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Behçet’s disease (BD) is a chronic, recurrent condition for which effective preventive medications are 
currently lacking. This disease often disrupts lipid metabolism, adversely affecting vascular endothelial 
function. Exploring preventive strategies, such as lipid-lowering medications, is crucial. Probucol, 
known for its lipid-lowering properties, emerges as a promising candidate. By inhibiting the ATP-
binding cassette transporter A1 (ABCA1), probucol is hypothesized to regulate circulating metabolites, 
potentially reducing the risk of BD. This study employs Mendelian randomization (MR) to evaluate 
probucol’s impact on BD and investigate its preventive potential through the modulation of circulating 
metabolites. For this MR study, we selected single nucleotide polymorphisms (SNPs) associated with 
probucol as instrumental variables and conducted a positive control analysis with SNPs linked to 
high-density lipoprotein (HDL) to validate our instrument selection. The study was structured in two 
steps: first, using probucol’s eQTLs to estimate its causal effect on circulating metabolites; second, 
using SNPs linked to these metabolites to assess their causal impact on Behcet’s disease risk. To ensure 
the robustness and validity of our findings, we employed several MR methods, including the Inverse 
Variance Weighted (IVW) approach, heterogeneity tests, and pleiotropy analysis. This study identified 
a total of 30 SNPs associated with BD, 7502 SNPs linked to circulating metabolites, and 1,049 SNPs 
associated with BD from circulating metabolites, all derived from ABCA1 expression quantitative trait 
loci (eQTL) data. Utilizing Mendelian randomization (MR) analysis, it was confirmed that probucol 
leads to a reduction in concentrations of cholesterol esters in HDL, consistent with findings from 
randomized drug trials (odds ratio [OR] = 0.932, 95% confidence interval [CI] 0.907–0.958, P < 0.001). 
Furthermore, the study demonstrated that probucol significantly decreased the risk of BD with an 
OR of 0.496 (95% CI 0.283–0.868, P = 0.014). Among 123 assessed circulating metabolites, thirty-six 
were found to be associated with probucol. Notably, probucol demonstrated a notable reduction in 
very large HDL particle concentrations (OR = 0.917, 95% CI 0.889–0.947, P < 0.001), contributing to 
approximately 10.407% of its overall impact on decreasing BD risk. This study establishes that probucol 
significantly lowers the risk of BD by reducing very large HDL particle concentrations. It provides a 
genetic basis for considering probucol as a potential therapeutic option for BD high risk individuals.
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Behçet’s disease (BD) is a multisystem inflammatory disorder characterized by recurrent acute inflammation 
involving neutrophils and immune cells. Its pathogenesis involves genetic factors like HLA-B51 and environmental 
triggers. Inflammation in BD is driven by innate and adaptive immune responses, with hyperactive neutrophils 
releasing pro-inflammatory cytokines (IL-1β, TNF-α, IL-6)1. T helper cells (Th1 and Th17) further sustain 
inflammation by secreting cytokines (IFN-γ, IL-17)2. BD is more prevalent along the Silk Road than in Western 
countries, influenced by genetic and environmental factors3,4. Diagnosis is challenging due to its multisystemic 
nature and lack of definitive tests4. Clinically, BD presents with recurrent ulcers and eye and skin lesions, with 
possible severe complications5. Treatment involves symptom management with immunosuppressants and 
biologics, but standardized protocols are lacking, necessitating personalized approaches and emphasizing the 
need for more controlled trials 6.

Increasing evidence underscores the crucial role of metabolic disorders in the pathogenesis of BD, linking 
disturbances in metabolic homeostasis to the onset and exacerbation of this condition7. Recent studies reveal 
that specific circulating metabolites, including amino acids and phospholipids, disrupt metabolic processes and 
may serve as biomarkers for the disease8,9. Furthermore, observational studies suggest an inverse relationship 
between certain lipid components, such as total cholesterol and HDL-cholesterol, and BD risk, highlighting the 
significant impact of lipid metabolism. These insights into metabolic dysregulation offer potential avenues for 
preventing BD.

Probucol, an ATP-binding cassette transporter A1 (ABCA1) inhibitor, is known for its lipid-lowering effects 
by modulating cholesterol efflux and HDL formation. In the DrugBank database, probucol and ABCA1 are 
uniquely and explicitly associated as a drug and target with a defined pathological mechanism. Traditionally 
used for hyperlipidemia, probucol also shows potential in influencing inflammatory processes in BD10. By 
inhibiting ABCA1, probucol reduces cholesterol efflux from macrophages, potentially affecting inflammation 
pathways involved in BD11,12. Despite lowering HDL, probucol has antiatherogenic properties that may help 
manage BD’s vascular complications. These effects on lipid and inflammation pathways suggest probucol could 
be a novel therapeutic strategy for BD, warranting further investigation. Probucol, known for its lipid-lowering 
effects, is being explored for its potential impact on autoimmune diseases and metabolic profiles due to its 
antioxidant and anti-inflammatory properties. However, evidence linking probucol to improved autoimmune 
outcomes is limited, requiring rigorous clinical studies to confirm these effects and understand the mechanisms 
involved13–16. Additionally, while probucol reduces HDL cholesterol and alters lipid profiles, its broader impact 
on metabolites and cardiovascular disease progression is not well understood17–19. Therefore, extensive research 
is needed to fully explore the role of probucol in preventing BD in these areas.

Mendelian randomization (MR) uses genetic variants linked to an exposure to explore causal relationships 
with outcomes20. By employing these genetic variants as instruments, MR minimizes confounding and reverse 
causation, similar to randomized controlled trials. This is because genetic variants are randomly distributed at 
conception, akin to the randomization process in trials21.

In this study, we aim to explore the potential of probucol in preventing BD. We hypothesize that probucol 
may impact BD through changes in circulating metabolites. To test this hypothesis, we first employed a two-
sample Mendelian randomization (MR) approach to investigate the association between probucol use and 
BD. Next, we conducted a two-step MR study to examine how probucol might influence BD via alterations in 
blood metabolites, particularly lipid profiles. This analytical approach allows us to evaluate the causal effects of 
probucol on these metabolites, providing valuable insights into the metabolic pathways that link probucol to BD 
prevention.

Methods
Study design
We accessed the expression quantitative trait loci (eQTLs) for ABCA1 related to probucol  (   h t t p s : / / g o . d r u g b 
a n k . c o m / d r u g s / D B 0 1 5 9 9     ) under the identifier eqtl-a-ENSG00000165029. The eqtl-a-ENSG00000165029 
dataset was obtained from the publicly available eQTLGen database (https://www.eqtlgen.org/phase1.html), 
which identified cis-eQTLs for 19,938 genes through a large-scale meta-analysis of blood samples from 31,684 
Europeans across 37 cohorts. This dataset has been included in the IEU OpenGWAS project  (   h t t p s : / / g w a s . m r 
c i e u . a c . u k /     ) and was downloaded via this platform for our study. Additionally, GWAS data for 123 circulating 
metabolites and BD (ebi-a-GCST90018798) were retrieved from the same source. The data were accessed on 
February 20, 2024. The GCST90018798 dataset was obtained from the publicly available GWAS Catalog database 
(https://www.ebi.ac.uk/gwas/home), which includes data from 317,252 European (UK) and 172,044 East Asian 
(Japanese) participants. The dataset provides associations between participants’ SNPs and phenotypes obtained 
through whole-genome sequencing. Among these, the data from 317,252 European (UK) participants have been 
separately included in the IEU OpenGWAS project (https://gwas.mrcieu.ac.uk/). For this study, we downloaded 
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the dataset through the IEU OpenGWAS platform, ensuring that all included participants were of European 
ancestry. Both the exposure eQTL data and the outcome data used in this study were derived from European 
populations, ensuring a relatively consistent genetic background. No ethical approval was required for the 
present study, for all data sources were based on publicly available summary-level data. All these studies were 
approved by the relevant institutional review committees.

The present study employed a two-sample MR design (Fig. 1). In order to uphold the credibility of the inferred 
causal effects, the MR analyses were mandated to satisfy three fundamental assumptions20: (1) the genetic 
variants should exhibit a robust association with the exposure (relevance), (2) the genetic variants should be free 
from any potential confounding factors (exchangeability), and (3) the genetic variants should solely impact the 
outcome exclusively through the exposure (exclusion restriction). This study was reported in accordance with 
the Strengthening the Reporting of Observational Studies in Epidemiology Using Mendelian Randomization 
(STROBE-MR) guidelines22.

Fig. 1. Study Design Overview. (a) A detailed flowchart illustrating the steps taken to assess the role 
of circulating metabolites as mediators in the effect of Probucol on Behçet’s disease. This includes the 
identification of genetic instruments and the evaluation of causal pathways. (b) A schematic representation of 
the two-step Mendelian randomization (MR) process, where the first step evaluates the association between 
Probucol (via ABCA1) and circulating metabolites, and the second step assesses the link between these 
metabolites and Behçet’s disease.
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Selection of Instrumental Variables for eQTLs of ABCA1
Relevant SNPs were extracted from the eQTL data of ABCA1, as well as GWAS summary data for BD, HDL, and 
circulating metabolites. SNPs strongly associated with eQTLs were selected based on the criteria of (P < 1 × 10–5), 
and weak instruments were excluded using an F-statistic threshold > 10. SNPs located within ± 100 kb of the 
cis-regulatory region of the target gene were retained. To ensure independence among SNPs and eliminate the 
influence of linkage disequilibrium (LD), an LD coefficient (r2 = 0.3), a region width of 100 kb, and a minor 
allele frequency (MAF) > 0.01 were applied. SNPs associated with confounders and outcomes (BD, HDL, and 
circulating metabolites) were excluded using PhenoScanner (P < 1 × 10–5). Additionally, palindromic SNPs were 
removed, and outliers were excluded using the MR-PRESSO method.

Selection of instrumental variables for circulating metabolites
Relevant SNPs were extracted from the GWAS summary data for BD. To identify SNPs strongly associated with 
circulating metabolites, a selection threshold of (P < 1 × 10–5) was applied, and weak instruments were excluded 
using an F-statistic threshold > 10. To ensure independence among SNPs and eliminate the influence of linkage 
disequilibrium (LD), an LD coefficient (r2 = 0.3), an LD region width of 100 kb, and a minor allele frequency 
(MAF) > 0.01 were set. SNPs associated with confounders and outcomes (Behçet’s disease) were excluded using 
PhenoScanner (P < 1 × 10–5). Additionally, palindromic SNPs were removed, and outliers were excluded using 
the MR-PRESSO method.

Statistical analyses
MR analysis to estimate the effects of probucol on Behçet’s disease
In this study, we applied two-sample univariable Mendelian randomization (UVMR) to estimate this effect, using 
inverse variance weighting (IVW) as the primary analytical method, with other methods used as supplementary 
analyses. When the number of SNPs was limited to one, the Wald ratio method was applied to evaluate the 
effect of the single SNP on the outcome; for other cases, the random-effects IVW method was employed. When 
horizontal pleiotropy among SNPs was present, MR-Egger results were referenced. MR-Egger regression, used as 
a supplementary analysis23,24, employs a weighted linear regression model that allows for bias in the relationship 
between instrumental variables and outcomes, effectively identifying and adjusting for pleiotropy.

Mediation MR analysis to investigate the potential link between probucol and Behçet’s disease through circulating 
metabolites
A two-step Mendelian randomization analysis was employed to assess the mediating role of circulating 
metabolites in the relationship between probucol and BD (Fig. 1b). The initial step involved utilizing UVMR 
to estimate the impact of ABCA1 inhibition on 123 circulating metabolites (β1). Subsequently, the metabolites 
that exhibited statistically significant associations with ABCA1 inhibition were evaluated for their effect on BD 
using UVMR in the second step. Following this, we conducted a screening for metabolites that exhibited a 
significant association with BD and subsequently utilized multivariable Mendelian randomization (MVMR) 
to adjust for potential confounders. The mediation proportion of each metabolite in the relationship between 
ABCA1 inhibition and BD was determined by multiplying β1 and β2 and dividing by the total effect of ABCA1 
inhibition on BD. The 95% confidence intervals (CIs) for the mediation proportions were calculated utilizing 
the delta method25.

Sensitivity analysis
Heterogeneity among SNPs was assessed using Cochran’s Q test, where a P < 0.05 indicated heterogeneity. I2 
(I-squared) was also calculated as a measure of heterogeneity, representing the proportion of total variance 
attributable to heterogeneity, with values ranging from 0 to 100%. An I2 > 50% suggests a certain level of 
heterogeneity in the IVW results. The intercept term in MR-Egger and the MR-PRESSO method26 were used for 
pleiotropy analysis. MR-PRESSO identifies and excludes outlier genetic variants that may bias causal inference, 
reducing pleiotropy-induced bias and improving the accuracy of causal estimates. SNPs were considered to 
have no pleiotropy when the MR-Egger intercept was not significantly different from 0 (P > 0.05) and the MR-
PRESSO P > 0.05. Sensitivity analysis was performed using the leave-one-out method, in which each SNP was 
sequentially removed, and the remaining SNPs were reanalyzed to observe the impact of each SNP on the results. 
All analyses were conducted using the TwoSampleMR package in R software (version 4.1.0), with a significance 
level of α = 0.05.

Results
Effect of ABCA1 inhibitor on HDL related metabolites and Behçet’s disease
After screening, in the ABCA1-BD MR analysis, 30 SNPs associated with BD were identified from the eQTL data 
of ABCA1 (Supplementary Table 1). In the two-step mediator MR analysis, the first step (ABCA1-circulating 
metabolites MR analysis) identified 7,502 SNPs associated with circulating metabolites as instrumental variables 
(Supplementary Table 2). In the second step (circulating metabolites- BD MR analysis), 1,049 SNPs associated 
with BD were identified from the GWAS data for circulating metabolites (Supplementary Table 3). For the positive 
control analysis of ABCA1-HDL MR analysis, 915 SNPs associated with HDL were identified (Supplementary 
Table 4). The results of the ABCA1 instrument validation analysis were largely consistent with those of the 
meta-analysis of drug randomized trials (i.e., the direction of effect)27. For example, the IVW results indicated 
that ABCA1 inhibitor’s drug action was associated with lower concentration of cholesterol esters in large HDL 
(OR = 0.932, 95% CI 0.907–0.958, P < 0.001, Table 1). The IVW results showed no heterogeneity between ABCA1 
inhibitors and HDL related SNPs (I2 = 0%, Cochran’s Q = 50.430, P = 0.806, Table 1). The MR-Egger analysis 
revealed that the intercept was not significantly different from zero (P = 0.893), and MR-PRESSO did not detect 
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significant horizontal pleiotropy (P = 0.832). Therefore, we concluded that the SNPs do not exhibit horizontal 
pleiotropy. The leave-one-out analysis confirmed the robustness of our findings, while symmetrical funnel plots 
indicated no publication bias. Scatter plots showed a clear linear association between ABCA1 genetic variants 
and lower concentration of HDL, validating our results (Supplementary Fig. 1).

Based on the dataset for BD (ebi-a-GCST90018798), we performed MR analysis using the eQTLs of the 
Probucol target gene ABCA1 as instrumental variables to examine the association between Probucol and BD. 
The IVW results indicated that ABCA1 inhibitor was associated with a reduced risk of BD (OR = 0.496, 95% CI 
0.283–0.868, P = 0.014, Table 2). There was no heterogeneity between the eQTLs associated with ABCA1 inhibitor 
and BD (I2 = 0%, Cochran’s Q = 23.513, P = 0.753, Table 2). The MR-Egger analysis showed that the intercept was 
not significantly different from zero (P = 0.875), and MR-PRESSO did not detect significant horizontal pleiotropy 
(P = 0.761). Thus, we concluded that the SNPs do not exhibit horizontal pleiotropy. The leave-one-out analysis 
confirmed the robustness of our findings, the funnel plot showed no significant publication bias, and the scatter 
plot indicated a clear linear relationship, reinforcing the association between ABCA1 variants and reduced BD 
risk (Supplementary Fig. 2).

Mediation MR of ABCA1 inhibitor, circulating metabolites, and Behçet’s disease
Circulating metabolites might mediate the effect of Probucol in reducing the incidence of BD. To investigate 
this mediation pathway, we performed multivariable adjustments. In the first step, we used the eQTLs of 
ABCA1 inhibitor to estimate its causal effect on circulating metabolites. The IVW method showed statistically 
significant causal relationships between ABCA1 inhibitor and 36 circulating metabolites. ABCA1 inhibitor 
elevated six metabolites and reduced twenty-nine. Notably, ABCA1 inhibitor decreased the concentration of the 
circulating metabolite “Concentration of very large HDL particles” (OR = 0.917, 95% CI: 0.889–0.947, P < 0.001, 
Supplementary Table 5). The IVW results indicated no heterogeneity between the SNPs associated with ABCA1 
inhibitor and the “Concentration of very large HDL particles” (I2 = 24%, Cochran’s Q = 79.013, P = 0.051, 
Supplementary Table 5). The MR-Egger analysis showed that the intercept was not significantly different 
from zero (P = 0.642), and MR-PRESSO did not detect significant horizontal pleiotropy (P = 0.066). Therefore, 
we concluded that the SNPs do not exhibit horizontal pleiotropy. The leave-one-out analysis confirmed the 
robustness of our findings, and symmetrical funnel plots indicated no publication bias. Additionally, scatter 
plots demonstrated a clear linear association between ABCA1 genetic variants and these metabolites, validating 
our results (Supplementary Fig. 3).

In the second step, we evaluated the causal effect of the 36 circulating metabolites, which showed statistically 
significant causal relationships with ABCA1 inhibitor in the first step, on the risk of BD using their associated 
SNPs. The IVW method revealed a statistically significant causal relationship between the “Concentration of 
very large HDL particles” and BD. The “Concentration of very large HDL particles” was identified as a risk factor 
for BD (OR = 2.050, 95% CI 1.036–4.055, P = 0.039, Table 3, Fig. 2). The IVW results indicated no heterogeneity 
between the SNPs associated with the “Concentration of very large HDL particles” and BD (I2 = 0%, Cochran’s 
Q = 27.975, P = 0.519, Table 3, Fig. 2). The MR-Egger analysis showed that the intercept was not significantly 
different from zero (P = 0.270), and MR-PRESSO did not detect significant horizontal pleiotropy (P = 0.519). 
Therefore, we concluded that the SNPs do not exhibit horizontal pleiotropy. The leave-one-out analysis confirmed 
the robustness of our findings, and symmetrical funnel plots indicated no publication bias. Additionally, scatter 
plots demonstrated a clear linear association (Supplementary Fig. 4).

Combining the results from the first two steps, we found that the circulating metabolite “Concentration of 
very large HDL particles” has a significant causal relationship with both ABCA1 inhibitor and BD (Fig. 3). Under 
the mediation condition of circulating metabolites, we calculated the mediating effect of the “Concentration of 
very large HDL particles.” The total effect of ABCA1 inhibitor on BD was estimated to be − 0.702. The mediating 
effect of the “Concentration of very large HDL particles” on the association between ABCA1 inhibitor and BD 
was − 0.073, accounting for 10.407% of the total effect (95% CI − 0.579–21.393%) (Table 4, Fig. 3). After adjusting 
for potential confounders (circulating metabolites) using MVMR analysis, the causal effect of ABCA1 inhibitor 
on BD was no longer significant (P > 0.05). This indicates that the previously observed causal relationship is 
related to the circulating metabolite “Concentration of very large HDL particles” (Table 5).

Discussion
In this study, we explored for the first time the potential of probucol in preventing BD, specifically examining 
how circulating metabolites might mediate this association. We identified several key findings. First, probucol 
use was linked to a reduced risk of BD. Second, through a two-step MR analysis, we discovered that probucol has 
a statistically significant causal relationship with 36 circulating metabolites, notably decreasing the concentration 
of very large HDL particles. Very large HDL particles were found to have a significant causal relationship with 
both probucol use and BD risk, suggesting they may mediate the protective effects of probucol against BD.

In this study, we identified for the first time that probucol significantly reduces the risk of BD. This finding 
has important clinical implications, suggesting a new therapeutic option for reducing the risk of BD in high-
risk populations. Previously, probucol had been studied for various health conditions, including its potential 
to modulate autoimmune responses by affecting circulating metabolites28,29. However, direct evidence 
linking probucol specifically to autoimmune diseases, particularly BD, was limited. Our use of robust genetic 
instruments and extensive GWAS data to demonstrate probucol’s protective effects on BD not only aligns with 
existing literature on its immunomodulatory properties but also fills a significant research gap, providing novel 
insights into its potential role in autoimmune disease management.

Using Mendelian analysis for the first time, we discovered that probucol influences circulating metabolites, 
highlighting its significant impact on metabolic health and potential for managing vascular and metabolic diseases. 
Our study utilized genetic variants of probucol and the largest GWAS on circulating metabolites, focusing on 
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blood lipids and lipoprotein particle subfractions. The results showed significant changes in amino acids, fatty 
acids, and specific lipoprotein particles. Notably, probucol reduced HDL particle size and altered cholesterol 
ester concentrations in large and very large HDL particles. It also affected omega-7, omega-9, and saturated fatty 
acids, and phospholipids in chylomicrons and the largest VLDL particles. These findings are consistent with 
previous studies showing probucol’s effects on blood lipids and lipoprotein particle sizes, particularly HDL and 
LDL particles, highlighting its distinctive impact on lipid metabolism and vascular health30–32.

This study highlights a novel discovery that probucol can significantly reduce concentration of very large 
HDL particles. This finding is significant as it provides initial genetic evidence linking these HDL particles with 
BD and suggests a potential protective effect of probucol on BD. Previous research indicates that while smaller 
HDL particles protect against cardiovascular diseases, larger HDL particles may increase the risk of vascular and 
autoimmune diseases due to their different roles in cholesterol metabolism and inflammatory processes33–35. 
These larger HDL particles can exacerbate inflammatory and thrombotic activities, crucial in the progression of 
conditions like Systemic Lupus Erythematosus and Rheumatoid Arthritis, by interacting with immune responses 
and pathways involved in endothelial function and coagulation36. Our findings imply that probucol’s ability to 
reduce very large HDL particles could mediate its protective effect on BD. This mechanism, suggested by our 
genetic data, aligns with existing literature on HDL particles’ role in inflammation and autoimmunity, though 
further experimental studies are necessary to confirm causality.

This study’s finding that probucol significantly reduces the risk of BD offers promising clinical applications 
for both prevention and treatment. Given the limited effective treatments available for BD, this discovery 
provides a valuable new option37. Probucol’s ability to lower the risk of developing BD suggests its potential 
as a preventive therapy, particularly for high-risk populations. Early intervention with probucol could delay or 
prevent BD onset, reducing disease incidence and complications. For patients with BD, probucol’s effects present 
a novel therapeutic approach, which can help manage symptoms and decrease the frequency and severity of 
flares, enhancing patient outcomes and quality of life. Further studies are needed to confirm these findings and 
understand probucol’s protective mechanisms in BD. Clinical trials focused on its efficacy and safety are essential 
for translating these results into practice. Clinicians might evaluate its use alongside existing therapies to assess 
combined effects on symptom control and disease progression.

This study represents the first application of MR to examine the links between probucol, circulating 
metabolites, and BD within the general population. However, it faces several limitations. Firstly, the genetic 
variants used mimic the lifelong effects of ABCA1 inhibition by probucol, which may not accurately represent 
the drug’s short-term effects. To address this, future research could incorporate short-term clinical trials to 
complement MR findings. Secondly, the lack of stratification by subtypes in the original GWAS data precluded 
stratified analyses. Future studies should stratify analyses when specific datasets become available to capture 
subtype-specific effects. Thirdly, environmental modifiers of genetic risk for metabolic diseases might bias the 
estimated effects. Incorporating environmental data and performing multi-environment analyses could help 
mitigate this issue. Fourthly, the study focuses solely on the predicted effects related to specific drug targets, 
not accounting for possible off-target effects. Future research should explore potential off-target effects using 
comprehensive drug profiling methods. Additionally, while various sensitivity analyses aimed to mitigate 
horizontal pleiotropy, it cannot be entirely ruled out. Employing advanced statistical techniques and cross-
validating with independent datasets could help address this limitation. Finally, as our sample was restricted 
to individuals of European ancestry, our results may not be generalizable to other ethnic groups. Differences in 
genetic architecture and allele frequencies across populations may lead to variations in associations. Expanding 
studies to include diverse populations is essential to validate these findings and explore potential ethnic-specific 
effects.

Conclusions
In summary, the findings of this study support the link between probucol and circulating metabolites in Behçet’s 
disease, indicating that the protective effect of probucol is mediated by large HDL particles. These findings 
imply that probucol may have potential as a prophylactic treatment for individuals at high risk for Behçet’s 
disease, thereby informing future research efforts aimed at elucidating its mechanisms of action and evaluating 
its clinical efficacy.
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Mediator Mediating_effect Direct_effect Total_effect Proportion mediated (%)

Concentration of very large HDL particles − 0.0730 − 0.6288 − 0.7018 10.4071 (− 0.5787 ~ 21.393)

Table 4. The mediating effect of circulating metabolites on the relationship between Probucol and Behçet’s 
disease.

 

Fig. 3. Forest Plot of Probucol’s Effects on Circulating Metabolites and Behçet’s Disease. The forest plot 
displays the estimated causal effects of Probucol on individual circulating metabolites (step one) and the 
subsequent effects of these metabolites on Behçet’s disease (step two). Each point estimate is accompanied by 
its confidence interval, providing a visual summary of the mediation effects.

 

Fig. 2. Mediation Analysis of Probucol’s Impact on Behçet’s Disease. This figure demonstrates the results of 
the two-step Mendelian randomization analysis, which evaluates the potential mediating effects of circulating 
metabolites on the causal pathway between Probucol and Behçet’s disease. The analysis highlights the 
contribution of each intermediary to the overall effect.

 

Scientific Reports |         (2025) 15:9722 10| https://doi.org/10.1038/s41598-025-93644-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Data availability
The expression quantitative trait loci (eQTLs) for ABCA1, associated with Probucol  (   h t t p s : / / g o . d r u g b a n k . c o m 
/ d r u g s / D B 0 1 5 9 9     ) , were retrieved from the publicly available IEU OpenGWAS project database  (   h t t p s : / / g w a s . 
m r c i e u . a c . u k /     ) . The eQTLs dataset (identifier eqtl-a-ENSG00000165029) was downloaded from the platform, 
which includes results from a large-scale meta-analysis of blood samples from 31,684 European participants 
across 37 cohorts. Additionally, GWAS data for 123 circulating metabolites and Behçet’s disease (identifier ebi-
a-GCST90018798) were also accessed via the IEU OpenGWAS project. The GWAS Catalog  (   h t t p s : / / w w w . e b i . a c . 
u k / g w a s / h o m e     ) provided the dataset, which includes data from 317,252 European (UK) and 172,044 East Asian 
(Japanese) participants, and was downloaded for use in this study.
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