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Background

Many components in follicular fluid (FF), such as peptide hormones, cytokines, and steroids, undergo dynamic changes during folliculogenesis and have important roles in follicular development. Because systemic inflammation has also been found to contribute to diminished ovarian reserve (DOR) in previous studies, do certain serum/FF inflammatory biomarkers affect both follicular development and ovarian function?





Methods

Serum samples from the menstruation phase (n=26), serum samples from the ovulation phase (n=26), FF samples of mature oocytes (n=26), and FF samples of immature oocytes (n=10) were collected. Olink proteomic proximity extension assay (PEA) technology was used to compare the differentially expressed proteins (DEPs), and patients were divided into two subgroups—the normal ovarian reserve (NOR) group and the DOR group—for further bioinformatics analysis and verification by enzyme-linked immunosorbent assay (ELISA).





Results

In total, 16 DEPs were detected between the mature group and the immature group (FF), and 11 DEPs were detected between the ovulation group and the menstruation group (serum). Further subdivision of the ovarian reserve subgroups revealed 22 DEPs in FF and 3 DEPs in serum. Among all four comparisons, only the expression of oncostatin M (OSM) significantly differed. The OSM signaling pathway, the IL-10 anti-inflammatory signaling pathway, and the PI3K−Akt signaling pathway are three notable pathways involved in affecting ovarian reserve capacity according to bioinformatics analysis. In addition, the concentration of estradiol on the hCG day was slightly but positively correlated with OSM (r=0.457, P=0.029). A significantly greater level of OSM (5.41 ± 2.65 vs. 3.94 ± 1.23 pg/mL, P=0.007) was detected in the serum of NOR patients via ELISA verification, and the sensitivity and specificity of ovarian reserve division were 50.00% and 83.33%, respectively.





Conclusion

This study proposed that immunological changes assessed by PEA technology affect ovarian function in humans and that OSM may serve as a potential inflammatory biomarker for ovarian function in serum, thus revealing alterations in FF.
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Introduction

Many components in follicular fluid (FF), such as peptide hormones, cytokines, steroids, and energy metabolites, undergo dynamic changes during folliculogenesis, playing a positive or negative role in follicular development. In previous studies, researchers have shown that various immunology-related proteins, such as interleukins (IL-1 and IL-6) (1, 2), chemokines (CXCL8 and CCL11) (2, 3), vascular endothelial growth factor (VEGFA) (4), and extracellular matrix proteins (MMP7, ICAM3, and ITGA5) (5, 6), are involved in the process of folliculogenesis and follicle depletion. Furthermore, chronic low-grade systemic inflammation contributes to a diminished ovarian reserve (DOR) in mice (7), highlighting immunological changes in ovarian function. The latest research suggests that EXOSC10 is essential for the maturation of oocytes, and blocking EXOSC10 activity can cause the rapid depletion of oocytes, disrupting ovarian reserve function and leading to a condition similar to primary ovarian insufficiency (POI) (8). We believe that the function of specific genes/proteins in the organism is not limited to one physiological role. Proteins that have a role in both oocyte maturation and ovarian reserve function will be more valuable in subsequent clinical applications and translational research.

Although FF is the most important microenvironment for oocyte development, the components of FF are closely linked to follicular development. However, owing to their inaccessibility (such as surgical retrieval), the components of FF are difficult to promote as biomarkers more widely. Serum and plasma samples are more convenient to obtain than FF samples and have been widely used in the diagnosis, treatment, and screening of new drug targets for various diseases (9, 10). Schweigert et al. (11) revealed significant similarities between serum and FF proteins during in vitro fertilization (IVF), with inevitable differences caused by selective transport. Therefore, we believe that the combined analysis of serum and FF could indicate the state of the ovarian microenvironment more intuitively.

During folliculogenesis, follicles become more permeable, resulting in a progressive increase in the number of serum proteins that pass through the blood−follicle barrier. Researchers have reported that the levels of the serum proteins IL-1 receptor antagonist (IL-1RA) (12) and retinol-binding protein-4 (RBP-4) (13) change during the menstrual cycle. Considering the correspondence with follicular development, we collected serum samples from the menstrual and ovulation phases for combined analysis.

Olink technology adopts a unique detection method referred to as the proximity extension assay (PEA), which combines traditional sandwich enzyme-linked immunosorbent assay (ELISA) with quantitative polymerase chain reaction (PCR)/second-generation sequencing (14), which increases the depth and sensitivity of proteome coverage. The Olink® Target 96 Inflammation Panel contains 92 immunology-related proteins, including interleukins, chemokines, extracellular matrix proteins, and tumor necrosis factor. Nearly half of these proteins, such as IL-6, CXCL8, CCL11, VEGFA, AXIN1, SIRT2, and tumor necrosis factor superfamily member 12 (TWEAK), have been shown by previous researchers to be associated with oocyte development and maturation (2–4, 15–17). Moreover, the levels of inflammatory factors, such as IL-18 and TNF-α, can influence the ovarian reserve and embryo grade (18).

Therefore, we used the Olink® Target 96 Inflammation Panel to analyze both FF samples and serum samples with the objective of determining the protein profile of oocyte maturation and the ovarian reserve. In addition to a bioinformatics analysis of differentially expressed proteins (DEPs), a Venn network of DEPs, and subsequent validation, novel inflammatory biomarkers for ovarian function were revealed. Special emphasis was placed on the Venn intersection of the DEPs because it may play a key role in ovarian function.





Materials and methods




Ethics statement

The complete details of the entire study design and procedures involved were in accordance with the Declaration of Helsinki. This study was approved by the Ethics Committee of the Faculty at Hangzhou Women’s Hospital (approval number: 2024-A-055, 2021-K7-02). Written informed consent was obtained from all the subjects before sample collection.





Study design and sample collection

We recruited a total of 88 subjects who underwent IVF, including intracytoplasmic sperm injection (ICSI), between January 2022 and May 2022 at Hangzhou Women’s Hospital. According to the Poseidon criteria (19), 26 subjects for Olink PEA proteomic technology were divided into a normal ovarian reserve group (NOR, N=13) and a DOR group (N=13). Furthermore, 62 subjects for ELISA validation were divided into 32 NOR samples and 30 DOR samples. In particular, DOR patients were defined as those with an antral follicle count (AFC) <5 and anti-Müllerian hormone (AMH) <1.2 ng/mL, and patients with an unexpected poor ovarian response (retrieving fewer than four oocytes). Patients who had undergone ovarian surgery or radiotherapy/chemotherapy, who had received steroid hormone therapy in the past 3 months, or who had a history of pelvic tuberculosis were excluded. The entire workflow is depicted in Figure 1.




Figure 1 | Workflow of the comprehensive analysis of inflammatory biomarkers of oocyte function. Olink PEA technology screening was applied to identify FF and serum protein changes during oocyte maturation, distinguishing subgroups through different ovarian reserves. After PCA analysis as quality control, we obtained the FF DEPs and serum DEPs. Bioinformatics analysis was performed for FF DEPs, including STRING analysis, GO term enrichment analyses, and pathway enrichment analyses. The correlations between the serum DEPs and clinical features were calculated. A Venn network was constructed among FF and serum DEPs, including different oocyte maturities and ovarian reserves. The OSM was validated via ELISA and evaluated via an ROC curve because it is the intersection of the Venn network. FF, follicular fluid; NOR, normal ovarian reserve; DOR, diminished ovarian reserve; PCA, principal component analysis; DEPs, differentially expressed proteins; GO, Gene Ontology; ROC, receiver operating characteristic.



Peripheral blood was collected from the participants during the menstruation and ovulation phases of the oocyte retrieval cycle. The menstruation phase was from the 2nd day of menstruation to the 5th day of menstruation, before the start of ovarian stimulation. The ovulation phase was determined by ultrasound monitoring of ovarian follicles and luteinizing hormone (LH) and estradiol (E2) measurements at the day of hCG administration. Blood for serum was collected, centrifuged at 3,000 × g for 10 min, and stored at -80°C.

Ovarian FF was collected from each follicle separately and allocated according to the maturity of the degranulated oocytes. According to the degranulation status of the oocytes, all 26 patients had mature oocytes (MII oocytes), whereas only 10 patients had both immature oocytes (MI and Gv oocytes) and mature oocytes. Immediately following oocyte retrieval, FF was collected and then centrifuged at 3,000 × g for 15 min to collect the supernatant. The supernatants were frozen at -80°C and stored.

We collected four samples from the same subjects for Olink PEA proteomic technology, including the serum from the menstruation phase (Ser_M), the serum from the ovulation phase (Ser_OV), the FF from mature oocytes (FF_MII), and the FF from immature oocytes (FF_NonMII). However, 16 subjects did not contain immature oocytes (FF_NonMII). Overall, we obtained 88 samples from 26 subjects for Olink exploration (26 Ser_M, 26 Ser_OV, 26 FF_MII, and 10 FF_NonMII) and DEPs between Ser_M vs. Ser_OV and FF_MII vs. FF_NonMII were analyzed. Furthermore, the Ser_OV group was divided into two subgroups, Ser_NOR (N=13) and Ser_DOR (N=13), and the FF_MII group was divided into two subgroups, FF_NOR (N=13) and FF_DOR (N=13), according to ovarian reserve parameters. DEPs between Ser_NOR vs. Ser_DOR and FF_NOR vs. FF_DOR were also analyzed. The serum of the ovulation phase for the ELISA validation subjects was also obtained (32 NOR samples and 30 DOR samples).





Bioinformatics analysis of DEPs

In total, 92 protein names and UniProt IDs of the Olink® Target 96 Inflammation Panel (Uppsala, Sweden) are shown in Supplementary Table 1. The samples are divided into four groups on the basis of their sources: Ser_M, Ser_OV, FF_MII, and FF_NonMII. Protein data were generated from serum and FF samples submitted to the Olink® target 96 Inflammation Panel via PEA technology (20, 21). Normalized protein expression (NPX) values were provided as the final assay readout, which was an arbitrary log2-scale unit that corresponds to higher protein levels.

An NPX distribution box plot and a principal component analysis (PCA) plot were generated to check for outlier samples. After quality control of the original data (e.g., excluding control and outlier samples, merging and standardizing multiple sets of NPX data), clean data on NPX expression were obtained. The DEPs in the serum samples between the menstruation group and the ovulation group (Ser_OV/Ser_M) and in the FF samples between the mature group and the immature group (FF_MII/FF_NonMII) were compared. DEPs were also compared across subgroups (Ser_NOR/Ser_DOR, FF_NOR/FF_DOR) to identify biomarkers for ovarian reserve. Moreover, volcano plots were generated to visualize the DEPs (R software package “ggplot2”, V.3.3.5), and a clustering heatmap of the DEPs was also constructed (R software package “pheatmap”, V.1.0.12).

Using the STRING (http://www.string-db.org/) database, we conducted an interaction network analysis of the DEPs (encoding genes). All the FF DEPs were functionally classified (biological process, cellular composition, and molecular function) according to Gene Ontology analysis (GO, http://www.geneontology.org). Kyoto Encyclopedia of Genes and Genomes (KEGG, http://www.kegg.jp/) pathway analysis and enrichment analysis were performed via the R software package “ggplot2”, in addition to WikiPathways enrichment analysis (https://www.wikipathways.org/index.php/WikiPathways).





Comprehensive analysis of serum and FF DEPs

The Pearson correlation method was used to compare the serum samples of the ovulation phase (Ser_OV) and the FF samples of mature oocytes (FF_MII). The proteins related to Ser_OV and FF_MII are listed.

The serum DEPs between the menstruation phase and the ovulation phase (Ser_OV/Ser_M) were defined as Group 1, and the FF DEPs between the mature oocyte and the immature oocyte (FF_MII/FF_NonMII) were defined as Group 2. The serum DEPs between different ovarian reserve cases (Ser_NOR/Ser_DOR) were defined as Group 3. The FF DEPs between different ovarian reserve cases (FF_NOR/FF_DOR) were defined as Group 4. A Venn network was constructed to assess the intersection among the four groups via Wekemo Bioincloud (https://www.bioincloud.tech) (22).





Biomarker validation by ELISA methods

A human OSM ELISA kit (ab215543; Abcam, Cambridge, MA, USA) was used to assess protein levels in the serum. The protein concentrations were measured according to the manufacturer’s instructions. Differential serum OSM levels were measured in 32 NOR patients and 30 DOR patients. A human GM-CSF ELISA kit (CSB-E04568h; CUSABIO Co., Wuhan, China) and a human TNF-α ELISA kit (CSB-E04740h; CUSABIO Co., Wuhan, China) were used to assess protein levels in the FF.





Statistical analysis

The parametric data are presented as the means ± SDs and were analyzed via t-tests to compare the means of two groups. The non-parametric data are presented as the median ± IQR and were compared via the Mann−Whitney U test. The statistical analyses of the Olink results were performed via the R software package “Olink Analyse” (V.1.2.6). Moreover, the correlations between serum DEPs and clinical characteristics were determined via the package “pheatmap” (0.3<| r |≤0.5, weak correlation; 0.5<| r |≤0.8, moderate correlation; and | r |>0.8, strong correlation). P values <0.05 were considered to indicate statistical significance. Receiver operating characteristic (ROC) curves were calculated using MedCalc Software (Version 12.4.2.0, Belgium). The diagnostic score for NOR was 1, whereas that of DOR was 0. The study sample provided 80.56% power to identify significant differences at a statistical significance level of α=0.05 for the Olink results (NSer_M=25, NSer_OV=23, after sample exclusion by PCA quality control) and provided 83.64% power for the ELISA results (NSer_NOR=32, NSer_DOR=30).






Results




Overview of the study subjects

Olink inflammatory proteomic analysis for oocyte maturity and ovarian reserve was performed with serum samples from subjects in the menstruation and ovulation phases and FF samples from subjects with mature and immature oocytes, including NOR and DOR samples. A total of 88 samples from 26 subjects were included in this cohort (26 Ser_M, 26 Ser_OV, 26 FF_MII, and 10 FF_NonMII). According to the PCA quality control, 82 samples were included in further analysis (Supplementary Figure 1, 25 Ser_M, 23 Ser_OV, 24 FF_MII, and 10 FF_NonMII). To verify the objectivity of our results, ELISA experiments on a known oocyte maturation marker in FF were performed (Supplementary Figures 2A, B).

Moreover, the Ser_OV and FF_MII groups were divided into the Ser_NOR, Ser_DOR, FF_NOR, and FF_DOR subgroups according to ovarian reserve, and the clinical characteristics of the NOR and DOR patients for Olink technology are shown in Table 1.


Table 1 | Clinical and laboratory characteristics of the patients included in the Olink group.







Potential inflammatory biomarkers for oocyte maturation

A linked proteomic analysis of FF from mature oocytes and FF from immature oocytes was performed to identify potential biomarkers of oocyte maturation. The expression of 16 proteins was significantly altered in the FF_MII group. TNFRSF9, VEGF-A, TWEAK, CCL11, CCL4, CCL25, FGF-19, and MMP-1 were upregulated in the FF_MII group, whereas CASP-8, 4E-BP1, AXIN1, STAMBP, OSM, TNFSF14, ST1A1, and SIRT2 were significantly downregulated in the FF_MII group. The heatmap shows clustering patterns of the DEPs between the two groups (Figure 2A).




Figure 2 | Differentially expressed proteins related to oocyte maturation identified via Olink PEA technology. Clustering heatmaps of (A) FF_MII vs. FF_NonMII and (B) Ser_OV vs. Ser_M were generated to visualize the expression patterns of the DEPs. The PCA results for each comparison group are shown in the lower right corner.



We also screened the serum of the same patients at the ovulation and menstruation phases to identify potential serum/FF-correlated biomarkers for oocyte maturation. The expression levels of CSF-1, HGF, VEGF-A, EN-RAGE, TGF-α, and OSM were significantly elevated in the Ser_OV group. In contrast, the expression levels of IL-8, TWEAK, MMP-10, FGF-19, and IL-12B were significantly decreased in the Ser_OV group. A clustering heatmap of the serum samples is shown in Figure 2B.





Potential inflammatory biomarkers for the ovarian reserve

To identify potential biomarkers for ovarian reserve, we divided the FF_MII subgroup into the FF_NOR (N=11) and FF_DOR (N=13) subgroups and the Ser_OV subgroup into the Ser_NOR (N=11) and Ser_DOR (N=12) subgroups according to the Poseidon criteria. In total, 22 proteins—LAP TGF-β1, IL-7, IL-10RB, CSF-1, CD244, OSM, TNFB, PD-L1, CD5, MCP-1, TWEAK, TNFRSF9, CCL23, STAMBP, ARTN, IL-13, NRTN, IL-20RA, IL-10, TNFSF14, TGF-α, and LIF-R—were significantly upregulated in the FF_NOR group (Figure 3A). Only two upregulated proteins, namely, TGF-α and OSM, and one downregulated protein, OPG, were significantly altered in the Ser_NOR group (Figure 3B). The number of DEPs for each comparison and their corresponding P values are presented in Supplementary Table 2.




Figure 3 | Differentially expressed proteins related to the ovarian reserve identified via Olink PEA technology. Clustering heatmaps of (A) FF_NOR vs. FF_DOR and (B) Ser_NOR vs. Ser_DOR were generated to visualize the expression patterns of the DEPs. The PCA results for each comparison group are shown in the lower right corner.







Bioinformatics analysis of FF biomarkers for oocyte maturation and the ovarian reserve

The STRING analysis revealed interactions among DEPs (encoding genes) involved in oocyte maturation (Figure 4A). The DEPs related to oocyte maturation (FF_MII/FF_NonMII) were enriched in GO terms such as the cytokine-mediated signaling pathway (10 proteins), lymphocyte chemotaxis (four proteins), and leukocyte migration (six proteins) (Figure 4B). KEGG pathways such as the PI3K−Akt signaling pathway (four proteins), the NF−kappa B signaling pathway (two proteins), and the IL−17 signaling pathway (three proteins) were significantly enriched (Figure 4C). In addition, WikiPathways enrichment analysis highlighted the roles of proinflammatory and profibrotic mediators (six proteins), the oncostatin M signaling pathway (three proteins), the IL-18 signaling pathway (four proteins), and the PI3K-Akt-mTOR signaling pathway (four proteins) in oocyte maturation (Figure 4D).




Figure 4 | Bioinformatics analysis of the FF biomarkers for oocyte maturation. (A) STRING analysis revealed that the FF DEPs associated with different stages of oocyte maturity formed a good interaction network. (B) GO, (C) KEGG, and (D) WikiPathways enrichment analyses revealed different enriched terms for the DEPs.



Further analysis revealed that the DEPs were associated with IL10, which is related to the ovarian reserve (Figure 5A). The DEPs related to ovarian reserve (FF_NOR/FF_DOR) were enriched in the receptor signaling pathway via STAT (six proteins) and positive regulation of leukocyte activation (eight proteins) (Figure 5B). The JAK-STAT signaling pathway (seven proteins), the PI3K-Akt signaling pathway (four proteins), the intestinal immune network for IgA production (two proteins), and the hematopoietic cell lineage (three proteins) were significantly enriched in the KEGG pathways (Figure 5C). Moreover, neuroinflammation and glutamatergic signaling (five proteins), the oncostatin M signaling pathway (three proteins), the IL-10 anti-inflammatory signaling pathway (two proteins), and the PI3K−Akt pathway (four proteins) were significantly enriched in the WikiPathways analysis (Figure 5D).




Figure 5 | Bioinformatics analysis of the FF biomarkers for ovarian reserve. (A) STRING analysis revealed that FF DEPs with different ovarian reserves formed a good interaction network around IL-10. (B) GO, (C) KEGG, and (D) WikiPathways enrichment analyses revealed different enriched terms for the DEPs.







Clinical correlation of serum biomarkers with the ovarian reserve

The associations between serum DEPs and different ovarian reserves (Ser_NOR vs. Ser_DOR group; ovulation phase; and TGF-α, OSM, and OPG) and clinical characteristics were analyzed. There were moderate correlations between TGF-α and AMH (r=0.503, P=0.017) and between TGF-α and AFC (r=0.552, P=0.006) and weak correlations between TGF-α and the number of retrieved oocytes (r=0.454, P=0.030), OSM and E2 on the hCG day (r=0.457, P=0.029) (Figure 6).




Figure 6 | Correlations between serum biomarkers and clinical characteristics. Red, positively correlated; blue, negatively correlated, and white, not correlated. BMI, body mass index; AMH, anti-Müllerian hormone; AFC, antral follicle count; hLH, luteinizing hormone on hCG day; hE2, estradiol on hCG day; hP, progesterone on hCG day. *P< 0.05 and **P<0.01.







Comprehensive analysis of inflammatory biomarkers for ovarian function

We investigated the correlation between the DEP concentrations in the serum samples of the ovulation phase (Ser_OV) and the FF samples of mature oocytes (FF_MII), and the results are shown in Supplementary Table 3. The DEPs obtained by Olink PEA technology, namely, CASP-8, EN-RAGE, CCL23, OSM, CCL4, CSF1, CD5, TNFB,TGF-α, CCL25, and AXIN1 showed expression correlation between Ser_OV and FF_MII.

We subsequently compared the serum DEPs and FF DEPs, which represent oocyte maturity and ovarian reserve, via a Venn network (Figure 7A). In the FF, five proteins, OSM, TWEAK, STAMPB, TNFRSF9, and TNFSF14, were altered at different stages of oocyte maturity and different stages of the ovarian reserve. Among the five proteins, only OSM was significantly altered in the serum.




Figure 7 | Comprehensive analysis and diagnostic value of the OSM. (A) A Venn network of FF and serum DEPs, including different oocyte maturities and ovarian reserves, was constructed. Among all four comparisons, only OSM showed consistently significant differences. (B) A significantly greater level of serum OSM was detected in NOR patients, and (C) the AUC of serum OSM for distinguishing different ovarian reserves was 0.661. **P<0.01.







ELISA validation and diagnostic value of the OSM

To confirm our inflammatory proteomics results, we verified the serum OSM levels of NOR and DOR patients with a larger sample size for further clinical application. The clinical and laboratory characteristics are shown in Table 2. A significantly greater level of OSM (5.41 ± 2.65 vs.. 3.94 ± 1.23 pg/mL, P=0.007, Figure 7B) was detected in the NOR test. The level of OSM was associated with the AFC (r=0.351, P=0.005), the number of retrieved oocytes (r=0.345, P=0.006), the number of matured oocytes (r=0.430, P=0.001), and the basal hormone level of follicle-stimulating hormone (FSH) (r=-0.363, P=0.012). Meanwhile, the level of OSM was also associated with the level of GM-CSF (r=0.580, P=0.030, Supplementary Figure 2C), a known oocyte maturation marker. Moreover, we performed ROC analysis to evaluate the sensitivity and specificity of the OSM. The area under the curve (AUC) of serum OSM for distinguishing different ovarian reserves was 0.661 (0.530-0.776) (Figure 7C), the sensitivity was 50.00%, and the specificity was 83.33%.


Table 2 | Clinical and laboratory characteristics of the patients included in the ELISA group.








Discussion

Several proteomic studies have focused on alterations in FF proteins during follicular development and oocyte maturation (23, 24). Moreover, 2D PAGE analysis revealed that alpha-1-antitrypsin is the core protein that affects oocyte quality and ovulation in both serum and FF (25). However, data indicating that the serum protein concentration could also indicate oocyte maturity and ovarian function are lacking.

Our Olink PEA results revealed 16 proteins whose expression significantly differed between the FF of mature oocytes and the FF of immature oocytes: TNFRSF9, VEGF-A, TWEAK, CCL11, CCL4, CCL25, FGF-19, MMP-1, CASP-8, 4E-BP1, AXIN1, STAMBP, OSM, TNFSF14, ST1A1, and SIRT2 (Figure 2). Among them, CCL11 (3) in FF has already been shown to be altered during oocyte maturation in non-human primates, and VEGFA (4) in in vitro maturation (IVM) culture medium has been shown to improve the maturation of goat oocytes. Additionally, 4E-BP1 (26) and AXIN1 (15) have been shown to promote spindle assembly and cell cycle progression during meiotic maturation in mouse oocytes, whereas SIRT2 (16) has been shown to affect ovarian granulosa cell mitochondrial function during sheep oocyte maturation, as confirmed by molecular experiments. Owing to the high sensitivity of Olink technology, compared with our previous proteomic results, we detected many novel proteins, including AXIN1 and SIRT2, in FF (24).

Although PEA technology increases the depth and sensitivity of proteome coverage, it cannot reflect changes in the entire proteome, because it only analyzes specific targets. Therefore, Olink PEA technology is more suitable for combined analysis with other technologies covering the whole proteome or as a more in-depth study in a specific direction after proteomics screening.

FF is derived mainly from plasma. Considering the routine examination of serum sex hormones during controlled ovarian stimulation (COS), we also measured protein alterations during COS, mainly during the menstruation and ovulation phases, to identify biomarkers of oocyte maturation in the serum. Cytokines, such as VEGF-A, FGF-19, TWEAK, and OSM, which account for more of the FF DEPs, were also altered in the peripheral circulation (Figure 7A, intersection of the green and red nodes). Transcriptomic studies of mammalian cumulus−oocyte complexes (COCs) have confirmed the role of the VEGFA gene in IVM (27, 28), and supplementation with VEGFA has been shown to promote oocyte maturation and developmental potential (29, 30). Inconsistent with our results, no variation in the serum VEGF concentration was detected during the menstrual cycle in Zolton et al.’s study (31). FGF-19 may serve as an intermediary, resulting in typically reduced LH during the menopausal transition (32), whereas TWEAK suppressed the ovarian progesterone (P) content in gonadotropin-primed rats (17), which is related to sex hormones during the menstrual cycle.

In our study group, a long protocol, progestin-primed ovarian stimulation (PPOS) protocol, mild stimulation protocol, and an antagonist were used as stimulation protocols (Tables 1, 2). PPOS and the mild stimulation protocol are commonly used in DOR patients with poor reserve ovarian parameters (AMH < 1.2 ng/mL, AFC < 5). The long protocol and antagonists are commonly used in populations with normal ovarian reserve parameters in our center. However, there are patients with sufficient prestimulation ovarian reserve parameters but unexpected poor ovarian responses in clinical practice. Meanwhile, we noticed that the P level of DOR patients on hCG day was significantly higher than that of NOR patients (Tables 1, 2). Due to the DOR patients tending to use the PPOS protocol as their ovarian stimulation protocol, it was expected that the P level of this group would be elevated as they take two tablets of utrogestan (progesterone capsules) orally every day.

OSM is a cytokine of the IL-6 family, and with its receptors, OSM has been shown to be expressed in both oocytes and granulosa cells (33). Many studies have shown that OSM expression is closely related to ovarian and even reproductive system functions. In patients with polycystic ovary syndrome (PCOS), OSM is associated with obesity, insulin resistance, hyperandrogenism, and inflammation, ultimately resulting in androgen excess and ovulatory irregularities (34). OSM has also been found to be an important cause of ovarian cancer, cervical cancer, breast cancer, testicular cancer, and other cancers (35). In FF, a decreased level of OSM has been shown to negatively affect oocyte maturation (36), and the addition of OSM to IVM medium has been shown to rescue the maturation rate (37). However, previous studies have not addressed the expression level of OSM in the serum of IVF patients. In our study, the FF OSM level between mature oocytes and immature oocytes (Figure 2A), the FF OSM level between NOR patients and DOR patients (Figure 3A), the serum OSM level during the menstrual cycle (Figure 2B), and the serum OSM level between NOR patients and DOR patients (Figures 3B, 7B) were significantly different. Moreover, serum OSM levels were weakly correlated with the number of matured oocytes (r=0.430, P=0.001) in ELISA validation, confirming our Olink results (Figure 2A). It was also correlated with a known oocyte maturation marker (r=0.580, P=0.030, Supplementary Figure 2C). Meanwhile, a weak correlation was found between FF and serum OSM (r=0.391, P=0.041; Supplementary Table 3). Tian et al. (38) noted that OSM is a risk factor for the onset of PCOS, which confirms that OSM may potentially improve ovarian responsiveness and the ovarian reserve. Therefore, we perceived that OSM is a potential inflammatory biomarker in both the peripheral circulating and ovarian microenvironments, representing oocyte maturity and the ovarian reserve. Additional studies are needed to clarify the molecular mechanisms through which OSM restores ovarian function via communication between the peripheral circulation and FF.

OSM can bind to two different receptors, leukemia inhibitory factor receptor (LIFR) and oncostatin M receptor (OSMR) (39). LIF-R and OSM were downregulated in DOR patients (Figure 3A). Therefore, we believe that the role of the OSM signaling pathway in ovarian function needs further exploration. Interestingly, FF inflammatory biomarkers for ovarian reserve are centered on IL-10 (Figure 5A), such as IL-13, CCL2, and TGF-β1. The association between the gene polymorphism of IL-13 and various infertility risk factors, such as PCOS, endometriosis, premature ovarian failure (POI), and DOR, has been confirmed (40). Genomic methods such as whole-exome sequencing and Illumina HiSeq technology have also confirmed the differential expression of the CCL2 (41) and TGF-β (42) signaling pathways in granulosa cells between DOR patients and NOR subjects. Wang et al. (43) demonstrated that decreased levels of IL-10 are linked to an elevated risk of POI via a bidirectional Mendelian randomization study. Our bioinformatics analysis also highlighted the role of the IL-10 anti-inflammatory signaling pathway in different ovarian reserves (Figure 5D). Correlation analysis revealed correlations between TGF-α and the following ovarian reserve indicators: AMH (r=0.503, P=0.017), AFC (r=0.552, P=0.006), and the number of retrieved oocytes (r=0.454, P=0.030) (Figure 6). Both TGF-α and LAP TGF-β1 were downregulated in DOR patients. Mito et al. (44) demonstrated that FSH and TGF-α synergistically increase porcine oocyte maturation via cumulus cells. Moreover, overexpression of TGF-α might result in reduced ovarian reserve and premature ovarian insufficiency in mice (45). Other studies have demonstrated that the TGF-β1/Smad3 signaling pathway contributes to the restoration of ovarian function in POI rats (46, 47). Therefore, we assumed that the OSM signaling pathway, the IL-10 anti-inflammatory signaling pathway, and the TGF signaling pathway are important inflammatory pathways for ovarian reserve capacity.

Our study investigated the changes in the inflammatory proteome affecting oocyte function in human FF and serum. Notably, OSM is a novel inflammatory biomarker in both the peripheral circulatory microenvironment and ovarian microenvironment and may be a potential therapeutic target for improving fertility, especially during ovarian ageing.





Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding authors.





Ethics statement

The studies involving humans were approved by Ethics Committee of the Faculty at Hangzhou Women’s Hospital  (approval number: 2024-A-055, 2021-K7-02). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.





Author contributions

CW: Conceptualization, Formal analysis, Funding acquisition, Writing – original draft. YF: Investigation, Validation, Writing – original draft. YC: Data curation, Investigation, Writing – original draft. XLin: Writing – review & editing. XLi: Supervision, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by the Joint Funds of the Zhejiang Provincial Natural Science Foundation of China under Grant No. LBY24H180011 and the Medical and Health Technology Project of Hangzhou under Grant No. A20240405.




Acknowledgments

We thank the patients enrolled in our study and the study coordinators for their excellent contributions to this research.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fendo.2025.1525392/full#supplementary-material

Supplementary Figure 1 | PCA quality control results of the Olink investigation.

Supplementary Figure 2 | ELISA results of known oocyte maturation markers in FF and their correlation with OSM.

Supplementary Table 1 | The protein list of Olink® Target 96 Inflammation Panel.

Supplementary Table 2 | Number of DEPs for each comparison and their corresponding P-values.

Supplementary Table 3 | Correlation between the serum of ovulation phase and FF by Olink exploration.




References

1. Yang, H, Pang, H, and Miao, C. Ovarian IL-1α and IL-1β levels are associated with primary ovarian insufficiency. Int J Clin Exp Pathol. (2018) 11:4711–7.

2. Liu, P, Zhang, X, Hu, J, Cui, L, Zhao, S, Jiao, X, et al. Dysregulated cytokine profile associated with biochemical premature ovarian insufficiency. Am J Reprod Immunol. (2020) 84:e13292. doi: 10.1111/aji.13292

3. Bishop, CV, Reiter, TE, Erikson, DW, Hanna, CB, Daughtry, BL, Chavez, SL, et al. Chronically elevated androgen and/or consumption of a Western-style diet impairs oocyte quality and granulosa cell function in the nonhuman primate periovulatory follicle. J Assist Reprod Genet. (2019) 36:1497–511. doi: 10.1007/s10815-019-01497-8

4. Araújo, VR, Silva, GM, Duarte, AB, Magalhães, DM, Almeida, AP, Gonçalves, RF, et al. Vascular endothelial growth factor-A(165) (VEGF-A(165)) stimulates the in vitro development and oocyte competence of goat preantral follicles. Cell Tissue Res. (2011) 346:273–81. doi: 10.1007/s00441-011-1251-1

5. Liu, J, Huang, X, Cao, X, Feng, X, and Wang, X. Serum biomarker analysis in patients with premature ovarian insufficiency. Cytokine. (2020) 126:154876. doi: 10.1016/j.cyto.2019.154876

6. Martínez-Moro, Á, González-Brusi, L, Lamas-Toranzo, I, O’Callaghan, E, Esteve-Codina, A, Lonergan, P, et al. RNA-sequencing reveals genes linked with oocyte developmental potential in bovine cumulus cells. Mol Reprod Dev. (2022) 89:399–412. doi: 10.1002/mrd.23631

7. Lliberos, C, Liew, SH, Mansell, A, and Hutt, KJ. The inflammasome contributes to depletion of the ovarian reserve during aging in mice. Front Cell Dev Biol. (2021) 8:628473. doi: 10.3389/fcell.2020.628473

8. Demini, L, Kervarrec, C, Guillot, L, Com, E, Lavigne, R, Kernanec, PY, et al. Inactivation of Exosc10 in the oocyte impairs oocyte development and maturation, leading to a depletion of the ovarian reserve in mice. Int J Biol Sci. (2023) 19:1080–93. doi: 10.7150/ijbs.72889

9. Enroth, S, Berggrund, M, Lycke, M, Broberg, J, Lundberg, M, Assarsson, E, et al. High throughput proteomics identifies a high-accuracy 11 plasma protein biomarker signature for ovarian cancer. Commun Biol. (2019) 2:221. doi: 10.1038/s42003-019-0464-9

10. Zhong, W, Edfors, F, Gummesson, A, Bergström, G, Fagerberg, L, and Uhlén, M. Next generation plasma proteome profiling to monitor health and disease. Nat Commun. (2021) 12:2493. doi: 10.1038/s41467-021-22767-z

11. Schweigert, FJ, Gericke, B, Wolfram, W, Kaisers, U, and Dudenhausen, JW. Peptide and protein profiles in serum and follicular fluid of women undergoing IVF. Hum Reprod. (2006) 21:2960–8. doi: 10.1093/humrep/del257

12. Vetrano, M, Wegman, A, Koes, B, Mehta, S, and King, CA. Serum IL-1RA levels increase from follicular to luteal phase of the ovarian cycle: A pilot study on human female immune responses. PloS One. (2020) 15:e0238520. doi: 10.1371/journal.pone.0238520

13. Orvieto, R, Shuhat, V, Liberty, G, Homburg, R, Anteby, EY, Nahum, R, et al. Serum retinol-binding protein-4 levels in polycystic ovary syndrome patients undergoing controlled ovarian hyperstimulation for in-vitro fertilization cycle. Clin Exp Obstet Gynecol. (2010) 37:100–4.

14. Lundberg, M, Eriksson, A, Tran, B, Assarsson, E, and Fredriksson, S. Homogeneous antibody-based proximity extension assays provide sensitive and specific detection of low-abundant proteins in human blood. Nucleic Acids Res. (2011) 39:e102. doi: 10.1093/nar/gkr424

15. He, XQ, Song, YQ, Liu, R, Liu, Y, Zhang, F, Zhang, Z, et al. Axin-1 regulates meiotic spindle organization in mouse oocytes. PloS One. (2016) 11:e0157197. doi: 10.1371/journal.pone.0157197

16. Fang, X, Xia, W, Li, S, Qi, Y, Liu, M, Yu, Y, et al. SIRT2 is critical for sheep oocyte maturation through regulating function of surrounding granulosa cells. Int J Mol Sci. (2022) 23:5013. doi: 10.3390/ijms23095013

17. De, A, Park, JI, Kawamura, K, Chen, R, Klein, C, Rauch, R, et al. Intraovarian tumor necrosis factor-related weak inducer of apoptosis/fibroblast growth factor-inducible-14 ligand-receptor system limits ovarian preovulatory follicles from excessive luteinization. Mol Endocrinol. (2006) 20:2528–38. doi: 10.1210/me.2006-0028

18. Huang, Y, Cheng, Y, Zhang, M, Xia, Y, Chen, X, Xian, Y, et al. Oxidative stress and inflammatory markers in ovarian follicular fluid of women with diminished ovarian reserve during in vitro fertilization. J Ovarian Res. (2023) 16:206. doi: 10.1186/s13048-023-01293-0

19. Poseidon Group, Alviggi, C, Andersen, CY, Buehler, K, Conforti, A, De Placido, G, et al. A new more detailed stratification of low responders to ovarian stimulation: from a poor ovarian response to a low prognosis concept. Fertil Steril. (2016) 105:1452–3. doi: 10.1016/j.fertnstert.2016.02.005

20. Enroth, S, Berggrund, M, Lycke, M, Lundberg, M, Assarsson, E, Olovsson, M, et al. A two-step strategy for identification of plasma protein biomarkers for endometrial and ovarian cancer. Clin Proteomics. (2018) 15:38. doi: 10.1186/s12014-018-9216-y

21. Bao, XH, Chen, BF, Liu, J, Tan, YH, Chen, S, Zhang, F, et al. Olink proteomics profiling platform reveals non-invasive inflammatory related protein biomarkers in autism spectrum disorder. Front Mol Neurosci. (2023) 16:1185021. doi: 10.3389/fnmol.2023.1185021

22. Gao, Y, Zhang, G, Jiang, S, and Liu, YX. Wekemo Bioincloud: A user-friendly platform for meta-omics data analyses. Imeta. (2024) 3:e175. doi: 10.1002/imt2.175

23. Pla, I, Sanchez, A, Pors, SE, Pawlowski, K, Appelqvist, R, Sahlin, KB, et al. Proteome of fluid from human ovarian small antral follicles reveals insights in folliculogenesis and oocyte maturation. Hum Reprod. (2021) 36:756–70. doi: 10.1093/humrep/deaa335

24. Wang, C, Fei, X, Zhang, H, Zhou, W, Cheng, Z, and Feng, Y. Proteomic analysis of the alterations in follicular fluid proteins during oocyte maturation in humans. Front Endocrinol (Lausanne). (2022) 12:830691. doi: 10.3389/fendo.2021.830691

25. Pennington, PM, Splan, RK, Jacobs, RD, Wang, Y, Wagner, AL, Freeman, EW, et al. Influence of reproductive status on equine serum proteome: preliminary results. J Equine Vet Sci. (2021) 105:103724. doi: 10.1016/j.jevs.2021.103724

26. Jansova, D, Koncicka, M, Tetkova, A, Cerna, R, Malik, R, Del Llano, E, et al. Regulation of 4E-BP1 activity in the mammalian oocyte. Cell Cycle. (2017) 16:927–39. doi: 10.1080/15384101.2017.1295178

27. Park, JE, Lee, J, Lee, ST, and Lee, E. In vitro maturation on ovarian granulosa cells encapsulated in agarose matrix improves developmental competence of porcine oocytes. Theriogenology. (2021) 164:42–50. doi: 10.1016/j.theriogenology.2021.01.008

28. Shahzad, Q, Xu, HY, Pu, L, Waqas, M, Wadood, AA, Xie, L, et al. Developmental potential of buffalo embryos cultured in serum free culture system. Theriogenology. (2020) 149:38–45. doi: 10.1016/j.theriogenology.2020.03.013

29. Liu, X, Hao, Y, Li, Z, Zhou, J, Zhu, H, Bu, G, et al. Maternal cytokines CXCL12, VEGFA, and WNT5A promote porcine oocyte maturation via MAPK activation and canonical WNT inhibition. Front Cell Dev Biol. (2020) 8:578. doi: 10.3389/fcell.2020.00578

30. Kere, M, Siriboon, C, Liao, JW, Lo, NW, Chiang, HI, Fan, YK, et al. Vascular endothelial growth factor A improves quality of matured porcine oocytes and developing parthenotes. Domest Anim Endocrinol. (2014) 49:60–9. doi: 10.1016/j.domaniend.2014.06.002

31. Zolton, JR, Sjaarda, LA, Mumford, SL, DeVilbiss, EA, Kim, K, Flannagan, KS, et al. Circulating vascular endothelial growth factor and soluble fms-like tyrosine kinase-1 as biomarkers for endometrial remodeling across the menstrual cycle. Obstet Gynecol. (2021) 137:82–90. doi: 10.1097/AOG.0000000000004171

32. Dai, R, Huang, J, Cui, L, Sun, R, Qiu, X, Wang, Y, et al. Gut microbiota and metabolites in estrus cycle and their changes in a menopausal transition rat model with typical neuroendocrine aging. Front Endocrinol (Lausanne). (2023) 14:1282694. doi: 10.3389/fendo.2023.1282694

33. Abir, R, Ao, A, Jin, S, Barnett, M, Van den Hurk, R, Freimann, S, et al. Immunocytochemical detection and reverse transcription polymerase chain reaction expression of oncostatin M (OSM) and its receptor (OSM-Rbeta) in human fetal and adult ovaries. Fertil Steril. (2005) 83 Suppl 1:1188–96. doi: 10.1016/j.fertnstert.2004.10.043

34. Nikanfar, S, Oghbaei, F, Nejabati, HR, Zarezadeh, R, Latifi, Z, Laleh, SH, et al. Oncostatin M: friend or foe in PCOS pathogenesis? J Endocrinol. (2024) 263:e240140. doi: 10.1530/JOE-24-0140

35. Wolf, CL, Pruett, C, Lighter, D, and Jorcyk, CL. The clinical relevance of OSM in inflammatory diseases: a comprehensive review. Front Immunol. (2023) 14:1239732. doi: 10.3389/fimmu.2023.1239732

36. Nikanfar, S, Hamdi, K, Haiaty, S, Samadi, N, Shahnazi, V, Fattahi, A, et al. Oncostatin M and its receptor in women with polycystic ovary syndrome and association with assisted reproductive technology outcomes. Reprod Biol. (2022) 22:100633. doi: 10.1016/j.repbio.2022.100633

37. Akdemir, Y, Donmez Cakil, Y, Selam, B, Sitar, ME, and Cincik, M. Rescue IVM of denuded GV- and MI-stage oocytes of premenopausal rats with oncostatin M, insulin-like growth factor I, and growth hormone. Life (Basel). (2022) 12:1247. doi: 10.3390/life12081247

38. Tian, D, Chen, J, and Liu, L. Causal relationship between inflammatory cytokines and polycystic ovary syndrome: a bidirectional mendelian randomization study. J Ovarian Res. (2024) 17:217. doi: 10.1186/s13048-024-01525-x

39. Lantieri, F, and Bachetti, T. OSM/OSMR and interleukin 6 family cytokines in physiological and pathological condition. Int J Mol Sci. (2022) 23:11096. doi: 10.3390/ijms231911096

40. Khashei Varnamkhasti, K, Khashei Varnamkhasti, S, Bahraini, N, Davoodi, M, Sadeghian, M, Khavanin, M, et al. Multi-locus high-risk alleles association from interleukin’s genes with female infertility and certain comorbidities. BMC Res Notes. (2024) 17:344. doi: 10.1186/s13104-024-06988-1

41. Li, N, Xu, W, Liu, H, Zhou, R, Zou, S, Wang, S, et al. Whole exome sequencing reveals novel variants associated with diminished ovarian reserve in young women. Front Genet. (2023) 14:1154067. doi: 10.3389/fgene.2023.1154067

42. Liu, X, Mai, H, Chen, P, Zhang, Z, Wu, T, Chen, J, et al. Comparative analyses in transcriptome of human granulosa cells and follicular fluid micro-environment between poor ovarian responders with conventional controlled ovarian or mild ovarian stimulations. Reprod Biol Endocrinol. (2022) 20:54. doi: 10.1186/s12958-022-00926-1

43. Wang, J, Zhao, X, Luo, R, Xia, D, Liu, Y, Shen, T, et al. The causal association between systemic inflammatory regulators and primary ovarian insufficiency: a bidirectional mendelian randomization study. J Ovarian Res. (2023) 16:191. doi: 10.1186/s13048-023-01272-5

44. Mito, T, Yoshioka, K, Noguchi, M, Yamashita, S, and Hoshi, H. Recombinant human follicle-stimulating hormone and transforming growth factor-alpha enhance in vitro maturation of porcine oocytes. Mol Reprod Dev. (2013) 80:549–60. doi: 10.1002/mrd.22190

45. Onel, T, Yıldırım, E, Dogan, S, and Yaba, A. Determination of mTOR signal pathway in MMTV-TGFα mice ovary at different ages. J Histotechnol. (2023) 46:80–9. doi: 10.1080/01478885.2022.2109883

46. Cui, L, Bao, H, Liu, Z, Man, X, Liu, H, Hou, Y, et al. hUMSCs regulate the differentiation of ovarian stromal cells via TGF-β1/Smad3 signaling pathway to inhibit ovarian fibrosis to repair ovarian function in POI rats. Stem Cell Res Ther. (2020) 11:386. doi: 10.1186/s13287-020-01904-3

47. Nazdikbin Yamchi, N, Ahmadian, S, Mobarak, H, Amjadi, F, Beheshti, R, Tamadon, A, et al. Amniotic fluid-derived exosomes attenuated fibrotic changes in POI rats through modulation of the TGF-β/Smads signaling pathway. J Ovarian Res. (2023) 16:118. doi: 10.1186/s13048-023-01214-1




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2025 Wang, Feng, Chen, Lin and Li. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo-16-1525392-g001.jpg
Care 00 B e By M o Bl e o R S ol R e R o el B e i ]

IVFICSI  FF m
N=26
0®00y Non MIl

™ . i

Subgroup Menstruation Ovulation
NOR: N=13 mi =

DOR: N=13 Serum i I
[ ] [}

Sample Collection

1) Incubation and extension

o @

2) Amplification and Detection

Olink Explore (PEA technology)

\
I
I
I
I
I
|
I
I
I
I
1
I
I
I
I
I
I
I
I

J1
I
I
I

< FF_MII/FF_NonMIl."

3

Ser_NK{R/Ser_DOR

e FF_NOR/FF_DOR =

Venn Network for Serum & FF DEPs

Sensitivity

0 20 40 60 80 100
100-Specificty






OEBPS/Images/fendo.2025.1525392_cover.jpg
, frontiers | Frontiers in Endocrinology

Proximity extension assay revealed novel
inflammatory biomarkers for follicular
development and ovarian function: a

prospective controlled study combining
serum and follicular fluid





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Proximity extension assay revealed novel inflammatory biomarkers for follicular development and ovarian function: a prospective controlled study combining serum and follicular fluid

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and methods

        

          		

            Ethics statement

          



          		

            Study design and sample collection

          



          		

            Bioinformatics analysis of DEPs

          



          		

            Comprehensive analysis of serum and FF DEPs

          



          		

            Biomarker validation by ELISA methods

          



          		

            Statistical analysis

          



        



        



        		

          Results

        

          		

            Overview of the study subjects

          



          		

            Potential inflammatory biomarkers for oocyte maturation

          



          		

            Potential inflammatory biomarkers for the ovarian reserve

          



          		

            Bioinformatics analysis of FF biomarkers for oocyte maturation and the ovarian reserve

          



          		

            Clinical correlation of serum biomarkers with the ovarian reserve

          



          		

            Comprehensive analysis of inflammatory biomarkers for ovarian function

          



          		

            ELISA validation and diagnostic value of the OSM

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Generative AI statement

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fendo-16-1525392-g005.jpg
Viral protein interaction with cytokine and cylokine receptor | q

Cytokinecytokine receptor interaction [ ]
TNF signaling pathway { ~ @
JAK-STAT signaling pathway | [ ]

PI3K-Akt signaling pathway @
FoxO signaling pathway | @
NF-kappa B signaling pathway{ @
Ras signaling pathway 1@
MAPK signaling pathway {@

Osteoclast differentiation ]

Intestinal immune network for IgA production °
IL-17 signaling pathway{ @
Hematopoietic cell lineage { ~ @
Chemokine signaling pathway { @

Organismal Systems

Type | diabetes mellitus{ ~ ®
AGE-RAGE signaling pathway in diabetic complications{ @

Allograft rejection{
Rheumatoid arthritis °
Inflammatory bowel disease { °
Asthma °

Amoebiasis{ ®
Toxoplasmosis{ @
Malaria (]
African trypanosomiasis{ ~ ®
Chagas disease{ @
Leishmaniasis{ @

Human Diseases

Tuberculosis{ @

Yersinia infection { @

Herpes simplex virus 1 infection 9
Human T-cell leukemia virus 1 infection 1@
Human cytomegalovirus infection 1@
Hepatocellular carcinoma { @

Pancreatic cancer{ @

Renal cell carcinoma{ @

Colorectal cancer{ @

Pathways in cancer 48

0.020.040.080.08
Enrichment factor

Environmental Information Processing

IL10RB

Pvalue
0.04
0.03
0.02

0.01

Protein count

external side of plasma membrane

side of membrane

plasma membrane

cell periphery

integral component of membrane
intrinsic component of membrane
integral component of plasma membrane
intrinsic component of plasma membrane

membrane

perinucear region of cytoplasm

extracellular space
extracellular region
cell surface
i
o

Cellular Component

receptor ligand activity
signaling receptor activator activity
cytokine receptor binding
receptor regulator activity
cytokine activity
signaling receptor binding
growth factor activity
growth factor receptor binding
molecular function regulator /@
tumor necrosis factor receptor binding
glial cell-derived neurotrophic factor receptor binding
tumor necrosis factor receptor superfamily blndmgb .
(]
L]
®

protein binding
cytokine receptor activity
immune receptor activity

cytokine binding
CCR chemokine receptor binding{
chemokine activity{

chemokine receptor binding
receptor tyrosine kinase binding {__e

Molecular Function

cytokine-mediated signaling pathway
response to cytokine
cell surface receptor signaling pathway
regulation of cell population proliferation
signal transduction
positive regulation of cell population proliferation
positive regulation of response to stimulus
cellular response to organic substance
positive regulation of signal transduction
positive regulation of immune system process
positive regulation of leukocyte activation
positive regulation of cell communication
posiive regulation of signaling
positive regulation of cell activation
positive regulation of cytokine production
apoptotic process
positive regulation of cellular process
receptor signaling pathway via STAT | _ @
regulation of signal transduction
leukocyte migration

00 01 02 03 04
Enrichment factor

Biological Process

05

Overview of proinflammatory and profibrotic mediators
Cytokines and inflammatory response

Neuroinflammation and glutamatergic signaling{ @

COVID-19 adverse outcome pathway
Lung fibrosis

Interactions between immune cells and microRNAS in tumor microenvironment {
Malignant pleural mesothelioma | @

Prostaglandin signaling {

Oncostatin M signaling pathway

SARS-CoV-2 innate immunity evasion and cell-specific immune response
IL-10 anti-inflammatory signaling pathway <

Regulatory circuits of the STAT3 signaling pathway

Network map of SARS-CoV-2 signaling pathway | @

Control of immune tolerance by vasoactive intestinal peptide

Allograft Rejection{ @

Platelet-mediated interactions with vascular and circulating cells 4

Adipogenesis| @

PI3K-Akt signaling pathway { @

Extracellular vesicle-mediated signaling in recipient cells
Development and heterogeneity of the ILC family

Type 2 papillary renal cell carcinoma {

TNF-related weak inducer of apoptosis (TWEAK) signaling pathway
Pluripotent stem cell differentiation pathway

Netrin-UNC5B signaling pathway

°
Folate metabolism L]

IL-18 signaling pathway | @
Acute viral myocarditis | @
Pancreatic adenocarcinoma pathway { @
T-cell receptor (TCR) signaling pathway { @
Nuclear receptors meta-pathway /@
Bur wound healing{ @
Spinal cord injury{ @
Transcription factors regulate miRNAs related to cardiac hypertrophy
NRF2 pathway { @
Type Il interferon signaling
Nonalcoholic fatty liver disease
Sudden infant death syndrome (SIDS) susceptibility pathways
Development of pulmonary dendritic cells and macrophage subsets.
Mammary gland development pathway — Embryonic development (Stage 1 of 4)
ACE inhibitor pathway

0.00

005 010 015 020
Enrichment factor

Pvalue
0.04

003
002
001

Protein count
® 5

Protein count
® 25
@ 50
@ s

Pvalue

0015
0.010

0.005





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo-16-1525392-g003.jpg
x o
o O
< 9,
o o
s
~— (9} ™
42} N — o | | |
[ . o
P
[0
< o
LL L m
o a Xy
Y+ - N
o 2nRzped B ZE
S LB882088FE 8L

Nl "N EEENN
DCHEEERCC B
B NS FENEN

HEE B NENR
HEEE NN

Sample class
e FF_NOR
~-=- FF_DOR

10

Ser NOR

class

Ser DOR

2
1

0
PC1 (30.57%)

] & 3 [ B

-R
PG

o

FF_NOR5
FF_NOR2
| FF_NOR1

0

- SerNOR
- SerDOR

Sample class
10

0
-1
-2
0
PC1(23.12%)

B

(%25°12) 22d

10
-10

TGF-alpha

| FF_NOR?
FF_NOR10

|| [FF_NOR8
- | | FF_NOR3

‘ mmu_uoma
FF_DOR4

mmq DOR10
Ser_DORG6
Ser_ DOR2
Ser DOR4





OEBPS/Images/table2.jpg
IVF/ICSI patients

NOR (N=32) DOR (N=30)

Age (years)” 32.06 + 4.27 37.17 + 5307
BMI (kg/m?)® 22.57 £ 3.01 21.44 £ 2,98

AMH (ng/mL)® 2.92 %270 0.94 £ 0.87%**
AFC® 10.00 £ 6.50 3.50::2.258¢

Stimulation protocols (%)°

Long protocol 84.37 (27/32) 0 (0/30)%**
PPOS protocol 9.38 (3/32) 80.00 (24/30)
Mild stimulation protocol 0.00 (0/32) 16.67 (5/30)
Antagonist V 6.25 (2/32) 3.33 (1/30)
Number of retrieved oocytesb 9.00 £ 6.50 3.00 £ 2.00%**
Number of matured oocytesb 8.00 + 4.75 2.00 + 2.00%%
Rate of matured oocytes (%)* | 80.16 + 18.07 80.00 + 2941
Rate of fertilization (%)® 72.38 + 21.07 71.28 + 32.33

Basal hormone level

FSH (IU/L)® 4.10 + 2.69 8.52 + 3.22%%%
LH (IU/L)° | 1.85 + 1.45 3.99 + 2.94%*
E2 (pg/mL)° 17.48 + 13.04 32.84 + 28.84*
P (ng/mL)" 0.54 + 0.41 0.55 + 2.26

Hormone level on hCG day

LH (TU/L)° 2.63 + 1.66 481 + 4.89%¢
E2 (pg/mL)® 2563.00 + 1717.00 837.20 + 621.10%%*
P (ng/mL)" 0.76 + 0.46 4.47 + 5790

Parametric data are presented as the means + SDs, whereas nonparametric data are presented
as the medians + IQRs. NOR, normal ovarian reserve; DOR, diminished ovarian reserve; BMI,
body mass index; AMH, anti-Miillerian hormone; AFC, antral follicle count; PPOS, progestin-

primed ovarian stimulation; FSH, follicle-stimulating hormone; LH, luteinizing hormone; E2,
estradiol; P, progesterone. *P-value between two groups was determined via the t-test; P-value
between two groups was determined via the Mann—-Whitney U test; “P-value between four
groups was determined via the chi-square test; *P < 0.05; **P < 0.01; and ***P < 0.0001.





OEBPS/Images/fendo-16-1525392-g007.jpg
| £
| EN-FTAGE | oPG
HGF

IL-128B

S \ |
MMP-10 |
\ /

IL-8

Serum OSM levels (pg/mL)

g |
! }k;(étpha CC‘[” i-qore (2
L ) ( CSFY 1\ [ | T
/ g
N cDs c
CASP-8 . OsSM
AXJ{ IL-10 100
D — @ 80
SIRT2 e 2
K ey TNFSFM = 60
T STMBP FF NOR/FF DOR co2us g 40
o FF MII/FF NonMﬂwspg “ @
A ‘; ‘ \} "x\ . ARIN 20
[ ‘ “. ,‘“‘ [ | \ &
ST1A1 j | ‘l \ cl [ " ﬁ . NRIN oH
1 1‘ ‘ rov1 (@ b 0 20 40 60 80 100
M= h @ LAP TGF-betal 1L 20RA 100-Specificity
4E-BP1 CcLas





OEBPS/Images/fendo-16-1525392-g002.jpg
class

FF_MIl
o | FF_NonMiIl

HE
m
]
Om
|

| [ [ [ ]]
1| B HEECE
m !7 H IEEE B EEN
| I BN EEFEEEEEEEEEEEE
| III EEEEEEEEEEEEENTE EN
| e AEEEE B IIIIIIIII
| | HE EENENE
B HEEEN IIIIIIIIIIII!III
| UH EEEEEEENEE ENENEEEEE B
ENNNEEE EETENEEE EEENNEE
H HEEEEEE B B NEEENET B
HEE EEENNEEEEEEENEEENTTE EEEN
EEEEENEEE ENTSEEEN YEEYE EEEE
HE B EEESNE FEEEEEE EEEN I
HE =
[ [ |
'TI'ﬂ'ﬂTI'TI'I'I'T'I"ﬂ'TI"ﬂﬂﬂﬂﬂﬂ'ﬂﬂﬂﬂ'ﬂﬂﬂﬂﬂﬂ'ﬂﬂ'ﬂ'ﬂﬂﬂﬂ'ﬂ'ﬂ
Iml-nl-nl-nl-nl-nl-nl | I ITII-I-II-I-II-I-Il-rll-nl-nl-I-II-'-IITII-I-II-I-II-I-II-rll-ﬂl-nl-I-II-I-II-I-II-I-II-I-II-I-Il-rll-rI
ZZZZEE=SSSSSSSZSSSSSSSSSSZSSSSZSZ=S
Z22222%00onIBZRBREE "3 HYZRVIBECZBR
EonoeN 5 & = e

3 class
ISer_M
2
TR E l1 st
il '
SHRNER AR NAEED DNERER ?
[ [ N | I »

@
t
P
‘Q‘!:
2= g






OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-16-1525392-g004.jpg
SULT1A1

STAMBP

FGF19

AXIN1

Nicotinate and nicotinamide metabolism .

Viral protein interaction with cytokine and cytokine receptor ®
Cytokine—cytokine receptor interaction
VEGF signaling pathway { ~®
PI3K-Akt signaling pathway 1 @
HIF-1 signaling pathway { ~ @
NF-kappa B signaling pathway{ ~ @
Calcium signaling pathway
Rap1 signaling pathway
Ras signaling pathway
MAPK signaling pathway

Apoptosis - multiple species

Relaxin signaling pathway
Intestinal immune network for IgA production{ &
1L-17 signaling pathway )
Cytosolic DNA-sensing pathway |~ ®
Toll-like receptor signaling pathway{ @
Chemokine signaling pathway{ @

EGFR tyrosine kinase inhibitor resistance °
Lipid and atherosclerosis | @
Viral myocarditis{
Alzheimer disease }
Rheumatoid arthritis °
Asthma .
Legionellosis |~ ®
Herpes simplex virus 1 infection ?
Kaposi sarcoma-associated herpesvirus infection { @
Human papillomavirus infection
Human cytomegalovirus infection
Gastric cancer
Breast cancer
Bladder cancer { [
Basal cell carcinoma{

Endometrial cancer{
Chemical carcinogenesis — receptor activation{ @

Pathways in cancer @)

TNFRSF9

EIF4EBP1

©

TNFSF12

Metabolism

Environmental Information Processing

Cellular Processes

Organismal Systems

Human Diseases

0.00.02.08.00.05
Enrichment factor

COL18A1

Protein coun
o1
e 2
@® 3
@ ¢
[ ]
@
[ X4
Pvalue
0.04
0.03
0.02
0.01

extracellular space { @

extracellular region
perinuclear region of cytoplasm

[ ]
°
cytokine receptor binding | [)
cytokine activity ®
receptor ligand activity
signaling receptor activator activity
receptor regulator activity
signaling receptor binding{ @
tumor necrosis factor receptor binding °
CCR chemokine receptor binding { °
chemokine activity
tumor necrosis factor receptor superfamily binding {
chemokine receptor binding °
growth factor activity { °
G protein-coupled receptor binding{ ~ ®
molecular function regulator | @
growth factor receptor binding .
metallopeptidase activity] — ®
peptidase activity{ @
protein binding
protein domain specific binding{ @
binding

cell surface receptor signaling pathway { (@)

cytokine-mediated signaling pathway {

cellular response to organic substance

response to cytokine

positive regulation of intracellular signal transduction
intracellular signal transduction

regulation of protein metabolic process

positive regulation of signal transduction

positive regulation of protein metabolic process
lymphocyte chemotaxis °

regulation of intracellular signal transduction {

positive regulation of cell communication

positive regulation of signaling {

signal transduction

regulation of cellular protein metabolic process
positive regulation of cellular protein metabolic process
positive regulation of cellular process

protein metabolic process 1|

leukocyte migration{ @

positive regulation of response to stimulus {

0000 0025 0050 0075 0.100
Enrichment factor
Overview of proinflammatory and profibrotic mediators ®
Malignant pleural mesothelioma )
Oncostatin M signaling pathway [ )
Network map of SARS-CoV-2 signaling pathway{ @
Head and neck squamous cell carcinoma{ (]
IL-18 signaling pathway
Focal adhesion: PI3K-Akt-mTOR-signaling pathway
Hypertrophy model
PI3K-Akt signaling pathway
Integrated breast cancer pathway{ @
Chemokine signaling pathway { @
Photodynamic therapy-induced NF-kB survival signaling °
Bladder cancer
TNF-related weak inducer of apoptosis (TWEAK) signaling pathway
Integrated cancer pathway
Thymic stromal lymphopoietin (TSLP) signaling pathway
Hepatitis C and hepatocellular carcinoma {
Lung fibrosis { °
SARS-CoV-2 innate immunity evasion and cell-specific immune response [ ]
Cytosolic DNA-sensing pathway °
EGFR tyrosine kinase inhibitor resistance
Allograft Rejection
Burn wound healing {
Neural crest differentiation {
Toll-like receptor signaling pathway {
Gastrin signaling pathway
Embryonic stem cell pluripotency pathways
TGF-beta signaling pathway
Regulation of toll-like receptor signaling pathway
Breast cancer pathway {
EGF/EGFR signaling pathway {
Aspirin and miRNAs .
Bile acids synthesis and enterohepatic circulation .
Nanoparticle triggered regulated necrosis .
Sulfation biotransformation reaction .
NAD+ metabolism { .
MAP3K1 role in promoting and blocking gonadal determination { .
Amplification and expansion of oncogenic pathways as metastatic traits .
Regulation of Wnt / B—catenin signaling by small molecule compounds .
NOTCH?1 regulation of endothelial cell calcification .
0025 005 0075
Enrichment factor

Cellular Component

Molecular Function

Biological Process

0.100

Pvalue
0.020

0015
0.010

0.005

Protein count

Protein count

o oA w N

Pvalue
0.0125
0.0100
0.0075
0.0050
0.0025





OEBPS/Images/fendo-16-1525392-g006.jpg
m

e hLH hP B

MI  AMH AFC Oocytes hE2

TGF-alpha

-

0.4

0.2





OEBPS/Images/table1.jpg
IVF/ICSI patients

NOR (N=13) DOR (N=13)

Age (years)” 31.62 £2.33 33.85 +4.20
BMI (kg/m’)* 21.67 + 3.37 2251 +1.88
AMH (ng/mL)" 2.75 + 1.64 1.07 + 151
AFC® 12.00 + 3.00 5.00 + 6.00**
Stimulation protocols (%)°

Long protocol 100.00 (13/13) 23.08 (3/13)**

PPOS protocol 0.00 (0/13) 53.84 (7/13)

Mild stimulation protocol 0.00 (0/13) 23.08 (3/13)
Number of retrieved oocytesb 9.00 + 6.00 2.00 + 3.00%%*
Number of matured oocytesb 5.00 £ 5.00 1.00 + 3.00**
Rate of matured oocytes (%)” 62.43 +24.23 82.69 + 37.34
Rate of fertilization (%)® 68.54 +22.45 82.69 + 37.34

Basal hormone level

FSH (IU/L)* 3.86 + 1.20 10.36 + 5.93**
LH (IU/L)° 1.68 + 1.55 237 £3.93

E2 (pg/mL)® 15.00 + 4.27 31.98 + 17.92*
P (ng/mL)" 0.43 = 0.51 0.65 + 0.54

Hormone level on hCG day

LH (IU/L)® 222 + 1.59 412 +7.16*
E2 (pg/mL)* 2689.35 + 1076.93 930.48 + 698.72%*
P (ng/mL)® 0.89 + 1.02 4.04 +8.95

Parametric data are presented as the means + SDs, whereas non-parametric data are presented

as the medians + IQRs. NOR, normal ovarian reserve; DOR, diminished ovarian reserve; BMI,

body mass ind

ex; AMH, anti-Miillerian hormone; AFC, antral follicle count; PPOS, progestin-

primed ovarian stimulation; FSH, follicle-stimulating hormone; LH, luteinizing hormone; E2,
estradiol; P, progesterone. *P-value between two groups was determined via the t-test; ®P-value
between two groups was determined via the Mann—Whitney U test; “P-value between three
groups was determined via the chi-square test; *P < 0.05; **P < 0.01; and ***P < 0.0001.





