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Feline chronic enteropathies (FCE) are common causes of chronic gastrointestinal 
signs in cats and include different diseases such as food-responsive enteropathy 
(FRE), inflammatory bowel diseases (IBD), and low-grade intestinal T-cell 
lymphoma (LGITL). Although changes in intestinal microbiota and fecal 
metabolites have been reported in dogs and humans with chronic enteropathy, 
research in cats has been limited. Therefore, this study aimed to evaluate the 
fecal microbiota and lipid-related fecal metabolites in cats with FCE to a clinically 
healthy comparison group (CG). A total of 34 cats with FCE (13 FRE, 15 IBD, and 
6 LGITL) and 27 cats in the CG were enrolled in this study. The fecal microbiota 
was evaluated by the qPCR-based feline Dysbiosis Index (DI). The feline DI in 
cats with CE (median: 1.3, range: −2.4 to 3.8) was significantly higher (p < 0.0001) 
compared to CG (median: - 2.3, Range: −4.3 to 2.3), with no difference found 
among the FCE subgroups. The fecal abundances of Faecalibacterium (p < 0.0001), 
Bacteroides (p < 0.0001), Fusobacterium (p = 0.0398), Bifidobacterium (p = 0.0004), 
and total bacteria (p = 0.0337) significantly decreased in cats with FCE. Twenty-
seven targeted metabolites were measured by gas chromatography–mass 
spectrometry, including long-chain fatty acids (LCFAs), sterols, and bile acids 
(BAs). Fecal concentrations of 5 of 12 LCFAs were significantly increased in cats 
with FCE compared to CG. Fecal concentrations of zoosterol (p = 0.0109), such 
as cholesterol (p < 0.001) were also significantly increased in cats with FCE, but 
those of phytosterols were significantly decreased in this group. No differences 
in fecal BAs were found between the groups. Although no differences were 
found between the four groups, the fecal metabolomic pattern of cats with FRE 
was more similar to that of the CG than to those with IBD or LGITL. This could 
be  explained by the mild changes associated with FRE compared to IBD and 
LGITL. The study showed changes in intestinal microbiota and alteration of fecal 
metabolites in FCE cats compared to the CG. Changes in fecal lipids metabolites 
suggest a dysmetabolism of lipids, including LCFAs, sterols, and unconjugated 
BAs in cats with CE.
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1 Introduction

Chronic enteropathies are gastrointestinal conditions 
characterized by persistent or recurrent gastrointestinal signs lasting 
at least 3 weeks, after the exclusion of extra-intestinal, infectious, 
obstructive, or localized neoplastic causes of gastrointestinal signs (1). 
Feline chronic enteropathy (FCE) is an umbrella term that includes 
food-responsive enteropathy (FRE), inflammatory bowel diseases 
(IBD) and low-grade intestinal T-cell lymphoma (LGITL, previously 
named alimentary small cell lymphoma, SCL) (2, 3). While diagnosis 
of FRE is often straightforward due to its clinical resolution with 
dietary intervention, distinguishing between IBD and LGITL poses 
challenges due to the overlapping of anamnestic, clinical, and 
laboratory data (4).

The etiology of FCE remains poorly understood, yet it is 
acknowledged as a multifactorial condition involving genetic, 
environmental, and immunological factors, and the intestinal 
microbiome (5, 6). Changes in intestinal microbiota are observed in 
cats with chronic diarrhea (7) and with CE (8–6).

The term dysbiosis is continuously evolving, and currently, it refers 
to changes related to the diversity and/or structure of the intestinal 
microbiota and its functions (e.g., altered production of metabolites) 
during pathology (8). This shift in bacterial populations can contribute 
to the development or exacerbation of gastrointestinal disease. 
Recently, a dysbiosis index (DI) for cats was developed using qPCR 
assays and was adopted in cats with IBD and LGITL (6). This index 
measures both the total bacterial and the abundance of beneficial 
bacterial taxa, such as Bacteroides, Bifidobacterium, Clostridium 
(Peptacetobacter) Hiranonis, Faecalibacterium, and Turicibacter, as well 
as taxa that are typically overrepresented in cats with FCE, such as 
E. coli and Streptococcus. It is expressed as a single number where a 
value below zero is indicative of normal microbiota (6). This promising 
approach may allow for tracking patients’ responses to treatment and 
facilitates the comparison of results across studies.

The alterations of intestinal microbiota are associated with 
changes in metabolites derived from microorganisms. Fecal 
metabolites provide a thorough insight into gastrointestinal health, 
elucidating the intricate interplay among host metabolism, diet, and 
gut microbiota activities (9, 10).

Changes in bile acids, amino acids, and short- and long-chain 
fatty acids (SCFA and LCFA) were observed in gastrointestinal 
diseases both in humans (11, 12) and dogs (13, 14). In recent years, 
research has focused on lipid metabolites, that appear to play a crucial 
role in GI disease. Short-chain fatty acids (SCFAs), long-chain fatty 
acids (LCFA), bile acids (BA), and sterols are among the lipid 
metabolites that have been investigated in veterinary gastroenterology 
up to date (8, 15). However, research on the fecal metabolome in cats 
with CE remains limited (15, 16). An untargeted metabolomic study 
in cats with IBD and LGITL revealed increased concentrations of 
several amino acids, arachidonic acid, simple sphingolipids, and 
reduced concentrations of indole derivatives found in their fecal 
samples compared to healthy cats (16). Only more recently, the first 
targeted metabolomic study has been conducted in cats, revealing 
significant differences in fecal lipid metabolites between cats with IBD 
and LGITL compared to healthy cats. However, to date, no data are 
available for cats with FRE (15). Studies in this area are limited, and 
further research is needed to elucidate their role more comprehensively, 
especially in all classes of FCE.

We hypothesize that all classes of FCE, including FRE cats, may 
exhibit alteration in both the intestinal microbiome and the fecal 
metabolome compared to clinically healthy cats. Therefore, our study 
aimed to investigate changes in gut microbiota in cats with CE by 
assessing the Dysbiosis Index (DI) using a validated qPCR assay (6) 
and to explore potential alterations in fecal lipids between cats with 
FCE and a clinically healthy comparison group (CG), using a targeted 
metabolomics assay.

2 Materials and methods

2.1 Study population and diagnostic 
investigations

This study was an observational cohort study. Cats admitted to the 
Veterinary Teaching Hospital (VTH) of the University of Teramo 
between January 2020 and November 2022 were prospectively 
enrolled in the study. All cats were client-owned and were fed various 
commercial pet foods or home-prepared diets.

Cats with persistent or intermittent clinical signs of chronic 
enteropathy (e.g., weight loss, hyporexia, vomiting, diarrhea) lasting 
for at least 3 weeks, were eligible for enrollment in the group of cats 
with chronic enteropathy (FCE) (17).

Extra-gastrointestinal disease were excluded based on history, 
physical examination (including a 9-point BCS), a direct fecal smear 
evaluation and zinc sulfate centrifugal flotation and PCR for T. fetus if 
large intestinal diarrhea was present, complete blood count (CBC), 
serum biochemistry profile, urinalysis, total T4 (for cats >6 years of 
age), for all abdominal ultrasound, serum feline pancreatic lipase 
immunoreactivity (fPLI) and serum feline trypsin-like 
immunoreactivity (fTLI) if indicated by historical findings.

For cats with CE, exclusion criteria were the presence of systemic, 
or extra gastrointestinal disease.

These cats may not have received recent (< 6 months) antacids, or 
antibiotic treatment, nor omega-3 supplementation within the last 
4 months, to avoid the effects of omega supplementation. This washout 
period is recommended based on previous studies evaluating the 
impact of omega supplementation on fecal metabolites (18). In CE 
cats, when available, serum cobalamin and folates concentrations, and 
feline CE activity index (FCEAI) (19) were recorded.

Clinically healthy cats without gastrointestinal signs, systemic 
diseases, chronic illnesses, or clinically significant laboratory 
abnormalities were assigned to the CG.

Cats affected by CE were classified as having FRE, IBD, and 
LGITL (3, 19). In particular, the group of FRE included patients 
who experienced complete remission of gastrointestinal symptoms 
within 2 weeks of a dietary trial with a single novel protein source 
or hydrolyzed protein diet (19, 20). Patients who failed to respond 
to at least two dietary trials underwent gastro-duodenoscopy and 
ileo-colonoscopy for diagnostic purposes. When an underlying 
LGITL was suspected by the pathologist based on histopathology, 
additional CD3 and CD20 immunohistochemical staining and 
clonality test (21) were performed to confirm the diagnosis. A final 
diagnosis of IBD or LGITL was reached by integrating the results 
from histopathology, immunohistochemistry, and clonality test 
based on the current guidelines for interpretation and reporting of 
Ig/TCR clonality testing in suspected lymphoproliferation (3). The 
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same therapeutic diet was continued throughout the trial in all 
FCE cats.

2.2 Sample collection and processing

At the time of the first visit, for each cat included in the study one 
fecal sample was collected after spontaneous defecation by the owners. 
Owners were instructed to collect naturally passed feces at home 
within 24 h of defecation, a period that has been previously shown to 
have only a minimal effect on microbiome structure in cats at ambient 
temperatures (22). Collected fecal samples were frozen (−20°C) 
immediately after collection and shipped to the Gastrointestinal 
Laboratory at Texas A&M University on dry ice (22, 23). Upon arrival, 
fecal samples were immediately divided into aliquots and stored at 
−80°C until analysis. An overnight frozen (−80°C) fecal sample was 
subsequently transferred into a lyophilizer for freeze-drying for 
targeted metabolomic analysis. Before DNA extraction for DI, an 
aliquot of the frozen fecal sample was thawed at room temperature for 
approximately 2 h. Written informed client consent was obtained 
before the enrollment of each cat.

2.3 Feline dysbiosis index

Fecal samples from client-owned cats in the CG and cats with FCE 
were collected and quantitative PCR (qPCR) assays were utilized to 
measure the fecal abundance of total bacteria and seven bacterial taxa: 
Bacteroides, Bifidobacterium, C. hiranonis, Escherichia coli, 
Faecalibacterium, Streptococcus, and Turicibacter. A dysbiosis index 
(DI) based on these qPCR abundances as previously described (6) 
was calculated.

2.4 Targeted metabolomic analysis of fecal 
samples

A targeted validated metabolomic approach in lyophilized fecal 
samples was utilized to measure the concentrations of unconjugated 
fecal primary BAs [cholic acid (CA) and chenodeoxycholic acid 
(CDCA)] and secondary BAs lithocholic acid (LCA), deoxycholic acid 
(DCA), and ursodeoxycholic acid (UDCA), 12 long-chain fatty acids 
(LCFAs), and 10 sterols using gas chromatography coupled with a 
mass spectrometry protocol (GC–MS), as previously described (15). 
Fecal concentrations of BA were expressed as ng/mg of lyophilized 
feces, as well as the percentage of total BA. Fecal concentrations of 
LCFAs and sterols were expressed as μg/mg of lyophilized feces.

2.5 Statistical analysis

All datasets were tested for normal distribution using the Shapiro–
Wilk test. Comparisons of sex and breed between cats with CE and 
CG cats were evaluated using Fisher’s exact tests. Comparisons of 
qPCR bacterial abundance of bacterial taxa and fecal concentrations 
of each metabolite in cats with FCE and CG cats were compared using 
the Student’s t-test or Mann–Whitney U-test as appropriate. One-way 
ANOVA was used to compare the DI and each bacterial taxon 

between CG cats, cats with FRE, cats with IBD, and cats with LGITL, 
additionally, it was used to compare the fecal concentrations of each 
targeted metabolite among these groups. A Post hoc comparison with 
Dunn’s test was used to identify the differences between groups. A 
power calculation was performed with the software G Power.

The threshold of statistical significance was set at p < 0.05. To 
adjust multiple comparisons, the p values were adjusted using a 
Bonferroni correction. A multiple linear regression analysis was 
performed to evaluate the associations between the DI, age, FCEAI or 
serum concentrations of cobalamin, and serum folates. Correlations 
between the abundance of bacterial groups and fecal concentrations 
of targeted metabolites were evaluated by Spearman correlation 
analysis. Statistical analyses were performed using GraphPad Prism 
9.0 (GraphPad Software Inc., San Diego, California). Principal 
coordinate analysis and hierarchical clustering heatmaps were 
generated using Metaboanalyst 5.0 based on the log-transformed with 
Pareto scaling data (24). These analyses were performed to compare 
fecal metabolites between the group and among different age classes 
in both FCE and CG cats.

3 Results

3.1 Study population

Sixty-one cats were enrolled in total in the study, with 27 cats 
included in the CG and 34 in the FCE group. A total of 3 cats were 
excluded from the FCE group due to concomitant pathologies, 
specifically 2 with chronic kidney disease and one with 
hyperthyroidism. Given the numerosity of the groups and assuming 
probability (1-β error probability) of 0.8 and α of 0.05 the calculated 
effect size was 0.75.

The characteristics of enrolled cats that underwent fecal 
microbiota and metabolites analysis are summarized in Tables 1, 2.

Among the CG group, 12 were male cats (n = 7 neutered) and 15 
were female cats (n = 12 spayed), while in the FCE group, 19 were male 
cats (15 neutered) and 15 were female cats (1 intact female). A total of 
27 mixed-breed cats were in the CG, and 30 mixed-breed cats and 4 
purebred cats (Maine Coon, Abyssinian, Carthusian, and British 
shorthair) were in the FCE group. The median age was 59 months 
(range: 5–158 months) in CG cats and 95.2 months in cats with FCE 
(range: 4–178 months).

Within the FCE group, 13 were classified as FRE, 15 as having 
IBD, and 6 as having LGITL. The univariate analysis revealed that 
cats with FCE (n = 34) were significantly older (p < 0.0001) than CG 
cats (n = 27), particularly for IBD and LGITL cats compared to CG 
(p = 0.0201 and p = 0.0002, respectively). However, age was not a 
significant factor when multiple linear regression was performed 
(see results below). The median FCEAI score in cats with FCE was 
7.45 (range: 1–18) out of a maximum possible score of 18, 
particularly for IBD and LGITL compared to FRE (for both 
p = 0.0004). The most common clinical signs of cats with CE were 
weight loss (61%) and vomiting (55%), followed by diarrhea (50%), 
decreased appetite (41%), and decreased activity/attitude (15%). 
Eight cats (23.5%) presented with only one of the clinical signs, 14 
cats (41.1%) with two signs, and 13 cats (38.2%) with three signs. 
The clinical findings in cats with CE are summarized in Table 3. At 
the time of the first visit, all 27 CG cats were fed a commercial 
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maintenance diet and among the cats with CE, six cats were fed a 
homecooked maintenance diet, while 30 cats were on commercial 
specialized diets: 10 on a low residual diet (“gastrointestinal diet”), 
11 on a hydrolyzed protein diet, and 4 on a hypoallergenic diet. The 
dietary trial lacked standardization due to the challenges of enforcing 
a uniform diet for all FCE cats, especially considering their reduced 
appetite. Among the FRE group, eight responded positively to a 
commercial hydrolyzed diet and four to a home-cooked diet. Serum 
folates and serum cobalamin levels were available for 26 out of 34 
FCE cats, with median folates levels of 15.2 μg/L (5.9 μg – 58.3 μg/L) 
(reference range: 9.7–21.0 μg /L for the methods used) and median 
cobalamin levels of 669.5 ng/L (100 ng/L − 1,648 ng/L) (range 

150 ng/L represents the lower detection limit for cobalamin methods 
used, i.e., chemiluminescence).

3.2 qPCR analysis of the fecal microbiota

Figure 1 shows the DI in the CG and in FCE cats as well as the 
comparison between the DI of the CG with the different FCE groups. 
Figures 2, 3 show the abundances of each significative bacterial group 
targeted in the qPCR panel in the CG and FCE and CG compared to the 
different FCE groups. Twenty-seven out of 34 (77%) FCE cats had DI > 0, 
while 22 out of 27 (86%) cats in the CG had DI < 0. The feline DI was 
significantly higher (p < 0.0001) in cats with FCE (median: 1.3, range: 
−2.4 to 3.8) compared to the CG (median: - 2.3, range: −4.3 to 2.3). 
Although FCE groups differed from the CG, no difference was found 
among the FCE subgroups. The abundance of Faecalibacterium 
(p < 0.0001), Bacteroides (p < 0.0001), Fusobacterium (p = 0.0398), 
Bifidobacterium (p = 0.0004), and total bacteria (p = 0.0337) significantly 
decreased in cats with FCE, while E. coli and Streptococcus did not differ 
significantly between the two groups. The abundance of C. hiranonis was 
below the Reference Intervals (RI) in 10/34 (29.4%) of cats with CE.

However, an increase in the abundance of E. coli (p = 0.0268) was 
found in cats with IBD compared to the CG (see Figure 3). None of 
the other targeted bacterial taxa differed between cats with FRE, IBD, 
and LGITL. No differences were found in DI and clinical signs even 
if compared with cats with diarrhea and without diarrhea (see 
Figure 4) or in cats with FCE presenting with different clinical signs. 
Thirteen cats with FCE exhibited vomiting and weight loss without 
diarrhea. Among these cats, 7 displayed an increased DI. Thirteen 
cats displayed vomiting and weight loss associated with diarrhea, of 
which 9 had an increased DI. Additionally, 3 cats exhibited only 

TABLE 1 Comparison of demographic data between healthy cats and cats with feline chronic enteropathy CE.

CG FCE p value

Number of cats 27 34

Median age in months (IQ) 45 (5–163) 112.5 (55.5–129) 0.0001

Median BW in Kg (IQ) 3.73 (2.2–5.1) 4 (3.2–5.1) 0.2433

Median BCS (IQ) 4 (3–7) 4 (3–5) 0.1340

Sex 3F, 12FS, 5 M, 7MN 1F, 14FS, 4 M, 14MN 0.3872

Breeds 27 DSH 29 DSH, 2 Main coon, 1 Carthusian, 1 British SH, 1 Abyssinian

BCS body condition score, 1–4 underweight, 5 ideal, 6–9 overweight, BW body weight, DSH domestic shorthair, FS female spayed, MN male neutered.

TABLE 2 Comparison of demographic data between cats in the comparison group (CG) and cats with feline chronic enteropathy CE.

CG FRE IBD LGITL p value

Number of cats 27 13 15 6

Median age in months (range) 45 (24–93) 59 (60–128) 120 (60–128) 155 (140.3–162.5) 0.0001a

Median BW in Kg (IQ) 3.73 (2.2–5.1) 4.3 (3.2–5.3) 4.1 (3.2–5.3) 3.5 (3.2–4.0) 0.2433

Median BCS (IQ) 4 (4–5) 4 (4–5.5) 3 (3–4) 4 (3–5) 0.0317b

FCEAI - 2.5 (2–4.7) 10 (8–12) 12 (8.5–13.5) 0.0004c

Sex 3F, 12FS, 5 M, 7MN 6FS, 1 M, 6MN 1F, 6FS, 2 M, 5MN 2FS, 1 M, 3MN 0.8810

Breeds 27 DSH 12 DSH, 1 Abyssinian 11 DSH, 2 Main coon, 1 Carthusian, 1 British SH 6 DSH

(FRE: Food-responsive enteropathy; IBD: inflammatory bowel disease; LGITL: Low-grade intestinal T-cell lymphoma), BCS body condition score, 1–4 underweight, 5 ideal, 6–9 overweight, 
BW body weight, DSH domestic shorthair, FS female spayed, MN male neutered. a IBD and LGITL cats had a significantly higher age (p = 0.0001) compared to CG; bIBD cats had a significantly 
lower BCS (p = 0.0135) compared to CG; cFCEAI was significantly higher in IBD and LGITL compared to FRE.

TABLE 3 Clinical findings in cats with chronic enteropathy.

Variables n (%) Total number 
evaluated

Gastrointestinal signs

Weight loss 21 (61.7%) 34

Vomiting 19 (55.8%) 34

Diarrhea 17 (50%) 34

Decreased appetite 14 (41.1%) 34

Decreased attitude/activity 5 (14.7%) 34

Clinicopathologic variables

Decreased serum cobalamin (< 290 ng/L) 9 (34.6%) 26

Increased serum folate (> 21.6 μg/L) 6 (23.0%) 26

Decreased serum folate (< 9.7 μg/L) 9 (34.6%) 26

Increased dysbiosis index (>0) 27 (77%) 34
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diarrhea, all of which had an increased DI. Furthermore, 5 cats 
showed weight loss and anorexia, of which one had an increased 
DI. Sixteen cats showed diarrhea among the clinical signs, and among 
these, 15 had an altered DI. However, of the 18 cats that did not 
exhibit diarrhea, 11 had an altered DI. No correlation was found 
between DI and FCEAI. The age of the CG did not match the FCE 
group. DI did not differ between cats with FCE among the three age 
groups based on the univariate analysis and multiple regression 
model (Figure 5).

3.3 Fecal concentrations of long-chain fatty 
acids, sterols, and unconjugated bile acids

A heatmap, which graphically represents variations in all fecal 
target metabolites among the four groups of cats, is presented in 
Figure 6.

Both in the CG and FCE, the fecal concentrations of LCFAs, 
sterols, and BAs did not cluster based on the age group based on a 
visual examination of the heatmap and PCA (Figures 7A,B, 8A,B).

FIGURE 1

Dysbiosis index in the comparison group (CG) and in cats with FCE; on the right: dysbiosis index in the different groups: cats with food-responsive 
enteropathy (FRE), inflammatory bowel diseases (IBD), and cats with low-grade intestinal T-cell lymphoma (LGITL). The triangle shapes indicate cats 
with minor changes (DI  <  0, but at least one targeted taxa out of its respective reference interval). Red Horizontal lines represent medians.

FIGURE 2

Results of the quantitative PCR panel in the comparison group (CG) and in cats with FCE. The gray area represents the reference interval. Horizontal 
lines represent medians. Only the significative p-value are shown in the graph.
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FIGURE 5

Dysbiosis index (DI) of cats in different age groups. The DI of cats in 
different age groups was not significantly different within the 
comparison group (CG; p  =  2,870 for all) or cats with chronic 
enteropathy (FCE; p  =  0.1831 for all).

Figures  9–12 display the fecal concentrations of the LCFAs, 
sterols, and BAs in the CG and in cats with CE. The median with 
minimum and maximum values of each targeted fecal metabolite are 
reported in Table 4.

Fecal concentrations of the significative selected LCFAs of the CG 
and cats with FCE are shown in Figures 9, 10.

Fecal concentrations of 5 of 12 targeted long-chain FAs were 
significantly increased in cats with FCE compared to CG cats: 
myristic acid (p = 0.0114; Adj p = 0.1368), stearic acid (p = 0.0059; Adj 
p = 0.0708), arachidonic acids (p = 0.0047; Adj p = 0.0564), erucic acid 
(p = 0.0346; Adj p = 0.4152), and nervonic acid (p = 0.0217; Adj 
p = 0.2604). Fecal concentrations of palmitic acid, oleic acid, cis-
vaccenic acid, linoleic acid, a-linoleic acid, 11-eicosanoic acids and 
docosanoic acid did not differ between CG and cats with FCE. Fecal 
concentrations of selected and significative sterols of CG and cats 
with FCE are shown in Figure 11.

Fecal concentrations of cholesterol (p < 0.001; Adj p = 0.001), 
zoosterol (p = 0.0109), brassicasterol (p < 0.001; Adj p = 0.001), and 
lathosterol (p = 0.0372; Adj p = 0.372) were significantly increased 
in cats with FCE, but those of coprostanol (p = 0.0033; Adj 
p = 0.033), campesterol (p = 0.0498; Adj p = 0.498), fucosterol 
(p = 0.002; Adj p = 0.002), beta-sitostanol (p = 0.0015; Adj 
p = 0.015), sitostanol (p < 0.0001; Adj p = 0.001) and phytosterol 

(p < 0.000) were significantly decreased in this group compared to 
the CG. The ratio of cholesterol/coprostanol was also investigated 

FIGURE 3

Results of the significative quantitative PCR panel in the comparison group (CG) and cats with food-responsive enteropathy (FRE), inflammatory bowel 
diseases (IBD), and cats with low-grade intestinal T-cell lymphoma (LGITL). The gray area represents the reference interval. Horizontal lines represent 
medians. Only the significative p-value are shown in the graph.

FIGURE 4

Dysbiosis index in cats with chronic enteropathy separated by main clinical signs. Cats were classified based on the presence or absence of diarrhea.
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and resulted significant increase in FCE cats (p = 0.0003) 
compared to the CG.

Fecal concentrations of targeted bile acids in the CG and in cats 
with FCE are shown in Figure 12. Fecal concentrations of the targeted 
unconjugated BAs and total measured BAs did not differ between 
groups. A subgroup of cats with CE (33.3%, n = 12) had increased 
primary BAs (sum of CA and CDCA divided by total measured BAs) 
and decreased secondary BAs (sum of LCA, DCA, and UDCA divided 
by total measured BAs) in feces. No correlation was found between 
the fecal abundance of C. hiranonis and the percentage of primary 
BA. The percentage of primary BA was calculated as the sum of CA 
and CDCA divided by the sum of 5 targeted BA.

In a total of 60 cats, the fecal abundance of genus Bacteroides 
and fecal concentrations of cholesterol were negatively correlated 
[r = −0.27, 95% CI (−0.50, −0.02), p = 0.0279]; and fecal 
abundance of Faecalibacterium and fecal concentration of 
sitostanol showed a moderate positive correlation [r = 0.60, 95% 
CI (0.41, 0.74), p < 0.0001]. Although the trends were noted, after 
Bonferroni correction, statistically significant differences were 
only found in coprostanol (p = 0.033), cholesterol (p = 0.001), 
brassicasterol (p = 0.001), fucostanol (p = 0.002), sitostanol 
(p = 0.001), and beta-sitostanol (p = 0.015). No differences were 
found in the fecal concentration of the target metabolites between 
cats with FRE, IBD, and LGITL.

FIGURE 6

Heatmap of the targeted metabolites in feces. Each row represents the intensity of one metabolite; each column represents one sample. The higher 
the concentration of a metabolite, the more intensely red shows. The lower the signal intensity of a metabolite, the more intensely blue the metabolite 
shows in the heat map. Each row corresponds to a single metabolite.
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FIGURE 7

(A) Heatmap of the targeted metabolites in feces of cats of different age groups both in CG (n  =  27). Each row represents the intensity of one 
metabolite; each column represents one sample. The higher the concentration of a metabolite, the more intensely red shows. The lower the signal 
intensity of a metabolite, the more intensely blue the metabolite shows in the heat map. Each row corresponds to a single metabolite. Groups of ages 
are represented by the colored bars at the top of the figure as shown in the legend (violet for <7  years and green >7  years). (B) PCA score plots of 
metabolites in feces from CG. The fecal concentrations of LCFAs, sterols, and BAs did not cluster based on the age group based on a visual 
examination on the heatmap and PCA plot.

4 Discussion

The results of this study support the hypothesis that cats with FCE 
exhibit significant changes in intestinal microbiota and fecal 
metabolites compared to the CG. Changes in fecal metabolites may 
reflect functional alterations in the host as well as microbiota and 
could potentially contribute to a better understanding of 
gastrointestinal tract functionality.

This study identified a high proportion of dysbiotic cats, with an 
abnormal DI (DI > 0) observed in 77% of cats with FCE, in contrast to 
the CG where the DI was within the normal range (DI < 0) in 86% of 
cases. These results were consistent with those found in previous 
studies using sequencing methods in dogs and cats with CE (25, 26). 
Since 14% of clinically healthy cats exhibited an altered DI, we deemed 
it more appropriate to refer to this group as the comparison group. It 
is not yet clear whether these clinically healthy cats with subclinical 
dysbiosis may develop CE in the future. Therefore, further studies in 
this direction are needed.

In both the CG and FCE cats there were no significant differences 
observed in the DI (see Figure 5) and fecal metabolites (Figures 7A,B, 
8A,B) among various age groups. On univariate analysis, age did not 
show a correlation with the DI when considering the entire cohort of 
all CG cats and cats with FCE. This lack of correlation was likely due 
to the significantly older age of cats with CE compared to those in the 
CG. However, the DI did not differ between cats with FCE among the 
three age groups based on the univariate analysis and multiple 

regression model, as well as the fecal concentrations of LCFAs, sterols, 
and BAs did not cluster based on the age group based on a visual 
examination on the heatmap and PCA.

The study’s small sample size, particularly in the LGITL group, 
posed a limitation as it significantly reduced the power of our 
analysis. Additionally, the age of the CG did not match the FCE group 
and the CG comprised younger cats compared to those in the 
FCE group.

This age difference might have impacted the DI results, given that 
the fecal microbiome and metabolome can undergo age-related 
changes age (27, 28), but this study did not investigate the impact of 
this factor, which represents another limitation of this study. However, 
when comparing the extent of shifts from biological (age) to disease 
status, it’s evident that disease should drive more significant shifts and 
changes (29, 30).

Additionally, there was no observed correlation in DI with sex, 
FCEAI, body weight, BCS, cobalamin, or folates.

In line with previous studies in cats (5, 6, 23), weight loss was the 
primary clinical sign observed in our cats with FCE. This observation 
differs from dogs, where diarrhea is the predominant presenting 
clinical sign. This finding is not unexpected given the common 
involvement of the small intestine and consequential malabsorption 
in FCE compared to the CG, as previously hypothesized in other 
studies (6). The absence of significant variations in DI between cats 
exhibiting diarrhea and those that did not suggest that dysbiosis may 
be present in feline patients with FCE in the absence of specific clinical 
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manifestations. This observation highlights the diagnostic potential of 
DI in identifying dysbiosis in patients with no evident diarrhea or 
other gastrointestinal clinical manifestations.

In this study, DI was assessed for the first time in cats with FRE, 
revealing a higher DI compared to the CG. Previous investigations 
utilizing 16S rRNA gene sequencing on fecal samples from dogs and 
cats with FRE indicated baseline microbiota alterations in these 
animals (31, 32). In the previous sequencing study dietary intervention 
in cats resulted in an improved microbiota structure, especially in the 
responder group, after hydrolyzed dietary trials (31). An increase in 
the abundance of the genus Bifidobacterium was associated with 
improvement, whereas Oscillibacter and Desulfovibrionaceae_
unclassified bacteria were more abundant in non-responders at 
diagnosis. The authors suggest that these microbial indicators may 
serve as potential markers for non-response to the diet at diagnosis. A 
future 16S rRNA gene sequencing study on our samples could 
be valuable for identifying prevalent bacteria at the time of diagnosis 
in non-responders cats to diet, thereby confirming the findings of this 
previous study. However, it has been suggested that the diet might 
have induced clinical remission through mechanisms not directly 
related to the microbiome, implying that observed changes in the 
microbiota could be a consequence rather than the primary cause of 
remission (31). In pediatric patients with Crohn’s disease, variations 
in the composition of the fecal microbiota were observed between 
individuals responding and those not responding to dietary therapy 
at baseline (33). This highlights the potential of the microbiota as early 
predictors of response to dietary therapy.

However, unlike the aforementioned studies, the DI did not 
exhibit differences between our responder (FRE) and non-responder 
cats (IBD-LGITL) to the diet. The relatively smaller number of cats in 
our IBD and LGITL group might have diminished the statistical 
power to detect a significant difference.

In cats that do not respond to dietary trials, other factors are 
involved in the development of more severe diseases such as IBD and 
LGITL, for which diet alone is not sufficient to manage the 
condition (31).

In this study, dysbiosis was observed in cats with IBD and LGITL, 
but there were no significant differences between both conditions. 
This finding aligns with the results of a previous study using 16S 
rRNA gene sequencing and qPCR on feline fecal samples (6, 23). 
Distinguishing between IBD and LGITL in cats poses challenges due 
to overlapping clinical signs and intestinal mucosal changes. This 
difficulty may stem from the considerable similarity between the two 
conditions, their marked inflammatory nature, and the potential for 
co-occurrence or progression. As a result, the observed dysbiosis in 
all classes of FCE could potentially reflect a microbiota that reacts to 
chronic inflammation regardless of the specific nature of the disease. 
Another consideration is that the fecal microbiome may not precisely 
represent bacterial communities in the small intestine, typically 
implicated in feline cases. Investigating the luminal content or the 
mucosal microbiome might reveal more distinct differences in 
microbial communities. However, a recent human study has shown 
substantial overlaps between fecal and mucosal microbiomes in 
patients with and without IBD, even though human IBD primarily 

FIGURE 8

(A) Heatmap of the targeted metabolites in feces of cats of different age groups both in FCE cats (n  =  34). Each row represents the intensity of one 
metabolite; each column represents one sample. The higher the concentration of a metabolite, the more intensely red shows. The lower the signal 
intensity of a metabolite, the more intensely blue the metabolite shows in the heat map. Each row corresponds to a single metabolite. Groups of ages 
are represented by the colored bars at the top of the figure as shown in the legend (violet for <7  years, green from 7 to 10  years and orange >10  years). 
(B) PCA score plots of metabolites in feces from FCE. The fecal concentrations of LCFAs, sterols, and BAs did not cluster based on the age group based 
on a visual examination on the heatmap and PCA plots.
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FIGURE 9

Fecal concentration of the significative fatty acids (μg/mg) in the comparison group (CG) (n  =  27) and in cats with FCE (n  =  34). Red lines represent the 
median. The graphs show the original p-value, the corrected one are in the Table 4.

affects the large bowel (34). Nonetheless, investigations into mucosa-
adherent bacteria in cats have revealed increased numbers of 
Enterobacteriaceae adherent to the duodenal mucosa in cats with IBD 
(35), along with a higher quantity of Fusobacterium spp. adherent to 
ileum and colon biopsies in cats with LGITL compared to IBD (36). 
These findings suggest a potential role for these bacteria in the 
pathogenesis of these diseases.

The bacterial groups targeted in the DI belong to the primary 
bacterial taxa that inhabit the healthy feline gastrointestinal tract (13, 
23, 37). Similarly, to previous microbiota studies in cats, in this study 
cats with FCE exhibited a lower abundance of Faecalibacterium, 
Bacteroides, Fusobacterium, and Bifidobacterium, as well as total 
bacteria, compared to the CG. Although differences were observed in 
the abundance of various bacterial groups between CG and FCE cats, 
no statistically significant differences were found between the 
subgroups of FCE.

This study also revealed the alterations in concentrations of fecal 
FAs, and sterols, in cats with FCE compared with CG. These findings 
are consistent with previous metabolomic studies in cats (15, 16), dogs 
(14) and humans (9, 38, 39) suggesting an altered lipid metabolism in 
cats with CE.

In general, the concentration of a fecal metabolite can increase as 
a result of increased synthesis or excretion, decreased degradation, or 
loss in the intestinal lumen, conversely, it can decrease due to reduced 
synthesis or increased destruction (32).

Fecal concentrations of 5 of 12 targeted LCFA were significantly 
increased in cats with FCE compared to the CG: myristic acid, stearic 
acid, arachidonic acid, erucic acid, and nervonic acid. Similar 
increases in fecal LCFA were observed in dogs with chronic 
enteropathy, and human IBD patients (10, 40–43). Consistently, 
untargeted and targeted metabolomic studies in cats also reported 
elevated levels of fecal LCFAs (6, 16), supporting the hypothesis of 
lipid imbalance in this species.

A recent lipidomic study revealed differences in FA-erythrocyte 
membranes in dogs affected by CE compared to healthy ones (44) 
supporting the hypothesis of lipid imbalance in this condition.

Studies in human patients with IBD revealed a low concentration 
of monounsaturated (MUFAs) and polyunsaturated (PUFAs) in serum 
samples of CD patients and pediatric patients with IBD compared to 
healthy, contrasting with higher levels found in fecal samples (10, 42, 
43, 45), similar results have been observed in dogs with FRE (46). This 
discrepancy suggests malabsorption in these diseases, as the increased 
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loss of FAs in feces may contribute to the reduced serum concentration 
of FAs. Damage to the intestinal barrier may result in the loss of 
receptors responsible for the intestinal absorption of fatty acids (FAs), 
leading to their increased excretion in feces.

Among the MUFAs, nervonic acid (NA) is particularly 
noteworthy. Derived from oleic acid, NA is a crucial component of the 
myelin sheath in nerve tissue, since the intestinal gangliosides are 
located between the submucosal and muscle layers of the intestine, its 
increased fecal concentration in cats with CE may suggest more 
extensive or profound damage to the intestinal barrier. Notably, NA 
levels were significantly higher in the feces of cats with IBD and 
LGITL compared to the FRE group, which displayed a profile closer 
to that of the CG. The observed reduction in serum NA, along with 
ARA and palmitic acid, in patients with IBD (47), supports the 
hypothesis of increased intestinal loss in the course of CE. A recent 
study conducted on mice with DSS-induced colitis has revealed the 
potential role of NA in binding the PPAR-γ, inhibiting the NF-kb 
reducing the release of pro-inflammatory cytokines, and in promoting 
the restoration of the intestinal barrier. Therefore, the loss of anti-
inflammatory and repair activities mediated by NA may contribute to 
the perpetuation of the inflammatory process (48).

The role of FA has been investigated in chronic enteropathy. 
Particularly, arachidonic acid (ARA) is the precursor of 
pro-inflammatory mediators, such as Prostaglandins E (PGE), that 
were found higher in IBD human patients with active disease (40). 
Reduced levels of ARA have been found in the serum of adult CD and 

pediatric UC patients, respectively (10, 43) together with an increase 
of ARA in fecal samples of CD patients (40). On the other hand, the 
key role of ARA in inflammation has also been demonstrated, as it 
increases the expression of the intracellular adhesion molecule 
ICAM-1 is increased by ARA, favoring the inflammatory response by 
recruiting leukocytes (49, 50).

A recent study has provided evidence of an elevated expression of 
COX-2 in the epithelial cells of feline biopsies with IBD or LGITL, 
supporting a major activity of this enzyme in this condition, both due 
to its involvement in prostaglandin production and the processes of 
intestinal barrier repair (51). Our results showing the increase in ARA, 
support the presence of an active inflammatory response occurring in 
the gastrointestinal tract.

In this study, fecal concentrations of 6 out of 12 sterols were 
found to be decreased in FCE compared to the CG, mostly belonging 
to the phytosterols group (plant-derived sterols), such as campesterol, 
fucosterol, β-sitosterol, and sitosterol, except for coprostanol, which 
was the only zoosterol (animal-derived sterols) found to be decreased 
in the FCE. On the other hand, most of the sterols that were found to 
be increased in FCE cats belonged to the zoosterols group, including 
cholesterol, and lactosterol, except for the brassicasterols, which 
belong to the phytosterols (4/12 sterols).

These results are only partially consistent with recent studies in 
dogs that have reported a decreased concentration of β-sitosterol and 
sitostanol in dogs with CE dogs (26, 52), and are consistent with the 
results of the previous untargeted study in cats (15, 23).

FIGURE 10

Fecal concentration of fatty acids (μg/mg) in the comparison group (CG) (n  =  27) and cats with food-responsive enteropathy (FRE, n  =  13) and cats with 
IBD and LGITL (n  =  21) together. Red lines represent the median. The graphs show the original p-value, the corrected one are in Table 4.
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Sterols play a critical role in maintaining cell structure by forming 
a significant portion of the cell membrane and regulating its fluidity, 
integrity, and permeability (53). Phytosterols, which are structurally 
similar to cholesterol, have been recognized for their potential to 
reduce cholesterol absorption (54, 55). Since phytosterols cannot 
be synthesized de novo by mammalian hosts, fecal concentrations 
reflect dietary ingestion and intestinal absorption. The decrease in 
phytosterols observed in cats with FCE could be attributed to their 
low dietary intake of plant sterols. This hypothesis found support in 
a recent study in dogs, which showed that a diet rich in animal 
proteins led to a reduction in phytosterols and the phytosterol-to-
zoosterol ratio in dogs’ fecal samples (26). Interestingly, our cohort 
of cats with IBD and LGITL displayed a significantly lower 
phytosterol-to-zoosterol ratio. Given that most cats in CG were on a 
maintenance diet and diets were similar in FCE groups, it is 
improbable that dietary factors alone caused the decline in fecal 
phytosterols and the rise in zoosterols. Other factors, such as 
anorexia, malabsorption, and severe damage to the intestinal barrier 
in FCE cats, may contribute to these results. The presence of changes 
in appetite and anorexia made it challenging to implement a 
standardized diet in our FCE cat cohort.

The lack of a standardized diet for both groups before 
enrollment was one limitation of this study. Implementing a 
standardized, high-quality diet for the comparison group could 
have enhanced the interpretation of diet-influenced metabolites, 
but this protocol was not adopted. However, it’s noteworthy that in 
this study, most cats of the CG were consuming commercial feline 
maintenance diets. Additionally, a similar pattern of changes in 
fecal metabolites were observed in the previous metabolomics 
studies in dogs (52) and cats with CE (15, 16). where subjects also 

had varied diets and this condition is representative of the common 
clinical situation.

Nonetheless, further studies in this direction are essential to 
better comprehend the role of these fecal metabolites. Unabsorbed 
sterols are metabolized by intestinal bacteria in the colon (54, 55). 
Cholesterol can be transformed by bacteria in the large intestine, 
leading to the production of coprostanol, which has poor absorption 
rates (56). Human patients with Crohn’s disease, ulcerative colitis, or 
Clostridium difficile infection exhibit lower levels of cholesterol-to-
coprostanol conversion (38), however elevated fecal excretion of 
cholesterol and coprostanol has been demonstrated in patients with 
colon cancer and adenomatous polyps in comparison to normal 
individuals from both American and Japanese populations, as well as 
in patients with other gastrointestinal disorders (57). In our study, CE 
cats exhibited decreased fecal coprostanol levels and increased fecal 
cholesterol levels, resulting in a significantly higher cholesterol-to-
coprostanol ratio in cats with FCE compared to CG, aligned with 
previous study in cats (15). The increased ratio reflects a lower 
conversion of cholesterol to coprostanol and indirectly suggests a 
reduction in the abundance of bacterial species involved in this 
conversion, such as Bacteroides, which seems to be  implicated in 
humans (58).

This study did not reveal any significant differences in the target 
bile acids between the CG and FCE cats. This finding is in contrast 
with the observations made in humans and dogs (6, 14, 59, 60), where 
dysbiosis is often associated with a reduction in secondary bile acids 
and an increase in primary bile acids due to a decrease in the 
abundance of bacteria responsible for their conversion, such as 
C. hiranonis. While there was no significant difference in C. hiranonis 
between the CG and FCE cats, it is noteworthy that a reduction of 

FIGURE 11

Fecal concentration of sterols (μg/mg) in the comparison group (CG) (n  =  27) and in cats with FCE (n  =  34). Red lines represent the median. The 
concentration of the total measured zoosterol is the sum of coprostanol, cholesterol, cholestanol, and lathosterol. The concentration of the total 
measured phytosterol is the sum of the rest measured sterols. The p-values shown in the figures are unadjusted. For adjusted p-values, please refer to 
Table 4.
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C. hiranonis was observed in 29.4% of our FCE cats (n = 10/34). These 
findings are consistent with a previous targeted metabolomic study 
in cats, where increased total fecal BAs, elevated fecal primary BAs 
and reduced secondary BAs were observed in 25% of cats with CE 
(15). Besides dysbiosis, malabsorption may also contribute to this 
outcome, along with chronic inflammation and shortened villi (61). 
The majority of BA reabsorption is the result of active transport 
mediated by an apical sodium-dependent bile acid transporter 
(ASBT), that are highly expressed in the distal ileum (61) well 
described in humans (62). In humans with Crohn’s disease and dogs 
with CE, a decrease in ileal protein expression of apical sodium-
dependent bile ASBT is documented (63, 64), and in dogs, ileal ASBT 
expression is negatively correlated with the increasing severity of 
inflammatory histopathologic scores (63). Although studies on ASBT 
expression and distribution in the feline gastrointestinal tract and in 
cats with CE are lacking, malabsorption is commonly reported in this 
condition. Moreover, the excess of primary BAs in the colon may 
increase motility and shorten transit time, reducing the time required 
for bacterial conversion of primary BAs into secondary BAs (15, 65). 
Upon examination of the heatmaps depicting fecal metabolites, 
particularly fatty acids, and sterols, it was evident that the FRE 
subgroup more resembled the CG than the two other groups. This 
observation suggests that in the FRE subgroup the severity of the FCE 

and the damage to the intestinal epithelium are possibly lower 
compared to IBD and LGITL. Despite these, no significant 
correlations were found between any targeted compounds and the 
FCEAI. Additionally, concentrations of targeted metabolites did not 
show significant differences between cats with IBD and cats with 
LGITL, aligning with the results of the untargeted and targeted 
metabolomic studies in cats (15, 16).

The large effect size represents a potential limitation and imposes 
a careful interpretation. Validation in larger cohorts, and consideration 
of the practical significance are necessary to ensure that the findings 
are both reliable and meaningful in real-world settings. Addressing 
these limitations through future research will help to establish the 
robustness and applicability of the observed effects.

Another limitation of this study was that different sampling 
regions might impact the microbiome and metabolomic profiles. Yet, 
a study in humans found that the impact of sampling regions is 
minimal (66). In this study, a fecal sample was manually mixed 
before aliquoting to minimize this impact of biological variation. 
Finally, we did not conduct follow-up sampling, which could have 
provided valuable information on the treatment response. 
Prospective experiments conducted under more controlled 
conditions, such as a standardized diet, would likely be necessary to 
address this issue.

FIGURE 12

Absolute and relative fecal concentrations of primary and secondary bile acids (BAs) in the comparison group (CG) (n  =  27) and cats with FCE (n  =  34). 
Red lines represent medians. The concentration of primary BAs is the sum of cholic acid and chenodeoxycholic acid. The concentration of secondary 
BAs is the sum of lithocholic acid, deoxycholic acid, and ursodeoxycholic acid.
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5 Conclusion

In conclusion, our study confirmed an alteration in fecal 
microbiota and metabolites in cats with CE compared to cats in the 
CG. The DI was found to be altered even in cats with FRE and cats 
with severe forms of FCE. Finally, the observed trend in cats with FCE 
suggests that alterations in lipid metabolism are similar to those 
documented in humans, dogs, and cats affected by this condition. 
However, further studies are necessary to determine the precise 
function and importance of these metabolites, particularly in the 
context of dysbiosis-induced changes in the microbiota. Additionally, 
longitudinal studies that track these changes over time would 
be valuable for future research.
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TABLE 4 Median values, with minimum and maximum values of fecal metabolites in comparison group and cats with FCE.

Metabolites Classification CG (n  =  27) FCE (n  =  34) p value Adjusted 
 p value*

Myristic acid Fatty Acid 0.72 (0.36–2.07) 1.35 (0.01–8.70) 0.0114a 0.1368

Palmitic acid Fatty Acid 8.21 (3.41–23-4) 11.9(0.60–20.4) 0.0631 0.7572

Stearic acid Fatty Acid 4.10 (1.09–12-2) 5.95 (0.44–32-4) 0.0059a 0.0708

Docosanoic acid Fatty Acid 0.18 (00.01–0.46) 0.20 (0.04–1.55) 0.1145 1.0

Gondoic acid Fatty Acid 0.58 (0.18–0.81) 0.65 (0.06–8.74) 0.1663 1.0

Nervonic acid Fatty Acid 0.50 (0.16–1.32) 0.71 (0.15–2.61) 0.0217a 0.2604

Linoleic acid Fatty Acid 5.76 (2.54–10.5) 5.24 (0.28–20.6) 0.7352 1.0

α-Linoleic acid Fatty Acid 0.38 (0.12–1.69) 0.20 (0.60–1.73) 0.0661 0.7932

Oleic acid Fatty Acid 6.58 (2.88–16.8) 7.20 (0.10–20.4) 0.3605 1.0

Cis-Vaccenic acid Fatty Acid 2.66 (0.83–8.69) 3.70 (0.16–17.80) 0.1214 1.0

Arachidonic acid Fatty Acid 1.50 (0.79–3.68) 2.72 (0.46–10.9) 0.0047a 0.0564

Erucic acid Fatty Acid 0.49 (0.24–1.55) 0.75 (0.19–2.81) 0.0346a 0.4152

Coprostanol Sterol 0.57 (0.02–8.25) 0.05 (0.01–5.88) 0.0033a 0.033a

Cholesterol Sterol 1.25 (0.67–4.62) 2.46 (0.58–8.41) < 0.0001a 0.001a

Cholestanol Sterol 0.16 (0.08–0.8) 0.14 (0.03–3.32) 0.1638 1.0

Brassicasterol Sterol 0.02 (0.01–0.07) 0.14 (0.01–3.32) < 0.0001a 0.001a

Lathosterol Sterol 0.01 (0.00–0.02) 0.01 (0.00–0.61) 0.0372a 0.372

Campesterol Sterol 0.21 (0.06–0.6) 0.17 (0.03–0.87) 0.0498a 0.498

Fucosterol Sterol 0.070 (0.02–0.15) 0.03 (0.01–0.56) 0.0002a 0.002a

β-Sitostanol Sterol 0.95 (0.20–2.46) 0.57 (0.01–2.62) 0.0015a 0.015a

Sitostanol Sterol 0.75 (0.26–2.15) 0.14 (0.01–0.84) <0.0001a 0.001a

Stigmasterol Sterol 0.17 (0.03–0.31) 0.17 (0.03–0.86) 0.6848 1.0

Cholic acid pBA 63.0 (5.00–3,125) 302 (1–11,995) 0.2224 1.0

Chenodeoxycholic acid pBA 152 (62–725) 272 (6–2,895) 0.0544 0.544

Lithocholic acid sBA 268 (14–1,376) 195 (3–2,708) 0.1114 1.0

Deoxycholic acid sBA 3,203 (343–8,905) 3,974 (2–12,229) 0.6724 1.0

Ursodeoxycholic acid sBA 1.00 (0.00–3.00) 0.00 (0.00–22.0) 0.1892 1.0

Primary BA BA 175 (77–3,850) 721 (78–14,167) 0.1685 1.0

Secondary ΒA BA 3,481 (444–9,841) 4,241 (12–14,614) 0.7997 1.0

Total BA BA 4,106 (535–10,743) 5,374 (138–17,747) 0.885 1.0

Primary BA (%) BA 6.00 (1.00–54.0) 19.0 (1.00–99.00) 0.928 1.0

Secondary BA (%) BA 95.0 (46.0–99.00) 81.0 (1.00–99.0) 0.928 1.0

aIndicate significant differences (ap < 0.050). Adjusted p value *after Bonferroni correction. Primary BA: pBA; Secondary ΒA: sBA.
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