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Background: Endometriosis and its associated gynecological diseases such as female infertility and primary ovarian failure (POF),
impose a long-term disease burden on women. This study aims to explore the causal relationships between these conditions through
a two-sample bidirectional Mendelian randomization (MR) study.

Methods: We utilized large-scale GWAS data and conducted bidirectional MR analyses using methods such as Inverse Variance
Weighted (IVW) and MR-Egger to assess the causal relationships between endometriosis and female infertility, POF, amenorrhoea,
and oligomenorrhoea.

Results: MR analysis revealed significant causal relationships between endometriosis and female infertility (OR=1.430, 95% CI
1.306-1.567, P<0.01) as well as POF (OR=1.348, 95% CI 1.050-1.731, P=0.019). Reverse MR analysis indicated causal relationships
between amenorrhoea (OR=1.076, 95% CI 1.009-1.148, P=0.026) and female infertility (OR=1.340, 95% CI 1.092-1.645, P<0.01)
with endometriosis. Sensitivity analyses confirmed the robustness of these findings (heterogeneity: Q pval>0.05, pleiotropy:
pval>0.05).

Conclusion: This study suggested that managing endometriosis may help prevent conditions such as female infertility and POF, and
vice versa. Future research is needed to confirm these findings in more diverse populations.

Keywords: Endometriosis, primary ovarian failure, female infertility, bidirectional Mendelian randomization, two-sample Mendelian
randomization, IVW analysis, sensitivity analysis

Introduction

Endometriosis is a highly heterogeneous chronic inflammatory disease affecting approximately 10% of women of
reproductive age worldwide.! The prevalence of endometriosis is about 6-10% in Western countries, whereas in Asian
countries, this proportion may be higher, with some studies reporting up to 15%.>> This disease commonly affects
women aged 30 to 40 years but can also be found in adolescents and postmenopausal women.* Additionally, the
prevalence of endometriosis is as high as 20-50% among women undergoing infertility treatment and 30-70% among
those experiencing chronic pelvic pain.” Endometriosis significantly impacts patients’ quality of life and increases
healthcare costs, leading to substantial economic and social burdens.

Endometriosis involves the implantation and growth of ectopic endometrial-like tissue, causing local chronic
inflammation and fibrosis.® Imbalanced hormone levels, low BMI, and retrograde menstruation are considered risk
factors for endometriosis.” The pathogenesis of endometriosis involves multiple complex biological processes, including
cell proliferation, inflammatory response, immune evasion, and angiogenesis, and is typically associated with high
estrogen levels.®

International Journal of Women’s Health 2024:16 2143-2155 2143
Received: 23 July 2024 © 2024 Guo et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work

Accepted: 26 November 2024
Published: 9 December 2024

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Guo et al Dove

As a multi-systemic disease, the chronic inflammatory response and immune dysregulation caused by endometriosis
may increase the risk of other gynecological diseases in patients with endometriosis.” For example, chronic inflammation
may promote adenomyosis and uterine fibroids, while immune system abnormalities may increase the risk of ovarian
cancer.'™'" Among common gynecological diseases, polycystic ovary syndrome (PCOS) is a prevalent endocrine and
metabolic disorder characterized by chronic anovulation and hyperandrogenemia.'> PCOS not only causes menstrual
irregularities and infertility but also increases the risk of metabolic syndrome, type 2 diabetes, and cardiovascular
diseases.'® Studies have found that metabolic disorders caused by PCOS and exposure to high estrogen levels can lead to
endometrial hyperplasia, with a higher incidence of endometriosis in PCOS patients.'* However, despite the known
associations between PCOS and endometriosis, the causal mechanisms linking these two conditions remain unclear.
Investigating this causal relationship is critical for understanding the interplay between metabolic and reproductive health
in women.

Primary ovarian failure (POF) refers to the state of ovarian insufficiency before the age of 40. POF patients face
increased risks of osteoporosis and cardiovascular diseases due to early estrogen deficiency.'> Research shows that the
common etiologies of POF and endometriosis may include genetic susceptibility and immune system abnormalities.'®'’
Despite these known associations, there is a significant research gap in understanding whether POF may causally
influence endometriosis risk, or vice versa. Exploring the potential bidirectional causal relationships between endome-
triosis and POF could offer new insights into the shared pathophysiological mechanisms, particularly concerning
premature ovarian aging and inflammation.

Amenorrhoea and oligomenorrhoea are menstrual disorders that share overlapping pathological mechanisms with
endometriosis, such as inflammation and tissue fibrosis affecting the normal function of the endometrium."® Additionally,
endometriosis is a significant cause of female infertility, potentially interfering with fertility through mechanisms such as
pelvic adhesions, impaired ovarian function, and altered uterine environment.'” Female infertility severely impacts
women’s quality of life and mental health, often leading to anxiety and depression.*

Despite numerous observational studies revealing potential associations between endometriosis and various gyneco-
logical diseases, the causality remains uncertain due to methodological limitations such as confounding factors and
reverse causation.”’ Furthermore, few studies have comprehensively explored the bidirectional causal relationships
between endometriosis and specific gynecological diseases like PCOS and POF. This gap in the literature highlights
the need for rigorous methods to disentangle these complex relationships and better understand how managing one
condition might influence the progression of the other.

To address these issues, the Mendelian Randomization (MR) method has been introduced. MR utilizes genetic
variations as instrumental variables, leveraging the random allocation of genes to control for confounding factors and
reverse causation, thereby providing a more accurate assessment of causal relationships between diseases.”> Previous
studies employing MR have already elucidated causal relationships between endometriosis and certain health issues. For
instance, one study using MR analysis found a causal association between endometriosis and low bone density.”> Another
study revealed a causal relationship between endometriosis and depression using MR.>* These findings not only
demonstrate the efficacy of MR in uncovering causal relationships related to endometriosis but also lay the theoretical
foundation for further research.

Compared to traditional observational studies, MR studies offer significant advantages. Firstly, genetic variations are
randomly allocated at conception, and their distribution is not influenced by environmental factors or individual
behaviors, helping to reduce confounding bias.*> Secondly, using genetic variations as instrumental variables effectively
prevents reverse causation, allowing for a more accurate evaluation of causal relationships.?® Therefore, MR is
considered a powerful tool for validating causal relationships between diseases.

This study aims to investigate the causal relationships between endometriosis and gynecological diseases through
a two-sample bidirectional MR approach. The objective is to verify whether endometriosis is a causative factor for other
gynecological diseases and to explore whether other gynecological diseases increase the risk of endometriosis. By
conducting this research, we hope to address the current research gaps and provide new scientific evidence for the
prevention and treatment of these diseases, ultimately reducing the disease burden on patients and improving their quality
of life.
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Materials and Methods

Study Design

This study employed a two-sample bidirectional MR design to investigate the causal relationships between endometriosis
and the risks of other gynecological diseases (Figure 1). The study data were sourced from publicly available large-scale
genome-wide association studies (GWAS) databases, covering more than 500,000 individuals of European ancestry. Data
collection for the GWAS studies occurred between January 1998 and December 2019, and our MR analysis was
performed between January 2024 and March 2024.

MR analysis is based on three key assumptions: 1) The single nucleotide polymorphisms (SNPs) are strongly
associated with the exposure factors; 2) The SNPs are independent of confounding factors; 3) The SNPs affect the
outcome only through the exposure factors. SNPs associated with endometriosis and other gynecological diseases were
used as instrumental variables. These gynecological diseases, such as PCOS, POF, and amenorrhoea, have known genetic
components that contribute to their pathogenesis, making them suitable for GWAS-based MR analysis. After screening,
SNPs that met these three core assumptions were included in the MR analysis.

The two-sample bidirectional MR analysis was conducted in two steps to assess the potential bidirectional causal
relationships. In the first step, endometriosis was treated as the exposure, and we analyzed its potential causal effect on
gynecological diseases (female infertility, POF, and amenorrhoea), using methods such as inverse variance weighted
(IVW), weighted median, and MR-Egger to strengthen the validity and robustness of the findings. In the second step, the
roles were reversed, and we examined whether gynecological diseases increase the risk of developing endometriosis.>’
Similar to Step 1, we used IVW, weighted median, and MR-Egger methods to explore these relationships.

Bidirectional MR analysis was chosen because it addresses the limitation of traditional one-directional approaches,
which might miss important reverse causal relationships. Given the complex interplay between endometriosis and other
conditions, this approach ensures that both potential pathways are considered, offering a fuller picture of the underlying
biological mechanisms.

To ensure the robustness of our findings, sensitivity analyses, including Cochran’s Q test, MR-PRESSO, and leave-
one-out methods, were conducted to assess heterogeneity and pleiotropy (Figure 2). This study aims to reveal the
potential causal relationships between endometriosis and other gynecological diseases, providing a theoretical foundation

for the prevention and treatment of these related conditions.
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Figure | Diagram of causal relationships between endometriosis and gynecological diseases.
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Figure 2 Research design.

Data Sources
The data for this study were sourced from GWAS databases, primarily the GWAS catalog (https://gwas.mrcieu.ac.uk/).
Endometriosis-related data covered 77,257 samples and included a total of 16,377,306 SNPs. The gynecological diseases

included in this study are PCOS, POF, amenorrhoea, oligomenorrhoea, and female infertility. Detailed sources and data
are provided in Table 1. This study predominantly used data from individuals of European ancestry, which may limit the
generalizability of the results to other populations. Future studies involving diverse cohorts are required to validate these
findings across different ethnic groups.

All data used in this study were sourced from publicly available databases, where prior ethical approval and informed
consent were secured in the original studies. In accordance with Article 16 of the Measures for the Ethical Review of Life
Sciences and Medical Research Involving Humans in China, which allows exemption from ethical review for research
based on legally obtained public or anonymized data, no further ethical approval was required for this study.

Selection of Instrumental Variables
In this study, the selection of instrumental variables was conducted strictly according to the standards of MR studies.
First, SNPs associated with endometriosis and gynecological diseases were selected from the GWAS database.”® To
ensure that the selected SNPs had a strong and reliable association with the exposure variables, we applied a stringent
p-value threshold of 5e-08. This threshold is commonly used in MR studies to minimize the inclusion of weak genetic
associations. In cases where no instrumental SNPs met this strict threshold, the p-value was relaxed to 5e-6 to allow for
the selection of sufficient instrumental variables while maintaining a reasonable confidence level in the genetic
associations.

To ensure that the selected SNPs were independent and not in linkage disequilibrium (LD), we applied a criterion of
2 < 0.001. These ensures that the SNPs are not correlated with each other, which could otherwise introduce bias into the
MR analysis. Specifically, SNPs within a 1000 kb window that exhibited an r* value higher than this threshold were
excluded from the analysis. This process helps maintain the assumption that the SNPs affect the outcome only through
the exposure, reducing the risk of confounding.

Table | Detailed Sources and Data of SNPs Related to Gynecological Diseases

GWAS ID Exposure Sample Size | Number of SNPs | Population
finn-b-E4_POCS PCOS 118,870 16,379,676 European
finn-b-E4_ OVARFAIL POF 118,482 16,379,677 European
finn-b-N14_AMENORRHEAPRIM | Amenorrhoea 70,180 16,376,394 European
finn-b-N14_OLIGOMEN Oligomenorrhoea | 69,575 16,376,207 European
finn-b-N 14_FEMALEINFERT Female infertility 75,450 16,377,038 European
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Additionally, the F-statistic was calculated for each instrumental variable to assess the strength of the association
between the SNPs and the exposure. An F-value greater than 10 generally was used as the threshold for strong
instruments, as values below this level could indicate weak instruments, which may lead to biased and unreliable causal
estimates. By ensuring that all selected SNPs met this F-statistic threshold, we minimized the risk of weak instrument
bias in our MR analysis.

MR Analysis

In this study, MR analysis was conducted using the TwoSampleMR version 0.5.7 package in R to evaluate the causal
effects of endometriosis on other gynecological diseases. The primary methods used include IVW, weighted median,
MR-Egger, and Wald ratio, considering multiple statistical models to ensure the robustness and reliability of the study
results.”” IVW was the main method used to determine the causal relationship between exposure and outcome, with other
methods providing supplementary information. A causal relationship was confirmed if the beta direction of IVW,
weighted median, and MR-Egger were consistent (all greater than O or all less than 0), and at least the p-value of
IVW was less than 0.05.

IVW calculates a weighted average of the effects of multiple genetic variants based on the inverse of their variances,
assuming all instrumental variables are valid and free from horizontal pleiotropy. However, IVW is sensitive to
pleiotropy, which may bias the results, necessitating sensitivity analyses of the MR results.

Using these three methods together enhances the reliability and robustness of causal inference. When the results are
consistent across these methods, the credibility of the causal relationship is enhanced. If the results are inconsistent,
further investigation into potential pleiotropy or instrumental variable selection issues is required to ensure the accuracy
and reliability of the study findings.

The Wald ratio method was applied in cases where a single SNP served as an instrumental variable, estimating causal
effects by calculating the effect ratio of the exposure on the outcome divided by the effect of the exposure on the SNP.
Although simple and suitable for single instrumental variables, this method cannot be applied when multiple SNPs are
used and may rely heavily on the available data.

Sensitivity Analysis
To ensure the robustness and reliability of the MR analysis results, comprehensive sensitivity analyses were conducted in
this study.*®

First, heterogeneity was assessed using Cochran’s Q test. A O test result with p > 0.05 indicated no heterogeneity
among the genetic instruments, suggesting that the instruments were consistent in their estimation of the causal effect.
In cases of heterogeneity (p < 0.05), we employed the IVW random-effects model or weighted median method for
more robust estimates. When heterogeneity was present, results from the weighted median or IVW random-effects
model were used; when heterogeneity was absent, the standard IVW random-effects model was used to produce the
causal estimates.

Second, the presence of pleiotropy was assessed using the MR-PRESSO test. This method was used to detect
horizontal pleiotropy by identifying and excluding outliers that could bias the causal estimates. After removing outliers,
the analysis was rerun to evaluate whether pleiotropy persisted. A pleiotropy test result with p > 0.05 indicated no
pleiotropy. If pleiotropy remained unresolved, the results were interpreted with caution, and adjustments were made
where necessary.

Third, the leave-one-out method was used to iteratively exclude each instrumental variable, calculate the meta-effect
of the remaining instrumental variables, and observe the impact on the results. This allowed us to assess the influence of
each SNPs on the overall findings. If excluding a specific SNP significantly changed the results, it was excluded from the
analysis.

When results from MR-Egger and IVW were inconsistent, MR-Egger was given more weight, as it accounts for
directional pleiotropy. A non-zero MR-Egger intercept suggested pleiotropy, and adjustments were made accordingly. In
such cases, we highlighted the need for cautious interpretation.
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Overall, these sensitivity analyses confirmed the robustness and reliability of the causal estimates, showing consis-
tency across methods and indicating that pleiotropy or heterogeneity was unlikely to drive the observed causal
relationships.

Results
Causal Relationship Analysis of SNPs Related to Gynecological Diseases

MR analysis was conducted with endometriosis as the exposure and gynecological diseases as the outcomes. After
screening, a total of 11 SNPs associated with endometriosis were included, all of which were strongly associated with
endometriosis as the exposure (F > 10). The IVW method estimated potential causal relationships between endometriosis
and female infertility (OR=1.430, 95% CI 1.306-1.567, P<0.01) and POF (OR=1.348, 95% CI 1.050-1.731, P=0.019)
(Figure 3). The trends detected by MR-Egger, IVW, and weighted median methods were consistent, showing that as
endometriosis increases, the risks of female infertility (Figure 4) and POF (Figure 5) also increase. Clinically, these
findings suggest that early diagnosis and proactive management of endometriosis could play a critical role in preserving

Outcome Exposure Method OR(95%Cl) Pval nSNP
Amenorrhoea Endometriosis MR Egger 0.805(0.375-1.732) 0.593 11
Weighted median 0.968 (0.748 - 1.251) 0.802
Inverse variance weighted (multiplicative random effects) 1.028 (0.806 - 1.31) 0.825
Female infertility Endometriosis MR Egger 1.186 (0.91 - 1.545) 0.239 1
Weighted median 1.445 (1.283 - 1.628) <0.01*
Inverse variance weighted (multiplicative random effects) 1.43 (1.306 - 1.567 ) <0.01*
Oligomenorrhoea Endometriosis MR Egger 0.708 (0.32 - 1.564) 0.415 11
Weighted median 1.126 (0.789 - 1.607 ) 0.513
Inverse variance weighted (multiplicative random effects) 1.073 (0.868 - 1.325 ) 0.515
PCOS Endometriosis MR Egger 0.432(0.2-0.934) 0.062 1
Weighted median 1.041 (0.731 - 1.483) 0.825
Inverse variance weighted (multiplicative random effects) 0.979(0.774 - 1.239) 0.863
POF Endometriosis MR Egger 1.488 (0.44 -5.03) 0.539 1
Weighted median 1.656 (0.995 - 2.756 ) 0.052
Inverse variance weighted (multiplicative random effects) 1.348 (1.06-1.731) 0.019*

Figure 3 Forest plot of the results from two-sample Mendelian randomization (MR) analysis of endometriosis and gynecological diseases. Each row represents different
outcomes or exposures, indicating the strength and direction of the associations. The red diamonds represent the OR, and the horizontal lines represent the 95% Cl. The
far-right column notes the number of single nucleotide polymorphisms (SNPs) used in each analysis. P < 0.05 is denoted by an asterisk (*), representing statistically significant
results.
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Figure 4 Visualization of two-sample Mendelian randomization (MR) analysis. (A) Scatter plot showing the effect of endometriosis on female infertility. Each point
represents a single nucleotide polymorphism (SNP). The x-axis represents the effect sizes of SNPs on Hip osteoarthritis, and the y-axis represents their effect on fasting
insulin levels. (B) Forest plot. Each horizontal line reflects the estimated result of a single SNP. A line entirely to the left of 0 indicates a positive correlation, while a line
entirely to the right of 0 indicates a negative correlation. Results crossing 0 are considered non-significant. The red line at the bottom represents the combined results of
multiple SNPs.
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Figure 5 Visualization of two-sample Mendelian randomization (MR) analysis. (A) Scatter plot showing the effect of endometriosis on POF. Each point represents a single
nucleotide polymorphism (SNP). The x-axis represents the effect sizes of SNPs on Hip osteoarthritis, and the y-axis represents their effect on fasting insulin levels. (B)
Forest plot. Each horizontal line reflects the estimated result of a single SNP. A line entirely to the left of 0 indicates a positive correlation, while a line entirely to the right of
0 indicates a negative correlation. Results crossing 0 are considered non-significant. The red line at the bottom represents the combined results of multiple SNPs.

fertility and preventing ovarian insufficiency, particularly in women who are planning to conceive or are at high risk for
reproductive complications. By intervening earlier in the disease progression, healthcare providers may reduce these
long-term risks.

No potential causal relationships were found between endometriosis and amenorrhoea (OR=1.028, 95% CI
0.806—-1.31, P=0.825), oligomenorrhoea (OR=1.073, 95% CI 0.868-1.325, P=0.515), or PCOS (OR=0.979, 95% CI
0.774-1.239, P=0.863) (Figure 3). These findings further emphasize that not all gynecological conditions are directly
influenced by endometriosis, and tailored clinical approaches should focus on the specific comorbidities that are at higher
risk, such as infertility and POF.

In the sensitivity analysis, the results of heterogeneity testing (Q_pval > 0.05) and pleiotropy testing (pval > 0.05)
were not statistically significant (Table 2), indicating that the MR analysis results did not exhibit heterogeneity or
horizontal pleiotropy.

Causal Relationship Analysis of SNPs Related to Endometriosis

Reverse MR analysis was conducted with gynecological diseases as the exposure and endometriosis as the outcome. For PCOS
and POF, only one SNP was selected after screening; thus, the Wald ratio method was used for their analysis. The SNPs included
in the reverse MR analysis were all strongly associated with the gynecological diseases as the exposure (F > 10). The IVW results
were significant, indicating potential causal relationships between genetically predicted amenorrhoea (OR=1.076, 95% CI

Table 2 Sensitivity Analysis Results of Endometriosis on
Gynecological Diseases

Outcome Exposure Heterogeneity Pleiotropy
Q Q_pval | pval
Amenorrhoea Endometriosis | 16.5863 | 0.0556 0.5256
Female infertility 9.7368 0.3722 0.176
Oligomenorrhoea 5.5001 0.7887 0.3051
PCOS 3.8725 0.9196 0.0551
POF 3.9416 0.9152 0.8707
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1.009-1.148, P=0.026) and female infertility (OR=1.340, 95% CI 1.092—-1.645, P<0.01) with endometriosis (Figure 6). The
trends detected by MR-Egger, IVW, and weighted median methods were consistent, showing that as the risks of amenorrhoea
(Figure 7) and female infertility (Figure 8) increase, the risk of endometriosis also increases. From a clinical perspective, these
results imply that women presenting with amenorrhoea or infertility should be closely monitored for potential development of
endometriosis. Early identification of endometriosis in these high-risk groups may facilitate timely intervention and improve
reproductive outcomes.

No potential causal relationships were found between oligomenorrhoea (OR=1.010, 95% CI 0.967-1.055, P=0.651), PCOS
(OR=0.957, 95% CI 0.864—-1.059, P=0.393), POF (OR=1.052, 95% CI 0.978-1.132, P=0.175), and endometriosis (Figure 6).
These findings suggest that while some conditions like amenorrhoea and infertility are linked with endometriosis, others may
not share the same causal pathways, highlighting the importance of personalized risk assessment in clinical practice.

As with the first analysis, sensitivity analysis confirmed the robustness of these results, with no evidence of
heterogeneity or pleiotropy affecting the conclusions (Table 3).

Outcome Exposure Method OR(95%Cl) Pval nSNP
Endometriosis Amenorrhoea MR Egger b--1----4 1.059 (0.862 - 1.301) 0.639 4
Weighted median - 1.083 (0.978 - 1.198) 0.126
Inverse variance weighted (multiplicative random effects) *| 1.076 (1.009 - 1.148 ) 0.026 *
Endometriosis Female infertility MR Egger fi===ze= 1.048 (0.655 - 1.676 ) 0.877 3
Weighted median 1.35(1.044 - 1.746 ) 0.022 *
Inverse variance weighted (multiplicative random effects) 1.34 (1.092 - 1.645) <0.01*
Ei Ol rhoea MR Egger Hr@-1 1.074 (0.959 - 1.202) 0.305 5
Weighted median 2 3l 1.009 (0.939 - 1.084 ) 0.807
Inverse variance weighted (multiplicative random effects) L 4 1.01 (0.967 - 1.055) 0.651
Endometriosis PCOS Wald ratio Lo 0.957 (0.864 - 1.059 ) 0.393 1
Endometriosis POF Wald ratio &1 1.052 (0.978 - 1.132) 0.175 1

Figure 6 Forest plot of the results from two-sample Mendelian randomization (MR) analysis of gynecological diseases and endometriosis. Each row represents different
outcomes or exposures, indicating the strength and direction of the associations. The red diamonds represent the OR, and the horizontal lines represent the 95% Cl. The
far-right column notes the number of single nucleotide polymorphisms (SNPs) used in each analysis. P < 0.05 is denoted by an asterisk (*), representing statistically significant

results.
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Figure 7 Visualization of two-sample Mendelian randomization (MR) analysis. (A) Scatter plot showing the effect of amenorrhoea on endometriosis. Each point represents
a single nucleotide polymorphism (SNP). The x-axis represents the effect sizes of SNPs on Hip osteoarthritis, and the y-axis represents their effect on fasting insulin levels.
(B) Forest plot. Each horizontal line reflects the estimated result of a single SNP. A line entirely to the left of 0 indicates a positive correlation, while a line entirely to the
right of 0 indicates a negative correlation. Results crossing 0 are considered non-significant. The red line at the bottom represents the combined results of multiple SNPs.
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Figure 8 Visualization of two-sample Mendelian randomization (MR) analysis. (A) Scatter plot showing the effect of female infertility on endometriosis. Each point
represents a single nucleotide polymorphism (SNP). The x-axis represents the effect sizes of SNPs on Hip osteoarthritis, and the y-axis represents their effect on fasting
insulin levels. (B) Forest plot. Each horizontal line reflects the estimated result of a single SNP. A line entirely to the left of 0 indicates a positive correlation, while a line
entirely to the right of 0 indicates a negative correlation. Results crossing 0 are considered non-significant. The red line at the bottom represents the combined results of
multiple SNPs.

Discussion and Conclusion

This study explored the causal relationships between gynecological diseases and endometriosis through MR analysis. The
bidirectional MR analysis found that: 1) There is a potential negative causal relationship between genetically predicted
endometriosis and female infertility and POF. 2) There is a potential negative causal relationship between genetically
predicted amenorrhoea, female infertility, and endometriosis. 3) The results suggest that there may be a potential
bidirectional causal relationship between endometriosis and female infertility. The MR analysis in this study did not
exhibit heterogeneity or horizontal pleiotropy, and no additional causal relationships were found.

The pathological mechanisms of endometriosis may involve chronic inflammation, immune system abnormalities, and
oxidative stress. These factors can lead to ovarian tissue damage and follicle depletion, triggering the onset of POF.’’
Specifically, chronic inflammation caused by endometriosis may increase pro-inflammatory cytokines in the local environ-
ment, directly affecting normal ovarian function and promoting premature follicle depletion.* Additionally, immune system
abnormalities, such as the activation of autoimmune responses, can also damage ovarian tissue, further increasing the risk of
POF.** Immune dysregulation, similar to that seen in endometriosis, has been linked to tumor-associated immune cells in
cancers such as cervical cancer, where specific immune cell subpopulations contribute to disease progression.”® However,
there are currently few studies on the association between endometriosis and POF, with previous research focusing more on

the discussion of BMI and its association with endometriosis and POF.'>** It has been found that lipid metabolism and

hormonal level changes caused by the pathological mechanisms of endometriosis and POF are related to BMI,*>~® indicating
Table 3 Sensitivity Analysis Results of Gynecological Diseases on
Endometriosis
Outcome Exposure Heterogeneity Pleiotropy
Q Q_pval | pval
Endometriosis | Amenorrhoea 1.7548 | 0.4159 0.8853
Female infertility 0.9379 | 0.3328 0.462
Oligomenorrhoea | 1.0658 | 0.7853 0.3127
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a causal relationship between gynecological diseases and BMI.>’ Regarding the negative causal relationship between
endometriosis and POF found in this study, current research does not yet support this result.

Previous Mendelian randomization studies have investigated the link between endometriosis and other conditions,
including ovarian cancer. For instance, Wang et al*® have explored the causal relationship between endometriosis and
epithelial ovarian cancer. Their findings indicated a potential causal link between endometriosis and increased ovarian
cancer risk, highlighting the long-term risks of untreated or severe endometriosis. In contrast, our study focused on the
relationship between endometriosis and non-cancerous gynecological diseases, such as POF and female infertility. While
both studies used similar methodological approaches, our research provides novel insights into the bidirectional nature of
the relationship between endometriosis and infertility, which was not examined in the context of ovarian cancer. This
bidirectional link suggests that managing endometriosis may not only prevent associated gynecological diseases but also
improve fertility outcomes, providing a new dimension to endometriosis management.

Some studies have found that endometriosis is associated with an increased risk of ovarian cancer,® and both ovarian
cancer and POF cause changes in estrogen levels. Mechanistic studies, such as those using scRNA-seq to analyze ovarian
cancer subpopulations, have provided insights into how genetic and environmental factors contribute to disease progression.*”
Endometriosis is also related to changes in hormone levels. However, this study did not include ovarian cancer and BMI as
instrumental variables. Future research could increase the sample size and include these variables for further investigation.

A potential negative causal relationship was also found between genetically predicted amenorrhoea and endometriosis.
Chronic pelvic inflammation and tissue fibrosis caused by endometriosis may interfere with normal menstrual cycles, leading
to amenorrhoea.*® Additionally, exposure to adverse hormone levels, medications, or retrograde menstruation are considered
risk factors for endometriosis. Various hypotheses have been proposed regarding the pathogenesis of endometriosis, such as
the retrograde menstruation hypothesis, hematogenous and lymphatic spread hypotheses.*'** Suda et al based on the
retrograde menstruation hypothesis, suggested that frequent menstrual cycles and increased menstrual flow could raise the
risk of endometriosis.** According to the hematogenous and lymphatic spread hypotheses, the increased risk of endometriosis
in amenorrhoea patients may be due to menstrual irregularities, especially the frequent occurrence of anovulatory cycles,
which prevent the normal expulsion of endometrial fragments. These fragments could then retrogradely flow through the
fallopian tubes into the pelvic cavity, where they implant and grow as endometriotic lesions.”** Currently, there are few
studies on the association between amenorrhoea and endometriosis. Based on the pathological mechanisms of both diseases, it
is believed that the presence of amenorrhoea may increase the risk of developing endometriosis.

Additionally, this study found a potential bidirectional causal relationship between endometriosis and female
infertility. In traditional bidirectional MR analysis, bidirectional causal relationships are often discarded to avoid
reciprocal causality.*> However, given the complex pathological interactions between endometriosis and infertility, we
retained this result for further exploration.**”

Firstly, endometriosis leads to female infertility through various mechanisms. Chronic inflammation associated with
endometriosis can cause pelvic adhesions, leading to fallopian tubes obstruction or distortion, which affects the meeting
of eggs and sperm and the transportation of the fertilized egg.*®*’ Furthermore, ectopic endometrial tissue can secrete
multiple pro-inflammatory cytokines and growth factors, which can interfere with normal ovarian function, leading to
ovulation disorders.’® Endometriosis also alters the uterine environment, making it difficult for the fertilized egg to
implant successfully, resulting in infertility.>' Epidemiological studies support this view, showing that the infertility rate
among endometriosis patients is significantly higher than that of women without endometriosis.>>

Conversely, infertility may increase the risk of developing endometriosis through mechanisms related to changes in
menstrual cycle dynamics. Infertility, particularly when associated with anovulatory cycles, can prevent the normal
expulsion of endometrial fragments, leading to retrograde menstruation and implantation of endometriotic tissue in the
pelvic cavity, which can develop into endometriotic lesions.>® Additionally, infertility treatments such as in vitro
fertilization can increase the growth of ectopic endometrial tissue through ovulation induction drugs and repeated uterine
procedures, facilitating implantation and growth of endometriotic lesions.>* This bidirectional association is further
supported by clinical and epidemiological studies, showing a higher prevalence of endometriosis among infertility

patients, and vice versa.’
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The bidirectional causal relationship between endometriosis and infertility identified in this study is significant both
clinically and in terms of research. Understanding these complex mutual influences suggests that effective management
of one condition may help mitigate the risk or severity of the other. For example, early treatment of endometriosis could
prevent the onset of infertility by reducing pelvic adhesions and preserving ovarian function. Similarly, addressing
infertility in patients with endometriosis may reduce the progression of endometriotic lesions and improve fertility
outcomes. These findings underscore the importance of an integrated approach in managing both conditions, with careful
consideration of their mutual influence.

This study’s findings also highlight the need for future research to investigate the broader clinical implications of this
bidirectional relationship. Understanding these mechanisms could inform more comprehensive disease management
strategies, ultimately improving the overall health and quality of life for patients affected by endometriosis and infertility.

This study systematically explored the causal relationships between endometriosis and various gynecological diseases
through bidirectional MR analysis. A key strength of the study lies in the use of large-scale genome-wide association data and
the reliability and the application of multiple MR methods to ensure the reliability and robustness of the results. However, this
study also has some limitations. First, the study data mainly come from individuals of European ancestry, which may limit the
generalizability of the findings to other populations. Different populations and regions may have genetic and environmental
differences that need further validation in future research. Future research should aim to include more diverse cohorts to better
understand the variations in disease manifestations and mechanisms across different populations. Second, although the
Mendelian Randomization method can effectively control for confounding factors, unmeasured pleiotropy may still affect
the results’ accuracy. While various sensitivity analyses were conducted to detect and correct for pleiotropy, caution is still
needed when interpreting the results. Previous MR studies focusing on endometriosis have often examined the causal
relationships between endometriosis and BMI, uterine fibroids, malignant ovarian cancer, etc.>%>¢ Unlike previous studies,
this study did not include ovarian cancer and BMI as related factors, which could have influenced the results. The strength and
number of instrumental variables in the existing GWAS data may be limited.

Future research should enhance the analysis’s accuracy and precision by incorporating larger and more diverse data
sources, increasing the number and strength of instrumental variables. Additionally, beyond establishing causal relation-
ships, further research is needed to explore the specific biological mechanisms underlying the relationship between
endometriosis and gynecological diseases. Using advanced techniques such as genome editing, eQTL and QTL analyses,
cellular and animal models, could help elucidate the biological pathways and genetic mechanisms linking these
conditions. Finally, a comprehensive strategy for the prevention and management of endometriosis and related gyneco-
logical diseases should include early screening, regular monitoring of ovarian function, optimizing infertility treatment
plans, and strengthening the management of menstrual cycle abnormalities.'’

In conclusion, this study explored the causal relationships between endometriosis and gynecological diseases through
MR analysis. We identified potential negative causal relationships between endometriosis and POF, as well as between
amenorrhoea and endometriosis, though these associations require further validation. The study also highlighted
a complex bidirectional causal relationship between endometriosis and female infertility, indicating that managing one
condition could potentially influence the progression of the other.
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