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Background: Previous studies have suggested that aging may influence reproductive functions of female. Nonetheless, the causal
relationship between aging and endometriosis has yet to be completely understood.

Objective: This study aims to determine whether aging had a causal association with the incidence of endometriosis.

Methods: We conducted bidirectional MR analyses to evaluate the causal relationship between aging biomarkers, particularly
leukocyte telomere length (LTL), and endometriosis risk. Instrumental variables for LTL were derived from the UK Biobank
GWAS, while endometriosis-associated variants were obtained from the FinnGen GWAS dataset. Subgroup analyses were performed
to investigate the association between LTL and endometriosis subtypes. Additionally, validation was performed using independent
GWAS meta-analysis datasets.

Results: Inverse variance-weighted (IVW) analysis revealed a significant association between longer LTL and an increased risk of
endometriosis (OR-IVW = 1.276, 95% CI: 1.143 to 1.424, FDR-adjusted P = 7.00E-5), with consistent findings across multiple MR
methods. Sensitivity analysis using an independent GWAS meta-analysis dataset did not confirm the LTL-endometriosis association
(OR-IVW = 1.128, 95% CI: 0.140 to 9.115, P = 0.910). Bidirectional MR analysis found no causal relationship between endometriosis
and LTL. Subgroup analyses indicated that longer LTL was significantly associated with endometriosis of the ovary (OR-IVW = 1.343,
95% CI: 1.143 to 1.577, P = 3.00E-4) and endometriosis of the rectovaginal septum and vagina (OR-IVW = 1.336, 95% CI: 1.064 to
1.676, P = 0.013), while no significant association was found with endometriosis of the pelvic peritoneum.

Conclusion: Our findings suggest that longer LTL may contribute to an increased risk of endometriosis, particularly in ovarian and
rectovaginal subtypes. However, no causal effect of endometriosis on aging was observed. The lack of replication in independent datasets
highlights the potential influence of population heterogeneity and dataset-specific factors, warranting further validation in diverse cohorts.
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Introduction

Endometriosis occurs when tissue similar to the endometrium grows outside the uterus, potentially causing persistent
pain, infertility, and various other gynecological problems.' Endometriosis, impacting around 5-10% of women in their
reproductive years, is a multifaceted condition with a complicated origin that includes hormonal, inflammatory, genetic,
epigenetic, and environmental influences.' Although significant studies have been conducted, the exact processes that
lead to the onset and advancement of endometriosis are still not fully understood.

The aging process is a core biological phenomenon that affects multiple facets of human well-being, such as reproductive
health.® As women grow older, the aging process can lead to cellular aging, hormonal shifts, and changes in immune system
function, which may influence female reproductive health, including the development of endometriosis.** Nonetheless, the
potential relationship between aging and endometriosis has yet to be completely understood.
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Mendelian randomization (MR) is a novel approach that employs genetic variants as tools to explore causal links
between exposures and outcomes, minimizing confounding bias and reverse causation.®” MR analysis utilizes genetic
information to offer understanding of how aging causally influences the incidence of endometriosis. This research seeks
to use a bidirectional two-sample MR method to investigate possible causal relationships between aging and endome-
triosis, employing summary-level genome-wide association study (GWAS) data from extensive cohorts. For example, we
chose GWAS data for five aging indicators, such as leukocyte telomere length (LTL), HannumAge, IEAA, PhenoAge,
and GrimAge.®’ This study seeks to illuminate the biological processes connecting aging and endometriosis, providing
fresh insights for preventive and therapeutic approaches.

Materials and Methods

Study Design

A bidirectional two-sample Mendelian randomization analysis was performed to explore the causal link between aging and
endometriosis. As shown in Figure 1, the research is based on three main premises: firstly, a robust association between the
exposure and the instrumental variables (IVs) is essential; secondly, the IVs must be free from any confounding influences;
and thirdly, the IVs should impact the outcomes only through their effect on the exposure.

Data Source

We chose instrumental variables associated with endometriosis and its subtypes from the FinnGen GWAS datasets (R12
release), including overall endometriosis (20,190 cases, 130,160 controls, endometriosis of the ovary (7878 cases,
130,160 controls), endometriosis of the pelvic peritoneum (7617 cases, 130,160 controls), and endometriosis of the
rectovaginal septum and vagina (3226 cases, 130,160 controls).'” Additionally, we employed aging indicators such as
LTL from the UK Biobank (N = 464,716),8 along with HannumAge, IEAA, PhenoAge, and GrimAge, which were
obtained from a recent GWAS meta-analysis (N = 34,710).° Then, we also chose other GWAS datasets of endometriosis,

and telomere length as the validation.'"'?

Selection of Instrumental Variables

Genetic variants significantly linked to the exposure (P < 5x 10~®) were selected as instrumental variables. We implemented
various quality assurance steps to guarantee the choice of competent I'Vs. Initially, the independence of SNPs was evaluated
using rigorous standards (r* < 0.001; clumping window > 10,000 kb)."* Secondly, the PhenoScanner tool was employed to
confirm that none of the chosen SNPs were associated with possible confounding factors. Third, proxy SNPs were omitted if
they were absent from the 1000G reference dataset.'* Furthermore, to prevent possible bias from low confidence in the initial
GWAS, SNPs with a minor allele frequency (MAF) less than 0.01 were omitted. We also calculated the R? and F statistics to
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Figure | Concepts and consumptions of Mendelian Randomization.
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identify and exclude weak instruments, removing SNPs with F statistics less than 10.'> Specifically, after screening for
correlations and eliminating linkage disequilibrium, the final set of SNPs associated with aging and endometriosis was
selected as instrumental variables and was provided in Supplementary Data 1-9.

MR Analysis for the Association between Aging and Endometriosis

MR is a technique employed to assess the causal impact of a risk factor on an outcome by leveraging genetic variants obtained
from observational studies.'® In this research, we utilized bidirectional two-sample MR, a technique that estimates SNP-
exposure and SNP-outcome relationships using GWAS summary data from separate investigations. The study utilized the
“TwoSampleMR” package in R, containing the necessary source codes for the analysis.'> We specifically investigated the
causality of aging on endometriosis using this method. To determine the relationship between aging and endometriosis, the
traditional MR approach known as the inverse-variance weighted (IVW) method was employed to calculate a weighted mean
of the effect estimates.

Sensitivity Analysis
To tackle possible pleiotropy, which breaches the MR assumption, we performed Q-tests in both the IVW and MR-Egger
regression analyses to assess potential heterogeneity. The MR-Egger-intercept was utilized to determine if the included
SNPs exhibited horizontal pleiotropy. Details could be seen in Table S1. To address different assumptions regarding
horizontal pleiotropy, several MR analysis techniques such as MR-Egger regression, weighted median estimation, and
weighted mode estimation were utilized.'” ! Leave-one-out permutation analyses were conducted to determine if
individual SNPs influenced the IVW model results. Random effects IVW was conducted when heterogeneity was
detected.?’

Additionally, we performed a global test using the “MR-PRESSO” software to evaluate potential biases in the MR
analyses. Conversely, we also performed reverse-direction MR analysis to infer the causality of endometriosis on aging.

Odds ratios (ORs) with 95% confidence intervals (CI) were calculated for the risk of endometriosis. False discovery
rate (FDR) adjustment for multiple comparisons was performed using the Benjamini-Hochberg procedure at
a significance level of 0.05 in R software.”!

Results
The Casual Effect of Aging on Endometriosis

IVW analysis indicated a notable association between extended LTL and an increased likelihood of endometriosis (OR-
IVW = 1.276, 95% CI = 1.143 to 1.424, P-value adjusted for FDR = 7.00E-5) (see Figures 2, 3 and Table 1). Consistent
results were obtained using MR-Egger, weighted median, and weighted mode methods (see Table 1 and Figure 2).

Nonetheless, no statistically significant associations were found between IEAA, HannumAge, GrimAge, PhenoAge,
and endometriosis (see Table 1). Furthermore, sensitivity analysis using an independent dataset of endometriosis and LTL
from meta-analyses yielded no significant results (OR-IVW = 1.128, 95% CI: 0.140 to 9.115, P = 0.910).

The Casual Effect of Endometriosis on Aging
According to Table 2, the IVW analysis indicated no causal association between endometriosis and LTL (B-IVW = 0.002,
95% CI = —0.007 to 0.012, P-value = 0.904). The remaining outcomes were consistent with the IVW findings.

The Casual Effect of LTL on Endometriosis Subtypes

The results of the MR analyses examining the association between LTL and the risk of endometriosis subtypes are
presented in Table 3. In the subgroup analyses, a positive association was observed between LTL and endometriosis of
the ovary (OR-IVW = 1.343, 95% CI = 1.143 to 1.577, P-value = 3.00E-4). Similarly, a significant positive association
was found between LTL and endometriosis of the rectovaginal septum and vagina (OR-IVW = 1.336, 95% CI = 1.064 to
1.676, P-value = 0.013). However, no significant association was identified between LTL and endometriosis of the pelvic

International Journal of Women’s Health 2025:17 hetps: 1029


https://www.dovepress.com/get_supplementary_file.php?f=504181.docx
https://www.dovepress.com/get_supplementary_file.php?f=504181.docx
https://www.dovepress.com/get_supplementary_file.php?f=504181.docx

Chen et al

MR Test
Inverse variance weighted / Weighted median
/ MR Egger Weighted mode
Simple mode
L]
02-
L
»
Ke]
©
S
o]
i)
c
w
S L
*g [ ]
% * 'o o pl
% :.l :...." [ ] )i . ®
7 VTS B =
0.0-—" e e e 11 .
’.&,: ® ae . *
. . . .
.
L
. .
.
-0.2-
0.00 0.05 0.10 0.15 0.20

SNP effect on Leukocyte telomere length

Figure 2 Scatter plots on the association between leukocyte telomere length and endometriosis.

peritoneum (OR-IVW = 1.114, 95% CI = 0.966 to 1.284, P-value = 0.139). Consistent estimates were also observed
using the weighted median, MR-Egger, and weighted mode methods.

The Casual Effect of Endometriosis Subtypes on LTL

As presented in Table S2, the MR analysis found no evidence of a causal association between endometriosis subtypes
and LTL.

Discussion

In this research, we employed bidirectional two-sample MR analysis to investigate the causal impact of aging on
endometriosis risk, as well as its subtypes. Our findings provide novel insights into the potential role of biological aging
in the development of endometriosis and its subtypes while addressing the reverse causality between these traits.
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Figure 3 Forest plots on the association between leukocyte telomere length and endometriosis.

An encouraging discovery in this research is the causal relationship between aging and endometriosis, shedding new light on
the disease’s development. In particular, the IVW technique indicated that the hallmark of aging, LTL, was causally and
positively associated with endometriosis. This outcome was uniform across multiple MR techniques, such as MR-Egger,
weighted median, and weighted mode analyses. Even after correcting for horizontal pleiotropy using the MR-PRESSO method,
the association remained statistically significant. The results indicate that aging could contribute to the development of
endometriosis. Telomeres, which protect chromosome ends, shorten with each cell division, and their length is considered
a marker of aging.”* Longer telomeres in leukocytes might indicate a cellular environment that is more conducive to the
development of endometriosis, possibly through mechanisms involving cellular senescence, immune response, or hormonal
regulation.”® % Interestingly, no significant associations were found between other aging biomarkers, such as IEAA,
HannumAge, GrimAge, and PhenoAge, and the risk of endometriosis. This suggests that not all aging processes are equally
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Table |1 The Casual Effect of Aging on Endometriosis by Mendelian Randomization

Methods Exposures | N SNPs | F-stat | OR (95% CI) P_rpR adjusted
Ivw LTL 132 117 1.276 (1.143, 1.424) | 7.00E-5
IVW_ /e 132 1.276 (1.143, 1.424) | 4.00E-5
Weighted mode 132 1.359 (1.148, 1.608) | 0.003
Weighted median 132 1.289 (1.096, 1.517) | 0.011
MR-Egger 132 1.260 (1.042, 1.524) 0.0934
MR-PRESSO_,.,, 132 1.225 (1.101, 1.363) | 0.001
MR-PRESSO_qudiiers corrected NA NA
Ivw IEAA 24 876 0.994 (0.973, 1.014) 0.672
IVW_ e NA NA
Weighted mode 24 0.980 (0.946, 1.014) 0.424
Weighted median 24 0.983 (0.956, 1.010) 0.361
MR-Egger 24 0.970 (0.925, 1.018) 0.478
MR-PRESSO_ ., 24 0.994 (0.973, 1.014) 0.680
MR-PRESSO_qudiiers corrected NA NA
Ivw HannumAge | 9 675 1.047 (0.992, 1.105) 0.233
IVW_ e 9 1.057 (0.992, 1.105) 0.140
Weighted mode 9 1.010 (0.949, 1.074) 0.773
Weighted median 9 1.028 (0.977, 1.082) 0.361
MR-Egger 9 0.896 (0.744, 1.080) 0.478
MR-PRESSO_., 9 1.047 (0.992, 1.105) 0.330
MR-PRESSO_otiers corrected 8 1.026 (0.991, 1.063) 0.231
VW GrimAge 4 525 0.947 (0.813, 1.104) 0.672
IVW_ e 4 0.947 (0.813, 1.104) 0.488
Weighted mode 4 0.865 (0.723, 1.035) 0.424
Weighted median 4 0.922 (0.851, 0.998) 0.114
MR-Egger 4 0.337 (0.020, 5.716) 0.663
MR-PRESSO_ . 4 0.947 (0.819, 1.104) 0.680
MR-PRESSO_qudiiers corrected NA NA
Ivw PhenoAge 11 1231 0.997 (0.894, 1.112) 0.672
IVW_ e NA NA
Weighted mode 11 1.007 (0.964, 1.051) 0.773
Weighted median 11 1.010 (0.978, 1.044) 0.536
MR-Egger 11 0.997 (0.894, 1.112) 0.963
MR-PRESSO_ ., 11 1.007 (0.974, 1.042) 0.681
MR-PRESSO_otiers corrected 10 1.018 (0.991, 1.046) 0.231

Notes: All statistical tests were two-sided. Significant results are highlighted in bold.

Abbreviations: SNPs, single nucleotide polymorphisms; F-stat, mean F-statistic; OR, odd ratio; Cl, confidence intervals; FDR,
false discovery rate; IVW, inverse variance weighted; mre, random effects model; LTL, leukocyte telomere length; NA, no
heterogeneity or outliers detected.

Table 2 The Casual Effect of Endometriosis on Aging by Mendelian Randomization

Methods Outcomes | N SNPs | F-stat | B (95% CI) P
Ivw LTL 28 529 0.002 (—0.007, 0.012) 0.904
IVW_ e NA NA
Weighted mode 28 0.003 (—0.014, 0.019) 0.926
Weighted median 28 0.001 (-0.012, 0.014) 0.929
MR-Egger 28 0.005 (—0.024, 0.033) 0.993
MR-PRESSO_,, 28 0.002 (—0.007, 0.012) 0.903
MR'PRESSO*outIIers corrected NA NA
(Continued)
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Table 2 (Continued).

Methods Outcomes | N SNPs | F-stat | B (95% CI) P
\A%% IEAA 27 507 0.086 (—0.052, 0.224) | 0.904
IVW e NA NA
Weighted mode 27 0.149 (-0.133, 0.432) 0.894
Weighted median 27 0.127 (-0.066, 0.319) 0.929
MR-Egger 27 —0.117 (-0.502, 0.267) | 0.993
MR-PRESSO_,, 27 0.086 (—0.029, 0.200) 0.772
MR-PRESSO_outiiers corrected NA NA
VW HannumAge | 27 507 0.002 (—0.133, 0.136) 0.981
IVW_ e NA NA
Weighted mode 27 0.119 (-0.145, 0.383) 0.894
Weighted median 27 0.074 (—0.119, 0.267) 0.929
MR-Egger 27 0.041 (—0.333, 0.415) 0.993
MR-PRESSO_, 5, 27 0.002 (—0.130, 0.133) 0.981
MR-PRESSO_outliers corrected NA NA
\A%% GrimAge 26 517 0.038 (—0.099, 0.176) 0.904
IVW_ e NA NA
Weighted mode 26 —0.005 (—0.279, 0.268) | 0.969
Weighted median 26 —0.009 (—0.208, 0.191) | 0.929
MR-Egger 26 —0.002 (—0.387, 0.384) | 0.993
MR-PRESSO_, 26 0.038 (—0.079, 0.155) 0.903
MR-PRESSO_qutliers corrected NA NA
Ivw PhenoAge 27 507 0.031 (—0.142, 0.204) 0.904
IVW_ e NA NA
Weighted mode 27 0.104 (—0.221, 0.428) 0.894
Weighted median 27 0.041 (-0.201, 0.284) 0.929
MR-Egger 27 0.047 (—0.442, 0.536) 0.993
MR-PRESSO_,, 27 0.031 (—0.139, 0.202) 0.903
MR-PRESSO_outliers corrected NA NA

Note: All statistical tests were two-sided.

Abbreviations: SNPs, single nucleotide polymorphisms; F-stat, mean F-statistic; B, effect estimate; Cl, confidence
intervals; FDR, false discovery rate; IVW, inverse variance weighted; mre, random effects model; LTL, leukocyte
telomere length; NA, no heterogeneity or outliers detected.

Table 3 The Casual Effect of Leukocyte Telomere Length on Endometriosis Subtype by Mendelian Randomization

Methods Outcomes N SNPs | F-stat | OR (95% CI) P
Ivw Ovary 131 107 1.343 (1.143, 1.577) | 3.00E-4
IVW_ e 131 1.343 (1.144, 1.577) | 3.00E-4
Weighted mode 131 1.454 (1.086, 1.945) | 0.013
Weighted median 131 1.426 (1.145, 1.775) | 0.002
MR-Egger 131 1.444 (1.076, 1.939) | 0.016
MR-PRESSO_,,,, 131 1.343 (1.143, 1.577) | 4.50E-4
MR-PRESSO outiiers corrected NA NA
Ivw Pelvic peritoneum 131 107 I.114 (0.966, 1.284) 0.139
IVW e 131 I.114 (0.966, 1.284) 0.139
Weighted mode 131 1.077 (0.808, 1.434) 0.614
Weighted median 131 1.093 (0.887, 1.347) 0.405
MR-Egger 131 0.106 (0.853, 1.435) 0.448
MR-PRESSO_ 131 I.114 (0.966, 1.284) 0.141
MR-PRESSO_gliers corrected NA NA
(Continued)
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Table 3 (Continued).

Methods Outcomes N SNPs | F-stat | OR (95% CI) P
Ivw Rectovaginal septum and vagina | 132 107 1.336 (1.064, 1.676) | 0.013
IVW_ e 132 1.336 (1.064, 1.676) | 0.013
Weighted mode 132 1.432 (0.972, 2.110) 0.072
Weighted median 132 1.449 (1.022, 2.056) | 0.037
MR-Egger 132 1.549 (1.023, 2.345) 0.051
MR-PRESSO._,.,,, 132 1.336 (1.064, 1.676) | 0.014
MR-PRESSO_oudiiers corrected NA NA

Notes: All statistical tests were two-sided. Significant results are highlighted in bold.
Abbreviations: SNPs, single nucleotide polymorphisms; F-stat, mean F-statistic; OR, odd ratio; Cl, confidence intervals; FDR, false discovery rate;
IVWV, inverse variance weighted; mre, random effects model; LTL, leukocyte telomere length; NA, no outliers detected.

relevant to the development of endometriosis. The lack of association with these other markers might reflect different biological
pathways or mechanisms of aging that do not directly influence endometriosis.

To further validate the robustness of our findings, we conducted a sensitivity analysis using an independent dataset
from a meta-analysis of endometriosis and LTL. Notably, this analysis did not yield significant results, suggesting that the
observed association between LTL and endometriosis may be dataset-dependent and requires further investigation in
larger and more diverse populations.

In contrast to the observed association between LTL and endometriosis risk, reverse MR analysis indicated no
evidence of a causal relationship between endometriosis and LTL. These findings suggest that while aging-related
biological processes may contribute to the development of endometriosis, the disease itself does not appear to influence
systemic aging, at least in terms of telomere length dynamics.

Given the heterogeneity of endometriosis, we further explored its subtypes to assess whether specific forms of the
disease exhibit stronger associations with LTL. Subgroup analyses revealed that longer LTL was significantly associated
with an increased risk of ovarian endometriosis and endometriosis of the rectovaginal septum and vagina. However, no
significant association was found between LTL and endometriosis of the pelvic peritoneum. These findings suggest that
aging-related biological mechanisms may differentially influence distinct subtypes of endometriosis, particularly those
affecting the ovary and rectovaginal regions. Consistency across different MR methods further supports the robustness of
these results. Finally, to evaluate the potential impact of endometriosis subtypes on aging, we conducted reverse MR
analyses, which demonstrated no significant causal effect of any endometriosis subtype on LTL. This further supports the
hypothesis that aging-related processes, particularly telomere length maintenance, may contribute to the risk of devel-
oping endometriosis rather than the other way around.

The findings from our study suggest several potential mechanisms by which aging, as indicated by LTL, could
influence the risk of endometriosis. Cellular senescence, a hallmark of aging, may contribute to the chronic inflammatory
environment that promotes the development of endometriotic lesions.'® Additionally, the immune dysregulation
associated with aging could impair the body’s ability to clear ectopic endometrial cells,”’ facilitating their growth and
proliferation.”® Besides, hormonal changes, such as decreased levels of ovarian hormones, could also play a role in this
process.”’ Fascinatingly, current research indicates that immune cells like macrophages, natural killer cells, dendritic
cells, neutrophils, T cells, and B cells may enhance the vascularization and fibrogenesis of endometriotic lesions, thereby
aiding the implantation and growth of ectopic endometrial tissue.>* Moreover, extended telomere might prevent immune
cells from aging,'® potentially clarifying the link between LTL and endometriosis.

This research is the first to establish a causal relationship between aging and endometriosis, paving the way for further
studies into the pathophysiological mechanisms connecting aging and endometriosis. Further studies could explore the
specific biological pathways through which telomere length influences endometriosis risk, potentially identifying novel
therapeutic targets. Clinically, these findings highlight the importance of considering aging in the management of
endometriosis. Patients with endometriosis might benefit from interventions aimed at modulating telomere dynamics
or addressing the broader impacts of biological aging. For instance, lifestyle interventions known to preserve telomere
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length, such as regular physical activity, a healthy diet, and stress reduction techniques, could be beneficial for patients
with endometriosis.*'**> Upcoming studies ought to confirm our results in broader and more varied groups, while also
delving deeper into the fundamental biological processes. Investigating the interactions between genetic, epigenetic, and
environmental factors in the context of aging and endometriosis could provide a more comprehensive understanding of
the disease. Additionally, longitudinal studies tracking aging and endometriosis progression over time would be valuable
in establishing temporal relationships and causality.

While our study provides robust evidence for a causal relationship between aging and endometriosis, several
limitations should be acknowledged. First, MR analyses rely on the availability of large, well-characterized GWAS
datasets. Any biases or inaccuracies in these datasets could affect our findings. Secondly, the LTL measurements used in
GWAS studies may not fully capture telomere dynamics in reproductive tissues, limiting their direct biological relevance
to endometriosis. Thirdly, the lack of association observed in the independent dataset underscores the potential influence
of population heterogeneity and dataset-specific factors, warranting further validation in diverse cohorts.

To sum up, this bidirectional two-sample MR analysis offers compelling proof of a causal relationship between aging and
a heightened risk of endometriosis, particularly ovarian and rectovaginal subtypes. The results imply that aging, reflected by
telomere length, significantly contributes to the incidence of endometriosis. Although other aging indicators did not exhibit the
same results, the association between LTL and endometriosis underscores the intricate nature of aging and its effects on
reproductive well-being. Additional studies are required to investigate the fundamental processes and possible treatment
applications of these results.
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