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Several observational studies have revealed that immune-mediated inflammatory diseases (IMIDs) 
are associated with an increased risk of peripheral artery disease (PAD). However, the causal 
association remains to be determined. To corroborate previous research, we conducted Mendelian 
randomization (MR) analysis with the aim of clarifying the associations of various IMIDs with PAD. 
two-sample MR analysis was conducted to investigate the potential causal association between 
eight common IMIDs (including rheumatoid arthritis (RA), Crohn’s disease (CD), ulcerative colitis 
(UC), systemic lupus erythematosus (SLE), ankylosing spondylitis(AS), psoriasis(PSO), multiple 
sclerosis(MS), and hashimoto thyroiditis(HT)) and PAD. Genome-wide association study (GWAS) was 
used to identify genetic variants associated with IMIDs and PAD. We employed the inverse variance 
weighted (IVW) method as the primary method to verify the causal relationship between exposures 
(IMIDs) and outcomes (PAD). In addition, heterogeneity test, horizontal pleiotropy test, and leave-
one-out analysis were performed to evaluate the robustness of the MR results. The IVW model yielded 
evidence of a positive association between RA and PAD (OR = 1.059, 95% CI: 1.026–1.094, p<0.001), 
which was consistent with the results obtained from MR-Egger regression and weighted median 
analyses, indicating that the results of MR analysis were reliable. However, no statistically significant 
associations were observed between other IMIDs, including UC, CD, SLE, AS, PSO, MS, and HT, and 
PAD. Our analysis supported the causal association of RA with increased risks of PAD. Strengthening 
screening and prevention of PAD is of great significance in reducing the risk of PAD in populations with 
RA.
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Peripheral artery disease(PAD) is characterized by peripheral circulatory dysfunction resulting from 
atherosclerosis of arteries other than the coronary arteries and aorta, primarily affecting the arteries of the lower 
extremities1,2. As the third most common cardiovascular disease after coronary heart disease (CHD) and stroke, 
PAD affects more than 200 million people worldwide3. Furthermore, with the rapid aging of the global population, 
the prevalence of PAD is expected to continue to rise4. The interaction of multiple risk factors causes PAD, and 
the effects of risk factors such as smoking, diabetes, hypertension and dyslipidemia on PAD have been commonly 
reported5,6. In recent years, it has been found that immune-mediated inflammatory diseases (IMIDs) may be 
associated with PAD, and as compared to the general population, IMIDs patients were significantly more likely 
to suffer from PAD7. IMIDs are mainly caused by autoimmune disorders, including rheumatoid arthritis (RA), 
Crohn’s disease (CD), ulcerative colitis (UC), systemic lupus erythematosus (SLE), ankylosing spondylitis(AS), 
psoriasis(PSO), multiple sclerosis(MS), and hashimoto thyroiditis(HT) and many other diseases8. Several 
observational studies have shown that patients with RA9, inflammatory bowel disease(including CD and UC)10, 
SLE11,12 and PSO13 have an independently higher risk of PAD than the general population. However, due to the 
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influence of sample size and various risk factors, the results were prone to deviation, and further evidence is 
needed to prove their causality.

Mendelian randomization (MR) takes genetic variation as an instrumental variable (IV) to examine the 
relationship between IV, exposure factors and outcomes, thereby inferring the causal relationship between 
exposure factors and outcomes14. Because the genotypes of different genetic variables determine different 
intermediate phenotypes (exposures), MR Analyses substitute the causal effect of genotypes on disease for the 
causal effects of exposure on disease. Due to the fortuitous distribution of alleles of genetic variation during 
gamete formation, MR is less vulnerable to being affected by confounding factors and reverse causality15. 
Genome-wide association study(GWAS) is constantly improving and developing, providing a data source for 
MR analysis. Causality between blood pressure, lipoprotein, lifestyle behaviors, cardiovascular risk factors and 
PAD have been demonstrated16–18. However, no MR studies have hitherto explored the causal effects of IMIDs 
on PAD. To corroborate previous research, we conducted a two-sample MR analysis with the aim of clarifying 
the associations of various IMIDs (including RA, UC, CD, SLE, AS, PSO, MS, and HT) with PAD.

Methods
Data sources and study design
Two-sample MR method was used to study the potential causal relationship between IMIDs and PAD. This 
paper mainly discusses eight main IMIDs: RA, UC, CD, SLE, AS, PSO, MS, and HT. This study followed three 
hypotheses of MR analysis: (1) instrumental variables are closely related to exposure (IMIDs in this study); 
(2) instrumental variables are independent of confounding factors; (3) instrumental variables only affect the 
outcome via exposure (PAD in this study)19.

The outcome summary statistics for PAD was obtained from the R5 release of the FinnGen study ​(​​​h​t​t​p​s​:​/​/​r​
5​.​f​i​n​n​g​e​n​.​f​i​/​​​​​)​. The corresponding phenotypic codes obtained was “I9_PAD” (7,098 cases and 206,541 controls). 
The diagnosis of these cases was based on the International Classification of Diseases, Eighth and Ninth 
Revision(ICD-9/10) codes. GWAS data of IMIDs was obtained from the website of IEU OpenGWAS Database 
Project(https://gwas.mrceiu.ac.uk/). All of the participants were of European ancestry. GWAS datasets utilized 
for RA (14,361 cases and 43,923 controls) and SLE (5,201 cases and 9,066 controls) were obtained from GWAS 
Catalog(https://www.ebi.ac.uk/gwas/). The summary data of UC and CD was extracted from a commen GWAS 
study by de Lange KM et al.20, which included 40,266 participants (12,366 UC cases and 33,609 control samples, 
with 9,474,559 SNPs; 12,194 CD cases and 28,072 control samples, with 9,457,998 SNPs). Summary statistics for 
AS and PSO were derived from the UK Biobank (http://www.nealelab.is/uk-biobank/), including 9,851,867 and 
10,894,596 SNPs, respectively. Genetic data for MS (n = 15,283) and HT (n = 395,640) were severally obtained 
from the results conducted by Andlauer et al.21 and Sakaue et al.22. The overview of GWAS employed for 
exposures and outcomes was shown in Table 1.

Instrumental variable selection
To satisfy hypothese (1) of MR analysis, we selected genetic variants that passed GWAS threshold (P < 5 × 10− 8) as 
instrumental variables (IVs). Moreover, to ensure independence between IVs, we set the linkage disequilibrium 
(LD) threshold for grouping to r2 < 0.001 and a window size of 10,000 kb23. The PhenoScanner database ​(​​​h​t​t​p​:​/​/​w​
w​w​.​p​h​e​n​o​s​c​a​n​n​e​r​.​m​e​d​s​c​h​l​.​c​a​m​.​a​c​.​u​k​/​​​​​) was used to examine the associated phenotypes of each genetic variant. 
Specifically, we systematically screened for and excluded SNPs that are associated with common comorbid 
conditions such as diabetes, hypertension, BMI, and HDL cholesterol. By filtering out SNPs linked to these 
confounders, we aimed to reduce the bias introduced by these factors and ensure that the observed associations 
between IMIDs and PAD were not driven by underlying comorbidities. MR-PRESSO was executed to exclude 
any outliers with potential pleiotropy to ensure the reliability of our MR estimates24,25. Additionally, some 
palindromic SNPs were manually removed by using the TwoSampleMR packages. We calculated the F-statistic 
to quantify the strength of IVs, with F > 10 as the strong correlation criterion. The calculation of the F-statistic 
was conducted using the formula: F = R2(N-K-1)/[K(1-R2)], where N indicates the sample size of the exposure 
database, K indicates the number of SNPs, and R2 denotes the proportion of variation explained by SNPs in the 
exposure database. The calculation of R2 was performed using the formula: R2 = 2×EAF×(1-EAF)×β2, where EAF 

Variables Data source Phenotypic code Sample size Case Control No. SNPs

RA Ha E et al.50 ebi-a-GCST90013534 58,284 14,361 43,923 13,108,512

UC De Lange KM et al.20 ebi-a-GCST004133 45,975 12,366 33,609 9,474,559

CD De Lange KM et al.20 ebi-a-GCST004132 40,266 12,194 28,072 9,457,998

SLE Bentham J et al.51 ebi-a-GCST003156 14,267 5,201 9,066 7,071,163

AS UK Biobank ukb-b-88 337,159 968 336,191 10,894,596

PSO UK Biobank ukb-b-10537 462,933 5,314 457,619 9,851,867

MS Andlauer et al.21 ebi-a-GCST003566 15,283 4,888 15,283 7,910,365

HT Sakaue et al.22 ebi-a-GCST90018855 395,640 15,654 379,986 24,146,037

PAD FinnGen finn-b-I9_PAD 213,639 7,098 206,541 16,380,453

Table 1.  Overview of GWAS used for exposures and outcomes. RA rheumatoid arthritis, UC ulcerative colitis, 
CD Crohn’s disease, SLE systemic lupus erythematosus, AS ankylosing spondylitis, PSO psoriasis, MS multiple 
sclerosis, HT hashimoto thyroiditis, PAD peripheral artery disease.
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represents the effect allele frequency and β represents the allele effect value. The information of the eight IMIDs 
and the PAD were summarized separately, while the SNPs directly related to PAD were excluded (P<5 × 10− 8).

Statistical analyses
We used the inverse variance weighted (IVW) method as the primary method of analysis, which incorporated 
Wald ratios to obtain consistent estimates of the causal impact of exposure on outcomes26. In addition, other 
MR analysis methods, including MR-Egger regression27 and weighted median28, were used to verify the causal 
relationship between exposures (IMIDs) and outcomes (PAD). The major difference between the MR-Egger 
and the IVW is the addition of intercept term, which is mainly used to determine the presence of horizontal 
pleiotropy. Only when at least 50% of the SNPs are valid IVs or valid IVs have more than half of weights can the 
weighted median method be used to estimate of the causal effect of exposures on outcomes. In addition, false 
discovery rate(FDR) correction was performed to account for multiple-level testing, with FDR-corrected q < 0.05 
set as the predetermined significance threshold29. The TwoSampleMR and MR-PRESSO packages of R software 
(version 4.2.3) were used for statistical analysis.

Sensitivity analyses
In this study, Cochran’s Q test was employed to evaluate the heterogeneity of the IVW model. The presence of 
heterogeneity was determined by a significance level of P < 0.05, prompting the utilization of the random-effects 
model of IVW for causal inference. The results were presented as odds ratios (OR) and confidence interval (CI) 
and were visualized and represented through scatter plots. MR-Egger regression analysis and funnel plots were 
employed to assess the potential bias resulting from genetic pleiotropy. The regression intercept of the MR-Egger 
analysis was used to estimate the magnitude of horizontal pleiotropy, with a value closer to 0 indicating a lower 
likelihood of horizontal pleiotropy. Moreover, the SNPs were eliminated one by one by performing the leave-
one-out sensitivity analysis; the influence of each SNP on the results was observed by calculating remaining 
SNPs’ combined effect to evaluate the effectiveness and stability of the randomized results. Finally, we carried 
out reverse MR analysis to evaluate the evidence for reverse causal association.

Results
Selected IVs
According to the SNPs selection criteria(P < 5 × 10− 8, r2 < 0.001, kb = 10,000), independent SNPs for each IMIDs 
(RA 90, UC 62, CD 89, SLE 45, AS 7, PSO 21, MS 22, and HT 15) were filtered primordially (Supplementary 
Table S1). Next, we excluded SNPs potential pleiotropy and palindromic SNPs, ultimately 78, 48, 74, 39, 6, 20, 19, 
and 9 SNPs were selected as IVs for RA, UC, CD, SLE, AS, PSO, MS, and HT on PAD, respectively. According 
to the MR-PRESSO global test, no potential pleiotropy was detected (P > 0.05) (Table 2). The F-statistics of IVs 
were all largely > 10, indicating no evidence of weak instrument bias. The details of the IVs in MR analysis were 
represented in Supplementary Table S2.

Causal effects of IMIDs on PAD
Figure 1 presents the causal effects of IMIDs on PAD based on IVW, MR-Egger, and weighted median. The 
IVW model yielded evidence of a positive association between RA and PAD (OR = 1.059, 95% CI: 1.026–
1.094, p<0.001), which was consistent with the results obtained from MR-Egger regression and weighted 
median analyses, indicating that the results of MR analysis were reliable. However, no statistically significant 
associations were observed between UC(OR = 0.952, 95% CI: 0.906–1.001, p = 0.054), CD(OR = 0.988, 95% CI: 
0.957–1.020, p = 0.457), SLE(OR = 1.003, 95% CI: 0.981–1.026, p = 0.771), AS(OR = 0.039, 95% CI: 0.001–1.540, 
p = 0.084), PSO(OR = 1.128, 95% CI: 0.063–20.124, p = 0.935), MS(OR = 1.027, 95% CI: 0.974–1.083, p = 0.331), 
HT(OR = 1.068, 95% CI: 0.943–1.209, p = 0.302) and PAD. And after FDR adjustment, the causal effect between 
RA and the increased risk of PAD was still significant(pFDR−corrected =0.002, Fig.  1). Moreover, as shown in 
Supplementary Table S3, the reverse causality of this study was found only for PAD and CD, however, it did not 
affect the results for RA. Due to the scarcity of IVs in HT(only one), reverse MR cannot be carried out.

Exposure

Heterogeneity MR-Egger MR-PRESSO

Q Q-pval Intercept SE p Global test-pval

RA 82.590 0.311 -0.006 0.004 0.163 0.272

UC 68.634 0.021 -0.012 0.013 0.362 0.228

CD 83.992 0.178 0.005 0.007 0.536 0.069

SLE 31.728 0.754 -0.010 0.009 0.289 0.650

AS 3.113 0.539 0.025 0.017 0.217 0.553

PSO 21.671 0.301 0.001 0.007 0.852 0.351

MS 26.240 0.094 0.003 0.018 0.872 0.085

HT 17.736 0.023 0.004 0.028 0.882 0.431

Table 2.  Assessment of heterogeneity and directional pleiotropy. Q heterogeneity statistic Q, SE standard error, 
RA rheumatoid arthritis, UC ulcerative colitis, CD Crohn’s disease, SLE systemic lupus erythematosus, AS 
ankylosing spondylitis, PSO psoriasis, MS multiple sclerosis, HT hashimoto thyroiditis.
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Sensitivity analyses
The results of the MR-Egger regression indicated the absence of significant directional pleiotropy in the analysis, 
(P > 0.05) (Table  2), which was in line with the results from the scatter plot in Supplementary Figure S1. In 
the heterogeneity test, the outcome of UC and HT showed substantial heterogeneity based on Cochran’s Q 
value. Consequently, a random-effects model was employed to minimize the impact of heterogeneity, while the 
remaining IVW analyses were performed using a fixed-effects model (Table 2, Supplementary Figure S2). The 
leave-one-out sensitivity analysis depicted in Supplementary Figure S3 did not identify any individual SNP that 
exerted a strong influence on the causal effect of IMIDs on PAD.

Discussion
This study employed a two-sample MR method to evaluate the causal relationship between IMIDs and PAD. 
We obtained robust evidence for a causal relationship between RA with increased risk of PAD, supported by 
consistent effect estimates and directions from various MR methods (including IVW, MR-Egger, Weighted 
median). It will help us to better understand the genetic impact of RA on PAD. However, no significant causal 
effects of UC, CD, SLE, AS, PSO, MS, and HT on PAD risk were observed in this analysis.

Observational studies have demonstrated the protective effects of RA on PAD studies30–33. However, the 
causal relationship between RA and PAD and its extent remains to be determined. Rinco´n et al.30 conducted 
a multicenter study involving 234 RA patients and 102 controls to assess the peripheral arterial function by 
measuring the ankle-brachial index(ABI). The study revealed significantly higher rates of peripheral arterial 
incompressibility and obstruction in RA patients compared to healthy individuals of the same age and sex, 
and peripheral arterial dysfunction was also more prevalent in patients with RA. Interestingly the odds ratio 
for incompressibility in rheumatoid arthritis versus control approached unity upon inclusion of clinical 
manifestations of RA in the adjustment model, while it decreased slightly upon inclusion of cardiovascular 
risk factors. It suggested that clinical manifestations, rather than cardiovascular risk factors, were the primary 
drivers of the increased frequency of arterial abnormalities in RA. In addition, they also speculated that the 
degree of peripheral arterial impairment was correlated to the severity of RA. A systematic review involving 
11 observational studies suggested RA was an independent risk factor for PAD, and the disease manifestations 
of greater severity increased RA patients’ susceptibility to PAD development34, which was consistent with 
Rinco´n’s study. Our MR findings aligned with previous studies, supporting a causal relationship between 
RA and increased risk of PAD. Meanwhile, in contrast to conventional observational studies, MR analysis is 
less susceptible to confounding factors and reverse causality, rendering it a dependable approach for inferring 
associations alongside randomized controlled trials (RCTs)35. As such, our findings furnished substantiation for 
comprehending the genetic risk factors of PAD, established a foundation for subsequent molecular investigations, 
and hold considerable significance for the prevention and management of PAD in RA patients.

The exact mechanisms of RA and increased risk of PAD have yet to be clarified. Several potential hypotheses 
have been posited to elucidate the impact of RA on PAD. Firstly, the systemic inflammatory response elicited by RA 
represents a significant risk factor for PAD. Systemic inflammation was considered to act as a pivotal mediator of 
endothelial dysfunction. It has been proved that CD4 + CD28- T lymphocytes and inflammatory cytokines such 
as osteoprotegerin (OPG), tumor necrosis factor α, are known to increase in RA patients, which drive localized 
inflamation of the synovium as well as the arterial wall, ultimately resulting in endothelial dysfunction(ED) and 
arterial stiffness36,37. OPG concentrations were independently related to early atherogenesis and atherosclerosis 
in patients with severe RA who had not experienced cardiovascular events38. Research has demonstrated that 
OPG concentrations were increased in patients with RA who have CVD compared to those who do not and 
disease severity was relate to large OPG concentrations39. Secondly, A potential correlation between heightened 

Fig. 1.  MR analysis of causal effects of eight IMIDs on PAD. OR odd ratio, RA rheumatoid arthritis, UC 
ulcerative colitis, CD Crohn’s disease, SLE systemic lupus erythematosus, AS ankylosing spondylitis, PSO 
psoriasis, MS multiple sclerosis, HT hashimoto thyroiditis, CI confidence interval.
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intimal medial thickness (IMT) and augmented risk of PAD in patients with RA has been identified. IMT has been 
established as a marker for PAD40. In a study conducted by Stametelopoulos et al.31, femoral IMT was examined 
in 80 patients with RA who exhibited no apparent cardiovascular risk factors. Their study revealed IMT in the 
femoral arteries was increased in the patients with RA compared to age-matched controls. Notably, they also 
demonstrated that the extent of the inflammatory process in patients with RA was directly proportional to the 
increase in IMT. This might be associated with elevated Galectin-3 levels in RA patients. Galectin-3 is a member 
of a β-galactosidase binding lectin family which plays an active role in inflammatory response pathways41. A 
cohort study by Anyfanti et al.42 revealed that the expression of Galectin-3 was increased in RA patients and were 
correlated with markers of arterial stiffness and cIMT. Thirdly, it is plausible that oxidative stress may exacerbate 
the burden of atherosclerosis in RA patient. It is due to the heightened formation of reactive oxygen species and 
elevated levels of markers of protein and lipid oxidation, which can impair peripheral vasodilatory capacity, 
promote early ED, ultimately accelerate arterial wall stiffening and increase plaque burden43,44.

Our study has furnished initial evidence for plausible causal relationships between RA and PAD. However, it 
should be noted that the occurrence of IMIDs and PAD is not solely dependent on genetic factors; rather, their 
onset is the consequence of both genetic and environmental factors. For example, the dysbiosis that occurs due 
to inflammatory bowel disease(IBD) is also implicated in atherosclerosis and arterial stiffness development. 
Alterations in the number of gut microbiota and the metabolites it secretes lead to escalated inflammation of 
vascular endothelium and increased plaque formation in the arteries45,46. Agüero et al.7 carried out a pooled 
analysis of individual data obtained from two large cross-sectional projects, They found that people who were 
diagnosed with chronic immune-mediated inflammatory diseases(CIID), including IBD, RA, and SLE, etc., had 
a significantly higher prevalence of PAD compared to those without CIID. However, when the analysis was 
adjusted for age, sex, and other potential confounders or intermediate variables, the association between IBD, 
SLE and PAD disappeared, which suggested that environmental factors play a crucial role in the pathogenesis of 
IMIDs. Additionally, The potential impact of medications utilized for the treatment of IMIDs is also an important 
confounder. Biologics, such as TNF-α inhibitors, may reduce PAD risk in patients with IMIDs by reducing 
the inflammatory response. Some studies have suggested that TNF-α inhibitors may have a cardiovascular 
protective effect, thereby reducing the incidence of PAD. However, this protective effect may vary depending 
on the patient’s specific condition and duration of treatment47. Conventional immunosuppressants, such as 
methotrexate, control the disease by suppressing the immune response, but the effect on PAD risk is unclear. 
It was reported that methotrexate may reduce the risk of cardiovascular events, but its specific effects on PAD 
require further study48. On the other hand, long-term use of medications such as glucocorticoids may increase 
the risk of blood pressure, blood sugar, and lipid abnormalities, thereby indirectly increasing the risk of PAD49.

The current investigation offered several merits. First, in contrast to randomized controlled trials, MR 
analysis is more expedient and economical, conferring an edge in scrutinizing and filtering potential causal 
associations. Additionally, MR studies mitigate confounding bias and circumvent reverse causality. Second, this 
study implemented rigorous quality control measures and rational analytical techniques, such as the utilization 
of multiple models to assess causal effects. As a result, the findings of this study are dependable and consistent. 
Third, we used data from a large GWAS, which provided a sufficient sample size for high statistical efficacy.

At the same time, there were some limitations. First of all, almost GWASs data were mainly from European 
populations, and the findings of this study couldn’t be applied to other populations. Secondly, given the limitation 
of statistical approaches and interference of other confounding factors, it is impractical to fully adhere to the three 
assumptions of MR analysis. Thirdly, IVs associated with the traits under investigation accounted for a limited 
proportion of the variability in risk factors, and the relationship between them remained theoretical. Due to the 
limited variability in SNPs explanations, the estimated causal effects may deviate from the true effect size. While 
acknowledging the limitations of the study design and potential biases, the selection of SNPs in this analysis 
remains a robust approach to identifying genetic factors that are strongly associated with key exposure variables, 
although the findings should be interpreted with caution given the inherent limitations of the methodology. 
Given the above considerations, a large cohort study will be necessary in the future to more comprehensively 
evaluate the relationship between IMIDs and the prevalence of PAD. To minimize the impact of confounders 
such as diabetes, hypertension, BMI, and cholesterol on the findings, sophisticated logistic regression models 
which adjusting for these confounders will be employed, thereby enhancing the robustness and accuracy of the 
results.

Conclusion
In conclusion, this study employed two-sample MR analysis method to examine the association between IMIDs 
and the risk of PAD. Our analysis supported the causal association of RA with PAD which help enhance the 
clinical management and prevention of PAD in populations with RA. However, no conclusive evidence was 
found for causal associations between other IMIDs, including UC, CD, SLE, AS, PSO, MS, and HT, and PAD. 
Further studies are warranted to corroborate our findings and to unravel molecular mechanisms.
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