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Background: Inflammatory proteins play a pivotal role in the pathogenesis of ovarian diseases, although the underlying mechanisms
remain poorly understood. The aim of this study is to investigate the association between circulating markers of inflammation and
ovarian diseases.

Methods: A two-sample bidirectional Mendelian randomization (MR) approach was employed, utilizing publicly available genetic
databases to examine the relationship between 91 circulating inflammatory markers and six ovarian diseases. The primary analysis
utilized the inverse variance weighting (IVW) method, with additional sensitivity analyses, including heterogeneity and pleiotropy
tests, to assess the robustness of the findings.

Results: Specific inflammatory markers were found to be associated with ovarian diseases and to exhibit causal relationships. Ovarian
cysts were linked to CCL4 and other proteins, showing a positive causal relationship with NT-3. Polycystic ovary syndrome (PCOS)
was associated with IL-6 and other markers, with a positive causal relationship to IL-17C. Ovarian dysfunction was associated with
IL-6 and other markers, while primary ovarian failure was linked to IL-33. Benign ovarian neoplasms were associated with CCL28
and other proteins, showing a positive causal relationship with FGF-19 and negative causal relationships with FGF-5 and NT-3.
Malignant ovarian neoplasms were associated with CCL20 and other markers.

Discussion: This study clarifies the causal relationships between circulating inflammatory markers and ovarian diseases, providing
a crucial foundation for future translational research and clinical applications.

Keywords: Mendelian randomization, circulating inflammatory protein, ovarian-related diseases, polycystic ovary syndrome, ovarian
neoplasm

Introduction

The ovary is a crucial component of the female reproductive system, responsible not only for producing and releasing
oocytes but also for regulating the menstrual cycle and maintaining fertility through hormone secretion. Ovarian-related
diseases present a significant threat to women’s health and reproductive capacity worldwide; however, their underlying
mechanisms remain incompletely understood. Ovarian cancer (OC) is the seventh most common malignancy among
women globally and the eighth leading cause of female mortality.! Additionally, PCOS, a prevalent endocrine and
metabolic disorder, affects approximately 6% to 20% of women of reproductive age, with clinical symptoms typically
manifesting during early adolescence.”> Ovarian cysts, a common benign gynecological condition, have a prevalence of
34.9% in premenopausal women and 17.0% in postmenopausal women. Moreover, premature ovarian insufficiency

affects approximately 5% to 10% of women with secondary amenorrhea.*>
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Inflammation is the host’s physiological response to infection or injury; however, abnormal inflammatory responses
can result in tissue damage and are central to the pathogenesis of various diseases, including sepsis, autoimmune
disorders, and atherosclerotic thrombosis.® Increasing evidence suggests a close relationship between inflammation and
ovarian-related diseases. Tumor necrosis factor (TNF)-a, interleukin (IL)-1B, and IL-6 have been shown to promote the
onset, growth, and progression of epithelial ovarian cancer (EOC).”® TNF plays a key role in the apoptosis of cells
induced by both natural and synthetic environmental estrogens.” PCOS is associated with elevated levels of IL-18,
monocyte chemoattractant protein-1 (MCP-1), and macrophage inflammatory protein-1a (MIP-1a)."%!"" However, these
studies have primarily focused on a limited number of inflammatory proteins, neglecting the influence of other
physiological factors. It remains unclear whether alterations in inflammatory factors causally contribute to the develop-
ment of ovarian-related diseases. Consequently, further investigation into the pathogenesis of these diseases, particularly
the role of inflammatory proteins, is crucial.

MR is a causal inference approach that employs genetic variations as instrumental variables. The fundamental principle is
to utilize the random distribution of genotypes to infer causal relationships between biological exposures and disease
outcomes.'? This design minimizes confounding factors and reverse causality bias, which are prevalent in traditional
epidemiological studies, thus offering more robust evidence for causal effect estimation.'* Consequently, MR provides greater
credibility and advantages over conventional observational studies in revealing causal relationships. This study employs
a two-sample bidirectional MR approach to comprehensively investigate the genetic-based causal relationships between 91
circulating inflammatory proteins and six ovarian-related diseases, including ovarian cyst, PCOS, ovarian dysfunction,
primary ovarian failure, benign neoplasm of ovary, and malignant neoplasm of ovary. The objective is to offer new theoretical
foundations and practical guidance for the prediction and treatment of ovarian-related diseases.

Materials and Methods

Study Design

This study aims to investigate the causal relationship between 91 circulating inflammatory proteins and ovarian-related
diseases through a two-sample bidirectional Mendelian Randomization (MR) analysis. The MR analysis is based on three
core assumptions: (1) genetic variation used as instrumental variables (IVs) is strongly associated with the exposure; (2)
genetic variation is independent of any known or unknown confounding factors; and (3) genetic variation affects the
outcome only through the exposure, without involving any other pathways.'* We utilized publicly available genome-wide
association study (GWAS) data on 91 circulating inflammatory proteins and six ovarian-related diseases for this research.
First, circulating inflammatory proteins were selected as genetic instrumental variables to explore their causal association
with ovarian-related diseases. Second, genetic instrumental variables associated with ovarian-related diseases were
employed to analyze the causal relationship between these diseases and circulating inflammatory proteins. This study
does not require ethical approval as it relies on publicly available summary data from large-scale GWAS and consortia.

Data Sources
The data for the 91 circulating inflammatory proteins were obtained from GWAS utilizing the Olink Target Inflammation
panel. This study was conducted across 11 cohorts and included 14,824 participants of European descent. Summary
statistics for each circulating inflammatory protein GWAS are publicly available from the GWAS catalog (registration
numbers GCST90274758 to GCST90274848).°

The ovarian-related diseases studied in this paper include ovarian cyst, PCOS, ovarian dysfunction, primary ovarian
failure, benign neoplasm of ovary, and malignant neoplasm of ovary. The genetic data for these diseases was obtained
from the 11th round of analysis of the FinnGen biobank. The study cohorts consisted of individuals of European descent
who provided informed consent, and the case diagnoses adhered strictly to the International Classification of Diseases,
10th edition (ICD-10) code standards. GWAS data for these six ovarian-related diseases are publicly available via the
following link: https://r11.finngen.fi//'> Table 1 and Supplementary Table S1 provide detailed information on the included
GWAS.
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Table | Information on the GWAS Data Cohort Used to Conduct MR Analysis

Data Source Population Phenotype Sample Size | No. of Cases | No. of Controls
FinnGen RI 1 European (Finnish) | Ovarian cyst 145032 25564 119468
Polycystic ovarian syndrome 243907 1909 241998
Ovarian dysfunction 244659 2661 241998
Primary ovarian failure 242597 599 241998
Benign neoplasm of ovary 254618 6323 248295
Malignant neoplasm of ovary 202930 1436 201494
Zhao et al(2023)° | European 91 circulating inflammatory protein 14824 N.A. N.A.

Selection of Genetic Instrumental Variables

To ensure that single nucleotide polymorphisms (SNPs) used as instrumental variables (IVs) were strongly associated with
the exposure, we followed a series of steps based on the three core assumptions of MR analyses. First, we selected I'Vs for
circulating inflammatory proteins based on previous studies, applying a screening criterion of P < 1 x 107°."® In the inverse
MR analysis, the screening criterion for IVs associated with ovarian-related diseases was P < 5 x 1075, due to the limited
number of SNPs at this significance threshold. Next, we assessed the linkage disequilibrium (LD) among risk factor SNPs
using PLINK clustering and excluded SNPs with LD coefficients (r*) > 0.001 and physical distances of less than 10,000 kb to
ensure independence among SNPs and avoid genetic pleiotropy from interfering with the results.!” During the harmonization
process, palindromic SNPs that were inconsistent or had intermediate allele frequencies were excluded. Finally, the strength
of each SNP was assessed using the F-statistic, with SNPs having an F-statistic > 10 considered as strongly correlated.'®

Statistical Analysis

This study employs a bidirectional two-sample MR analysis to investigate the causal relationship between 91 circulating
inflammatory proteins and six ovarian-related diseases. In the analysis, we applied five methods—IVW, MR-Egger, weighted
median, simple mode, and weighted mode—to estimate causal effects. Under the assumption that IVs are free of pleiotropy,
the IVW method was selected as the primary analytical approach due to its higher statistical power and validity.'” We used
Cochran’s Q test to assess the heterogeneity of SNPs in the IVW analysis. If no significant heterogeneity was detected,
a fixed-effects model was used;?° if significant heterogeneity (P < 0.05) was detected, we applied the MR-PRESSO test to
evaluate potential outliers, remove them from the analysis, and perform the analysis again.”' The MR-Egger intercept test
was used to assess horizontal pleiotropy. A P-value greater than 0.05 indicated the absence of horizontal pleiotropy,
confirming the reliability of the MR analysis results.”*> To ensure the robustness of the results, a leave-one-out sensitivity
analysis was performed to identify any SNPs that might significantly impact the results.”> MR-Steiger was used to assess the
correct causal direction. If the exposure is likely to cause the outcome, “TRUE” is used; if the exposure is unlikely to cause
the outcome, “FALSE” is used.”* All statistical analyses were performed using R software (version 4.4.2), with the
Mendelian Randomization package (version 0.10.0) and the Two Sample MR package (version 0.5.7).

Results
The specific results of the MR analysis of the levels of 91 circulating inflammatory proteins and ovarian-related diseases
are detailed in Supplementary Tables S2 and S3. Supplementary Tables S4 and S5 provide detailed information on the

genetic instrumental variables for causal relationships between the levels of 91 circulating inflammatory proteins and
ovarian-related diseases. In this study, the F-statistics for all SNPs used as IVs were greater than 10, indicating that these
IVs had high predictive power and minimizing the potential for bias due to weak instruments.

Positive MR Results

Effects of 91 Circulating Inflammatory Proteins on Ovarian Cyst
Based on the results from the IVW method, six circulating inflammatory proteins were found to be associated with
a reduced risk of ovarian cysts: C-C motif chemokine 4 (CCL4) (OR: 0.963, 95% CI: 0.931-0.995, P = 0.024), Fibroblast
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growth factor 19 (FGF-19) (OR: 0.948, 95% CI: 0.899—0.999, P = 0.047), Interleukin-17C (IL-17C) (OR: 0.944, 95% CI:
0.894-0.998, P = 0.042), Programmed cell death 1 ligand 1 (PD-L1) (OR: 0.875, 95% CI: 0.822—0.930, P < 0.001), SIR2-
like protein 2 (SIRT2) (OR: 0.931, 95% CI: 0.871-0.994, P = 0.033), and TNF-related apoptosis-inducing ligand (TRAIL)
(OR: 0.952, 95% CI: 0.920-0.986, P = 0.005). Additionally, elevated levels of two inflammatory proteins were associated
with an increased risk of ovarian cysts: Interleukin-6 (IL-6) (OR: 1.138, 95% CI: 1.052—-1.230, P =0.001) and T-cell surface
glycoprotein CD6 isoform (CD6) (OR: 1.051, 95% CI: 1.014-1.090, P =0.007) (Figure 1). Cochran’s Q test and MR-Egger
test results indicated no significant heterogeneity between circulating inflammatory proteins and ovarian cysts (P > 0.05).
Horizontal pleiotropy was detected only for TRAIL in the MR-Egger regression intercept analysis (P < 0.05). MR-PRESSO
analysis did not identify significant outliers (Supplementary Table S6). In the leave-one-out analysis, causal associations

identified for FGF-19 and SIRT2 were found to be influenced by a specific instrumental variable, casting doubt on the
robustness of the data, leading to their exclusion (Supplementary Figure 1A). The forest plot displayed the causal effects of

individual SNPs of circulating inflammatory proteins on ovarian cysts (Supplementary Figure 2A), while the scatter plot

visually represented the associations (Supplementary Figure 3A). The MR-Steiger analysis confirmed the correctness of the

directionality, with no evidence of reverse causality.

Effects of 91 Circulating Inflammatory Proteins on PCOS

Based on the results from the IVW method, elevated levels of three circulating inflammatory proteins were associated
with a reduced risk of PCOS: C-C motif chemokine 20 (CCL20) (OR: 0.822, 95% CI: 0.678-0.996, P = 0.046),
Interleukin-6 (IL-6) (OR: 0.694, 95% CI: 0.536-0.899, P = 0.006), and Interleukin-7 (IL-7) (OR: 0.760, 95% CI:

Exposure Outcome nSNPs P-value OR(95%Cl)

C~-C motif chemokine 4 levels Ovarian cyst 30 0.024 —— 0.963(0.931 to 0.995)
Fibroblast growth factor 19 levels Ovarian cyst 32 0.047 —o—1| 0.948(0.899 to 0.999)
Interleukin-17C levels Ovarian cyst 34 0.042 —-—! 0.944(0.894 to 0.998)
Interleukin-6 levels Ovarian cyst 13 0.001 : —_— 1.138(1.052 to 1.230)
Programmed cell death 1 ligand 1 levels Ovarian cyst 25 0.000 —_— 1 0.875(0.822 to 0.930)
SIR2-like protein 2 levels Ovarian cyst 20 0033 —_— 0.931(0.871 to 0.994)
T-cell surface glycoprotein CD6 isoform levels Ovarian cyst 25 0.007 :—-— 1.051(1.014 to 1.090)
TNF-related apoptosis-inducing ligand levels Ovarian cyst 36 0.005 -—o—-: 0.952(0.920 to 0.986)
C-C motif chemokine 20 levels Polycystic ovarian syndrome 33 0.048 ————— 0.822(0.678 to 0.996)
Interleukin-20 receptor subunit alpha levels Polycystic ovarian syndrome 21 0.040 :-—0—0 1.249(1.010 to 1.544)
Interleukin-6 levels Polycystic ovarian syndrome 13 0.008 — : 0.694(0.536 to 0.899)
Interleukin-7 levels Polycystic ovarian syndrome 22 0.035 | ] : 0.760(0.588 to 0.982)
Monocyte chemoattractant protein-3 levels Polycystic ovarian syndrome 26 0.027 | —pp 1.214(1.022 to 1.441)
Tumor necrosis factor ligand superfamily member 14 levels Polycystic ovarian syndrome 37 0.041 If_._. 1.161(1.006 to 1.341)
Fibroblast growth factor 5 levels Ovarian dysfunction 34 0.045 }—0—' 1.095(1.002 to 1.196)
Interleukin-20 receptor subunit alpha levels Ovarian dysfunction 21 0.032 : —— 1.218(1.017 to 1.458)
Interleukin-6 levels Ovarian dysfunction 13 0.003 G [ 0.715(0.574 to 0.889)
Interleukin=7 levels Ovarian dysfunction 22 0.038 0—~: 0.795(0.640 to 0.988)
Neurotrophin-3 levels Ovarian dysfunction 32 0.032 :_-—o 1.184(1.014 to 1.383)
SIR2-like protein 2 levels Ovarian dysfunction 20 0.012 et : 0.791(0.658 to 0.951)
T-cell surface glycoprotein CD6 isoform levels Primary ovarian failure 25 0.035 C— 0.796(0.643 to 0.984)
Interleukin=33 levels Primary ovarian failure 22 0.018 : r— | 569(1.088 to 2.261)
Adenosine Deaminase levels Benign neoplasm of ovary 24 0.006 : —— 1.100(1.027 to 1.178)
C-C motif chemokine 23 levels Benign neoplasm of ovary 31 0.037 —_— 1.086(1.005 to 1.174)
C-C motif chemokine 28 levels Benign neoplasm of ovary 36 0.029 0—0—': 0.887(0.797 to 0.988)
Fms-related tyrosine kinase 3 ligand levels Benign neoplasm of ovary 46 0.049 -—'—i 0.910(0.829 to 1.000)
Interleukin—-13 levels Benign neoplasm of ovary 25 0.033 -—0—': 0.902(0.820 to 0.992)
Monocyte chemoattractant protein-1 levels Benign neoplasm of ovary 29 0.001 | —— 1.146(1.060 to 1.239)
C-C motif chemokine 20 levels Malignant neoplasm of ovary 33 0.026 C— : 0.778(0.623 to 0.970)
C-C motif chemokine 25 levels Malignant neoplasm of ovary 31 0.002 ey : 0.806(0.704 to 0.923)
Delta and Notch-like epidermal growth factor-related receptor levels Malignant neoplasm of ovary 28 0.040 :-—-—0 1.233(1.010 to 1.505)
Fms-related tyrosine kinase 3 ligand levels Malignant neoplasm of ovary 46 0.002 — ' 0.775(0.663 to 0.907)
Interleukin-18 levels Malignant neoplasm of ovary 31 0.034 : ———p |.220(1.015 to 1.466)
Interleukin-8 levels Malignant neoplasm of ovary 29 0.027 : ——e 1.291(1.030 to 1.618)
Monocyte chemoattractant protein-1 levels Malignant neoplasm of ovary 29 0.005 : — 1.262(1.074 to 1.483)
Neurotrophin-3 levels Malignant neoplasm of ovary 32 0.039 | —— 1 249(1.011 to 1.543)

P<0.05 was considered statistically significant
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Figure | Forest plot of MR Results for causal association of 91 circulating inflammatory proteins with ovarian-related diseases.
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0.588-0.982, P = 0.035). Additionally, elevated levels of three inflammatory proteins were associated with an increased
risk of PCOS: Interleukin-20 receptor subunit alpha (IL-20RA) (OR: 1.249, 95% CI: 1.010-1.544, P = 0.040), Monocyte
chemoattractant protein-3 (CCL7) (OR: 1.214, 95% CI: 1.022-1.441, P = 0.027), and Tumor necrosis factor ligand
superfamily member 14 (TNFSF14) (OR: 1.161, 95% CI: 1.006—1.341, P = 0.041) (Figure 1). Cochran’s Q test and MR-
Egger test results indicated no significant heterogeneity between circulating inflammatory proteins and PCOS. In the
MR-Egger regression intercept analysis, evidence of horizontal pleiotropy was found only for CCL20. The MR-PRESSO
analysis detected no significant outliers (Supplementary Table S6). In the leave-one-out analysis, the causal associations

identified for IL-7 and TNFSF14 were influenced by a specific instrumental variable, casting doubt on the robustness of
the data, leading to their exclusion (Supplementary Figure 1B). The forest plot displayed the causal effects of individual

SNPs of circulating inflammatory proteins on PCOS (Supplementary Figure 2B), while the scatter plot visually

represented the associations (Supplementary Figure 3B). The MR-Steiger analysis confirmed the correctness of the

directionality, with no evidence of reverse causality.

Effects of 91 Circulating Inflammatory Proteins on Ovarian Dysfunction

According to the results from the IVW method, elevated levels of three circulating inflammatory proteins were associated
with a reduced risk of ovarian dysfunction: Interleukin-6 (IL-6) (OR: 0.715, 95% CI: 0.574-0.889, P = 0.003), Interleukin-7
(IL-7) (OR: 0.795, 95% CI: 0.640—0.988, P = 0.038), and SIR2-like protein 2 (SIRT2) (OR: 0.791, 95% CI: 0.658-0.951,
P =0.012). Additionally, elevated levels of three inflammatory proteins were associated with an increased risk of ovarian
dysfunction: Fibroblast growth factor 5 (FGF-5) (OR: 1.095, 95% CI: 1.002—1.196, P = 0.045), Interleukin-20 receptor
subunit alpha (IL-20RA) (OR: 1.218, 95% CI: 1.017-1.458, P = 0.032), and Neurotrophin-3 (NT-3) (OR: 1.184, 95% CI:
1.014-1.383, P = 0.032) (Figure 1). Cochran’s Q test and MR-Egger test results indicated no significant heterogeneity
between circulating inflammatory proteins and ovarian dysfunction. The MR-Egger regression intercept analysis showed
no evidence of horizontal pleiotropy between circulating inflammatory proteins and ovarian dysfunction. The MR-
PRESSO analysis detected no significant outliers (Supplementary Table S6). In the leave-one-out analysis, the causal

association identified for IL-7 was found to be influenced by a specific instrumental variable, casting doubt on the
robustness of the data, leading to its exclusion (Supplementary Figure 1C). The forest plot displayed the causal effects of

individual SNPs of circulating inflammatory proteins on ovarian dysfunction (Supplementary Figure 2C), while the scatter

plot visually represented the associations (Supplementary Figure 3C). The MR-Steiger analysis confirmed the correctness

of the directionality, with no evidence of reverse causality.

Effects of 91 Circulating Inflammatory Proteins on Primary Ovarian Failure

Based on the results from the IVW method, elevated levels of one circulating inflammatory protein were associated with
a reduced risk of primary ovarian failure: T-cell surface glycoprotein CD6 isoform (CD6) (OR: 0.796, 95% CI:
0.643-0.984, P = 0.035). Additionally, elevated levels of one circulating inflammatory protein were associated with an
increased risk of primary ovarian failure: Interleukin-33 (IL-33) (OR: 1.569, 95% CI: 1.088-2.261, P =0.016) (Figure 1).
Cochran’s Q test and MR-Egger test results indicated no significant heterogeneity between circulating inflammatory
proteins and primary ovarian failure. The MR-Egger regression intercept analysis showed no evidence of horizontal
pleiotropy between circulating inflammatory proteins and primary ovarian failure. The MR-PRESSO analysis detected no
significant outliers (Supplementary Table S6). In the leave-one-out analysis, the causal association identified for CD6 was

found to be influenced by a specific instrumental variable, casting doubt on the robustness of the data, leading to its
exclusion (Supplementary Figure 1D). The forest plot displayed the causal effects of individual SNPs of circulating

inflammatory proteins on primary ovarian failure (Supplementary Figure 2D), while the scatter plot visually represented

the associations (Supplementary Figure 3D). The MR-Steiger analysis confirmed the correctness of the directionality,

with no evidence of reverse causality.

Effects of 91 Circulating Inflammatory Proteins on Benign Neoplasm of Ovary
According to the results from the IVW method, elevated levels of three circulating inflammatory proteins were associated
with a reduced risk of benign ovarian neoplasm: C-C motif chemokine 28 (CCL28) (OR: 0.887, 95% CI: 0.797-0.988,
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P =0.029), Fms-related tyrosine kinase 3 ligand (FIt3L) (OR: 0.910, 95% CI: 0.829—1.000, P = 0.049), and Interleukin-
13 (IL-13) (OR: 0.902, 95% CI: 0.820-0.992, P = 0.033). Additionally, elevated levels of three inflammatory proteins
were associated with an increased risk of benign ovarian neoplasm: Adenosine Deaminase (ADA) (OR: 1.100, 95% CI:
1.027-1.178, P = 0.006), C-C motif chemokine 23 (CCL23) (OR: 1.086, 95% CI: 1.005-1.174, P = 0.037), and
Monocyte chemoattractant protein-1 (CCL2) (OR: 1.146, 95% CI: 1.060-1.239, P = 0.001) (Figure 1). Cochran’s
Q test and MR-Egger test results indicated heterogeneity for FIt3L. Although the Inverse Variance Weighted (multi-
plicative random effects) analysis showed significant results, it did not pass the MR-PRESSO test. No heterogeneity or
evidence of horizontal pleiotropy was found for the remaining circulating inflammatory proteins. The MR-PRESSO
analysis detected no significant outliers (Supplementary Table S6). The leave-one-out analysis confirmed the robustness

of the results (Supplementary Figure 1E). The forest plot displayed the causal effects of individual SNPs of circulating

inflammatory proteins on benign ovarian neoplasm (Supplementary Figure 2E), while the scatter plot visually represented

the associations (Supplementary Figure 3E). The MR-Steiger analysis confirmed the correctness of the directionality,

with no evidence of reverse causality.

Effects of 91 Circulating Inflammatory Proteins on Malignant Neoplasm of Ovary

According to the results from the [IVW method, elevated levels of three circulating inflammatory proteins were associated
with a reduced risk of malignant ovarian neoplasm: C-C motif chemokine 20 (CCL20) (OR: 0.778, 95% CI:
0.623-0.970, P = 0.026), C-C motif chemokine 25 (CCL25) (OR: 0.806, 95% CI: 0.704-0.923, P = 0.002), and Fms-
related tyrosine kinase 3 ligand (FIt3L) (OR: 0.775, 95% CI: 0.663-0.907, P = 0.002). Additionally, elevated levels of
five circulating inflammatory proteins were associated with an increased risk of malignant ovarian neoplasm: Delta and
Notch-like epidermal growth factor-related receptor (DNER) (OR: 1.233, 95% CI: 1.010-1.505, P = 0.040), Interleukin-
18 (IL-18) (OR: 1.220, 95% CI: 1.015-1.466, P = 0.034), Interleukin-8 (IL-8) (OR: 1.291, 95% CI: 1.030-1.618, P =
0.027), Monocyte chemoattractant protein-1 (CCL2) (OR: 1.262, 95% CI: 1.074-1.483, P = 0.005), and Neurotrophin-3
(NT-3) (OR: 1.249, 95% CI: 1.011-1.543, P = 0.039) (Figure 1). Cochran’s Q test and MR-Egger test results indicated no
significant heterogeneity between circulating inflammatory proteins and malignant ovarian neoplasm. The MR-Egger
regression intercept analysis showed no evidence of horizontal pleiotropy. The MR-PRESSO analysis detected no
significant outliers (Supplementary Table S6). The leave-one-out analysis confirmed the robustness of the results

(Supplementary Figure 1F). The forest plot displayed the causal effects of individual SNPs of circulating inflammatory

proteins on malignant ovarian neoplasm (Supplementary Figure 2F), while the scatter plot visually represented the

associations (Supplementary Figure 3F). The MR-Steiger analysis confirmed the correctness of the directionality, with no

evidence of reverse causality.

Reverse Mendelian Randomization Results

A reverse MR analysis was conducted with six ovarian-related diseases as exposure factors and 91 circulating
inflammatory proteins as outcome variables. According to the results from the IVW method, no causal relationships
were found between primary ovarian insufficiency, ovarian malignancy, and circulating inflammatory proteins. Ovarian
cysts were positively causally associated with Neurotrophin-3 (NT-3) (OR: 1.155, 95% CI: 1.050-1.270, P = 0.003).
Polycystic ovary syndrome (PCOS) was positively causally associated with Interleukin-17C (IL-17C) (OR: 1.067, 95%
CI: 1.019-1.118, P = 0.006), Natural killer cell receptor 2B4 (CD244) (OR: 1.044, 95% CI: 1.002—1.087, P = 0.039), and
TNF-beta (TNFB) (OR: 1.067, 95% CI: 1.018-1.118, P = 0.007). Ovarian dysfunction was positively causally associated
with C-C motif chemokine 23 (CCL23) (OR: 1.081, 95% CI: 1.003—1.164, P = 0.040). Benign ovarian tumors were
positively causally associated with Fibroblast growth factor 19 (FGF-19) (OR: 1.113, 95% CI: 1.011-1.225, P = 0.029)
and Interleukin-12 subunit beta (IL-12B) (OR: 1.115, 95% CI: 1.014-1.227, P = 0.025), and negatively causally
associated with Fibroblast growth factor 5 (FGF-5) (OR: 0.894, 95% CI: 0.806-0.992, P = 0.034), Interleukin-20
receptor subunit alpha (IL-20RA) (OR: 0.879, 95% CI: 0.784-0.987, P = 0.029), and Neurotrophin-3 (NT-3) (OR:
0.909, 95% CI: 0.827-0.999, P = 0.048) (Figure 2). Sensitivity analyses indicated that the p-values for both Cochran’s
Q test and MR-Egger intercept test were greater than 0.05, suggesting no heterogeneity or horizontal pleiotropy
(Supplementary Table S7). In the leave-one-out analysis, the causal associations identified for CCL23, IL-12B, and
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Exposure Outcome nSNPs P-value OR(95%Cl)

Ovarian cyst Neurotrophin-3 levels 14 0.003 N —— 1.155(1.050 to 1.270)
Polycystic ovarian syndrome  Interleukin-17C levels 8 0.006 : —— 1.067(1.019 to 1.118)
Polycystic ovarian syndrome  Natural killer cell receptor 2B4 levels 8 0.039 :—0—0 1.044(1.002 to 1.087)
Polycystic ovarian syndrome  TNF-beta levels 8 0.007 ! ——t 1.067(1.018 to 1.118)
Ovarian dysfunction C-C motif chemokine 23 levels 3 0.040 ;—0—‘ 1.081(1.003 to 1.164)
Benign neoplasm of ovary Fibroblast growth factor 19 levels 6 0.029 :'—0—- 1.113(1.011 to 1.225)
Benign neoplasm of ovary Fibroblast growth factor 5 levels 6 0.034 —0—: 0.894(0.806 to 0.992)
Benign neoplasm of ovary Interleukin—12 subunit beta levels 6 0.025 1 ————y 1.115(1.014 to 1.227)
Benign neoplasm of ovary Interleukin—20 receptor subunit alpha levels 5 0.029 c—o—c: 0.879(0.784 to 0.987)
Benign neoplasm of ovary Neurotrophin-3 levels 6 0.048 °—0—i 0.909(0.827 to 0.999)

P<0.05 was considered statistically significant 0'_3 0_‘9 1' 1f1 1!2 1!3

protective factor risk factor

Figure 2 Forest plot of MR Results for causal association of ovarian-related diseases with 91 circulating inflammatory proteins.

IL-20RA may be influenced by a specific instrumental variable (IV), casting doubt on the robustness of the data;
therefore, they were excluded (Supplementary Figure 4A-D). The forest plots and scatter plots of the results are shown in

Supplementary Figure 4E-L.

Discussion

In this study, we utilized a large amount of publicly available genetic data and employed a MR study design to assess the
causal associations between 91 circulating inflammatory proteins and six ovarian-related diseases at the genetic level.
The forward MR analysis revealed that 11 circulating inflammatory proteins were negatively associated with ovarian-
related diseases, while 16 circulating inflammatory proteins were positively associated with ovarian-related diseases. The
reverse MR analysis further indicated that ovarian-related diseases had positive causal relationships with five circulating
inflammatory proteins and negative causal relationships with two circulating inflammatory proteins.

Ovarian malignant tumors are classified into several types, including epithelial, germ cell, sex cord-stromal, and
metastatic tumors. OC is the third most common malignancy of the female reproductive system and has the highest
mortality rate among gynecological cancers, posing a significant threat to women’s health.”> Inflammation plays a crucial
role in the onset and progression of most cancers.”® Studies have shown that the pro-inflammatory cytokine IL-8 can
promote the migration of OC cells in vitro, initiate the epithelial-mesenchymal transition (EMT), and activate the Wnt/p-
catenin signaling pathway.?’ Additionally, compared to healthy controls, the concentrations of IL-8 and its antibody in
the serum of OC patients are significantly elevated.”® The levels of the pro-inflammatory cytokine IL-18 are also
significantly increased in the tumor tissues and serum of OC patients.”’ Relevant studies have shown that exogenous
CCL2 not only enhances the invasion and adhesion capabilities of ovarian cancer (OC) cells but also promotes cell
proliferation by activating the MAPK/ERK signaling pathway and regulating the expression of JUN, RELB, and NF-
«B2.3%3! Recombinant CCL2, by downregulating the expression of TNFSF15, can promote tumor angiogenesis and
accelerate the progression of OC.>? In the survival analysis of EOC, the addition of the biomarker NT-3 improves the

prediction of overall survival.*®

Conversely, certain inflammatory proteins can exert anti-cancer effects by enhancing
immune responses. CCL20 can induce monocyte migration in vitro and, in vivo, recruit tumor-associated macrophages
through interaction with its receptor CCR6.>*** Furthermore, CCL20 can also recruit dendritic cells, thereby enhancing
the immune system’s anti-cancer response.’® Similarly, FLT3L exerts an immunostimulatory effect on peripheral
monocyte-derived dendritic cells and natural killer cells. Targeting mature peripheral blood cells with FLT3L could
serve as a promising tool for cancer immunotherapy.>” Gene therapies based on FIt3L-related mechanisms have already
advanced to the human clinical trial phase.*® Our study also identified a correlation between CCL25 and ovarian
malignancies. Previous research has shown that both CCL25 and its receptor CCRY are highly expressed in OC
tissues.”” The interaction between CCL25 and CCR9 not only facilitates the migration and invasion of OC cells but
also plays a crucial role in cisplatin resistance.***' These findings suggest that the role of inflammatory proteins is not

exclusively anti-cancer or pro-cancer but rather results from a complex interplay of multiple factors. Inflammatory-
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related proteins are pivotal in the initiation and progression of OC. Given these observations, we propose that these
proteins hold potential as biomarkers for early diagnosis and prognosis evaluation, and may serve as molecular targets for
therapeutic interventions, offering new directions for future research in ovarian malignancies.

PCOS is a prevalent endocrine and metabolic disorder. Diagnosis is confirmed when two of the following three
criteria are met: oligo-ovulation or anovulation, clinical or biochemical signs of hyperandrogenism, and polycystic
ovarian morphology.*> CCL7, also known as monocyte chemoattractant protein-3, primarily attracts monocytes and
neutrophils, playing a pivotal role in various inflammatory processes. Recent studies have shown that elevated levels of
CCL7 are associated with the severity of metabolic dysfunction in PCOS.** Moreover, CCL7 may exacerbate ovarian
inflammation by recruiting inflammatory cells, potentially impairing ovarian function and disrupting hormonal balance.**
Our findings align with existing research and underscore the significant role of increased CCL7 levels in the inflamma-
tory and metabolic features of PCOS. Additionally, our study identified a correlation between IL-6 and PCOS. IL-6
contributes to androgen excess and granulosa cell apoptosis in the ovaries, mediated by SFRP4, and interferes with
insulin signaling, thereby promoting the development of PCOS induced by insulin resistance.*> Furthermore, excessive
production of IL-6 may stimulate ovarian androgen synthesis, leading to irregular menstruation and ovulatory
dysfunction.*® However, the relationship between IL-6 levels and PCOS remains incompletely understood.*” Meta-
analysis suggests that elevated IL-6 levels are not an inherent characteristic of PCOS but may serve as an effective
biomarker for monitoring treatment response in PCOS.*® The association between PCOS and chronic inflammation has
been extensively studied. PCOS often leads to various health complications linked to adipose tissue accumulation,
including obesity, insulin resistance, metabolic syndrome, and type 2 diabetes. In turn, obesity and hyperinsulinemia
further exacerbate the chronic inflammatory state.*’ Studies have demonstrated that IL-17C is closely associated with
neutrophil-mediated inflammation,”® TNFB polymorphisms are linked to inflammation and immune regulatory
responses,’’ and CD244 modulates immune responses in NK cells, CD8+ T cells, and other immune cells by providing
either stimulatory or inhibitory signals.’> These molecules may play a crucial role in the chronic inflammation observed
in PCOS. Consequently, inflammation-related proteins have significant clinical implications in PCOS, serving not only as
biomarkers for disease monitoring but also as potential therapeutic targets. Targeting these inflammation-related proteins
with monoclonal antibodies or other inhibitors may effectively reduce inflammation in PCOS patients, thereby improving
metabolic function and advancing therapeutic strategies for PCOS management.

In clinical practice, ovarian benign tumors and ovarian cysts are relatively common. Ovarian benign tumors are
classified based on their tissue origin and pathological characteristics, including epithelial tumors, germ cell tumors, and
sex cord-stromal tumors. Broadly speaking, ovarian cysts can also be categorized as a type of ovarian benign tumor. The
pathogenesis of these conditions remains incompletely understood. Research has demonstrated that angiogenesis plays
a key role in various pathological processes in the ovaries, including the formation of follicular cysts, PCOS, ovarian
hyperstimulation syndrome, and both benign and malignant ovarian tumors.>* CCL23 induces endothelial cell migration by
activating CCR1 on endothelial cells, thereby promoting angiogenesis.”* Additionally, CCL2-induced angiogenesis is
closely linked to macrophage recruitment.” Hormones are critical in the progression of ovarian-related diseases. ADA
regulates adenosine levels by converting adenosine to inosine, and extracellular adenosine enhances the stimulatory effects
of gonadotropins on granulosa and luteal cells.’®>” Furthermore, we hypothesize that activation of the inflammatory
response may reduce the risk of ovarian-related tumors. IL-13 can alleviate insulin resistance by promoting the differentia-
tion of anti-inflammatory macrophages in adipose tissue.”® CCL28 is a chemokine that is crucial for normal mucosal
immune function.*® It can bind to two receptors: CCR3 and CCR10.%® CCL28 drives the migration of T cells and B cells
expressing CCR10 to mucosal tissues and guides the migration of eosinophils expressing CCR3.°*®! In reverse MR
analysis, we also identified causal relationships between certain inflammatory proteins and ovarian benign tumors.

Inflammation plays a crucial physiological role in folliculogenesis and ovulation, and excessive activation of the
inflammatory response may impact the formation of ovarian cysts.> CD6 is a multifunctional lymphocyte receptor that
can either positively or negatively regulate lymphocyte (T, Bla, NK) function, depending on the intracellular signaling
environment, and is associated with various inflammatory diseases.®® IL-6 is a pleiotropic pro-inflammatory cytokine,
and its dysregulation is linked to chronic inflammation and multifactorial autoimmune diseases.* In contrast, we
hypothesize that a balanced inflammatory response may reduce the risk of its occurrence. CCL4 is a pro-inflammatory
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chemokine that, in conjunction with CCL3, induces the aggregation of dendritic cells, neutrophils, monocytes, macro-
phages, natural killer (NK) cells, and T cells at the site of inflammation.®® In various mucosal infection models, IL-17C
plays a critical role in enhancing the innate immune function of epithelial cells.®® Furthermore, studies have shown that
anti-PD-L1 therapy results in significant depletion of primordial/primary ovarian follicles.®’ In reverse MR analysis,
a correlation between ovarian cysts and NT-3 was identified. During follicular development, NT-3 promotes the transition
from primordial follicles to primary follicles by upregulating several target genes associated with cytoskeletal and plasma
membrane formation.®® Our study elucidates the potential mechanisms of various inflammatory proteins in ovarian
benign tumors and ovarian cysts, providing a theoretical foundation for the development of novel diagnostic biomarkers.
Future research will further explore the potential clinical diagnostic applications of these molecules.

In this study, we explored the relationship between two ovarian dysfunction diseases and circulating inflammatory
proteins. Primary ovarian failure represents the final stage of ovarian insufficiency, typically affecting women under the
age of 40 who experience amenorrhea, hypergonadotropic hypogonadism, and infertility.*” Our study found that IL-33
increases the risk of primary ovarian failure. IL-33 is a pro-inflammatory cytokine belonging to the IL-1 family. Research
has shown that, with the development of early-onset ovarian insufficiency, IL-33 levels in follicular fluid (but not in
serum) progressively increase.’® Supplementation with recombinant IL-33 exacerbates ovarian dysfunction by promoting
tissue inflammation and fibrosis.*>”" High levels of IL-33 also enhance the invasiveness of human ovarian endometriosis
stromal cells via the ST2/MAPK/MMP-9 signaling pathway, ultimately leading to ovarian dysfunction and the progres-
sion of endometriosis.”* The ovarian dysfunction discussed in this study encompasses various diseases, including PCOS
and primary ovarian failure, but the research is not focused on a specific disease and should thus be considered as
a general reference. Signal transduction of multiple molecules, including NT-3, plays a crucial role in regulating ovarian
function, including follicle assembly, activation of primordial follicles, follicular growth and development, oocyte
maturation, steroidogenesis, ovulation, and luteal formation.”® Therefore, dysregulation of the NT system may negatively
impact ovarian function. In vitro studies on ovarian cells and fibroblast growth factors found no significant mitogenic
effect of FGF-5 on granulosa and theca cells.”* Additionally, some studies have indicated that SIRT2 can influence
apoptosis, proliferation, and secretion in ovarian granulosa cells. Knockdown of Sirt2 increases mitochondrial autophagy
levels and decreases oocyte maturation rates.”> Inflammatory proteins play a critical regulatory role in ovarian develop-
ment, and further research on these proteins will aid in better understanding the pathophysiological mechanisms
underlying ovarian dysfunction, providing important theoretical support for early diagnosis and timely treatment.

Building on large-scale genomic studies already published, our research employed the MR method to explore the causal
relationship between circulating inflammatory proteins and ovarian-related diseases. Through comprehensive sensitivity
analyses, we ensured the reliability and stability of our findings. However, there are several limitations to our study. First, all
exposure factors and outcome-related GWAS data used were derived from participants of European ancestry. Consequently,
the conclusions of our study are limited by ethnic background and cannot be directly generalized to non-European
populations. Second, despite the focus on European ancestry participants, residual confounding effects due to population
stratification cannot be entirely excluded. Third, since the precise functions of most SNPs remain poorly understood,
residual pleiotropic effects may still be present. Fourth, GWAS data from different institutions could introduce selection
bias. Furthermore, because MR studies rely on summary-level data, they inherently exhibit a cross-sectional nature. As
a result, while the study may suggest potential causal relationships, there are inherent limitations in inferring the temporal
direction of these relationships, as the timing and sequence of events cannot be fully captured. Given these limitations, we
encourage researchers worldwide to consider our preliminary findings and build upon them in future studies.

Conclusion

In summary, through comprehensive MR analysis, we identified the complex causal relationships at the genetic level
between 91 circulating inflammatory proteins and 6 ovarian-related diseases. The forward MR analysis revealed that 27
circulating inflammatory proteins were associated with ovarian-related diseases. In contrast, the reverse MR analysis
showed that ovarian-related diseases were causally linked to 7 circulating inflammatory proteins. These findings suggest
that inflammatory proteins may play a significant role in the onset and progression of ovarian-related diseases through
mechanisms such as regulating immune responses, influencing hormone metabolism, or participating in other biological
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processes. Our results not only provide potential biomarkers and therapeutic targets for the clinical prevention and
treatment of ovarian-related diseases but also open new avenues for exploring the molecular mechanisms linking
inflammatory proteins and ovarian function.

Abbreviations

MR, Mendelian randomization; PCOS, Polycystic ovary syndrome; IVW, Inverse Variance Weighted; OC, Ovarian
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