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Trans-ethnic Mendelian
randomization analysis of
membranous nephropathy
and peripheral artery disease
with mediating effects of
thrombomodulin
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Yao Zhang?, Bo Hu?, Qing Deng'*’ & Qing Zhou**

This study employed a trans-ethnic two-sample Mendelian randomization (MR) analysis to investigate
the causal relationship between membranous nephropathy (MN) and peripheral artery disease

(PAD). In European populations, MN exhibited a significant positive causal effect on PAD (discovery:
OR=1.040, P=0.028; validation: OR=1.028, P=0.031), whereas no such association was observed

in East Asians (P> 0.05). A two-step mediation analysis identified several proteins influenced by MN,
including thrombomodulin (TM) (8 =0.031, P=0.001), macrophage colony-stimulating factor 1 (MCSF1)
(B=0.239, P=0.015), stem cell factor (SCF) (B=0.028, P=0.002), and tissue factor (TF) (3=0.031,
P=0.001), while MN negatively affected interleukin-1p (IL-1B) (B=-0.049, P=0.015) and hepatocyte
growth factor (HGF) (B=-0.027, P=0.005). Multivariable MR analysis confirmed that only TM had

an independent positive causal effect on PAD ($=0.225, P<0.001), and mediation analysis further
validated TM as a significant mediator in the MN-to-PAD pathway (Z=2.823, P=0.048). Sensitivity
analyses detected no significant pleiotropy or heterogeneity, supporting the robustness of our
findings. This study highlights crucial ethnic differences in MN-associated PAD risk and underscores
the importance of population-specific research. TM may serve as a potential therapeutic target for
PAD prevention in MN patients, particularly those of European ancestry, providing novel insights into
kidney-vascular disease mechanisms.
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TF Tissue factor

MCSF1 Macrophage colony-stimulating factor 1
IL-1P Interleukin-1beta

CRP C-reactive protein

CD4 T-cell surface glycoprotein CD4

BNGF Beta-nerve growth factor

HGF Hepatocyte growth factor

SCF Stem cell factor

With the rapid ageing of the global population and increased exposure to risk factors such as smoking and
diabetes, peripheral artery disease (PAD) has become a significant public health challenge!, affecting over 230
million people worldwide®. The prevalence of PAD is estimated to be 4.3% in individuals aged >40 years, rising
to 14.5% in those aged > 70 years®. Multi-ethnic studies have revealed a striking disparity in PAD incidence, with
Black individuals having a significantly higher prevalence than Whites, whereas Asians exhibit lower rates?. As
the third leading cause of cardiovascular morbidity, PAD is driven primarily by atherosclerosis and thrombosis,
leading to arterial stiffening, narrowing, and occlusion in the lower limbs">. This results in impaired blood flow,
elevating the risk of amputation, stroke, myocardial infarction, reduced quality of life, and mortality®. Notably,
PAD imposes a comparable or even greater risk of adverse cardiovascular events than coronary heart disease or
stroke, underscoring its role as an indicator of systemic atherosclerotic burden’. Reflecting its growing clinical
significance, the PAD National Action Plan has established strategic goals to enhance awareness, early detection,
and treatment, with PAD designated as a top priority in the 2024 Clinical Practice Guidelines of the American
College of Cardiology. Consequently, a deeper understanding of PAD pathogenesis is essential for developing
novel prevention and treatment strategies.

While PAD is well recognized as a major cardiovascular burden’, its relationship with chronic kidney disease
(CKD), particularly membranous nephropathy (MN), warrants further investigation®. MN, a leading cause of
nephrotic syndrome in adults, is a non-inflammatory autoimmune glomerular disease with an estimated global
incidence of 8-10 cases per million”!?, though significantly higher rates (23.4%) have been reported in China'l.
It predominantly affects individuals aged 50-60 years across different ethnicities'2. MN is characterized by the
deposition of immune complexes, including immunoglobulins and antigens'®, along the glomerular basement
membrane, leading to progressive kidney damage'*!'%. The primary clinical hallmarks include proteinuria and
edema, which result from glomerular dysfunction and endothelial impairment!>!3. As the disease progresses, MN
is associated with metabolic disturbances, including dyslipidemia, hypertension, and hypercoagulability, which
are key risk factors for vascular diseases such as PAD'*'¢, Emerging evidence suggests shared pathophysiological
mechanisms between MN and PAD, including endothelial dysfunction, chronic inflammation, and thrombosis'’.
However, observational studies attempting to elucidate this relationship have been limited by confounding
factors such as hypertension and dyslipidemia as well as the potential for reverse causation bias. To address
these challenges, Mendelian randomization (MR) offers a powerful approach by leveraging genetic variants as
instrumental variables (IVs) to infer causality between MN and PAD while minimizing confounding and bias'S.

Beyond establishing causality, the identification of biomarkers mediating MN-induced PAD risk is of
critical importance. Despite its high prevalence and poor prognosis, PAD is often diagnosed at advanced stages,
highlighting the urgent need for reliable biomarkers for early risk stratification. Previous studies, including
observational and MR analyses, have implicated various circulating proteins in PAD pathogenesis, including
cardiovascular proteins!'’, inflammatory mediators?’, and growth factors?! involved in endothelial function,
immune response, and vascular repair. However, inconsistent findings across studies necessitate further
investigation to determine whether specific circulating proteins mediate the MN-PAD relationship'®.

This study aims to elucidate the causal relationship between MN and PAD using MR analysis across European
and East Asian populations. Additionally, we seek to explore the potential mediating roles of circulating proteins
in this association through a two-step mediation MR framework. By integrating discovery and validation cohorts
from European ancestry along with an East Asian cohort, we ensure a comprehensive examination of the genetic
predisposition linking MN to PAD. These findings are expected to provide novel insights into the mechanistic
pathways underlying MN-associated PAD, facilitating the identification of biomarkers for early detection and
therapeutic targets to mitigate cardiovascular risk in MN patients.

Materials and methods

Study design

The phenotypes of exposure, outcome, and mediator included in the overall MR analysis are illustrated in
Fig. 1A, while the workflow is depicted in Fig. 1B and C. Initially, two-sample univariable MR (UVMR) was
used to assess forward causal relationship between MN and PAD in both discovery and validation cohort across
European and East Asian populations. Upon obtaining significant results (yielding the total effect ), reverse MR
was subsequently performed to determine the causal relationship of PAD on MN.

To further explore whether MN exert its effect on PAD through circulating proteins—such as cardiovascular
proteins, inflammatory factors, and growth factors— two-sample UVMR was conducted to evaluate the indirect
effect B1 of MN on each candidate protein. Concurrently, multivariable MR (MVMR) was employed to assess
the indirect effect p2 of candidate proteins on PAD while adjusting for MN. The mediation effect and mediation
proportion of identified mediators were calculated using the product of coefficients method and the delta
method?>?, ensuring a causal estimation of mediation processes within the MN-PAD axis. The present research
was conducted following the Strengthening the Reporting of Observational Studies in Epidemiology using
Mendelian Randomization (STROBE-MR) guidelines®* and the checklist was provided in Table S1.
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Fig. 1. Study overview. A, The phenotypes included in the overall MR analysis. B, The causal effects of MN on
PAD in European and East Asian ancestries were analyzed using UVMR. When the results were significant,
reverse MR was performed to identify the causal association of PAD on MN. C, Two-step MR was conducted
to screen 10 potential mediators involved in the MN-PAD axis. The mediation effects and proportions for
validated mediators were quantified. MN, Membranous nephropathy; PAD, Peripheral artery disease; MR,
Mendelian randomization; UVMR, univariable Mendelian randomization; MVMR, multivariable Mendelian
randomization; MMP12, Matrix metalloproteinase-12; TM, Thrombomodulin; TF, Tissue factor; MCSF1,
Macrophage colony-stimulating factor 1; IL-1p, Interleukin-1 beta; CRP, C-reactive protein; CD4, T-cell
surface glycoprotein CD4; BNGF, Beta-nerve growth factor; HGE, Hepatocyte growth factor; SCE Stem cell
factor. (Figure was partly created with Figdraw).

Data sources

To minimize bias from sample overlap, we obtained exposure, outcome, and mediator datasets from distinct
genome-wide association studies (GWAS). The details of data sources, including population ancestry, sample
sizes, and associated references, are presented in Table 1. For MN exposure data, we selected summary GWAS
datasets from both European (GWAS ID: ebi-a-GCST010005; sample size =7,979) and East Asian (GWAS ID:
ebi-a-GCST010004; sample size =4,841) populations?>, PAD outcome data were obtained from two European
population-based datasets, one from the FinnGen database?® as the discovery cohort (GWAS ID: finn-
b-19_PAD; sample size =7098) and another from UK Biobank (UKB)? as the validation cohort (GWAS ID:
ebi-a-GCST90018890; sample size =483,078). For East Asian populations, PAD data (GWAS ID: bbj-a-144;
sample size =212,453) were sourced from Biobank Japan (BBJ)?. To identify potential mediators, we based
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Phenotype ‘ GWAS ID Data Source Sample Size | Cases/Controls | nSNPs PMID ‘ Year ‘ Population
Exposure

MN-European ebi-a-GCST010005 XieJ etal. 7,979 2,150/5,829 5,327,688 | 32,231,244 | 2020 | European
MN- East Asian | ebi-a-GCST010004 XieJ etal. 4,841 1,632/3,209 3,877,927 | 32,231,244 | 2020 | East Asian
Outcome

PAD-dis finn-b-19_PAD FinnGen biobank | 213,639 7,098/206,541 16,380,453 | / 2021 | European
PAD-val ebi-a-GCST90018890 | Sakaue S et al. 483,078 7,114/475,964 24,186,090 | 34,594,039 | 2021 | European
PAD- East Asian | bbj-a-144 Biobank Japan 212,453 3,593/208,860 8,885,805 | / 2019 | East Asian
Candidate mediator

MMP12 ebi-a-GCST90012070 | Folkersen L et al. 21,758 / 13,100,092 | 33,067,605 | 2020 | European
™ ebi-a-GCST90012048 | Folkersen L et al. 21,758 / 13,106,635 | 33,067,605 | 2020 | European
TF ebi-a-GCST90012014 | Folkersen Letal. | 21,758 / 13,098,661 | 33,067,605 | 2020 | European
MCSF1 ebi-a-GCST90012018 | Folkersen L et al. 21,758 / 12,717,864 | 33,067,605 | 2020 | European
IL-1pB prot-a-1495 Sun BB et al. 3,301 / 10,534,735 | 29,875,488 | 2018 | European
CRP ebi-a-GCST90025959 | Barton AR etal. | 436,939 / 4,231,728 | 34,226,706 | 2021 | European
CD4 prot-a-448 Sun BB et al. 3,301 / 10,534,735 | 29,875,488 | 2018 | European
BNGF ebi-a-GCST90012042 | Folkersen L et al. 21,758 / 11,675,444 | 33,067,605 | 2020 | European
HGF ebi-a-GCST90012045 | Folkersen L et al. 21,758 / 12,703,547 | 33,067,605 | 2020 | European
SCF ebi-a-GCST90012023 | Folkersen L et al. 21,758 / 13,102,995 | 33,067,605 | 2020 | European

Table 1. Detailed information for the GWAS data. Notes: MN, Membranous nephropathy; PAD, Peripheral
artery disease; dis, discovery; val, validation; MMP12, Matrix metalloproteinase-12; TM, Thrombomodulin;
TF, Tissue factor; MCSF1, Macrophage colony-stimulating factor 1; IL-1pB, Interleukin-1 beta; CRP, C-reactive
protein; CD4, T-cell surface glycoprotein CD4; BNGE, Beta-nerve growth factor; HGF, Hepatocyte growth
factor; SCE, Stem cell factor.

our selection on observational studies and relevant literature reviews. We included ten circulating proteins that
are likely involved in the MN-PAD disease axis. These candidate mediators primarily consist of proteins with
cardiovascular (MMP12, TM, TF), inflammatory (CD4, CRP, MCSF1, IL-1p), and growth factor (BDNE HGE,
SCF) functions. The GWAS dataset features related to these phenotypes are provided in Table 1. We have also
summarized the functional evidence for these phenotypes in Table S2.

We screened for mediators of the causal associations between MN and PAD according to the following
criteria: [IJMN should be causally associated with the mediator; [2] the mediator should have a direct causal
effect on PAD independently of MN; and [3] the total effect of MN on PAD and the mediating effect of the
mediator should be in the same direction. To ensure consistency across findings, we replicated the mediation
analyses for the associations of MN with PAD validation cohort for Europeans.

Instrumental variables (IVs) selection

In UVMR analyses, IVs related to MN were selected at the genome-wide significant level (P< 5x 107%), with
linkage disequilibrium (LD) clumping (r?< 0.001 within a 10,000 kb window) using the 1000 Genomes reference
panel in order to satisfy the assumptions required for MR*>*°. IV selection adheres to the three core assumptions
of MR analysis*: the relevance assumption (IVs are significantly associated with the exposure variable), the
independence assumption (IVs are not related to confounding factors), and the exclusion restriction assumption
(IVs affect the outcg,m;(vainable galy through the exposure variable). We also calculated the F-statistics using
the formula = T—r2, where N represents the sample size, K is the number of IVs included,
and R? indicates the exposure variance explained by the chosen single nucleotide polymorphisms (SNPs)*2.
An F-statistic greater than 10 indicates substantial efficacy of the instrumental variables in mitigating potential
biases’**%. In MVMR analyses, we maintained the same IV selection criteria previously established in our
UVMR analysis.

MR analyses

In UVMR analysis, the inverse-variance weighted (IVW) method serves as the primary analysis tool*>*. This
method combines the Wald ratio estimates from each individual SNP within the set of IVs using random-
effects meta-analysis to derive a unified causal estimate®’. Additionally, we employed MR-Egger regression and
weighted median methods as complementary analytical approaches to enhance the robustness of our findings*
The causal estimates were presented as odds ratios (OR) with 95% confidence intervals (CI) for binary outcomes
(e.g., PAD) and as B coefficients with 95% Cls for continuous outcomes (e.g., candidate circulating proteins). The
UVMR analytical framework encompassed several distinct processes: (1) assessment of the total causal effect
(B) with MN as the exposure and PAD as the outcome; (2) first-stage mediation analysis examining the causal
effect (B1) of MN (exposure) on candidate mediators (intermediate outcomes); and (3) reverse MR analysis to
evaluate potential bidirectional relationships. It is worth noting that in the second-stage analysis (evaluating the
causal effect of mediators on PAD, B2), we fully considered the potential co-existence and interactions among
peripheral circulating proteins. To reduce potential bias from these interactions, we employed multivariable MR
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(MVMR) analysis methods and only included mediators that showed significant causal relationships with MN
in the first-stage analysis as intermediate exposure variables***. This strategy not only improved the accuracy of
causal inference but also enabled us to more precisely identify the biomarkers that truly mediate the relationship
between MN and PAD.

Sensitivity analysis

To ensure robust and reliable results in the UVMR analysis, sensitivity analyses were performed. Heterogeneity
among IVs was assessed using Cochrans Q statistic with both MR-Egger and IVW methods. Potential
pleiotropy of the selected SNPs was evaluated through MR-Egger intercept tests and MR-PRESSO (Mendelian
Randomization Pleiotropy Residual Sum and Outlier) analysis. Statistical significance was determined based
on the P-values calculated from each method, with P> 0.05 indicating absence of significant heterogeneity or
pleiotropy. These methodological approaches provided thorough evaluation of the causal relationships, ensuring
that conclusions were based on reliable and unbiased estimates derived from MR principles.

Mediation analyses

As previously described, we employed a two-step MR analysis approach to evaluate mediation effects. In the first
step, we conducted UVMR analysis to obtain the first-stage effect estimate ($:); in the second step, we applied
multivariable MR analysis to derive the second-stage effect estimate (B,). The calculation of mediation effects
was based on the product method, multiplying the first-stage causal effect (f;, MN on mediator) by the second-
stage causal effect (B,, mediator on PAD). This product (:xp,) represents the magnitude of the indirect effect
through a specific mediator. To assess the significance of the mediation effects, we employed bootstrap methods
for inference, generating confidence intervals for the mediation effect estimates. Additionally, we calculated the
proportion mediated, defined as the ratio of the indirect effect to the total effect ([f1xB]/p), to quantify the
proportion of the causal association between MN and PAD explained by specific mediators. This mediation
effect analysis approach not only helped us identify important mediating proteins but also enabled us to quantify
their relative contributions to disease progression, thereby providing empirical support for potential therapeutic
targets.

All statistical tests conducted between two samples utilized the “TwoSampleMR” (version 0.5.11) and “MR-
PRESSO” package in the R software (version 4.3.2). The MVMR analysis was performed using the “MVMR”
package (version 0.4). To address multiple comparisons across the candidate mediators, we corrected the P-
values derived from the IVW approach using the Benjamini-Hochberg method, also known as the false discovery
rate (FDR) method. IVW estimates with P< 0.05, FDR-adjusted P-values <0.05, and supported by at least one
sensitivity analysis, were deemed statistically significant.

Results

Bidirectional causal relationships between MN and PAD in different ethnic ancestry

In the forward UVMR analysis of the PAD discovery cohort in Europeans, 4 SNPs (rs1634791, rs6759924,
rs7246292, rs9271541) were identified as significant instrumental variables (IVs) related to MN. Different
analysis directions yielded different numbers of IVs. Out of these, 3 IVs (rs6759924, rs7246292, rs9271541)
were selected to proxy MN with a mean F statistic of 244. Genetically determined MN was causally associated
with an increased risk of PAD (IVW OR: 1.040; 95%CI: 1.00-1.077, IVW P= 0.028), supported by the results
from weighted median method (Fig. 2). Result was replicated using 4 IV related to MN ((rs1634791, rs6759924,
rs7246292, rs9271541; Table S3) from validation cohort (IVW OR: 1.028, 95%CI: 1.003-1.081, IVW P= 0.031)
(Fig. 2). However, when we used 7 IVs (rs230540, rs28383314, rs6707458, rs7746807, rs9265201, rs9267898,

Outcome nSNP  Method OR(95%Cl) P_value
PAD-dis (European) 3 Inverse variance weighted i'—Q—' 1.040(1.004 to 1.077) 0.028
3 MR Egger ——— 1.050(0.968 to 1.139) 0.447
3 Weighted median I?—Q—' 1.041(1.003 to 1.081) 0.034
PAD-val (European) 4 Inverse variance weighted :'—0—' 1.028(1.003 to 1.055) 0.031
4 MR Egger '—H—' 1.019(0.954 to 1.088) 0.638
4 Weighted median "i—O—' 1.027(0.996 to 1.059) 0.091
PAD (East Asian} 7 Inverse variance weighted "1:_0_' 1.032(0.983 to 1.083) 0.202
7 MR Egger ¥ — 1 0.970(0.877 to 1.074) 0.586
7 Weighted median '—50—' 1.010(0.951 to 1.072) 0.756
P<0.05 was considered statistically significant O'I 3 0_]9 1[ 1 l 2

protective factor risk factor

Fig. 2. Forest plot of univariable MR causal associations of MN on PAD. Different methods were used to
obtain OR values and 95% confidence intervals. MN, Membranous nephropathy; PAD, Peripheral artery
disease; dis, discovery; val, validation; CI confidence interval, OR odds ratio.
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rs9405192; Table S3) related to MN from the East Asian population and assessed the relationship between MN
and PAD, the result showed no significant causal effect (Fig. 2, IVW P> 0.05).

For the reverse UVMR analysis, which was conducted using PAD as the exposure and MN as the outcome.
Three IVs related to PAD were found in both the discovery set and validation set (Table S3). We found no
statistically significant causal effect of PAD on MN in either the discovery cohort (IVW P= 0.085) or the
validation cohort (IVW P= 0.340) (Table S4).

Sensitivity analysis for the MR analysis between MN and PAD

For the forward MR analysis, there was no significant heterogeneity (discovery set: Q=0.088, P=0.956; validation
set: Q= 2.304, P= 0.512) or pleiotropy (discovery set: MR-Egger Intercept=—0.007, P= 0.839; validation set:
MR-Egger Intercept =0.007, P= 0.785) in either the discovery set or validation set (Table S5). However, in the
reverse analysis, significant heterogeneity (discovery set: Q= 111.997, P< 0.001; validation set: Q= 167.833,
P< 0.001) was found in both the discovery set and validation set, but no pleiotropy (discovery set: MR-Egger
Intercept=-0.597, P= 0.894; validation set: MR-Egger Intercept =0.079, P= 0.939) was observed (Table S5). In
the analysis of MN to PAD in East Asian populations, we did not find any significant heterogeneity (Q =8.717,
P=0.19) or pleiotropy (MR-Egger Intercept =0.037, P= 0.241) (Table S5). The single SNP effect estimates, leave-
one-out analysis, funnel plot, and scatter plot did not show any significant abnormal SNPs both in discovery set
(Fig. S1) and validation set (Fig. S2).

Causal relationship of MN on candidate mediators

For the two step MR conducted to screen valid mediators, the first step involved UVMR analyses of MN (IVs
related to MN are provided in Table S3) on each of the 10 candidate proteins, genetically determined MN
was causally associated with higher levels of thrombomodulin (TM), tissue factor (TF), macrophage colony-
stimulating factor 1 (MCSF1), and stem cell factor (SCF), as well as lower levels of interleukin-1 beta (IL-1f)
and hepatocyte growth factor (HGF), after FDR adjustment for multiple comparisons (Fig. 3). Detailed result
was provided in Table S6 in Supplementary Materials. In this step, Matrix metalloproteinase-12 (MMP12),
C-reactive protein (CRP), T-cell surface glycoprotein CD4 (CD4), and Beta-nerve growth factor (BNGF) were
excluded due to no significant causal relationship with MN (Fig. 3). For the sensitivity analyses conducted in
directions showing significant causal effects (detailed in Table S7), we found no significant pleiotropy (Q test
P> 0.05) or heterogeneity (MR-Egger Intercept P> 0.05) except in the analysis examining the effect of MN on
MMP12.

Causal relationship of mediators on PAD

In the second step, we included the 6 mediators with significant causal effects from the first step analysis,
including TM, TE, MCSF1,SCE, IL1p, and HGF. With adjustment for MN, MVMR-IVW results (Table 2) showed
that TM exhibited an independent positive causal effect on PAD in both the discovery (f =0.225, P< 0.001) and
validation sets (p =0.365, P< 0.001). Furthermore, MCSF1, IL-1p, and HGF also showed relatively independent
causal effects on PAD, with MCSF1 (f=-0.047, P= 0.033) demonstrating a positive causal effect, while IL-1p (
=0.166, P< 0.001) and HGF (B =0.22, P= 0.02) showed negative causal effects (Table 2).

Method B(95%Cl) P_value FDR_P
Inverse variance weighted '_"i—' -0.008(-0.039 to 0.024) 0.630 0.657
Inverse variance weighted E —— 0.031(0.013to 0.049) 0.001 0.007
Inverse variance weighted i'—O—' 0.020(0.003 to 0.038) 0.025 0.042
Inverse variance weighted [ 0.024(0.005t0 0.043) 0.015 0.037
Inverse variance weighted L 4 i -0.049(-0.089 to -0.010) 0.015 0.030
Inverse variance weighted "I?‘ 0.001(-0.004 to 0.007) 0.657 0.700
Inverse variance weighted * 4 E -0.030(-0.089 to 0.029) 0.324 0.405
Inverse variance weighted o e -0.026(-0.060 to 0.008) 0.128 0.183
Inverse variance weighted —— -0.027(-0.046 to -0.008) 0.005 0.018
Inverse variance weighted —— 0.027(0.010 to 0.045)  0.002 0.012

protective factor risk factor

Fig. 3. Forest plot of univariable MR causal associations of MN on 10 candidate mediators. Different methods

were used to obtain beta values and 95% confidence intervals. MMP12, Matrix metalloproteinase-12; TM,
Thrombomodulin; TF, Tissue factor; MCSF1, Macrophage colony-stimulating factor 1; IL-1p, Interleukin-1
beta; CRP, C-reactive protein; CD4, T-cell surface glycoprotein CD4; BNGEF, Beta-nerve growth factor; HGE,
Hepatocyte growth factor; SCE, Stem cell factor; B effect size for the effect allele; FDR-P P value of False

Discovery Rate.
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Candidate mediator | Outcome | nSNP | § (95% CI) OR (95% CI) P value

™ PAD-dis 2 0.225(0.135, 0.297) 1.252(1.116, 1.346) | 8.58E-10
TF PAD-dis 7 —-0.022(-0.132,0.092) | 0.978(0.873, 1.096) | 7.08E-01
MCSF1 PAD-dis 1 —0.047(-0.090, —0.004) | 0.955(0.914, 0.996) | 3.35E-02
IL-1p PAD-dis 1 0.166(0.099, 0.234) 1.181(1.104, 1.264) | 1.34E-06
HGF PAD-dis 2 0.220(0.035, 0.406) 1.246(1.035, 1.501) | 2.00E-02
SCF PAD-dis |11 —0.180(-0.407, 0.047) | 0.835(0.666, 1.048) | 1.20E-01
™ PAD-val 2 0.365(0.223, 0.506) 1.440(1.250, 1.658) | 4.20E-07

Table 2. Estimates for the causal associations of candidate mediators on PAD with adjustment for MN
by MVMR-IVW. Notes: PAD, Peripheral artery disease; MN, Membranous nephropathy; MVMR-IVW,

multivariable Mendelian randomization inverse variance weighted; TM, Thrombomodulin; TF, Tissue factor;
MCSF1, Macrophage colony-stimulating factor 1; IL-1p, Interleukin-1 beta; HGE, Hepatocyte growth factor;
SCE, Stem cell factor; dis, discovery; val, validation.

Color code

[ Excluded as not independently affecting PAD(criteria No. 2)

[ Excluded as being unaffected by MN(criteria No. 1)

. rdiov lar
Mediator Cardio ascula Inflammatory factors Growth factors
proteins
Association MMP12| TM TF [MCSF1| IL-18 | CRP | CD4 | BNGF | HGF | SCF
MN—PAD

B Excluded due to opposing directions of the mediating

effect and MN's effect on PAD(criteria No. 3)
[ | Qualified mediator

Fig. 4. Selection process for significant mediators in the causal relationship of MN with PAD. MN,
Membranous nephropathy; PAD, Peripheral artery diseaseMMP12, Matrix metalloproteinase-12; TM,
Thrombomodulin; TFE, Tissue factor; MCSF1, Macrophage colony-stimulating factor 1; IL-1p, Interleukin-1
beta; CRP, C-reactive protein; CD4, T-cell surface glycoprotein CD4; BNGE, Beta-nerve growth factor; HGE,
Hepatocyte growth factor; SCE Stem cell factor. The full MR estimates are shown in Table S6 and Table 2.

Mediated
Total effect (B) | Direct effect ($1) | Direct effect (2) | Mediation effect proportion
Effect size Effect size Effect size Effect size
Exposure | Mediator | Outcomes | (95% CI) (95% CI) (95% CI) (95% CI) P VAL (%) (95% CI)
. 0.039 0.031 0.225 0.007 17.79%
MN ™ PAD-dis (0.004, 0.074) (0.013, 0.049) (0.153, 0.297) (0.003, 0.012) 3.23E-03 (17.32%, 18.25%)
0.028 0.031 0.365 0.011 40.32%
MN ™ PAD-val (0.003, 0.053) (0.013, 0.049) (0.223, 0.506) (0.004, 0.020) 5.35E-03 (39.53%, 41.11%)

Table 3. Mediation analysis outcomes of MN'’s effect on PAD discovery and validation Cohorts, mediated
by TM. Notes: MN, Membranous nephropathy; M, Thrombomodulin; PAD, Peripheral artery disease; dis,
discovery; val, validation.

Mediating effects of circulating proteins on the MN-PAD disease axis
Three criteria were applied to screen for mediators in the causal associations of MN with PAD: [1] MN is causally
associated with the mediator; [2] the mediator has a direct causal effect on PAD independently of MN; and [3]
the total effect of MN on PAD and the mediating effect are in the same direction. Only one mediator (TM)
qualified by meeting all criteria (Fig. 4) and was included in the mediation analyses to quantify its effect and
proportion in the causal disease axis from MN to PAD. The product of coefficients method was employed,
multiplying indirect effect 1 (from UVMR: MN to candidate protein) by indirect effect B2 (from MVMR:
candidate protein to PAD adjusted for MN). TM was confirmed as the sole qualified mediator with a mediation
proportion of 17.79% (95% CI: 17.32%, 18.25%) in the discovery cohort, and 40.32% (95% CI: 39.53%, 41.11%)
in the PAD validation cohort (Table 3).
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Discussion

Using the two-sample UVMR method within our MR framework, genetically predisposed causal relationships
between MN and PAD risk were identified in both discovery and validation cohorts of European ancestry.
However, this association was not observed in the East Asian ancestry cohort. Reverse MR analysis from PAD
to MN in Europeans revealed no significant causal association. Importantly, two-step mediation analysis of the
10 candidate proteins elucidated that circulating thrombomodulin levels partly mediate the progression from
MN to PAD. The causal relationship between MN and PAD risk demonstrates ethnic specificity, being present
in European populations but absent in East Asian cohorts. This ethnic heterogeneity suggests potential genetic
or environmental modifiers that warrant further investigation. The unidirectional nature of the relationship,
confirmed by the lack of reverse causality from PAD to MN, strengthens the evidence for MN as a potential
upstream risk factor for PAD development. The identification of thrombomodulin as a mediator provides valuable
insight into the biological mechanisms connecting MN to PAD. This mediating role accounts for 17.79% of the
effect in the discovery cohort and 40.32% in the validation cohort, highlighting thrombomodulin as a potential
therapeutic target to mitigate PAD risk in patients with MN. These findings contribute to understanding the
pathophysiological connections between kidney dysfunction and peripheral vascular disease.

In previous clinical observational studies, there is strong evidence that CKD increases the risk of various
CVD outcomes!'®*!-43, However, these studies focus primarily on coronary heart disease and heart failure and
are subject to many confounding factors. For most CKD patients who develop CVDs, their CKD indicates end-
stage kidney disease (ESKD, CKD stage 5)*"*%, which typically occurs several years. In contrast, cardiovascular
complications in patients with primary MN may arise much earlier, often within the first 6 months following
diagnosis'!*%. Hence, it is essential to clarify the isolated impact of primary MN on PAD. The impact of MN on
cardiovascular disease is mainly focused on thromboembolic events, including both venous thromboembolic
events (VTEs)* and arterial thromboembolic events (ATEs)*. In recent large retrospective cohort studies
including Danish, Chinese and American MN patients with newly diagnosed nephrotic syndrome, the 0.5-
to 2-year incidence of arterial thromboembolism was 4.2-6.3%. Over a period of 5 to 10 years, the risk of
arterial thromboembolism increased to 8.0-14.0%%”. However, ATEs in the above retrospective studies were
predominantly coronary ischemic infarction and thrombotic ischemic stroke, as PAD remains under-recognized
and under-diagnosed to date. Clinical prospective randomized controlled trials exploring the link between MN
and PAD is even more limited due to the high costs and confounding biases. To overcome these obstacles, we
employed an MR study to establish a causal relationship between the two complicated entities, thus providing
robust evidence.

The pathological mechanism by which MN leads to PAD has not yet been universally established. PAD
is a chronic inflammatory disease involving various immune cells*}, and there is growing evidence that
membranous nephropathy is also characterized by immune dysregulation and inflammatory reactions*-.
This suggests potential intersections between the two conditions, including endothelial dysfunction, systemic
inflammation, and prothrombotic states. Our study focuses on cardiovascular proteins (MMP12, TM, TF),
inflammatory factors (MCSF1, IL-1B, CRP, CD4), and growth factors (BNGF, HGE, SCF), which may mediate
the relationship between MN and PAD, and finally identified that TM plays a mediating role in the process
of MN causing PAD. Thrombomodulin is a single-chain transmembrane glycoprotein, encoded by the gene
THBD on the chromosome 20p12, with a molecular weight of 75 kDa and containing five molecular structural
domains, which is mainly expressed in the vascular endothelium to exert anticoagulant and anti-inflammatory
effects by trapping thrombin and activating the protein C system. When the endothelium is damaged in an
inflammatory or immune environment, its transmembrane components are released into the circulation and
lose their physiological functions®. Therefore, circulating soluble thrombomodulin levels can be used as one of
the biomarkers of endothelial dysfunction®. Endothelial dysfunction, in turn, may contribute to the initiation
of coagulation and atherosclerosis. Moreover, sTM is metabolized by the kidneys and may be elevated in the
presence of renal impairment®?.

A 1990 observational study discovered that patients with early diabetic nephropathy had elevated levels of TM
in comparison to healthy subjects®. Subsequent basic and clinical studies have also found that circulating TM
levels are increased in idiopathic nephrotic syndrome, lupus nephropathy, and acute/chronic kidney disease>>.
An MR study suggested a positive causality between MN and TM¢. Furthermore, atherosclerosis is linked to
elevated soluble TM levels, with patients suffering from PAD or multi-vascular disease (Concurrent carotid and
iliac or femoral arteries disease) showing even higher levels than patients with limited atherosclerotic disease™’.
Several scholars further explored the mechanism and found that elevated levels of TM bind to soluble tumor
necrosis factor receptor type 2 (TNFR2. TNFR2 activation induced by TNF-a plays a central role in the initiation
of the coagulation pathway, leading to thrombosis of small arteries®®>?. Additionally, TM mRNA expression
in monocytes has been positively correlated with low-density lipoprotein (LDL) levels, which are known to
play a key role in the development of atherosclerosis®. Therefore, these findings indicate that TM may act as a
mediating factor through which MN leads to PAD. Numerous studies have highlighted the potential of TM levels
as a circulating biomarker of endothelial damage and disease progression in atherosclerosis and thrombotic
disorders, for monitoring disease and evaluating therapeutic efficacy®’.

In summary of the evidence above, TM as a key mediator in MN-induced PAD operates through three
main mechanisms: First, renal function impairment caused by MN affects TM metabolic clearance, elevating
its levels in circulation; second, MN-associated immune dysregulation and inflammatory responses directly
damage vascular endothelium, prompting endothelial cells to release TM into the bloodstream; finally, elevated
circulating TM promotes coagulation pathway activation and atherosclerosis development through binding
to TNFR2 and influencing LDL metabolism in monocytes, ultimately leading to PAD. This mechanistic chain
suggests that plasma TM level testing could become an important clinical marker for assessing thrombotic
risk in MN patients. Given our research confirming that TM mediates 17.79-40.32% of disease progression
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from MN to PAD, monitoring TM levels may not only help identify high-risk patients early but could also be
used to evaluate the efficacy of anticoagulant and anti-inflammatory therapies. This provides new insights for
individualized thrombosis prevention strategies and clinical decision-making in MN patients, with significant
translational clinical value.

Benefiting from ethnicity-stratified summary-level data for MN and PAD, we conducted an ancestry-specific
two-sample UVMR analysis. Unfortunately, the causal relationship between MN and PAD was not revealed
among East Asian ancestry. Potential causes may be as follows: First, there are significant differences in the
genetic backgrounds between different populations®!. The frequency of genetic variants may vary markedly
between European and East Asian populations, potentially influencing the association between MN and PAD.
Second, environmental factors such as diet, smoking, and pollution may have different impacts on different
populations®?. These factors might modulate the relationship between MN and PAD. For example, the East Asian
cohort of PAD primarily includes individuals from Japan, where the diet is predominantly whole-food-based,
rich in fish, seafood, and plant-based foods, with very limited intake of animal protein, added sugars, and fats.
This dietary pattern significantly reduces the incidence of cardiovascular diseases, including PAD%.

Our study demonstrates several strengths. Firstly, employing bidirectional MR, we investigated the
causal association between MN and PAD in European populations, confirming these findings in a separate
validation cohort from a large-scale GWAS study. This approach mitigated biases from confounding factors
and reverse causality, thereby establishing credible causal inferences. Secondly, the outcomes were supported
by a comprehensive set of sensitivity analyses, ensuring their robustness. Thirdly, our efforts assessed the causal
effects of MN on PAD risk across different ancestries. Finally, we delved into potential causal pathways involving
common circulating proteins from MN to PAD through MVMR and mediation analyses. These insights offer
valuable guidance for developing targeted interventions and preventive strategies.

Nevertheless, this study also has its limitations. First, genetic variation among different races may lead to
heterogeneity in causal estimates. Although PAD prevalence is higher among Black individuals* and in low-
and middle-income countries”®*, our study primarily involves participants of European and Asian descent,
limiting the generalizability to other populations. Second, despite strict selection criteria for genetic IVs and
assessments of heterogeneity and horizontal pleiotropy that confirmed the absence of horizontal pleiotropy in the
instrumental variables included in the analysis, we still cannot rule out that potential pleiotropy may introduce
bias to our MR analysis results. In some analysis directions, horizontal pleiotropy was present, and although our
overall MR analysis results did not change significantly after adjusting for certain specific instrumental variables,
persistent heterogeneity suggests the complexity of current instrumental variables. Therefore, even though many
circulating proteins of interest have not yet been found to have a mediating effect, further research in this area
remains necessary. Furthermore, the mediation analysis focused on a selected number of candidate proteins,
and there might be other mediators involved that were not considered in this study. Finally, due to GWAS data
limitations, we could not stratify MN and PAD by stages, gender, or age, nor explore trend relationships between
MN and PAD risk and prognosis. Future studies with more comprehensive MN and PAD data and in-depth
analyses are warranted to gain further insights into their complex associations.

Conclusion

Our study demonstrates a causal relationship between membranous nephropathy and peripheral artery disease
in European populations, with thrombomodulin identified as a key mediator accounting for 17.79-40.32% of
this effect. This relationship was not observed in East Asian populations, highlighting the importance of genetic
and environmental factors. Monitoring thrombomodulin levels may serve as a valuable biomarker for identifying
MN patients at high risk of PAD. These findings provide potential targets for intervention strategies and suggest
that thrombomodulin assessment could improve risk stratification and guide personalized preventive measures
in clinical practice.

Data availability

All the GWAS data used in this study are publicly available. We accessed GWAS statistics for the traits from the
IEU Open GWAS database (https://gwas.mrcieu.ac.uk/). The data generated in this study is provided within
the manuscript or supplementary information files, and further inquiries can be directed to the corresponding
author.
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