
Tauroursodeoxycholic acid protects bile acid
homeostasis under inflammatory conditions and
dampens Crohn’s disease-like ileitis
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Bile acids regulate the expression of intestinal bile acid transporters and are natural ligands for nuclear receptors
controlling inflammation. Accumulating evidence suggests that signaling through these receptors is impaired in
inflammatory bowel disease. We investigated whether tauroursodeoxycholic acid (TUDCA), a secondary bile acid with
cytoprotective properties, regulates ileal nuclear receptor and bile acid transporter expression and assessed its therapeutic
potential in an experimental model of Crohn’s disease (CD). Gene expression of the nuclear receptors farnesoid X receptor,
pregnane X receptor and vitamin D receptor and the bile acid transporters apical sodium-dependent bile acid transporter
and organic solute transporter α and β was analyzed in Caco-2 cell monolayers exposed to tumor necrosis factor (TNF)α, in
ileal tissue of TNFΔARE/WT mice and in inflamed ileal biopsies from CD patients by quantitative real-time polymerase chain
reaction. TNFΔARE/WT mice and wild-type littermates were treated with TUDCA or placebo for 11 weeks and ileal
histopathology and expression of the aforementioned genes were determined. Exposing Caco-2 cell monolayers to TNFα
impaired the mRNA expression of nuclear receptors and bile acid transporters, whereas co-incubation with TUDCA
antagonized their downregulation. TNFΔARE/WT mice displayed altered ileal bile acid homeostasis that mimicked the
situation in human CD ileitis. Administration of TUDCA attenuated ileitis and alleviated the downregulation of nuclear
receptors and bile acid transporters in these mice. These results show that TUDCA protects bile acid homeostasis under
inflammatory conditions and suppresses CD-like ileitis. Together with previous observations showing similar efficacy in
experimental colitis, we conclude that TUDCA could be a promising therapeutic agent for inflammatory bowel disease,
warranting a clinical trial.
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Inflammatory bowel diseases (IBD), including Crohn’s disease
(CD) and ulcerative colitis (UC), are chronic relapsing disorders
of the gastrointestinal tract with unknown etiology. Increasing
evidence suggests that the reduced abundance and richness of
the gut microbiota plays a pivotal role in the pathogenesis of
IBD.1 Interestingly, reduced microbial enzymatic activity in the
gut lumen of IBD patients results in bile acid dysmetabolism,
which is characterized by defective bile acid deconjugation,
desulphation and transformation to secondary bile acids.
Because some of the secondary bile acids produced by intestinal
bacteria exert anti-inflammatory effects on gut epithelial cells,
intestinal bile acid dysmetabolism significantly contributes to
the pathogenesis and symptoms of IBD.2

Bile acids are cholesterol derivatives that act as signaling
molecules by activating nuclear receptors and G-protein-

coupled receptors. Activation of these receptors alters the
expression of genes involved in different processes, including
bile acid homeostasis, lipid metabolism and inflammation.3,4

The immunomodulatory roles of bile acids have been
thoroughly investigated over the last years. Several studies
indicated a role for the bile acid-activated nuclear receptors
farnesoid X receptor (FXR), pregnane X receptor (PXR) and
vitamin D receptor (VDR) in the immunoregulation induced
by bile acids in innate immune cells and gut epithelial cells.5–8

Moreover, selective FXR, PXR or VDR agonists reduce the
inflammatory response in experimental models of intestinal
inflammation,5,6,8–10 whereas mice deficient for one of these
receptors are sensitized to gut inflammation.5,9,10 In addition,
FXR− /− and PXR− /− mice exhibit a compromised epithelial
barrier,10,11 and spontaneously develop colitis or ileitis.5,10,12
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Thus, changes in nuclear receptor signaling severely affect the
course of intestinal inflammation.

Several lines of evidence support the possibility that nuclear
receptor signaling is impaired in IBD patients. First, genetic
variations in genes encoding PXR, FXR and VDR have been
associated with IBD.13–19 Furthermore, mRNA expression
levels of FXR and VDR are reduced in inflamed intestinal
mucosa from IBD patients,20 whereas PXR expression is
downregulated in inflamed ileum of pediatric CD and in both
inflamed and noninflamed colon from active UC
patients.20–22 Also, the apical sodium-dependent bile acid
transporter (ASBT) that mediates bile acid uptake across the
brush-border membrane of ileal enterocytes,23 is down-
regulated in inflamed ileum of CD patients.20,24 This finding
can be indirectly related to impaired bile acid signaling
through nuclear receptors, since disturbed intestinal bile acid
transport results in aberrant intracellular bile acid levels.25

Importantly, ASBT gene expression is also reduced in
noninflamed ileal tissue from CD patients in remission and
UC patients with active colonic disease,20,24 showing that
these molecular changes are not per se directly associated with
inflammation. However, inflammatory mediators have the
potential to negatively regulate the expression of nuclear
receptors and bile acid transporters.26–31 Proinflammatory
cytokine expression therefore induces a vicious cycle leading
to the perpetuation of the intestinal inflammation. Hence,
normalizing the expression of intestinal bile acid transporters
and/or nuclear receptors could be useful to alleviate chronic
inflammation in IBD.

Selected bile acid species have been shown to regulate the
expression of intestinal bile acid transporters.32–36 One of the
bile acids that has received much attention over the last years
is tauroursodeoxycholic acid (TUDCA). TUDCA is a
secondary bile acid with cytoprotective properties37 that
ameliorates colonic inflammation in mice.38–40 However, as
bile acids are primarily reabsorbed in the terminal part of the
small intestine, with only a small proportion (o5%) of the
intestinal bile acid pool passing into the colon,23 it is more
reasonable to study bile acid supplementation in a model of
ileal inflammation. In this study, we investigated whether
TUDCA alleviates the disruption of ileal bile acid homeostasis
upon tumor necrosis factor (TNF)α stimulation and eval-
uated whether this bile acid improves CD-like ileitis in mice.

MATERIALS AND METHODS
Caco-2 Cell Culture
Caco-2 cells (HTB-37, ATCC Cell Biology Collection,
Manassas, VA, USA) were seeded on 24-well semipermeable
inserts (0.4 μm, translucent ThinCerts, Greiner Bio-One,
Vilvoorde, Belgium) at a density of 105 cells per well and
cultured for 2 weeks in Dulbecco’s modified Eagle medium
supplemented with 10% heat-inactivated fetal calf serum and
10 mM HEPES buffer (all Life Technologies, Ghent,
Belgium). Developing Caco-2 monolayer integrity was
monitored by measuring transepithelial electrical resistance

(TEER) using a Millicell ERS-2 Voltohmmeter (Merck
Millipore, Billerica, MA, USA). Two weeks post seeding,
when TEER values of ~ 700 Ω.cm2 were obtained, the fully
differentiated Caco-2 monolayers were incubated basolater-
ally with 100 ng/ml recombinant human TNFα (Life
Technologies) or an equal volume of medium, and apically
with 250 or 500 μM TUDCA (Prodotti Chimici e Alimentari
S.p.A., Italy) or an equal volume of medium. Each condition
was performed in triplicate. After 48 h, the TEER of the Caco-
2 monolayers was measured, cells were collected and total
RNA was isolated for quantitative real-time polymerase chain
reaction (PCR). Medium from the basolateral compartment
was used to determine the concentration of interleukin (IL)-8.

Patient Characteristics and Sample Collection
Mucosal biopsy specimens from actively inflamed areas of
terminal ileum of CD patients were sampled during
endoscopy. As a control group, mucosal samples from the
terminal ileum of healthy individuals were included. CD was
diagnosed based on clinical, endoscopic and histological
criteria. All CD patients underwent endoscopy to determine
the severity of mucosal inflammation. In healthy individuals,
endoscopy was performed for reasons other than IBD
(screening for colorectal cancer, abdominal pain or rectal
bleeding). In all healthy subjects, the ileum appeared normal
during endoscopy, which was confirmed by histopathology.
Patients characteristics are shown in Table 1. All biopsy
specimens obtained during endoscopy were immediately
placed in RNAlater and stored at − 80 °C.

Administration of TUDCA to TNFΔARE/WT Mice
C57BL/6 J TNFΔARE/WT mice were kindly provided by Dr
George Kollias (Alexander Fleming Biomedical Sciences
Research Center, Vari, Greece). Starting at 4 weeks of age,
male TNFΔARE/WT mice (N= 11) and wild-type littermates
(N= 5) were given TUDCA (Calbiochem, Germany) in the
drinking water at a concentration of 2 g/l until the end of the
study. Placebo-treated TNFΔARE/WT mice (N= 7) and wild-
type littermates (N= 8) received normal drinking water
during the entire study period. All animals had free access
to food and water. Body weight was monitored twice a week
and mice were killed by cervical dislocation at 15 weeks of
age. The distal ileum was removed and flushed with
phosphate-buffered saline (PBS). Fragments of 5 mm were
cut and samples were immersed in 4% formaldehyde
(Klinipath, Olen, Belgium) or RNAlater (Ambion,
Cambridgeshire, UK).

RNA Extraction
Total RNA was extracted from Caco-2 cells and human and
mouse distal ileal samples using the Qiagen RNeasy Mini Kit
(Qiagen, Venlo, The Netherlands) with on-column DNase
treatment. Concentration and purity of the total RNA was
determined using nanodrop technology (BioPhotometer Plus,
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Eppendorf, Rotselaar, Belgium). All samples exhibited an
OD260/OD280 ratio between 1.8 and 2.1.

Quantitative Real-Time PCR
One microgram of total RNA was converted to single-stranded
cDNA by reverse transcription using the SensiFAST cDNA
Synthesis Kit (Bioline Reagents, UK) according to the
manufacturer’s instructions. The cDNA was diluted to a
concentration of 5 ng/μl and 15 ng was used in real-time PCR
with SYBR Green (SensiMix SYBR No-ROX Kit, Bioline
Reagents) and 250 nM of each primer (BioLegio, Nijmegen,
The Netherlands). A two-step program was performed on the
LightCycler 480 (Roche, Belgium). Cycling conditions were
95 °C for 10min, 45 cycles of 95 °C for 10 s, and 60 °C for
1min. Melting curve analysis confirmed primer specificities.
All reactions were performed in duplicate. Expression data
were calculated relative to the mean of the overall expression
level and normalized to the stably expressed housekeeping
genes hydroxymethyl-bilane synthase (HMBS), succinate
dehydrogenase complex A subunit (SDHA) and tyrosine
3-monooxygenase/tryptophan 5-monooxygenase activation
protein zeta isoform (YWHAZ) for the Caco-2 cells, to glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH), HMBS,
hypoxanthine-guanine phosphoribosyltransferase (HPRT) and
SDHA for the human ileal biopsy samples, and to Gapdh,
Hmbs and Sdha for mouse ileal tissue. The PCR efficiency of

each primer pair was calculated using a standard curve of
reference cDNA. Amplification efficiency was determined
using the formula 10− 1/slope. Sequences of the primer sets
and the PCR efficiencies are listed in Table 2. Gene expression
levels are expressed as normalized relative quantities (NRQ).

Luminex
IL-8 secretion by Caco-2 cells into the basolateral medium
was measured using the Bio-Plex Pro Human Cytokine Assay
(Bio-Rad), according to the manufacturer’s protocol. Mea-
surements were performed using the Bio-Plex MAGPIX
Multiplex Reader and data were analyzed with the Bio-Plex
Manager 6.1 software (Bio-Rad).

Histological Assessment of Intestinal Pathology
Ileal tissue sections of 4 μm were stained with hematoxylin
and eosin and scored in a blinded fashion. Histological
sections were evaluated for villous destruction and bowel wall
influx of inflammatory cells. Villous destruction was scored
on a scale of 0–3: 0, normal; 1, thickened villi; 2, blunted villi;
3, destructed villi. Bowel wall infiltration was scored using the
following scoring system: 0, normal; 1, infiltrate into
muscular layer of mucosa; 2, infiltrate into submucosa with
sporadic granulomas; 3, infiltrate through submucosa into
muscularis propria (and/or confluent granulomas); 4, regio-
nal transmural infiltration; 5, diffuse transmural infiltration
and/or crypt abcedation. The sum of the individual
components was expressed as the total inflammation score.

Statistical Analysis
Statistical analysis was performed using SPSS Statistics version
22.0 (IBM SPSS, Chicago, USA) and GraphPad Prism version
4 (GraphPad, California, USA). NRQ values were log-
transformed for statistical analysis. All data are expressed as
mean± s.e.m. Body weight changes were analyzed using
linear mixed models. Data were tested for normality using the
Kolmogorov–Smirnov test. Comparisons between two groups
were performed using the unpaired Student’s t-test for
normally distributed data, applying the Welch’s correction
in case of unequal variances, or the Mann–Whitney U-test for
non-normally distributed data. Statistical analysis for multiple
comparisons was performed using one-way analysis of
variance (ANOVA), with subsequent Tukey or Games–
Howell post hoc tests, depending on the homogeneity of
variances. Two-tailed probabilities were calculated and
P-values of ≤ 0.05 were considered statistically significant.
Multivariate analysis was carried out using SIMCA version
14.0 (Umetrics, Umea, Sweden). Principal component
analysis was executed on the gene expression data of nuclear
receptors and bile acid transporters in TNFΔARE/WT mice.

Ethical Considerations
The use of patient material was approved by the Ethics
Committee of the Ghent University Hospital (permit number
UZG 2004/242) and all patients provided written informed

Table 1 Patient characteristics

CD Healthy control

N 10 10

Gender (male/female) 5/5 2/8

Age (years, mean (range)) 28.7 (21–38) 46.4 (23–67)

Age at diagnosis (years, mean (range)) 25.6 (17–38) —

Disease location (L1/L3) 6/4 —

Medication

No 7 10

Corticosteroids 2 —

Questran 1 —

Surgical history

Ileal resection 2 —

Appendectomy 1 —

Hemicolectomy 2 —

Cholecystectomy 1 —

Indication for endoscopy other than IBD

Abdominal pain — 2

Screening for polyps or cancer — 6

Occult blood in feces — 1

Gross rectal bleeding — 1
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consent. The mice were housed in the laboratory animal
facility at Ghent University Hospital according to the
institutional animal healthcare guidelines. This study was
approved by the Institutional Review Board of the Faculty of
Medicine and Health Sciences of Ghent University
(ECD2014-25).

Results
TNFα-Induced Downregulation of Nuclear Receptors and
Bile Acid Transporters in Caco-2 Cell Monolayers is
Antagonized by TUDCA
It is well known that the expression of nuclear receptors and
bile acid transporters is directly controlled by inflammatory
cytokines.26–31 We initially examined the effect of TNFα on
the mRNA expression of the nuclear receptors FXR, PXR and
VDR and the bile acid transporters ASBT, organic solute
transporter (OST)α and OSTβ in Caco-2 cell monolayers. The
addition of 100 ng/ml TNFα to Caco-2 cells for 48 h resulted
in a reduced expression of PXR (P= 0.029; Figure 1a), while
there was a non-significant trend toward a downregulation of
FXR and VDR (P= 0.127 and P= 0.057, respectively;
Figure 1a). Concerning the bile acid transporter genes, TNFα
reduced gene expression levels of ASBT, OSTα and OSTβ, but
this decrease was not statistically significant for ASBT and
OSTα (P= 0.271 and P= 0.071, respectively; Figure 1b).

Because previous studies reported a role for bile acids in the
regulation of intestinal bile acid transporter expression,32–36

we next determined if TUDCA could inhibit the TNFα-
induced downregulation of the aforementioned genes. The
addition of 250 or 500 μM TUDCA to the apical compart-
ment of the Caco-2 cell monolayers prevented the TNFα-
mediated repression of PXR and OSTα. In addition, FXR and
ASBT gene expression tended to increase when 500 μM
TUDCA was added to the apical compartment (P= 0.075 and
P= 0.073, respectively). However, decreased mRNA levels of
VDR and OSTβ remained unaffected upon TUDCA
co-incubation (Figures 1a and b). In order to evaluate
whether the observed effects are associated with a possible
anti-inflammatory effect of TUDCA, we measured IL-8
secretion into the basolateral medium. This cytokine is highly
responsive to TNFα stimulation via nuclear factor-kappa B
(NF-κB)-mediated mechanisms and is most commonly used
as a readout of anti-inflammatory efficacy in Caco-2
cells.2,41–43 Incubating cells with 100 ng/ml TNFα for 48 h
resulted in a significant induction of IL-8 secretion, which was
not prevented by the addition of 250 or 500 μM TUDCA to
the apical compartment (Figure 1c). Furthermore, since
TNFα increases tight junction permeability through NF-κB
activation,44 monolayer integrity was assessed by TEER
measurements as another indirect measure of NF-κB activity.

Table 2 Primers sequences for quantitative real-time PCR analysis

Gene symbol Species Forw (5'–3') Rev (5'–3') E (%)

Asbt Mouse CCCAAATGCAACTGTCTGCG CACCCCATAGAAAACARCACCA 102

Fxr Mouse CGGCAGGCAGAATAAAAGGG GTGAGCGCGTTGTAGTGGT 101

Gapdh Mouse CATGGCCTTCCGTGTTCCTA GCGGCACGTCAGATCCA 87

Hmbs Mouse AAGGGCTTTTCTGAGGCACC AGTTGCCCATCTTTCATCACTG 95

Ostα Mouse TCTGCACCCACGGTGGTAT GGCCATTTCTACAAGTGTGAGG 98

Ostβ Mouse AGATGCGGCTCCTTGGAATTA TGGCTGCTTTCGATTTCTG 103

Pxr Mouse GATGGAGGTCTTCAAATCTGCC CAGCCGGACATTGCGTTTC 98

Sdha Mouse CTTGAATGAGGCTGACTGTG ATCACATAAGCTGGTCCTGT 103

Vdr Mouse GTGCAGCGTAAGCGAGAGAT GGATGGCGATAATGTGCTGTTG 100

ASBT Human GGACAATGCAACAGTTTGCTC CCGTACTTAGGACCACACTTAGG 101

FXR Human GACTTTGGACCATGAAGACCAG GCCCAGACGGAAGTTTCTTATT 101

GAPDH Human TGCACCACCAACTGCTTAGC GGCATGGACTGTGGTCATGAG 91

HMBS Human GGCAATGCGGCTGCAA GGGTACCCACGCGAATCAC 101

HPRT Human TGACACTGGCAAAACAATGCA GGTCCTTTTCACCAGCAAGCT 103

OSTα Human TCATTTCCCGTCAAGCCAGG GGCGAACAAGCAATCTGCC 95

OSTβ Human TCCAGGCAAGCAGAAAAGAAA ACTGACAGCACATCTCTCTCT 99

PXR Human TTGCCCATCGAGGACCAGAT GTCTCCGCGTTGAACACTGT 93

SDHA Human TGGGAACAAGAGGGCATCTG CCACCACTGCATCAAATTCATG 92

VDR Human TCTCCAATCTGGATCTGAGTGAA GGATGCTGTAACTGACCAGGT 101

YWHAZ Human ACTTTTGGTACATTGTGGCTTCAA CCGCCAGGACAAACCAGTAT 93
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Exposing Caco-2 cell monolayers to TNFα alone for 48 h
reduced TEER (P= 0.055 compared to control monolayers),
which decreased even more when 250 or 500 μM TUDCA was
co-administered apically (P= 0.088 and P= 0.033 compared
to TNFα alone, respectively; Figure 1d). However, TUDCA
was not toxic to Caco-2 cells as assessed by lactate
dehydrogenase release (Supplementary Figure S1). These data
indicate that TUDCA protects from disruption of bile acid

homeostasis upon TNFα stimulation via mechanisms that are
likely independent from any anti-inflammatory effect.

TNFΔARE/WT Mice Display Altered Ileal Bile Acid
Homeostasis Resembling Human CD Ileitis
Because excessive TNFα production drives the onset of ileitis
in TNFΔARE/WT mice,45 which is believed to closely mimic
human CD ileitis,45,46 we determined whether this model

Figure 1 Effect of TUDCA incubation on TNFα-induced repression of genes involved in bile acid homeostasis. Caco-2 cell monolayers were
simultaneously exposed to 100 ng/ml TNFα (basolateral) and 250 or 500 μM TUDCA (apical) for 48 h. (a) Normalized mRNA expression levels of the bile
acid-activated nuclear receptors. (b) Normalized mRNA expression levels of the main bile acid transporters. (c) Secretion of IL-8 into the basolateral
medium. (d) TEER expressed as a percentage of the initial corresponding TEER values (prior to experiment). Data are represented as the mean± s.e.m.
from three replicates in one experiment. Gene expression data were log-transformed. *P≤ 0.05, **Po0.01, ***Po0.001.
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carries the aberrant gene expression signatures related to
intestinal bile acid homeostasis in CD. Therefore, gene
expression levels of nuclear receptors and bile acid transpor-
ters were determined in ileal tissue of 15-week-old
TNFΔARE/WT mice (when ileal inflammation is fully
established46) and wild-type littermates, as well as in ileal
tissue of CD patients with active ileal disease (L1 and L3) and
healthy subjects. Patient characteristics are shown in Table 1.
Regarding the nuclear receptors (Figure 2a), ileal FXR
expression was decreased by 43% in CD patients (P= 0.019,
compared to controls) and by 50% in TNFΔARE/WT mice
(Po0.001, compared to wild-type mice). In addition, we also
observed a decrease in mRNA levels of PXR and VDR in the
inflamed ileum of both CD patients and TNFΔARE/WT mice.

Gene expression analysis of ileal bile acid transporters
(Figure 2b) revealed that ASBT was significantly down-
regulated in CD ileitis (40% of control values, P= 0.018).
Similarly, ileitis in TNFΔARE/WT mice was associated with a
marked decrease in gene expression of the main bile acid
uptake transporter Asbt (22% of control values, Po0.001).
Although CD patients did not exhibit significant differences
in the expression levels of the basolateral efflux transporters
OSTα and OSTβ, these transporters were significantly reduced
in TNFΔARE/WT mice as compared to their wild-type
littermates (Po0.001 and P= 0.035, respectively; Figure 2b).
These results show that TNFΔARE/WT mice exhibit major
changes in ileal bile acid homeostasis that closely mimic those
observed in human CD ileitis.

Figure 2 Expression of genes involved in ileal bile acid homeostasis in CD patients and TNFΔARE/WT mice. Normalized mRNA expression levels of bile
acid-activated nuclear receptors (a) and the main bile acid transporters (b) in ileal biopsies from healthy controls and CD patients (left, N= 10 in each
group) and 15-week-old TNFΔARE/WT mice and wild-type littermates (right, N≥ 7 in each group). Data are represented as the mean ± s.e.m. Gene
expression data were log-transformed. *P≤ 0.05, ***Po0.001.

Figure 3 Effect of TUDCA administration on the expression of genes involved in ileal bile acid homeostasis. Normalized mRNA expression levels of the
bile acid-activated nuclear receptors (a) and the main bile acid transporters (b) in ileal tissue of 15-week-old TNFΔARE/WT mice and wild-type (WT)
littermates treated with TUDCA or placebo. (c) Principal component analysis plot showing distinct clusters for placebo-treated TNFΔARE/WT mice and wild-
type littermates. Each mouse is represented as a point: circles for wild-type mice and triangles for TNFΔARE/WT mice. The filled symbols represent TUDCA-
treated mice, whereas placebo-treated mice are shown by open symbols. Notice the shift of TNFΔARE/WT mice toward wild-type mice after prolonged
treatment with TUDCA. Data are represented as the mean± s.e.m. from one experiment with at least five mice per group. Gene expression data were
log-transformed. *P≤ 0.05, **Po0.01, ***Po0.001.
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Administration of TUDCA Improves Disrupted Ileal Bile
Acid Homeostasis in TNFΔARE/WT Mice
Because TNFΔARE/WT mice displayed major changes in ileal
bile acid homeostasis, we used this mouse model to further

study the effects of TUDCA on the expression of nuclear
receptors and bile acid receptors in vivo. At 4 weeks of age,
male TNFΔARE/WT mice and their wild-type littermates were
treated with 2 g/l TUDCA in the drinking water ad libitum
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Figure 4 Effect of TUDCA administration on the severity of chronic ileitis in 15-week-old TNFΔARE/WT mice. (a) Progressive body weight gain starting at
8 weeks of age in placebo-treated wild-type (WT) mice (N= 8; open circles), TUDCA-treated wild-type mice (N= 5; filled circles), placebo-treated
TNFΔARE/WT mice (N= 7; open triangles) and TUDCA-treated TNFΔARE/WT mice (N= 11; filled triangles). (b) Representative pictures (200 × ) of hematoxylin
and eosin stained sections of the terminal ileum of wild-type mice and TNFΔARE/WT mice treated with TUDCA or placebo, showing reduced inflammatory
cell infiltration in the ileum of TNFΔARE/WT mice that were treated with TUDCA. The total histological inflammation score (c), calculated as the sum of
villous damage (d) and leukocyte infiltration (e) scores. Data are represented as the mean ± s.e.m. from one experiment with at least five mice per
group. *P≤ 0.05, **Po0.01. Scale bars: 100 μm.
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(as previously described by Cao et al.38) until the age of
15 weeks. Placebo-treated TNFΔARE/WT mice and wild-type
littermates received normal drinking water. TUDCA upregu-
lated the expression levels of Fxr and Vdr in the distal ileum of
TNFΔARE/WT mice (P= 0.001 and P= 0.064 compared with
placebo-treated TNFΔARE/WT mice, respectively), while Pxr
expression did not change (Figure 3a). Furthermore,
prolonged administration of TUDCA to these mice increased
the mRNA expression of the bile acid transporter genes Asbt
(P= 0.002) and Ostα (P= 0.008), but not Ostβ (P= 0.756)
(Figure 3b). Although the administration of TUDCA to wild-
type mice resulted in a downregulation of Vdr compared to
placebo-treated wild-type mice (P= 0.017), baseline mRNA
expression levels of all other genes analyzed remained
unaffected in wild-type mice following TUDCA treatment
(Figures 3a and b). Principal component analysis was
additionally performed to visualize the gene expression data
of nuclear receptors and bile acid transporters. The
corresponding score plot demonstrates a clear separation
between placebo-treated TNFΔARE/WT mice and wild-type
littermates (Figure 3c). Whereas TUDCA-treated and
placebo-treated wild-type mice cluster together, TUDCA-
treated TNFΔARE/WT mice shift toward the wild-type mice.
The plot also shows that two TNFΔARE/WT mice responded
poorly to the TUDCA treatment, as they cluster within the
placebo-treated TNFΔARE/WT group. Taken together, these
results correspond to the observed effects of TUDCA in Caco-
2 cell monolayers and suggest that TUDCA protects bile acid
homeostasis under inflammatory conditions in vivo.

Administration of TUDCA Attenuates Chronic Ileitis in
TNFΔARE/WT Mice
Finally, we examined whether prolonged administration of
TUDCA exerted therapeutic effects in TNFΔARE/WT mice.
From 8 weeks onward, these mice spontaneously develop
ileitis similar to human CD, with lower body weight and
histological abnormalities in the distal ileum.46 The body
weight of placebo-treated wild-type mice continued to
increase until the end of the study, while body weight gain
in placebo-treated TNFΔARE/WT mice started to decrease at
the age of 11 weeks (Figure 4a, P= 0.026 compared with
wild-type littermates). In contrast, body weight gain of
TNFΔARE/WT mice that received TUDCA was maintained
until 13 weeks of age (Figure 4a, P= 0.042 compared with
placebo-treated TNFΔARE/WT mice). The overall body weight
of TUDCA-treated wild-type mice did not differ significantly
from placebo-treated wild-type mice. Histopathological
evaluation of distal ileum sections from TNFΔARE/WT mice
showed obvious signs of inflammation, characterized by
distortion of the villi and severe leukocyte infiltration into the
mucosa, submucosa and muscularis externa (Figure 4b). The
total inflammation score was significantly lower in the
TUDCA-treated TNFΔARE/WT group (P= 0.009 compared
with placebo-treated TNFΔARE/WT mice; Figure 4c). More
specifically, long-term administration of TUDCA to

TNFΔARE/WT mice did not prevent alterations in villous
architecture (P= 0.168 compared with placebo-treated
TNFΔARE/WT mice; Figure 4d) but reduced inflammatory cell
infiltration (P= 0.004 compared with placebo-treated
TNFΔARE/WT mice; Figure 4e). We therefore conclude that
TUDCA significantly improves murine CD-like ileitis.

Discussion
Bile acids have recently been described as signaling molecules
that activate a subset of nuclear receptors including FXR,
PXR and VDR.4 These receptors are key regulators of
inflammation3 and increasing evidence suggests that signaling
through these receptors is compromised in human IBD.13–22

In the present study, we demonstrated that TUDCA, a
secondary bile acid with cytoprotective effects,37 alleviates the
downregulation of nuclear receptors and bile acid transpor-
ters under inflammatory conditions, both in vitro and in vivo,
and alleviates CD-like ileitis in mice.

TNFα is a key cytokine involved in the intestinal
inflammation in human and experimental IBD.45,47 Using
both an in vitro and in vivo model, we illustrated the ability of
this cytokine to directly impair the expression of genes
involved in ileal bile acid transport and signaling.
Previous studies also showed a significant contribution of
cytokines such as IL-1β, IL-6 and TNFα, on the regulation of
intestinal and hepatobiliary transporters and nuclear
receptors.26–31

Because the TNFΔARE/WT mouse model is widely used as a
CD model,45,46 we compared gene expression patterns of ileal
bile acid transporters and nuclear receptors in TNFΔARE/WT

mice with those observed in ileal CD patients with active
disease. In line with previous studies,20,22,24,48 we found a
consistent downregulation of FXR, PXR and VDR and the bile
acid uptake transporter ASBT in active CD. Although Jahnel
et al.20 published comparable results, they did not find
decreased mRNA expression of PXR. The precise explanation
for this discrepancy is unclear, but cannot be attributed to the
location of tissue sampling because PXR is expressed at a
constant level along the length of the small intestine.22

However, in the study of Jahnel et al. most patients were
under concomitant therapy, whereas in our cohort, most
patients were not receiving treatment as they were newly
diagnosed for CD. Since gene expression levels of PXR are
enhanced by drugs such as corticosteroids,49–51 concomitant
medication use might account for the discrepancy in
outcome. Interestingly, we found that the changes in
expression levels of genes involved in bile acid
homeostasis in TNFΔARE/WT mice closely resemble the
alterations observed in CD ileitis. Therefore, we believe that
the TNFΔARE/WT mouse model is a suitable model to study
defects in bile acid homeostasis, which are a major feature
in ileal CD.

The effects of bile acids on the expression of genes involved
in intestinal bile acid homeostasis have been reported
previously.33,34,36,51–53 These results, however, are sometimes
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contradictory and vary between different bile acid species. In
the present study, we showed that TUDCA protected against
dysregulated expression of nuclear receptors and bile acid
transporters in response to TNFα. Of note, prolonged
administration of TUDCA enhanced the expression of genes
involved in ileal bile acid homeostasis during inflammation in
TNFΔARE/WT mice, but not under steady-state conditions in
wild-type mice. This is an important finding given the crucial
role of nuclear receptors in the counter-regulation of
intestinal inflammation.3,4 These observations may suggest
that TUDCA improves immunomodulatory bile acid signal-
ing through these receptors, either directly (by regulating
nuclear receptor expression) or indirectly (by regulating
cellular bile acid transport).

Previous studies by both our group and others have shown
that either oral or intraperitoneal administration of TUDCA
attenuates murine colonic inflammation elicited by dextran
sodium sulfate.38–40 However, more than 95% of the
intestinal bile acid pool does not move down into the colon
due to efficient reabsorption in the distal ileum,23 which
makes it more appropriate to consider TUDCA supplementa-
tion as a therapeutic approach for small bowel inflammation.
The present study showed that early and prolonged admin-
istration of TUDCA attenuates chronic ileal inflammation, as
evidenced by reduced histological inflammatory cell infiltra-
tion and improved body weight gain. To our knowledge, only
one other study has previously examined the effect of TUDCA
on ileal inflammation. In contrast to our results, it was
reported that dietary TUDCA treatment exacerbates
indomethacin-induced ileitis in rats.54 Differences in dosage
are unlikely to explain the discrepancy in outcome, since the
dose of TUDCA in both studies was estimated to be
equivalent to 400 mg/kg body weight. However, the presence
of bile acids is crucial in the pathogenesis of indomethacin-
induced ileal inflammation,55 making this an inferior model
to study the therapeutic effects of exogenously administered
bile acids in IBD.

Finally, as TUDCA was previously found to reduce
cytokine responses in vitro,56–58 one could speculate that the
stabilizing effects of TUDCA on the expression of bile acid
transporters and nuclear receptors are secondary to anti-
inflammatory actions. However, in our study, TUDCA partly
antagonized the TNFα-effect on bile acid transporter and
nuclear receptor expression in Caco-2 cell monolayers, but
could not prevent the TNFα-induced secretion of IL-8 and
decrement in TEER. The reason why TUDCA even further
reduced TEER is unclear but cannot be related to cytotoxicity.
Together with the observation that TUDCA affected the
expression of genes involved in bile acid homeostasis only in
the inflamed ileum, this raises the possibility that TUDCA
directly regulates the expression of bile acid transporters and
nuclear receptors during inflammatory conditions which in
turn could be a crucial mechanism by which an anti-
inflammatory effect is obtained in the longer term. Further
studies are required to address this hypothesis.

In summary, we showed that TUDCA alleviates the
disruption of bile acid homeostasis upon TNFα stimulation
both in vitro and in vivo. In addition, we demonstrated that
early and prolonged administration of TUDCA dampens
CD-like ileitis in mice. Together with earlier promising results
in experimental colitis,38–40 we strongly believe that TUDCA
should be investigated as a therapeutic agent in patients
with IBD.

Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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