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Background: Premature ovarian insufficiency (POI) is associated with reduced bone mineral density (BMD) and fracture risk, but the
causal direction remains unclear. Clarifying this is crucial for individualized patient management and understanding shared biology
between bone and ovary.

Objective: To investigate the bidirectional genetic causal relationships between POI and bone health using Mendelian randomization (MR).
Methods: We performed bidirectional two-sample MR using genome-wide association study summary statistics. Primary analyses
used the inverse-variance weighted method, with MR-Egger and weighted median as supplements. Sensitivity analyses included tests
for pleiotropy and heterogeneity. Multiple testing was controlled using the false discovery rate.

Results: Forward MR found no significant causal effect of genetically predicted POI on 29 bone health outcomes (all FDR P > 0.05).
Reverse MR suggested nominally significant associations: higher genetically predicted heel BMD was associated with lower POI risk
(OR = 0.792, 95% CI: 0.635-0.988, P = 0.039), while genetic susceptibility to wrist fracture (OR = 1.44, 95% CI: 1.038-1.986,
P=0.025) and pelvic fracture (OR=1.177, 95% CI:1.056—1.312, P=0.003) were associated with increased POI risk.

Conclusion: This study found no genetic evidence that POI causally influences bone health deterioration, suggesting that clinical
bone loss in POI is likely a secondary consequence. Conversely, exploratory reverse MR analysis identified nominal associations
suggesting that inherent bone traits may influence POI risk, offering a novel perspective for risk assessment and highlighting potential
bone-ovary biological links; these findings require confirmation in future studies.

Plain Language Summary: This study is the first to employ a bidirectional two-sample Mendelian randomization approach to
systematically evaluate the genetic causal relationship between premature ovarian insufficiency (POI) and various bone health
indicators. The key findings are: 1) After controlling for multiple comparisons, no strong genetic evidence was found that POI
leads to decreased bone mineral density (BMD) or increased fracture risk, suggesting that bone deterioration in POI patients is likely
a secondary consequence following disease onset; 2) Reverse MR analysis revealed that genetically predicted higher heel BMD is
a protective factor for POI, while genetic susceptibility to wrist and pelvic fractures are potential risk factors for POI. These findings
provide novel genetic insights into the complex interplay between the skeletal and reproductive systems. The results imply that
proactive management of bone health should be a critical component of clinical care for diagnosed POI patients. Furthermore, inherent
bone characteristics, such as heel BMD, could be considered for integration into health assessments for young women, offering
potential clues for the early identification of individuals at high risk for POI, thereby promoting a shift from reactive disease treatment

to proactive, life-cycle risk prevention and management.
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Introduction

Premature ovarian insufficiency (POI) is a significant endocrine disorder affecting female reproductive health. Its primary
characteristic is the premature decline of ovarian function, typically occurring before the age of 40. Clinical manifesta-
tions include oligomenorrhea, amenorrhea, and abnormal sex hormone levels, leading to decreased fertility.' In recent
years, the incidence of POI among young women has risen significantly. The global prevalence is 1%, while the
prevalence in China has reached 2.8%.* Due to long-term estrogen deficiency, POI is associated with various health risks,
including infertility, decreased bone mineral density (BMD), increased risk of bone fractures, anxiety, and potential early
cognitive decline. These risks have a serious impact on women’s health.>°

Research has found a significant correlation between bone metabolic indices and ovarian reserve markers.” BMD of
women with POI is significantly lower than that of women with regular menstrual cycles. Early menopause and reduced
estradiol levels accelerate the onset of osteoporosis.® Therefore, POI is considered a hypogonadal state associated with
low bone mineral density.” The severity of osteoporosis can be assessed using clinical bone mineral density testing as an
important indicator.'® Osteoporosis significantly increases the risk of bone fractures.'' Compared to women of the same
age, patients with POI experience accelerated bone loss and deterioration of bone microstructure, thereby increasing the
risk of changes in BMD, osteoporosis, and bone fractures.®'?'* A related meta-analysis confirmed that the bone mineral
density of the femoral neck and non-dominant forearm in POI patients is significantly lower than that of healthy women
of the same age.'> Furthermore, their risk of bone fractures is higher.

However, although observational studies suggest that POI is significantly associated with an increased risk of low BMD,
osteoporosis, and fractures, they cannot effectively determine whether this association is causal or due to confounding factors
(eg., age, hormone therapy, lifestyle) or reverse causality.'*'* This uncertainty poses a challenge for clinical decision-making,
such as determining the necessity and intensity of bone health interventions for all POI patients.

Mendelian Randomization (MR) is a powerful method that uses genetic variants as instrumental variables to infer
causal relationships between exposures and outcomes. Since genotypes are randomly assigned at conception and are not
influenced by postnatal environmental factors, this method is used to infer causal relationships between risk factors and
disease outcomes, effectively avoiding the confounding biases present in traditional observational studies.'® Indeed, MR
has been successfully applied to investigate the genetic causality between various endocrine factors (eg., sex hormone
levels, vitamin D) and bone health outcomes, providing valuable insights into the biological pathways underlying bone
metabolism. In recent years, the availability of large-scale GWAS data has made it possible to use two-sample MR to
deeply explore causal relationships between complex diseases. Bidirectional two-sample MR analysis demonstrates
unique advantages in disease mechanism research, as it can simultaneously test the bidirectional causal effects between
exposure factors and outcome measures. This method supports multi-sample and cross-cohort joint analyses.'” However,
a systematic bidirectional MR investigation specifically focusing on POI and a comprehensive range of bone health traits
is still lacking. Recently, large-scale genome-wide association studies (GWAS) have identified various genetic variants
associated with complex human traits and diseases, including POL'®2? These studies, by using variants as instrumental
variables (IVs) to implement two-sample MR, enhance statistical power, detect potential causal relationships between
POI and other traits, and lay a solid theoretical foundation for disease prevention, control, and clinical intervention.

Although a clinical association exists between POI and abnormal bone metabolism, whether a bidirectional genetic causal
relationship exists between the two remains unclear. Clarifying this is crucial for understanding the mechanisms of disease
comorbidity and formulating precise prevention and management strategies. Furthermore, situating this genetic investigation
within the broader landscape of bone health assessment is important. While methods like MR elucidate causal biology, the
field of risk prediction is increasingly moving towards integrating multi-domain data (genetic, clinical, biochemical) to build
more comprehensive models. Therefore, based on the latest GWAS summary statistics, this study employs bidirectional two-
sample MR analysis for the first time to systematically evaluate the causal associations between POI and various bone health
indicators (including BMD at different sites, bone fractures, and osteoporosis). We hypothesize that clarifying this bidirec-
tional relationship will not only provide high-quality genetic-level evidence to inform the cross-system health management of
women with POI but may also reveal shared biological pathways linking bone metabolism and ovarian function, offering new

insights for both clinical practice and mechanistic research.
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Materials and Methods

Study Design

This bidirectional two-sample MR study was conducted in accordance with the STROBE-MR reporting guidelines. The
analysis comprised two components: forward MR, which assessed the causal effect of genetically predicted POI on
various bone health outcomes (BMD at different sites, fractures, and osteoporosis); and reverse MR, which evaluated the
potential causal effect of genetically predicted bone health traits on POI risk. This bidirectional design allows for
a comprehensive investigation of the potential interplay between ovarian and skeletal health.

The validity of the MR analysis rests on three core assumptions for the genetic IVs: (i) strong association with the
exposure; (ii) independence from confounders of the exposure-outcome relationship; and (iii) influence on the outcome
exclusively through the exposure (ie., absence of horizontal pleiotropy). To minimize bias, all GWAS summary statistics
for exposures and outcomes were sourced from independent, non-overlapping cohorts. The analysis utilized publicly
available GWAS data published up to September 2025.

Data Sources
GWAS summary statistics were obtained from public databases. Data for POI (655 cases and 267,780 controls of
European ancestry) were sourced from the FinnGen database (https://www.finngen.fi/en/), and the data used in this study

were from the FinnGen R12 version.

Bone health trait data, including BMD at multiple sites (eg., total body, heel, forearm), fracture outcomes (eg., wrist,
pelvis, femur), and osteoporosis, were obtained from large-scale consortia including the UK Biobank GWAS, the IEU
Open GWAS project (https://gwas.mrcieu.ac.uk/), and the GWAS Catalog (https://www.ebi.ac.uk/gwas/).These datasets
primarily comprise individuals of European ancestry. Detailed information for all datasets, including accession identi-

fiers, sample sizes, case/control counts, and population characteristics, is provided in Table 1.

Instrumental Variable Selection

For each exposure, single-nucleotide polymorphisms (SNPs) significantly associated with the trait were selected as IVs.
To ensure independence among IVs, we performed clumping with a linkage disequilibrium threshold of R*< 0.001 within
a 10,000 kb window, retaining the SNP with the lowest P-value.

Considering the limited number of established genetic loci for POI, a significance threshold of P <1x10"° was used to
select POl-associated IVs, balancing statistical power with instrument validity, as done in prior studies.'®?'** For bone
health traits, a genome-wide significance threshold (P < 5x10~®) was applied for osteoporosis as an exposure. For BMD
and fracture exposures, a threshold of P < 5x10°® was used to obtain a sufficient number of IVs.

The strength of each IV was assessed using the F-statistic (F = R*(N-2)/(1-R?)), where R? is the proportion of
variance in the exposure explained by the SNP. All included SNPs had F-statistics > 10, indicating a low risk of weak
instrument bias. The mean F-statistic for the POI instrument set was 21.69 (range: 19.47-28.99). Complete details for all
exposures (number of SNPs, F-statistic range/mean, R?) are provided in Supplementary Table S1. The SNP screening

and quality control workflow is summarized in Figure 1.

Statistical Analysis

This study primarily used the IVW method for causal effect estimation, which can be combined with causal estimates
based on the Wald ratio for each SNP.** Concurrently, MR-Egger regression and the weighted median method were used
as supplementary analyses to verify the robustness of the results under different assumptions. The IVW method was
chosen as the core analytical tool because, when all conditions are met, this method can select SNPs that provide the
most accurate causal assessment results. These SNPs must be valid instrumental variables (IVs).* To improve the
reliability of the instrumental variable weight estimates, this study employed the MR-Egger test and the weighted median
method. These methods can provide more reliable results for a broader range of cases.?® In the weighted median analysis,
genetic variants must account for at least 50% of the total contribution to ensure the stability of the causal relationship
estimate.?’
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Table | Data Sources and Demographic Profiles in This Mendelian Randomization Study

Exposures or Outcome Sample Size Ancestry Sex Publication GWAS Catalog ID
(Cases/Controls) Date (year)
Premature ovarian insufficiency 268435(655/267780) European NA 2024 Finngen_R12_E4_OVARFAIL
Bone mineral density 365403 European NA 2021 GCST90014022
Heel bone mineral density 583314 European NA 2018 GCST90029004
Ultradistal forearm bone mineral density 21907 European NA 2020 GCST90013422
Total body bone mineral density 56284 European NA 2018 Ebi-a-GCST005348
Total body bone mineral density (age 0-15) 11807 Mixed (more than 86% European) NA 2018 Ebi-a-GCST005345
Total body bone mineral density (age 15-30) 4180 Mixed (more than 86% European) NA 2018 Ebi-a-GCST005344
Total body bone mineral density (age 30—45) 10062 Mixed (more than 86% European) NA 2018 Ebi-a-GCST005346
Total body bone mineral density (age 45-60) 18805 European NA 2018 Ebi-a-GCST005350
Total body bone mineral density (age over 60) 22504 Mixed (more than 86% European) NA 2018 Ebi-a-GCST005349
Osteoporosis 394626 European NA 2025 GCST90468145
Compression fracture 337779(1796/335983) European NA 2021 Ebi-a-GCST90018828
Bone fracture (Fractured bones in last 5 years) 453824 (43,921/409,903) European Males and Females 2021 GCST90043629
Foot fracture (Fractured heel) 301987 (176/301,811) European Males and Females 2021 GCST90043721
Bone fracture (Fractured bone site(s): Ankle) 453824 (6388/447,436) European Males and Females 2021 GCST90044352
Bone fracture (Fractured bone site(s): Leg) 453824 (2950/450,874) European Males and Females 2021 GCST90044353
Bone fracture (Fractured bone site(s): Hip) 453824 (813/453,011) European Males and Females 2021 GCST90044354
Bone fracture (Fractured bone site(s): Spine) 453824(1023/452801) European Males and Females 2021 GCST90044355
Bone fracture (Fractured bone site(s): Wrist) 453824(9020/444804) European Males and Females 2021 GCST90044356
Bone fracture (Fractured bone site(s): Arm) 453824(4656/449168) European Males and Females 2021 GCST90044357
Hip fracture, femur fracture (Fracture of neck of femur) 456348(1930/454418) European Males and Females 2021 GCST90044632
Knee fracture (Fracture of patella) 456348(677/455671) European Males and Females 2021 GCST90044635
Fracture of pelvis (Fracture of pelvis) 456348(586/455762) European Males and Females 2021 GCST90044638
Humerus fracture (Fracture of humerus) 456348(1662/454686) European Males and Females 2021 GCST90044639
Upper extremity fracture (Fracture of radius and ulna) 456348(5587/450761) European Males and Females 2021 GCST90044640
Shoulder fracture, clavicle fracture (Fracture of clavicle or scapula) 456348(1000/455348) European Males and Females 2021 GCST90044641
Upper extremity fracture (Fracture of hand or wrist) 456348(3030/453318) European Males and Females 2021 GCST90044643
Rib fracture (Fracture of ribs) 456348(802/455546) European Males and Females 2021 GCST90044645
Skull Fractures (Skull and face fracture and other intercranial injury) 456348(2093/454255) European Males and Females 2021 GCST90044649
Malunion fracture (Malunion and nonunion of fracture) 456348(1177/455171) European Males and Females 2021 GCST90044575
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Figure | (A) Overview of the research design. (B) MR analysis relies on three core assumptions. Assumption |: Genetic tools are closely related to the exposure factor of
interest; Assumption 2: Genetic tools are unrelated to confounding factors; Assumption 3: Genetic tools are unrelated to the outcome, and their influence on the outcome
is achieved only through the exposure factor. “x” indicates that the assumption is not valid. The solid line represents a correlation, while the dotted line indicates no
correlation.

Given that the forward MR involved testing one exposure (POI) against 29 independent bone health outcomes, the P-values
from all forward IVW analyses were corrected for multiple testing using the false discovery rate (FDR) method. An FDR-
adjusted P-value < 0.05 was considered statistically significant for the forward direction. In the reverse MR analysis, which
explored the potential effects of 29 exposures on a single outcome (POI), results are primarily reported at a nominal significance
level (P <0.05) and interpreted as exploratory and hypothesis-generating. We acknowledge this asymmetric statistical treatment.

Sensitivity Analysis

A series of sensitivity analyses were conducted to assess the robustness of the findings and the validity of the MR assumptions:

1. Heterogeneity Test:Cochran’s Q statistic was used to assess heterogeneity among the IVs. In the presence of
significant heterogeneity (P<0.05), the random-effects [IVW model was applied.?*

2. Horizontal Pleiotropy Test:The MR-Egger intercept test was used to detect directional horizontal pleiotropy.
A non-zero intercept with P<0.05 suggests the presence of pleiotropic bias.?® Additionally, the MR-PRESSO
global test was employed to identify and correct for outliers.

3. Leave-One-Out Analysis: To determine if the overall causal estimate was driven by any single influential SNP, we
performed leave-one-out analysis by iteratively removing each SNP and recalculating the IVW estimate.

All analyses were performed using the “TwoSampleMR” and “MR-PRESSO” packages in R language (version 4.3.2).%%"!

Results

Forward MR: Causal Effect of Genetically Predicted POI on Bone Health Outcomes
We selected 19 SNPs significantly associated with POI as instrumental variables for forward MR analysis (Supplementary
Table S1). The primary IVW analysis was performed to assess the causal effect of genetically predicted POI on 29 bone health
outcomes. Detailed results for all 29 forward MR IVW analyses, including beta coefficients, odds ratios (OR), 95% confidence
intervals (CI), and p-values are provided in Supplementary Table S2a and visualized in Figures 2A—C.
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Figure 2 Forest map. (A) Forest map of POl on the risk of BMD. (B) Forest map of POI on the risk of fracture. (C) Forest map of POI on the risk of osteoporosis.

Before multiple comparison correction, the IVW analysis suggested a nominal association between genetically
predicted POI and a reduction in a specific bone mineral density phenotype (GCST90014022) (OR=0.995, 95% CI:
0.991-0.999, P=0.021). The MR-Egger intercept test (intercept =—0.003, P=0.291) and MR-PRESSO global test
(P=0.337) did not indicate the presence of horizontal pleiotropy. Cochran’s Q test showed no significant heterogeneity

among the instrumental SNPs (P=0.357). Leave-one-out analysis confirmed that the overall causal estimates were not
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driven by any single influential SNP (see Table 2 and Figures 3A—C, and Supplementary Table S2b and 2c).

However, after applying false discovery rate (FDR) correction for all 29 tested outcomes, this association did not
reach the statistical significance threshold (FDR-adjusted P> 0.05), nor did any other association. In summary, forward
MR analysis did not find statistically significant causal effects of genetically predicted POI on any of the assessed bone
health outcomes after rigorous multiple testing correction. Sensitivity analyses for the forward MR supported the

robustness of the overall null findings.

Table 2 MR Sensitivity Analyses of the Causal Relationship Between Bone Disorder and Premature Ovarian Insufficiency

Outcome Exposure Heterogeneity Tests Directional Horizontal
Pleiotropycest
Methods Cochran’sQ(P) MR-Egger Ppleiotropy*
Intercept(P)
Bone mineral density Premature Ovarian Insufficiency MR Egger,lVW 14.003(0.374),15.309(0.357) —0.003(0.291) 0.337
Premature Ovarian Insufficiency Heel bone mineral density MR EggerlVW | 678.655(0.160),679.021(0.164) 0.003(0.556) 0.146
Premature Ovarian Insufficiency | Bone fracture (Fractured bone site(s): Wrist) | MR Egger,IVW 9.837(0.707),10.509(0.724) —0.041(0.427) 0.746
Premature Ovarian Insufficiency Fracture of pelvis (Fracture of pelvis) MR Egger,lVW 11.109(0.134),11.306(0.185) 0.022(0.735) 0.319

Note: detect by MR-PRESSO Global Test.
Abbreviations: MR-Egger, Mendelian randomization-Egger; IVVV, inverse-variance weighted.
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Figure 3 The two-sample MR analysis of the genetically predicted casual associations between POl and BMD. (A) Scatter plot. (B) funnel plot. (C) leave-one-out sensitivity
analysis.

Reverse MR: Causal Effect of Genetically Predicted Bone Health Outcomes on POI
Reverse MR analysis was conducted to explore the potential impact of genetically predicted bone health status on the risk of
POL. Using the IVW method as the primary analysis, we identified nominal associations for three bone health indicators:

1. Heel BMD (GCST90029004): Genetically predicted higher heel BMD was associated with a reduced risk of POI
(IVW OR=0.792, 95% CI: 0.635-0.988, P=0.039).

2. Wrist Fracture (GCST90044356): Genetic susceptibility to wrist fracture was associated with an increased risk of
POI (IVW OR=1.436, 95% CI: 1.038-1.986, P=0.025).

3. Pelvic Fracture (GCST90044638): Genetic susceptibility to pelvic fracture was associated with an increased risk
of POI (IVW OR=1.177, 95% CI:1.056-1.312, P=0.003).

Importantly, these three associations were identified at a nominal significance threshold (P < 0.05) and did not survive
FDR correction across the 29 exposures. Therefore, they should be interpreted as exploratory and hypothesis-generating,
not as definitive causal inferences. Detailed results for all 29 reverse MR IVW analyses are provided in Supplementary
Table S3a. All other tested bone health indicators (including BMD at other sites and other fracture types) showed no
significant association with POI risk (see Table 2 and Figures 4A—C, and Supplementary Table S3b and 3c).
Comprehensive sensitivity analyses were performed for the three significant associations to assess their reliability and

the validity of the MR assumptions:

1. Horizontal Pleiotropy: MR-Egger intercept tests provided no evidence of directional pleiotropy (Heel BMD:
intercept=0.003, P=0.556; wrist fracture: intercept =—0.041, P=0.427; pelvic fracture: intercept=0.022, P=0.735).
MR-PRESSO global tests yielded consistent results (see Table 2 and Figures 5A, 6A, 7A).

2. Heterogeneity: Cochran’s Q tests indicated no significant heterogeneity among the instrumental variables for these
associations (all P>0.05) (see Table 2 and Figures 5B, 6B, 7B).

3. Influence Analysis: Leave-one-out analyses demonstrated that the causal estimates for heel BMD, wrist fracture,
and pelvic fracture were stable and not unduly influenced by any single SNP (see Table 2 and Figures 5C, 6C, 7C).

Collectively, these sensitivity analyses supported the robustness of the above-identified nominally significant associa-

tions, although they did not survive strict multiple testing correction.
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Figure 4 Forest map. (A) Forest map of BMD on the risk of POI. (B) Forest map of fracture on the risk of POI. (C) Forest map of osteoporosis on the risk of POI.
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Figure 5 The two-sample MR analysis of the genetically predicted casual associations between calcaneal bone mineral density and POI. (A) Scatter plot. (B) funnel plot. (C)
leave-one-out sensitivity analysis.

Discussion

This study employed a systematic bidirectional two-sample MR analysis to investigate the genetic causal relationships
between POI and a wide range of bone health phenotypes. Our primary finding is that, after rigorous multiple testing
correction, we found no strong genetic evidence to support a causal effect of POI on decreased BMD or increased
fracture risk. In the reverse direction, exploratory analyses suggested nominally significant associations whereby
genetically predicted higher heel BMD was linked to a lower risk of POI, while genetic susceptibility to wrist and
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Figure 6 The two-sample MR analysis of the genetically predicted casual associations between fracture of the wrist and POI. (A) Scatter plot. (B) funnel plot. (C) leave-one-out
sensitivity analysis.
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Figure 7 The two-sample MR analysis of the genetically predicted casual associations between fracture of the pelvis and POI. (A) Scatter plot. (B) funnel plot. (C) leave-one-out
sensitivity analysis.

pelvic fractures was linked to a higher risk.These findings, particularly the robust null result from the forward analysis,
provide a novel genetic perspective on the complex interplay between reproductive and skeletal health.The strength of
this study lies in its adherence to MR core assumptions, the use of independent datasets to avoid sample overlap, and
comprehensive sensitivity analyses. Notably, the application of FDR correction to the forward MR analysis enhances the

robustness of our primary conclusion regarding the effect of POI on bone.

Interpretation of Main Findings in Context

Observational studies consistently suggest a close association between POI and impaired bone health, including lower BMD and
higher fracture risk.>*>’ For instance, a study involving over 350 POI patients reported that 58% had osteopenia or
osteoporosis.*® Multiple studies have confirmed that BMD at key sites like the spine and femoral neck is significantly lower
in POI patients compared to age-matched controls.*®*' Popat et al, using data from NHANES III, found spinal and femoral neck
BMD in POI patients to be 2-3% lower.*' Risk factors for this bone loss include irregular menstruation before puberty, delayed
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POI diagnosis, poor adherence to estrogen therapy, and nutritional and lifestyle factors.*? In contrast, our MR analysis, which
minimizes confounding, did not corroborate a genetic causal effect of POI on these bone health deficits. This suggests that the
clinically observed osteopenia or osteoporosis in POI patients may be primarily a consequence of the condition (eg., post-onset
estrogen deficiency) rather than sharing a strong common genetic cause with POI itself. This interpretation is supported by the
time-dependent nature of the exposure: MR estimates reflect lifelong genetic predisposition, whereas significant bone loss in POI
likely manifests after disease onset. This well-powered null finding represents a meaningful contribution, as it shifts the
etiological focus from a strong shared genetic predisposition to modifiable post-diagnosis factors, underscoring that bone
deterioration is not a pre-determined genetic fate for all POI patients. It reinforces the critical importance of timely post-
diagnosis interventions (eg., hormone replacement therapy, lifestyle modifications) to mitigate this secondary risk.

Conversely, our reverse MR analysis provided exploratory insights into how inherent bone traits might influence POI risk.
We found thatgenetically predicted higher heel BMD was nominally associated with a reduced risk of POI (OR=0.792, 95%
CI: 0.635-0.988, P=0.039). This hypothesis-generating finding suggests that bone health status, potentially assessable via
accessible sites like the heel, might reflect underlying biological processes relevant to ovarian reserve.

Regarding fractures, while observational studies indicate higher fracture risk in women with POI or early
menopause,>** our forward MR did not support POI as a causal driver. Intriguingly, the reverse analysis suggested
nominally significant associations where genetic susceptibility to pelvic (OR=1.177, 95% CI: 1.056-1.312; P=0.003) and
wrist (OR=1.436, 95% CI: 1.038-1.986; P=0.025) fractures were linked to higher POI risk. These exploratory associa-
tions should be interpreted with caution. Speculatively, pelvic fractures could impact pelvic hemodynamics and ovarian
perfusion,*> while a shared genetic propensity for factors like “accelerated aging” might underlie susceptibility to both
fractures and follicular depletion. These preliminary findings invite future research into whether fracture history could be
considered among multiple factors for assessing POI risk.

Potential Biological Mechanisms Linking Bone and Ovarian Function

The exploratory reverse MR findings invite speculation on potential shared biological pathways. The protective signal
from heel BMD, influenced by mechanical loading, might implicate mechano-sensitive pathways (eg., Wnt/p-catenin)
crucial for both bone formation and folliculogenesis.*®*” Alternatively, it could reflect a more active “bone endocrine”
state, where osteoblast-derived factors like osteocalcin support ovarian function.*® The association with fracture
susceptibility could point to a common substrate of genetically influenced cellular aging, DNA repair efficiency, or

4959 processes detrimental to both bone integrity and ovarian reserve.

chronic inflammation,
Clinical and Translational Implications

The clinical implications of this study are nuanced and dual-focused. First, for POI management: While our genetic data
do not support a strong innate causal link from POI to bone disease, the established observational association remains
clinically paramount. Our findings emphasize that the bone health risk in POI is likely acquired and modifiable,
strengthening the mandate for proactive, standardized bone health surveillance and intervention as a core component
of POI care.Second, for POI risk assessment: The exploratory reverse associations propose that bone phenotype could be
a mirror reflecting shared biological vulnerabilities relevant to POI. In practice, this might justify increased clinical
attention to the ovarian function of young women with a history of fragility fractures, especially at the wrist or pelvis.
Incorporating simple bone health metrics into broader health assessments could potentially aid in early risk stratification.
Future research should aim to integrate genetic data with clinical and lifestyle factors to build predictive models for POI
and its comorbidities.

Limitations

This study has several limitations. First, the primary data were derived from populations of European ancestry, and the
generalizability of the conclusions needs to be validated in other populations. Second, although multiple sensitivity
analyses were conducted, residual pleiotropy cannot be completely ruled out. Third, the GWAS sample sizes for some
skeletal phenotypes (such as certain fractures) and for POI itself may have limited statistical power, which is common for
rare outcomes. Fourth, we employed different multiple comparison correction strategies: FDR for the forward MR
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(testing multiple outcomes) and nominal thresholds for the exploratory reverse MR (testing multiple exposures on
a single outcome). While this approach is methodologically justified by the differing hypothesis structures, it necessitates
that the nominally significant reverse MR findings be interpreted as preliminary and requiring independent replication.
Finally, MR reveals lifelong genetic risk and cannot be directly equated with the effects of interventions (eg., hormone
therapy) at specific life stages.

Conclusion

In summary, this bidirectional MR study found no robust genetic evidence supporting a causal effect of POI on bone
health outcomes. Exploratory reverse MR analyses suggested that genetically predicted higher heel bone mineral density
may be associated with a lower risk of POI, while genetic susceptibility to wrist and pelvic fractures may be associated
with a higher risk; these nominally significant associations require further validation. Collectively, the findings suggest
that bone deterioration in POI is likely a critical but modifiable secondary complication rather than a genetically
predetermined outcome. The potential link from certain bone traits to POI risk highlights a direction for future research
into shared biological pathways. These insights offer a refined genetic perspective on the bone-ovary relationship, with
potential implications for both the clinical management of POI and future risk assessment strategies.
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