/or the gonadotropin-releasing 
hormone (GnRH) agonist was administered to induce 
ovulation. After 36  h, oocytes were extracted by trans-
vaginal ultrasound guidance.

On day 0, oocytes were fertilized by IVF or intracy-
toplasmic sperm injection (ICSI) and evaluated for the 
existence of both pronuclei (2PN) on day 1. Normal fer-
tilization rates are 2PN%. On day 3, based on the Istanbul 
consensus, embryos were evaluated and graded [19]. On 
day 5 or 6, blastocysts were evaluated and graded accord-
ing to the Gardner score [20].

Follicular fluid acquisition and separation
After oocyte separation, the aspirated FF which wasn’t 
contaminated by visible blood from the first one to two 
mature follicles with a diameter of 17–20  mm was col-
lected into the first 50  ml sterile centrifuge tube for 
subsequent detection of cytokines in the FF. And the 
remaining pooled FF sample from each patient was col-
lected into the second and third 50  ml sterile centri-
fuge tubes for GC separation. At the same time, when 
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collecting the FF, the FF containing visible blood was dis-
carded to avoid blood contamination. The FF of the first 
50 ml centrifuge tube centrifuged at room temperature at 
2000 rpm for 10 min. The supernatant was separated and 
then stored in liquid nitrogen in a 2-ml cryogenic vial 
and used for the subsequent determination of the levels 
of various cytokines. FF collection for cryopreservation 
should be controlled within 30 min.

Purification of human ovarian granulosa cells
GCs were collected from 5 PCOS patients and 5 con-
trols for proteomic and bioinformatic analyses. The 
FF was collected in the above steps and centrifuged 
at 2000  rpm for 10  min at room temperature. The pre-
cipitate (including the resulting pellet of FF in the first 
tube) was resuspended with 2  ml of 100 IU/mL hyal-
uronidase (hyaluronidase from bovine testes type VIII 
H3757, Sigma–Aldrich, Merck KGaA, St Louis, USA) 
and transferred to a 15-mL centrifuge tube, followed by 
digestion at 37 °C for 40 min and mixing 3 times during 
this period. An equal volume of 1X Dulbecco’s phosphate 
buffered saline (DPBS) was added to mix well and left at 
room temperature for 10  min. A new 15-mL centrifuge 
tube was prepared, and a 3-mL lymphocyte separation 
solution (Ficoll) (Ficoll-PaqueTMPLUS 17144003, Cytiva, 
Sweden, USA) was added. The 4-mL cell suspension 
was evenly spread on Ficoll followed by centrifugation 
at 1600  rpm for 10  min at room temperature. The cells 
in the middle layer of the separation solution were col-
lected and resuspended in 1X DPBS and then centrifuged 
at 1800 rpm for 3 min at room temperature. The precipi-
tate was resuspended in 1 mL of 1X DPBS, and 3 mL of 
red blood cell lysis buffer (Red BLOOD Cell Lysis Buf-
fer, R1010, Solarbio® Science & Technology Co, Beijing, 
China) was added and mixed well, followed by 15  min 
on ice. The samples were then centrifuged at 450×g for 
5  min at room temperature. The precipitate was resus-
pended in 1X DPBS, centrifuged at 1800 rpm for 3 min at 
room temperature and washed twice. The cells were then 
resuspended in 3 mL of 1X DPBS, divided equally into 2 
cryogenic vials (2 mL), and centrifuged at 4500 rpm for 
3  min at room temperature. The supernatant was dis-
carded, and the cells were stored in liquid nitrogen.

Protein extraction and digestion
First, we added RIPA buffer containing protease inhibi-
tors into cryopreservation tubes containing GCs. After 
measuring the protein concentration using the BCA 
method, we prepared the protein solution with 100  µg 
proteins and added a 50% TCA solution to precipitate 
proteins. After washing twice with − 20  °C acetone, the 
protein pellets were dissolved in 100 mM NH4HCO3 
(pH 8.0) for digestion. Protein solution was subjected 
to tryptic digestion at 37 °C for 16 h, and then DTT was 

added to 5 mM final concentration followed by incuba-
tion at 56 °C for 30 min. IAA was further added to alkyl-
ate proteins with 15 mM final concentration followed by 
incubation at room temperature in the dark for 30 min. 
The alkylation reaction was quenched by 30 mM cyste-
ine (final concentration) at room temperature for another 
30 min. Trypsin was again added at a trypsin-to-protein 
ratio of 1:100 (w/w) for digestion at 37  °C for 4  h. The 
resulting peptides were cleaned up with C18 ZipTips 
(Millipore), followed by LC-mass spectrometry (MS/MS) 
analysis.

LC–MS/MS analysis
Peptides were dissolved in 0.1% FA and directly loaded 
onto a reversed-phase precolumn (Acclaim PepMap 100, 
Thermo Scientific). Peptide separation was performed 
using a reversed-phase analytical column (Acclaim Pep-
Map RSLC, Thermo Scientific). The standard parameters 
commonly used in HPLC-MS/MS proteomics were per-
formed. Specifically, the HPLC gradient elution for sam-
ples separation was performed by an increase from 5 to 
22% solvent B (0.1% FA in 98% ACN) for 41 min, 22–38% 
for 23 min, climbing to 100% in 3 min and then holding 
at 100% for 8 min, all at a constant flow rate of 280 nl/
min on an EASY-nLC 1000 UPLC system. The result-
ing peptides were injected into an NSI source followed 
by tandem MS/MS analysis in an Eclipse Orbitrap mass 
spectrometer (Thermo Fisher Scientific). Intact peptides 
were detected in the Orbitrap at a resolution of 60,000. 
For MS scans, the m/z scan range was 400 to 1200. A 
data-independent acquisition (DIA) procedure was per-
formed with the setting parameters (Supplementary 
Table 1).

Database search
The resulting MS/MS data were processed using Spec-
tronaut. Tandem mass spectra were searched against 
UniProt human database (20,205 entries, downloaded in 
2017.06.17) concatenated with a reverse decoy database. 
Trypsin/P was specified as a cleavage enzyme allowing up 
to 2 missing cleavages. The mass error was set to 10 ppm 
for precursor ions and 0.02 Da for fragment ions. Carb-
amidomethylation on cysteine was specified as a fixed 
modification, and oxidation on Met and acetylation on 
the protein N-terminus were specified as variable modi-
fications. False discovery rate (FDR) thresholds for pro-
tein, peptide and modification sites were specified at 1%. 
The minimum peptide length was set at 7, and “match 
between runs” was enabled. All the other parameters in 
Spectranet were set to default values.

Bioinformatic analysis
The bioinformatics analysis was performed using the R 
programming language. Data were stringently filtered 
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to keep proteins with a maximum of 3 missing values 
in at least one condition. Missing values were imputed 
using the R package Impute (1.74.1) before statistical 
testing. Differential protein expression analysis was per-
formed using a two-sided unpaired Student’s t test, and 
a p value < 0.05 was considered statistically significant. 
The volcano plot was created using the R package ggplot2 
(v.3.4.3). Principal component analysis (PCA) was per-
formed through the R packages FactoMineR (v.2.8) and 
factoextra (v.1.0.7). Gene set enrichment analysis (GSEA) 
was conducted by the clusterProfiler (v.4.8.3) package 
in R. The heatmap was generated using the pheatmap 
(1.0.12) package in R.

Gene set enrichment analysis
To explore the biological signalling pathway, GSEA of 
the expression data was applied to assess enrichment of 
the KEGG as well as the GO gene sets. KEGG/GO path-
ways with significant enrichment results were further 
demonstrated on the basis of the normalized enrichment 
score (NES), FDR and P value. Gene sets with |NES|>1, P 
value < 0.05, and FDR q < 0.1 were finally considered sig-
nificantly enriched [21].

Quantification of cytokines in follicular fluid
Concentrations of 34 cytokines (IL-27, IL-1β, IL-2, IL-4, 
IL-8, IL-12p70, IL-13, IL-17 A, IL-31, interferon-γ [IFN-
γ], granulocyte-macrophage colony-stimulating factor 
[GM-CSF], TNF-α, IFN-α, IL-9, TNF-β, IL-23, IL-15, 
IL-21, IL-22, IL-5, IL-10, growth-related oncogene-
alpha [GRO-α)], IL-1α, IL-6, IL-7, IL-1RA, regulated on 
activation normal T-cell expressed and secreted [RAN-
TES], IL-18, macrophage inflammatory protein-1alpha 
[MIP-1α], interferon-gamma-induced protein 10 [IP-10], 
eotaxin, monocyte chemotactic protein-1 [MCP-1], stro-
mal cell-derived factor-1alpha [SDF-1α], and MIP-1β) 
in FF samples collected from 32 patients, including 16 
PCOS and 16 non-PCOS patients, were quantified by 
Luminex xMAP technology using the Luminex® 100/200™ 
system (Thermo, #EPX340-12167-901).

Enzyme-linked immunosorbent assay (ELISA)
According to the above inclusion and exclusion crite-
ria, FF was collected from 24 recruited patients, includ-
ing 12 PCOS and 12 non-PCOS patients, whose clinical 
characteristics are presented in Supplementary Table  2. 
SDF-1α and MIP-1β levels in the supernatants of iso-
lated FF samples were evaluated by ELISA to verify the 
cytokine profile results. SDF-1α was quantified using a 
Human SDF-1α ELISA Kit (Quantikine® ELISA DSA00, 
R&D Systems Inc., MN, USA) following the manufac-
turer’s instructions. MIP-1β levels were quantified using 
the Human MIP-1β enzyme-linked immunosorbent 
assay kit (Quantikine® ELISA DMB00, R&D Systems 

Inc., MN, USA). All samples were removed from liquid 
nitrogen at the same time and thawed, detection was 
repeated two times, and the results are presented using 
the mean ± standard error of the mean (SEM). It was rec-
ommended to read the absorbance at a reference wave-
length of 450 nm.

The minimum detectable dose (sensitivity) was 47.0 pg/
mL for SDF-1α and 11.0 pg/mL for MIP-1β.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
9.4.0. The data were first tested for normality by the Kol-
mogorov–Smirnov test. An unpaired Student’s t test 
was used to compare two groups (means ± SEMs) when 
data conformed to a normal distribution. Otherwise, 
data were analysed with the Mann–Whitney U test. Cat-
egorical variables were compared by chi-square tests or 
Fisher’s exact probability method. Correlation analysis 
of SDF-1α and MIP-1β in FF with other clinical char-
acteristics and laboratory parameters was performed 
with the Pearson test (normally distributed variables) or 
the Spearman test (non-normally distributed data). The 
hypothesis test was set to be two-sided. Probability val-
ues < 0.05 were considered statistically significant. The 
statistical methods and the significance criteria for pro-
teomics analysis are listed in the corresponding method 
sections above.

Results
Clinical characteristics and laboratory parameters of 32 
women with a normal BMI with or without PCOS
The demographic features, hormonal and biochemical 
levels and laboratory parameters of normal-BMI PCOS 
patients and controls were characterized, as shown in 
Table  1. There were no significant differences in age, 
infertility type (primary or secondary infertility), infertil-
ity years, basal FSH levels or BMI (P > 0.05). However, the 
circulating levels of luteinizing hormone (LH), LH/FSH 
ratio, free T, and anti-Müllerian hormone (AMH) were 
significantly higher in patients with PCOS (P < 0.05). In 
the serum, the white blood cell (WBC), neutrophil (NE) 
and lymphocyte counts were not obviously different 
between the groups (P > 0.05), while the monocyte count 
in the serum of women with PCOS was higher than that 
in the serum of the controls (P < 0.05).

Notably, the number of oocytes retrieved in women 
with PCOS was significantly higher than that retrieved in 
controls (P < 0.05). The rates of D3 good-quality embryos, 
high-quality blastocysts and blastocyst formation were 
not significantly different between the two groups 
(P > 0.05).
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Proteomics analysis and inflammatory changes in 
granulosa cells from PCOS patients with a normal BMI
To obtain a more complete and comprehensive profile of 
the inflammatory state in granulosa cells from normal-
BMI patients with PCOS, we applied mass spectrom-
etry (MS) based on the DIA strategy to compare the 
proteomes of GCs from 5 normal-BMI PCOS patients 
and 5 controls matched for BMI and age; their clinical 
characteristics are presented in Supplementary Table  3. 
Compared to other traditional proteomics techniques, 
the DIA proteomics analysis used in this study has the 
advantages of high reproducibility, accuracy, quantitative 
stability, and broad protein coverage, and its combina-
tion with data analysis techniques could further improve 
assay performance [22, 23].

Through subsequent data processing, we identified 
a total of 5521 proteins. To obtain a global proteomic 
landscape of the GC from normal-BMI PCOS patients 
and control subjects, we performed the clustering anal-
ysis based on all identified proteins. PCA showed two 

significantly different clusters (Fig.  1A), suggesting a 
distinct difference in protein expression levels between 
the PCOS group and the control group. Subsequently, 
differentially expressed proteins (DEPs) were identified 
between the two groups with a 1.2-fold change as the 
threshold value and p value < 0.05 as the standard, and 
thus 356 proteins were found to be upregulated and 216 
protein were found to be downregulated in the PCOS 
group compared to the control group (Fig. 1B). Notably, 
we found that a variety of inflammation-related proteins, 
such as CD14, FABP5, IKBKB, FOS, IRF9, NFYB, NR4A1 
and SEMA7A, as well as proteins associated with cyto-
kine and chemokine release, such as HMGB1 and PPBP 
(CXCL7), were upregulated in PCOS patients with a nor-
mal BMI (Supplementary Table 4).

Consistent with the above findings, KEGG/GO path-
way-based GSEA also showed significant enrichment in 
immune and inflammatory signalling pathways such as 
“Toll-like receptor signalling pathway”, “cellular response 
to chemokine”, “chemokine-mediated signalling path-
way”, and “response to chemokines” in the PCOS groups 
(P < 0.05). All of these signalling pathways were activated 
(Fig.  2A and B), suggesting an enhanced immune and 
inflammatory response in GCs from PCOS patients with 
a normal BMI compared to controls and a potential role 
for cytokines and chemokines in this process.

Besides, we found that signalling pathways were 
enriched in metabolism and cell cycle DNA replica-
tion and that the DNA replication signalling pathway 
was activated. Conversely, metabolic pathways, includ-
ing lipid metabolism, glucose metabolism, nucleic acid 
metabolism and steroid biosynthesis, were obviously sup-
pressed in the PCOS groups (Fig. 2A and B), suggesting 
that there are also abnormal changes in the metabolism 
and cell proliferation of GCs in PCOS patients with a 
normal BMI. The results will be confirmed in our future 
studies based on a larger cohort, as the sample size of the 
proteomic analysis in this study is limited.

Follicular fluid 34 cytokine levels in normal-BMI PCOS 
participants and controls
Given that the immune and inflammatory responses were 
enhanced in GCs from PCOS patients with a normal BMI 
according to proteomics analysis, cytokines and chemo-
kines may play an important role in this process. In addi-
tion to the fact that FF, as a microenvironment for GCs, 
has a close connection with granulosa cells, we decided 
to systematically examine the cytokine signatures in the 
FF of PCOS patients with a normal BMI to obtain a more 
direct and comprehensive view of the FF inflammatory 
state. Therefore, we quantified and evaluated the levels 
of 34 cytokines in the FF of 32 (16 PCOS vs. 16 control) 
BMI-normal subjects (comprising 5 PCOS vs. 5 controls 
in proteomics analysis), whose clinical characteristics 

Table 1 Comparison of baseline clinical characteristics and 
laboratory parameters of normal-BMI women with and without 
PCOS
Group PCOS 

group 
(n = 16)

Control 
group 
(n = 16)

P

Age (years) 30.31 ± 0.84 32.19 ± 0.53 NS

BMI (kg/m2) 22.38 ± 0.42 21.81 ± 0.45 NS

Primary infertility 10 (62.50%) 15 (93.75%) NS

Secondary infertility 6 (37.50%) 1 (6.25%)

Infertility years (years) 2.38 ± 0.36 2.63 ± 0.46 NS

FSH (IU/L) 5.63 ± 0.33 6.07 ± 0.39 NS

LH (IU/L) 7.11 ± 1.26 3.94 ± 0.52 0.027*

LH/FSH rate 1.14 ± 0.19 0.64 ± 0.06 0.018*

T (ng/dl) 39.99 ± 6.33 23.02 ± 3.28 0.023*

AMH (ng/ml) 8.16 ± 0.86 3.41 ± 0.34 <0.001*

WBC (109/L) 6.56 ± 0.42 5.94 ± 0.43 NS

NE (109/L) 3.87 ± 0.33 3.73 ± 0.45 NS

Lymphocytes (109/L) 2.17 ± 0.18 1.79 ± 0.18 NS

Monocytes (109/L) 0.41 ± 0.03 0.33 ± 0.02 0.030*

Ret. oocytes 29.25 ± 2.93 17.44 ± 1.85 0.002*

Rate of 2PN (%) 62.17 ± 3.58 58.10 ± 4.26 NS

D3 day high quality embryos 8.13 ± 1.33 5.06 ± 0.90 NS

Rate of D3 day quality embryo 
(%)

42.03 ± 4.86 54.83 ± 6.18 NS

Rate of high-quality blastocyst 
rate (%)

21.03 ± 6.36 28.90 ± 9.31 NS

Rate of blastocyst formation (%) 27.61 ± 5.30 34.76 ± 8.87 NS
BMI, body mass index; FSH, follicle-stimulating hormone; LH, luteinizing 
hormone; LH/FSH, luteinizing hormone/follicle-stimulating hormone; T, 
testosterone; AMH, anti-Müllerian hormone; WBC, white blood cell; NE, 
neutrophil; Ret. oocyte, number of oocytes retrieved; 2PN, 2 pronuclear; NS, not 
significant

Data are expressed as (means ± standard error of the mean (SEM); Count data 
are shown as a percentage (%); *Represents a statistically significant difference 
(P < 0.05)
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and laboratory parameters are presented in Table 1, using 
the Luminex liquid chip suspension technology assay, as 
shown in Fig. 3. Hierarchical clustering analysis of partial 
cytokine concentrations in the two groups showed that 
the normal-BMI PCOS group had significantly higher 
SDF-1α and MIP-1β levels in FF (mean: 1032.05 ± 61.69 
vs. 878.57 ± 31.98 pg/ml; 51.78 ± 7.31 vs. 24.75 ± 4.78 pg/
ml, respectively) (P < 0.05) (Fig. 3A and B). Consistently, 
the ELISA results showed that the concentrations of FF 

SDF-1α and MIP-1β were significantly increased in the 
PCOS group compared to the control group (Fig.  3C). 
Meanwhile, the levels of eotaxin and MCP-1 in the FF of 
PCOS patients tended to increase; however, the differ-
ence was not significant (P > 0.05). Additionally, we could 
not detect the other cytokines in the FF.

Fig. 2 Gene Set Enrichment Analysis based on proteomes. (A) Functional enrichment of differential proteins by the Gene Ontology database (Left: 
Suppressed biological activities in the normal-BMI PCOS group; Right: Activated biological activities in the normal-BMI PCOS group). (B) Functional en-
richment of differential proteins with KEGG pathway analysis (Left: Down KEGG pathway in the normal-BMI PCOS group; Right: Up KEGG pathway in the 
normal-BMI PCOS group)

 

Fig. 1 Global proteome analysis between the normal-BMI PCOS and control groups. (A) Principal component analysis (PCA) based on differential protein 
expression. The PCA plot shows the segregation of samples between the two groups based on proteomes. (B) Volcano plot of proteome quantification 
between the two groups. Red represents upregulated proteins, and purple represents downregulated proteins (p value < 0.05, |FC|≥1.2); FC, FoldChange
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SDF-1α and MIP-1β in FF and clinical characteristics of 
normal-BMI women with PCOS
Correlation analysis further showed that SDF-1α levels 
in the FF of PCOS patients with a normal BMI tended 
to be negatively correlated with FSH levels, but the cor-
relation was not significant (r = −0.67, P = 0.005 (Fig. 4A); 

FDR = 0.070 (Supplementary Table  6)). Although the 
levels of SDF-1α and MIP-1β in the FF of women with 
PCOS were independent of parameters such as BMI, 
age, LH and T (Supplementary Table 5), compared with 
PCOS patients with lower T levels, FF SDF-1α was sig-
nificantly lower in PCOS women with slightly higher T 
(mean: 1135 ± 76.66 pg/ml vs. 899.3 ± 80.32, P < 0.05) 
(Table  2). Besides, there was no significant correlation 
between follicular concentrations of SDF-1α and MIP-1β 
(r (95% CI) = 0.28 (-0.25 ~ 0.68), P = 0.293).

FF SDF-1α and MIP-1β and IVF in women with PCOS with a 
normal BMI
Finally, we observed a negative correlation among 
the level of FF MIP-1β in normal-BMI PCOS patients 
with D3 high-quality embryos (r = −0.65, P = 0.006 
(Fig.  4B); FDR = 0.042 (Supplementary Table  6)) and 

Table 2 FF SDF-1α, eotaxin, MCP-1 and MIP-1β levels based on T 
in normal-BMI PCOS women
Cytokines (pg/ml) Lower T Higher T P
SDF-1α 1135 ± 76.66 899.30 ± 80.32 0.031*

Eotaxin 28.06 ± 4.91 14.90 ± 3.13 NS

MCP-1 73.07 ± 20.87 68.34 ± 24.06 NS

MIP-1β 57.51 ± 9.32 44.40 ± 11.83 NS
lower T: lower testosterone; higher T: higher testosterone; SDF-1α: stromal 
cell-derived factor-1 alpha; MCP-1: monocyte chemotactic protein-1; MIP-1β: 
macrophage inflammatory protein-1 beta; NS: not significant. Data are shown 
as the mean ± SEM. *Represents a statistically significant difference (P < 0.05)

Fig. 3 Analysis of the concentrations of 34 cytokines in follicular fluid by the Luminex liquid chip suspension technology assay in women with a normal 
body mass index with or without PCOS. (A) Hierarchical clustering of partial cytokine concentrations in the two groups of patients. Each row represents 
a kind of cytokine, and each column represents one sample. Samples from each group (n = 16) were arranged from left to right. The T test was used for 
SDF-1α. The remaining studies used the Mann–Whitney test. *P < 0.05 PCOS versus Control. (B) Concentrations of MIP-1β and SDF-1α in follicular fluid from 
women with a normal body mass index with or without PCOS measured by the Luminex. Each data point represents a specimen of one patient; n = 16 per 
group, all bars indicate the mean ± standard error of the mean, SDF-1α difference analysis followed by Student’s t test, MIP-1β difference analysis followed 
by the Mann–Whitney test, *P < 0.05. (C) Concentrations of MIP-1β and SDF-1α in follicular fluid from 24 women with a normal body mass index with or 
without PCOS measured by ELISA. Each data point represents a specimen of one patient; n = 12 per group, all bars indicate the mean ± standard error of 
the mean (SEM), difference analysis followed by Student’s t test, *P < 0.05
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the high-quality blastocyst rate (%) (r = −0.72 P = 0.003 
(Fig. 4D); FDR = 0.042 (Supplementary Table 6). However, 
FF SDF-1α lacked relevance to Ret. Oocyte, D3 high-
quality embryos, the D3 good-quality embryo rate (%) 
and the high-quality blastocyst rate (%) (P > 0.05) (Sup-
plementary Table 5).

Discussion
PCOS is closely associated with infertility. Prior stud-
ies have shown that systemic low-grade chronic inflam-
mation is associated with PCOS and affects oocyte 
and early embryonic development. Meanwhile, recent 
research has also shown that low-grade chronic inflam-
mation in the ovaries of PCOS patients is very impor-
tant and may contribute to reproductive dysfunction. 
Simple obesity reduces fertility and is directly associated 
with poorer reproductive prognosis [24], possibly due to 

obesity-induced chronic inflammation of the ovaries [25]. 
Hence, in this study, the patients with a normal BMI were 
selected to remove the effect of the confounding factor of 
obesity on reproductive function in women with PCOS.

Oocyte quality and developmental competence are the 
main limitations of women’s reproductive capacity and 
GCs around the oocyte can reflect the characteristics of 
the oocyte [26]. Besides, inflammation in GCs can lead to 
granulosa cell dysfunction, which in turn affects oocyte 
quality and subsequent embryonic developmental com-
petence [27]. Traditional research on inflammation in 
granulosa cells has used targeted approaches to one or a 
few proteins or signalling pathways, which do not allow 
an overall assessment of the inflammatory state of GCs. 
To obtain a more comprehensive profile of the inflam-
matory state of GCs, we combined the DIA-based pro-
teomics, which is more reliable, accurate and broadest 

Fig. 4 Correlation analysis between FF SDF-1α and MIP-1β levels and clinical and laboratory parameters in PCOS patients with a normal BMI. (A) Cor-
relation of SDF-1α levels in follicular fluid with the serum FSH levels as determined by Pearson’s rank test (P = 0.005, r = −0.67, FDR = 0.070). (B) Correlation 
of MIP-1β levels in follicular fluid with D3 high-quality embryos as determined by Pearson’s rank test (P = 0.006, r = −0.65, FDR = 0.042). (C) Correlation of 
MIP-1β levels in follicular fluid with D3 good-quality embryo rate (%) as determined by Spearman’s rank test (P = 0.029, r = −0.55, FDR = 0.135). (D) Correla-
tion of MIP-1β levels in follicular fluid with high-quality blastocyst rate (%) as determined by Spearman’s rank test (P = 0.003, r = −0.72, FDR = 0.042). Data 
represent a statistically significant difference (FDR<0.05)
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protein coverage compared to traditional proteomics 
technology, with a bioinformatic analysis to identify the 
proteomes of GCs from PCOS patients with a normal 
BMI undergoing IVF treatment and further found the 
suppression of substance metabolism (glucose metabo-
lism, fatty acid metabolism, cholesterol metabolism) 
and steroid biosynthesis in GCs. More interestingly, 
we noticed that the expression of many inflammation-
related proteins was upregulated in GCs and that sev-
eral activated pathways were enriched in immunity and 
inflammation, such as the Toll-like receptor (TLR) signal-
ling pathway, chemokine-mediated signalling pathway 
and the cellular response to chemokines, which are a sub-
group of cytokines. Activated TLRs initiate downstream 
signalling to produce various types of cytokines, and as 
important signalling molecules, cytokines play important 
roles in the regulation of cell differentiation, prolifera-
tion, angiogenesis and the inflammatory response [28].

FF is the microenvironment that ensures the survival 
of GCs and is closely related to GCs. According to the 
proteomics results, we further systematically measured 
the levels of 34 cytokines in FF by cytokine chip technol-
ogy to obtain a more complete understanding of the FF 
inflammatory state in PCOS patients with a normal BMI 
undergoing IVF treatment. To ensure the accuracy of the 
results at the same time, we investigated FF cytokine lev-
els in two cohorts of samples from different subjects with 
the same inclusion and exclusion criteria by two meth-
ods. In our comparison of the levels of cytokines in the 
FF of the normal-BMI PCOS group and control group, 
the results showed significant differences in MIP-1β and 
SDF-1α between the two groups. Previous studies have 
showed that alterations in circulating cytokines can affect 
oocyte development. There was a certain correlation 
between metabolism in serum and FF in patients under-
going IVF treatment. Given that FF is less disrupted by 
other tissues and organs than serum, and in predicting 
embryo quality and developmental competence, changes 
in FF cytokines are more reliable than those in serum 
[29]. Therefore, we tried to identify a potential biomarker 
associated with embryo quality in PCOS patients with 
a normal BMI undergoing IVF treatment. Based on the 
above findings, we explored the correlation between 
MIP-1β or SDF-1α and embryo quality and found that 
MIP-1β was significantly associated with embryo quality. 
Our finding addresses the knowledge gap regarding the 
intra-ovarian inflammatory state and its association with 
embryo quality in PCOS patients with a normal BMI 
undergoing IVF treatment and reveals a potential bio-
marker associated with embryo quality in PCOS patients 
with a normal BMI.

In this study, we found that the levels of MIP-1β and 
SDF-1α in the normal-BMI PCOS group were signifi-
cantly higher than those in the control group. MIP-1β, 

also known as C-C chemokine ligand 4 (CCL4), is a 
T-helper1 (Th1)-type CC chemokine that is produced 
mainly by activated monocytes and regulated by mul-
tiple cytokines [30]. In the present study, we also found 
elevated monocyte counts in the peripheral blood of nor-
mal-BMI patients with PCOS, which may be associated 
with elevated levels of MIP-1β in FF, and further studies 
are still needed in the future. MIP-1β has different effects 
on various types of immune and nonimmune cells under 
different pathophysiological conditions. There is evidence 
indicating that MIP-1β can promote the development 
of tumours by inducing protumorigenic macrophages, 
regulatory T-cell infiltration and other chemokines to 
suppress tumour immunity; conversely, MIP-1β can 
ramp up tumour immunity by recruiting macrophages 
with phagocytic ability and cytolytic lymphocytes [31]. 
SDF-1α (C-X-C motif ligand 12 (CXCL12)) was origi-
nally identified as a pre-B-cell growth factor (PBGF) and 
is considered the most potent chemokine because it can 
activate the migration and/or recruit a variety of leuko-
cytes, including lymphocytes, monocytes, haematopoi-
etic stem cells and progenitor cells [32]. It has previously 
been reported that FF MIP-1β levels are correlated with 
oocyte quality and pregnancy outcomes [33, 34]. In addi-
tion, in vitro experiments revealed that SDF-1α inhibits 
granulosa cell apoptosis in the KGN human ovarian gran-
ulosa cancer cell line in a dose-dependent manner [35] 
and plays an important role in embryogenesis [36].

Aberrant cytokines in FF can lead to abnormalities in 
folliculogenesis, oocyte quality and the embryo devel-
opmental capacity [37]. Several key parameters includ-
ing normal fertilization rate (2PN%), the number of 
D3 good-quality embryos, the rate of D3 good-quality 
embryos, the good-quality blastocyst rate and the blas-
tocyst formation rate, reflect the fertilization capacity 
of oocytes and embryonic developmental potential [19, 
38]. And thus those indicators are often used to predict 
embryo quality [39]. Therefore, we chose the above met-
rics to study embryo quality and explored the correlation 
between the two cytokines and embryo quality. We fur-
ther found that the number of D3 good-quality embryos 
and the rate of the good-quality blastocysts in patients 
with PCOS decreased remarkably with increasing levels 
of MIP-1β levels in FF. The data suggest that MIP-1β not 
only affects folliculogenesis but also mediates the mecha-
nism that may impair oocyte maturation and embryonic 
development, which has a detrimental effect on embryo 
quality in patients with PCOS. Additionally, SDF-1α has 
been reported to maintain the number of follicles and 
improve ovarian reserve function by inhibiting follicle 
activation. In vitro addition of recombinant SDF-1α sig-
nificantly increased follicle densities in the ovaries of 
neonatal mice, while the number of activated follicles in 
the ovaries was significantly reduced [40]. Besides, serum 
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early-follicular-phase FSH has been referred to as a bio-
marker of ovarian reserve, and its elevation is strongly 
associated with premature ovarian insufficiency (POI) 
[41]. In this study, we found that SDF-1α levels tended 
to be negatively correlated with FSH, although the cor-
relation was not significant. And SDF-1α levels had no 
relationship with embryo quality. This suggested to some 
extent that elevated SDF-1α levels may improve ovarian 
reserve but may also induce infertility in PCOS patients 
by inhibiting follicle activation rather than oocyte matu-
ration and that the IVF process may mask the effects of 
SDF-1α on reproduction in PCOS patients, a speculation 
that needs to be confirmed by further studies.

Hyperandrogenism is considered to be the main cause 
of PCOS [42]. Androgen excess can result in FF micro-
environment abnormalities, compromising oocyte 
developmental competence and leading to lower oocyte 
maturation rates [43, 44]. In this study, PCOS patients 
were divided into two groups based on androgen levels. 
We found that SDF-1α levels were significantly lower in 
PCOS patients with high androgen levels, while there 
was no significant difference in MIP-1β levels between 
the two groups, suggesting that SDF-1α is closely related 
to androgen levels and that it may play an important role 
in regulating reproductive function in PCOS patients.

A key step in IVF treatment is to assess the develop-
mental competence of oocytes, embryos and blasto-
cysts, and ultimately to identify the most viable embryos 
for transfer in order to achieve the highest pregnancy 
and live birth rates [26]. Current embryo assessment 
strategies rely heavily on morphological assessment 
of embryos and blastocysts and lack an objective and 
accurate biochemical indicator for oocyte and embryo 
selection [45]. In this study, FF MIP-1β was found to be 
associated with the number of D3 good-quality embryos, 
the rate of D3 good-quality embryos and the good-qual-
ity blastocyst rate, which may be a non-invasive indica-
tor to assess embryo quality and viability in normal-BMI 
PCOS patients undergoing IVF treatment, and can 
be combined with the morphology score to optimize 
embryo selection to obtain the best embryos for trans-
fer, which may lead to an increase in pregnancy and live 
birth rates and a decrease in miscarriage rates. And from 
a therapeutic perspective in the future, we believe that FF 
for MIP-1β detection can be performed at the same time 
as oocyte retrieval to predict the outcome of the embryo 
in advance, which may provide a window of time to take 
corrective or remedial measures to improve the quality of 
the embryo.

However, as this study only observed the correlation 
between the level of FF MIP-1β and embryo quality 
in normal-BMI PCOS patients undergoing IVF treat-
ment, and it is not yet clear how it relates to pregnancy 
outcome, further studies are needed in the future. The 

sensitivity, specificity, positive predictive value and nega-
tive predictive value of MIP-1β for predicting embryo 
quality need further clarification. Moreover, this study is 
mainly relevant and exploratory, and it still needs to be 
further validated in animal experiments, in vitro experi-
ments and large-scale, prospective and well-controlled 
randomised controlled trials.

Conclusions
In this study, we revealed that local ovarian inflammation 
was present in PCOS patients with a normal BMI, affect-
ing follicular development. By DIA-proteomics analysis, 
we observed the suppression of substance metabolism 
and steroid biosynthesis in GCs and, more interest-
ingly, found the enhanced immune and inflammatory 
responses in GCs from PCOS patients with a normal 
BMI. We also noted the potential roles of cytokines and 
chemokines in this process. Thus, we comprehensively 
assessed 34 cytokines in FF and found that women with 
PCOS and a normal BMI have significantly elevated 
MIP-1β and SDF-1α levels in FF compared with control 
participants of similar age and BMI. Further analysis indi-
cates MIP-1β as a potential biomarker associated with 
embryo quality in PCOS patients with a normal BMI. The 
study is a small number of cases in a single centre and 
needs to be extended in a future multicentre cohort study 
with a larger case.
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