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Background: Chronic obstructive pulmonary disease (COPD) is a systemic condition with comorbidities beyond the lung (eg,
cardiovascular and metabolic disorders), and gastrointestinal (GI) disorders are also common. The shared genetic basis of COPD-GI
comorbidity and its mediating factors remain unclear. We hypothesized that COPD and GI diseases share pleiotropic genetic
architecture implicating lipid-metabolic pathways, with smoking mediating part of the association.

Methods: We analyzed publicly available European-ancestry GWAS summary statistics for COPD (Global Biobank Meta-analysis
Initiative), 15 GI diseases (FinnGen), and smoking phenotypes (UK Biobank). Genetic correlation was estimated using linkage
disequilibrium score regression (LDSC) and high-definition likelihood (HDL). Multi-trait analysis of GWAS (MTAG) boosted COPD
discovery by leveraging genetically correlated GI traits. We integrated locus-to-gene mapping with multi-tissue expression quantitative
trait loci (eQTL) and plasma protein quantitative trait loci (pQTL) evidence to prioritize shared loci, genes, and proteins. Bidirectional
two-sample Mendelian randomization (MR) tested causal directions, and two-step mediation MR evaluated smoking.

Results: COPD showed significant genetic correlation with nine GI diseases. We identified six comorbidity-associated loci (three with
CADD > 12.37) and 13 unique candidate pleiotropic genes; APOE was supported by proteomic evidence. Enrichment analyses
highlighted lipid-metabolism pathways. MR suggested COPD increases risk of gastroesophageal reflux disease (GERD), irritable
bowel syndrome (IBS), acute appendicitis, and gastric ulcer, while diverticular disease showed reverse causality toward COPD.
Smoking partially mediated the COPD effect on GERD, acute appendicitis, and gastric ulcer.

Conclusion: COPD and multiple GI disorders share a distributed pleiotropic genetic basis within the broader systemic comorbidity
spectrum of COPD. Multi-omics evidence supports a genomic pulmonary-intestinal axis in which lipid metabolism and smoking-
related mechanisms contribute to COPD and GI comorbidity, providing targets for risk stratification and potential intervention.
Keywords: COPD, GWAS, genetic correlation, mediation analysis

Introduction

Chronic obstructive pulmonary disease (COPD) is characterized by persistent airway obstruction and chronic inflamma-
tion, leading to a progressive and largely irreversible decline in lung function, and currently affects approximately
544.9 million individuals worldwide.'* Increasing evidence indicates a close association between COPD and gastro-
intestinal (GI) disorders. A retrospective study of 1228 COPD patients reported that a substantial proportion experienced
at least one GI symptom,® most commonly gastroesophageal reflux disease (GERD) and irritable bowel syndrome (IBS).*
In parallel, structural and functional alterations of the intestinal barrier, including epithelial damage and increased
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permeability, have been observed in COPD patients,? suggesting systemic involvement beyond the respiratory tract.
Moreover, clinical trials have demonstrated that oral supplementation with probiotics such as Bifidobacterium and
Lactobacillus can shorten the duration of respiratory symptoms and reduce antibiotic use compared with placebo,’
further supporting a functional link between the lung and gut.

These bidirectional interactions are thought to be mediated by the pulmonary-intestinal axis (PIA), which integrates
immune signaling, autonomic nervous system activity, lipid metabolism, and the gut microbiota.”** Notably, the gut microbiota
exerts a considerable influence on host lipid metabolism,” providing a potential mechanistic bridge between COPD and GI
disorders. Accordingly, lipid metabolic dysregulation may represent a critical component underlying their comorbidity.

Recent genome-wide association studies (GWAS) of specific GI diseases have highlighted the importance of shared
genetic architecture across complex traits.'® Identifying common genetic variants or loci that contribute to genome-wide
genetic correlations is essential for elucidating the molecular basis of PIA-related disorders. However, most previous
studies have focused on single diseases in isolation, which may limit the detection of pleiotropic loci and shared
regulatory mechanisms. Multi-trait analytical strategies offer an opportunity to expand the phenotypic scope, enhance
statistical power, and systematically investigate shared genetic etiology across diseases.'' Cross-trait analyses leverage
correlations among GWAS signals to identify pleiotropic variants or loci influencing multiple traits simultaneously,'*'?
some of which may serve as potential therapeutic targets.

In addition, several pleiotropic loci identified in this study were consistently associated with smoking behavior, which
is a well-recognized factor influencing gut microbiota composition and diversity. Evidence also suggests a bidirectional
relationship between COPD and smoking behavior,"* while smoking exerts broad pathological effects on the GI tract.'®
These observations underscore the complexity of the COPD—smoking—GI disease axis. To further clarify this relation-
ship, we conducted mediation Mendelian randomization analyses to evaluate the extent to which smoking mediates the
comorbidity between COPD and GI diseases.

Accordingly, lipid metabolism was defined as a central analytical focus, given its intersection with microbial
regulation, smoking-related exposure, and systemic inflammatory processes relevant to both COPD and gastrointestinal
disorders. From a genetic perspective, lipid-associated traits provide a biologically plausible framework for exploring
shared susceptibility across organ systems. On this basis, subsequent analyses were designed to interrogate lipid-related
pleiotropic genetic architecture linking COPD and GI diseases. The flowchart illustrates the general design of our study
(Figure 1).

Research Methods

Data Collection and Quality Control

In this study, gene analysis was conducted using a comprehensive collection of GWAS summary data. All data
processing and statistical analyses were conducted at The No. 2 Hospital of Baoding, Baoding, China. The study was
conducted between December 2024 and April 2025 using publicly available GWAS summary statistics. Owing to the
limited availability of GWAS data from non-European ancestries, the summary data were primarily sourced from
publicly accessible datasets of European descent. GWAS data for COPD were obtained from European cohorts within
the Global Biobank Meta-analysis Initiative, encompassing 58,559 patients and 937,358 controls. The 15 prevalent GI
diseases included in this study were all sourced from the Finnish database:'® acute gastritis, acute pancreatitis, alcoholic
liver disease, chronic gastritis, chronic pancreatitis, celiac disease, diverticular disease, duodenal ulcer, functional
gastrointestinal disorders, gastric ulcer, IBS, inflammatory bowel disease, GERD, acute appendicitis, and non-
alcoholic fatty liver disease. Smoking phenotype data were retrieved from the UK Biobank (ukb-b-10831)
(Supplementary Table S1). To elucidate the genetic architecture of COPD, quantitative trait locus (QTL) data were

incorporated, including expression QTLs (eQTLs) from 54 distinct tissues, such as GI tissues and blood, as well as
plasma protein QTLs (pQTLs) from three sources: Decode, UKBPP, and ARIC. The eQTL analysis included data from
the eQTLGen consortium, which provided trait-associated SNPs in a cohort of 31,684 individuals.'” Additionally, plasma
pQTL data were obtained from deCODE’s comprehensive protein measurements involving 35,559 Icelandic participants,
focusing on 4907 plasma proteins,'® and the UKBPP project, which included 54,219 UK Biobank participants and
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Figure | Overall study design.

examined 2923 plasma proteins.'® During the analysis, any SN'Vs within the major histocompatibility complex region on
chromosome 6, specifically within the 25-35 MB region, were excluded to mitigate potential confounding effects. SNPs
with a minor allele frequency < 0.01 were filtered out, and those with duplicate or missing rsIDs in the GWAS summary
datasets were removed. Rigorous quality control procedures were applied to all data, including adjustments for genomic
control values. To ensure consistency, data aligned with the GRCh38 reference were converted to the GRCh37 reference
using the liftOver tool.?° The analytical workflow of this study consisted of the following steps: (1) collection of GWAS
summary statistics; (2) quality control and harmonization; (3) genetic correlation analyses using LDSC and HDL; (4)
multi-trait GWAS analysis (MTAG); (5) identification of independent and pleiotropic loci; (6) transcriptomic and
proteomic prioritization; (7) drug—gene interaction analysis; and (8) causal and mediation analyses using Mendelian

randomization.

Exploring the Genetic Interactions Between COPD and Gl Diseases

The study employed linkage disequilibrium score regression (LDSC) analysis to examine the genetic interactions between
COPD and 15 GI diseases individually. Specifically, linkage disequilibrium (LD) scores were computed utilizing data from
individuals of European descent provided by the 1000 Genomes Project.®’ This approach facilitates the consideration of
residual confounding variables and assesses the potential for sample overlap in GWAS datasets. Subsequent to the LDSC
analysis, genetic correlations were further validated using high-definition likelihood (HDL) analysis.** To ensure the
robustness and accuracy of the findings, all statistical tests were subjected to Benjamini-Hochberg (BH) correction for
multiple comparisons, establishing the significance threshold at an adjusted P-value below 0.05.

Comprehensive Analysis of COPD and Gl Disease Characteristics

Building upon the findings from the prior stage, an extensive multi-trait analysis was performed. The GI disease
phenotypes—including GERD, appendicitis, IBS, diverticular disease, acute gastritis, chronic pancreatitis, and alcoholic
liver disease—that exhibited genetic correlations with COPD in both LDSC and HDL analyses were analyzed through
a multi-trait analysis of GWAS (MTAG). This approach enables the amalgamation of data across multiple GWAS,
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thereby augmenting the effective sample size, bolstering the detection power for genetic variants, and minimizing the
likelihood of false-positive or false-negative results due to genetic correlations. Furthermore, MTAG incorporates LDSC
adjustments to account for any overlapping GWAS samples among correlated traits.>* In this process, the GWAS data of
GI disease phenotypes with confirmed genetic correlations to COPD were integrated to generate MTAG-COPD. For this
analysis, the threshold for genome-wide significance was stringently established at a P-value below 5x10™® to ensure the
rigorous identification of associations.

Analysis of Genetic Risk Factors for COPD and Gl Comorbidities

Identification of Independent Risk Loci

To further elucidate the genomic risks associated with COPD-GI comorbidity, distinct independent signals within
genomic loci linked to MTAG-COPD were examined. This was achieved through conditional and joint association
analyses using the stepwise model selection framework provided by GCTA-conditional and joint analysis (COJO).>* The
analysis focused on multi-allelic variants displaying significant associations (P.mtag < 5x10~°) within recognized
genomic risk loci, with additional signals being validated based on a joint P-value threshold of < 5x10°®. This
investigation utilized the European ancestry reference cohort dataset from the third phase of the 1000 Genomes
Project.?! For pairs of traits showing significant genetic correlation or overlap, pleiotropic analysis under the composite
null hypothesis (PLACO)'® was employed to detect potential pleiotropic SN'Vs. In this analysis, squared Z scores were
computed for each variant, and SNVs with exceedingly high Z2 values (> 80) were excluded. Furthermore, due to the
potential correlation between the two diseases, the Z correlation matrix was estimated and integrated into the analysis.
Subsequently, the hypothesis of no pleiotropy was assessed using the intersection-union test method with a horizontal a,
leading to the determination of the final pleiotropic p-values. Significant pleiotropic variants were identified as SNVs
with P-values less than 5x107%. Following the PLACO results, the identified loci were mapped to neighboring genes to
investigate the shared biological mechanisms underlying these pleiotropic loci. Additional annotation was performed
using the Functional Mapping and Annotation (FUMA) platform.”> FUMA facilitated the identification of genomic risk
loci, utilizing European ancestry data from the 1000 Genomes Project Phase 3 as a reference panel. Strict criteria were
applied, setting the maximum P-value for lead SNVs at < 5 x 105, while adopting a more inclusive significance
threshold of P < 0.05. Independent SNV identification was based on an r? threshold of less than 0.6, with lead SNVs
requiring an 1” of less than 0.1 within a 1 Mb radius. Criteria for defining genomic risk loci included merging regions
with lead SNVs less than 250 kb apart. SNVs validated through COJO and FUMA analyses were classified as risk
variants for COPD. These variants were annotated using ANNOVAR,?® and their potential deleterious impact was
evaluated through combined annotation-dependent depletion (CADD) scores, with values exceeding 12.37, suggesting
a higher likelihood of harmful effects.>” RegulomeDB (RDB)** provides a classification score ranging from la to 7,
indicating the regulatory function of SNPs based on eQTLs and chromatin marks. A score of la represents the strongest
biological evidence for the SNP as a regulatory element.

Insights into COPD and Gl Comorbidity at the Transcriptome Level

In a comprehensive analysis targeting the genetic underpinnings of COPD-GI comorbidities, two distinct strategies were
implemented. For each approach, P-values were corrected for the false discovery rate (FDR) using the BH method, with
genes displaying an FDR < 0.05 and those consistently identified by both approaches being deemed significantly
associated risk genes. The multi-marker analysis of genoMic annotation (MAGMA) and polygenic priority score
(POPS) was applied to identify and prioritize relevant genes.”*>° The gene-centric analysis conducted in MAGMA
was derived from an extensive catalog of protein-coding genes, and when combined with POPS, it enabled a more
refined gene prioritization strategy. This methodology integrated summary GWAS data with comprehensive expression
datasets and biological pathways, establishing a POPS score threshold greater than 1 for gene selection.

To investigate the biological relevance of genes associated with COPD-GI comorbidity, enrichment analyses were
performed, encompassing both phenotypic and genomic evaluations. Phenotypic enrichment was assessed using the
Mammalian Phenotype Ontology from Mouse Genome Informatics,®’ comparing the specificity of mammalian pheno-
type (MP) genes against non-MP genes through phenotypic associations. Genomic enrichment involved data from the
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Molecular Signatures Database,”> with significant biological pathways identified by the ClusterProfiler tool after
adjusting for multiple comparisons.*

Insights from Proteomics on COPD and Gl

To unravel the complex proteomic profiles linked with COPD and GI diseases, the study utilized the “Biomarker
Imputation from Summary Statistics (BLISS)” technique. This innovative methodology markedly differs from the
conventional proteome-wide association study (PWAS) model training, which typically depends on detailed proteomic
data at the individual level. Such reliance often constrains the capacity to exploit the vast array of publicly available
summary-level pQTL data.** BLISS introduces a novel approach for developing protein interpolation models directly
from summary-level pQTL data, thereby enabling the creation of comprehensive European PWAS models. This was
accomplished by employing extensive pQTL information from large repositories, including the UKB, deCODE, and
ARIC studies.>® In this segment of the research, the BH procedure continued to be applied to ascertain the FDR of
p-values. Proteins exhibiting an FDR of less than 0.05 were recognized as significant risk proteins, underscoring their
potential critical role in the pathophysiology of COPD and GI disease comorbidity.

Establishing a Drug-Gene Interaction Network
Utilizing the drug prediction database DGIdb (http://www.dgidb.org/),”” the interactions between drugs and pleiotropic genes

were further anticipated through the application of the “FDA approved” filter. Following this, a drug-gene interaction
network was established employing Cytoscape software, grounded on the aforementioned prediction outcomes.

Two-Sample MR (TSMR) Analysis

The widely recognized instrumental variable technique, MR analysis, was employed to discern causal relationships
between COPD and GI diseases. SNPs associated with exposure served as instruments,*® while data derived from GWAS
summaries were utilized to pinpoint variants correlated with COPD and GI diseases, adhering to a P-value threshold of <
5.0e-8. The inverse-variance weighted (IVW) approach was primarily implemented, with LD and physical distance
thresholds established at 0.001 and 10 MB, respectively. To ensure the robustness of the instrumental variables, the
coefficient of determination (r*) and F-statistic were computed, incorporating only those SNPs with F-values exceeding
10. Furthermore, the MR-PRESSO method, employing 1000 iterations, was utilized to identify outliers.>’” LDlink
facilitated the exclusion of confounding SNPs, and the identified outliers were subsequently removed for reassessment.

Mediation MR Analysis

Drawing upon the TSMR findings and insights from pleiotropic loci, an assessment was conducted to determine whether
smoking serves as a mediator in this association. A subsequent two-step mediation MR analysis was performed. The total
effect (beta0) signifies the causal effect of COPD on GI diseases, including IBS, GERD, acute appendicitis, and gastric
ulcer. The stepl effect (betal) reflects the causal impact of COPD on smoking, while the step2 effect (beta2) denotes the
causal influence of smoking on GI diseases such as IBS, GERD, acute appendicitis, and gastric ulcer. All values for
beta0, betal, and beta2 were derived using the [IVW method. If beta0 was not significant, but both betal and beta2 were
significant, the exposure-outcome association was regarded as fully mediated by the specified mediator. Conversely, if
beta0, betal, and beta2 were all significant, the association was deemed partially mediated. However, if beta0 was
significant while betal and/or beta2 were not, the mediator was considered to exert no effect on the exposure-outcome
relationship. Upon identifying a significant mediation effect, the proportion of mediation was calculated accordingly.

Research Results
Revealing the Genetic Interactions Between COPD and Multiple Gl Disorders

Genetic correlation analyses revealed a non random comorbidity spectrum between COPD and gastrointestinal traits. We
identified significant positive genetic correlations between COPD and multiple GI disorders, whereas several phenotypes
showed negative or non significant correlations. These correlation signals provided the basis for downstream prioritiza-
tion of shared loci, genes, and proteins, and for subsequent causal inference analyses described in the following sections
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(Figure 1). An LDSC analysis was conducted to explore the genetic interactions between COPD and 15 GI disorders,
with HDL analysis employed for validation purposes. Following stringent BH correction, significant genetic correlations
were consistently observed between COPD and 9 GI disorders, including GERD, appendicitis, IBS, diverticular disease,
acute gastritis, acute pancreatitis, chronic pancreatitis, functional gastrointestinal disorder, and alcoholic liver disease,
across both methods (Table 1).

Genetic Patterns of COPD and Gl Comorbidities Through Multi-Trait Analysis

The scope of the investigation was expanded to explore the intricate genetic patterns of COPD through the application of
multi-trait analysis, utilizing summary data from GWAS of COPD and 9 GI disease phenotypes (Figure 2). The MTAG
method was employed to generate an enhanced dataset for COPD (MTAG-COPD), which included 10,426,094 SNPs.
From this dataset, 729 variant SNPs were identified as meeting the established threshold criteria. Advanced GCTA-COJO
tools were subsequently used to perform conditional and joint association analyses on the MTAG-COPD dataset,
resulting in the identification of 21 SNVs (Supplementary Table S2). Following this, PLACO identified 6938 SNVs
(5662 unique) as potential pleiotropic variants across 9 COPD-GI disease pairs. The PLACO results were further
analyzed using the FUMA platform, which yielded 57 lead SNVs (Supplementary Table S3). Of particular note, 8 (6
unique) SNVs demonstrated consistency across both COJO and FUMA analyses, thus establishing them as independent

genetic risk loci for COPD-GI disease comorbidity, encompassing 6 distinct chromosomal regions.

Table | Genetic Correlation Analysis Results

Trait Pair LDSC HDL
RG (SE) P- FDR | RG (SE) P- FDR

Acute gastritis 0.5106 (0.1513) 0.000808 | 0.3312 (0.2062) | 0.115953
Acute pancreatitis 0.4729 (0.1013) 6.51E-06 | 0.5069 (0.2020) 0.025829
Alcoholic liver disease 0.327 (0.0652) 1.35E-06 | 0.2280 (0.0926) 0.025829
Acute appendicitis 0.2497 (0.0482) 6.52E-07 | 0.2279 (0.0570) 0.000316
Chronic gastritis 0.5811 (0.1266) 741E-06 | 0.5498 (0.2820) 0.076799
Chronic pancreatitis 0.4447 (0.1263) 6.00E-04 | 0.3188 (0.1256) 0.025829
Celiac disease —0.0214 (0.0535) | 0.6888 —0.0047 (0.0438) | 0.914123
Diverticular disease 0.2305 (0.0331) 261E-11 | 0.1827 (0.0391) 2.29E-05
Duodenal ulcer 0.3126 (0.0913) 0.00075 | 0.3486 (0.1837) 0.078675
Functional gastrointestinal disorders | 0.309 (0.0672) 7.41E-06 | 0.3344 (0.1266) 0.024675
Gastric ulcer 0.6281 (0.1208) 6.52E-07 | 0.4480 (0.1875) 0.02815
Irritable bowel syndrome 0.4088 (0.0654) 2.09E-09 | 0.3236 (0.0844) 0.000469
Inflammatory bowel disease 0.0664 (0.0413) 0.1155 0.0627 (0.0383) 0.115953
Gastroesophageal reflux disease 0.4078 (0.0402) 5.92E-23 | 0.3649 (0.0584) 6.00E-09
Non-alcoholic fatty liver disease 0.3223 (0.094) 0.00075 0.3308 (0.2037) 0.115953

Notes: The genetic correlation was estimated using the LDSC method, while the genetic overlap was assessed using the
HDL method. A Benjamini and Hochberg (BH)—corrected significance threshold was set to account for multiple
comparisons. Notably, we observed a significant genetic correlation between chronic obstructive pulmonary disease
(COPD) and GERD, appendicitis, IBS, diverticular disease, acute gastritis, acute pancreatitis, chronic pancreatitis,
functional gastrointestinal disorder, and alcoholic liver disease. These findings highlight a potential common genetic
factor between COPD and 9 Gl disorders.

Abbreviations: LDSC, linkage disequilibrium score regression; HDL, high-definition likelihood; RG, regression.
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ANNOVAR category annotation revealed that 6 (4 unique) of the 8 (6 unique) index SNVs were intergenic variants,
with 1 classified as an intronic variant (rs1023518) and 1 as an exonic variant (rs8040868). Among these, the 14q32.13
region (mapped gene: SERPINA1) was recognized as a pleiotropic region across multiple trait pairs, indicating its broad
pathogenic effects. Additionally, rs9964724 (CELF4) and rs13141641 (KRT18P51), both situated in intergenic regions,
were distinguished by CADD scores exceeding 12.37, suggesting their potential pathogenic roles as SNVs.

Identification of Genes Associated with the Risk of COPD and Gl Comorbidities
Through MAGMA analysis, a total of 301 genes were identified as being associated with shared risk SNVs for
comorbidity (Supplementary Table S4). Following this, POPS screening identified 15 genes with POPS scores exceeding

1, marking them as potential pleiotropic genes linked to comorbidity (Supplementary Table S5). Genome enrichment

analysis revealed significant enrichment within biological processes related to lipid metabolism, such as lipid transport
involved in lipid storage, regulation of lipid metabolic processes, triglyceride metabolic process, and cholesterol
transport, which indicates the involvement of lipid metabolism in COPD and its associated GI diseases
(Supplementary Table S6). Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis further underscored the
importance of cholesterol metabolism and the cyclic Adenosine Monophosphate signaling pathway, among others

(Supplementary Table S7). Significant phenotypic correlations were observed within the categories of respiratory system
phenotypes and cardiovascular system phenotypes, highlighting the complex nature of COPD-GI comorbidity and its
systemic effects (Supplementary Table S8).
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Identification of Proteins Associated with the Risk of COPD and Gl Comorbidities

The BLISS method, in conjunction with MTAG COPD data, was employed to assess plasma proteins within the UKB-
PP, Decode, and ARIC databases. This extensive analysis led to the identification of 210 proteins (178 unique) linked to
the risk of COPD and GI comorbidities (Supplementary Table S9). Notably, the gene encoding apolipoprotein E (APOE)
was found among the previously identified pleiotropic genes, thereby further affirming the validity of the pleiotropic gene

identification.

Prediction of Drug-Gene Interactions

Drawing from the drug-gene interaction data of pleiotropic genes provided by the DGIdb database, 184 drug-gene
interaction pairs were identified, encompassing 6 pleiotropic genes (MAML3, APOE, DRD2, CRHR1, PDE4B, and
APOCI) and 180 small drug molecules. A drug-gene interaction network was subsequently constructed using Cytoscape
(Supplementary Table S10), potentially aiding in the identification of new therapeutic targets for treating COPD-GI

disease comorbidity.

TSMR

A bidirectional MR analysis was performed to explore the potential causal links between COPD and nine associated GI
diseases. The findings demonstrated causal associations between COPD and GERD [OR: 1.32; 95% CI: 1.17-1.49], IBS
[OR: 1.25; 95% CI: 1.09—-1.42], acute appendicitis [OR: 1.11; 95% CI: 1.01-1.21], and gastric ulcer [OR: 1.18; 95% CI:
1.00-1.39], identifying COPD as a risk factor for these gastrointestinal conditions (Figure 3). Visual representations,
including scatter plots, funnel plots, and leave-one-out sensitivity analyses, are provided in Supplementary Figures S1-S3.

Conversely, reverse MR analysis uncovered a positive causal link between diverticular disease [OR: 1.04; 95% CI:
1.01-1.07] and the occurrence of COPD (Figure 4). Visual representations, including scatter plots, funnel plots, and leave-
one-out sensitivity analyses, are provided in Supplementary Figures S4—S6.

Smoking Mediates MR in COPD-G| Comorbidity

In light of previous findings that identified pleiotropic loci linked to smoking phenotypes, a mediation MR study was
undertaken, with smoking serving as the mediator. Initially, the causal impact of COPD on smoking was assessed, with
results indicating a positive causal relationship, thereby suggesting that COPD elevates the risk of smoking. Following
this, MR analyses were carried out between smoking and four GI diseases (GERD, IBS, acute appendicitis, and gastric
ulcer). The outcomes demonstrated that smoking exerts a positive causal effect on GERD, acute appendicitis, and gastric
ulcers, functioning as a risk factor for these conditions. Consequently, the findings imply that smoking can act as
a mediator for GERD, acute appendicitis, and gastric ulcers. The mediation effects and rates are presented in Table 2.

Discussion

This study presents the first comprehensive evidence of genome-wide genetic correlations and genetic overlap between
COPD and various GI diseases. Through genetic correlation analysis conducted using LDSC and HDL across COPD and
15 GI diseases, significant genetic correlations were detected between COPD and 9 specific GI diseases, including
GERD, appendicitis, IBS, diverticular disease, acute gastritis, chronic pancreatitis, and alcoholic liver disease. MR
analysis further established positive causal relationships between COPD and IBS, GERD, appendicitis, and gastric ulcer,
in addition to confirming a positive causal relationship between diverticular disease and COPD. Moreover, smoking was
identified as a mediating factor in the associations between COPD and GERD, appendicitis, and gastric ulcers. These
findings substantially advance our understanding of the comorbidity and causal relationships linking COPD and GI
diseases.

Several mechanisms may account for the heightened risk of GERD associated with COPD. Firstly, the increased
expiratory pressure in COPD patients is likely to elevate the risk of reflux.’® Additionally, the development of barrel
chests in severe cases of COPD can compress the lower esophageal sphincter (LES), thus facilitating esophageal reflux.>”
Moreover, smoking has been implicated, as nicotine can induce relaxation of the LES circular muscle and diminish
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exposure outcome method nsnp pval OR (95% CI)

COPD Diverticular disease of intestine MR Egger T 18 0.347 1.166 (0.855 to 1.591)
COPD Diverticular disease of intestine Weighted median * 18 0.274 1.072 (0.946 to 1.216)
COPD Diverticular disease of intestine Inverse variance weighted w 18 0.055 1.116 (0.998 to 1.249)
COPD Diverticular disease of intestine Simple mode —-— 18 0.026 1.394 (1.066 to 1.823)
COPD Diverticular disease of intestine Weighted mode + 18 0.386 1.073 (0.918 to 1.255)
COPD Chronic pancreatitis MR Egger —-—-— 19 0.219 1.557 (0.789 to 3.075)
COPD Chronic pancreatitis Weighted median —-— 19 0.849 1.031 (0.754 to 1.409)
COPD Chronic pancreatitis Inverse variance weighted T 19 0.177 1.184 (0.927 to 1.512)
COPD Chronic pancreatitis Simple mode —‘-— 19 0.789 1.090 (0.584 to 2.035)
COPD Chronic pancreatitis Weighted mode —-— 19 0.964 0.991 (0.667 to 1.473)
COPD Acute appendicitis MR Egger + 14 0.044 1.296 (1.034 to 1.624)
COPD Acute appendicitis Weighted median * 14 0.251 1.076 (0.950 to 1.219)
COPD Acute appendicitis Inverse variance weighted m 14 0.023 1.106 (1.014 to 1.207)
COPD Acute appendicitis Simple mode —n— 14 0.620 1.053 (0.863 to 1.284)
COPD Acute appendicitis Weighted mode - 14 0.476 1.055 (0.914 to 1.218)
COPD Alcoholic liver disease MR Egger —-4.— 19 0.718 0.849 (0.354 to 2.035)
COPD Alcoholic liver disease Weighted median + 19 0.510 0.886 (0.618 to 1.271)
COPD Alcoholic liver disease Inverse variance weighted —-— 19 0.694 1.064 (0.781 to 1.451)
COPD Alcoholic liver disease Simple mode 19 0.306 1.714 (0.629 to 4.669)
COPD Alcoholic liver disease Weighted mode —-—r 19 0.110 0.690 (0.447 to 1.063)
COPD Acute pancreatitis MR Egger —-— 19 0.706 1.112 (0.647 to 1.911)
COPD Acute pancreatitis Weighted median -+ 19 0.957 1.006 (0.813 to 1.244)
COPD Acute pancreatitis Inverse variance weighted l-— 19 0.188 1.136 (0.940 to 1.375)
COPD Acute pancreatitis Simple mode —‘-— 19 0.590 1.127 (0.735to0 1.727)
COPD Acute pancreatitis Weighted mode —7— 19 0.856 0.975 (0.749 to 1.270)
COPD Gastro—oesophageal reflux disease MR Egger —-— 18 0.732 1.073 (0.723 to 1.592)
COPD Gastro—oesophageal reflux disease Weighted median + 18 0.000 1.309 (1.143 to 1.500)
COPD Gastro—oesophageal reflux disease Inverse variance weighted |- 18 0.000 1.321 (1.170 to 1.491)
COPD Gastro—oesophageal reflux disease Simple mode —-— 18 0.030 1.340 (1.052 to 1.707)
COPD Gastro—-oesophageal reflux disease Weighted mode —-— 18 0.027 1.319 (1.054 to 1.649)
COPD Irritable bowel syndrome MR Egger —f— 18 0.997 1.001 (0.698 to 1.436)
COPD Irritable bowel syndrome Weighted median '+ 18 0.009 1.283 (1.064 to 1.546)
COPD Irritable bowel syndrome Inverse variance weighted f+ 18 0.001 1.247 (1.092 to 1.425)
COPD Irritable bowel syndrome Simple mode —.-— 18 0.691 1.076 (0.755 to 1.534)
COPD Irritable bowel syndrome Weighted mode —— 18 0.064 1.297 (1.003 to 1.678)
COPD Gastric ulcer MR Egger —"— 19 0.909 1.027 (0.652t0 1.617)
COPD Gastric ulcer Weighted median + 19 0.376 1.113 (0.878 to 1.410)
COPD Gastric ulcer Inverse variance weighted L-— 19 0.045 1.182(1.003 to 1.393)
COPD Gastric ulcer Simple mode —~— 19 0.705 1.079 (0.733 to 1.589)
COPD Gastric ulcer Weighted mode —:-— 19 0.604 1.073 (0.826 to 1.395)
COPD Functional dyspepsia MR Egger —w— 19 0.865 0.956 (0.574 to 1.594)
COPD Functional dyspepsia Weighted median -— 19 0.320 1.117 (0.898 to 1.388)
COPD Functional dyspepsia Inverse variance weighted ‘-— 19 0.046 1.207 (1.004 to 1.453)
COPD Functional dyspepsia Simple mode —-'— 19 0.671 0.909 (0.588 to 1.404)
COPD Functional dyspepsia Weighted mode —-— s 0.939 1.010 (0.783 to 1.304)

1 1 1 1
1 2 3 4

Negative Positive

Figure 3 Causal correlations of 9 gastrointestinal diseases (GERD, appendicitis, IBS, diverticular disease, acute gastritis, acute pancreatitis, chronic pancreatitis, functional
gastrointestinal disorder, and alcoholic liver disease) on COPD. Estimates and 95% confidence intervals (Cl) are shown using square plots and error bars.

esophageal clearance.*” In COPD patients, a high smoking index and a greater number of pack-years have been identified
as independent risk factors for GERD (OR 1.015 [95% CI 1.004—1.025]),*" indicating that smoking may contribute to the
onset of GERD in these individuals. Consistent with our findings, research has shown that COPD may substantially
increase the risk of gastric ulcer bleeding (HR = 1.93, [95% CI: 1.73-2.17]).** Concurrently, gastric ulcers may reduce
the FEV1/FVC ratio and potentially serve as a risk factor for COPD.** Smoking, recognized as a risk factor for gastric
ulcers, could further exacerbate this vicious cycle.** Additionally, chronic systemic inflammation, a hallmark of COPD,
disrupts the intestinal immune system and gut microbiome environment,** while chronic hypoxia associated with COPD
increases intestinal epithelial permeability and promotes ecological imbalance,® potentially heightening the risk of IBS.
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functional gastrointestinal disorder, and alcoholic liver disease). Estimates and 95% confidence intervals (Cl) are shown using square plots and error bar.

The BODE cohort, which included 1664 COPD patients, reported 79 comorbidities,*” underscoring the systemic impact

of COPD. Therefore, the findings of this study suggest that the positive causal relationship between COPD and acute

appendicitis may be linked to COPD itself and the potential for multimorbidity. However, the relationship between

diverticular disease and COPD has not been extensively documented in the literature and warrants further investigation.

Through the integration of COPD with 9 associated GI diseases into a comprehensive multi-trait analysis, six
independent risk loci significantly linked to COPD-GI comorbidities were identified using PLACO and COJO.
Notably, the 14q32.13 locus was identified across various phenotypes, including alcoholic liver disease, acute appendi-

citis, and diverticular disease. Previous research has substantiated the role of 14q32.13 in COPD pathogenesis. For

instance, several rare genetic polymorphisms mapped to the SERPINA1 gene have been shown to significantly reduce

al-antitrypsin levels in the blood, thereby increasing the risk of early-onset COPD.*® Additionally, rs8040868, situated in

I o https:
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Table 2 The MR Effect of Mediators on Gastrointestinal Diseases and Mediate Proportion

Disease | Mediator Data Source beta0 betal beta2 Mediated Mediated Mediated Mediated P
Effect Effect 95 Effect 95 Proportion (%)

COPD Cigarette Acute appendicitis | 0.1011 0.2066 0.1554 0.0321 0.0162 0.0480 0.3174 0.0438
smoking (0.0445) (0.0508) (0.0669)

Gastric ulcer 0.1676 0.2066 0.5153 0.1065 0.0639 0.1490 0.6353 0.0123
(0.0838) (0.0508) (0.1623)

Gastroesophageal 0.2783 0.2066 0.3025 0.0625 0.0378 0.0872 0.2245 0.0114
reflux (0.0618) (0.0508) (0.0936)

Irritable bowel 0.2211 0.2066 0.2118 0.0437 0.0151 0.0724 0.1979 0.1271
syndrome (0.6775) (0.0508) (0.1287)

Notes: The total effect (beta0) signifies the causal effect of COPD on Gl diseases, including IBS, GERD, acute appendicitis, and gastric ulcer. The step| effect (betal) reflects
the causal impact of COPD on smoking, while the step2 effect (beta2) denotes the causal influence of smoking on Gl diseases such as IBS, GERD, acute appendicitis, and
gastric ulcer.

the exonic region of CHRNA3 at 15q21.1, with a CADD score of 15.25 and an RDB score of 1f, demonstrates strong
pathogenicity and transcriptional regulatory effects. Variants in this gene are linked to an increased risk of smoking
initiation and a heightened susceptibility to emphysema. For example, rs8040868 has been identified as a significant
indicator of emphysema and the severity of chest computed tomography manifestations in a Chinese population cohort,*’
thereby reinforcing the reliability of our findings.

A comprehensive genetic association analysis identified 15 pleiotropic genes linked to COPD-GI comorbidity, with
APOE validated at the protein level in the BLISS analysis. The APOE gene is integral to several lipid metabolism
pathways, acting as one of the primary lipid carriers responsible for transporting lipids to cells and tissues to regulate
blood lipid levels.’® Moreover, APOE interacts with various cell surface receptors, including low-density lipoprotein
receptors and hepatic chylomicron remnant receptors, facilitating receptor-mediated endocytosis and thereby contributing
to lipoprotein metabolism.>! Additionally, enrichment analysis revealed that the pleiotropic genes associated with COPD-
GI comorbidity are enriched in multiple lipid metabolism pathways, such as cholesterol metabolism, lipid transport
involved in lipid storage, regulation of lipid metabolic processes, triglyceride metabolic processes, and cholesterol
transport. This underscores the role of lipid metabolism in COPD and its related GI diseases and supports the potential
of APOE as a target for therapeutic intervention. Consequently, lipid metabolism pathways are highlighted as promising
therapeutic targets for addressing COPD and GI disease comorbidity. This integrative perspective aligns with broader
cross-organ disease interaction models. For example, within the cardiovascular—reproductive axis, pregnancy has been
proposed as a physiological stress test that unmasks latent cardiovascular vulnerability and metabolic risk, illustrating
how organ-specific perturbations can reveal systemic susceptibility.> By analogy, framing COPD-GI comorbidity
through the pulmonary—intestinal axis may strengthen the translational rationale for early risk stratification and targeted
prevention at a system level. Future functional validation studies are needed to further elucidate the biological mechan-
isms underlying these genetic findings. Integrating transcriptome or single-cell RNA sequencing data from lung and
gastrointestinal tissues will clarify whether the identified pleiotropic genes exhibit coordinated expression patterns across
different organs.

Limitations

The participants in our study were all of European ancestry, which may limit the applicability of our findings to other
populations. Replication in other cohorts is necessary. Because the underlying GWAS data were case—control based, we
could not evaluate whether COPD stage or GI disease severity modifies these relationships, future studies integrating
severity phenotypes and longitudinal cohorts are warranted.

Conclusion
Our study provides genome-wide evidence for shared genetic architecture between COPD and multiple GI disorders,
identifying pleiotropic loci, candidate genes and proteins, and enrichment of lipid metabolism-related pathways.
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Bidirectional and mediation MR analyses further support smoking as a key mediator for selected COPD—GI comorbid-
ities, offering a mechanistic link consistent with cross-organ interaction models. Clinically, these findings suggest that
patients with COPD may benefit from proactive screening and integrated management of GI symptoms, alongside
intensified smoking-cessation strategies, particularly in those with high genetic susceptibility. In addition, the prioritized
loci and pathways may inform risk stratification, biomarker development, and potential therapeutic targeting or
repurposing aimed at shared metabolic and inflammatory mechanisms.
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