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Background: It has been noted that plasma lipid levels are closely associated with polycystic ovary syndrome (PCOS). Immune cells 
have also been recognized as critical indicators for evaluating the impact of lipids on disease progression. However, there is still a lack 
of conclusive causal evidence as to whether immune cells mediate the relationship between lipids and PCOS.
Methods: This study used a two-step two-sample Mendelian randomisation (TSMR) analysis to explore the causal relationship 
between plasma lipid groups and PCOS, and the mediating role of immune cells in this relationship. Transcriptome analysis was used 
to further explore the relationship between lipid metabolism, immunity, and PCOS.
Results: The inverse variance weighted (IVW) method and Bayesian weighted Mendelian randomized (BWMR) method identified six 
plasma lipid groups that exhibited causal effects on PCOS, with no evidence of reverse causality. Eighteen immune cell traits are strongly 
associated with PCOS. TSMR analysis identified SSC-A on CD4+ as the key factor mediating the causal association of PC (0:18:1_20:4) 
and PI (18:1_18:2) with PCOS, with mediating effects of −0.003 (95% CI [−0.017, 0.012]) and 0.003 (95% CI [−0.021, 0.026]), 
respectively. Functional enrichment analysis revealed that PCOS was strongly associated with numerous immune pathways. Immune 
infiltration evaluation results indicated significant disparities in the distribution of a substantial number of immune cells, especially for all 
types of CD4+ T cells. Furthermore, Metabolic inference analysis revealed that fatty acid biosynthesis is closely related to PCOS.
Conclusion: Our results provide genetic and transcriptomic evidence substantiating the potential relationship between lipids, immune 
cells, and PCOS. CD4+ T cells might be key mediators in the causal association between lipids and PCOS. Comprehending this 
relationship could enhance treatment and prevention strategies for PCOS through the comprehensive management of lipid irregula
rities. Further experimental studies are required to elucidate the detailed mechanisms involved in this relationship.
Keywords: plasma lipid, immune cell, polycystic ovary syndrome, Mendelian randomization, transcriptomics analysis

Introduction
Lipids, a crucial class of biomolecules ubiquitously present in living organisms, exhibit diverse biological functions and 
play pivotal roles in energy metabolism, biofilm structure, cell signalling, and other physiological processes.1 Recently, a 
comprehensive longitudinal lipidomic analysis demonstrated a significant association between lipid profiles and the 
pathogenesis of acute and chronic inflammation, metabolic diseases, and aging.2

Polycystic ovary syndrome (PCOS) is a prevalent endocrine and metabolic disorder characterized by a spectrum of clinical 
manifestations including lipid metabolism disorders, dyslipidemia, insulin resistance, hyperandrogenemia, ovulatory dysfunc
tion, oxidative stress, and chronic inflammation.3,4 Epidemiological studies indicate that PCOS affects approximately 5–18% 
of women of reproductive age globally, and infertility rates may reach 40%-74%.5,6 Beyond its reproductive implications, 
PCOS also causes diabetes, hyperlipidemia, cardiovascular diseases, and even ovarian and endometrial cancers, significantly 
impacting patients’ long-term health and wellbeing.7 Recent cross-sectional, cohort, and prospective studies have consistently 
demonstrated a strong correlation between lipid profiles, lipid metabolism, and PCOS in women of reproductive age.8–11 

Observational studies have further elucidated that dysregulated lipid levels exacerbate metabolic risks in PCOS patients,12 
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contributing to insulin resistance (IR),13 hyperandrogenemia, and impaired glucose metabolism.14 Additionally, altered fatty 
acid composition in granulosa cells of PCOS patients has been found to lead to mitochondrial dysfunction and glucose 
metabolism disruption, which in turn impairs the developmental potential of oocytes.15,16

Thus far, the relationship between lipids and PCOS remains unclear, primarily because of limitations in sample sizes 
for large-scale cohort studies and comprehensive systematic evaluations. Additionally, the potential inverse effect of 
PCOS on lipid profiles has not been thoroughly investigated. Moreover, the underlying mechanisms by which lipids 
contribute to PCOS pathogenesis are yet to be fully elucidated. Previous studies have highlighted the critical role of lipids 
in maintaining immune homeostasis and regulating inflammatory responses.17,18 Furthermore, peripheral white blood 
cells, immune cells, pro-inflammatory cytokines, and chemokines have been implicated in the development and 
progression of PCOS.19,20 Based on the aforementioned facts, this study hypothesized that lipids are intricately 
associated with PCOS, with immune cells potentially serving as key mediating factors in this relationship.

Mendelian randomization (MR) is a method that leverages genetic variance as an instrumental variable to infer causal 
relationships between a disease and associated risk factors, effectively minimizing the bias arising from confounding 
factors or reverse causality inherent in observational studies.21 In this study, to explore the mechanisms by which lipids 
influence PCOS, we employed two-sample MR to reveal the causal effects of lipids on PCOS and two-step MR to 
identify immune cells mediating the link between lipids and PCOS. In addition, transcriptomic analysis was integrated to 
comprehensively explore the interplay between lipid metabolism, immune regulation, and PCOS.

Materials and Methods
Study Design
Single nucleotide polymorphisms (SNP) are a common form of variation in the genome that involve the alteration of a 
single nucleotide sequence. These variations contribute to the genetic diversity among individuals and are often 
associated with disease susceptibility, drug response, and other phenotypic traits.22 In this study, SNPs were used as 
validated instrumental variables (IVs) to examine the causal relationships between 179 plasma lipid groups and PCOS. 
To maximize the accuracy of the results, three important assumptions must always be confirmed. First, the selected IVs 
are associated with risk factors. Second, IVs is not associated with confounders between exposure and outcome. Third, 
IVs has no direct effect on outcome, but only affect outcome through exposure. We assessed the causal effects of the 179 
plasma lipid groups on PCOS were assessed using the TSMR. Subsequently, immune cells demonstrating a strong 
correlation with both PCOS and plasma lipid groups were screened as potential mediators by a two-step MR. The first 
step estimated the lipid causal effect on immune cells. The second step was to calculate the causal effect of the immune 
cells on PCOS. Finally, we evaluated the mediating role of immune cells in the causal relationship between lipids and 
PCOS. Subsequently, transcriptomic analysis was performed to further explore the relationship between lipid metabo
lism, immunity, and PCOS (Figure 1).

Figure 1 Study design. 
Abbreviations: PCOS, polycystic ovary syndrome; GO, gene ontology; KEGG, kyoto encyclopedia of genes and genomes; ssGSEA, single-sample gene set enrichment analysis.
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Data Sources
Lipid data were obtained by genome-wide association studies (GWAS) of 179 plasma lipid groups from 13 lipid classes 
in 7174 Finnish individuals.23 Four major lipid categories were covered: glycerophospholipids, glycerolipids, sphingo
lipids, and sterols. Glycerophospholipids included phosphatidylinositol (PI) (n=10), phosphatidylcholine (PC) (n=46), 
phosphatidylcholine ether (PCO) (n=27), phosphatidylethanolamine (PE) (n=5), and phosphatidylethanolamine ether 
(PEO) (n=8). The glycerolipids included triacylglycerol (TAG) (n=38) and diacylglycerol (DAG) (n=6). Sphingolipids 
included sphingomyelin (SM) (n=11) and ceramides (CER) (n=4). Sterols used included cholesteryl ester (CE) (n=15) 
and cholesterol (Chol) (n=1).

PCOS data from the FinnGen Consortium version R1024 included a total of 118,870 Europeans (642 cases and 
118,228 controls). The diagnostic criteria for PCOS were based on the ICD-9 and ICD-10 criteria (the presence of two of 
the three criteria: chronic anovulation, hyperandrogenemia, and ultrasonography in the presence of polycystic ovaries).

Immune cell data were derived from 731 immune cell traits in a GWAS of a cohort of 3757 Sardinians. The summary 
statistics for the 731 immune cell traits disclosed in the GWAS catalog25 included 118 absolute cell counts, 389 mean 
fluorescence intensities (MFI) of surface antigens, 32 morphological parameters, and 192 relative counts (ratios between 
cellular levels). The MFI, absolute cell counts, and relative count characteristics included B cells, Conventional Dendritic 
cells (cDCs), T cell maturation stage, monocytes, myeloid cells, TBNK (T cells, B cells, natural killer cells), and Treg 
groups, and morphological parameter characteristics included cDC and TBNK groups. All data in this study were derived 
from research conducted on individuals of European descent to eliminate the potential biases associated with population 
stratification.

Genetic Instrumental Variable (IV) Selection Criteria
In this study, SNPs as IVs of PCOS were set at P<5e-8. Owing to the low number of eligible SNP loci, the threshold of 
IVs for plasma lipid groups and immune cell traits was relaxed to P<1e-5 after reading the relevant literature.26 To ensure 
the independence of each SNP, eligible SNPs were retained according to linkage disequilibrium (LD) conditions 
(R2=0.001, kb=10000). The outliers in IV were further cleaned using the outlier correction method in the Mendelian 
randomized multiple effectiveness residuals and outliers (MR-PRESSO) model. Simultaneously, all SNPs with palin
dromic structures were excluded, thus avoiding possible interference of alleles on the results. Finally, the F-statistic was 
used to measure the strength of the IV to avoid bias caused by weak IVs.

MR Analysis
In the TSMR analysis, five methods were used in this study: random effects inverse variance weighted (IVW), MR-egger, 
Weighted median, Simple mode, and Weighted mode. IVW produced reliable causal estimates in the absence of directed 
pleiotropy and was used as the primary method for estimating the causal relationship between exposure and outcome 
(P<0.05), suggesting a potential association. In addition, the Bonferroni correction method was applied to circumvent 
errors that may be introduced by multiple testing, and p-values that exceeded the Bonferroni corrected significance level 
(0.05/n, where n is the total number of tests) but remained below 0.05 were considered to be signals suggestive of 
causality. This study adds a Bayesian weighted Mendelian randomized (BWMR) method to ensure the accuracy of the 
results.

In the mediation MR analyses, we used the IVW approach to calculate the causal effect of plasma lipid groups on 
immune cells (BetaX), followed by the causal effect of immune cells on PCOS (BetaY). Finally, the coefficient product 
method was used to derive the mediating effect of the immune cells (BetaXY) and calculate its proportion (BetaXY = 
BetaX*BetaY).

Sensitivity Analysis
In the sensitivity analyses, the causal effects were analyzed using the heterogeneity test, multiple validity test, and leave- 
one-out method. Cochran’s Q test was used to calculate the level of heterogeneity, and MR-Egger regression and IVW 
methods were used to test the heterogeneity of the IVs, with P<0.05, indicating significant heterogeneity. Multiplicity 
was tested using MR-Egger intercept regression and P < 0.05 was considered significant multiplicity, and the study 
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results were unreliable. The MR-PRESSO test was used to verify the presence of horizontal polyvalence. Sequential 
elimination of individual SNPs through “leave-one out”sensitivity analysis to sort out the potential impact of individual 
SNPs.

Transcriptomic Analyses
The PCOS gene expression profile dataset (GSE34526) was obtained from the GEO database. GSE34526 is based on the 
Affymetrix Human Genome U133 Plus 2.0 Array [HG-U133_Plus_2] platform and consists of 11 ovarian granulosa cell 
samples, of which seven were from patients with PCOS and three were from normovulatory women.27 Differential gene 
expression analysis was performed using the R package “limma”,28 with differentially expressed genes (DEGs) identified 
using the cut-off criteria of |Log2 fold change (LogFC)| > 1.5 and a p-value < 0.05. To further elucidate the biological 
functions of the DEGs, Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway 
enrichment analyses were conducted using the R package “clusterProfiler”, with a significance threshold of p <0.05.29

Single-sample gene set enrichment analysis (ssGSEA), an extension of the GSEA method, was employed to evaluated 
immune microenvironment by assess the enrichment degree of specific gene sets in each sample.30,31 Using the R 
package “GSVA”,32 enrichment scores were calculated for 28 tumor-infiltrating lymphocyte (TILs) gene signatures from 
the TISIDB database (http://cis.hku.hk/TISIDB/download.php) and two immune gene sets summarized by He et al.33 

Finally, we employed the METAFlux algorithm to investigate the underlying mechanisms of metabolic abnormalities in 
PCOS.34 The Wilcoxon rank sum test was used to compare the differences between the two groups, with a p-value < 0.05 
considered statistically significant.

Results
The Total Effect of 179 Plasma Lipid Groups on PCOS
Through TSMR combined with BWMR analysis, six plasma lipid groups were identified as potentially associated with 
PCOS, the F-statistics of all SNPs exceeded the threshold of 10. (The forest maps are shown in Figure 2A). Notably, PC 
(18:2_20:4) demonstrated a consistent positive causal effect on PCOS across multiple MR methods, including IVW, MR 
Egger and Weighted median, and the results were all significant (IVW, OR= 1.038, 95% CI[1.003, 1.073], p=0.032) (MR 
Egger, OR=1.110, 95% CI [1.020, 1.210], P=0.022) (Weighted median, OR= 1.054, 95% CI[1.002, 1.1008], P=0.040). 
No evidence of reverse causality was detected between the six plasma lipid groups and PCOS (Figure 2B). The 
sensitivity analyses further supported the robustness of these findings. No heterogeneity or horizontal pleiotropy was 
detected (Table 1), and no outlier SNPs were identified using MR-PRESSO. Scatter plots confirmed the stability of the 
causal relationships, and leave-one-out analysis showed that no single SNP disproportionately influenced effect estimates 
(Figure 2C). In summary, these findings highlight the significance of these six plasma lipid groups in PCOS development.

Results of Two Step MR Analyses
TSMR analysis revealed significant correlations between 18 immune cell traits and PCOS (Figure 3A), including CD80 
on CD62L+ myeloid DC (cDC panel), HLA DR on DC (cDC panel), CD33- HLA DR+ AC (Myeloid cell panel), Mo 
MDSC AC (Myeloid cell panel), CD33 on CD66b++ myeloid cell (Myeloid cell panel) CD33 on Mo MDSC (Myeloid 
cell panel), CD20- CD38- AC (B cell panel), CD19 on IgD+ CD24+ (B cell panel), CD19 on IgD+ CD38- unsw mem (B 
cell panel), Secreting Treg %CD4 (Treg panel), Activated & resting Treg AC (Treg panel), CD25hi CD45RA- CD4 not 
Treg %T cell (Treg panel), CD28+ CD45RA- CD8dim %T cell (Treg panel), CD28- CD25++ CD8br %T cell (Treg 
panel), CD127- CD8br AC (Treg panel), CD28 on CD28+ CD4+ (Treg panel), CD25 on CD39+ secreting Treg (Treg 
panel), CD25 on CD39+ CD4+ (Treg panel), CD45RA- CD4+ %CD4+ (Maturation stages of T cell panel), Naive CD4+ 
%CD4+ (Maturation stages of T cell panel), TD DN (CD4-CD8-) %DN (Maturation stages of T cell panel), CD45 on NK 
(TBNK panel), FSC-A on HLA DR+ CD8br (TBNK panel), SSC-A on CD4+ (TBNK panel) and HLA DR on B cell 
(TBNK panel). Clinical studies have demonstrated a close relationship between PCOS and immune dysregulation, 
particularly involving CD4+ T and NK cells in the peripheral blood of affected women.35 Furthermore, evidence 
suggests that the MFI of human leukocyte antigen DR (HLA-DR) expressed on dendritic cells (DCs) positively correlates 
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with the ovarian response. Reduced DC abundance in the follicular fluid of PCOS patients disrupts the ovarian immune 
microenvironment, leading to impaired follicular formation.36 These findings underscore the potential role of immune 
cells in the pathogenesis of PCOS.

In general, we identified 6 lipids and 18 immune cell traits that are strongly associated with PCOS. However, it is 
uncertain whether lipids affect PCOS through immune cell mediation. We performed mediation analysis and found that, 

Figure 2 MR analyzed six lipids for causal association with PCOS. (A) TSMR and BWMR analysis revealed a causal association between 6 plasma lipid groups and PCOS. (B) Forest 
plot of the results of the reverse analysis. (C) Scatter plot and “leave-one out” of causal relationship between 6 plasma lipid groups and PCOS. 
Abbreviations: PCOS, polycystic ovary syndrome; SNP, single nucleotide polymorphism; CI, confidence interval; OR, odds ratio; PC, Phosphatidylcholine; PI, 
Phosphatidylinositol; SM, Sphingomyelin.

Table 1 Sensitivity Analysis Results

Exposed Outcome Cochrane’s Q MR-Egger Intercept MR-PRESSSO

Q(IVW) P Q (MR Egger) P Egger_Intercept P Global Test P

PC (18:0_20:2) PCOS 14.927 0.530 14.632 0.478 0.003 0.595 0.586

PC (18:2_20:4) PCOS 22.263 0.844 13.358 0.912 −0.009 0.099 0.844
PC (O-16:1_18:0) PCOS 9.011 0.913 7.708 0.935 0.008 0.272 0.924

PC (O-18:1_20:4) PCOS 23.192 0.334 23.189 0.280 <-0.001 0.962 0.375

PI (18:1_18:2) PCOS 27.224 0.345 27.189 0.296 −0.001 0.862 0.364
SM (d36:2) PCOS 29.139 0.305 23.837 0.271 0.002 0.613 0.395

Abbreviations: PCOS, polycystic ovary syndrome; PC, Phosphatidylcholine; PI, Phosphatidylinositol; SM, Sphingomyelin; IVW, inverse variance weighted.
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Figure 3 Continued.
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among all immune cell traits, CD4+ T cells exhibited the largest mediating proportionality and were most closely 
associated with the causal effects of lipids on PCOS (Figure 3B). Specifically, SSC-A on CD4+ cells emerged as a key 
mediator linking PC (O-18:1_20:4) to PCOS (mediating effect = 0.003 (95% CI [−0.021, 0.026]). SSC-A on CD4+ also 
mediated the causal relationship between PI (18:1_18:2) and PCOS, with a mediation effect of −0.003.

DEGs Identification and Functional Enrichment Analysis
We collected GSE34526 gene expression profiles, including seven PCOS patients and three controls. Differential 
expression analysis identified 1249 DEGs, comprising 894 upregulated and 355 downregulated genes. Visualization of 
DEGs was achieved using a heatmap (top 30) and volcano plots (Figure 4A). Subsequently, GO and KEGG enrichment 
analyses were performed on the up-regulated genes (Figure 4B). The GO enrichment results revealed significant 
enrichment of biological processes (BP) related to the regulation of immune effector processes and leukocyte-mediated 
immunity. In the cellular component (CC) category, the most significantly enriched terms were secretory granule 
membrane and outer plasma membrane. For molecular function (MF), Actin binding was the most enriched term for 
molecular function. Pathway enrichment in the KEGG database primarily involved immune-related pathways, including 
cytokine and receptor interactions, chemokine signalling pathways, and other immune-related pathways. These findings 
suggest that the pathology of PCOS is closely linked to immune dysregulation.

Immune Microenvironment Analysis and Metabolic Inference
Single-sample gene set enrichment analysis (ssGSEA) was used to quantify immune microenvironment traits by scoring 
corresponding genesets. By scoring 28 immune cell signatures obtained from the TISIDB database, we found that there 
were significant differences in the immune infiltration levels of 15 immune cell types between the normal and PCOS 
groups (Figure 5A). Specifically, patients with PCOS exhibit elevated levels of T-cell infiltration, including central 
memory CD4 T cells, compared to controls. To ensure the robustness and reproducibility of our findings, we incorporated 

Figure 3 Two-step MR analysis of forest graphs. (A) Forest plot of causal relationship between immune cells and PCOS. (B) Forest plot of causal relationship between 
plasma lipid groups and immune cells. 
Abbreviations: PCOS, polycystic ovary syndrome; SNP, single nucleotide polymorphism; CI, confidence interval; OR, odds ratio; PC, Phosphatidylcholine; PI, 
Phosphatidylinositol; SM, Sphingomyelin.
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Figure 4 Gene Identification and Functional Enrichment Analysis Results. (A) Heat map and volcano map on GSE34526. (B) 10 Bubble plots of GO results and KEGG 
results for PCOS-expressed genes. 
Abbreviation: PCOS, polycystic ovary syndrome.
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an additional immune-related gene set curated by He et al. The results of the 16 immune cell type enrichment scores also 
showed significant differences in the levels of B cells, Macrophages, NK cells, T helper cells, and TIL immune 
infiltration (Figure 5B). Additionally, 13 immune cell function enrichment scores revealed significant differences in 
the levels of APC co-stimulation, CCR, checkpoint, HLA, inflammation-promoting, parainflammation, and T-cell co- 
inhibition were significantly different (Figure 5C). These results suggest that the immune microenvironment is altered in 
patients with PCOS. Notably, co-stimulatory signals between APCs, such as macrophages, dendritic cells, and T cells 
(CD80/CD86), have been shown to promote differentiation of Th1 and Th17 cells, release cytokines and chemokines (eg, 
IL-6, IL-10, IL-18, MIF, and TNF-α) into the bloodstream, and exacerbate insulin resistance and localized inflammation 
of the ovaries.37 Chronic inflammation is thus considered a key underlying factor contributing to ovarian dysfunction in 
PCOS.

Finally, to explore whether there were abnormalities in lipid metabolism in PCOS, we used METAflux for metabolic 
inference. The results showed that the fatty acid biosynthesis activity of PCOS group was significantly higher than that of 
the normal control group (Figure 5D). Fatty acid biosynthesis is a key process in cellular energy metabolism, wherein 
fatty acids are synthesized via the fatty acid synthase (FAS) pathway and serve as precursors for the synthesis of 
phospholipids, such as PI and PC.38

Research has demonstrated that Disruptions in the fatty acid synthesis pathway, particularly in the context of insulin 
resistance and elevated androgen levels, may lead to an imbalance in the synthesis of PI and PC. This imbalance can 
interfere with ovarian function and ovulation, thereby promoting the development and progression of PCOS.39 

Figure 5 PCOS is associated with immune infiltration. (A) Comparison of levels of infiltration of 28 immune cells. (B) Comparison of levels of infiltration of 16 immune 
cells. (C) Comparison of levels of infiltration of 13 immune cells function (red for PCOS, blue for control, *p < 0.05). (D) The boxplot showed that the biosynthesis of 
relevant fatty acids was significant between PCOS and control group. 
Abbreviation: PCOS, polycystic ovary syndrome.
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Consequently, targeting the regulation of fatty acid metabolism, PI, and PC may offer novel therapeutic strategies for 
PCOS management.

Discussion
Ożegowska, and Li et al found that PC and SM were significantly elevated in women with PCOS by serum metabolomics.
39,40 In this study, we identified six plasma lipid groups that affect PCOS: PC (18:0_20:2), PC (18:2_20:4), PC (O- 
16:1_18:0), PC (O-18:1_20:4), PI (18:1_18:2), and SM (d36:2). Our findings are consistent with previous studies. Using a 
Two-step MR approach, we investigated the role of immune cells in the relationship between these lipids and PCOS. In the 
first step, 18 immune cells were strongly associated with PCOS. In the second step, MR Analysis showed that SSC-A on 
CD4+ cells mediated the causal relationship between PC (O:18:1_20:4) and PI (18:1_18:2) and PCOS. The two-step effects 
of PC were in the same direction and had a clear positive relationship with PCOS.

PC is a critical component of cell membranes, plays a pivotal role in intracellular and intercellular signal transduction, and 
participates in various physiological processes. During lipid metabolism, PC acts as a carrier for lipid transport, facilitating the 
movement of lipids throughout the body.41 Arachidonic acid (AA), contained in PC (O:18:1_20:4), is integral to numerous 
physiological processes, particularly inflammatory responses. AA is metabolized into prostaglandins and leukotrienes through 
the cyclooxygenase-2 (COX-2) and lipoxygenase (LOX) pathways, which can exacerbate ovarian inflammation and impair 
normal follicular development, leading to ovulation disorders.42 Additionally, AA and its specific metabolite 5-hydroxyeico
satetraenoic acid (5-HETE) can regulate androgen metabolism and increase androgen secretion, which in turn exacerbates the 
symptoms of PCOS, such as irregular menstruation and hirsutism.43 IR is a hallmark of PCOS. As an essential component of 
the cell membrane, PC (O-18:1_20:4) influences the regulation of the insulin signaling pathway. Abnormalities in PC 
metabolism can disrupt cell membrane fluidity and receptor function, particularly insulin receptors, leading to impaired 
insulin signaling and exacerbation of IR.43 PCOS is usually accompanied by chronic low-grade inflammation, and infiltration 
of CD4+ T cells is a potential source of this inflammatory state.35 In this study, transcriptome analysis revealed a significantly 
elevated infiltration of T cells in patients with PCOS. Cytokines secreted by T cells (IFN-γ, IL-1, etc.) impede normal follicular 
development and ovulation by exacerbating the inflammatory response in the ovary.44

Fatty acid biosynthesis directly affects the fatty acid composition of PC and PI through the synthesis of fatty acids 
such as OA, AA, and LA. The fatty acid chains of PC (O:18:1_20:4) and PI (18:1_18:2) are derived from desaturation 
and lengthening reactions in the fatty acid synthesis pathway. Fatty acid biosynthesis plays a critical role in the 
development and progression of PCOS, as abnormal fatty acid metabolism is central to the pathogenesis of the disorder 
by contributing to IR, chronic inflammation, hyperandrogenism, and ovarian dysfunction.45,46 Consequently, regulation 
of fatty acid synthesis and metabolism may represent an effective therapeutic strategy to alleviate PCOS symptoms.

PCOS is often accompanied by obesity or weight gain, especially with the accumulation of abdominal fat. In this 
context, CD4+ T cells may promote an immune response in adipose tissue, increase the level of inflammation in the body, 
and further aggravate the metabolic disorder of PCOS.47 Moreover, the increase and activation of CD4+ T cells in the 
adipose tissue of obese mice directly affects the insulin signaling pathway, leading to the development of IR.48 CD4+ T 
cells are involved in the development of PCOS through multiple pathways, especially the inflammatory response, insulin 
resistance, immune dysregulation, and ovarian function. Regulating the function of immune cells and restoring the 
balance of the immune system may be a new strategy for treating PCOS.

Conclusions
In this study, we comprehensively investigated the relationship between lipids, immune cells, and PCOS using genetic 
and transcriptomic analyses. MR analysis revealed that SSC-A on CD4+-mediated PC (O-18:1_20:4) and PI (18:1_18:2) 
is causally associated with PCOS. Transcriptomic analyses have indicated that fatty acid biosynthesis and CD4+ T cell 
infiltration exert significant effects on PCOS. However, due to the small sample size of the transcriptomic dataset, its 
power and generalizability are limited. While this study provides novel insights into PCOS mechanisms, potential 
diagnostic biomarkers, and therapeutic targets, these findings remain hypothetical at present. It is necessary to clarify the 
specific mechanisms and interrelationships through cellular experiments, animal model studies, and analyses of clinical 
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samples in the future. In subsequent studies, we will employ integrated lipidomics and immunomics approaches to enable 
precise stratification of PCOS subtypes.
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