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Abstract

Background Functional dyspepsia (FD) is a common gastrointestinal disorder character-
ized by multiple clinical symptoms, complex pathophysiology, and limited therapeutic 
agents. Emerging evidence indicates a role for immune dysregulation in the pathogenesis 
of FD; however, immune cell-specific gene regulatory mechanisms remain unclear. This 
study investigated the genetic factors specific to different immune cell types in FD to explore 
promising therapeutic targets. Methods We performed Mendelian randomization (MR) 
and Bayesian colocalization analyses integrating single-cell expression quantitative trait loci 
(eQTL) data from 14 immune cell types with genome-wide association study summary 
statistics for FD. Functional enrichment and protein–protein interaction (PPI) network 
analyses were utilized to identify key genes. Phenome-wide association studies (PheWASs) 
and drug signature enrichment prediction assessed the therapeutic potential and pleiotropic 
effects of the identified genes. Results Thirty-six immune cell type/eGene combinations 
strictly satisfied both MR and Bayesian colocalization thresholds, revealing cell-specific 
genes with putative causal links to FD. The PPI network identified nine key genes (HLA-B, 
HLA-DQA2, HLA-DQB1, HLA-DRB5, HLA-DOA, HLA-DOB, LTA, GTF2H4, and C6orf136) 
as critical potential genetic drivers across multiple immune cell types. The majority of these 
eGenes exhibited no significant pleiotropic associations in PheWAS analysis, indicating a 
lower risk that might affect suitability for therapeutic targeting. Drug repurposing predicted 
several approved drugs and natural bioactive molecules (e.g., rifaximin, cinnamaldehyde, 
and ellagic acid) as hypothesis-generating candidates used for FD therapies and dietary 
supplements. Conclusions This study identified putative immune cell-specific genetic fac-
tors with causal associations with FD and predicted several potential therapeutic candidates 
using computational integration analyses. Validation in future experiments and clinical 
studies is required to corroborate our findings.

Keywords: functional dyspepsia; single-cell eQTL; mendelian randomization; Bayesian 
colocalization; immune cells; PheWAS; drug repurposing

1. Introduction
Functional dyspepsia (FD), one of the disorders of gut–brain interaction (DGBIs) [1], 

is characterized by persistent or recurrent symptoms (postprandial fullness, early satiation, 
epigastric pain, and/or epigastric burning) lasting at least 3 months that remain unexplained 
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after routine clinical evaluation [2]. Approximately 10–30% of the global population suffers 
from FD [2], imposing a substantial economic and psychological burden that seriously 
affects patients’ quality of life [3,4]. Currently, the exact pathophysiology of FD remains 
complex and multifactorial, including abnormal gastrointestinal (GI) motility, visceral 
hypersensitivity, low-grade immune responses, increased mucosal permeability, and dys-
regulation of the gut–brain axis [5,6], which might be implicated in symptom generation [7]. 
Given the heterogeneous symptoms of FD, the choose of first-line therapy still relies on 
clinical experience and the availability of therapeutic agents across different regions [7]. In 
addition, the absence of structural alterations detectable using gastric endoscopy further 
complicates clinical management, making it difficult to treat precisely.

The GI tract represents the largest compartment of the body, protecting against the 
invasion of many important pathogens [8]. Its immune function is associated with multiple 
physiological processes, such as GI motility, visceral hypersensitivity, and hyperactivity to 
food and other stimuli [1,8]. Previous research mainly reported the infiltration of eosinophils 
and mast cells (MCs) in duodenal mucosal layers in patients with FD [9,10]. These two types 
of immune cells are recognized to be relevant to symptoms like satiety [11] and abdominal 
pain [12]. A clinical study has reported that the increased percentage of small bowel homing 
T cells, together with high levels of cytokines such as tumor necrosis factor-α (TNF-α), shows 
positive correlations with upper abdominal pain, nausea, and vomiting in FD patients [13]. 
While recent studies are increasingly focusing on the immune-inflammatory responses in the 
duodenum in FD pathogenesis, the specific molecular mechanisms driving these immune 
perturbations remain poorly characterized. Moreover, given the diversity of intestinal 
immune cell populations, the contributions of other understudied immune cells to FD onset 
require further exploration, providing more theoretical support for advancing targeted 
immune interventions for FD.

Human genetics play a pivotal role in revealing disease-related pathways and guiding 
drug development. Genome-wide association studies (GWAS) have identified 13 indepen-
dent loci associated with FD risk [14], and this information is essential for deciphering 
its polygenic architecture. However, although it provided broad genomic clues, how to 
establish the causality behind these association signals and translate these findings into pos-
sible therapeutic targets remains challenging. Based on Mendel’s Laws of Inheritance [15], 
Mendelian randomization (MR) serves as a robust framework to estimate causal rela-
tionships between gene expression and diseases [16]. Recently, several MR studies have 
identified novel genes/proteins potentially involved in FD by leveraging bulk tissue expres-
sion quantitative trait loci (eQTL) [17] or protein-QTL [18] datasets. Although these studies 
identified possible genes with causal links to FD, they remain limited by the inherent prop-
erties of bulk QTL data: gene expression levels from bulk RNA sequencing only represent 
the averaged signals across mixed cell populations, which obscures the heterogeneity of 
gene expression at the single-cell level and masks signals from rare immune subsets [19,20]. 
By contrast, single-cell eQTL (sc-eQTL) technology provides a valuable tool by connect-
ing disease risk-associated single-nucleotide polymorphisms (SNPs) to gene expression 
levels within specific cell types, facilitating more precise dissection of gene regulation and 
the accurate discovery of cell type-specific therapeutic targets [21]. To date, no study has 
integrated sc-eQTL resources with MR to systematically map cell-specific gene drivers of 
FD. To fill this gap, we conducted a sc-eQTL MR analysis to explore the potential causal 
associations between immune cell-specific gene expression and FD risk.

Recently, a growing number of studies have conducted sc-eQTL analyses across diverse 
tissue types and disease contexts. Given the ease of sample collection and well-established 
protocols for isolating high-quality single-cell suspensions, peripheral blood mononuclear 
cells (PBMCs) from blood samples have emerged as the dominant cell types for these 
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large-scale studies [21]. Therefore, to obtain more comprehensive and abundant single-
cell expression profiles, we chose the well-powered OneK1K sc-eQTL panel derived from 
PBMCs in our analysis [19]. Beyond its relatively large sample size and broad cell numbers, 
the research has repeated the results in two additional cohorts with diverse ancestral 
backgrounds, lending greater robustness to downstream MR estimates.

In this study, we innovatively integrated sc-eQTL and MR analyses to comprehensively 
explore the putative causal effects of immune cell-specific gene expression on FD. Moreover, 
we also conducted phenome-wide association studies (PheWASs) and carried out drug-
signature enrichment predictions to provide possible repurposing drug candidates with 
minimal risk of pleiotropic effects as a practical translational step toward more targeted 
FD treatments.

2. Materials and Methods
2.1. Study Design and Ethics Approval

This study was conducted in accordance with the Strengthening the Reporting of 
Observational Studies in Epidemiology using Mendelian Randomization (STROBE-MR) 
statement (Figure 1) [16]. The datasets used in our study were derived from summary-
level data from genome-wide association studies (GWASs) and sc-eQTL statistics that 
were all publicly accessible. All included original studies received ethical approval from 
their respective ethics review committees, and informed consent was obtained from all 
participants. As no individual-level data were analyzed in our study, additional ethics 
committee approval was not required.

Figure 1. Overall flow chart of study design. I. Summary of main data sources and detailed analytical 
procedures used in the MR analysis. The numbers 1–3 represent three core assumptions: ① the 
genetic variants used as IVs are reliably and strongly associated with the exposure; ② the IVs are 
independent of any other confounders of the exposure–outcome association; ③ the IVs do not affect the 
outcome, except through its possible association with the exposure. II. Bayesian colocalization analysis 
validates the credibility of MR-derived eGenes and detects candidate eGenes with expression sharing 
common genetic variants with FD. III. Functional analyses included GO/KEGG enrichment analysis, 
PPI network analysis, and drug repurposing. Overlapping eGenes obtained from the described 
algorithms were further investigated to evaluate the risk of pleiotropic effects.
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2.2. Genetic Instruments Selection
Sc-cis-eQTL data for 14 immune cell types (from 982 healthy European individuals) 

were obtained from the OneK1K scRNA sequencing data of 1,267,758 PBMCs [19]. The 
14 cell types were categorized into five major groups, with detailed definitions listed in 
Supplementary Table S1. We retained independent cis-eQTLs with p-value < 5 × 10−8  for 
downstream analyses. Exposure and outcome datasets were harmonized by aligning alleles 
and eliminating strand-incompatible or ambiguous SNPs. Palindromic SNPs were kept 
solely if the information on allele frequencies enabled clear alignment. We excluded eQTLs 
with F-statistics < 10 to mitigate weak instrument bias [22]. After linkage disequilibrium 
(LD) clumping (r2  < 0.001 within a 10,000 kb window) for each cell type/gene combination, 
Steiger filtering was further conducted to validate the causal direction of all candidate 
eQTL–disease instruments [23].

2.3. Outcome Selection
GWAS statistics of FD (K11_FUNCDYSP) were obtained from FinnGen R12 (released 

4 November 2024). This summary dataset included a total of 12,179 patients with FD and 
423,785 healthy controls, predominantly of Finnish ancestry. All original GWASs received 
approval from local ethical committees (number HUS/990/2017), and informed consent 
was obtained from each participant involved [24].

2.4. Sc-eQTL MR
We explored potential causal effects of immune cell-specific eGene expression 

(i.e., genes regulated by proximal cis-eQTLs [25]) on FD. Different analytical methods 
were chosen according to the number of cis-eQTL instruments per eGene. The Wald ratio 
method was used for eGenes with a single cis-eQTL, while the inverse-variance-weighted 
(IVW) approach was applied for eGenes harboring two or more cis-eQTLs. MR analysis 
was performed using the TwoSampleMR package (version 0.5.7) in R (version 4.4) follow-
ing the STROBE-MR checklist [16,26], and the Benjamini–Hochberg false discovery rate 
(FDR) < 0.05 was employed to screen robust genetic evidence.

We also conducted three sensitivity analyses, including heterogeneity, pleiotropy, and 
leave-one-out tests to strengthen the reliability of MR estimates. Cochran’s Q test [27] was 
applied to estimate the potential heterogeneity, and cis-eQTLs with p-value > 0.05 were 
retained, indicating no statistically significant evidence of heterogeneity. We note that a 
non-significant Cochran’s Q result does not independently validate the IVs. For pleiotropy 
assessment, we applied MR–Egger regression whenever at least three independent cis-
eQTL instruments were available for analysis. The intercept of MR–Egger approaching 
zero coupled with p-value > 0.05, suggests no obvious pleiotropic bias [28]. Leave-one-out 
analysis was performed by sequentially excluding each IV to evaluate the stability of MR 
results [29].

2.5. Bayesian Colocalization Analysis
Bayesian colocalization analysis was conducted utilizing the “coloc” R package [30] to 

assess whether gene expression and FD risk were affected by the same region of genetic 
variants, providing five hypotheses (H0–H4) of the posterior probabilities (PPs): H0, 
no association; H1, association only with gene expression; H2, association only with the 
outcome; H3, independent association with gene expression and outcome; H4, shared 
associations. We selected eQTLs within a 1 Mb cis region for this analysis [31]. Due to 
limited power in colocalization analysis, we interpreted the combined posterior probability 
as a scale of evidence and set a threshold of (PP. H3 + PP. H4 > 80%) as supporting 
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evidence for colocalization [32,33]. PP. H3 + PP. H4 represents that both traits show genetic 
association with SNP variants in the tested genomic region [30,34].

2.6. Enrichment Analysis
We performed functional enrichment analysis to characterize putative causal candi-

date genes screened from MR and colocalization analyses. The analyses were conducted 
using the Metascape (version 3.5, https://metascape.org/gp, accessed on 26 October 2026) 
online tool [35], covering Gene Ontology (GO: biological processes (BP), cellular compo-
nents (CC), molecular functions (MF)) and Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway annotations. The screening criteria were set as minimum overlap = 2, 
p-value < 0.05, and minimum enrichment = 1.5.

2.7. Construction of the Protein–Protein Interaction Network
We conducted a protein–protein interaction (PPI) analysis of putative candidate genes 

using the STRING online database [36] (version 12.0, https://string-db.org/) with a medium 
confidence score > 0.400. STRING visualizes both direct and indirect protein interac-
tions, and each node degree was evaluated to reflect its functional significance within 
the network. The PPI results were visualized using Cytoscape software (version 3.10.3, 
https://cytoscape.org) [37]. CytoHubba and MCODE plugins (version 2.0.3) were used for 
hub gene screening and module detection. Four algorithms (MCC, DMNC, MNC, and De-
gree) in the CytoHubba plugin selected the top 10 ranked genes, and the overlapping genes 
across all algorithms were determined as potential key genes with putative causal links to FD. 
MCODE parameters were set as a network score threshold = 2, node score threshold = 0.2, 
k-core = 2, and maximum depth = 100 to identify densely connected modules.

2.8. PheWAS Analysis of Potential Key eGenes for FD
To initially assess the pleiotropic effects of FD-associated eGenes, we performed Phe-

WAS using the AstraZeneca PheWAS Portal (https://azphewas.com/) based on the dataset 
of UK Biobank 500 K whole genome sequencing (v2) [38]. This platform supports variant- 
and gene-level PheWASs to evaluate associations between protein-coding variants and 
approximately 13,000 binary and 5000 continuous phenotypes across six ancestry groups. 
Each potential FD-associated key eGene was examined on this platform to capture asso-
ciations across diverse clinical outcomes and biochemical markers, thereby exploring any 
unintended effects that might affect their suitability as potential therapeutic targets [39]. 
Associations with p-value < 1 × 10−8  were categorized as strong, while those with p-values 
falling between 1 × 10−6  and 1 × 10−8  were deemed suggestive. Genes without strong 
associations with unrelated phenotypes were prioritized as candidates with lower apparent 
pleiotropic risk.

2.9. Potential Drug Target Prediction
To uncover potential therapeutic agents targeting FD eGenes, we conducted drug 

enrichment analysis using the Drug Signature Database (DSigDB) through the Enrichr 
web platform [40,41], which links bioactive compounds with gene expression signatures to 
predict gene modulators. We incorporated putative candidate eGenes into the analysis tool, 
calculating enrichment scores based on gene set–compound target overlaps. Significance 
was evaluated using p-values and combined scores, with higher scores reflecting more robust 
associations. Compounds with promising results were considered potential repurposed 
drugs or candidates for further validation.
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3. Results
3.1. Summary of Genetic Instrument Selection

Initially, 26,597 cis-eQTLs from 14 immune cell types using the OneK1K sc-eQTL 
dataset were extracted for MR analysis. After systematic quality control and filtering, a 
total of 8760 significant independent cis-eQTLs were retained for further analysis. The 
distribution of effective eGenes before and after LD filtering was largely consistent, with 
the highest proportion of eGenes contributed by CD4NC  and NK cells. Most screened 
eGenes were associated with a single instrument, whereas a small portion corresponded to 
multiple independent SNPs, providing powerful genetic evidence for MR causal assessment 
(Figure 2). Details regarding the MR instruments used are summarized in Supplementary 
Table S2.

Figure 2. Selection process of genetic instrumental variables. (A) Pie charts depict the distribution of 
valid eQTLs before and after filtering by F statistics and LD clumping. (B) Bar charts illustrate the 
distribution of eGenes based on the number of mapped SNPs.

3.2. Causal Genes from Two-Sample MR Estimates
MR analysis was conducted to explore the potential causal effects of cell type-specific 

gene expression on FD. No statistically significant evidence of heterogeneity was observed 
via the Cochran’s Q test for the retained IVs (Supplementary Table S3). The chord plot 
shows an intricate network of interactions, with the number of genes affecting FD in vari-
ous immune cell types, indicating a wide range of regulatory effects (Figure 3A). A total 
of 73 immune cell type/specific eGene combinations were obtained (Figure 3B–F) with 
complete statistical metrics listed in Supplementary Table S3. After removing duplicates, 
64 eGenes demonstrating a significant potential causal relationship with FD were retained 
for downstream analysis. Among all examined immune cell types, CD8S100B  harbored 
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the largest number of eGenes (n = 11), including FKBPL, HIST1H2AB, HIST1H2AG, 
HIST1H2AK, HIST1H3D, HIST1H4H, HLA-DOA, HLA-DOB, NSG1, VARS2, and ZFP57 
(Figure 3C). NKR , DC, and plasma followed with nine, eight, and seven significant eGenes, 
respectively (Figure 3B,D,E). These results emphasize the involvement of both innate and 
adaptive immune responses in FD pathogenesis. The identified eGenes, together with 
their corresponding immune cell subtypes, exert potentially broad effects in FD-associated 
immune regulation.

Figure 3. (A) Chord chart depicts the pleiotropic associations among 14 immune cell types, potential 
targeted eGenes, and FD. (B–F) Forest plots summarize the sc-eQTL MR results of immune cell 
types/eGene combinations, including B cells, T cells, NK cells, DCs, and monocytes.

3.3. Identified Cell Type/Gene Combinations from Colocalization Analyses
A total of 36 specific immune cell type/eGene combinations satisfied the colocalization 

threshold (PP. H3 + PP. H4 > 80%) (Supplementary Table S4). After removing duplicates, 
30 eGenes were identified as putative candidate eGenes. Several genes were found to be 
associated with FD across multiple cell types. Among these, HLA-B was detected in CD4ET , 
CD8ET , and BIN ; HLA-DRB5 in CD4SOX4  and MonoC ; FKBPL in CD8S100B  and CD4ET ; VARS2 
in CD8S100B  and NKR ; and GTF2H4 in NK and BIN . Overall, DCs and CD8S100B  contributed 
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the largest number of putative candidate eGenes, underscoring their potential roles in 
mediating FD genetic risk (Table 1). The Manhattan plot highlights eGenes significantly 
associated with FD risk (FDR < 0.05) and presents evidence of colocalization (Figure 4).

Table 1. Identified immune cell type/eGene combinations associated with FD from sc-eQTL MR and 
colocalization analyses.

Immune Cell Type Gene Symbol Counts

DC B3GALT4, C6orf136, HSPA1B, MICB, TRIM39 5
CD8S100B FKBPL, HLA-DOA, HLA-DOB, VARS2, ZFP57 5
CD4SOX4 DXO, HLA-DQB1, HLA-DRB5, LTA 4
Plasma AIF1, DDX39B, RXRB 3

NKR HLA-DQA2, VARS2, VPS52 3
NK GSTO1, GTF2H4 2

MonoC HLA-DRB5, ZKSCAN3 2
CD8NC C2, DDR1 2
CD4NC UBE2E2, VWA7 2
CD4ET FKBPL, HLA-B 2
BMem HCG25, IER3 2
BIN GTF2H4, HLA-B 2

MonoNC NRM 1
CD8ET HLA-B 1

Figure 4. Manhattan plot showing significant putative eGenes passing the colocalization threshold 
(PP. H3 + PP. H4 > 80%) across 14 immune cell types.

3.4. Enrichment Results of the Putative FD-Associated Candidate Genes
All 30 putative candidate eGenes associated with FD were mapped to Entrez gene 

IDs for functional enrichment analysis. A total of 135 BP, 36 CC, and 13 MF items were 
included in the final GO enrichment terms (Supplementary Table S5), with the top 10 
enrichment items visualized based on enriched gene counts (Supplementary Figure S1). 
Additionally, 31 KEGG pathways were identified, including antigen processing and presen-
tation, intestinal immune network for IgA production, inflammatory bowel disease, and 
Th17 cell differentiation (Figure 5A, Supplementary Table S6). These KEGG enrichment 
results were classified into five major categories: genetic information processing, environ-
mental information processing, cellular processes, organismal systems, and human diseases 
(Figure 5B).
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Figure 5. Enrichment results and PPI network of putative FD-associated candidate genes. (A) Sankey 
bubble plot shows the interactions between putative candidate genes and enriched KEGG pathways. 
The horizontal position of each bubble indicates the gene ratio enriched in each pathway, and bubble 
size represents the number of enriched genes per pathway. (B) Bar chart presents the KEGG pathway 
enrichment results categorized by pathway type. The number on each bar indicates the count of 
enriched pathways assigned to the corresponding category. (C) PPI network of putative candidate 
genes illustrating the interactions constructed based on the STRING database. Nodes represent 
proteins, and the edges represent the known or predicted interactions. (D) Venn plot showing the 
overlap among the four algorithms.

3.5. PPI Network of Candidate Genes
The constructed PPI network visualizes both known and predicted interactions among 

the candidate proteins with putative causal links to FD (Figure 5C, Supplementary Table S7). 
Comprehensive results of four algorithms (Degree, MNC, MCC, DMNC) were presented in 
Supplementary Table S8. Overlapping these four hub-gene metrics identified nine common 
genes as potential key genes involved in the pathogenesis of FD, specifically HLA-B, HLA-
DQA2, HLA-DQB1, HLA-DRB5, HLA-DOA, HLA-DOB, LTA, GTF2H4, and C6orf136, each 
interacting with multiple other proteins, suggesting their potential centrality in relevant 
regulatory pathways (Figure 5D, Table 2). Notably, the modules (human leukocyte antigen 
(HLA) gene families: HLA-B, HLA-DQA2, HLA-DQB1, HLA-DRB5, HLA-DOA, HLA-DOB) 
identified using the MCODE algorithm were also included in the final list of key genes.
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Table 2. Scores of the final nine potential key eGenes from four algorithms.

Genes MCC DMNC MNC Degree

HLA-B 125 0.648 5 9
HLA-DQA2 120 0.648 5 5
HLA-DQB1 120 0.648 5 5
HLA-DRB5 120 0.648 5 5
HLA-DOA 120 0.648 5 5
HLA-DOB 120 0.648 5 5

LTA 5 0.309 3 4
GTF2H4 4 0.308 2 4
C6orf136 2 0.308 2 2

3.6. PheWAS Analysis
We examined the above nine potential key eGenes using genetic-level PheWAS anal-

yses. Eight of these eGenes exhibited no significant associations with any phenotype 
in the analyzed PheWAS resource, indicating a minimal risk of extensive off-target ef-
fects and horizontal pleiotropy (Supplementary Figure S2). A notable exception is HLA-
DRB5 (Supplementary Table S9), which shows a significant association with both the 
counts (p = 2.96 × 10−10 , beta = 0.08) and the percentage (p = 2.46 × 10−10 , beta = 0.08) of 
eosinophils on laboratory measures (Figure 6A). Given previous reports of eosinophil infil-
tration in FD, these findings further support the possible important evidence of HLA-DRB5. 
Meanwhile, HLA-DRB5 also showed associations with nasal polyps among respiratory 
features (p = 8 × 10−8 , odds ratio = 1.59), and an increased diagnostic risk for this disor-
der (p = 1.49 × 10−7 , odds ratio = 1.57) (Figure 6B). Despite statistical significance, strong 
enrichment for severe adverse phenotypes was not observed.

Figure 6. The plot depicts potential genetic associations of HLA-DRB5 with significant continuous 
(A) and binary (B) traits at the genetic level using the AstraZeneca PheWAS Portal. NA: Odds ratio 
not estimable.
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3.7. Drug Repurposing for FD-Associated Key Genes
Among the 163 predicted drug compounds (p-value < 0.05, Supplementary Table S10), 

those targeting nine potential FD-associated key genes were considered promising therapeu-
tic candidates (Table 3). High-ranking candidates included rifaximin (RXM), allopurinol, 
abacavir, and lamotrigine, which showed strong enrichment for LTA and HLA-B, with 
high combined scores surpassing 100. These findings provide computational support for 
potential drug-target relationships relevant to FD pathogenesis. Interestingly, besides the 
approved drugs and chemical compounds, our results also indicate bioactive compounds 
in natural plants and fruits, such as cinnamaldehyde (CA) and ellagic acid (EA).

Table 3. Drugs or compounds predicted through DSigDB database.

Predicted Drugs or 
Compounds Gene Symbol Combined Score

Rifaximin LTA 187.00
Allopurinol HLA-B 158.28

Abacavir HLA-B 146.68
Lamotrigine HLA-B 105.77
Ellagic acid GSTO1, GTF2H4, HSPA1B 101.92

Laudanosine GSTO1, HLA-B 93.69
Withaferin A HLA-DRB5 67.85

Phenytoin GSTO1, HLA-B 59.11
Lithocholic acid RXRB, HLA-B 54.67

Tamibarotene HLA-DRB5, GSTO1, AIF1,
IER3, HLA-DQB1 46.38

Oxazolone HLA-B, IER3 45.65

Arsenic GSTO1, LTA, UBE2E2, 
HSPA1B, IER3, HLA-DQB1 36.86

Cinnamaldehyde LTA, HSPA1B 31.92
Clopamide DXO, HLA-DOA 27.93

Isoprenaline HLA-DRB5, IER3 27.45

Testosterone enanthate DDR1, RXRB,
HSPA1B, HLA-DQB1 27.38

Ambroxol DDX39B, HLA-B,
GTF2H4, HSPA1B 20.79

Coumestrol
FKBPL, DDX39B, GSTO1, 
NRM, VARS2, GTF2H4, 

IER3, MICB
19.99

Carbamazepine DDR1, HLA-B, GTF2H4 18.10

Selenium DDX39B, HLA-B, DXO, 
VARS2, IER3, HLA-DQB1 10.81

Cyclosporin

TRIM39, GSTO1, C6orf136, 
VPS52, LTA, UBE2E2,

VARS2, GTF2H4, HSPA1B, 
C2, IER3, MICB

6.79

https://doi.org/10.3390/biomedicines14112496

https://doi.org/10.3390/biomedicines14112496


Biomedicines 2026, 14, 2496 12 of 19

4. Discussion
FD is a common GI disorder, with an estimated annual incidence of 3–4% [42,43], 

primarily affecting individuals aged under 40 years [44]. Given its heterogeneity and the lack 
of standardized diagnostic criteria, the pathophysiological processes underlying FD remain 
unclear, and there are no specifically approved drugs [42]. Current treatments remain 
empirical and symptomatic only [42]. Immune dysregulation has gained considerable 
attention in recent years; however, the specific immune cell subsets and the gene regulatory 
mechanisms involved remain poorly understood. Therefore, we integrated sc-eQTL MR 
with Bayesian colocalization to systematically explore immune cell-specific genes with 
putative causal links to FD. Nine key immune cell-specific genes of potential functional 
importance were prioritized using PPI network analysis: HLA-B, HLA-DQA2, HLA-DQB1, 
HLA-DRB5, HLA-DOA, HLA-DOB, LTA, GTF2H4, and C6orf136. Among them, HLA-B, 
HLA-DRB5, and GTF2H4 are expressed in multiple immune cell types. Drug repurposing 
analyses further identified RXM, CA, and EA as hypothesis-generating candidates.

Using MCODE, we identified a module that mapped to the HLA gene family (HLA-B, 
HLA-DQA2, HLA-DQB1, HLA-DRB5, HLA-DOA, HLA-DOB), which overlaps with the final 
nine potential key genes. HLA, also termed the human major histocompatibility complex 
(MHC), can be divided into different classes (I, II, III, non-classical) [45]. By presenting 
antigenic peptides to T cells, it modulates their activation and expansion [46]. Among the 
nine putative FD-associated key genes, HLA-B was highly recurrent, suggesting a potential 
association with reduced risk of FD across three immune cell subsets (CD4ET , CD8ET , and 
BIN ). One study has reported that the HLA-B48 allele may protect against irritable bowel 
syndrome (IBS) [47], and a systematic review defined overlapping symptoms between 
different DGBIs, such as IBS and FD [48]. Given that different DGBIs may share similar 
underlying pathogenesis, these prior reports provide additional evidence to support the 
possible protective effects of HLA-B in FD.

HLA-DQB1, which encodes an HLA class II molecule, is expressed on the surface 
of immune cells and presents extracellular antigens to CD4+  T cells [49]. Its expression 
in CD4SOX4  cells was predicted to be potentially associated with an increased FD risk. 
Helicobacter pylori infection is a risk factor for dyspepsia [50], and the HLA-DQB1*0401 
allele has been identified as a susceptibility marker for H. pylori infection [51]. As chronic H. 
pylori colonization of the human gastric mucosa significantly increases the risk of developing 
peptic/duodenal ulcers, gastric lymphomas, and cancers [52], several studies have reported 
links to HLA-DQB1 polymorphisms, such as HLA-DQB1*0301 [53], *0401 [54], and *06 
alleles [55]. Accordingly, we speculate that the altered expression of HLA-DQB1 in CD4SOX4 
may trigger aberrant antigen-driven inflammation, thereby promoting FD development.

Regarding other HLA class II antigens, HLA-DQA2 expression in NKR  cells showed an 
association with a lower risk of FD, whereas HLA-DRB5 showed a dual-directional associa-
tion with FD risk when expressed in MonoC  or CD4SOX4  cells, indicating cell type-specific 
regulatory mechanisms. Further, HLA-DOA and HLA-DOB were predicted to be associated 
with an increased FD risk and were predominantly expressed in CD8S100B . Beyond the 
established paradigm that FD-associated mucosal microinflammation is driven by dysregu-
lated Th2 responses (type 2 helper T (Th2) cells, eosinophils, MCs, and macrophages) [42], 
our findings uniquely show that other immune cell types may have pathological roles. 
Although the above genes show putative causal associations with FD risk, these findings 
require cautious interpretation given the complex genetic architecture and LD structure of 
the HLA region.

Lymphotoxin alpha (LTA) was another notable gene, which was predominantly iden-
tified in the CD4SOX  T cell subset and showed a potential association with elevated FD 
risk. Located within the class III region of MHC, this gene, also known as TNF-β [56], is 
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a soluble cytokine produced by activated lymphocytes [57]. Biopsies of inflamed colon 
mucosa from patients with inflammatory bowel disease showed high expression of LTA, 
and anti-TNF antibodies showed therapeutic effects [58], indicating that LTA might be 
a risk factor for intestinal injury. Dysregulated immune responses can impair epithelial 
barrier function, causing antigen penetration and local inflammation in FD [42]. Thus, we 
propose the hypothesis that LTA may participate in GI mucosal injury through a CD4SOX  T 
cell-mediated immune response. FD treatments include acid-suppressive pharmacotherapy, 
such as proton-pump inhibitors and histamine H2–receptor antagonists [42]. One study 
conducted on Songpu Mirror Carp reported that the high-carbonate-alkalinity environment 
(15 mmol/L) significantly decreased the intestinal LTA levels [59]. Another preclinical 
study reported that regular bicarbonate-alkaline mineral water intake helped alleviate 
dyspeptic symptoms, enhancing gastric motor and secretory functions [60]. Therefore, 
LTA may serve as a potential therapeutic target for modulating the acid-base homeostasis 
within the gastric lumen. Further, the LTA/TNF-β cytokine participates in the type 1 im-
mune response [61]. In addition to the previously mentioned Th2 immune response, this 
gene may broaden the potential immune response types involved in the development of 
FD-associated inflammation.

GTF2H4, the general transcription factor IIH subunit 4, showed bidirectional regula-
tion; its expression was potentially associated with decreased FD risk in BIN  but showed a 
risk-associated effect in NK cells. A previous study reported that the differential expression 
of GTF2H4 may lead to dysfunctions of neuronal cells and circuits [62]. GI movement 
is regulated by complex neural innervation involving the vagus nerve and the intrinsic 
nervous system, known as the enteric nervous system (ENS) [63]. Under normal, unin-
fected conditions, immune cells and the GI nervous system sense and integrate luminal 
cues and coordinate several physical processes, including GI motility [8]. Chronic immune 
activation leads to sustained cytokine release and neuronal injury, thereby driving neuronal 
dysfunction [64]. Immune cells are located adjacent to the submucosal nerve endings in 
patients with FD, which is associated with GI symptoms [65]. Therefore, we speculate that 
GTF2H4 expression in NK cells could be involved in ENS injury, leading to GI dysmotility 
symptoms such as abdominal pain, bloating, or nausea. In our analyses, the activity of 
C6orf136 appeared to be predominantly associated with DCs, showing a potential associ-
ation with higher FD risk. Owing to the lack of relevant research, the precise regulatory 
mechanisms should be interpreted with caution.

In addition to identifying putative key causal genes, we also predicted potential candi-
date drugs or small molecules using drug repurposing analysis. RXM, a semi-synthetic 
antibiotic that exerts anti-inflammatory effects within the GI tract [66], ranked first in 
our predicted candidates list. Emerging evidence suggested that it can help alleviate FD 
symptoms, such as belching and postprandial fullness/bloating [67,68], while a network 
meta-analysis suggested that combining RXM and prokinetic agents may be a particularly 
effective regimen for functional GI disorders, the previously termed DGBIs [69]. Since its 
predicted target gene, LTA, was potentially associated with CD4SOX4  in our MR results, we 
propose that RXM may attenuate immune-driven microinflammation involved in the onset 
of FD. Apart from RXM, the predicted candidates include several approved antiepileptic 
drugs, such as lamotrigine, phenytoin, and carbamazepine, which may exert effects on FD 
through the regulation of the brain–gut axis.

Intriguingly, some phytochemical bioactive molecules derived from natural plants 
were also included in our drug repurposing list. For example, CA, an active constituent 
extracted from cinnamon bark, has gained attention in multiple diseases [70]. CA promotes 
GI motility by increasing the endogenous release of 5-hydroxytryptamine [71]. The latest 
published Rome V criteria recommended several traditional Chinese medicine (TCM) for-
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mulations, such as ZhiZhu Kuanzhong [72] and Biling Weitong granules [73], for relieving 
FD symptoms. Cinnamon (Rou Gui) is a frequent component in TCM prescriptions [74], 
and current research also reported its beneficial effects in improving blood circulation [75], 
which aligns with the core pharmacological mechanisms of Biling Weitong granules, namely, 
promoting qi and blood circulation [76]. These lines of evidence support CA as a promising 
candidate for FD intervention, offering additional possibilities for developing herbal thera-
peutic strategies. Beyond its medical value, Rou Gui is also a flavoring agent commonly used 
in cuisine [70]. Another compound, EA, a polyphenol found in pomegranates, berries, and 
pecans, exerts anti-inflammatory, antioxidant, and neuroprotective effects [77,78]. Given 
their easy accessibility from foods, these two compounds may serve as natural dietary 
supplements for FD management, providing a possible convenient and healthy method to 
achieve therapeutic effects.

This study presents several significant strengths compared with previous FD genetic 
studies. First, we combined sc-eQTL data with MR to explore the gene expression pat-
terns specific to each cell type that are causally associated with FD. Unlike conventional 
bulk-tissue eQTL studies that combine signals from heterogeneous cell populations, our 
approach identified more precise regulatory mechanisms and cell-specific susceptibility 
genes, providing more possibilities for targeted immune therapy development. Next, the 
utilization of Bayesian colocalization strengthens causal inferences of MR results through 
minimizing confounding from LD or pleiotropy. In addition, we incorporated PheWAS 
systematic scanning to evaluate associations between putative causal eGenes and various 
phenotypes at the genetic level, providing additional independent evidence to support 
the potential availability of these predicted therapeutic targets of FD. To our knowledge, 
this study is the first to systematically link sc-eQTL-driven immune regulation to FD risk, 
offering new directions for precision immune-related therapy.

Nevertheless, this study also has several limitations. First, the genetic eQTL data 
used in our analyses originated from European ancestry individuals, potentially limiting 
the generalizability to other populations. Of note, the original eQTL resource has been 
validated in an independent Asian cohort, which might provide evidence that the cell-
specific eQTL signals are largely shared among populations. Meanwhile, the FD GWAS 
data were predominantly from Finnish populations. While this Finnish cohort shares a 
European background with the eQTL dataset, it may not be representative of all European 
populations. Further studies are needed to validate the putative associations across diverse 
ancestry groups. Secondly, the sc-eQTL data were obtained from peripheral immune cells, 
which may not completely reflect gene regulation within the GI mucosa or muscle layers, the 
tissue regions critically relevant to FD pathophysiology. However, the systemic circulation 
facilitates continuous trafficking of immune cells between the peripheral bloodstream and 
GI mucosal compartments, which may partially mitigate this limitation. Although we 
proposed potential cell type-specific genes with putative causal links to FD, the precise 
mechanisms underlying the associations are unknown due to the absence of experimental 
validation. Lastly, the clinical heterogeneity of FD should be considered when interpreting 
the putative causal genetic associations.

5. Conclusions
This study presents the first comprehensive synthesis integrating sc-eQTL data with 

MR and Bayesian colocalization to identify immune cell-specific genetic drivers of FD. 
Nine putative causal key genes supported by genetic evidence were predicted through 
computational analysis, including six HLA family genes, LTA, GTF2H4, and C6orf136. 
Instead of representing non-specific pan-immune effects, our genetic association results 
mapped each gene to a cell type-specific pattern across circulating immune subsets, covering 
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T and B cell populations, NK cells, DCs, and monocytes. These findings underscore the 
critical involvement of both adaptive and innate immune populations in FD pathophysiology, 
thereby improving our understanding of FD as an immune-influenced disorder. Notably, our 
drug repurposing analysis predicted several approved medications and natural compounds 
(including RXM, CA, and EA) that represent potential therapeutic candidates requiring 
further experimental and clinical validation. Future investigations are warranted to dissect 
the biological mechanisms of putative causal genes and evaluate the efficacy and safety of 
predicted therapeutic compounds in FD.
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//www.mdpi.com/article/10.3390/biomedicines14112496/s1, Figure S1: The top 10 enrichment GO 
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from the AstraZeneca PheWAS portal. Table S1: Detailed definition of 14 immune cell types. Table S2: 
Summary of genetic instruments used in MR analysis for eGenes. Table S3: eGenes significantly 
associated with FD in MR analysis. Table S4: Colocalization results of FD-associated eGenes. Table S5: 
GO enrichment terms of candidate eGenes. Table S6: KEGG pathways enrichment terms of candidate 
eGenes. Table S7: Protein–protein interaction (PPI) network results using STRING. Table S8: The 
results of PPI network were analyzed using CytoHubba and MCODE methods. Table S9: PheWAS 
analysis of HLA-DRB5 by using AstraZeneca PheWAS Portal. Table S10: All candidate drugs predicted 
to target prioritized FD-associated eGenes from DSigDB.
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FD Functional dyspepsia
DGBIs Disorders of gut-brain interaction
GI Gastrointestinal
ENS Enteric nervous system
IBS Irritable bowel syndrome
MCs Mast cells
Th2 Type 2 helper T
PBMC Peripheral blood mononuclear cell
GWASs Genome-wide association studies
MR Mendelian randomization
Sc-eQTL Single-cell expression quantitative trait loci
IVs Instrumental variables
SNPs Single nucleotide polymorphisms
LD Linkage disequilibrium
IVW Inverse variance weighted
FDR False discovery rate
PPs Posterior probabilities
GO Gene Otology
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KEGG Kyoto Encyclopedia of Genes and Genomes
BP Biological process
CC Cellular component
MF Molecular function
PPI Protein–protein interaction
PheWASs Phenome-wide association studies
DSigDB Drug Signature Database
HLA Human leukocyte antigen
LTA Lymphotoxin alpha
TNF-α Tumor necrosis factor α
TNF-β Tumor necrosis factor β
RXM Rifaximin
EA Ellagic acid
CA Cinnamaldehyde
TCM Traditional Chinese medicine
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