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Integrative transcriptomic analysis unveils FXR as a key regulator
of intestinal stemness and inflammation in ulcerative colitis
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Abstract. High-throughput transcriptomic technologies
offer a systems-level approach to unravel the mechanisms
of complex immune disorders. Inflammatory Bowel Disease
(IBD), a classic example of such disorders, involves intricate
interactions between genetics, microbiota and immune
dysfunction. The nuclear receptor farnesoid X receptor (FXR)
is implicated in IBD, but its precise mechanisms remain
unclear. To investigate the role of FXR in ulcerative colitis
(UC), the present study employed an integrative transcrip-
tomic strategy, combining bulk transcriptomics (GSE75214,
GSE13367 and GSE87466) and single-cell RNA-sequencing
data (GSE116222) of human UC samples obtained from the
Gene Expression Omnibus database. Subsequently, these find-
ings were validated in a dextran sulfate sodium-induced colitis
model using FXR global knockout mice. The results revealed
that FXR expression is downregulated in UC and co-localizes
with the stem cell marker CD133 in intestinal crypts. FXR
deficiency exacerbated dextran sulfate sodium-induced colitis,
impaired the expression of stemness-associated transcription
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factors (octamer-binding transcription factor 3/4, homeobox
protein NANOG, transcription factor SOX2 and Sal-like
protein 4), and activated the NF-«xB pathway, leading to
increased production of pro-inflammatory cytokines, specifi-
cally TNF-a and IL-1p. By integrating bulk and single-cell
transcriptomics with genetic validation, the present study
uncovered an FXR-dependent mechanism linking intestinal
stem cell dysfunction to NF-kB-driven inflammation in colitis,
and established a generalizable multi-layer transcriptomic
dissection strategy for complex inflammatory disorders.

Introduction

Inflammatory Bowel Disease (IBD) is a group of chronic
non-specific inflammatory disorders of the intestine, mainly
including ulcerative colitis (UC) and Crohn's Disease (CD) (1).
In recent years, with changes in lifestyle (such as the adop-
tion of westernized high-fat diets and increased psychological
stress) and environmental factors (including rapid urbaniza-
tion, increased exposure to pollution and frequent antibiotic
use), the global incidence of IBD has continued to rise, partic-
ularly in developing countries (2,3). Patients with IBD often
present with symptoms such as abdominal pain, diarrhea and
mucopurulent bloody stools. The condition is prone to relapse,
severely affecting patient quality of life. Certain patients may
even progress to colorectal cancer, imposing a heavy burden
on healthcare systems (4). Although research on IBD has
made some progress, its pathogenesis remains incompletely
elucidated. IBD is generally considered to result from the
combined effects of multiple factors, including genetic
susceptibility, gut microbiota dysbiosis, immune dysfunction
and intestinal epithelial barrier damage (5-9). Integrative tran-
scriptomic approaches, particularly the combination of bulk
tissue sequencing and single-cell resolution, may facilitate the
elucidation of complex molecular networks underlying IBD.
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By investigating these transcriptional layers, researchers can
uncover critical cellular crosstalk and identify key regulatory
nodes driving the disease.

Farnesoid X receptor (FXR) is a member of the nuclear
receptor superfamily, initially discovered as an endog-
enous ligand receptor for bile acids and playing a central
role in regulating bile acid metabolic balance (10). With
progress in research, the physiological functions of FXR
have continuously expanded, and its roles in maintaining
intestinal homeostasis, regulating intestinal epithelial cell
proliferation and differentiation, and suppressing inflam-
matory responses have gained increasing attention (11-13).
Abnormal FXR expression has been demonstrated in
various intestinal disease models. For example, in dextran
sulfate sodium (DSS)-induced colitis and trinitrobenzene
sulfonic acid-induced CD models, FXR expression levels are
notably reduced, while FXR activation can alleviate mucosal
damage by inhibiting intestinal inflammatory responses (14).
However, the specific pathological significance of FXR
downregulation in colitis and the downstream regulatory
networks through which it participates in colitis development
require further clarification.

Intestinal stem cells (ISCs), located at the base of intes-
tinal crypts, continuously replenish intestinal epithelial cells
through self-renewal and differentiation, maintaining the
integrity of the intestinal epithelial barrier. They are a key
component in intestinal mucosal damage repair (15). CD133,
a transmembrane glycoprotein, is a recognized surface marker
of ISCs, and its expression level is closely related to the stem-
ness maintenance and functional activity of ISCs (16). When
the intestine suffers inflammatory damage, the proliferative
activity of ISCs becomes compromised and their stemness
characteristics are markedly diminished, typically manifesting
as a decline in self-renewal capacity and the downregulation
of essential stemness markers. Impaired stem cell function
diminishes intestinal epithelial repair and exacerbates the
progression of inflammation (17). Currently, there is limited
research on the relationship between FXR and intestinal stem
cell function. Whether FXR participates in the pathological
process of colitis by regulating intestinal stem cell activity has
not been reported.

Uncontrolled inflammation is a core pathological feature
of IBD, and the abnormal activation of the NF-kB signaling
pathway is considered a key link in the massive release of
pro-inflammatory factors (18). Upon activation, the NF-kB
pathway can promote the transcription and production of
pro-inflammatory factors, such as IL-6 and IL-1p, creating
an amplification effect of inflammation and aggravating
intestinal mucosal damage (19). Furthermore, stemness tran-
scription factors, such as octamer-binding transcription factor
3/4 (OCT3/4), homeobox protein NANOG, transcription factor
SOX2 and Sal-like protein 4 (SALL4), are core molecules
maintaining the self-renewal and stemness characteristics
of ISCs. Their aberrant expression directly affects stem cell
function (20). It has been shown that FXR can modulate
inflammation by downregulating the NF-kB signaling pathway
and may also positively regulate stemness maintenance (21).
However, whether FXR exerts its effects by regulating these
stemness factors and inflammation-related molecules in the
context of colitis still requires experimental validation.

In the present study, a coordinated transcriptomic inves-
tigation was applied to dissect the role of FXR in UC. Bulk
transcriptomic data were used for discovery, single-cell
transcriptomics were used for cellular resolution, and a
genetic mouse model was used for functional validation. The
present study not only clarified a key mechanistic pathway in
colitis but also demonstrated the utility of a multi-layer tran-
scriptomic framework in deconstructing immune-epithelial
interactions.

Materials and methods

Single-cell RNA sequencing (scRNA-seq). All bioinfor-
matics analyses in the present study were performed using
R software (version 4.3.3; R Foundation for Statistical
Computing). Furthermore, all bioinformatics packages
described here and below (including ‘harmony’, ‘edgeR’,
‘limma’, ‘DESeq2’, ‘WGCNA’ and ‘clusterProfiler’) are
R-based packages. scRNA-seq data from three human
UC samples were downloaded from the Gene Expression
Omnibus (GEO) database (https://www.ncbi.nlm.nih.
gov/geo/; GSE116222) (22) and processed using the ‘Seurat’
package (v4.3.0) within the R environment. Data quality was
assessed, normalized using the ‘NormalizeData’ function,
and the top 2,000 highly variable genes were identified
with ‘FindVariableFeatures’. Batch effects were corrected
using the ‘harmony’ package (v1.2.0) (23). Cell clustering
was performed with ‘FindNeighbors’ and ‘FindClusters’
(resolution=0.8) and visualized via Uniform Manifold
Approximation and Projection. Cell types were annotated
based on marker genes from the CellMarker database
(http://xteam.xbio.top/CellMarker/). Furthermore, the
AddModuleScore function implemented in the ‘Seurat’
package (v4.3.0) was utilized to evaluate the activity of
specific signaling pathways (such as the NF-kB pathway)
at the single-cell level. This function calculates the average
expression levels of a predefined target gene set for each cell,
calibrated against the aggregated expression of randomly
selected control gene sets.

Bulk transcriptomic analysis. Bulk RNA-seq datasets from
control individuals and patients with IBD, including GSE75214
(97 UC, 8 CD and 11 controls) (24), GSE13367 (16 inflamed
UC, 18 non-inflamed UC and 20 controls) (25) and GSE87466
(87 UC and 21 controls) (26), were obtained from GEO.
Differentially expressed genes (DEGs) in these datasets were
identified using the ‘edgeR’ (v3.40.0), ‘limma’ (v3.54.0) and
‘DESeq2’ (v1.38.0) packages in R, with screening criteria of
llog2FCI>1 and P<0.05 (27-30). The intersection of the results
from these methods was calculated using the ‘intersect()’
function in R, and the overlapping genes were defined as the
final DEG set.

Construction of co-expression network. Weighted Gene
Co-expression Network Analysis (WGCNA) offers a compre-
hensive analytical framework for clustering genes sharing
analogous expression patterns (31). In the present study,
the “‘WGCNA’ package in R was employed to construct a
co-expression network based on the GSE116222 dataset,
specifically exploring the association between FXR and
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CD133 in intestinal cells. Subsequently, a correlation matrix
was generated using the WGCNA package to analyze the
association between FXR and distinct modules derived from
GSES87466. This specific dataset was selected for WGCNA
and subsequent Gene Set Enrichment Analysis (GSEA)
because it provides a large, focused cohort strictly comparing
UC and healthy controls (n=108). This avoids the confounding
disease heterogeneity (such as the presence of CD) or varying
inflammatory states present in the other cohorts, thereby
ensuring optimal statistical power and biological clarity for
network construction and pathway analysis. After selecting an
optimal soft threshold (power==8) based on scale-free topology
criteria (R2>0.85), the correlation matrix was transformed into
an adjacency matrix, and a topological overlap matrix (TOM)
was derived. Genes demonstrating similar expression profiles
were clustered into cohesive modules through average linkage
hierarchical clustering, employing the TOM-based dissimi-
larity measure. Modules with a dissimilarity index <0.25
were merged. The modules exhibiting the strongest positive
or negative correlations with FXR expression, characterized
by the highest absolute Pearson correlation coefficients and
showing statistical significance (P<0.05), were selected as the
focal points for deeper investigation.

GSEA. The GSE87466 cohort was stratified into high
and low expression groups based on median FXR expres-
sion. Differential expression analysis was performed using
‘DESeq2’. GSEA was then conducted on the entire transcrip-
tome using the ‘ClusterProfiler’ package, with a significance
threshold of P<0.05.

Functional enrichment analysis. Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analyses were performed on the key module genes
identified via WGCNA. The analyses were conducted using
the ‘clusterProfiler’ package (v4.6.0) in R. The GO database
(http://geneontology.org/) was used for annotating biological
processes, cellular components and molecular functions,
while the KEGG database (https://www.genome.jp/kegg/) was
utilized to identify significantly enriched signaling pathways.
The threshold for identifying statistically significant GO terms
and KEGG pathways was set at an adjusted P<0.05.

Reagents and instruments. DSS (molecular weight,
36-50 kDa) was purchased from MP Biomedicals,
LLC. Anti-FXR (cat. no. 25055-1-AP), anti-leucine-rich
repeat-containing G-protein coupled receptor 5 (LGRS5) anti-
body (cat. no. 30007-1-AP, for western blotting), anti-CD133
(cat. no. 18470-1-AP), anti-SALL4 (cat. no. 24500-1-AP),
anti-TNF-a (cat. no. 17590-1-AP), anti-IL-1f (cat.
no. 16806-1-AP) and anti-NF-kB p65 (cat. no. 66535-1-Ig)
antibodies were purchased from Proteintech Group, Inc.
Anti-LGRS5 [cat. no. YM9275, for immunohistochem-
istry (IHC) and immunofluorescence (IF)], anti-OCT3/4
(cat. no. YMO0485), anti-NANOG (cat. no. YM8110) and
anti-SOX2 (cat. no. YM9292) antibodies were purchased from
ImmunoWay Biotechnology Company. GAPDH antibody (cat.
no. AF0006), a-tubulin antibody (cat. no. AF2831) and RIPA
lysis buffer (cat. no. PO013B) were purchased from Beyotime
Biotechnology. The mouse/rabbit triple-target four-color
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multiplex immunofluorescence kit (cat. no. RS0035) was
purchased from ImmunoWay Biotechnology Company. The
kit includes the HRP-polymer anti-rabbit/mouse secondary
antibody, 488-labeled Tyramide (green fluorescence),
594-labeled Tyramide (red fluorescence), anti-fade mounting
medium with DAPI and high-temperature antibody stripping
buffer. The ready-to-use streptavidin-biotin complex-peroxi-
dase Mouse/Rabbit IgG immunohistochemistry staining kit
(cat. no. SA1020) (containing a ready-to-use HRP-conjugated
universal anti-mouse/anti-rabbit secondary antibody) was
purchased from Boster Biological Technology. DMEM
high-glucose (cat. no. KGL1211) was purchased from Nanjing
KeyGen Biotech Co.,Ltd.,and penicillin-streptomycin solution
(cat. no. VC2003) was purchased from VICMED. The Tanon
High-sig ECL Western Blotting Substrate (cat. no. 180-5001)
was purchased from Tanon Science & Technology Co., Ltd. A
chemiluminescence instrument (Nanjing Zhiheng Intelligent
Technology Co., Ltd.) was utilized for gel imaging.

Experimental animals. FXR global knockout (KO; FXR™)
mice (C57BL/6 background) were obtained from Jackson
Laboratory. Wild-type (WT) C57BL/6 mice were purchased
from GemPharmatech Co. Ltd. All mice were housed in
a specific pathogen free-grade animal facility under stan-
dard controlled conditions (temperature, 22+2°C; humidity,
50+10%; 12/12-h light/dark cycle) with ad libitum access to
standard rodent chow and water. After 1 week of acclima-
tization, a total of 24 male mice aged 8-10 weeks, weighing
20-22 g, were selected for experiments (n=6 per group). All
animal experimental procedures were approved by the Medical
Ethics Committee of Anhui Medical University (approval
no. LLSC-20232140; Hefei, China).

In vivo functional validation in a genetic model. FXR™ and
WT mice were randomly assigned to control or model groups.
Model group mice received 3% DSS in sterile drinking water
ad libitum for 7 days, followed by normal water for 3 days.
Control mice received normal water throughout. Body
weight, stool consistency and rectal bleeding were recorded
daily. To minimize animal suffering, humane endpoints were
established in accordance with ethical guidelines. Criteria
for immediate euthanasia included rapid weight loss >20%
of the initial body weight, severe lethargy, inability to access
food or water or persistent severe rectal prolapse. During the
experimental period, no mice met these predefined humane
endpoints prior to the scheduled experimental endpoint.

On day 11, mice were euthanized by cervical disloca-
tion. Colon length (cecum to anus) was measured. Mid-colon
segments were harvested and briefly washed with cold DMEM
(high glucose) supplemented with 1% penicillin-streptomycin
to remove fecal contents and prevent bacterial contamination.
One part was fixed in 4% paraformaldehyde at room tempera-
ture for 24 h, paraffin-embedded and sectioned (4 ym) for
H&E staining, IHC and IF, and the other part was snap-frozen
in liquid nitrogen for western blotting.

Human sample collection and processing. Human colon
tissue samples were prospectively collected from 30 patients
at Xuzhou Rehabilitation Hospital (Xuzhou, China) between
June 2023 and June 2025. The cohort included 20 patients
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with pathologically confirmed active UC and 10 healthy
controls. The healthy control samples were obtained from
macroscopically normal tissues of patients undergoing
screening colonoscopy or surgery for non-inflammatory,
non-malignant conditions. The UC group comprised
13 men and 7 women (mean age, 45.6+8.4 years), while
the control group consisted of 8§ men and 2 men (mean age,
46.2+7.5 years).

The inclusion criteria for patients with UC were confirmed
clinical, endoscopic and histological diagnosis of UC. The
exclusion criteria included: i) CD or indeterminate colitis;
ii) colorectal cancer or other intestinal malignancies; iii) severe
systemic infections; and iv) prior treatment with targeted
biologics. All procedures were approved by the Medical Ethics
Committee of Xuzhou Rehabilitation Hospital (approval
no. XK-LW-20230529-014).

IF. Paraffin sections were deparaffinized in xylene,
rehydrated in descending ethanol series and subjected to
antigen retrieval in 10 mM citrate buffer (pH 6.0) at 100°C.
Endogenous peroxidase was blocked with 3% H,0,. Sections
were blocked with 5% BSA (Sigma-Aldrich; Merck KGaA)
at room temperature for 30 min. Subsequently, multiplex
immunofluorescence was performed using the mouse/rabbit
triple-target four-color multiplex immunofluorescence kit
according to the manufacturer's instructions. Briefly, sections
were subjected to sequential staining cycles. In each cycle,
tissue sections were incubated overnight at 4°C with the
primary antibody (rabbit anti-FXR at 1:200, rabbit anti-CD133
at 1:150 or rabbit anti-LGRS at 1:1,000). After washing with
PBS containing 0.1% Tween-20, sections were incubated
with the kit-provided HRP-polymer anti-rabbit/mouse
secondary antibody. The fluorescent signals were then
developed using specific fluorophore-conjugated Tyramide
substrates (488-labeled Tyramide for green fluorescence or
594-labeled Tyramide for red fluorescence). After signal
visualization, the slides were subjected to microwave heating
in the high-temperature antibody stripping buffer to remove
the bound antibodies before initiating the next staining cycle
for the subsequent target. Following the completion of all
staining cycles, sections were mounted and nuclei were coun-
terstained simultaneously using the ready-to-use anti-fade
mounting medium with DAPI at room temperature. Images
were subsequently acquired using a confocal microscope
and analyzed with ImagelJ software (version 1.54; National
Institutes of Health).

Western blotting. Frozen colon tissue was homogenized in
RIPA lysis buffer (containing 1% protease inhibitor and 1%
phosphatase inhibitor) on ice, followed by centrifugation
(12,000 x g, 4°C, 15 min) and collection of the supernatant.
Protein concentration was determined using the BCA method.
After adjusting the protein concentration in each sample, 5X
loading buffer was added and samples were boiled at 95°C for
5 nim. A total of 30 ug of protein per sample was subjected
to SDS-PAGE and then transferred to a PVDF membrane.
Membranes were blocked with 5% skimmed milk at room
temperature for 2 h, followed by incubation with primary
antibodies (FXR, OCT3/4, NANOG, SOX2, SALL4, TNF-a,
IL-1p and NF-xB p65, all at 1:1,000; GAPDH and a-tubulin at

1:1,000) overnight at 4°C. After washing with TBS containing
0.1% Tween-20 buffer, an appropriate HRP-conjugated
secondary antibody (1:5,000; anti-rabbit or anti-mouse
depending on the host species of the primary antibody) was
applied and incubated at room temperature for 1 h. Signals
were visualized using an ECL chemiluminescence kit, and
images were captured using a gel imaging system. The gray-
scale value ratio of target proteins to the internal reference was
quantified using ImagelJ software (version 1.54).

Histology and IHC. For histological analysis, paraffin-
embedded colon sections (4 ym) were subjected to H&E
and periodic acid-Schiff (PAS) staining. For H&E staining,
sections were deparaffinized, rehydrated, and stained with
hematoxylin for 5 min at room temperature, followed by eosin
staining for 2 min at room temperature. For PAS staining,
sections were incubated with periodic acid solution for 10 min
at room temperature, rinsed with deionized water, and then
stained with Schiff reagent for 15 min at room temperature in
the dark.

For THC, paraffin sections were deparaffinized in xylene
and rehydrated in a descending ethanol series. Antigen
retrieval was performed in 10 mM citrate buffer (pH 6.0) at
100°C for 15 min, followed by treatment with 3% H,O, for
10 min to block endogenous peroxidase activity. Sections were
then blocked with 5% BSA at room temperature for 30 min.
Subsequently, sections were incubated overnight at 4°C with
primary antibodies against OCT3/4, SOX2, LGRS and FXR
at 1:200. The kit-provided ready-to-use HRP-conjugated
universal anti-mouse/rabbit secondary antibody was applied
and incubated for 30 min at room temperature, followed by
3,3'-diaminobenzidine development and counterstaining with
hematoxylin for 5 min at room temperature. Representative
images were captured using a light microscope (Olympus
Corporation).

Statistical analysis. Statistical analysis was performed using
SPSS 26.0 software (IBM Corp.), and graphs were plotted
using GraphPad Prism 8.0 (Dotmatics). Data are presented
as the mean =+ standard deviation. Comparisons between
two groups were performed using an independent samples
Student's t-test. Comparisons among multiple groups were
performed using one-way ANOVA followed by Tukey's
post hoc test. Correlation analyses between gene expression
levels or module eigengenes were evaluated using Pearson's
correlation coefficient. P<0.05 was considered to indicate a
statistically significant difference.

Results

Integrative analysis identifies FXR downregulation as a key
feature of colitis. Integrative analysis of bulk transcriptomic
datasets (GSE13367, GSE75214 and GSE87466) revealed
consistent and significant downregulation of FXR in human
UC tissues compared with controls (Fig. 1A-C). Analysis
of single-cell data (GSE116222) confirmed this finding at
a cellular resolution, showing a gradient of FXR loss from
normal to inflamed tissue (Fig. 1D). This cross-omics vali-
dation highlighted FXR downregulation as a robust feature
of the colitis molecular landscape. To investigate FXR
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Figure 1. Integrative analysis identifies FXR downregulation as a key feature of UC. Analysis of the bulk transcriptomic datasets (A) GSE13367, (B) GSE75214
and (C) GSE87466 showed significantly lower FXR expression in UC tissues compared with that in controls. (D) Single-cell RNA-sequencing (GSE116222)
analysis revealed FXR expression across intestinal cell types. The color key represents the normalized expression level of NR1H4 (the official gene symbol
encoding FXR), transitioning from gray (no expression) through yellow and red to dark purple (highest expression). Analysis showed high expression in normal
tissue and progressive decrease in inflamed tissue. (E) Representative macroscopic images of the large intestines and spleens from the Control and UC groups.
(F) Quantification of the large intestine length. (G) Quantification of the large intestine weight. (H) Quantification of the spleen weight. (I) Body weight loss over
time in DSS-treated mice. Immunohistochemistry staining of FXR in (J) human and (K) mouse colon tissues showed reduced FXR-positive cells in the DSS
group. Scale bar, 2,000 ym (low magnification); 200 ym (high magnification). (L) Western blot analysis confirmed FXR protein downregulation in DSS-treated
mouse colon tissue. (M) Densitometric quantification of FXR protein expression levels relative to GAPDH. Data are presented as the mean + SD. n=6 per group
for macroscopic evaluations and n=3 per group for western blotting. "P<0.05; “P<0.01; *“P<0.001; “"P<0.0001. FXR, farnesoid X receptor; UC, ulcerative colitis;
CD, Crohn's disease; DSS, dextran sulfate sodium; UMAP, Uniform Manifold Approximation and Projection; WT, wild-type; TPM, transcripts per million.
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Figure 2. Single-cell resolution maps FXR co-localization to the intestinal stem cell compartment. (A) Single-cell RNA-sequencing (GSE116222) revealed
overlapping expression patterns of FXR with the stem cell marker PROM1 (CD133) in UMAP projection. The color key represents the normalized expression
level, transitioning from gray (low/no expression) to dark purple (high expression). (B) Cell type annotation based on the CellMarker database identified five
major intestinal cell populations, (C) with feature plots showing distribution of marker genes. The dot color represents the average expression level of marker
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respective gene. (D) Co-expression analysis demonstrated correlation between FXR and CD133 in intestinal epithelial cells. The color key indicates the joint
expression density of NR1H4* and PROMI*, transitioning from black (low density) through purple and orange to bright yellow (high density). NR1H4 is the
official gene symbol encoding FXR. (E) Immunofluorescence staining of colon tissue from control and DSS mice confirmed co-localization of FXR (green)
with CD133 (red) in colonic crypts. Nuclei are counterstained with DAPI (blue). Scale bar, 200 gm. (F) Immunofluorescence staining of colon tissue from
control and DSS mice confirmed co-localization of FXR (green) with LGRS (red) in colonic crypts. Scale bar, 200 ym. Data are representative of three inde-
pendent experiments. FXR, farnesoid X receptor; DSS, dextran sulfate sodium; UMAP, Uniform Manifold Approximation and Projection; LGRS, leucine-rich

repeat-containing G-protein coupled receptor 5; MSC, Marker-defined Stem Cell.

expression in vivo, a mouse model of DSS-induced IBD was
established. The results showed that the length and weight
of the large intestine in the DSS group were both signifi-
cantly shorter than those of the control group (Fig. 1E-G).
The spleen weight in the DSS group increased significantly
(Fig. 1H). Concurrently, mouse body weight progressively
decreased over time (Fig. 1I). IHC was further used to detect
the expression and tissue localization of FXR in human
and mouse colon tissue sections. The results revealed that
the number of FXR* cells and intensity of FXR staining
decreased in the UC and DSS groups compared with those in
the control groups, indicating downregulation of expression
(Fig. 1J and K). Western blot analysis consistently showed
downregulation of the FXR protein in DSS-treated mouse
colon compared with the control group (Fig. 1L and M). These
results demonstrated that FXR expression is downregulated
in colitis.

Single-cell resolution maps FXR co-localization to the ISC
compartment. While the multi-layer transcriptomic analysis
revealed reduced FXR expression in colitis, the precise
cellular populations affected remained unclear. Therefore,
scRNA-seq data analysis was performed to localize FXR
within the intestinal epithelium and assess its co-expression
with the stem cell marker CD133 (32). Analysis of the
scRNA-seq dataset GSE116222 revealed overlapping expres-
sion patterns of FXR with the canonical stem cell marker
CD133 (PROM1) (Fig. 2A). Based on the CellMarker data-
base, the single-cell data were annotated and categorized
into five major cell types (Fig. 2B and C). Within the epithe-
lial compartment, a CD133-high population was defined
within the Marker-defined Stem Cell cluster (MSC_like
cluster) and FXR expression was found to be specifically
co-localized with this population (Fig. 2D). Simultaneously,
immunofluorescence staining of mouse colon tissue revealed



1n| SPANDIDOS
¥ PUBLICATIONS

INTERNATIONAL JOURNAL OF MOLECULAR MEDICINE 58: 200, 2026

1.04 * 3k ok ok

Weight of
large intestine (g)

0.0

A o
' FXR-KO :
~ ) 9 2
01 2 3 4 5 6 7 8 10 M 3
—O0—0—0—0—0—0—"0—0—10—0—0— 4
| | i 3
6

3% DSS water Normal water Sacrifice 7

8

()

1

2!

WT 4
KO A
WT-DSS

o
ik
kopss{ @

O
m

19 % % %k %k
= G
oS 81 <
ESIpY 8
5SS 61 2
£ 8 2
BE :
_I% 5 S
s 2
o T T T T
E O @ 0
O ®
= %38 3
'_
s 2
G H&E
WT

2000 um

0.20

0.15+

0.10 4

0.05

0.00

10
*k :\"\
,_| i o_ ...........................
o
=
g 101 wr
= -o- KO
S —20- *
-g-’ -»- WT-DSS
= -o- KO-DSS
EEEEREREEE
= O u o
2 X 8 8 Days
'_
g ¢
H PAS
WT FXR-KO
2000 pm 2000 um
; ;.' A NN
A A R
200 pm A ‘206 i,lm

Figure 3. Functional validation in a genetic model confirms the pathogenic role of FXR loss. (A) Schematic of the experimental design for the FXR KO (FXR™)
mouse colitis model. (B) Representative macroscopic images of the colons from WT and FXR™ mice. (C) Quantification of the colon weight. (D) Shortened
colon length in the FXR” DSS group compared with that in the WT DSS group. (E) Spleen weight was significantly elevated in the FXR™ DSS group.
(F) Progressive body weight decline over time in FXR” DSS mice. Representative images of (G) H&E and (H) PAS staining revealed severe mucosal damage,
inflammatory infiltration and gland disruption in FXR” DSS colon tissues. Scale bar, 2,000 ym (low magnification); 200 ym (high magnification). Data
are presented as the mean + SD. n=6 per group. "P<0.05; “P<0.01; """P<0.0001. FXR, farnesoid X receptor; DSS, dextran sulfate sodium; PAS, periodic
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notable yellow overlapping signals between FXR (green fluo-
rescence) and CD133 (red fluorescence) in colonic epithelial
cells, indicating co-localization between FXR and the ISC
marker CDI133 at the cellular level (Fig. 2E). To definitively
confirm the presence of FXR in the crypt base columnar
(CBC) stem cell niche, additional in vivo validation was
performed using the gold-standard ISC marker LGRS (33).
Immunofluorescence staining demonstrated that LGR5* cells
were strictly localized to the base of the intestinal crypts
(Fig. 2F). Upon DSS-induced injury, a compensatory expan-
sion of LGR5" cells was observed in WT mice, representing
a classical mucosal regenerative response. FXR expression
exhibited marked co-localization with LGRS within these
CBC cells in DSS-induced mice, supporting its direct
regulatory role within the active stem cell niche.

Functional validation in a genetic model confirms the patho-
genic role of FXR loss. The FXR” mouse model was used
to functionally test the hypotheses generated from human
omics data. The experimental design for the FXR” mouse
colitis model is shown in Fig. 3A. Tissue index measurements
showed that compared with the WT-DSS group, the KO-DSS
group had a markedly decreased colon weight and shortened
colon length (Fig. 3B-D). The spleen weight in the KO-DSS
group exhibited a substantial increase compared with that in
the WT-DSS group (Fig. 3E). Furthermore, the body weight of
KO-DSS mice progressively declined over time relative to that
of the WT-DSS group (Fig. 3F). H&E and PAS staining results
showed that the WT model group exhibited partial epithelial
damage and inflammatory cell infiltration in the colonic
mucosa. By contrast, the FXR” model group displayed severe
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Figure 4. Integrative analysis links FXR to stemness and metabolic pathways. (A) Western blot analysis revealed a notable downregulation of LGR5 and
core stemness-associated transcription factors (SALL4, OCT3/4 and NANOG) in colon tissues of FXR” DSS mice compared with those of WT DSS
controls, reflecting the collapse of the functional stem cell pool and its transcriptional network. (B) Densitometric quantification of protein expression levels.
(C) Representative IHC images showing the decreased expression of stemness-associated factors and LGRS in the epithelial and crypt regions of FXR” DSS
mice. Scale bar, 2,000 ym (low magnification); 200 zm (high magnification); 100 ym (LGRS magnification); and 50 zm (LGRS crypt base high-magnification
insets). (D) Weighted Gene Co-expression Network Analysis of the GSE87466 transcriptome identified a gene module (MEbisque4) significantly correlated
with FXR expression. The values outside the brackets represent the Pearson correlation coefficients, and the values inside the brackets represent the corre-
sponding P-values. (E) Genes highly correlated with both FXR and the MEbisque4 module were selected. (F) KEGG and (G) GO enrichment analysis of
the selected module genes revealed associations with lipid and glucose metabolism pathways. Data are presented as mean + SD. n=3 per group for western
blotting and THC. **“P<0.0001. IHC, immunohistochemistry; FXR, farnesoid X receptor; DSS, dextran sulfate sodium; WT, wild-type; KO, knockout;
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Figure 5. Integrative multi-layer network connects FXR to inflammatory signaling. (A) Weighted Gene Co-expression Network Analysis of the GSE87466
transcriptome identifies a gene module (MEdarkmagenta) negatively correlated with FXR expression. Genes highly correlated with both FXR (negative)
and the MEdarkmagenta module were selected. (B) GO enrichment analysis of the selected module genes highlighted immune-related biological processes,
including ‘leukocyte cell-cell adhesion’ and ‘leukocyte-mediated immunity’. (C) KEGG pathway analysis showed significant enrichment in ‘TNF signaling
pathway’, ‘B cell receptor signaling pathway’ and ‘NF-kB signaling pathway’. FXR, farnesoid X receptor; GO, Gene Ontology; KEGG, Kyoto Encyclopedia
of Genes and Genomes; BP, biological process; MF, molecular function; CC, cellular component.

disruption of colonic mucosal structure, loss of epithelial layer
integrity, massive inflammatory cell infiltration in the lamina
propria, disorganized or even absent glands and notably aggra-
vated pathological damage (Fig. 3G and H). These results
confirmed the central pathogenic role of FXR loss inferred
from transcriptional data.

Integrative analysis links FXR to stemness and metabolic
pathways. To functionally determine if FXR is required
for the maintenance of this stem cell pool during severe
inflammation, protein expression levels were assessed in
the FXR” DSS model. Western blot analysis revealed a
notable downregulation of LGRS protein levels in the colon
tissues of FXR” DSS mice compared with those of WT DSS
controls (Fig. 4A), indicating a failure to maintain the stem
cell niche. Consistent with this depletion of the primary CBC

stem cell population, notably reduced protein levels of core
stemness-associated transcription factors were also observed,
including SALL4, OCT3/4 and NANOG in FXR’ DSS mice
(Fig. 4A and B). Consistent with the protein expression data,
ITHC demonstrated a marked decrease in the positive staining
area and intensity for SOX2 and OCT3/4 in the epithelial and
crypt regions of the FXR” DSS colon (Fig. 4C). Furthermore,
high-magnification IHC images confirmed the spatial deple-
tion of the LGRS5* population. Specifically, LGR5* signals,
which are tightly related to the CBC cells, were diminished
in both intensity and cell number compared with those in WT
DSS controls (Fig. 4C). This localized loss of the LGR5* pool
consistently aligns with the western blot findings, further
validating the collapse of the functional stem cell niche
upon FXR deletion. Together, these data demonstrated that
FXR deficiency leads to the collapse of the ISC pool and its
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Figure 6. FXR knockout is tightly associated with NF-kB signaling activation and promotes inflammatory responses. (A) Volcano plot of differentially
expressed genes between FXR high- and low-expression groups in the GSE87466 cohort. (B) Gene set enrichment analysis showed significant activation of the
NF-«B pathway in the FXR-low expression group. Negative correlations between FXR and NF-kB-related genes, including (C) TNF, (D) IL-1, (E) RELA and
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associated regenerative protein network, thereby impairing
mucosal repair.

To explore the broader regulatory network underlying
this phenotype, WGCNA was performed on the GSE87466
transcriptome. While multiple modules displayed statistical
significance, the MEbisque4 module was specifically selected
for downstream analysis because it exhibited the strongest
positive correlation with FXR expression (highest correlation
coefficient and lowest P-value) (Fig. 4D). This strong positive
co-expression indicates that genes within the MEbisque4
module are most tightly co-regulated with FXR, making it the
optimal candidate for representing the homeostatic biological
functions lost during FXR downregulation in colitis. By
applying strict filtering criteria (a Pearson correlation >0.4
with FXR and >0.8 with the MEbisque4 module), 140 core
genes were identified (Fig. 4E). Subsequent GO and KEGG
enrichment analysis revealed that these 140 genes are enriched
in lipid and glucose metabolism pathways (Fig. 4F and G).
This transcriptomic profile suggested that FXR may support
epithelial stemness and mucosal repair, at least in part, by
modulating local cellular metabolism.

Integrative multi-layer transcriptomic network connects FXR
to inflammatory signaling. WGCNA of the transcriptome
dataset GSE87466 revealed a strong negative correlation
between FXR and the MEdarkmagenta module. This suggested
that diminished FXR expression may activate specific genes,
triggering downstream biological effects. Applying filtering
criteria, an absolute Pearson correlation of >0.4 with FXR and
>0.8 with the MEdarkmagenta module, 165 key genes were
identified (Fig. 5A). Subsequent GO and KEGG enrichment
analysis were performed on these 165 genes. GO enrichment
analysis revealed that the DEGs were significantly enriched
in critical biological processes, including ‘leukocyte cell-cell
adhesion’, ‘leukocyte-mediated immunity’, ‘regulation of
immune effector process’ and ‘regulation of leukocyte
cell-cell adhesion’ (Fig. 5B). KEGG pathway analysis further
demonstrated significant enrichment of the DEGs in pivotal
signaling pathways: ‘TNF signaling pathway’, ‘B cell receptor
signaling pathway’ and ‘NF-«kB signaling pathway’ (Fig. 5C).
Collectively, these results underscored that FXR is intimately
linked to inflammatory processes.

FXR depletion is tightly associated with NF-kB signaling
activation and promotes inflammatory responses. To
investigate the relationship between FXR and inflammatory
signaling, the GSE87466 cohort was divided into FXR high-
and low-expression groups. Differential expression analysis
uncovered distinct transcriptional profiles, as illustrated in
the resulting volcano plot (Fig. 6A). Subsequently, GSEA was
performed, demonstrating marked activation of the NF-kB
signaling pathway in the FXR low-expression group (Fig. 6B).
Consistently, FXR expression showed negative Pearson corre-
lations with key NF-kB-related genes, including TNF, IL-14,
RELA and TUBB (34,35) (Fig. 6C-F).

To determine the cellular context of this association,
sub-clustering analysis was performed on epithelial-related
stem cell populations from the single-cell dataset GSE116222
(Fig. 6G and H). Stratifying these cells into FXR* and
FXR" groups and scoring NF-xB pathway activity using
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AddModuleScore revealed specific pathway activation in
FXR' cells (Fig. 6 and J). This activation was progressively
elevated across healthy tissues (lowest activation), through
non-inflamed tissues (intermediate activation) to inflamed
tissues (highest activation) (Fig. 6K), with concomitant
upregulation of NF-xB-related inflammatory genes in the
FXR' population (Fig. 6L).

Finally, these findings were validated in vivo using the
FXR" DSS colitis model. Western blot analysis showed
notably increased protein levels of TNF-a, IL-13 and NF-xB
p65 in FXR" colon tissues compared with those in WT
controls (Fig. 6M and N), indicating that FXR loss is associ-
ated with the hyperactivation of NF-«xB signaling and promotes
inflammatory responses at the functional level.

Discussion

The present study employed an integrative multi-layer tran-
scriptomic framework to dissect the mechanism of FXR in
UC. By sequentially analyzing bulk tissue cohorts, single-cell
datasets and a genetically engineered mouse model, observa-
tional association was coupled to mechanistic understanding.
FXR was identified as a critical molecular node at the intersec-
tion of epithelial stemness and immune regulation, whose loss
disrupts mucosal repair and induces inflammatory signaling.

The co-localization of FXR with CD133* ISCs, revealed by
single-cell transcriptomics and confirmed spatially, provided a
novel cellular context for FXR function. To capture the nuanced
dynamics of the ISC niche during inflammatory injury, these
findings were further corroborated using the definitive CBC
stem cell marker LGRS (33). Interestingly, WT mice exhibited
a compensatory expansion of LGR5* cells upon DSS-induced
injury, a classical mucosal regenerative response where FXR
co-localized within the active niche. However, in the absence
of FXR, this functional regenerative capacity collapsed. FXR
deficiency led to a profound global depletion of the LGR5*
stem cell pool and the concomitant downregulation of core
stemness-associated transcription factors (OCT3/4, NANOG,
SOX2 and SALL4) (20,36,37). This suggested that FXR is
indispensable not merely for the survival of the crypt niche,
but for maintaining the transcriptional fidelity and regenerative
stemness required for effective mucosal healing. Furthermore,
the strong negative correlation between FXR and an inflamma-
tory gene module, culminating in NF-kB activation, illustrated
how the loss of a single regulatory factor can destabilize the
immune-epithelial interface.

While the present results established a clear association
between FXR loss, downregulation of stemness factors and
NF-«B activation, the precise causal hierarchy of these events
remains to be fully elucidated. It is possible that FXR directly
regulates stemness gene expression through transcriptional
mechanisms, as FXR response elements have been identified
in the regulatory regions of genes involved in cell prolifera-
tion in other tissues, such as the Foxm1b gene in regenerating
liver tissue (38). Alternatively, the observed stemness impair-
ment may be secondary to the inflammatory milieu created
by NF-kB activation, which is known to suppress stem cell
function in various epithelial contexts. For example, in the
epidermal epithelium, NF-«kB signaling induces cell cycle
arrest and terminal differentiation, forcing cells to exit the
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basal stem cell pool (39). Similarly, in the intestinal epithe-
lium, excessive NF-kB-driven pro-inflammatory cytokines
tightly restrict LGR5* stem cell self-renewal and promote
skewed differentiation (40). Elucidating these interconnected
pathways will require targeted mechanistic investigations.

The present study demonstrated the utility of an integra-
tive multi-layer transcriptomic framework for deconstructing
complex immune-mediated diseases. The workflow, including
hypothesis generation from bulk data, cellular deconvolution
via single-cell analysis and causal validation in experimental
models, provides a reproducible blueprint for investigating
other candidate genes or pathways in IBD and related condi-
tions. The identified FXR-stemness-inflammation network
represents a high-resolution molecular subtyping of UC
pathology that goes beyond conventional histology.

However, several limitations of the current study should
be acknowledged. First, regarding the experimental model:
The use of global FXR knockout mice, while informative
for assessing the role of FXR, does not permit tissue-specific
dissection of its function in intestinal epithelial cells vs.
immune cells. Generation of conditional knockout mice
(such as villin-cre:FXR-flox) would help delineate the
cell-autonomous effects of FXR loss in the epithelium.
Second, concerning bioinformatic constraints: The present
analyses relied on publicly available transcriptomic datasets,
which may be subject to batch effects and clinical heteroge-
neity. Specifically, the scRNA-seq dataset used (GSE116222)
includes only three UC samples, limiting statistical power.
However, key findings like FXR downregulation and CD133
co-localization were consistently validated in large bulk tran-
scriptomic cohorts and supported functionally in vivo. Future
studies with larger scRNA-seq cohorts are warranted. Third,
regarding mechanistic depth: While the multi-layered data
robustly associated FXR deficiency with the hyperactivation
of NF-«kB signaling, direct mechanistic evidence to confirm
whether this regulation is direct or indirect is lacking. FXR
may directly bind to regulatory regions of NF-«B target genes,
or it may suppress inflammation indirectly via protein-protein
sequestration of the p65 subunit. Future studies utilizing
chromatin immunoprecipitation assays, combined with in vivo
rescue experiments using targeted NF-«kB inhibitors and FXR
agonists (such as GW4064 or obeticholic acid), are required to
definitively map this axis. Fourth, regarding systemic metabo-
lism: As FXR is a regulator of bile acid homeostasis, the
absence of targeted metabolomic and microbiome profiling is
a limitation. The present investigation purposefully focused on
the cell-intrinsic role of FXR within the crypt niche. However,
it is likely that FXR deficiency exacerbates colitis through
dual, parallel mechanisms involving both the localized loss of
stemness described in the present study, as well as indirect,
systemic effects driven by altered bile acid composition and
subsequent gut dysbiosis. Future investigations combining the
current transcriptomic framework with rigorous metabolomic
profiling will be essential to fully elucidate the complete
FXR-centered regulatory network in intestinal inflamma-
tion. Furthermore, the potential therapeutic implementation
of FXR agonists in UC, while mechanistically promising,
requires rigorous evaluation in preclinical models and clinical
trials, with careful consideration of both metabolic and
immune-modulatory effects.

In conclusion, the present integrative multi-layer transcrip-
tomic analysis established FXR as a guardian of intestinal
homeostasis, whose loss disrupts stem cell function and
activates pro-inflammatory pathways in colitis. More broadly,
the current study served as an example of how coordinated
multi-layer transcriptomic strategies can effectively decipher
the cellular and molecular circuitry of immune-inflammatory
diseases. The mechanistic network delineated in the present
study provides a molecular foundation for future investiga-
tions into targeted therapeutic interventions in UC and related
inflammatory disorders.
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