International Journal of Women’s Health Dovepress
Taylor & Francis Group

ORIGINAL RESEARCH

Bidirectional Associations Between Frailty and
Preeclampsia: A Two-Sample Mendelian
Randomization Study

Chenghang Tian(®, Die Hu, Jing Feng, Xia Li, Zhenyu Guo, Xueying Zhu, Cong Gai, Huimin Zhu
School of Traditional Chinese Medicine, Beijing University of Chinese Medicine, Beijing, 102488, People’s Republic of China

Correspondence: Huimin Zhu, School of Traditional Chinese Medicine, Beijing University of Chinese Medicine, || North Third Ring East Road,
Chaoyang District, Beijing, 102488, People’s Republic of China, Tel/Fax +86-10-5391 1430, Email huiminzhu822@163.com

Obijective: This study aims to elucidate the potential bidirectional genetic relationship between frailty and preeclampsia (PE), which
currently remains unclear.

Methods: We performed a bidirectional two-sample Mendelian randomization (MR) analysis to assess the causal link between the
frailty index (FI) and PE. Summary statistics for FI were sourced from the IEU Open GWAS project (ebi-a-GCST90020053). For PE,
two independent datasets were employed: one from IEU Open GWAS (ebi-a-GCST90018906) and another from the FinnGen R12
release (finn-b-O15 PREECLAMPS), to improve robustness and generalizability. The primary analysis used the inverse variance
weighted (IVW) method, supported by MR-Egger, weighted median, simple mode and weighted mode methods. Sensitivity analyses
were performed using Cochrane’s Q test, the MR-Egger intercept test, the MR-PRESSO global test and leave-one-out analysis.
Results: Genetically predicted FI conferred an increased odds of PE, as robustly demonstrated by the IVW method in both
independent datasets: ebi-a-GCST90018906 (OR = 3.027, 95% CI [1.445, 6.343], P = 0.003]) and finn-b-O15_PREECLAMPS (OR
=1.561,95% CI [1.013, 2.404], P = 0.043). Conversely, PE also showed a significant causal effect on FI in the FinnGen dataset (OR =
1.047, 95% CI [1.031, 1.064], P < 0.001). These results indicate that higher genetically predicted frailty is a risk factor for PE and PE
may in turn contribute to the exacerbation of frailty. The robustness of these associations was supported by consistent findings across
multiple sensitivity analyses.

Conclusion: This study provides suggestive genetic evidence for a potential bidirectional relationship between frailty and PE. The
forward-direction findings, with frailty as the exposure and PE as the outcome, were consistently supported across two independent
datasets, while the reverse-direction findings, with PE as the exposure and frailty as the outcome, were dataset-dependent and require
further validation. Frailty may represent a promising target for obstetric risk stratification, pending confirmation in pregnant
populations.

Keywords: frailty, preeclampsia, causality, genetic epidemiology, Mendelian randomization

Introduction

Preeclampsia (PE) is a multisystem condition of pregnancy, characterized by the onset of hypertension and proteinuria beyond
the 20th week, and is a major contributor to maternal and fetal morbidity and mortality worldwide.' The implications of PE are
extensive and multifactorial, affecting both the mother and the offspring. Mothers with PE face risks of kidney, liver injury,
severe hypertension, cerebrovascular events and lung dysfunction. Fetuses are susceptible to intrauterine growth restriction,
fetal distress, stillbirth or preterm birth.** Offspring exposed to PE in utero may experience long-term health issues, including
elevated risks of hypertension, cardiovascular disease, neurodevelopmental delays, altered growth patterns and endocrine
dysfunction.® Globally, PE affects between 2% and 8% of all pregnancies.” An estimated 4 million women are diagnosed with
the condition annually, contributing to more than 70,000 maternal deaths and 500,000 fetal or neonatal losses each year,8
underscoring its substantial threat to maternal and infant health. While the exact pathogenesis of PE remains elusive, it is
believed to stem from aberrant placental development, coupled with endothelial dysfunction, oxidative stress, immunological
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factors, and genetic predisposition.” Currently, the sole curative intervention for PE is placental delivery, frequently requiring
medically induced preterm birth.'® These adverse consequences have placed enormous strain on health and social care
systems. Therefore, the formulation of effective early-prevention strategies is of paramount importance for mitigating the
global burden of PE.

Frailty is increasingly recognized as a significant public health issue. This clinical syndrome is marked by an erosion
of physiological reserves across multiple systems and an increased susceptibility to stressors, which collectively height-
ens the risk of negative outcomes like falls, hospitalizations and death.'' Existing evidence has established associations
between frailty and various conditions, including depression,'? disability,"* reduced renal function,'* cardiovascular

117 and increased mortality.'® Notably, pregnancy induces substantial physiologi-

disease,'® neurodegenerative diseases
cal and psychological changes such as shifts in dietary habits,'® reduced physical activity levels,”® mood disturbances
including depression®' and endocrine shifts affecting hormonal balance,”> which may collectively disrupt maternal
homeostasis and potentially contribute to the development or exacerbation of frailty. Moreover, research has demon-
strated a significant correlation between multiple pregnancies and an elevated risk of frailty.®> The frailty index (FI) has
emerged as a robust quantitative tool for assessing an individual’s health deficit burden. It is defined as the proportion of
present health deficits relative to the total number of measured indicators. These deficits may encompass diseases,
disabilities, clinical signs, abnormal laboratory or imaging findings and psychosocial parameters.”* A higher FI value
indicates more severe frailty. Its strength lies in its ability to integrate multidimensional health information, thereby
providing a comprehensive evaluation and enhancing the prediction of poor clinical outcomes.

Frailty has traditionally been studied in older adults, yet the core concept, a diminished physiological reserve that
increases susceptibility to stressors, is not inherently age-specific. Pregnancy represents a substantial physiological
challenge that taxes cardiovascular, metabolic, and immune systems, and may therefore expose or amplify underlying
vulnerability in a manner conceptually analogous to the stress tests that reveal frailty in older populations. Indeed, both
pregnancy and aging are characterized by chronic low-grade inflammation, endothelial dysfunction and oxidative stress,
suggesting shared biological mechanisms that may link the two processes. Both conditions exhibit these overlapping
pathways, which have been independently documented in each. These pathways are common to many chronic diseases,
however, and their presence alone does not necessarily imply a causal link between frailty and PE. Whether the shared
mechanisms reflect a genuine causal connection at the genetic level has yet to be tested. Elucidating this connection could
unveil novel risk markers for PE and pave the way for early screening and interventions in high-risk groups, ultimately
enhancing maternal and infant outcomes while reducing complication risks.

While randomized controlled trials (RCTs) are widely regarded as the gold standard for establishing causality in
clinical research and provide the highest level of evidence-based medical evidence,” ethical and practical constraints
preclude their use in this context. As an alternative, Mendelian randomization (MR) has emerged as a powerful
methodological approach for causal inference. By leveraging genetic variants as instrumental variables (IVs), MR
mimics the random assignment of an RCT, thereby reducing confounding and mitigating reverse causality, while
providing robust evidence for causal associations.® To fill this knowledge gap, we used a two-sample MR framework
based on pooled data from large-scale genome-wide association studies (GWAS) to assess the causal association between
genetic predictions of FI and PE.

Methods

Study Design

This study was designed as a bidirectional two-sample MR study, with the MR analysis flowchart shown in Figure 1. The
analysis adhered to three core MR assumptions: (1) Relevance assumption: Genetic instruments exhibit strong associa-
tions with the exposure; (2) Independence assumption: The instruments must be independent of any confounding factors
that influence the exposure-outcome relationship; (3) Exclusion restriction: Instruments influence the outcome exclu-
sively through the exposure, with no direct or alternative pathways.?” All statistical analyses in this study were performed
using RStudio (version 4.5.0) and TwoSampleMR (version 0.6.15). This research report follows the STROBE-MR
reporting guidelines for MR-enhanced epidemiological observational research reports.”®
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Figure | MR analysis flowchart.

Data Sources

The GWAS data for FI were sourced from the IEU Open GWAS project (ebi-a-GCST90020053), which were derived
from a large-scale meta-analysis comprising individuals of European ancestry from two cohorts: participants from the
UK Biobank (n = 164,610; aged 60—70 years; including 84,819 females [51.3%]) and from the Swedish TwinGene study
(n = 10,616; aged 41-87 years; including 5,577 females [52.5%]). FI calculation was based on 49 or 44 self-reported
items on symptoms, disabilities and diagnosed diseases for UK Biobank and TwinGene respectively.”’ Summary
statistics for PE were obtained from two independent GWAS: one from the IEU Open GWAS project (ebi-
a-GCST90018906) and the other from the FinnGen Consortium R12 release (finn-b-O15 PREECLAMPS). Data on
PE (ebi-a-GCST90018906) were sourced from a 2021 Nature Genetics publication comprising a cross-population atlas of
genetic associations for 220 human phenotypes, including 267,242 individuals (2,355 cases) and 24,165,538 SNPs.**
The second PE dataset (finn-b-O15 PREECLAMPS) included 268,336 participants, among whom there were 9,023
cases. All summary data were based on European populations. GWAS summary statistics are provided in Table 1.

Selection of IVs

SNPs significantly associated with FI were selected at a genome-wide significance threshold of P < 5.0x10"®. For PE, the
conventional genome-wide significance threshold yielded too few SNPs for reliable instrumental variable analysis. We
therefore adopted a more lenient threshold of P < 5.0 x 107, an approach used in prior MR studies when genome-wide
significant instruments are scarce.’' > To minimize linkage disequilibrium, clumping was performed by setting thresholds
of R* < 0.001 and distance = 10,000 kb. To mitigate bias from weak instruments, only SNPs with an F-statistic > 10 were
retained.** The F-statistic was calculated as F = R* (N —2) / (1 — R?), where R represents the proportion of variance in the
exposure explained by the instrument and N denotes the sample size.*® The value of R? was derived using the formula: R* =
B/ (B> + N x SE?), in which B refers to the estimated effect size of the allele on the phenotype and SE to its standard error.
During the harmonization of exposure and outcome datasets, palindromic SNPs were removed to ensure allele consistency.
Additionally, SNPs showing significant association with the outcome (P < 5.0 x 10~*) were excluded to avoid potential
pleiotropic effects. The remaining SNPs were used as [Vs in the MR analysis. To evaluate the biological relevance of our
genetic instruments, we annotated all selected SNPs for their genomic context. Chromosomal positions, the nearest gene,

Table | Summary Information of GWAS Data

Variables GWAS ID Sample Size nSNP Participates | Year
Fl ebi-a-GCST90020053 175,226 7,589,717 European 2021
PE ebi-a-GCST90018906 267,242 24,165,538 European 2021
PE finn-b-O | 5_PREECLAMPS 268,336 21,320,770 European 2024
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and the predicted functional consequence were obtained from the Ensembl database (GRCh38). We then performed
a manual literature review to determine whether each annotated gene has a known role in frailty or PE biology.

MR Analysis

This study implemented multiple MR approaches to evaluate causal effects between FI and PE. The inverse variance
weighted (IVW) analysis served as the primary analysis method,*® supplemented by the MR-Egger method, weighted
median method, simple mode, weighted mode and sensitivity analyses. The IVW method is the primary analytical tool
used to estimate potential causal relationships because it provides the most accurate results and the selected SNPs are
valid IVs.*” The weighted median method allows for the existence of IVs that have no effect on the outcome in 50% of
cases and yields stable effect values even in the presence of heterogeneity.>® The MR-Egger method evaluates the causal
effect of an exposure on an outcome while allowing for potential pleiotropic effects of all IVs.?” The simple mode selects
the most frequent causal effect among IVs without weighting. It works best when most instruments have consistent effect
directions, ignoring outliers effectively. The weighted mode assigns greater weight to more precise estimates, thereby
diminishing the influence of less reliable ones. Odd ratio (OR) with 95% confidence intervals (95% CI) quantified effect
sizes, with statistical significance defined at P < 0.05.

Directionality Test

Steiger directionality testing was conducted to verify the assumed causal direction for each exposure-outcome pair in the
bidirectional MR design, as described by Hemani et al.** This test compares the variance explained by each genetic
instrument in the exposure versus the outcome. A larger R? for the exposure supports the hypothesized causal direction.

Sensitivity Analysis

To ensure the robustness of our MR results against heterogeneity and horizontal pleiotropy, we performed comprehensive
sensitivity analyses. Heterogeneity across IVs was evaluated using Cochran’s Q statistic within both the IVW and MR-
Egger methods, with a P-value below 0.05 indicating significant heterogeneity. Horizontal pleiotropy was assessed using
the MR-Egger intercept test, where a statistically significant deviation of the intercept term from zero (P < 0.05) was
interpreted as evidence of horizontal pleiotropy.>” We further applied the MR-PRESSO global test to detect and correct
for horizontal pleiotropy through outlier removal, with P-values empirically derived from 10,000 simulations. If
significant global heterogeneity is detected, a local outlier test is subsequently conducted to identify any outlier SNPs.
When horizontal pleiotropy variation is below 10%, MR-PRESSO is more precise and has lower bias compared to the
IVW and MR-Egger methods.*' Finally, a leave-one-out sensitivity analysis was performed by iteratively excluding each
SNP to evaluate the influence of IVs on the overall MR estimate and to identify potential sources of bias. Collectively,
these approaches enhance the reliability and validity of our causal inference.

Results
Selected Vs

Based on established IVs selection criteria, genetic instruments were identified from the aggregated data to investigate
the potential causal effect between FI and PE. After rigorous screening, 14 SNPs were identified as IVs for FI. For the PE
dataset, we identified 11 (ebi-a-GCST90018906) and 36 (finn-b-O15 PREECLAMPS) strongly associated SNPs respec-
tively. The strength of all instruments was robust, with F-statistics greatly exceeding the conventional threshold of 10.
Specifically, F-statistics ranged from 30.000 to 119.121 for Fl-associated SNPs, from 20.980 to 27.687 for PE IVs from
the IEU source and from 20.873 to 55.222 for PE IVs from FinnGen, indicating a low likelihood of weak instrument bias.

Steiger Directionality Test

The Steiger directionality test confirmed the assumed causal direction for all four exposure-outcome pairs. All genetic
instruments explained more variance in the assumed exposure than in the outcome (steiger dir = TRUE for all SNPs),
supporting the hypothesized causal directions. Although single-SNP Steiger P-values did not reach nominal significance,
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this is not unexpected given the modest variance explained by individual instruments. No SNPs were excluded due to
directionality concerns. Details of all IVs, including their chromosomal location, nearest gene, functional consequence,
and relevance to frailty or PE biology, are provided in Table S1.

Forward MR

In the forward MR analysis evaluating the effect of FI on PE (ebi-a-GCST90018906), the IVW analysis revealed
a statistically significant impact of FI on PE (OR = 3.027, 95% CI [1.445, 6.343], P = 0.003]. This positive effect was
further supported by weighted median (OR = 4.812, 95% CI [1.713, 13.521], P = 0.003) and weighted mode (OR =
5.360, 95% CI [1.168, 24.612], P = 0.050). Although MR-Egger and simple mode analyses did not reach statistical
significance (P > 0.05), the direction of effect estimates was consistent with that of the IVW method, suggesting
coherence across all five MR methods in supporting a positive causal effect of FI on PE (Table 2). Sensitivity analyses
reinforced the robustness of these findings (Table 3). No significant heterogeneity was detected among IVs using
Cochran’s Q statistic from the IVW method (P > 0.05). The funnel plot exhibited approximate symmetry, which is
consistent with the absence of significant heterogeneity as indicated by Cochran’s Q test. Both the MR-Egger intercept
test and the MR-PRESSO global test indicated no substantial horizontal pleiotropy (P > 0.05). Furthermore, the leave-
one-out analysis confirmed that the overall causal estimate remained stable after sequentially removing each SNP,
indicating that the causal relationship was unaffected by any single SNP. In summary, the MR analyses provide evidence
supporting a causal effect of genetically predicted FI on the risk of PE. Funnel, scatter and forest plots from the forward
MR analysis are presented in Figures 2—4.

A separate MR analysis was conducted using PE from the FinnGen R12 consortium (finn-b-O15 PREECLAMPS) as
the outcome. Similarly, the IVW method demonstrated a significant positive effect of FI on PE (OR = 1.561, 95% CI
[1.013, 2.404], P = 0.043) (Table 4). Sensitivity results were consistent with the primary analysis: no heterogeneity or
horizontal pleiotropy was detected (P > 0.05) and leave-one-out analysis again indicated robust estimates unaffected by
IVs (Table 3). Supporting visualizations are included as Figures 5-7. In summary, the consistent causal estimates
obtained across multiple independent GWAS datasets for the exposure (FI) strengthen the genetic evidence that

Table 2 MR Results for the Bidirectional Association of the FI with PE (Ebi-a-GCST90018906)

Exposure Method nSNP B SE OR 95% ClI P
FI \A%% 14 1.108 | 0.377 | 3.027 | [l.445, 6.343] | 0.003
Weighted median 14 1.571 | 0527 | 4.812 | [I.713, 13.521] | 0.003
MR-Egger 14 1.703 | 1.741 | 5488 | [0.181, 166.498] | 0.347
Simple mode 14 1.679 | 0.831 | 5360 | [1.052,27.322] | 0.064
Weighted mode 14 1.679 | 0.778 | 5360 | [l.168,24.612] | 0.050
PE (ebi-a-GCST90018906) Ivw Il 0.010 | 0.009 | 1.010 | [0.993, 1.028] | 0.254
Weighted median Il 0.015 | 0.009 | 1.015 | [0.998, 1.032] | 0.087
MR-Egger Il -0.009 | 0.024 | 0.991 [0.945, 1.039] | 0.708
Simple mode Il 0.013 | 0.012 | 1.013 | [0.989, 1.037] | 0.324
Weighted mode Il 0.014 | 0.012 | 1.014 | [0.991, 1.037] | 0.274

Table 3 Sensitivity Analyses of Forward MR

Exposure Outcome Heterogeneity Pleiotropy

IVW Q (P) | MR-Egger Q (P) | MR-Egger intercept (P) | MR-PRESSO P

FI PE (ebi-a-GCST90018906) 11.035 (0.608) 10.912 (0.536) —0.013 (0.732) 0.629
FI PE (finn-b-O15_PREECLAMPS) | 16.208 (0.238) 15.841 (0.199) 0.012 (0.608) 0.262
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a higher genetically predicted FI significantly increases the risk of PE, enhancing the credibility and robustness of our

findings.

Reverse MR

In the reverse MR analysis evaluating the effect of PE on FI (ebi-a-GCST90018906), none of the five methods employed
(IVW, weighted median, MR-Egger, simple mode or weighted mode) supported a causal association (P > 0.05) (Table 2).

Cochran’s Q test indicated the presence of moderate heterogeneity among the IVs in both the IVW and MR-Egger

methods (P < 0.05). Interestingly, assessment of horizontal pleiotropy yielded discordant results: the MR-Egger intercept
test showed no evidence of pleiotropic bias (intercept = 0.0042, P = 0.405), whereas the MR-PRESSO global test

Table 4 MR Results for the Bidirectional Association of the Fl with PE (Finn-b-O15_PREECLAMPS)

Exposure Method nSNP B SE OR 95% ClI P
Fl \A%% 14 0.445 | 0.220 | 1.561 | [1.013,2.404] | 0.043
Weighted median 14 0.549 | 0.291 | 1.732 | [0.978, 3.066] | 0.059
MR-Egger 14 —0.082 | 1.027 | 0.921 | [0.123, 6.892] | 0.937
Simple mode 14 0.491 | 0.479 | 1.633 | [0.639,4.177] | 0.324
Weighted mode 14 0.512 | 0.397 | 1.669 | [0.767, 3.635] | 0.219
PE (finn-b-O15_PREECLAMPS) Ivw 36 0.046 | 0.008 | 1.047 | [1.031, 1.064] | < 0.001
Weighted median 36 0.046 | 0.011 | 1.047 | [1.024, 1.071] | < 0.001
MR-Egger 36 0.059 | 0.029 | 1.061 | [1.001, 1.124] | 0.054
Simple mode 36 0.076 | 0.030 | 1.079 | [1.016, I.146] | 0.017
Weighted mode 36 0.076 | 0.026 | 1.079 | [1.026, 1.135] | 0.005
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indicated potential bias (P < 0.05). Leave-one-out analysis confirmed that the overall estimates remained stable after
sequential exclusion of individual SNPs (Table 5). Owing to the substantial heterogeneity and the discordance between
pleiotropy diagnostics, the results do not support a reliable inference regarding a reverse causal effect of PE on FI.
Funnel, scatter and forest plots from the reverse MR analysis are presented in Figures 8—10.

Excitingly, our results showed markedly improved consistency and strength of association across methods in the reverse
MR analysis with PE as exposure and FI (finn-b-O15_PREECLAMPS) as outcome (Table 4). The IVW, weighted median,
simple mode and weighted mode methods all consistently supported an inverse causal relationship between FI and PE,
indicating that higher PE increases the risk of FI (IVW: OR = 1.047, 95% CI [1.031, 1.064], P < 0.001; weighted median:
OR = 1.047, 95% CI [1.024, 1.071], P < 0.001; simple mode: OR = 1.079, 95% CI [1.016, 1.146], P = 0.017; weighted
mode: OR = 1.079, 95% CI [1.016, 1.146], P = 0.005). Sensitivity analyses indicated no evidence of heterogeneity
(Cochran’s Q P > 0.05) or horizontal pleiotropy (MR-Egger intercept and MR-PRESSO global test P > 0.05) (Table 5).
Visual inspection of the funnel plot and leave-one-out analysis further confirmed the stability and robustness of the causal
estimate. These results suggest that genetic predisposition to PE is associated with increased FI, supporting a potential
causal role of PE in exacerbating frailty. Supporting visualizations are included as Figures 11-13.

Table 5 Sensitivity Analyses of Reverse MR

Exposure Outcome Heterogeneity Pleiotropy

IVW Q (P) | MR-Egger Q (P) | MR-Egger intercept (P) | MR-PRESSO P

PE (ebi-a-GCST90018906) FI 19.797 (0.031) 18.253 (0.032) 0.0042 (0.405) 0.045
PE (finn-b-O15_PREECLAMPS) FI 42.927 (0.168) 42.677 (0.146) —0.001 (0.658) 0.212
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Discussion

This bidirectional MR analysis provides suggestive genetic evidence for a potential link between frailty and PE. An
elevated genetic susceptibility to frailty was consistently associated with an increased risk of PE across two independent
datasets. In the reverse direction, genetic predisposition to PE was associated with elevated FI in the FinnGen dataset,
though this finding was not replicated in the IEU dataset, suggesting a potential but inconclusive reverse relationship.
These findings offer novel insights into the shared etiology and underlying mechanisms linking frailty and PE, and
further highlight their long-term implications for maternal health.

The consistency of the results across multiple MR methods and sensitivity analyses strengthens the validity of the
observed associations, though some methodological nuances warrant consideration. In the forward MR analyses, MR-
Egger and simple mode estimates did not reach nominal significance in some instances, yet their effect directions were
consistent with the IVW results. This is not unexpected with a limited number of instruments, as conservative methods
like MR-Egger often have reduced statistical power, and does not necessarily argue against a causal effect. In the reverse
direction, the MR findings were inconsistent between the two PE datasets, with a significant association observed in
FinnGen but not in the IEU dataset. The two datasets represent independent cohorts, and this divergence likely reflects
genuine between-cohort variability. The reverse association should therefore be interpreted as dataset-dependent and
requiring further validation. Additionally, the OR of 3.027 for FI on PE in the IEU dataset is moderately higher than
typical MR estimates, which may reflect the limited number of instruments, the relaxed selection threshold, and potential
residual pleiotropy. The FinnGen dataset yielded a more modest estimate (OR = 1.561), and the direction of effect was
consistent across both datasets and across all MR methods. The consistency in direction across datasets and methods
therefore provides more reliable evidence than the magnitude of any single estimate.

The observed bidirectional relationship between frailty and PE may be underpinned by several overlapping patho-
physiological mechanisms. Frailty, marked by chronic low-grade inflammation, endothelial dysfunction, immune dysre-

gulation and reduced physiological resilience,****

may increase susceptibility to PE by compromising vascular
adaptation to pregnancy and exacerbating responses to placental stress. Conversely, PE can precipitate or worsen frailty
through persistent vascular injury, systemic inflammatory activation and oxidative stress, which collectively promote
accelerated cellular aging and multisystem functional decline.*>*® Furthermore, clinical interventions such as iatrogenic
preterm delivery and the associated physiological and psychological burdens of PE may impair postnatal recovery and
perpetuate a state of vulnerability,*’ supporting the possibility of a cyclical interaction between frailty and PE. These
mechanistic hypotheses, while biologically plausible, should be interpreted with caution, as no genetic mediation analysis
was performed to directly link the identified instrumental SNPs to the proposed pathways.

Numerous clinical tools and biomarkers are currently employed for the prediction and screening of PE. A notable early-
pregnancy screening algorithm integrates mean arterial pressure, uterine artery pulsatility index measured by Doppler
ultrasound and maternal serum placental growth factor (PIGF) levels, demonstrating a detection rate of approximately 82%
for PE when applied in the first trimester.*® However, the widespread implementation of such multimodal screening is
constrained by high costs, reliance on specialized equipment and the need for trained sonographers. Beyond early pregnancy
combined screening algorithms, another biomarker innovation for PE has entered clinical use gradually: the soluble fms-like
tyrosine kinase 1 (sFlt-1) to PIGF ratio. A prospective multicenter observational study indicated that an sFlt-1/PIGF ratio < 38
effectively rules out the short-term development of PE among women with clinical suspicion of the disease.*>*>

In addition to the screening tools and biomarkers already applied clinically or entering validation phases, research
leveraging high-throughput omics technologies has identified numerous potential PE-associated biomarkers in recent
years, including 4-hydroxyglutamate,”’ first-trimester placental protein 13 (PP13),>* the eosinophil-based complete blood
count,53 cell-free DNA,54 placenta-specific extracellular microRNAs,55 and various oxidative stress markers such as
ischemia-modified albumin (IMA), uric acid (UA) and malondialdehyde (MDA).>® Additional candidates involve spot
urinary protein-to-creatinine ratio,”” N-terminal pro-brain natriuretic peptide (NT-proBNP) and brain natriuretic peptide
(BNP),’® among others. These biomarkers may reflect the pathophysiological processes of PE across multiple dimensions
such as placental dysfunction, inflammatory responses, oxidative stress and vascular endothelial injury. Although these

biomarkers demonstrate certain predictive value or pathological relevance in exploratory studies, most remain in
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preclinical validation or small-scale trial phases. Their specificity, sensitivity, predictive timeliness and clinical applic-
ability require further evaluation. Integrating these multi-omics biomarkers for combined analysis may represent a key
direction for enhancing the accuracy of early PE prediction in the future.

While established biomarkers offer valuable pathways for the early screening and prevention of PE, their integration
into widespread clinical practice remains challenging, especially within resource-constrained healthcare environments.
Limitations primarily stem from their reliance on sophisticated instrumentation, labor-intensive protocols and substantial
financial investment, which collectively restrict scalable implementation globally. In comparison, frailty, as
a multidimensional clinical phenotype, can be efficiently evaluated using a range of simple, low-cost and validated
assessment tools such as questionnaire-based scales. These features make it particularly suitable for deployment within
primary care settings and medically underserved populations, thereby facilitating earlier identification of women at elevated
risk of PE. More importantly, frailty itself is both modifiable and reversible.® Improving frailty through multifaceted
strategies may potentially contribute to reducing the risk of PE onset, as a potential preventive approach. In summary, frailty
not only demonstrates considerable clinical applicability and accessibility but also holds notable public health implications
and potential translational medical potential, suggesting its potential as a complementary tool for risk assessment in
obstetric settings, though validation in pregnant populations is required before clinical implementation.

A range of frailty assessment tools have been created and validated over recent decades to measure physiological
reserve and vulnerability in various patient groups. Commonly employed tools include the Edmonton Frailty Scale (EFS),*
the FI of Accumulative Deficits,”* the Clinical Frailty Scale (CFS),°! the Groningen Frailty Indicator (GFI),%* the Frailty
Risk Score (FRS)® and the Frailty Trait Scale (FTS),** among others. To better understand the theoretical foundations
underlying these tools, two influential frameworks are worth highlighting: the phenotypic model and the deficit accumula-
tion model. The first, the Physical Frailty Phenotype (PFP) proposed by Fried et al, conceptualizes frailty as a distinct
clinical syndrome characterized by specific physical criteria. Its objective is to pinpoint individuals with diminished
physiological reserves who are predisposed to stressors and adverse outcomes.®® In contrast, the deficit accumulation
model offers a complementary perspective by quantifying frailty as a continuous gradient of risk based on the proportion of
health deficits present in an individual. This approach provides a highly sensitive and quantitative measure that captures the
overall burden of multisystem dysregulation.>* The development of assessment tools based on these two complementary
models has provided researchers and clinicians with flexible, low-cost and operationally feasible approaches for evaluating
frailty. As our study establishes a genetic link between frailty and PE, these practical tools hold significant potential for
improving early screening strategies and facilitating the identification of high-risk pregnant women.

Current evidence supports physical exercise and nutritional interventions as effective strategies for ameliorating frailty.
A systematic review of 47 trials demonstrated that structured exercise programs, particularly long-term multicomponent
interventions delivered three times weekly for 30—45 minutes per session, produce significant benefits in frail older adults.®®
A network meta-analysis further identified physical activity as the most potent non-pharmacological strategy for frailty
reduction, highlighting the efficacy of resistance, mind-body, and aerobic training.®” According to the 2024 compendium for
older adults, low-to-moderate intensity exercise is highly beneficial for frailty, while it advises against routinely implementing
high-intensity regimens.®® Nutritional status also profoundly influences frailty progression. Both malnutrition and obesity are
associated with increased frailty risk, with prolonged obesity duration compounding this effect.* ' In addition, evidence
from the Chinese Longitudinal Healthy Longevity Study suggests dietary diversity, adequate protein intake and consumption
of tea and fruits are inversely associated with frailty. These well-established interventions against frailty may also offer
secondary benefits for PE prevention. Given the established association between frailty and PE risk, improving frailty through
targeted exercise and nutritional approaches could represent a viable strategy for reducing PE incidence.

In terms of public health policy, future studies may explore whether frailty assessment during the preconception
period or early pregnancy could aid in identifying women at elevated risk of PE. For women diagnosed with high frailty,
personalized intervention strategies, such as nutritional support, resistance exercise training and psychosocial assistance,
could be considered for future evaluation. Furthermore, in future frailty screening efforts, researchers should carefully
consider the assessment’s purpose, available resources, priority settings, target population characteristics and feasibility
when selecting appropriate frailty assessment tools to ensure intervention effectiveness. For survivors of PE, clinicians
may consider that their health risks reflect a broader trend of systemic vulnerability rather than an isolated susceptibility
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to a single condition. Consequently, postpartum care could extend beyond disease-specific short-term follow-up and
transition to a comprehensive long-term health management strategy based on the concept of frailty.

A key contribution of this work is the demonstration of a potential genetic association between frailty and PE,
a relationship that has not previously been examined using MR methods. Our approach, which utilizes extensive GWAS
datasets and complementary methods, has robustly mitigated the confounding biases and reverse causation that often
plague conventional epidemiology. Therefore, our methodologically rigorous approach provides suggestive genetic
evidence for a potential causal association between these two conditions. More importantly, by investigating the potential
bidirectional relationship between frailty and PE, we develop evidence-based policy recommendations that target PE
prevention strategies, facilitate early identification of high-risk populations and improve long-term management of frailty
among PE survivors. Further investigation of these interventions in prospective studies is warranted to evaluate their
potential for reducing the disease burden associated with both conditions.

It is important to acknowledge several limitations inherent to this study. First, the GWAS data used in this analysis were
based exclusively on European populations. Therefore, it remains uncertain whether the identified causal relationship between
frailty and PE can be generalized to other ethnic or geographic groups. Second, the selection of IVs was limited to SNPs
available in existing GWAS databases, which may not capture all relevant genetic variants associated with the traits of interest.
A further consideration concerns the source population of the FI GWAS. These data were derived from individuals aged 41 to
87 years, whereas PE is a condition of younger pregnant women. Although we have argued conceptually that the core feature
of frailty, diminished physiological reserve, is not inherently age-specific, the genetic architecture of frailty-related traits may
differ between general adult populations and pregnant women. The extent to which the genetic instruments identified in this
GWAS capture pregnancy-relevant vulnerability therefore requires validation in future studies conducted specifically in
obstetric populations. Additionally, the FI was constructed based on GWAS data from the general population, which may
exhibit subtle differences compared to frailty defined during pregnancy, necessitating careful consideration. An additional
limitation is that our analysis did not differentiate between early-onset and late-onset PE. Future research should specifically
examine the association between frailty and these subtypes, as their underlying mechanisms and clinical presentations may
warrant separate investigation. Such differentiation could improve risk stratification and contribute to more personalized
preventive approaches. Regarding the relaxed instrument selection threshold for PE, all retained instruments had F-statistics
well above 10 and we performed multiple sensitivity analyses, including the MR-Egger intercept test, MR-PRESSO, and the
Steiger directionality test. However, multivariable MR was not conducted given the limited number of PE instruments, which
may render such analyses underpowered. Residual pleiotropy therefore cannot be fully excluded, and our findings should be
interpreted as suggestive rather than definitive causal evidence. Finally, although the MR study helps reduce confounding and
reverse causation, the clinical applicability of our findings still requires further validation through prospective observational
studies. Further biological investigation is also necessary to clarify the mechanisms connecting frailty and PE, which would in
turn provide a stronger scientific basis for diagnostic, therapeutic and public health interventions.

Conclusion

This MR study provides suggestive genetic evidence for a potential bidirectional relationship between frailty and PE.
Specifically, a genetic predisposition to frailty was consistently associated with increased PE risk across two independent
datasets. The reverse association, examining whether genetic predisposition to PE influences frailty, was observed in only one
dataset and should be interpreted with caution. These findings suggest that preconception frailty assessment may warrant further
investigation as a strategy to identify individuals at higher risk, and that improving pre-pregnancy health could potentially
contribute to reducing PE incidence. For PE survivors, long-term monitoring and support may be beneficial to prevent or mitigate
frailty, though this requires validation in prospective studies. Overall, these findings highlight the potential value of integrating
frailty evaluation into maternal health research to better understand the pathogenesis and long-term consequences of PE.
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