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Background: An important factor in the pathogenesis of polycystic ovary syndrome (PCOS) is chronic low-grade inflammation. 
However, the exact pathophysiology of PCOS is currently unknown, which makes clinical diagnosis and the development of effective 
treatments more difficult. We aimed to investigate the role of the inflammatory response in initiating and progressing PCOS.
Methods: 13 control granulosa cell samples and 15 granulosa cell samples from patients with PCOS were obtained from the 
GSE102293, GSE34526, and GSE5850 datasets. The gene set variation analysis (GSVA) method was used to calculate the 
inflammatory response score. Subsequently, the genes associated with inflammation in the hub were identified using differential 
expression analysis and weighted gene co-expression network analysis (WGCNA). The findings were confirmed by analysis of 
independent datasets and examination of clinical samples by qRT-PCR analysis. A consensus cluster analysis was conducted to 
categorize the PCOS samples into subtypes related to inflammation. Functional enrichment and analysis of immune cell infiltration 
were conducted to explore the potential mechanisms involved. Additionally, the CMap database was utilized to predict potential drugs, 
and the results were confirmed through molecular docking.
Results: During the training cohort analysis, we identified five distinct genes (TGFBR2, ICAM3, WIPF1, SLC11A1, and NCF2) that 
could serve as potential diagnostic markers for PCOS. The expression levels of these genes were confirmed through validation in both 
the test set and clinical samples. In training cohort, two distinct inflammatory patterns (C1 and C2) were identified, and the C2 subtype 
exhibited activated immune- and inflammation-related pathways. Esmolol was shown to have potential as a drug to treat PCOS and it 
showed good results for molecular binding at TGFBR2, ICAM3, WIPF1, SLC11A1, and NCF2 proteins.
Conclusion: Five diagnostic biomarkers and two inflammation-related molecular types associated with PCOS were identified, and 
esmolol was a potential drug for PCOS treatment. Our findings provided new diagnostic markers and potential small-molecule drugs 
for PCOS diagnosis and prevention.
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Introduction
Polycystic ovary syndrome (PCOS), which is typically characterized by polycystic ovaries, anovulation, and hirsutism, is 
a common female endocrine disease.1 It is a major cause of low female fertility, affecting approximately 4–18% of the 
total population.2 PCOS is also a significant risk factor for metabolic and cardiovascular sequelae, often associated with 
obesity, dyslipidemia, and insulin resistance.3 At present, the Rotterdam criteria and clinical symptoms are the main 
diagnostic criteria of PCOS.4 So far, no effective diagnostic biomarkers or treatments exist for PCOS patients.5,6 The 
evidence to date suggests that PCOS may be a complex disease that is influenced by the environment, epigenetic variants, 
and genetic factors.7 However, the precise pathogenesis of PCOS remains unclear. A better comprehension of the 
pathogenesis of PCOS could lead to enhancements in clinical diagnosis, treatment, and reproductive outcomes.
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A recent study has shown that inflammation is implicated in ovulation and is key to follicular dynamics.8 In 
particular, women with PCOS are more likely to be overweight. The development of inflammation is linked to visceral 
adipose tissue. An inflammatory response is generated in visceral adipose tissue mainly by increased monocyte 
chemotactic proteins, secretion of inflammatory factors, and recruitment of immune cells to maintain the inflammatory 
state of adipocytes.9 Thus, PCOS may be associated with inflammatory cytokines and a low-grade inflammation state. 
A previous study has revealed that inflammation in PCOS may be in part dependent on visceral fat tissue.10 In addition, 
the peripheral blood of PCOS patients was found to have significantly elevated inflammatory cytokines, adipokines, and 
their paralogs.11 A lipid-induced pro-inflammatory state may underlie hyperandrogenaemia, dyslipidemia, and insulin 
resistance in patients with PCOS.12 It has been shown that obese PCOS groups have a higher expression of NF-кB p65 in 
the endometrium, which is associated with increased insulin resistance.13 Furthermore, women with PCOS have 
increased NF-кB activation and TNF-α expression.14 However, the role of inflammatory response in the pathogenesis 
of PCOS has rarely been investigated. Therefore, the investigation of the factors involved in the inflammatory response 
that leads to the development and progression of PCOS may provide a greater understanding of PCOS and theoretical 
guidance to improve the clinical diagnosis and treatment of PCOS.

In this study, we downloaded the PCOS-associated datasets from Gene Expression Omnibus (GEO) database. Hub 
inflammatory response-related genes were identified by WGCNA. We carried out consensus clustering analysis, enrich-
ment analysis, and immune cell infiltration analysis of PCOS samples based on differentially expressed inflammation- 
related genes. Furthermore, based on the results of differentially expressed analysis, the prediction of potential drugs for 
the treatment of PCOS was performed and the possible mechanism of action was verified using the molecular docking 
method. Our findings provided a theoretical basis to better understand inflammation in PCOS pathogenesis. Figure 1 
showed the flow chart of the present study.

Methods and Materials
Data Acquisition and Preprocessing
A total of six PCOS-related datasets are downloaded from the GEO database (Table 1). The GSE102293 dataset 
contained four control samples and two PCOS samples; the GSE34526 dataset consisted of three control samples and 
seven PCOS samples; the GSE5850 dataset consisted of twelve samples, of which six were from the control group and 
six were from the disease group. All samples were derived from granulosa cells. We then used the “sva” and “gcrma” 
R packages to combine and normalize these three datasets into a testing dataset. In addition, there are three independent 

Figure 1 The workflow of the present study.
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datasets (GSE137684, GSE80432, and GSE114419 datasets) that have been merged and normalized by the “sva” and 
“gcrma” R packages and used as validation datasets.

Identification of Differentially Expressed Genes (DEGs) and Functional Enrichment 
Analysis
The DEGs between the control and PCOS groups were identified using the “limma” package. The thresholds for 
implementing the differentially expressed analysis were p-value < 0.01 and | log fold change (FC)| ≥ 0.5. The “pheatmap” 
package was used to visualize the results of DEGs. The “ggplot2” was used to map the volcano plot. Metascape (http:// 
metascape.org/) is an online analytics platform that provides biologists with a comprehensive resource for annotating and 
analyzing gene lists.15 To investigate the biological functions and pathways of DEGs, GO and KEGG enrichment 
analyses were performed using Metascape.

Gene Set Enrichment Analysis (GSEA)
GSEA was performed for the identification of the most significant pathways between the molecular subgroups.16 

ClusterProfiler package was applied for GSEA. To assess relevant pathways and molecular mechanisms, the “h.all. 
v7.4.symbols.gmt” subset was downloaded from the Molecular Signatures Database. P value < 0.05 was considered 
statistically significant.

Assessment of Inflammatory Response Score
The inflammatory response score was assessed by using GSVA. We downloaded the “h.all.v7.4.symbols.gmt” subset 
from the Molecular Signatures Database. Then, the inflammatory response score was calculated for each sample in the 
inflammatory response gene set using the GSVA package based on the gene expression profile of the testing set. The 
inflammatory response score matrix was obtained, and the result was visualized by a boxplot.

Weighted Gene Co-Expression Network Analysis (WGCNA)
Using gene expression profiling, we calculated the Median Absolute Deviation (MAD) for each gene separately, 
removing the top 50% of genes with the lowest MAD. Then, the outlier genes and samples were removed using the 
goodSamplesGenes method of the WGCNA package, and a scale-free co-expression network was further constructed 
using WGCNA. Genes with high connectivity in the inflammatory response score module were identified as hub genes 
based on the cut-off criteria (Module membership > 0.8 and Gene significance > 0.8).

Protein-Protein Interaction (PPI) Network Analysis
In this study, we constructed the protein-protein interaction (PPI) network using the STRING database (http://www. 
string-db.org/) to identify co-expressed genes that are highly associated with the inflammatory response.17 The PPI 
network was then visualized and analyzed using Cytoscape software (http://cytoscape.org/, version 3.7.2).18 Finally, we 
performed topological analysis on the PPI network, calculating the degree of each gene to determine their importance. 
Genes with higher degrees were considered to be more important in the network.

Table 1 The Information of PCOS-Related Datasets

GEO ID Platform Control Group Disease Group Source Application

GSE102293 GPL570 4 2 Granulosa cells Training set
GSE34526 GPL570 3 7 Granulosa cells Training set

GSE5850 GPL570 6 6 Granulosa cells Training set

GSE137684 GPL17077 4 8 Granulosa cells Test set
GSE80432 GPL6244 10 6 Granulosa cells Test set

GSE114419 GPL17586 3 3 Granulosa cells Test set
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Single Gene GSEA
For single gene GSEA, we used GSEA software to classify samples into high and low expression groups based on the 
median values of gene expression levels. The “c2.cp.kegg.v7.4.symbols.gmt” subset was downloaded from the Molecular 
Signatures Database to assess the relevant molecular mechanisms of genes based on gene expression profile and 
phenotypic grouping.

Consensus Clustering Analysis
The ConsensusClusterPlus package was used to perform a consensus clustering analysis based on the gene expression 
profile of inflammatory response score-related genes. Subsequently, the PCOS samples were classified into various 
subtypes.

Quantification of Immune Cell Abundance
CIBERSORT is a tool for the estimation of the abundance of member cell types in mixed cell populations based on gene 
expression data.19 We used the CIBERSORT to gain access to the subsets of immune cells in the molecular subtypes. The 
results were visualized using the “ggplot2” package.

Samples Collection and Quantitative Real-Time Polymerase Chain Reaction 
(qRT-PCR) Analysis
Between 2021 and 2022, we enrolled 16 women who had undergone in vitro fertilization and embryo transfer at the 
Second Affiliated Hospital of Shandong First Medical University to collect ovarian granulosa cells. According to the 
Rotterdam criteria, 8 patients were diagnosed with PCOS due to the presence of polycystic ovaries, hyperandrogenism, 
oligoovulation, and anovulation.20 Subjects who had tumors that secreted androgens, Cushing’s syndrome, congenital 
adrenal hyperplasia, endometriosis or chronic metabolic disease were not included in the study. The control group 
comprised 8 patients who underwent in vitro fertilization treatment for tubal disease. These patients exhibited normal 
ovarian morphology, regular menstrual cycles, and normal hormone levels. All individuals who took part in this study 
were below 40 years old. The Ethics Committee of the Second Affiliated Hospital of Shandong First Medical University 
granted approval for this study, and all participants provided informed consent.

Cumulus-oocyte complexes were harvested using ultrasound-assisted vaginal puncture and subsequently rinsed in 
a solution of phosphate-buffered saline. Granulosa cells were then carefully extracted from the cumulus-oocyte 
complexes. The granulosa cells were subjected to RNA extraction using TRIzol Reagent (ThermoFisher Scientific, 
USA) according to the manufacturer’s instructions to obtain total RNA. The purified RNA was then used for cDNA 
synthesis using cDNA synthesis kits (Invitrogen, USA). The qRT-PCR analysis was carried out on the ABI ViiA 7 Real- 
time PCR system (Applied Biosystems, USA). β-actin was used as a reference gene. The relative mRNA expression 
levels were determined using the 2–ΔΔCt method. The primer details were presented in Table S1.

Candidate Drugs Identification and Molecular Docking Analysis
Connectivity Map (CMap) (https://clue.io/data), is a prediction tool used to screen potential compounds for their ability 
to activate or inhibit pre-specified genes.21 In addition, the CMap query provides indicators of similarity between 
perturbed genes and up- or down-regulated genes to enable comparison between drug-induced gene profile and gene 
expression profile.22 A score lower than 0 means that the changes induced by the drugs are different from those caused by 
the uploaded genes, which indicates that the drug may exert some therapeutic effects against the disease. A connectivity 
score of < −95 is considered a viable prediction for small molecule compounds.23 In the present study, we uploaded 
DEGs from the normal and disease groups into the CMap database to identify small molecule drugs that may inhibit the 
biological progression of PCOS. The structure of proteins was downloaded from Protein Data Bank (PDB) database 
(https://www.rcsb.org). The structure of small molecule drugs was downloaded from the PubChem database (https:// 
pubchem.ncbi.nlm.nih.gov/). The molecular docking analysis was performed using AutoDock (version 1.5.7), and the 
results were visualized using PyMOL software.
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Statistical Analysis
The bioinformatics data was analyzed and visualized using R software version 4.2.1. GraphPad Prism 8.0 software was 
employed to analyze the experimental data. The results were represented as the average value along with the standard 
deviation (SD). Group comparisons were conducted with a t-test, with statistical significance denoted by a p-value less 
than 0.05.

Results
Identification of DEGs and Functional Enrichment Analysis
From the UMAP plot we can observe that before the removal of the batch effect the samples from each dataset are 
clustered together individually, suggesting a batch effect (Figures S1A and S2A), and after the removal of the batch effect 
the samples from each dataset are clustered and intertwined with each other, suggesting a better removal of the batch 
effect (Figures S1B and S2B). As per the Rotterdam criteria, 32 patients were identified with PCOS. The training set, 
comprising of merged GSE102293, GSE34526, and GSE5850 datasets, included 28 samples (13 from the control group 
and 15 from the PCOS group), while the test set, consisting of merged GSE137684, GSE80432, and GSE114419 
datasets, comprised of 34 samples (17 from the control group and 17 from the PCOS group). All samples were obtained 
from granulosa cells.

As presented in the volcano map (Figure 2A) and heatmap (Figure 2B), the training set was screened for 285 DEGs 
using the “limma” package, with 149 genes down-regulated and 136 genes up-regulated, based on a p-value < 0.01 and | 
log fold change (FC)| ≥ 0.5 (Table S2). In addition, we performed the functional enrichment analysis to investigate the 
potential biological functions of DEGs. The Results revealed that the DEGs were significantly enriched in inflammation- 
and immune-related pathways, such as leukocyte activation, positive regulation of cytokine production, immune 
response-activating signaling pathway, inflammasomes, negative thymic T cell selection, positive regulation of NF- 
kappaB transcription factor activity, etc (Figure 2C and D). Furthermore, the significantly enriched pathways in the 
PCOS group were IL6-JAK-STAT3 signaling (ES = −0.61, p = 0.008), IL2-STAT5 signaling (ES = −0.42, p = 0.011), 
inflammatory response (ES = −0.55, p = 0.02), apoptosis (ES = −0.41, p = 0.03), and P53 pathway (ES = −0.38, p = 
0.048), based on the “h.all.v7.4.symbols.gmt” gene set (Figure 3A). To further validate the GSEA results, we calculated 
the inflammatory response score in the control and PCOS groups using the GSVA algorithm. Compared to the control 
group, the inflammatory response score was significantly increased in the PCOS group (p < 0.05, Figure 3B). All these 
findings implied that the inflammatory response may play an important role in the development of PCOS. Thus, we 
selected it as the subject of our study.

Identification of Inflammatory Response Score-Related Modules by WGCNA
To further identify key genes associated with inflammatory score, we performed WGCNA analysis. A total of 20521 
genes in the training set were used for WGCNA analysis. As shown in Figure 3C, 21 gene modules were identified by 
WGCNA. Among these modules, the turquoise (r = 0.82, p = 0) and pink (r = 0.81, p = 0) modules exhibited a significant 
correlation with inflammatory response scores (Figure S3). For further analysis, 45 hub genes were identified in the 
turquoise and pink modules (Table S3).

PPI and Enrichment Analyses Were Conducted on the Genes Identified from the Hub 
Modules of the WGCNA
A PPI network was constructed using 45 genes identified in the String database. To streamline the analysis, nodes with 
fewer edges in the PPI network were removed, resulting in a final set of 31 nodes (Figure S4A). We conducted functional 
enrichment analysis on these genes, revealing their significant involvement in various biological processes. Specifically, 
our results demonstrated that these genes were primarily associated with phagocytosis, fc-gamma receptor signaling 
pathway, myeloid leukocyte activation, phagosome, neutrophil extracellular trap formation, and other related processes 
(Figure S4B). These findings underscore the strong association between genes involved in inflammatory response and 
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immune function. Ultimately, topological analysis was utilized to calculate the betweenness centrality, closeness 
centrality, and degree centrality of 31 nodes (Table S4).

Identification of DEGs in the Hub Modules
As shown in Figure 4A, five important inflammatory response score-related genes (TGFBR2, ICAM3, WIPF1, SLC11A1, 
and NCF2) were identified from DEGs based on the Venn result. Those genes were significantly up-regulated in the 
PCOS group (p < 0.05) (Figure 4B). In addition, the diagnostic AUC values of TGFBR2, ICAM3, WIPF1, SLC11A1, and 
NCF2 genes were 0.759, 0.831, 0.759, 0.764, and 0.81, respectively (Figure 4C).

We validated the results by combining the three datasets (GSE137684, GSE80432, and GSE114419 datasets) into one 
integrated dataset. The expression level of TGFBR2, WIPF1, SLC11A1, and NCF2 genes in the PCOS group was 
significantly higher than that of the control group (p < 0.05). No significant difference in ICAM3 gene expression 
between normal and disease groups (Figure 4D). The diagnostic AUC values of TGFBR2, ICAM3, WIPF1, SLC11A1, 
and NCF2 genes were 0.692, 0.647, 0.706, 0.72, and 0.72, respectively (Figure 4E).

The diagnostic performance of a model incorporating the combined assessment of TGFBR2, ICAM3, WIPF1, 
SLC11A1, and NCF2 genes was evaluated using ROC curve analysis. For the training set (Figure S5A), the model 
demonstrated a considerable ability to distinguish between PCOS patients and controls with an AUC of 0.800, indicating 
good predictive accuracy. Similarly, the model was assessed in an independent test set to evaluate its generalizability 
(Figure S5B). The AUC for the test set was 0.772, confirming the model’s diagnostic value.

Figure 2 Identification of DEGs and functional enrichment analysis. Volcano (A) and heatmap (B) diagrams of the DEGs between control and PCOS groups. (C and D) 
Functional enrichment analysis for the DEGs.
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GSEA of Diagnostic Genes
Single gene GSEA was performed to explore the potential signaling pathways associated with these important genes. 
Notable findings from the GSEA are summarized below. For ICAM3, enrichment was observed in pathways related to 
acute myeloid leukemia (ES=−0.62, p<0.0001), toll-like receptor signaling (ES=−0.59, p<0.0001), and leukocyte 
transendothelial migration (ES=−0.48, p<0.0001) (Figure 5A); NCF2 showed significant association with toll-like 
receptor signaling pathways (ES=−0.57, p=0.0037) and NOD-like receptor signaling pathways (ES=−0.63, p=0.0037), 
indicating its role in innate immunity (Figure 5B); SLC11A1 was prominently enriched in pathways tied to leukocyte 
transendothelial migration (ES=−0.49, p<0.0001) and natural killer cell mediated cytotoxicity (ES=−0.60, p<0.0001) 
(Figure 5C); WIPF1 displayed notable enrichment in alpha-beta T cell activation (ES=−0.59, p=0.0102) and positive 

Figure 3 WGCNA identifies the inflammatory response score-related modules. (A) GSEA results exhibited the significantly enriched pathways in the HALLMARK set of 
the PCOS group. (B) The inflammatory response score was calculated by GSVA, and the results were presented as box plots. *p < 0.05. (C) Identification of key modules by 
WGCNA. The module-trait correlations were presented as a heatmap.
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Figure 4 Identification of DEGs in the hub modules. (A) The Venn diagram presented the common genes between the DEGs and WCGNA. The gene expression levels (B) 
and ROC curves (C) of TGFBR2, ICAM3, WIPF1, SLC11A1, and NCF2 genes in the training set (D) and test set (E). *p < 0.05, **p < 0.01.
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regulation of immune response (ES=−0.47, p=0.006), suggesting its involvement in adaptive immune responses 
(Figure 5D); TGFBR2 enrichment was evident in pathways governing regulation of T-helper 2 cell differentiation 
(ES=−0.76, p=0.0021) and interleukin-2 production (ES=−0.65, p=0.0077), reflecting its critical role in immune regula-
tion (Figure 5E). These pathway associations suggest the potential involvement of these genes in the pathophysiology of 
immune-related disorders.

Unsupervised Cluster Analysis Identifies Inflammation-Related Molecular Subtypes
As shown in Figure 6A, in the training set, two subtypes of PCOS (C1 and C2) were identified based on the expression of 
five core genes. In addition, we performed differential expression analysis between C1 and C2 subgroups, and a total of 
187 DEGs (92 up-regulated genes and 95 down-regulated genes) were identified (Figure 6B and C). As for GO terms, 
187 DEGs were mainly enriched in leukocyte migration, chemotaxis, myeloid leukocyte migration, leukocyte chemo-
taxis, cytokine-mediated signaling pathway, etc (Figure 7A). As shown in Figure 7B, KEGG pathway analysis revealed 
that these DEGs were significantly enriched in the IL-17 signaling pathway (Figure 8A), viral protein interaction with 
cytokine and cytokine receptor, chemokine signaling pathway, TNF signaling pathway (Figure 8B), cytokine-cytokine 
receptor interaction, kaposi sarcoma-associated herpesvirus infection, etc.24 In addition, GSEA results showed that 
apoptosis, IL6-JAK-STAT3 signaling, IL2-STAT5 signaling, PI3K-AKT-MTOR signaling, TNFA signaling via NFKB, 
and inflammatory response were mainly enriched in the C2 subgroup (Figure 9A). GSVA results indicated that leukocyte 
chemotaxis, interferon-gamma response, positive regulation of T cell proliferation, regulation of neutrophil degranula-
tion, positive regulation of lymphocyte differentiation, interleukin 6 production, interferon alpha production, and myeloid 
cell differentiation were activated in the C2 subgroup (Figure 9B), suggesting that the C2 subgroup had higher immune 
activation than the C1 subgroup. As shown in Figure 10A, there were remarkable interactions between immune cell 
populations. In addition, the proportion of T cells CD8 was significantly lower in the C1 group than C2 group, whereas 

Figure 5 The potential pathways in association with the core genes have been identified by GSEA. The representative pathways were mainly enriched in high expression of 
ICAM3 (A), NCF2 (B), SLC11A1 (C), WIPF1 (D), and TGFBR2 (E).
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the proportion of T cells CD4 memory resting and T cells gamma delta was significantly higher in the C1 group than the 
C2 group (Figure 10B).

Drug Discovery and Molecular Docking Analysis
As shown in Table 2, the top 5 small molecules (esmolol, desoxypeganine, actarit, pentoxifylline, and coumarin) with the 
highest negative score have been evaluated as possible drugs against PCOS. Figure 11A presented the 2D chemical 
structure of drug candidates. For molecular docking validation, these five drug candidates and the core inflammation- 
related proteins (TGFBR2, ICAM3, WIPF1, SLC11A1, and NCF2) were selected. Figure 11B presented the binding 
energy for molecular docking. Of these five small molecules, esmolol had the lowest binding energy to the core target 
protein. Therefore, we applied PyMOL software to visualize the results of molecular docking (Figure 12A–E). For 
example, esmolol could bind to TGFBR2 and form hydrogen bonds with amino acid residues (GLN-41, ASN-40, and 
THR-109) in the vicinity of the active site, thereby exerting its therapeutic effects. As a result, we believed that esmolol 
may be a potential therapeutic drug for the treatment of PCOS that was worthy of further investigation.

Validation of Diagnostic Markers Based on the qRT-PCR Analysis
The control group and PCOS group both consisted of 8 patients each, with detailed characteristics provided in Table S5. 
In order to validate the bioinformatics analyses mentioned above, we conducted a study to examine the expression levels 
of the five hub biomarkers in clinical samples that we collected (Figure 13). Employing qRT-PCR, we observed 
a significant upregulation of TGFBR2, ICAM3, WIPF1, SLC11A1, and NCF2 in PCOS patients when compared to the 

Figure 6 Unsupervised cluster analysis. (A) Consensus clustering matrix when k = 2. Heatmap (B) and volcano (C) diagrams of the DEGs between C1 and C2 subgroups.
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Figure 7 Enrichment analysis of DEGs between the two subgroups. The results of GO (A) and KEGG (B) enrichment analyses.
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Figure 8 The KEGG pathways of IL-17 (A) and TNF (B) signaling pathway. We obtained appropriate copyright permission to use the KEGG image depicted in (A and B).
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Figure 9 GSEA (A) and GSVA (B) were performed to explore the potential pathways between the C1 and C2 subgroups.

Journal of Inflammation Research 2024:17                                                                                          https://doi.org/10.2147/JIR.S460437                                                                                                                                                                                                                       

DovePress                                                                                                                       
4713

Dovepress                                                                                                                                                               Liu et al

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 10 Immune cell infiltration analysis of molecular subtypes. (A) The correlation analysis of the immune cells. (B) The landscape of the immune cells between C1 and 
C2 subgroups. *p < 0.05, **p < 0.01.
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control group (p < 0.05 or p < 0.01 or p < 0.001). These findings were consistent with the results obtained from our 
bioinformatics analysis. In addition, the correlation analysis demonstrated significant associations between the levels of 
luteinizing hormone (LH) and testosterone (T) with the expression of key inflammatory-related genes. The data depicted 
in Figure S6 shows that both LH and T levels were positively correlated with the gene expression levels of TGFBR2, 
ICAM3, WIPF1, SLC11A1, and NCF2. The observed correlations emphasize the potential link between inflammation and 
hormone levels in the clinical context, thus providing insights into the underlying molecular interactions in PCOS.

Discussion
PCOS is a complex endocrine disorder that has adverse effects on both the reproductive and metabolic functions of 
women.25 Unfortunately, the specific pathogenesis of PCOS is poorly understood from available epidemiological and 
basic research.26 As there are no effective diagnostic indicators in clinical practice, it is often the case that patients with 
PCOS miss the right time for diagnosis and treatment. Recent studies have indicated that a key factor in the pathogenesis 
of PCOS is chronic low-grade inflammation.11,27 In addition, dysregulation of inflammatory response genes in PCOS was 
identified by peripheral blood transcriptomics.28 In our study, PCOS patients had significantly higher inflammatory 
response scores compared to the normal group, which is consistent with previous studies. Thus, the identification of 
specific diagnostic markers and analysis of genes that are associated with the inflammatory response in PCOS are 

Table 2 Results of CMap Analysis

Rank Score Name Description

1 −99.93 Esmolol Adrenergic receptor antagonist
2 −99.93 Desoxypeganine Acetylcholinesterase inhibitor

3 −99.89 Actarit Interleukin receptor agonist

4 −99.68 Pentoxifylline Phosphodiesterase inhibitor
5 −99.68 Coumarin Vitamin K antagonist

Figure 11 Screening and validation of potential drugs for PCOS patients. (A) Chemical structure of the potential small molecule compounds. (B) The lowest binding energy 
for molecular docking.
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important. In our study, enrichment analysis results revealed that DEGs were found to be involved in inflammation- and 
immune-related pathways. We attempted to identify diagnostic markers of PCOS using WGCNA analysis of genes 
related to the inflammatory response score. In addition, potential therapeutic drugs for PCOS were screened through 
CMap analysis.

In our study, we identified five characteristic genes (TGFBR2, ICAM3, WIPF1, SLC11A1, and NCF2) that could be 
considered diagnostic markers for PCOS in both training and test sets. The TGF-beta superfamily played an important 

Figure 12 Molecular docking results of esmolol with hub targets. (A) esmolol-TGFBR2. (B) esmolol-ICAM3. (C) esmolol-WIPF1. (D) esmolol-SLC11A1. (E) esmolol- 
NCF2.

Figure 13 Clinical samples are collected to validate the accuracy and reliability of diagnostic markers. *p < 0.05, **p < 0.01, ***p < 0.001.
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role in human ovarian and placental function.29 It is becoming more and more apparent that the TGF-β-signaling pathway 
is significantly involved in the progression of PCOS.30 Inhibition of TGF-beta signaling may be part of the pathogenesis 
of PCOS.31 The TGF-β1/Smad3 signaling pathway has been linked to the inhibition of the growth of ovarian follicles in 
individuals with PCOS by controlling the programmed cell death of granulosa cells.32 The maintenance of TGFBR2 
through USP9X resulted in the activation of the TGF-beta pathway, which further inhibited granulosa cell apoptosis.33 In 
addition, the expression of TGFBR2 was higher in the granulosa cells of cows with ACTH-induced cystic ovarian disease 
than in controls.34 Noticeable rise in the levels of TGFBR2 expression was observed in normo-androgenic PCOS 
individuals when compared to the control group.35 ICAM family members played a vital role in immune responses, 
inflammation, and intracellular signaling.36 ICAM3 has been implicated in T lymphocyte activation and immune cell 
interactions in several studies.37,38 SLC11A1 had multiple effects on macrophage function.39 Previous studies have 
indicated that SLC11A1 is implicated in the acute inflammatory response in pristane-induced arthritis.40,41 Several studies 
indicated that changes in the NCF2 gene sequence may be associated with the development of inflammatory bowel 
disease, lupus, and coeliac disease.42,43 WIPF1 was involved in organizing and polymerizing the actin cytoskeleton, 
which was linked to cell invasion and proliferation.44 However, no relevant studies reported on the role of ICAM3, 
WIPF1, SLC11A1, and NCF2 in PCOS progression. In this study, for the first time, our results indicated that ICAM3, 
WIPF1, SLC11A1, and NCF2 were increased in PCOS and could act as diagnostic markers for PCOS patients.

PCOS is a low-level chronic inflammation.45 A previous research findings suggest significant changes in the immune 
system within the ovaries of individuals with PCOS.46 A recent investigation revealed that PCOS patients exhibit 
elevated levels of inflammatory markers, heightened levels of reactive oxygen species, and disrupted mitochondrial 
function in their granulosa cells.47 IL molecules, including IL-17A, IL-23, and IL-33, played a vital role in the 
pathogenesis of PCOS.48 Patients with PCOS have elevated levels of TNF-α in serum and endometrial fluid.49 In 
addition, the Th17/Treg cell imbalance in favor of pro-inflammatory Th17 cells has been implicated in the pathogenesis 
of PCOS patients with autoimmune thyroiditis.50

In the present study, consensus clustering was performed to identify two inflammation-related patterns (C1 and C2). 
Functional enrichment analysis indicated these DEGs between C1 and C2 subgroups were significantly enriched in the 
IL-17 signaling pathway and TNF signaling pathway. In addition, the results of GSVA, GSEA, and immune cell 
infiltration revealed that there was significant heterogeneity between the two subtypes and that the immune- and 
inflammation-related pathways in the two subtypes were different. Notably, the C2 subtype exhibited activated immune- 
and inflammation-related pathways (including PI3K-AKT-MTOR signaling, TNFA signaling via NFKB, inflammatory 
response, positive regulation of T cell proliferation, etc). Thus, we speculated that the C2 subgroup was more likely to 
have advanced PCOS than the C1 subgroup.

However, our study has certain limitations. Although we confirmed the expression levels of diagnostic genes with 
clinical samples, further enhancing the reliability of the results would necessitate a broader array of clinical samples. Due 
to sample size limitations in the GEO database, we propose that future research should consider stratifying PCOS 
patients by subtype to further clarify the specific inflammatory pathways involved in different PCOS categories.

Conclusion
In Conclusion, our findings highlighted the vital role of the inflammatory response in the pathogenesis of PCOS and 
suggested that the five core genes identified in this study could be used to diagnose and treat PCOS patients. In addition, 
we have proposed a new molecular classification that included both non-inflammation and inflammation subgroups of 
patients with PCOS. Our research could provide theoretical guidance for further elucidation of the pathogenesis of PCOS 
and directions for drug screening and individualized treatment of PCOS.

Data Sharing Statement
All data used in the present study were available from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). The 
accession numbers are as follows: GSE102293, GSE34526, GSE5850, GSE137684, GSE80432, and GSE114419).
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