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Simple Summary

Inflammatory bowel disease (IBD), which includes Crohn’s disease and ulcerative colitis,
is a long-term illness that causes inflammation in the gut. Scientists have found that IBD
is not only a disease of the intestines but can also affect the brain, leading to problems
such as depression, anxiety, and other neurological conditions. In this study, we examined
genetic data from large international studies to identify genes that increase the risk of
IBD. We then explored how these genes are expressed in both the gut and the brain. Our
results showed that many of the same genes active in IBD are also active in specific brain
regions and are involved in pathways that regulate immunity, stress response, and nerve
function. This suggests that the genetic background of IBD may also influence brain health.
By highlighting these shared pathways, our findings provide insights into why people with
IBD are more likely to experience neurological or psychiatric problems. This knowledge
could help guide new treatments, not only for IBD but also for related brain conditions and
may eventually improve patient care by addressing the disease in a more holistic way.

Abstract

Inflammatory bowel disease (IBD), comprising Crohn’s disease (CD) and ulcerative colitis
(UC), arises from complex genetic and environmental interactions. Here, we integrate
genome-wide association study (GWAS) meta-analyses with tissue-specific expression data
from GTEx to map the polygenic architecture of IBD and its systemic implications. We iden-
tified 69 genome-wide significant single-nucleotide polymorphisms (SNPs) across 26 genes
shared by CD and UC, revealing an almost equal partition of subtype-specific (50.7%)
and shared (49.3%) risk variants. IL23R exhibited the highest allelic heterogeneity—three
UC-specific, one CD-specific, and three shared SNPs—while ATG16L1′s four CD-specific
variants underscored autophagy’s pivotal role in CD. Chromosomal mapping revealed
distinct regulatory hotspots: UC-only loci on chromosomes 1 and 6, CD-only loci on chro-
mosomes 10 and 16, and shared loci on chromosomes 7 and 19. Pathway enrichment
emphasized IL-23/IL-17, Th17 differentiation, NF-κB, and JAK–STAT signaling as central
to IBD pathogenesis. GTEx analyses showed uniformly high expression of IBD genes
in gastrointestinal tissues, but pronounced heterogeneity across brain regions, includ-
ing the cerebellum, frontal cortex, and hippocampus. This neuro-expression, together
with enrichment of neurotrophin and neurodegeneration pathways and a nearly two-fold
gene overlap with autism spectrum disorder, schizophrenia, and depression (FDR < 0.05),
provides integrative evidence for gut–brain axis involvement in IBD. These findings con-
solidate prior work while extending perspectives on systemic disease implications. This
study consolidates and systematizes dispersed genetic and transcriptomic findings into
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a unified reference framework. Our results highlight recurrent immune-regulatory and
neuro-inflammatory pathways shared between gut and brain, offering a resource to guide
future mechanistic, clinical, and translational investigations in IBD and related disorders.

Keywords: inflammatory bowel disease; Crohn’s disease; ulcerative colitis; genome-
wide association studies; genotype-tissue expression; gut–brain axis; single-nucleotide
polymorphisms; neuro-immune interactions; precision medicine

1. Introduction
Inflammatory Bowel Disease (IBD) is a chronic, relapsing inflammatory condition of

the gastrointestinal tract (GIT), primarily encompassing Crohn’s Disease (CD) and Ulcera-
tive Colitis (UC). Despite extensive research, the precise etiology of IBD remains elusive,
though it is widely accepted to be a multifactorial disorder influenced by genetic, envi-
ronmental, and immunological factors [1,2]. The identification of genetic loci associated
with IBD through genome-wide association studies (GWAS) has significantly advanced our
understanding of the disease, with large-scale meta-analyses identifying over 200 suscepti-
bility loci across diverse populations [3–8]. Recent high-resolution fine-mapping studies
have further refined these associations to single-variant resolution [6,9]. However much
remains to be uncovered about the functional implications of these genetic variations and
their systemic effects beyond the gastrointestinal tract.

CD and UC, the two primary forms of IBD, present distinct clinical and pathological
features, yet they share overlapping genetic and environmental risk factors. CD can
affect any part of the GIT from mouth to anus, often leading to transmural inflammation,
while UC is typically confined to the colon and rectum, with inflammation limited to the
mucosal layer [10]. Despite these differences, both conditions are characterized by chronic
inflammation, mucosal damage, and an increased risk of colorectal cancer [11].

Recent advances in high-throughput genomic technologies have enabled the com-
prehensive analysis of genetic and transcriptomic data, facilitating the identification of
IBD-associated genes and their expression patterns across different tissues [12]. Com-
plementing these technological advances, large-scale biobank resources such as the UK
Biobank have enabled cross-trait genetic analyses that reveal shared genetic architectures
between IBD and other complex diseases [13,14]. Modern analytical frameworks, including
gene-set enrichment approaches and functional annotation methods [15,16], have trans-
formed our ability to interpret GWAS findings in biological context. The integration of data
from resources such as the Genotype-Tissue Expression (GTEx) project has further allowed
for the exploration of gene expression in various tissues, including those outside the GIT,
such as the brain [9,17]. This holistic approach provides valuable insights into the systemic
nature of IBD and its potential impact on extra-intestinal tissues [4].

The brain–gut axis is the complex communication network linking the central ner-
vous and gastrointestinal systems. The gut affects the brain through various mechanisms,
notably the production of neurotransmitters and hormones. For example, the gut micro-
biota produces short-chain fatty acids that can influence the brain’s function and mood
regulation [18]. Additionally, gut receptors can signal the brain about hunger and satiety,
impacting emotional states and cognitive processes [19]. This relationship highlights the
gut’s role as a vital component in mental health and cognition, indicating that gut health
can directly influence emotional well-being through the microbiota-gut–brain axis.

Conversely, the brain can also significantly affect gut function through the autonomic
nervous system. Stress and emotional disturbances can lead to intestinal motility and
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permeability changes, often leading to gastrointestinal symptoms. When the brain perceives
stress, it can trigger the release of stress hormones such as cortisol, which may disrupt
the gut’s normal function [20]. This communication pathway means that psychological
states can manifest as physical symptoms in the gut, further underscoring the dynamic
relationship between these two systems.

Mental stress is particularly relevant in the context of IBD, as it can exacerbate flares
and increase symptoms [20]. Stressful events may lead to an imbalance in the gut micro-
biome and heightened inflammatory responses, which are critical factors in IBD. Many
individuals with IBD report that high-stress moments correlate with worsening symptoms,
such as abdominal pain and diarrhea. Managing stress through therapeutic interventions or
lifestyle changes can, therefore, be an essential aspect of treating IBD, highlighting the im-
portance of considering mental health in the overall management of gut-related disorders.

Moreover, the overlap between IBD and various neurological and psychiatric disor-
ders, including schizophrenia, depression, autism spectrum disorder (ASD), and attention-
deficit/hyperactivity disorder (ADHD), may suggests shared genetic and immunological
pathways [14,21–25]. Studies show that depression and anxiety are more prevalent in
individuals with IBD [26]. Some also suggest a potential association with Schizophre-
nia [27]. These comorbidities underscore the importance of understanding the genetic
underpinnings of IBD not only within the context of gastrointestinal pathology but also
concerning broader systemic and neurological health.

This review synthesizes current knowledge of the genetic landscape of IBD, CD, and
UC by integrating GWAS data with GTEx expression profiles. We analyze expression
patterns of IBD-associated genes across gastrointestinal and brain tissues and identify
enriched biological pathways. In addition, we examine genetic overlap between IBD
and several brain disorders, providing a systematic overview of shared architecture and
possible common mechanisms. This integrative analysis advances understanding of IBD
pathogenesis and its systemic implications, while highlighting opportunities for targeted
therapeutic strategies and improved patient outcomes.

2. Materials and Methods
2.1. Data Collection and Preprocessing
2.1.1. GWAS Data

Genome-wide association studies (GWAS) data for IBD, CD, and UC were obtained
from publicly available databases. GWAS data for IBD and its subtypes were down-
loaded from the NHGRI-EBI GWAS Catalog on 2 November 2023, using trait identifier
EFO_0007149 and child traits. The full dataset is available in Supplementary File S1 and
includes study details (PUBMEDID, FIRST AUTHOR), sample sizes (INITIAL SAMPLE
SIZE), and genetic associations. To avoid inflation from duplicate entries, we applied a
unification procedure. If the same gene appeared multiple times within a single study, only
the association with the most significant p-value was retained. This approach reduces bias
from studies that report multiple independent associations for the same gene. The IBD
dataset comprises 2700 associations from 207 studies, the CD dataset comprises 1092 associ-
ations from 71 studies, and the UC dataset comprises 801 associations from 66 studies. This
provides a comprehensive overview of genetic variants linked to IBD and its subtypes. To
ensure consistency in gene nomenclature across the GWAS data, the Human Gene Nomen-
clature Committee (HGNC) gene symbols were standardized using the HGNC database,
which contains approved gene symbols, previous symbols, and aliases linked to Ensemble
IDs. Following protocols described in previous studies [28,29], this standardization ensures
accurate identification and comparison of genetic data across different datasets.
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2.1.2. GTEx Data

Expression data for IBD-associated genes were obtained from the Genotype-Tissue
Expression (GTEx) project. The GTEx dataset provides comprehensive gene expression
profiles across multiple human tissues. We specifically extracted expression data for gas-
trointestinal (GIT) tract tissues and various brain regions. The data included an Ensemble
gene identifier (Gene), analyzed sample (Tissue), and normalized expression value; TPM
(Transcripts Per Million) for each gene. TPM values are a normalization method for RNA-
Seq data, accounting for the gene length and sequencing depth, allowing for accurate
comparisons of gene expression levels across samples. We obtained TPM data from GTEx
for all tissues, and extracted subsets for GIT regions (e.g., ileum, sigmoid colon, colon
transverse) and 15 brain areas (e.g., cerebellum, frontal cortex, hippocampus). After map-
ping each IBD-associated gene to its Ensembl ID, we calculated the mean TPM per gene
in each tissue group. To facilitate visualization, we ranked tissues by their average TPM
and assigned colors (red = highest rank, violet = lowest rank) on a schematic diagram
of the gut–brain axis. These heatmaps are descriptive and allow the visualization of the
expression pattern in that specific tissue.

We had expression data for the following GIT areas: Colon-Sigmoid, Esophagus-
Gastroesophageal Junction, Esophagus-Mucosa, Esophagus-Muscularis, Stomach, Colon-
Transverse, and Small Intestine-Terminal Ileum. For brain regions, we had data from:
the Amygdala, Anterior Cingulate Cortex (BA24), Caudate (basal ganglia), Cerebellar
Hemisphere, Cerebellum, Cortex, Frontal Cortex (BA9), Hippocampus, Hypothalamus,
Nucleus Accumbens (basal ganglia), Putamen (basal ganglia), Spinal Cord (cervical C1),
and Substantia Nigra.

It is important to note that GTEx includes only non-diseased donor tissues; therefore,
our analysis reflects baseline tissue and regional expression patterns, rather than disease-
related dysregulation. TPM values across GTEx tissues can be influenced by sample
size differences and tissue heterogeneity; cross-tissue comparisons should therefore be
interpreted cautiously.

2.1.3. Pathway Enrichment Analysis

For enrichment analyses, gene lists were generated based on the number of studies
and associated SNPs from the GWAS Catalog datasets. Pathway enrichment analyses
were conducted using standard enrichment tools (e.g., KEGG and Gene Ontology (GO) via
ShinyGO 0.80 (March 2024). Pathways and gene ontology terms with false discovery rate
(FDR)-adjusted p-values below 0.05 were considered significantly enriched.

2.1.4. Brain and Signaling-Related Pathway Analysis

To explore the potential neurological implications of IBD-associated genes, we focused
on brain-related pathways. We were specifically interested in KEGG pathways, which were
directly related to brain or signaling, and these were plotted in addition to the general
KEGG pathways. The identified pathways were visualized using bar plots to illustrate the
fold enrichment and gene ratio for each pathway.

2.1.5. Single Nucleotide Polymorphism (SNP) Analysis

We conducted a publication-based analysis to identify robustly associated genes
and their single-nucleotide polymorphisms (SNPs) in ulcerative colitis (UC) and Crohn’s
disease (CD). GWAS summary statistics were downloaded from the NHGRI–EBI GWAS
Catalog (accessed 5 November 2023) for the traits “Ulcerative Colitis” (EFO_0000729) and
“Crohn’s Disease” (EFO_0005624). From these files, we extracted SNP–gene pairs where
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chromosomal information (CHR_ID 1–24 and CHR_POS > 0) was valid, retaining 500 UC
and 627 CD genome-wide significant SNP–gene associations (p < 5 × 10−8).

2.1.6. SNP-to-Gene Mapping Strategy

To map SNPs to genes, we used the MAPPED_GENE and SNP_GENE_IDS columns
from the GWAS Catalog. When multiple Ensemble gene IDs (ENSG) were associated with
a single SNP entry, we unified them by gene symbol and counted the gene only once per
publication to minimize noise from overlapping or redundant annotations. In cases where
SNPs mapped to multiple genes (e.g., within gene clusters or shared loci), each gene was
assigned independently but attributed once per publication. Chromosomal coordinates
were verified and joined from the original summary statistics using a custom error-checked
R script to ensure consistency in genomic localization.

We then curated a list of strongly associated genes based on their recurrence in multiple
studies. Specifically, for each disease, gene–publication counts were derived from manually
curated Excel sheets listing GWAS-reported genes along with the number of supporting
publications. We defined strongly associated genes as those reported in ≥3 independent
studies. Publication-based analysis identified 55 UC genes and 76 CD genes reported in
≥3 independent studies, with 26 genes shared between both conditions.

For these 26 common genes, we extracted all genome-wide significant SNPs
(p < 5 × 10−8) and categorized each SNP–gene pair as “UC_only,” “CD_only,” or “Both”
depending on its presence in the filtered datasets. This produced 69 SNPs in total: 10 exclu-
sives to UC, 25 exclusive to CD, and 34 shared. All 69 SNPs were successfully mapped to
chromosomal coordinates for genomic visualization.

Finally, we visualized the distribution of SNP types around the genome with circos
plots (via RCircos v1.2.2) and mapped SNP association patterns across genes using an
oncoprint matrix (via ComplexHeatmap v2.18.0).

2.1.7. Word Cloud Generation

To visualize the prominence of genes associated with IBD, including Crohn’s disease
(CD) and ulcerative colitis (UC), we generated gene-based word clouds derived from a
custom MATLAB (vR2024a) and python (v3.9) pipeline. This pipeline integrates publication-
derived p-values from the NHGRI–EBI GWAS Catalog (accessed 5 November 2023) and
maps them to gene symbols using HGNC-compliant gene nomenclature. SNP-to-gene
mappings were parsed using the MAPPED_GENE and SNP_GENE_IDS fields, followed
by harmonization against HGNC base symbols, aliases, and previous names. If a gene
appeared in multiple GWAS entries across different publications, all reported p-values were
collected. For each gene, we computed the total number of GWAS entries with p < 0.01.

Genes were included in the word cloud if they were associated with any GWAS entry
reporting a p-value < 0.01. Gene names were scaled in size according to this frequency
count, visually highlighting the most frequently implicated genes.

2.1.8. Genetic Overlap Analysis with Brain Disorders

We investigated the genetic overlap between IBD and several neurodevelopmen-
tal and psychiatric disorders, including schizophrenia (SCZ), autism spectrum disorder
(ASD), attention-deficit/hyperactivity disorder (ADHD), and Depression. GWAS sum-
mary statistics for these brain disorders were retrieved from the NHGRI-EBI Genome-
Wide Association Study (GWAS) Catalog in 15 April 2024. Specifically, data were down-
loaded for SCZ (EFO_0004609), ASD (EFO_0003757), ADHD (EFO_0003888), and Depres-
sion (EFO_0007453).

Our analysis included 87 GWAS studies comprising 1029 unique genes for IBD,
103 studies with 3193 genes for SCZ, 28 studies with 1062 genes for ASD, 43 studies
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with 1714 genes for ADHD, and 97 studies with 2473 genes for Depression (Supplementary
Figure S1). Genes were extracted from the MAPPED_GENE column in the GWAS Catalog
data, with multiple gene annotations per SNP parsed and deduplicated.

Statistical significance of genetic overlaps was assessed using Fisher’s exact test and
hypergeometric enrichment analysis against a background of approximately 20,000 protein-
coding genes in the human genome. We calculated odds ratios (OR) with 95% confidence
intervals and enrichment ratios comparing observed to expected overlap under the null
hypothesis of no association. Multiple testing correction was applied using the Benjamini–
Hochberg false discovery rate (FDR) method. All statistical analyses were performed in R
version 4.3.0, with significance set at FDR-adjusted p < 0.05.

2.1.9. Overlap Among IBD Subtypes

The overlap between genes associated with IBD, CD, and UC was examined. Venn
diagrams were used to illustrate the shared and unique genes among these subtypes.
Additionally, an UpSet plot was generated to provide a detailed view of the intersections
between IBD subtypes and brain disorders, allowing for the identification of genes common
to multiple conditions.

2.2. Gene Expression Analysis
2.2.1. Average Gene Expression Calculation

Expression data were analyzed using GTEx v8 RNA-seq data (n = 56,200 total genes,
413 IBD genes, 55,787 non-IBD genes). TPM values were used directly without any further
transformation for descriptive analyses and visualization, as TPM values provide nor-
malized expression levels suitable for cross-tissue comparison. For IBD-associated genes,
the average expression levels across different GIT and brain tissues were calculated. This
involved computing each tissue type’s mean TPM values for IBD genes. The resulting
expression profiles were visualized using heat maps to highlight the distribution of IBD
gene expression in the different tissues.

Biorender.com was utilized to assign color-coding based on the ranking of average
expression level in the brain and GIT, with red signifying a high expression level and violet
representing a low expression level. The illustration is not a precise representation of the
anatomical structure of the brain and GIT but rather a schematic one. The colored areas
were used to demonstrate the different brain and GIT regions.

2.2.2. Visualization

All visualizations, including heatmaps, bar plots and UpSet plots, were generated
using the R (v4.3.0) and Python 3.9 with following packages: ggplot2 (version 3.4.2), Com-
plexHeatmap (version 2.18.0), and UpSetR (version 1.4.0). Venn diagrams were plotted
using online software MolBioTools (https://molbiotools.com/ accessed on 1 October 2025).
The visualizations were designed to provide clear and comprehensive representations of
the data, facilitating the interpretation of gene expression patterns and pathway enrich-
ment results.

3. Results
3.1. Genetic Architecture of IBD Reveals Key Susceptibility Loci

The genetic architecture of IBD encompasses a wide array of genes that contribute to
the complex etiology of the disease. Through comprehensive analysis of GWAS data from
207 IBD-related studies, we identified key genetic determinants with varying frequencies of
association. As shown in Figure 1a, the word cloud reveals the most frequently implicated
genes, with gene name size proportional to publication frequency (see Methods).

https://molbiotools.com/
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Figure 1. Genetic Associations in Inflammatory Bowel Disease (IBD) (a) Word-cloud of 1029 IBD-
associated genes (GWAS p < 0.01), with name size proportional to publication frequency. (b) Top
10 KEGG pathways enriched among these genes (FDR < 1 × 10−6), highlighting core immune and
barrier functions in IBD. (c) Top 10 GO Biological Processes (FDR < 1 × 10−6), illustrating dominant
roles in cytokine signaling and leukocyte activation.

IL23R emerged as the most consistently reported gene (38 publications), reflecting its
critical role in Th17 cell differentiation and IL-23 signaling. NOD2, appearing in 22 pub-
lications, represents a well-established pattern recognition receptor crucial for bacterial
sensing. Following these, PUS10, IRF1, ATG16L1, and C1orf141 each appeared in 15 pub-
lications, highlighting their significant contributions to IBD susceptibility. To explore
the functional implications of these genetic associations, we further conducted pathway
enrichment analyses. The top 10 KEGG pathways (Figure 1b) showed striking enrich-
ment, with the Inflammatory Bowel Disease pathway demonstrating the strongest sig-
nal (13 genes, FDR = 2.8 × 10−9, nFold = 12.74). Notably, the Th17 Cell Differentiation
pathway (15 genes, FDR = 1.3 × 10−8, nFold = 8.84) and NF-kappa B Signaling Path-
way (13 genes, FDR = 4.0 × 10−7, nFold = 7.96) showed robust enrichment, highlight-
ing their central roles in IBD pathophysiology. The top 10 KEGG pathways showed
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strong enrichment, including IBD (13 genes, FDR = 2.8 × 10−9, nFold = 12.74), Th17
Cell Differentiation (15 genes, FDR = 1.3 × 10−8, nFold = 8.84), and NF-κB Signaling
(13 genes, FDR = 4.0 × 10−7, nFold = 7.96). Cytokine–cytokine receptor interactions, as
well as Th1/Th2 differentiation pathways, were also significantly enriched.

The Gene Ontology analysis (Figure 1c) revealed that biological processes related
to immune cell function dominate the IBD genetic landscape. The most enriched terms
include Leukocyte Activation (73 genes, FDR = 1.3 × 10−15, nFold = 3.15), Regulation of
Cytokine Production (59 genes, FDR = 9.7 × 10−17, nFold = 4.04), Positive Regulation of
Multicellular Organismal Process (77 genes, FDR = 1.3 × 10−15, nFold = 3.04), Lymphocyte
Activation (53 genes, FDR = 2.3 × 10−15nFold = 4.09), and Positive Regulation of Immune
System Process (61 genes, FDR = 1.2 × 10−13, nFold = 3.26). These biological processes are
essential for the initiation and maintenance of immune responses.

3.2. Crohn’s Disease Exhibits Distinct Genetic Signatures

To delve deeper into the genetic underpinnings specific to CD, we examined a separate
subset of the GWAS data that is specific to CD. Figure 2a shows a word cloud of genes
associated with CD. Prominent genes include IL23R, NOD2, ATG16L1, C1orf141, and
IRF1-AS1, consistent with those identified in the broader IBD analysis, underscoring their
critical roles in the disease. Notably, IL23R appears in 21 publications, making it the most
significant gene, followed by NOD2 (18 publications), ATG16L1 (13 publications), C1orf141
(12 publications), and IRF1-AS1 (10 publications).

The pathway enrichment analyses for CD, as depicted in Figure 2b, reveal significant
insights into the functional implications of these genetic associations. The most significantly
enriched pathways include the Inflammatory Bowel Disease (12 genes, FDR = 1.5 × 10−9,
nFold = 16.7), Th17 Cell Differentiation (14 genes, FDR = 1.9 × 10−9, nFold = 11.73), NF-
Kappa B Signaling Pathway (11 genes, FDR = 1.2 × 10−6, nFold = 9.57), Cytokine-Cytokine
Receptor Interaction (17 genes, FDR = 1.2 × 10−6, nFold = 5.23), and The JAK-STAT
Signaling Pathway (13 genes, FDR = 1.2 × 10−6, nFold = 7.26).

Gene Ontology analysis for CD (Figure 2c) emphasized the centrality of cytokine
networks, with both “Cytokine Production” and “Regulation of Cytokine Production”
showing identical enrichment statistics (49 genes each, FDR = 1.5 × 10−16, nFold = 4.73
and 4.77, respectively), suggesting tight regulatory control of inflammatory mediators in
CD pathogenesis.

The enrichment of BP terms like Cytokine Production and Regulation of Cytokine
Production suggests a possible central role of cytokine networks in CD pathophysiology.

These findings provide a detailed understanding of the genetic and molecular land-
scape specific to CD, emphasizing the significant overlap in genetic and pathway associa-
tions with the broader IBD category while highlighting specific processes and signaling
pathways that contribute uniquely to CD pathology.

3.3. Ulcerative Colitis Shows Tissue-Specific Genetic Patterns

Continuing from the genetic insights gained from the broader IBD and CD analyses,
we now focus on UC. Figure 3a displays a word cloud of genes associated with UC, with
the size of each gene’s name reflecting its frequency in the GWAS data. Prominent genes
include IL23R (17 publications), IFNG-AS1 (9 publications), HLA-DRB9 (8 publications),
INAVA (7 publications), CARD9 (7 publications), and LINC01620 (7 publications). Notably,
IL23R is observed across all 3 conditions: IBD (38 publications), CD (21 publications), and
UC. Additionally, NOD2 and ATG16L1, which are highly prominent in IBD (22 and 15 pub-
lications, respectively) and CD (18 and 13 publications, respectively), were observed in only
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4 and 3 publications in UC, respectively, indicating a lesser but still notable involvement in
UC pathogenesis.

Figure 2. Genetic Associations in CD (a) A word cloud of genes associated with CD. The size of each
gene’s name reflects its frequency of mention in the literature. Prominent genes include NOD2, IL23R,
C1orf141, ATG16L1, and IRF1-AS1. (b) The top 10 enriched KEGG pathways in CD-associated genes.
Significant pathways include the Inflammatory Bowel Disease Pathway, Th17 Cell Differentiation,
and JAK-STAT Signaling Pathway. (c) The top 10 enriched GO Biological Process terms in CD GWAS
data. Enriched terms include inflammatory response, Cytokine Production, and Positive Regulation
of signal transduction.

The pathway enrichment analyses for UC, illustrated in Figure 3b, reveal significant
insights into the functional implications of these genetic associations. HIF-1 Signaling
pathway (9 genes, FDR = 1.2 × 10−5, nFold = 9.5), TNF Signaling Pathway (9 genes,
FDR = 1.2 × 10−5, nFold = 9.25), JAK-STAT Signaling Pathway (11 genes, FDR = 5.9 × 10−6,
nFold = 7.8), NF-Kappa B Signaling Pathway (10 genes, FDR = 9.3 × 10−7, nFold = 11.07),
and Cytokine-Cytokine Receptor Interaction (16 genes, FDR = 3.0 × 10−7, nFold = 16).
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These pathways highlight both common and unique aspects of UC pathogenesis compared
to CD and the broader IBD category.

 

Figure 3. Genetic Associations in Ulcerative Colitis (a) A word cloud of genes associated with UC.
The size of each gene’s name reflects its frequency of mention in the literature. Prominent genes
include IL23R, HLA-DRB9, CARD9, IFNG-AS1, and INAVA. (b) The top 10 enriched KEGG pathways
in UC-associated genes. Significant pathways include the HIF-1 Signaling Pathway, TNF Signaling
Pathway, and JAK-STAT Signaling Pathway. (c) The top 10 enriched GO Biological Process terms in
UC GWAS data. Enriched terms include Cell Activation, Cytokine Production, and Regulation of
Cytokine Production.

The NF-Kappa B Signaling Pathway and Cytokine-Cytokine Receptor Interaction
pathways are also shared between UC and CD. These pathways are integral to the broader
IBD pathology, underscoring the possible shared mechanisms underlying these diseases.

The top 10 Gene Ontology (GO) Biological Process (Figure 3c) terms enriched in
the UC GWAS data include Cell Activation (53 genes, FDR = 3.6 × 10−14, nFold = 3.68),
Cytokine Production (40 genes, FDR = 3.6 × 10−14, nFold = 4.91), Regulation of Cy-
tokine Production (40 genes, FDR = 3.6 × 10−14, nFold = 4.95), Leukocyte Activation
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(50 genes, FDR = 3.6 × 10−14, nFold = 3.90), and Inflammatory Response (39 genes,
FDR = 2.9 × 10−13, nFold = 4.73).

The enrichment of Lymphocyte Activation (38 genes, FDR = 3.6 × 10−14, nFold = 5.30)
is shared across UC, CD, and the broader IBD category, underscoring the role of adaptive
immune responses in these conditions. The Positive Regulation of Multicellular Organismal
Process (50 genes, FDR = 7.9 × 10−13, nFold = 3.57) and Regulation of Response to External
Stimulus (42 genes, FDR = 3.3 × 10−11, nFold = 3.77) terms further highlight the complex
interactions between immune cells and their environment in UC.

The Negative Regulation of Response to Stimulus (32 genes) and T Cell Activation
(28 genes) terms reflect the intricate balance of immune activation and regulation required
to maintain homeostasis and prevent excessive inflammation in UC. These terms are also
enriched in CD, indicating potential shared regulatory mechanisms in these IBD subtypes.

3.4. IBD-Associated Genes Show Differential Expression Patterns Along the Gut–Brain Axis

To explore the systemic implications of IBD genetics, we analyzed expression patterns
of 413 IBD-associated genes across 54 tissue types from the GTEx database, focusing on
13 brain regions and 7 gastrointestinal regions.

Overall Expression Patterns: Our analysis revealed that IBD-associated genes exhibited
significantly higher mean expression levels in GIT regions (22.54 TPM) compared to brain
regions (12.76 TPM; Mann–Whitney U test, p = 2.04 × 10−4) (Supplementary Figure S3).
This finding aligns with the expected primary role of these genes in gastrointestinal patho-
physiology. When comparing IBD genes to non-IBD genes within each tissue group, we
observed highly significant differences across all categories: brain tissues (p = 9.39 × 10−82),
GIT tissues (p = 2.65 × 10−97), and other tissues (p = 1.17 × 10−90), indicating that IBD-
associated genes have distinct expression profiles compared to background genes.

Interestingly, while IBD genes showed higher overall expression in GIT regions, we
observed striking differences in regional expression heterogeneity. IBD genes demonstrated
significant expression variation across brain regions (ANOVA p = 6.37 × 10−9) but not
across GIT regions (ANOVA p = 0.339) (Supplementary Figure S3). This unexpected finding
may suggest that IBD-associated genes may have more specialized, region-specific roles
in neural tissues compared to their more uniform expression patterns in the GIT. While
many genes in the genome are indeed expressed at some level in brain tissue, our analysis
focused on relative regional differences in the expression of IBD-associated genes. We
observed significant enrichment in specific areas, such as the cerebellum and frontal cortex,
compared to other regions, suggesting potential region-specific susceptibility to gut–brain
axis influences.

Figure 4a presents the mean TPM values for IBD-associated genes across gastroin-
testinal regions, ranked from highest to lowest expression. The esophagus muscularis
(29.07 TPM), gastroesophageal junction (28.79 TPM), and sigmoid colon (25.32 TPM) ex-
hibited the highest expression levels, underscoring their potential significance in IBD
pathology. The relatively uniform expression across GIT regions (p = 0.339) may suggest
these genes may have broadly conserved functions throughout the GIT.

Figure 4b ranks gene expression across brain regions, revealing more pronounced
regional variation. The cerebellum (18.66 TPM), frontal cortex BA9 (15.54 TPM) and cortex
(14.29 TPM) showed the highest expression levels, with significant differences between
regions (p = 6.37 × 10−9). This heterogeneous expression pattern may suggest that IBD-
associated genes may have specialized neurological functions that vary by brain region.
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Figure 4. Expression Patterns and Genetic Architecture of IBD-Associated Genes Across Tissues (a) GIT
Expression Heatmap. Average expression levels (TPM) of IBD-associated genes across seven regions
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of the GIT obtained from GTEx data. Tissues include gastroesophageal junction, sigmoid colon, ter-
minal ileum, transverse colon, esophagus muscularis, esophagus mucosa, and stomach. Expression
levels are color-coded from low (blue) to high (red). Gray indicates tissues for which expression data
were not available. (b) Brain Tissue Expression Heatmap. Expression levels (TPM) of IBD-associated
genes across twelve brain regions from GTEx data, including cerebellum, frontal cortex (BA9), cortex,
spinal cord (cervical C1), nucleus accumbens (basal ganglia), anterior cingulate cortex (BA24), caudate
(basal ganglia), hypothalamus, putamen (basal ganglia), hippocampus, amygdala, and substantia
nigra. Expression levels are color-coded from low (blue) to high (red). Gray indicates brain regions
for which expression data were not available. (c) Brain-Related KEGG Pathway Enrichment. Signifi-
cantly enriched brain-related KEGG pathways among IBD-associated genes. Key pathways include
neurotrophin signaling pathways and pathways of neurodegeneration, highlighting the neurolog-
ical connections of IBD genetics. (d) Signaling-Related KEGG Pathway Enrichment. Significantly
enriched signaling-related KEGG pathways among IBD-associated genes. Notable pathways include
FoxO signaling pathway, calcium signaling pathway, and Notch signaling pathway, demonstrating
the diverse cellular processes involved in IBD pathogenesis. (e) SNP Association Patterns in IBD
Common Genes. OncoPrint visualization displaying the distribution of single nucleotide polymor-
phisms (SNPs) across 26 strongly IBD-associated genes identified through rigorous publication-based
filtering. Each row represents a gene, and each column represents a SNP. Color coding indicates
disease-specific association patterns: UC-only (orange), Crohn’s disease-only (blue), and shared
between both conditions (green). The percentage values on the right indicate the proportion of total
SNPs associated with each gene, with IL23R showing the highest genetic burden (10% of total SNPs)
followed by ATG16L1 (7% of total SNPs).

Several genes emerged as highly expressed in both tissue types, though with distinct
expression patterns (Supplementary Figure S3). Among the top brain-expressed genes,
CAMK2A showed the highest expression at 214.39 TPM, representing calcium/calmodulin-
dependent protein kinase II alpha, which is crucial for synaptic plasticity and learning. Its
high brain expression may suggest potential roles in IBD-associated cognitive symptoms
and stress responses. PARK7, also known as DJ-1, demonstrated significant expression
at 189.28 TPM and is involved in neuroprotection and oxidative stress response. Its dual
expression in brain and GIT (158.75 TPM) may link oxidative stress mechanisms between
the two systems. DAD1, or Defender against apoptotic death 1, showed expression levels
of 122.18 TPM in brain tissue and is involved in protein trafficking and cell survival, with
similarly high GIT expression at 181.20 TPM.

Among the top GIT-expressed genes, ACTA2 demonstrated exceptionally high expres-
sion at 1446.43 TPM, representing alpha-smooth muscle actin, which is essential for smooth
muscle contraction and wound healing. Its remarkably high GIT expression contrasts
with minimal brain expression (10.2 TPM), reflecting its specialized role in gastrointestinal
motility and fibrosis. HLA-DRA, encoding a major histocompatibility complex class II
protein critical for immune recognition, showed high GIT expression at 283.76 TPM versus
moderate brain expression at 75.2 TPM, underscoring the immune-mediated nature of
IBD pathogenesis.

To further understand the functional implications of the transcriptomic data, we con-
ducted pathway enrichment analyses. Figure 4c presents brain-related KEGG pathways
enriched with IBD genes. Significant pathways include the Neurotrophin Signaling Path-
way (10 genes, FDR = 1.9 × 10−4, nFold = 5.35, and the Pathways of Neurodegeneration
(17 genes, FDR = 6.0 × 10−3, nFold = 2.28). Additionally, the GABAergic Synapse (6 genes,
FDR = 1.1 × 10−2, nFold = 4.29) and Cholinergic Synapse (6 genes, FDR = 2.9 × 10−2,
nFold = 3.38) pathways are enriched, reflecting the involvement of IBD genes in neuro-
transmitter signaling and synaptic function.

To complement the pathways highlighted in Figure 1b, additional signaling path-
ways were found to be enriched with IBD-associated genes and presented in Figure 4d,
emphasizing the breadth of disturbed signaling networks in IBD. There were 41 enriched
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KEGG pathways that were related to signaling. The most enriched pathways include the
NF-kappa B signaling pathway (nGenes = 13, FDR = 4.0 × 10−7, nFold = 7.96), JAK-STAT
signaling pathway (nGenes = 14, FDR = 6.0 × 10−6, nFold = 5.50), HIF-1 signaling pathway
(nGenes = 11, FDR = 1.9 × 10−5, nFold = 6.43), TNF signaling pathway (nGenes = 11,
FDR = 2.3 × 10−5, nFold = 6.25), and NOD-like receptor signaling pathway (nGenes = 13,
FDR = 7.3 × 10−5, nFold = 4.60).

Several enriched pathways were related to brain function and neurological processes.
These included the Neurotrophin signaling pathway (10 genes, FDR = 1.9 × 10−4, Fold
Enrichment = 5.35), the Oxytocin signaling pathway (7 genes, FDR = 3.3 × 10−2, Fold
Enrichment = 2.89), the Calcium signaling pathway (9 genes, FDR = 3.9 × 10−2, Fold
Enrichment = 2.39), the Sphingolipid signaling pathway (6 genes, FDR = 3.3 × 10−2,
Fold Enrichment = 3.21), the Notch signaling pathway (4 genes, FDR = 3.9 × 10−2, Fold
Enrichment = 4.32), and the Wnt signaling pathway (8 genes, FDR = 1.7 × 10−2, Fold
Enrichment = 3.07).

3.5. Genetic Variant Architecture Reveals Disease-Specific and Shared Susceptibility Patterns

To comprehensively characterize the genetic architecture underlying IBD pathogenesis,
we conducted a systematic analysis of single-nucleotide polymorphisms (SNPs) associated
with the 26 shared IBD-associated genes. Figure 4e presents an OncoPrint visualization
revealing the complex genetic landscape of IBD susceptibility variants. Our analysis identi-
fied 69 genome-wide significant SNPs distributed across the 26 IBD-associated genes, with
striking heterogeneity in disease-specific associations. The genetic variants demonstrated
three distinct association patterns: 10 SNPs (14.5%) exhibited exclusive association with
UC, 25 SNPs (36.2%) were specifically associated with CD, and 34 SNPs (49.3%) showed
shared associations with both IBD subtypes, indicating substantial genetic overlap between
these clinically distinct conditions.

Gene-specific genetic burden analysis revealed considerable variation in SNP density
across IBD-associated loci. IL23R emerged as the most genetically complex locus, harboring
7 associated SNPs (10.1% of total variants), followed by ATG16L1 with 5 SNPs (7.2% of to-
tal). This genetic heterogeneity within individual loci underscores the multifactorial nature
of IBD susceptibility. IL23R exemplifies the complex genetic architecture of IBD, containing
three UC-specific variants (rs11209026, rs10889677, rs11581607), one CD-specific variant
(rs79755370), and three shared variants (rs80174646, rs10889676, rs11465804), demonstrat-
ing how a single gene can contribute to both IBD subtypes through different molecular
mechanisms. ATG16L1 represents another paradigm of IBD genetic complexity, with four
CD-specific variants and one shared variant.

The predominance of shared variants (49.3%) may suggest common pathogenic mech-
anisms between UC and CD, while the substantial proportion of disease-specific variants
(50.7% combined) supports the concept of IBD as a spectrum of related but distinct inflam-
matory conditions. This genetic architecture provides molecular evidence for the clinical
observation that UC and CD, while sharing inflammatory bowel pathology, have distinct
pathophysiological mechanisms and therapeutic responses. Mapping these SNPs onto the
genome through circos plots revealed distinct chromosomal hotspots: UC-specific variants
predominantly on chromosomes 1 and 6, CD-specific on chromosomes 10 and 16, and
shared SNPs concentrated on chromosomes 7 and 19 (Supplementary Figure S2). These
genomic insights underscore the shared genetic architecture and distinct disease-specific
variant patterns within IBD.
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3.6. IBD Shows Significant Genetic Overlap with Neuropsychiatric Disorders

Expanding on our previous analyses, we examined the overlap between IBD-
associated genes and genes implicated in various brain disorders. There were many
previous reports of comorbidities between IBD and neurological conditions [24,30]. This
analysis provides insights into the shared genetic architecture between these conditions.

We first focused on the genetic overlap among IBD, CD, and UC. We identified a total
of 1040 unique genes across IBD, CD, and UC datasets. Among them, 367 genes were
common to all three diseases, 269 shared between IBD and CD, and 139 between IBD and
UC, with minimal disease-specific unique genes [31], as shown in Figure 5e.

Figure 5. Genetic Overlap Between IBD and Brain Disorders (a–d) Venn diagrams showing pairwise
gene overlaps between IBD and SCZ, Depression, ASD, and ADHD. (e) Three-way Venn of IBD,
CD, and UC genes. (f) UpSet plot detailing all multi-trait intersections, highlighting, for example,
72 genes shared by IBD and ADHD.
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Venn diagrams in Figure 5a–d display the number of shared genes between IBD and
each neuropsychiatric disorder, while Supplementary Figure S1 provides the statistical
metrics—including overlap odds ratios (ORs) and FDR-adjusted p-values—underpinning
these overlaps. IBD showed significant genetic overlap with autism spectrum disorder
(ASD), which had the strongest enrichment among tested conditions (106 genes; OR = 2.16,
95% CI: 1.73–2.68; adjusted p = 4.38 × 10−11; enrichment ratio = 1.94; Figures 5c and S1b,c).
IBD also overlapped with ADHD, involving 143 shared genes and showing significant
enrichment (OR = 1.79, 95% CI: 1.48–2.15; adjusted p = 3.98 × 10−9; enrichment ratio = 1.62;
Figures 5d and S1b,c).

IBD showed significant genetic overlap with Depression (188 genes, OR = 1.63,
95% CI: 1.38–1.93, adjusted p = 1.37 × 10−8, enrichment ratio = 1.48, Figures 5b and S1b,c).
The observed overlap was 48% higher than expected under the null hypothesis. Similarly,
significant overlap was observed between IBD and schizophrenia (238 genes, OR = 1.63,
95% CI: 1.40–1.90, adjusted p = 6.52 × 10−10, enrichment ratio = 1.45, Figures 5a and S1b,c),
suggesting shared involvement of immune system pathways in schizophrenia pathogenesis.
This represents a 45% enrichment over the expected overlap of 164 genes.

An UpSet plot (Figure 5f) provides a detailed visualization of gene set intersec-
tions among all conditions. Notably, the comprehensive pairwise comparison matrix
(Supplementary Figure S1d) revealed additional significant overlaps among brain disor-
ders themselves, providing important context for our findings. The strongest overlap was
observed between ASD and ADHD (667 genes, OR = 28.82, 95% CI: 25.06–33.25, adjusted
p < 2.2 × 10−16, enrichment ratio = 7.33), followed by SCZ and ASD (721 genes, OR = 14.08,
95% CI: 12.28–16.17) and Depression and ASD (502 genes, OR = 7.71, 95% CI: 6.77–8.80).
These substantial overlaps among neuropsychiatric conditions demonstrate the robust
shared genetic architecture within the brain disorder spectrum.

All IBD-brain disorder comparisons demonstrated statistically significant genetic over-
laps after multiple testing correction (all adjusted p < 0.05), with effect sizes (odds ratios)
ranging from 1.63 to 2.16. Importantly, the enrichment ratios (1.45–1.94) indicate that the
observed overlaps are 45–94% higher than expected by chance alone, providing strong sta-
tistical evidence for shared genetic susceptibility factors between IBD and neuropsychiatric
conditions. These findings support the growing evidence for the gut–brain axis and suggest
common inflammatory and immune-mediated pathways underlying both gastrointestinal
and neurological disorders.

4. Discussion
The present study provides a comprehensive analysis of the genetic landscape of IBD,

focusing on its two main subtypes, CD and UC. By leveraging genome-wide association
studies (GWAS) data and integrating findings from the Genotype-Tissue Expression (GTEx)
project, we have explored the expression patterns of IBD-associated genes across various
tissues, particularly the GIT and the brain. Our analyses highlight the systemic nature of
IBD and its potential links to neurological and psychiatric disorders.

4.1. Genetic Insights and Pathway Enrichment

Our study identified several essential genes associated with IBD, CD, and UC, with
notable overlaps among these conditions. Genes such as NOD2, IL23R, and STAT3 were
consistently highlighted across multiple analyses, underscoring their critical roles in IBD
pathogenesis. The pathway enrichment analyses revealed significant involvement of
immune-related pathways, including the Inflammatory Bowel Disease Pathway, Th17
Cell Differentiation, NF-Kappa B Signaling Pathway, and Cytokine-Cytokine Receptor
Interaction. These pathways are well-known for their roles in mediating immune and
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inflammatory responses, which are central to the pathology of IBD [11,32]. Overall, there
were 72 common Kegg pathways among IBD, CD, and UC, which were enriched with IBD
genes. Also, there were seven unique pathways to IBD, ten unique pathways to UC, and
two pathways unique to CD.

The enrichment of the HIF-1 Signaling Pathway in both CD and UC, as well as the
broader IBD category, highlights the role of hypoxia in modulating inflammatory responses
and tissue remodeling in the gut [33]. The JAK-STAT Signaling Pathway, significantly
enriched in both CD and UC, is crucial for transducing signals from cytokines and growth
factors, influencing gene expression and immune cell function [34,35].

4.2. Genetic Architecture and SNP Distribution in IBD

Our analysis of 69 genome-wide significant SNPs across the 26 shared IBD genes
revealed a nuanced balance of common and subtype-specific risk variants: 49.3% were
shared between UC and CD, while the remainder split nearly evenly between UC-only and
CD-only signals. This pattern both reinforces the clinical continuum of IBD and underscores
distinct molecular pathways driving each subtype.

IL23R stands out as a paradigm of this complexity, harboring seven risk alleles with
divergent associations—three UC-only, one CD-only, and three shared—highlighting its
central role in IL-23/IL-17 signaling and suggesting that different molecular perturbations
at the same locus may underlie subtype-specific inflammation. ATG16L1′s predominance
of CD-specific variants further accentuates autophagy dysfunction as a CD hallmark.

The near-equal split of shared versus specific variants may suggest that while broad
immune-regulatory mechanisms (for example, NF-κB and JAK-STAT pathways) are com-
mon therapeutic targets, tailored interventions addressing subtype-unique variants (e.g.,
autophagy modulators in CD) may improve precision medicine strategies. Moreover,
the chromosomal clustering of UC-specific SNPs on chromosomes 1 and 6 versus CD
loci on 10 and 16 hints at region-focused regulatory architectures that warrant deeper
functional dissection.

Finally, the polygenic burden across multiple loci—beyond IL23R and ATG16L1, genes
such as CARD9, STAT3 and PTPN2 each contribute multiple SNPs—confirms IBD’s mul-
tifactorial nature and argues against single-gene screening approaches. Instead, compre-
hensive genotype profiling will be essential for accurate risk stratification and for guiding
pathway-based therapeutics. Mapping variants onto the genome uncovers distinct hotspots:
UC-only SNPs concentrate on chromosomes 1 and 6, CD-only on 10 and 16, and shared
variants on 7 and 19 (Supplementary Figure S2). These clusters suggest region-specific
regulatory elements that merit targeted functional assays (e.g., CRISPR-based enhancer
screens). Subtype-specific chromosomal hotspots (chr. 1,6 for UC; chr. 10,16 for CD; and
chr. 7,19 shared) further illustrate distinct yet convergent genetic architectures underlying
IBD [4,6].

4.3. Expression Patterns Along the Gut–Brain Axis

Integrating GTEx data allowed us to assess the baseline expression of IBD-associated
genes across the gut–brain axis. As expected, these genes were highly expressed in GIT
tissues, but they also showed substantial expression in brain regions, particularly the
cerebellum, frontal cortex, and hippocampus. Notably, expression patterns were rela-
tively uniform across GIT regions, yet displayed striking heterogeneity across brain areas,
indicating potential region-specific neurological roles. Several genes illustrate this dual
involvement: CAMK2A, a synaptic plasticity regulator, and PARK7 (DJ-1), a neuroprotec-
tive oxidative stress–related gene, were among the most highly expressed in brain tissue,
while HLA-DRA was prominently expressed in both gut and brain, consistent with shared
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immune-mediated mechanisms. Several enriched pathways support the neurobiological
relevance of IBD-associated genes.

Although our GTEx analyses characterize baseline (non-diseased) tissue expression,
multiple studies document disease-state dysregulation of the same axes in patient tissues. In
colonic mucosa from IBD, components of the IL-23/Th17 pathway are elevated and IL23R
is increased in patient samples relative to controls [36,37]. Moreover, IL23R+ intestinal T-cell
populations expand in Crohn’s disease and associate with anti-TNF non-response [38]. In
neurological disorders, large postmortem cortex meta-analyses report immune/microglial
module up-regulation and JAK–STAT/cytokine signatures across schizophrenia, autism
spectrum disorder, and related conditions [39–42]. Together, these patient-tissue data
support the biological plausibility that IBD genetic risk intersects with disease-state immune
processes in gut and brain, even though GTEx itself is limited to non-diseased donors.

The neurotrophin signaling pathway is essential for neuronal survival and synaptic
plasticity [43]. The Oxytocin signaling pathway, involved in social behavior and emotional
regulation, may have relevance for psychiatric comorbidity in IBD [44,45]. In addition,
Calcium and Sphingolipid signaling pathways play critical roles in neurotransmission
and neuroinflammatory processes [46,47]. The enrichment of Notch and Wnt signaling
pathways suggests additional links between IBD genes, immune regulation, and neurode-
velopment [48–51]. Collectively, these pathways highlight mechanistic avenues through
which gut inflammation and genetic risk may converge on neural circuits, reinforcing the
systemic nature of IBD.

These findings extend existing perspectives by highlighting region-specific expression
heterogeneity, supporting the recognition of IBD as a systemic inflammatory condition with
neurological implications. The enrichment of brain-related pathways, such as neurotrophin
signaling and neurodegeneration pathways, highlight possible mechanistic links to psychi-
atric comorbidities. This is consistent with clinical observations of increased prevalence
of disorders such as schizophrenia, depression, and ASD in IBD cohorts [24,52,53]. Collec-
tively, these results suggest that IBD susceptibility genes may contribute to both intestinal
inflammation and extra-intestinal manifestations through regionally specialized roles in
the brain.

4.4. Genetic Overlap with Brain Disorders

The significant genetic overlap between IBD and neuropsychiatric disorders provides
the first comprehensive molecular evidence for the gut–brain axis in inflammatory dis-
ease. The strongest overlap with autism spectrum disorder (nearly 2-fold enrichment)
is particularly noteworthy, as it may suggests shared neurodevelopmental and immune
regulatory mechanisms that may explain the increased prevalence of ASD in families with
IBD [54–57]. Epidemiological studies also report bidirectional risk, with psychiatric patients
showing increased incidence of IBD and vice versa [24,27], consistent with our observed
genetic overlaps.

These findings have profound implications for clinical practice, suggesting that IBD
patients may benefit from screening for neuropsychiatric symptoms and that integrated
treatment approaches addressing both gastrointestinal and neurological symptoms may be
more effective than traditional organ-specific therapies.

4.5. Therapeutic and Repurposing Implications Across the Gut-Brain Axis

Our analyses highlight several pathways with direct translational relevance for therapy.
The IL-23/Th17 axis (IL23R, STAT3) is already targeted in IBD by monoclonal antibodies
such as ustekinumab (IL-12/23p40) and risankizumab (IL-23p19), initially developed for
psoriasis and later repurposed for Crohn’s disease and ulcerative colitis [58,59]. Similarly,
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the enrichment of JAK–STAT signaling supports the therapeutic use of JAK inhibitors, such
as tofacitinib and upadacitinib, approved in ulcerative colitis [34,60,61]. The prominence
of TNF/NF-κB signaling aligns with the efficacy of anti-TNF agents like infliximab and
adalimumab [10], while autophagy genes such as ATG16L1 point to novel opportunities for
therapies that modulate cellular homeostasis [62].

Beyond IBD, our findings of genetic overlap with neuropsychiatric disorders suggest
repurposing opportunities across the gut–brain axis. Anti-TNF agents, validated in IBD,
are being investigated for treatment-resistant depression, with infliximab showing benefit
in patients with elevated inflammatory markers [63,64]. JAK inhibitors such as tofacitinib
(approved for ulcerative colitis) and baricitinib exhibit neuroprotective effects in experi-
mental models of neuroinflammation. While preclinical studies support their potential
in multiple sclerosis, baricitinib is currently being clinically investigated in Alzheimer’s
disease and related neurodegenerative conditions [65,66]. The IL-23/IL-17 axis, enriched in
our dataset, has also been implicated in neuropsychiatric disease [67–69], with immune
dysregulation contributing to autism spectrum disorder [55,70].

Conversely, neurological drugs may hold therapeutic value in IBD. Lithium, a GSK-3β
inhibitor and autophagy modulator, has demonstrated pro-repair and anti-inflammatory
effects in preclinical gut models, including enhanced mucosal regeneration after DSS
colitis and attenuation of experimental colitis via microbiota- and Treg-dependent mecha-
nisms [71,72]. Notably, results are model-dependent, with at least one study reporting no
benefit in DSS colitis [73]. Given that ATG16L1 risk variants impair autophagy in intestinal
Paneth cells [74] and lithium modulates autophagy pathways [75,76], genotype-specific
responsiveness to lithium therapy represents a testable precision medicine hypothesis
that merits targeted evaluation. Acetylcholinesterase inhibitors, particularly donepezil,
have demonstrated anti-inflammatory and barrier-protective effects in experimental col-
itis. Donepezil halted acetic acid–induced colitis in rats by reducing oxidative stress,
apoptosis, and inflammatory markers [77], and also ameliorated gut barrier disruption in
doxorubicin-treated rats [78]. These findings support the involvement of the cholinergic
anti-inflammatory pathway, consistent with our enrichment of cholinergic synapse path-
ways. In parallel, neurotrophin modulation has been implicated in gut–brain regulation:
brain-derived neurotrophic factor (BDNF) reduced epithelial apoptosis and preserved
tight junction proteins in experimental colitis, thereby protecting barrier integrity [79,80].
Dysbiosis-related changes in BDNF expression further link intestinal and neuropsychiatric
pathology [81]. While human validation is lacking, these mechanistic insights suggest
that cholinergic and neurotrophin-based therapies may hold dual benefit for intestinal
inflammation and comorbid psychiatric manifestations in IBD.

Finally, our results support a precision repurpose framework. Patients with IBD
carrying high polygenic risk scores for neuropsychiatric disorders may benefit from gut-
directed therapies with favorable CNS profiles, while psychiatric patients with elevated
IBD genetic risk might benefit from anti-inflammatory augmentation. This bidirectional,
genetically guided strategy represents a cost-effective approach to addressing the complex
comorbidities spanning IBD and neuropsychiatric disease.

4.6. Strengths and Limitations

One of the strengths of this study is the integration of large-scale GWAS data with
comprehensive expression datasets from the GTEx project. This approach provides a
robust framework for identifying key genes and pathways involved in IBD and exploring
their broader systemic effects. As GTEx contains expression data only from non-diseased
tissues, our analysis reflects baseline rather than disease-state expression patterns. While
RNA-seq datasets from patient biopsies (e.g., GEO) exist, they are typically limited to
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specific gastrointestinal tissues and rarely have corresponding neurological samples. We
therefore used GTEx to map tissue-specific expression as a proxy for identifying which
brain regions may be most influenced by IBD genetic background, while acknowledging
that this approach does not capture disease-specific dysregulation. Additionally, the use of
multiple visualization techniques, including Venn diagrams, enhances interpretability of
complex gene–pathway–disease relationships.

However, there are some limitations to consider. Our cross-sectional GTEx analysis can-
not capture dynamic expression during disease flares or treatment, and the predominance
of European-ancestry GWAS data may limit generalizability. Moreover, transcript-level
associations do not necessarily imply variant functionality at the protein level. Beyond base-
line GTEx expression, disease-state validation can leverage public biopsy and postmortem
resources—for example, IBD colon mucosa cohorts profiled by Arijs and colleagues [82]
and cross-disorder brain transcriptomics [39]. A harmonized, cross-platform meta-analysis
spanning cohorts and normalization procedures would be valuable but is beyond the scope
of the present synthesis.

4.7. Future Directions

Future research should aim to validate these findings using longitudinal data and
explore the functional roles of identified genes and pathways in detail. While our analysis
focused on gene-level associations and expression patterns, future work integrating colo-
calization, eQTL mapping, and chromatin interaction data will be essential to establish
causal links between IBD and neuropsychiatric traits. Integrating additional omics data,
such as proteomics and metabolomics, could provide deeper insights into the molecular
mechanisms underlying IBD and its associated comorbidities. Furthermore, investigat-
ing the impact of environmental factors, such as diet and microbiota, on gene expression
and disease progression could help elucidate the complex interplay between genetic and
environmental determinants of IBD.

Induced pluripotent stem cells (iPSCs) have revolutionized the study of various
neurological disorders, such as Autism Spectrum Disorder, Schizophrenia, bipolar disorder,
Parkinson’s disease, and more [83–90] by enabling researchers to create patient-specific
neurons and brain organoids. These organoids provide an invaluable platform for modeling
complex brain functions and behaviors as well as the underlying pathology of diseases.
Researchers can explore the genetic, molecular, and cellular mechanisms implicated in
various neurological conditions by converting somatic cells from patients into iPSCs and
subsequently differentiating them into neural cell types.

Given the shared signaling pathways and cellular interactions between the gut and the
central nervous system, integrating iPSC technology into the gut–brain axis research area
presents exciting future directions. One promising avenue involves the development of
joint gut–brain organoids derived from iPSCs. These organoids would allow researchers to
elucidate the interactions between gut microbiota, the enteric nervous system, and central
nervous system neurons in the context of IBD. By studying these organoids, scientists could
investigate how inflammatory signals from the gut affect neuronal function and vice versa.
Such experiments could lead to a deeper understanding of the mechanisms underlying
IBD and its associated neurological comorbidities, such as anxiety and depression, often
observed in patients with chronic gastrointestinal disorders.

Furthermore, joint gut–brain organoids could be utilized to screen potential thera-
peutic compounds that simultaneously target both systems, opening new avenues for
integrated treatments that address IBD and its neurological impacts. Ultimately, this in-
novative approach may provide insights into the interconnectedness of these systems,
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paving the way for more holistic treatment strategies that recognize the importance of the
brain–gut axis in IBD management.

5. Conclusions
This work systematically integrates genome-wide association data with tissue-specific

expression profiles to provide a comprehensive synthesis of the genetic architecture under-
lying inflammatory bowel disease (IBD) and its systemic connections with neurological
conditions. Re-analysis of public datasets consistently highlights immune-regulatory
pathways—such as IL-23/Th17, NF-κB, and cytokine signaling—as central features across
IBD subtypes, reaffirming their pivotal role in disease pathogenesis. IBD-associated genes
show uniform expression across gastrointestinal tissues but heterogeneous patterns across
brain regions, suggesting that the genetic background of IBD may modulate neurologi-
cal processes and help explain the high burden of comorbid depression, schizophrenia,
ADHD, and autism spectrum disorder. Rather than proposing new mechanisms, the
present synthesis consolidates existing genomic and transcriptomic findings into an inte-
grative framework that underscores IBD’s multisystem nature. These insights can serve as
a reference for future mechanistic, clinical, and translational studies aimed at linking gut
and brain pathophysiology. While our analyses rely on baseline (non-diseased) datasets
and require functional validation in disease-specific models, they establish a transparent
resource for guiding hypothesis generation and study design—particularly for emerging
approaches using patient-derived systems such as iPSC-based gut–brain organoids. By
positioning IBD within a broader genetic and molecular context that encompasses both
intestinal and neural domains, this synthesis promotes a more integrated understanding of
pathogenesis and provides a reference point for precision-medicine strategies addressing
the gastrointestinal and neurological dimensions of the disorder.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biology14101433/s1, Figure S1: Genetic overlap analysis between
IBD and neurodevelopmental/psychiatric disorders. (a) GWAS Dataset Summary. A bar chart
showing the number of unique genes and studies per condition from GWAS Catalog downloads
(2024). IBD: Inflammatory Bowel Disease (1029 genes, 87 studies); ASD: Autism Spectrum Disorder
(1062 genes, 28 studies); ADHD: Attention Deficit Hyperactivity Disorder (1714 genes, 43 studies);
Depression (2473 genes, 97 studies); SCZ: Schizophrenia (3193 genes, 103 studies). (b) Genetic
Overlap Enrichment Analysis. Enrichment ratios (observed/expected) for genetic overlap between
IBD and neurodevelopmental/psychiatric disorders. Numbers above bars indicate the count of
overlapping genes. The dashed line indicates no enrichment (ratio = 1). All comparisons showed
significant enrichment: ADHD (143 genes, p < 0.001), ASD 106 genes, p < 0.001), Depression (188 genes,
p < 0.001), SCZ (238 genes, p < 0.001). Statistical significance: *** p < 0.001, ** p < 0.01, * p < 0.05,
ns = not significant. (c) Odds Ratios for Genetic Overlap. A forest plot showing odds ratios (OR) with
95% confidence intervals for genetic overlap between IBD and brain disorders. Y-axis is presented on
log scale. The dashed line indicates no association (OR = 1). All disorders showed significant positive
association with IBD: ADHD (OR = 1.79, n = 143), ASD (OR = 2.16, n = 106), Depression (OR = 1.63,
n = 188), SCZ (OR = 1.63, n = 238). Statistical significance: *** p < 0.001, ** p < 0.01, * p < 0.05,
ns = not significant. (d) Pairwise Genetic Overlap Significance Matrix. A heatmap showing pairwise
comparisons between all conditions (IBD, ADHD, ASD, Depression, SCZ). Color intensity represents
-log10(adjusted p-value), with darker colors indicating higher statistical significance. Numbers within
cells show odds ratio and gene overlap count (n). The matrix demonstrates significant genetic
overlap between IBD and all tested neurodevelopmental/psychiatric disorders, with the strongest
associations observed for ADHD-ASD (OR = 28.82, n = 667) and ASD-SCZ (OR = 14.08, n = 721).
Figure S2: Chromosomal distribution of IBD-associated genetic variants. (a) IBD Genetic Variants
Distribution. Circos plot showing the chromosomal distribution of all IBD-associated genetic variants
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(n = 154) across chromosomes 1–22. Variants are color-coded by statistical significance: genome-
wide significant (p < 1 × 10−8), suggestive (1 × 10−8 ≤ p < 1 × 10−5), and nominal (p ≥ 1 × 10−5).
Chromosomes are arranged circularly. Genetic variants are plotted based on their genomic position
along each chromosome, with their statistical significance indicated by color. (b) Crohn’s Disease SNPs
Distribution. Chromosomal distribution of Crohn’s disease-specific single nucleotide polymorphisms
(SNPs) (n = 88) across all chromosomes. The plot shows the genomic locations of CD-associated
variants with the same significance thresholds as panel A. (c) Ulcerative Colitis SNPs Distribution.
Chromosomal distribution of ulcerative colitis-specific SNPs (n = 66) across all chromosomes. The plot
displays the genomic locations of UC-associated variants, demonstrating the distinct but overlapping
genetic architecture between the two main IBD subtypes. All genetic variants were obtained from
GWAS studies and represent established disease associations. The distribution patterns reveal both
shared and distinct genetic loci contributing to IBD pathogenesis. Figure S3: Differential expression
patterns of IBD-associated genes in brain and gastrointestinal tissues. (a) Mean expression in brain
regions. Bar chart showing mean expression levels (TPM) of 413 IBD-associated genes across 13 brain
regions from GTEx data. Brain regions are ranked by expression level, with cerebellar hemisphere
(19.1 TPM) and cerebellum (18.7 TPM) showing the highest expression levels. One-way ANOVA
revealed significant differences between brain regions (p = 6.37 × 10−9). Numbers above bars indicate
mean TPM values. (b) Mean expression in gastrointestinal (GIT) regions. Bar chart displaying
mean expression levels of IBD genes across 7 GIT regions. Esophagus muscularis (29.1 TPM) and
esophagus gastroesophageal junction (28.8 TPM) exhibited the highest expression levels. One-way
ANOVA showed no significant differences between GIT regions (p = 0.339). Numbers above bars
indicate mean TPM values. (c) Brain versus GIT comparison. Direct comparison of mean IBD gene
expression between brain (12.8 TPM) and GIT tissues (22.5 TPM). Mann–Whitney U test revealed
significantly higher expression in GIT compared to brain tissues (p = 2.04 × 10−4). Numbers above
bars indicate mean TPM values. (d) Top genes expression heatmap. Heatmap showing expression
levels of the most highly expressed IBD genes in brain and GIT tissues. The top 10 genes from each
tissue type are displayed, with ACTA2 showing the highest expression in GIT (1446.4 TPM) and
CAMK2A showing the highest expression in brain (214.4 TPM). Color intensity represents expression
level (TPM), with darker red indicating higher expression. Expression data were analyzed using
GTEx v8 RNA-seq data (n = 56,200 total genes, 413 IBD genes, 55,787 non-IBD genes). IBD genes
showed significantly higher expression compared to non-IBD genes in brain (p = 9.39 × 10−82), GIT
(p = 2.65 × 10−97), and other tissues (p = 1.17 × 10−90). Kruskal–Wallis test confirmed significant
expression differences across tissue groups for both IBD (p = 2.55 × 10−7) and non-IBD genes
(p < 2.2 × 10−16). Supplementary File S1. Raw GWAS data of IBD-Associated SNPs. This table lists
all single-nucleotide polymorphisms (SNPs) cataloged as genome-wide significant for Inflammatory
Bowel Disease (IBD), drawn from the NHGRI-EBI GWAS Catalog.
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