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

ORIGINAL RESEARCH

Association Between Hemostatic Profiles and
Hypertensive Disorders of Pregnancy: A
Multi-Omics Mendelian Randomization Study

Yixuan Li*, Xianglin Long*, Yeshen Zhang*, Shan Tu, Wenzhi Luo, Xiaoyan Wang, Lixiong Zeng, Fei Ye,
Xu Deng, Zhihui Zhang

Department of Cardiology, The Third Xiangya Hospital of Central South University, Changsha, 410013, People’s Republic of China
*These authors contributed equally to this work

Correspondence: Zhihui Zhang; Xu Deng, Department of Cardiology, The Third Xiangya Hospital of Central South University, Changsha, 410013,
People’s Republic of China, Email zhangzhihui0869@csu.edu.cn; dengxu@csu.edu.cn

Background: Hypertensive disorders of pregnancy (HDPs) are important contributors to maternal mortality worldwide. Activation of
the coagulation cascade is a hallmark of preeclampsia, but its causal role remains unclear. This study aimed to investigate the potential
causal relationship between hemostatic profiles and the risk of HDPs.

Methods: To investigate the potential causal associations between hemostatic profiles and the risk of HDPs, two-sample Mendelian
randomization (MR) analysis was conducted utilizing genome-wide association studies summary statistics. Subsequently, we
performed proteome-wide MR analysis to further assess the causal relationship of circulating hemostatic factors on the risk of
HDPs. In addition, heterogeneity test, horizontal pleiotropy test, Steiger filtering, Bonferroni correction, and Bayesian colocalization
were carried out to evaluate the robustness of the findings.

Results: Our two-sample MR analysis identified nominally significant associations between genetically predicted higher vVWF (OR
1.27, 95% CI 1.06-1.51), FVIII (OR 2.21, 95% CI 1.05-4.66), and lower Protein C (OR: 0.91, 95% CI: 0.83-0.99) with a higher risk
of preeclampsia. The proteome-wide MR analysis further implicated nominally significant associations for circulating levels of FII,
FV, and vWF with preeclampsia risk. Sensitivity analyses showed no evidence of widespread horizontal pleiotropy or heterogeneity,
and Steiger filtering confirmed the causal direction. However, these associations did not reach statistical significance after Bonferroni
correction and Bayesian colocalization analysis indicated low posterior probabilities for a shared causal variant.

Conclusion: Our findings provide suggestive genetic evidence implicating several hemostatic factors, particularly vWF, in the
pathophysiology of preeclampsia. These results suggest the potential involvement of the hemostatic system in the development of
HDPs and warrant further investigation to validate these exploratory findings, given the lack of robustness after multiple testing
correction.
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Introduction

Hypertensive disorders of pregnancy (HDPs) are one of the most common pregnancy complications that lead to short-
and long-term fetal and maternal health concerns, mainly including gestational hypertension, preeclampsia, and
eclampsia.'” The global prevalence of HDPs is approximately 116 per 100 000 women of childbearing age and has
increased over time.’ Notably, 14% of all maternal deaths globally are attributed to HDPs, especially preeclampsia.*
However, the only definitive treatment of preeclampsia is delivery, and there is currently no effective pharmacological
treatment for preeclampsia.’® It is possible for preeclampsia to persist after delivery or to develop de novo in some cases
during the postpartum period.” In addition, although many theories have been established to elucidate the pathophysiol-

ogy of preeclampsia, the etiology of preeclampsia has not been fully elucidated. Therefore, there is a need to further
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understand the etiology of preeclampsia to promote the development of pharmacological treatment or prophylactic
strategies to improve perinatal outcomes for both mother and fetus.

Previous studies have demonstrated that platelet and coagulation cascade activation are the prominent features
of preeclampsia.® % Accordingly, low-dose aspirin is widely recommended for pregnant women at high risk for
preeclampsia.'’ A previous meta-analysis found that both aspirin and low-molecular-weight heparin (LMWH)
reduced the risk of preeclampsia, but the certainty of the evidence was low.'? In addition, the mechanisms by
which aspirin and LMWH prevent preeclampsia remain unclear, and proposed mechanisms are largely speculative
and based primarily on in vitro research.'*'* Notably, it is also unknown whether platelet and coagulation cascade
activation causally contribute to the etiology of preeclampsia. Therefore, elucidating the associations of platelet
and coagulation cascade activation with preeclampsia would facilitate the prevention and treatment of
preeclampsia.

Mendelian randomization (MR) analysis has emerged as a powerful method that utilizes genetic variants as instru-
mental variables (IVs) to investigate causal relationships between exposures and outcomes, which helps to reduce
confounding bias and reverse causation.'> In the present study, we conducted a two-sample MR analysis to evaluate
the potential causal relationships between hemostatic profiles and HDPs using genome-wide association studies (GWAS)
summary statistics. Subsequently, we performed a proteome-wide MR analysis to explore whether circulating hemostatic
factors were causally associated with HDPs based on a large-scale protein GWAS. Furthermore, several sensitivity
analyses, including Bayesian colocalization, were conducted to evaluate the robustness of the associations between
circulating hemostatic factors and HDPs.
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Figure | Study design of the two-sample Mendelian randomization analysis. The diagram illustrates the framework and three core assumptions of Mendelian randomization.
Data sources for genetic instruments (SNPs for hemostatic profiles and pQTLs for circulating proteins), outcomes (HDPs from the FinnGen consortium), and the key
analytical steps are detailed.

Abbreviations: HDPs, hypertensive disorders of pregnancy; pQTL, protein quantitative trait locus.

Methods

Study Design

The overall design of this MR analysis is presented in Figure 1. This study is based on publicly available data, and ethical
approval and patient consent had already been received in each data source. We reported the results following the
Strengthening the Reporting of Observational Studies in Epidemiology Using Mendelian Randomization (STROBE-MR)
reporting guideline (Supplemental Table S1).'®

Genetic Instrumental Variable Selection for Hemostatic Profiles

We selected GWAS summary statistics of hemostatic profiles by systematically reviewing the literature to identify IVs for
two-sample MR analysis. The selected hemostatic profiles include von Willebrand factor (vWF), a thrombospondin type
1 motif, member 13 (ADAMTSI13), factor VII (FVII), prothrombin time (PT), factor VIII (FVIII), factor XI (FXI),
activated partial thromboplastin time (APTT), factor X (FX), endogenous thrombin potential (ETP), protein C, and
D-dimer, and the detailed information of hemostatic profiles is provided in Supplemental Table S2.'72° Specifically, for
studies involving multi-ethnic cohorts, we utilized summary statistics restricted to individuals of European ancestry to

minimize population stratification bias.

To obtain valid IVs for MR analysis, IVs of hemostatic profiles were selected according to the following criteria: (1)
SNPs are significantly correlated with specific hemostatic profiles (P < 5x10°%); (2) excluding rare SNPs (minor allele
frequency < 0.01); (3) excluding SNP associated with other potential confounders (body mass index, lipid, thyroid
disease, cardiovascular disease, and metabolic diseases, etc.) by searching PhenoScanner; (4) excluding SNP located in
the major histocompatibility complex human leukocyte antigen region (chr6:28.4-33.4Mb); (5) excluding SNP was
palindromic with intermediate allele frequencies. The F-statistic was calculated for each SNP to assess the strength of the
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instruments, with a threshold of F > 10 generally considered to indicate sufficient power to avoid weak instrument bias.
The details of the included IVs of specific hemostatic profiles, their associations with HDPs are shown in Supplemental
Tables S3 and S4.

Proteomic Data Source of Circulating Hemostatic Factors
The proteomic data for circulating hemostatic factors were available from a large-scale protein quantitative trait loci
(pQTL) study of 35,559 Icelanders (https://www.decode.com/summarydata/).”’ Proteomic data in this pQTL study was

measured by a multiplexed, modified aptamer-based binding assay (SOMAscan version 4), and protein levels were rank-
inverse normal transformed by age and gender. More details of this proteomic study can be found in the original
publication.?” In the present study, the following criteria were used to identify valid pQTLs for specific circulating
hemostatic factors: (1) SNPs are significantly correlated with specific circulating hemostatic factors (P < 5x10°%); (2)
uncorrelated SNPs (clumped at correlation threshold r* < 0.01); (3) excluding rare SNPs (minor allele frequency < 0.01);
(4) SNPs with F statistic > 10 (R*>=2xEAFx(1-EAF)xbeta;? F=R*x(N-2)/(1-R?)); (5) excluding the SNPs within the
major histocompatibility complex human leukocyte antigen region (chr6:28.4-33.4Mb) due to complex linkage dis-
equilibrium (LD) structure in this region. Further, the valid pQTLs were classified as cis- or trans-pQTLs according to the
following criteria: a pQTL located within 1 Mb of the transcription start site of the protein-coding gene was defined as
cis-pQTL, whereas a pQTL located outside this region was defined as trans-pQTL.

GWAS Summary Statistics of Hypertensive Disorders of Pregnancy

GWAS summary statistics for HDPs (HDPs as a whole and its 2 subtypes of gestational hypertension and preeclampsia)
were extracted from the FinnGen consortium (Release 10, https:/r10.finngen.fi/).”® The specific phenotypes utilized were
“Hypertensive disorders of pregnancy” (O15 _HYPTENSPREG), “Gestational hypertension” (O15_GESTAT HYPERT),
and “Preeclampsia” (O15_PREECLAMPS). The FinnGen consortium included 16,417 cases and 213,893 controls for
HDPs, 9,535 cases and 211,957 controls for gestational hypertension, and 7,377 cases and 211,957 controls for
preeclampsia, with a median age at first event between 28.74 and 29.74 years. These phenotypes in the FinnGen

consortium were defined in accordance with the International Classification of Diseases code. It is important to note that
the control group in the FinnGen consortium consists of all female participants in the cohort and is not restricted to
pregnant women or those with a history of normotensive pregnancy.

Statistical Analysis

Mendelian Randomization Analyses

In two-sample MR analyses, we evaluated the causal associations between hemostatic factors and HDPs applying the
random-effects inverse-variance weighted (IVW) method as the primary statistical model. To assess the robustness of the
IVW estimates, we performed supplementary analyses employing the weighted median, MR-Egger, and MR-PRESSO
methods for all exposures with at least three valid I'Vs. In cases of discordant results, we prioritized the IVW estimates,
given their superior statistical power under balanced pleiotropy.

In proteome-wide MR analyses, both cis-pQTLs and trans-pQTLs were employed as IVs. However, we prioritized
cis-pQTLs for primary analyses, as trans-pQTLs are more susceptible to violating key MR assumptions. Similarly, we
designated the IVW method as the primary analytical approach, with weighted median, simple/weighted mode, and MR-
Egger regression as supplementary analyses.

Sensitivity Analyses

We performed several sensitivity analyses to evaluate the reliability of our findings. The MR-Egger intercept and the
MR-PRESSO global test were used to investigate potential horizontal pleiotropy. Heterogeneity across IVs was
quantified using Cochran’s Q-test and visualized with funnel plots. Subsequently, we conducted leave-one-out
analyses to assess the influence of individual SNPs. Finally, Steiger filtering was used to verify the assumed causal
direction.
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Colocalization Analysis

For the exposure-outcome pairs showing significant associations in the proteome-wide MR analyses, we conducted
Bayesian colocalization analysis using the summary statistics for the specific cis-pQTLs and the corresponding HDP
GWAS. This analysis aimed to test whether identified associations were driven by the same causal variant. This method
evaluates five competing hypotheses (HO-H4) regarding the genetic architecture of the two traits within a given genomic
region. HO: No SNP in the given genomic region is associated with two traits. H1/H2: SNPs are associated with only one
trait. H3: Both traits are associated in the region, but distinct causal variants were for two traits. H4: Both traits are
associated due to the same causal variant. A posterior probability for a shared causal variant (PPH4) of less than 0.8 is
considered to indicate the absence of strong support for colocalization.

Statistical Software and Significance Thresholds

Two-sample MR analyses were conducted primarily using the TwoSampleMR package in R software (version 4.2.1).
Sensitivity analyses were supplemented by the MRPRESSO package for outlier detection and correction. Bayesian
colocalization analyses were performed with the coloc package. All reported P-values are two-sided. Given the multiple
exposures tested, we considered a Bonferroni-corrected significance threshold to account for multiple testing. For the
analysis of 11 hemostatic profiles, the corrected threshold was P < 0.0017 (0.05 / 30 tests), and for the 12 circulating
proteins, it was P < 0.0014 (0.05 / 36 tests). Associations with a nominal P-value < 0.05 but above the corrected threshold
were considered suggestive.

Results

Genetic Instrumental Variable for Hemostatic Profiles
For the first stage of our analysis, we selected genetic instruments for 11 clinically relevant hemostatic profiles from
previously published GWAS (details in Supplementary Table S2). FX was subsequently analyzed only in the proteome-

wide MR analysis. After rigorous screening, a final set of SNPs was selected for each profile, and the F-statistics of
selected IVs were much greater than 10 (Supplementary Table S3), suggesting that those SNPs were strong instrumental

variables. To assess potential violations of the MR assumptions, we examined the direct associations of the selected IVs
with the outcomes. None of the instruments for the hemostatic profiles showed a significant association with HDPs or its
subtypes (Supplementary Table S4), which provides some evidence against widespread horizontal pleiotropy.

In the proteome-wide MR analyses, we curated pQTLs associated with hemostatic factors including coagulation
factors (FII, FV, FVII, FX, FXI, FXIII), vWE, ADAMTSI13, fibrinogen gamma chain (FGG), plasminogen activator
inhibitor (PAI), protein C, and tissue plasminogen activator (tPA) from a pQTL study involving 35,559 Icelandic
individuals. After applying the screening criteria mentioned earlier to remove unqualified SNPs, we retained 170 cis-
pQTLs and 350 trans-pQTLs for 12 circulating proteins as instruments for the proteome-wide MR analysis.

Associations of Hemostatic Profiles with Hypertensive Disorders of Pregnancy

To investigate the potential causal associations between hemostatic profiles and HDPs, we first performed comprehensive
two-sample MR analyses using GWAS summary statistics for 11 hemostatic factors and HDPs. As shown in Figure 2 and
Supplementary Table S5, genetically predicted higher vWF levels were nominally associated with an increased risk of

preeclampsia. Specifically, per 1-standard deviation (SD) increase in vWF, the OR for preeclampsia was 1.27 (95% CI:
1.06-1.51, P = 0.008) in the primary IVW analysis. This finding was consistent across sensitivity analyses using the
weighted median (OR: 1.26, 95% CI: 1.04-1.52, P = 0.016) and MR-PRESSO methods (OR: 1.27, 95% CI: 1.06-1.51,
P = 0.022). However, it is important to note that this association was nominally significant and did not survive the strict
Bonferroni-corrected threshold (P < 0.0017). No significant causal effects of vVWF were observed on gestational
hypertension or HDPs overall in the primary IVW analysis, although MR-PRESSO suggested a potential association
with HDPs that may be influenced by outlier variants (OR: 1.31, P = 0.011).

In addition, higher genetically predicted FVIII levels were associated with a higher risk of preeclampsia in both the
IVW (per 1-SD increase, OR: 2.21, 95% CI: 1.05-4.66, P = 0.037) and weighted median analyses (OR: 2.59, 95% CI.:
1.09-6.17, P = 0.032). We also identified a potential protective effect of higher Protein C levels on preeclampsia risk
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(A) Hypertensive Disorders of Pregnancy

Exposure No. of IVs Cochran's Q Pleiotropy test OR (95% ClI) P value
Platelet adhesion i

VWF 13 0.938 0.940 i—-— 1.31(0.99-1.72) 0.057
ADAMTS13 3 0.313 0.636 457 0.93 (0.67-1.29) 0.646
Intrinsic pathway i

APTT 6 0.530 0.216 [ 1.00 (0.99-1.01) 0.530
FViIl 3 0.800 0.723 —é—-— 1.37 (0.82-2.28) 0.230
FXI 6 0.523 0.418 -: 0.99 (0.97-1.01) 0.457
Extrinsic pathway i

PT 7 0.708 0.850 - 1.09 (0.99-1.20) 0.085
FVII 4 0.265 0.546 —i—-— 1.14 (0.86-1.51) 0.362
Common pathway i

ETP 3 0.122 0.928 —%-7 1.09 (0.57-2.07) 0.788
Dissolution of fibrin clot i

Protein C 3 0.094 0.666 ﬂl- 0.96 (0.88-1.06) 0.468
D-dimer 2 0.008 - —-— 1.03 (0.83-1.28) 0.758

T
05 1 2
MR IVW estimate (95% Cl)
(B) Gestational Hypertension

Exposure No. of IVs Cochran's Q Pleiotropy test OR (95% ClI) P value
Platelet adhesion

|
i

VWF 13 0.863 0.432 —i—-— 1.15(0.81-1.64) 0.435

ADAMTS13 ) 0.675 0.843 —-—E— 0.80 (0.54-1.18) 0.258

Intrinsic pathway i

APTT 6 0.174 0.778 L] 0.99 (0.97-1.01) 0.373

FVIII 3 0.670 0.618 —4— 1.00 (0.52-1.93) 0.991

FXI 6 0.711 0.876 + 1.00 (0.97-1.03) 0.870

Extrinsic pathway i

PT 7 0.820 0.986 - 1.03 (0.91-1.17) 0.617

FVII 4 0.981 0.826 ﬂl— 1.02 (0.75-1.41) 0.885

Common pathway i

ETP 3 0.576 0.576 —i—-— 1.44 (0.81-2.56) 0.211

Dissolution of fibrin clot i

Protein C 3 0.197 0.503 #I— 0.99 (0.90-1.10) 0.899

D-dimer 2 0.147 - —- 1.01 (0.76-1.33) 0.959

JEC i

0.5 2
MR IVW estimate (95% Cl)
(C) Preeclampsia

Exposure No. of IVs Cochran's Q Pleiotropy test OR (95% ClI) P value

Platelet adhesion

T [
05 2
MR IVW estimate (95% Cl)

|
|

VWF 14 0.333 0.779 1.26 (1.06-1.51) 0.009

ADAMTS13 3 0.133 0.328 0.89 (0.47-1.68) 0.717

Intrinsic pathway i

APTT 6 0.368 0.095 k 1.00 (0.98-1.02) 0.896

FVIII 3 0.649 0.524 i = 2.21(1.054.66) 0.037

FXI 6 0.390 0.308 : 0.97 (0.93-1.00) 0.076

Extrinsic pathway i

PT 7 0.210 0.530 i 1.12 (0.95-1.33) 0.170

FVII 4 0.200 0.314 E 1.17 (0.75-1.82) 0.487

Common pathway i

ETP 3 0.009 0.896 E 1.54 (0.39-6.20) 0.539

Dissolution of fibrin clot |

Protein C 3 0.584 0.609 i 0.91 (0.83-0.99) 0.036

D-dimer 2 0.108 - E 1.07 (0.79-1.47) 0.658
1'

Figure 2 Forest plot of MR estimates for the effects of hemostatic profiles on HDPs and its subtypes. Odds ratios (ORs) are for the genetically predicted risk of (A) HDPs,
(B) Gestational Hypertension, and (C) Preeclampsia per standard deviation increase in each hemostatic profile. Estimates were calculated using the inverse-variance
weighted (IVW) method. P values for heterogeneity (Cochran’s Q) and pleiotropy (MR-Egger intercept) are shown.
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Table | MR Heterogeneity and Pleiotropy in Genetically Predicted Coagulation Factors and the Risk of Hypertensive Disorders of
Pregnancy and Its Subtypes

Exposures | Outcomes Heterogeneity Test Pleiotropy Test
MR-Egger IVW (Random MR-Egger MR-Egger MR-PRESSO
Effects) Intercept Intercept Global
Q Statistics | P Value | Q Statistics | P Value P Value P Value
VWEF HDP 4.862 0.938 4.868 0.962 —0.001 0.94 0.971
GH 6.149 0.863 6.814 0.87 0.0l 0.432 0.819
PE 13516 0.333 13.609 0.402 0.002 0.779 0.491
ADAMTSI3 HDP 1.643 0.2 2323 0313 —-0.019 0.636 -
GH 0.723 0.395 0.786 0.675 —0.007 0.843 -
PE 0.925 0.336 4.036 0.133 —0.059 0.328 -
APTT HDP 1.984 0.739 4.139 0.53 0.022 0.216 0.458
GH 7.528 0.11 7.7 0.174 0.008 0.778 0.257
PE 0.656 0.957 5.406 0.368 0.048 0.095 0.39
Fvill HDP 0.23 0.631 0.447 0.8 -0.018 0.723 0.804
GH 0.33 0.565 0.8 0.67 —0.035 0.618 0.835
PE 0.007 0.934 0.866 0.649 —0.053 0.524 0.311
FXI HDP 3.373 0.498 4.185 0.523 -0.016 0418 0.57
GH 2.902 0.574 2.929 0.711 —0.004 0.876 0.642
PE 3.855 0.426 5217 0.39 —0.031 0.308 0.468
PT HDP 3.731 0.589 3.771 0.708 —0.003 0.85 0.702
GH 2.909 0.714 2.909 0.82 0 0.986 0.842
PE 7.699 0.174 84 0.21 -0.017 0.53 0.261
Fvil HDP 3.15 0.207 3.97 0.265 0.008 0.546 0.489
GH 0.113 0.945 0.175 0.981 —0.003 0.826 0.952
PE 2.458 0.293 4.638 0.2 0.02 0.314 0451
ETP HDP 4.156 0.041 4.209 0.122 0.007 0.928 -
GH 0.486 0.486 1.104 0.576 0.031 0.576 -
PE 9.07 0.003 9.317 0.009 —0.022 0.896 -
Protein C HDP 3.536 0.06 4.721 0.094 —0.015 0.666 -
GH 1.643 0.2 3.252 0.197 —0.023 0.503 -
PE 0.403 0.525 0.99 0.609 —-0.015 0.584 -
D-dimer HDP - - 0.008 0.928 - - -
GH - - 0.147 0.701 - - -
PE - - 0.108 0.742 - - -

Abbreviations: HDP, hypertensive disorders of pregnancy; GH, gestational hypertension; PE, preeclampsia; vWF, von Willebrand factor; ADAMTSI 3, a disintegrin and
metalloproteinase with a thrombospondin type | motif, member 13; FVII, Factor VII; PT, prothrombin time; APTT, activated partial thromboplastin time; FVIII, Factor VIII;
FXI, Factor XI; FX, Factor X; ETP, endogenous thrombin potential.

(IVW OR: 0.91, 95% CI: 0.83-0.99, P = 0.036). Similar to vWF, these associations did not persist after correction for
multiple testing. No significant causal effects were detected for the other hemostatic profiles examined (ADAMTS13,
APTT, FXI, PT, FVII, EPT, D-dimer) on any of the HDP outcomes (Figure 2 and Supplementary Table S5).

The robustness of these findings was confirmed through several sensitivity analyses. There was no evidence of

horizontal pleiotropy from the MR-Egger intercept or MR-PRESSO global tests, nor was there significant heterogeneity
according to Cochran’s Q tests (Table 1). Leave-one-out analyses indicated that the causal estimates were not driven by any
single influential SNP, particularly for the association between VWF and preeclampsia (Supplementary Figures S1 to S3).

Finally, Steiger filtering confirmed the assumed causal direction from hemostatic profiles to preeclampsia for all significant
associations, minimizing the likelihood of reverse causation (Supplementary Table S6).
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Associations of Circulating Hemostatic Factors with Hypertensive Disorders of

Pregnancy

To further investigate the molecular drivers of HDPs, we performed a proteome-wide MR analysis using cis-pQTLs as
genetic instruments. This analysis provided suggestive evidence consistent with the GWAS-based results for vWEF,
showing that higher genetically predicted circulating vWF levels were nominally associated with an increased risk of
preeclampsia IVW OR: 1.25, 95% CI: 1.00-1.57, P = 0.047) (Figure 3, Supplementary Figures S4 and S7). Furthermore,
we identified novel nominal associations for two additional coagulation factors: higher circulating levels of both FII
(IVW OR: 1.39, 95% CI: 1.01-1.91, P = 0.043) and FV (IVW OR: 1.12, 95% CI: 1.03-1.22, P = 0.010) were associated
with an increased risk of preeclampsia (Supplementary Figures S5 and S6). None of these associations met the

Bonferroni-corrected significance threshold. The detailed statistics for each genetic instrument used in this analysis are
provided in Supplementary Table S8.

Additionally, using trans-pQTLs of circulating hemostatic factors, we identified nominal associations between
circulating FGG levels and both hypertensive disorders of pregnancy and preeclampsia in IVW analyses
(Supplementary Table S9). However, these associations may be susceptible to confounding and weak instrument bias

due to the inherent limitations of trans-pQTLs.

The robustness of these findings was confirmed through comprehensive sensitivity analyses. Cochran’s Q tests
revealed no significant heterogeneity in the instrumental variable estimates, indicating consistent effect sizes across
genetic variants. MR-Egger intercept and MR-PRESSO global tests provided no evidence of horizontal pleiotropy that
might bias our causal estimates (Table 2). Furthermore, Steiger filtering corroborated the directionality of the causal
effects, effectively supporting that changes in circulating coagulation factor levels were not driven by the diseases
(Supplementary Table S10).

Colocalization Analysis

To investigate whether the identified nominal MR associations were driven by shared causal variants, we performed
Bayesian colocalization analysis for the vWF, FII, and FV loci using summary statistics from the cis-pQTL and HDP
GWASs. The analysis revealed little evidence for a single shared causal variant (Hypothesis 4), with very low posterior
probabilities across all three protein-phenotype pairs (PPH4: vWF=0.028, FII=0.034, FV=0.011). Instead, the results
favored a model where the traits are associated with distinct causal variants within the same genomic region
(Hypothesis 3) (PPH3: vWF=0.36, FII=0.38, FV=0.36) (Figure 4 and Supplementary Table S11). These findings suggest
that while there are genetic signals for both hemostatic factors and preeclampsia in these loci, the MR associations may

be driven by distinct variants in linkage disequilibrium rather than a single shared genetic effect, indicating a complex
genetic architecture.

Discussion

In the present study, two-sample MR analysis provided suggestive genetic evidence associating genetically predicted
levels of vWEF, FVIII, and Protein C with the risk of preeclampsia. Subsequently, proteome-wide MR analysis further
indicated that genetically predicted circulating levels of FII, FV, and vWF were nominally associated with preeclampsia
risk, utilizing I'Vs linked to pQTLs to provide inferences based on protein levels. However, it is important to note that
subsequent colocalization analyses yielded low posterior probabilities for a single shared causal variant. This suggests
that the observed associations may arise from a complex genetic architecture involving distinct functional variants in
linkage disequilibrium rather than a single shared genetic pathway. Despite this complexity and the fact that results did
not survive rigorous multiple-testing correction, our findings suggest a potential role for the hemostatic system in
preeclampsia, which warrants further mechanistic investigation.

Preeclampsia is characterized by an excessive maternal inflammatory response to pregnancy, with generalized
endothelial dysfunction as a core feature.”’** Accumulating evidence indicates that extensive cross-talk between the
coagulation cascade and inflammation plays a critical role in preeclampsia.®*' Our MR analyses point towards a potential
role for circulating vWF in preeclampsia, which aligns with its known biological functions. vVWF not only serves as
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Figure 3 Forest plot of MR estimates for the effects of circulating hemostatic proteins on HDPs and its subtypes. ORs represent the genetically predicted risk of (A) HDPs,
(B) Gestational Hypertension, and (C) Preeclampsia per standard deviation increase in protein level, estimated by the IVW method using cis-pQTLs as instruments.
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Table 2 MR Heterogeneity and Pleiotropy in Genetically Predicted Circulating Hemostatic Factors and the Risk of Hypertensive
Disorders of Pregnancy and Its Subtypes

Exposures | Outcomes Heterogeneity Test Pleiotropy Test
MR-Egger IVW (Random MR-Egger MR-Egger MR-PRESSO
Effects) Intercept Intercept Global
Q Statistics | P Value | Q Statistics | P Value P Value P Value
FGG HDP - - 0.570 0.450 - - -
GH - - 0.267 0.605 - - -
PE - - 0.173 0.678 - - -
Fil HDP - - 0.094 0.759 - - -
GH - - 0.043 0.837 - - -
PE - - 0.062 0.804 - - -
Fv HDP 12.778 0.544 12917 0.609 0.003 0.715 0.638
GH 14.600 0.406 14.630 0.478 0.002 0.868 0.635
PE 15.901 0.319 16.048 0.379 —0.004 0.724 0.480
Fvil HDP 30.124 0.220 31.233 0.220 —0.006 0.347 0.278
GH 38.765 0.039 38.956 0.049 0.003 0.729 0.080
PE 29919 0.227 31.888 0.197 —0.012 0.211 0.193
FX HDP 2.522 0471 2.524 0.640 0.001 0.969 0.665
GH 2.457 0.483 3.065 0.547 0.017 0.493 0.574
PE 1.201 0.753 1.628 0.804 —-0.016 0.560 0.895
FXI HDP 13.197 0.355 16.474 0.224 —0.016 0.110 0.426
GH 14.389 0.277 24.106 0.030 —0.036 0.015 0.124
PE 14.163 0.290 15.622 0.270 -0.016 0.288 0.587
EXIl HDP 11.916 0.685 12.322 0.722 0.008 0.534 0.800
GH 17.165 0.309 17.375 0.362 0.007 0.674 0.454
PE 12.202 0.664 12.794 0.688 0.013 0.454 0.768
ADAMTSI3 HDP 37.226 0.596 37.238 0.639 0.001 0915 0.676
GH 35.297 0.682 35.881 0.697 —0.006 0.449 0.713
PE 40.351 0.455 40.704 0.484 0.005 0.557 0.441
PAI-1 HDP 1.062 0.303 1.505 0.471 0.110 0.635 -
GH 1.647 0.199 3.485 0.175 0.291 0.482 -
PE 43.130 0.466 43.334 0.500 0.004 0.654 -
Protein C HDP 0.720 0.698 0.781 0.854 0.007 0.829 0.789
GH 2.121 0.346 2.560 0.465 0.023 0.586 0.594
PE 0.509 0.775 1.153 0.764 0.031 0.507 0.728
tPA HDP 3.772 0.583 6.313 0.389 —-0.024 0.172 0.792
GH 1.506 0912 1.847 0.933 0.008 0.585 0.952
PE 3.772 0.583 6.313 0.389 —0.024 0.172 0.388
VWEF HDP 6.900 0.032 7.383 0.061 —0.030 0.744 0.242
GH 2.743 0.254 4.294 0.231 —0.070 0.399 0.405
PE 2.133 0.344 2.244 0.523 —0.021 0.777 0.649

Abbreviations: HDP, hypertensive disorders of pregnancy; GH, gestational hypertension; PE, preeclampsia; SNP, single nucleotide polymorphisms; Chr, chromosome; FGG,
Fibrinogen gamma chain; Fll, Factor II; FV, Factor V; FVII, Factor VII; FX, Factor X; FXI, Factor XI; FXIII, Factor XIll; ADAMTSI3, a disintegrin and metalloproteinase with
a thrombospondin type | motif, member 13; PAI-I, Plasminogen activator inhibitor-1; tPA, tissue plasminogen activator; vWF, von Willebrand factor.

a marker of endothelial cells activation and damage, but also plays a direct role in regulating inflammatory responses and
thrombosis.*> Moreover, the interaction between vWF and the complement system is also involved in the development of
preeclampsia.®® In an in vitro study conducted by Youssef et al, significantly high deposition of vWF was observed in
endothelial cells exposed to activated plasma from early-onset severe preeclampsia.® Furthermore, increasing observa-
tional studies identified elevated plasma vWF levels as a risk factor for preeclampsia, which further supported our
result.®**¢ Importantly, vWF acts as a carrier molecule for FVIII, preventing its plasma clearance; consequently,
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Figure 4 Locus-specific colocalization analyses for circulating hemostatic proteins and preeclampsia risk. Visualization of genetic associations at the encoding gene loci for
(A) Fll, (B) FV, and (C) vWEF. For each panel, the left plot (LocusCompare) shows the -log|o P-values for the cis-pQTL (x-axis) versus the preeclampsia GWAS (y-axis). The
right plots (LocusZoom) show regional association signals for the cis-pQTL (top) and preeclampsia GWAS (bottom), plotted against chromosomal position (x-axis). Each
point represents a SNP, colored by its linkage disequilibrium (LD, rz) with the lead preeclampsia-associated SNP (purple diamond).

elevated plasma levels of the vVWF-FVIII complex contribute to thrombosis.>> Consistent with previous observational
studies, our two-sample MR analysis also unveiled a nominal genetic association between FVIII and preeclampsia, which
further reinforces the potential impact of the vVWF-FVIII axis on this condition.***” However, the magnitude of these
genetic associations should be interpreted with caution, given the potential for biological variability, population hetero-
geneity, and the inherent limitation of using lifelong genetic proxies to represent the dynamic physiological processes of
pregnancy. Notably, preeclampsia is a multifactorial disorder involving immune, placental, and vascular systems. In this
context, VWF represents one component within a broader pathophysiological network, and its role should not be
interpreted in isolation from other contributing factors such as inflammation, placental dysfunction, and endothelial
activation. Future studies integrating multi-omics approaches are needed to further elucidate how these systems interact
to influence the risk and progression of preeclampsia.

Although we did not observe a significant genetic association between ADAMTS13 and HDPs, it is valuable to
contextualize these findings within the broader spectrum of pregnancy-associated thrombotic microangiopathies (TMAs).
Plasma ADAMTSI3 is a metalloprotease responsible for cleaving ultra-large VWF multimers.**>° The balance between
ADAMTSI13 and vWF is crucial for regulating thrombosis and inflammation. While preeclampsia does not exhibit the
profound ADAMTSI13 deficiency characteristic of thrombotic thrombocytopenic purpura (TTP), numerous studies have
observed moderately reduced ADAMTSI13 activity and elevated vWF antigen in preeclampsia patients compared to
healthy controls.****° This suggests an overlap in pathophysiology involving endothelial activation and microvascular
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thrombosis. The discrepancy between these observational findings and our null MR results may be attributed to the
limited number of strong genetic instruments for ADAMTSI13 included in our study. Alternatively, it is possible that the
reduction in ADAMTS13 activity observed in clinical settings is a secondary consequence of endothelial injury and high
vWF consumption during the active phase of the disease, rather than a primary genetic driver initiating the condition.
Future studies are needed to further investigate the interplay between ADAMTS13, vWF, and endothelial dysfunction in
preeclampsia.

Of note, our colocalization analysis further revealed that the posterior probability of a shared causal variant was low
across all tested protein-phenotype pairs, with relatively higher PPH3 values favoring distinct variants within the same
loci. This finding raises the possibility that the causal associations may be partially influenced by linkage disequilibrium
rather than reflecting a shared biological mechanism. Therefore, our MR results should be interpreted with caution.
Further studies, including experimental models, are warranted to clarify the underlying mechanisms and to validate these
findings.

There is currently no effective pharmacological treatment for preeclampsia, and aspirin remains the only preventive
drug recommended by clinical guidelines, although its mechanism of action in this context is still incompletely
understood.*! Aspirin is well established to inhibit platelet aggregation and promote vasodilation, while vVWF plays
a critical role in platelet adhesion and thrombus formation upon endothelial activation.** The nominal genetic association
between VWF and preeclampsia observed in our MR analysis provides a biological rationale that aligns with the known
pharmacology of aspirin.

Our previous network meta-analysis suggested that both LMWH and aspirin may reduce the risk of preeclampsia, but
the certainty of the evidence was low.'? The present study offers genetic evidence that several hemostatic factors,
particularly vWF, FII and FV, are nominally associated with preeclampsia. The role of vWF in platelet adhesion and
aggregation directly aligns with the antiplatelet action of aspirin. Meanwhile, FII and FV are key components of the
thrombin generation pathway, which is specifically inhibited by LMWH.* These genetic findings therefore provide
a biological rationale and genetic evidence that is consistent with the observed clinical effects of aspirin and LMWH. It
should be noted that MR estimates reflect lifelong genetic influences rather than the effects of acute pharmacological
interventions. Thus, while our findings provide a biological rationale that aligns with the observed clinical effects of
aspirin and LMWH, they do not constitute direct evidence for the efficacy of these drugs in clinical practice.

Previous observational studies only showed correlation, rather than causality, between coagulation factors and HDPs,
and were affected by reverse causality and confounders. To the best of our knowledge, this is the first study to
systematically investigate the causal association between hemostatic profiles and HDPs utilizing multi-omics MR method
which provides estimates less prone to environmental confounding. Our study observed a nominal genetic association
between elevated vWF levels and preeclampsia. While our colocalization analysis indicates that these associations likely
arise from distinct functional variants in linkage disequilibrium rather than a single shared causal variant, the conver-
gence of evidence from multiple analyses supports VWF as a potentially important factor in the disease. These
findings offer insights into the etiology of preeclampsia and suggest that vWF may be a candidate for future
investigation.

Limitations

Nonetheless, several limitations need to be acknowledged. First, this study focused on people of European ancestry,
which limits the generalizability of our MR findings. Second, HDPs are female-specific conditions, yet the existing
GWASs for coagulation factors were conducted in mixed-sex populations and did not provide sex-stratified data. This
may introduce bias if the genetic regulation of hemostatic factors differs by sex. Third, the definition of HDP outcomes
relied on ICD codes from electronic health records, which may be subject to phenotype misclassification. Furthermore,
the control group in the FinnGen consortium included all female participants rather than being restricted to women with
documented normotensive pregnancies. This broad control definition could potentially dilute the effect estimates and bias
our results toward the null. Fourth, sensitivity analyses such as Steiger filtering and MR-PRESSO are more sensitive to
gross violations of MR assumptions, while subtle residual pleiotropy may remain undetected. Therefore, although we
applied rigorous sensitivity analyses, the possibility of horizontal pleiotropy or directional bias cannot be completely
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excluded. Finally, it is important to emphasize that while several associations were nominally significant, they did not
survive a strict Bonferroni correction for multiple testing. This may be partly attributed to the limited sample sizes of the
exposure GWASs, which could result in insufficient statistical power to detect weaker associations. Therefore, our
findings should be interpreted as suggestive and require validation in larger-scale studies with more precise phenotyping.

Conclusion

In conclusion, this multi-omics Mendelian randomization study provides suggestive genetic evidence associated with
several hemostatic factors, particularly vWF, in the pathophysiology of preeclampsia. Our findings suggest the potential
involvement of the hemostatic system in the development of this disorder. These results suggest that vWF may be
a candidate for further research. However, given the lack of robustness after multiple testing correction and absence of
colocalization support, these findings should be interpreted with caution and require validation in future studies.
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