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Food-responsive enteropathy (FRE) is a common form of chronic inflammatory 
enteropathy in dogs. Its underlying molecular mechanisms remain incompletely 
characterized. Increasing evidence from human studies and emerging canine 
data suggests that bile acids (BAs) influence intestinal homeostasis and inflam-
mation. Duodenal mucosal biopsies from dogs with FRE (n = 8) and healthy 
controls (n = 4) were analyzed by bulk RNA sequencing. Differential expression 
analysis (DESeq2), KEGG and Reactome pathway enrichment, and GSEA were 
performed with a specific focus on BA transport, sensing, and metabolic path-
ways. FRE samples showed a distinct BA-associated transcriptional signature, 
including a non-significant decreasing trend of the BA receptor NR1H4 (FXR) 
expression (padj = 0.057), and significant upregulation of the nuclear receptor 
RXRA, together with increased expression of downstream mediators NR0B2 
(SHP) and FGF19. BA transport components such as SLC51A (OSTα) and ABCC3 
(MRP3) were differentially regulated, and the BA-synthetic enzyme HSD3B7 was 
increased. Bile secretion was among the top enriched KEGG pathways (ranked 
9th; NES = 1.935; padj = 0.005). This study provides, to our knowledge, the first 
focused mucosal transcriptomic evidence of coordinated BA-axis alterations in 
canine FRE. The findings align with mechanisms described in human inflam-
matory bowel disease and support further investigation of bile acid signaling in 
canine chronic enteropathy. Findings should be interpreted as exploratory due 
to cohort heterogeneity.
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1 Introduction

Canine chronic inflammatory enteropathy (CIE) is a common cause of persistent gastro-
intestinal signs in dogs, including chronic diarrhea, vomiting and weight loss. Classification is 
traditionally based on treatment response, distinguishing food-responsive enteropathy (FRE), 
immunosuppressant-responsive enteropathy (IRE) and non-responsive enteropathy (NRE). 
These disease phenotypes can also be protein-losing enteropathies (PLE) (1–5). Among 
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non–protein-losing forms, FRE represents the largest subgroup and is 
characterized by complete clinical remission following a diet change 
to a therapeutic diet (3, 4). Empirical antimicrobial therapy is no 
longer recommended for chronic enteropathies unless specific indica-
tions are present (4, 5).

Bile acids (BAs) are increasingly recognized as key modulators of 
intestinal homeostasis. Besides their classic role in lipid absorption, 
BAs act as signaling molecules influencing epithelial integrity, immune 
activation, and gut microbial composition (6–9). In human inflamma-
tory bowel disease (IBD), altered BA composition and impaired FXR-
mediated signaling are associated with mucosal inflammation and 
barrier dysfunction (8–13).

Similar patterns have been observed in canine chronic inflam-
matory enteropathies. Dogs with CIE display altered fecal BA pro-
files, reduced secondary BA concentrations, and microbial shifts 
affecting BA metabolism (14, 15). Secondary BAs have demon-
strated anti-inflammatory effects in canine macrophages (16), and 
intestinal organoid studies from dogs with IBD reveal transcrip-
tional disturbances in BA-related and lipid metabolic pathways (17, 
18). Reduced ileal expression of the apical sodium-dependent bile 
acid transporter (ASBT) has been reported in dogs with CIE, sug-
gesting impaired ileal BA reabsorption (19). These findings collec-
tively support a role for BA dysregulation in canine intestinal 
disease, yet the specific mucosal expression patterns of BA trans-
porters, receptors, and regulatory elements in FRE remain 
unknown.

Key components of BA metabolism—including apical uptake 
transporters (SLC10A2/ASBT), which has been reported to be 
reduced in dogs with chronic enteropathies (19), intracellular 
BA-binding proteins (FABP6/ILBP), basolateral efflux transporters 
(SLC51A/B, ABCC3, ABCC4), and signaling mediators such as FXR 
(NR1H4), RXRA, NR0B2 (SHP), FGF19, and GPBAR1 (TGR5) – 
have gained significant scientific attention in the realm of human 
intestinal and systemic health and disease (20–26), but have not 
been systematically characterized at the transcriptomic level in dogs 
with FRE. Studies in humans and rodent models indicate that dis-
ruptions in these pathways are associated with intestinal inflamma-
tion and altered epithelial function (22, 24, 27–31). Whether 
comparable mechanisms operate in canine FRE has not yet been 
investigated.

To address these gaps, we applied an exploratory bulk RNA 
sequencing approach to duodenal mucosal biopsies from dogs with 
food-responsive enteropathy (FRE) and healthy controls. Pathway-
level analyses identified multiple altered biological processes, includ-
ing metabolic, mitochondrial, epithelial barrier, and immune-related 
pathways, consistent with previous transcriptomic studies in canine 
chronic enteropathies (32). Notably, several of the most strongly 
enriched pathways in FRE were related to cellular metabolism and 
energy homeostasis, whereas multiple immune-associated pathways 
showed relative downregulation compared with controls. Among the 
affected pathways, bile acid–related regulatory mechanisms emerged 
as a biologically coherent yet comparatively underexplored functional 
axis at the transcriptomic level in canine intestinal mucosal biopsies. 
This study was designed as a hypothesis-driven analysis focusing on 
bile acid–related pathways rather than a transcriptome-wide discovery 
approach.

Accordingly, the present short communication focuses on bile 
acid–associated transcriptional changes as an interpretative subset of 
the broader exploratory dataset.

2 Materials and methods

2.1 Animals and study design

Dogs with chronic gastrointestinal signs (>3 weeks duration) were 
prospectively enrolled at the University of Veterinary Medicine 
Budapest. Inclusion criteria consisted of:

(1) Persistent gastrointestinal signs such as vomiting, diarrhea, 
or weight loss; (2) Exclusion of extraintestinal, infectious, meta-
bolic, and neoplastic causes through routine diagnostic evalua-
tion; (3) No antibiotic or immunosuppressive treatment within 
30 days prior to endoscopy (3, 4). FRE was diagnosed based on 
clinical remission following a hypoallergenic diet trial (feeding a 
novel protein source or hydrolyzed diet exclusively) that was 
maintained for at least a month. Eight client-owned mixed and 
purebred dogs met the diagnostic criteria for FRE, none of the 
enrolled FRE dogs were hypoalbuminemic at the time of biopsy 
collection. Healthy controls consisted of four purpose-bred 
research beagles (ATRC Aurigon Toxicology Research Center) 
without history or clinical evidence of gastrointestinal disease. 
Detailed clinical summaries are provided in 
Supplementary Table S1.

2.2 Endoscopic sampling and tissue 
handling

Upper gastrointestinal endoscopy was performed under general 
anesthesia following standard clinical protocols. Mucosal biopsies 
were collected from the stomach and proximal duodenum in all 
dogs, and from the ileum and large intestine when both upper and 
lower endoscopy were indicated. For transcriptomic analysis, only 
duodenal biopsies were used. Freshly collected biopsies were imme-
diately immersed in RNAprotect Tissue Reagent (Qiagen), incu-
bated at 4 °C overnight according to the manufacturer’s 
instructions, and subsequently stored at −80 °C until RNA extrac-
tion. Parallel biopsies were submitted for routine histopathology 
following WSAVA guidelines (1, 33). Mild to severe lymphoplasma-
cytic and/or eosinophilic infiltration was detected in all FRE duo-
denal samples, whereas control samples showed inflammatory cell 
abundance within normal limits.

2.3 RNA extraction and quality control

Total RNA was extracted using the RNeasy Mini Kit (Qiagen), 
including on-column DNase I digestion to remove genomic DNA 
contamination. RNA concentration and integrity were assessed using 
Qubit fluorometry and LabChip GX Touch capillary electrophoresis, 
and only samples meeting predefined quality criteria were used for 
library preparation.

2.4 Library preparation and sequencing

Polyadenylated RNA was enriched, and strand-specific sequenc-
ing libraries were generated using the NextFlex Rapid Directional 
RNA-Seq kit 2.0 (PerkinElmer). Libraries were sequenced on an 
Illumina NovaSeq 6,000 platform (2 × 150 bp paired-end reads), tar-
geting >50 M paired-end reads per sample. Quality filtering removed 
bases with Phred score < 30, reads shorter than 50 bp, and reads with 
mean base quality < 30.
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2.5 Bioinformatic workflow

FASTQ files were processed using the RaNA-seq online platform 
(34). Alignment to CanFam3.1 reference genome and gene-level 
quantification were performed using Salmon via RaNA-seq (35). 
Differential gene expression was assessed by comparing the two 
groups (FRE vs. healthy controls) using DESeq2. Given collinearity 
between group and variables such as age and breed, and the limited 
sample size, inclusion of covariates was not statistically appropriate. 
Sequencing quality metrics, including library size and mapping rates, 
were consistent across samples, with no outliers or systematic differ-
ences observed between groups (Supplementary Table S2).

2.6 Pathway enrichment analysis

Functional interpretation included over-representation analysis 
and gene set enrichment analysis (GSEA) using KEGG, Reactome, 
and WikiPathways gene sets implemented in RaNA-seq. GSEA was 
performed using DESeq2 rank statistics implemented in RaNA-seq, 
and significance was assessed based on nominal p-values (34). 
Enrichment analysis was performed using the full list of genes ranked 
by statistical significance, without applying an additional fold change 
cutoff. In addition, an a priori bile acid–related gene set comprising 
twelve genes was defined based on KEGG annotations and published 
CIE/IBD studies (15–18, 22, 25, 26, 28, 30–32, 36).

2.7 Statistical analysis

Differentially expressed genes (DEGs) were considered statisti-
cally significant at an adjusted p-value (padj) < 0.05 (Benjamini–
Hochberg correction). No strict log2 fold change threshold was 
applied for defining differentially expressed genes. Given the explor-
atory nature of the study and the focus on regulatory pathways, genes 
were selected based on adjusted p-values, while log2 fold changes are 
reported for transparency. Due to the clinical nature of the cohort, 
variables such as age, breed, and environmental exposure were not 
balanced between groups and may be confounded with disease status. 
PCA was performed on the full transcriptome and interpreted 
descriptively. PCA coordinates (PC1 and PC2) and corresponding 
sample-level metadata are provided in Supplementary Table S3. 
Correlation between principal components and potential confounders 
were assessed using Spearman’s rank correlation due to the small 
sample size and potential non-normality of PCA coordinates. All 
samples met the predefined RNA quality threshold required for 
sequencing, and all samples were processed using the same experi-
mental workflow, minimizing potential batch effects.

3 Results

3.1 Global transcriptional patterns

Sequencing quality metrics were consistent across samples, with 
library sizes (total fragments) and mapping rates (68.8–71.1%) show-
ing no outliers. GC content showed minimal variation across samples 
(~49–51%) and did not correlate with principal component scores 
(Spearman correlation: PC1 ρ = 0.43, p = 0.28; PC2 ρ = 0.00, p = 1.0), 
indicating that sequence composition bias did not contribute to 

sample clustering (Supplementary Table S2). PCA based on the full 
transcriptome revealed separation between duodenal mucosal sam-
ples from dogs with FRE and healthy controls along PC1 (65.76% 
variance explained). FRE samples formed a relatively compact cluster 
despite heterogeneity in age, breed, and clinical background, whereas 
variability was also present among control samples 
(Supplementary Figures S1A–C). Within the FRE cohort no gradient-
like distribution of samples along principal components was observed 
with respect to age or body weight. Consistently, within the FRE 
group, no significant correlations were detected between age and PC1 
(ρ = 0.19, p = 0.65) or PC2 (ρ = −0.52, p = 0.19), nor between body 
weight and PC1 (ρ = −0.14, p = 0.74) or PC2 (ρ = 0.29, p = 0.49). The 
observed associations are mostly weak and non-significant. These 
findings suggest that age and body weight are unlikely to be dominant 
drivers of the observed sample distribution. Given the limited sample 
size, variability should be interpreted cautiously.

Global differential expression patterns are shown in a volcano plot 
(Supplementary Figure S2).

Exploratory pathway enrichment identified multiple altered bio-
logical processes (Supplementary Table S4). Among the top positively 
enriched KEGG pathways in FRE were metabolic and cellular homeo-
stasis–related pathways, including citrate cycle (TCA cycle), carbon 
metabolism, AMPK signaling, mitophagy, peroxisome, and tight junc-
tion pathways. In contrast, several immune-associated pathways, 
including inflammatory bowel disease (IBD), cytokine–cytokine 
receptor interaction, intestinal immune network for IgA production, 
NF-kappa B signaling, and Th1/Th2 and Th17 differentiation path-
ways, showed relative downregulation compared with controls. 
Detailed interpretation of these global pathway patterns was beyond 
the focused scope of the present short communication, which primar-
ily concentrated on bile acid–related pathways. Notably, bile secretion 
was among the top enriched pathways (ranked 9th; NES = 1.935, 
padj = 0.005). To assess potential confounding by age and body 
weight, subsampling strategies aimed at improving group comparabil-
ity were performed (Supplementary Table S5). Across subsets, PCA-
based group separation was retained, although increased variability 
was observed in smaller subsets. Importantly, bile acid–related path-
way signals remained detectable, either by ORA in the less restrictive 
subset or by GSEA in the most restrictive subset, consistent with 
reduced statistical power rather than absence of the underlying signal.

3.2 Enrichment of bile acid-related 
pathways

Pathway-level analyses identified BA-related pathways among the 
altered functional modules in dogs with FRE.

Specifically, the KEGG Bile secretion pathway (cfa04976) was sig-
nificantly enriched (NES = 1.935, padj = 0.005). In addition, Reactome 
BA-related pathways, including Synthesis of bile acids and bile salts 
(R-CFA-192105), were also overrepresented together with additional 
bile acid–associated functional categories identified in overrepresenta-
tion analysis.

Within the KEGG Bile secretion pathway (cfa04976), six core bile 
acid–related genes detected in the dataset (NR1H4, RXRA, NR0B2, 
ABCC3, ABCC4, and SLC51A) showed consistent directional changes 
in FRE (Supplementary Figure S3). Among the remaining genes, 
HSD3B7 corresponded to the enzymatic activity annotated in the 
KEGG primary bile acid biosynthesis pathway (cfa00120; EC 
1.1.1.181) (Supplementary Figure S4).
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FGF19 was not included in either KEGG bile acid pathway, 
reflecting its role as an enterohepatic feedback mediator rather than a 
structural component of bile acid synthesis or transport.

These findings suggest that BA metabolism and sensing pathways 
represent a particular component of the broader transcriptional altera-
tions observed in FRE.

3.3 Coordinated transcriptional alterations 
in bile acid regulatory genes

Based on functional annotation, core genes involved in bile acid 
sensing, transport, and downstream regulatory signaling in intestinal 
epithelial cells were selected for focused transcript-level analysis.

Transcript-level analyses revealed coordinated changes of mul-
tiple components involved in bile acid transport, sensing, and down-
stream signaling (Table 1). Several transcripts reached statistical 
significance after multiple testing correction, while others showed 
consistent directional trends. Specifically, the bile acid receptor FXR 
(NR1H4) showed a non-significant reduction in expression in FRE 
compared with controls (log2FC = −0.34; padj = 0.057), while its 
obligate heterodimerization partner RXRA was significantly upregu-
lated (log2FC = 0.41; padj = 0.014). Key FXR-induced genes were 
also increased, including NR0B2 (SHP) (log2FC = 1.10; padj =  
0.00003) and FGF19 (log2FC = 1.89; padj = 0.00016). In parallel, 
components of the bile acid transport machinery were altered, with 

increased expression of SLC51A (OSTα) (log2FC = 0.81; 
padj = 0.011) and ABCC3 (MRP3) (log2FC = 0.77; padj = 0.0039), 
together with decreased expression of ABCC4 (MRP4) 
(log2FC = −0.59; padj = 0.0009). In addition, the bile acid biosyn-
thetic enzyme HSD3B7 was significantly upregulated (log2FC = 0.85; 
padj = 0.0054).

TPM-normalized expression distributions of altered bile acid–
associated genes are shown in Figure 1. These gene-wise boxplots 
show significantly increased expression of NR0B2, FGF19, ABCC3, 
HSD3B7, SLC51A, and RXRA in FRE, with decreased ABCC4, and 
a non-significant decreasing trend for NR1H4 (orange: FRE; blue: 
control). Heatmap clustering (Figure 2) indicated a structured but 
heterogeneous pattern across the BA-axis gene set (orange: FRE; 
blue: control). As this heatmap represents a targeted bile acid–related 
gene set, it reflects pathway-specific variability and should not be 
directly compared with the global transcriptomic structure cap-
tured by PCA.

Together, these alterations are consistent with coordinated tran-
scriptional modulation within the intestinal bile acid regulatory net-
work, with reduced NR1H4 expression and increased expression of 
downstream regulatory and transport components. In contrast, key 
bile acid–related genes involved in apical uptake and intracellular 
binding, including SLC10A2 (ASBT), FABP6 (ILBP), GPBAR1 
(TGR5), and SLC51B, did not show statistically significant differential 
expression between FRE and control samples.

TABLE 1  Differential expression of selected bile acid-associated genes in the duodenal mucosa of dogs with food-responsive enteropathy (FRE) compared with healthy controls.

Category Gene Symbol/
common name

Description log2FC padj Direction

Bile acid transport ABCC3 MRP3
FXR-induced, expressed 

in intestine
0.77 0.00391 ↑ up

Bile acid transport ABCC4 MRP4
FXR-induced, expressed 

in intestine
−0.59 0.0009 ↓ down

Bile acid transport SLC10A2
Solute carrier family 10 

member 2

Active in ileum and 

duodenum
0.09 0.888 ↑ up

Bile acid transport SLC51A OSTα
FXR-induced, expressed 

in intestine
0.81 0.0114 ↑ up

Bile acid transport SLC51B OSTβ
FXR-induced, expressed 

in intestine
0.09 0.806 ↑ up

Bile acid sensing/

signalling
NR1H4 FXR

Key receptor, active in 

intestine
−0.34 0.0571 ↓ down

Bile acid sensing/

signalling
GPBAR1 TGR5

Active in 

enteroendocrine cells
−0.53 0.122 ↓ down

Bile acid sensing/

signalling
RXRA

Retinoid X receptor 

alpha

FXR partner, expressed 

in intestine
0.41 0.0142 ↑ up

Bile acid sensing/

signalling
NR0B2 SHP

FXR target gene, active 

in intestine
1.10 0.0000323 ↑ up

Regulation of bile 

acid synthesis
FGF19

Fibroblast growth 

factor 19

FXR-induced hormone, 

expressed in duodenum
1.89 0.000164 ↑ up

Bile acid conjugation/

modification
HSD3B7

Hydroxysteroid 3-beta 

dehydrogenase type 7

Low-level expression in 

intestine
0.85 0.00536 ↑ up

Bile acid reuptake FABP6
Fatty acid-binding 

protein 6

Predominant in ileum, 

present in duodenum
0.35 0.298 ↑ up

This table shown are gene categories, gene symbols, functional annotations, log2 fold changes (log2FC), adjusted p-values (padj; Benjamini–Hochberg correction), and direction of change (↑ 
upregulated; ↓ downregulated in FRE vs. control).
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4 Discussion

The present study provides, to our knowledge, the first transcrip-
tomic characterization of bile acid-associated pathways in the duode-
nal mucosa of dogs with food-responsive enteropathy. Our findings 
are consistent with coordinated alterations in BA transport, sensing, 
and regulatory signaling, suggesting involvement of BA-axis regula-
tory pathways in canine chronic enteropathy. Importantly, this focused 
interpretation was also supported by global pathway enrichment 
analysis, in which bile secretion was among the top enriched KEGG 
pathways (ranked 9th; NES = 1.935; padj = 0.005). These observations 
parallel several mechanisms described in human inflammatory bowel 
disease, including impaired farnesoid-X receptor (FXR) activation, 
altered BA receptor expression, and secondary changes in down-
stream metabolic pathways (7, 8, 11–13, 20–23). Interestingly, global 
pathway enrichment in FRE was characterized not only by bile acid–
associated changes, but also by enrichment of metabolic, mitochon-
drial, and epithelial homeostasis pathways, whereas several 
immune-related pathways including inflammatory bowel disease 
(IBD) and cytokine signaling pathways showed relative downregula-
tion compared with controls.

NR1H4 (the gene coding FXR) showed a non-significant decreas-
ing trend in FRE (log2FC = −0.34; padj = 0.057), which should be 
interpreted cautiously but is directionally consistent with reports from 
human IBD, where reduced FXR signaling has been associated with 
epithelial barrier dysfunction, inflammatory cytokine production, and 

dysbiosis (11–13). The simultaneous upregulation of FXR-associated 
genes, including NR0B2 (gene coding small heterodimer partner, 
SHP) and fibroblast growth factor 19 (FGF19), suggests altered regula-
tion within this signaling axis, although direct functional conclusions 
cannot be drawn from transcriptomic data alone. The observed 
increase in retinoid-X receptor alpha (RXRA), the obligate heterodi-
merization partner of FXR, further supports modulation of this regu-
latory axis.

Alterations in BA transport machinery—including increased 
SLC51A (OSTα) and ABCC3 (MRP3) with decreased ABCC4 
(MRP4)—mirror patterns reported in human IBD and experimental 
models of BA-mediated mucosal injury (24–26, 29–31). These changes 
are consistent with epithelial regulatory adaptation to altered bile acid 
signaling that may modulate BA flow during inflammation (20–22, 25, 
26, 31). Upregulation of HSD3B7, a key enzyme in BA biosynthesis 
(37), supports the concept that mucosal BA metabolism may undergo 
secondary remodeling in chronic enteropathy. Taken together, these 
changes were modest in magnitude but directionally consistent across 
several components of the pathway.

Notably, the change in expression of several BA-related uptake 
and signaling components (SLC10A2, FABP6, GPBAR1, SLC51B) did 
not reach statistical significance, and therefore no definitive conclu-
sion can be drawn regarding their regulation.

Previous canine studies support a link between bile acid metabo-
lism, dysbiosis, and mucosal immune activity (14–18). Our findings 
extend these observations to the duodenal mucosa of dogs with FRE 

FIGURE 1

TPM-normalized expression levels of selected bile acid-associated genes in duodenal mucosal samples from dogs with food-responsive enteropathy 
(FRE, orange) and healthy controls (blue). Boxplots show the median, interquartile range, and individual outliers.

FIGURE 2

Heatmap of TPM-normalized expression values for selected bile acid-associated genes in duodenal mucosal samples from healthy controls (left, blue 
bar) and dogs with food-responsive enteropathy (FRE, right, orange bar). Colors represent relative expression levels (row-scaled), with red indicating 
lower and blue indicating higher expression. Columns correspond to individual samples.
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and suggest that bile acid–related transcriptional changes may form 
part of a broader disease-associated regulatory response.

This study has several limitations. The sample size was modest, 
and the clinical design did not allow matching of control and FRE 
dogs for variables such as age, breed, diet, or environmental exposure; 
therefore, potential confounding effects cannot be excluded and 
cannot be fully resolved given the non-overlapping structure of the 
study groups. Subsampling analyses aimed at improving group com-
parability yielded qualitatively consistent PCA structure and pre-
served bile acid–related pathway signals across approaches. Given the 
limited sample size, subset analyses are inherently sensitive to sample 
composition, and variability in detectability is expected due to reduced 
statistical power rather than absence of the underlying biological 
signal. These sensitivity analyses suggest that the observed bile acid–
related transcriptional signal is not solely driven by the inclusion of 
older animals.

The absence of a strict fold change threshold may include genes 
with modest expression changes; however, such changes can be bio-
logically relevant in regulatory pathways and were therefore retained 
in this exploratory analysis.

Transcriptomic profiling was restricted to duodenal tissue, which 
limits assessment of bile acid transporters and regulators more promi-
nently expressed in the ileum. In addition, several observed expres-
sion changes were moderate in magnitude, and no complementary 
validation at the protein, metabolite, or functional level was per-
formed. Finally, the present work was designed as a focused short 
communication centered on bile acid–related pathways rather than a 
comprehensive transcriptome-wide mechanistic dissection. The 
findings should therefore be regarded as exploratory and 
hypothesis-generating.

Together, these results suggest coordinated transcriptional 
alterations in bile acid metabolism and BA-mediated signaling in 
canine FRE. These findings should be interpreted in the context 
of a pathway-focused analysis, rather than a comprehensive tran-
scriptome-wide evaluation. Rather, bile acid–related genes repre-
sented a biologically coherent and comparatively underexplored 
regulatory axis within a broader transcriptional response that also 
included inflammatory, immune, and epithelial pathways. 
Future studies integrating bile acid metabolomics, receptor pro-
tein expression, and microbiome functional profiling will be 
required to determine the mechanistic significance of these 
observations.
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