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Bile acids modulate colonic MAdCAM-1 expression in a
murine model of combined cholestasis and colitis
Rachel Y. Gao 1,2, Colin T. Shearn3, David J. Orlicky4, Kayla D. Battista1, Erica E. Alexeev1, Ian M. Cartwright1,5, Jordi M. Lanis1,
Rachael E. Kostelecky1, Cynthia Ju6, Sean P. Colgan1,5 and Blair P. Fennimore1

Primary sclerosing cholangitis (PSC) is a progressive fibrosing cholestatic liver disease that is strongly associated with inflammatory
bowel disease (IBD). PSC-associated IBD (PSC-IBD) displays a unique phenotype characterized by right-side predominant colon
inflammation and increased risk of colorectal cancer compared to non-PSC-IBD. The frequent association and unique phenotype of
PSC-IBD suggest distinctive underlying disease mechanisms from other chronic liver diseases or IBD alone. Multidrug resistance
protein 2 knockout (Mdr2−/−) mice develop spontaneous cholestatic liver injury and fibrosis mirroring human PSC. As a novel
model of PSC-IBD, we treated Mdr2−/− mice with dextran sulfate sodium (DSS) to chemically induce colitis (Mdr2−/−/DSS). Mdr2−/−

mice demonstrate alterations in fecal bile acid composition and enhanced colitis susceptibility with increased colonic adhesion
molecule expression, particularly mucosal addressin-cell adhesion molecule 1 (MAdCAM-1). In vitro, ursodeoxycholic acid (UDCA)
co-treatment resulted in a dose dependent attenuation of TNF-α-induced endothelial MAdCAM-1 expression. In the combined
Mdr2−/−/DSS model, UDCA supplementation attenuated colitis severity and downregulated intestinal MAdCAM-1 expression.
These findings suggest a potential mechanistic role for alterations in bile acid signaling in modulating MAdCAM-1 expression and
colitis susceptibility in cholestasis-associated colitis. Together, our findings provide a novel model and new insight into the
pathogenesis and potential treatment of PSC-IBD.

Mucosal Immunology (2021) 14:479–490; https://doi.org/10.1038/s41385-020-00347-6

INTRODUCTION
Primary sclerosing cholangitis (PSC) is a chronic progressive
cholestatic liver disease characterized by inflammation and bile
duct stricturing leading to hepatobiliary cirrhosis.1 Among PSC
patients, ~75% will develop coexisting inflammatory bowel
disease (IBD), predominantly in the form of ulcerative colitis
(UC).1 Compared to UC without PSC, PSC-associated IBD (PSC-IBD)
displays a unique phenotype, characterized by right-side pre-
dominant colitis with rectal sparing, backwash ileitis, and a
markedly increased risk of colorectal carcinoma.2

The strong association between PSC and IBD suggests co-
dependent disease mechanisms which are likely distinct from
other cholestatic liver diseases or IBD alone. Although the
pathogenesis remains unclear, evidence suggests multiple con-
tributing factors including polygenetic risk alleles,3 innate and
adaptive immune dysregulation,4 intestinal dysbiosis,5 and altera-
tions in bile acid signaling6,7 among others. In particular,
cholestasis-induced disruptions in the tightly regulated enterohe-
patic circulation of bile acids offer a compelling link between the
concurrent hepatobiliary and intestinal inflammation in PSC-IBD.
Indeed, a variety of therapies directed at manipulation of bile acid
signaling have demonstrated beneficial effects in various models
of cholestasis as well as colitis.8–11 In addition, increasing evidence
suggests that alterations in adhesion molecule expression and

lymphocyte trafficking may be of particular interest in PSC.
Mucosal vascular addressin-cell adhesion molecule 1 (MAdCAM-1)
is predominantly expressed within the intestinal vasculature and
plays a critical role in gut-specific lymphocyte trafficking in IBD
through its interaction with the α4β7 integrin on circulating T
lymphocytes.12,13 Interestingly, evidence of abnormal hepatic
MAdCAM-1 expression in PSC suggests a potential role for
aberrant lymphocyte trafficking along the gut–liver axis, promot-
ing both hepatobiliary and intestinal inflammation in PSC-IBD.14–16

However, mechanisms of inflammatory cross-talk along the
gut–liver axis require further investigation.17

To date, there are no established murine models of combined
cholestasis and colitis that mimic human PSC-IBD. Multidrug
resistance protein 2 (Mdr2) is a phospholipid flippase expressed in
biliary canaliculi, which mediates hepatocyte secretion of phos-
pholipids into bile.18 Mdr2 knockout mice (Mdr2−/−) develop
spontaneous cholangitis and periductal liver fibrosis mirroring
human PSC and provide the best available model of cholestatic
liver disease.18–20 Mdr2 heterozygotes (Mdr2+/−) do not develop
liver injury at baseline and this appears unchanged with the
addition of experimental colitis, however the impact of experi-
mental colitis in Mdr2−/− mice with established liver disease has
not been assessed.21 Utilizing the Mdr2−/− mouse in combination
with chemically induced DSS colitis, we present a novel model of
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combined cholestatic liver injury and colitis demonstrating similar
features to human PSC-IBD. Our murine model demonstrates
enhanced colitis susceptibility and increased intestinal adhesion
molecule expression in the setting of cholestasis. Moreover, we
demonstrate that such enhanced colitis susceptibility is, at least in
part, attenuated by dietary ursodeoxycholic acid (UDCA) supple-
mentation. These results suggest a mechanistic role for bile acid
signaling in the pathogenesis of cholestasis-associated colitis and
provide useful insights into understanding the unique relationship
between PSC and IBD.

RESULTS
Cholestatic liver injury does not induce spontaneous colitis in
Mdr2−/− mice at baseline
To confirm both the presence and severity of spontaneous
cholestatic liver injury in the Mdr2−/− model, 6- and 10-week-old
mice were assessed for fibrosis, hepatic injury, and changes in bile
acid composition. When compared to age matched C57BL/6 (WT)
control mice, 6- and 10-week-old Mdr2−/− mice demonstrated
spontaneous and progressive liver fibrosis as assessed by
picrosirius red stain (PSR) under polarized light (Supplementary
Fig. 1A, B). Mdr2−/− mice also had higher serum aminotransferase
levels when compared to WT mice. (Supplementary Fig. 1C).
Similar to human cholestatic liver diseases including PSC, fibrosis
in the Mdr2−/− mice was predominantly peri-portal in distribution.
Bile acid analysis by mass spectrometry in 10-week-old mice
demonstrated increased serum bile acids confirming significant
cholestasis in Mdr2−/− mice (Supplementary Fig. 1D). Consistent
with previously published literature, these data confirm the
presence of spontaneous and progressive cholestatic liver injury
in the Mdr2−/− mouse model.18–20

We subsequently assessed the presence or absence of
spontaneous intestinal inflammation in the setting of progressive
cholestatic liver injury in Mdr2−/− mice at baseline. Bile acid
analysis by mass spectrometry demonstrated marked differences
in fecal bile acid pools between Mdr2−/− and WT mice (Fig. 1a).
Detailed histologic evaluation revealed no evidence of colonic
inflammation in 6-, 10-, or 30-week-old Mdr2−/− mice with
established cholestasis as compared to age matched WT controls
(Fig. 1b, c). We further investigated the Mdr2−/− mice for changes
in colonic inflammation by measuring colon permeability and pro-
inflammatory cytokine levels. As illustrated in Fig. 1d, e, 10-week-
old Mdr2−/− mice demonstrated no difference in colon perme-
ability (Fig. 1d) or pro-inflammatory cytokine levels (Fig. 1e) as
compared to WT controls. Collectively, this data demonstrates that
cholestatic liver injury alone is not sufficient to induce sponta-
neous colitis in the Mdr2−/− model regardless of age or liver
disease severity.

Developing a novel murine model of combined hepatic
cholestasis and colitis (MDR2−/−/DSS)
To develop and characterize a model of combined cholestatic liver
injury and intestinal inflammation, 10–12-week-old Mdr2−/− mice
with established cholestatic liver injury were administered 1.5%
(wt/vol) DSS in DI H2O (Fig. 2a) to induce colitis. There was a
significant increase in weight loss and disease activity index (DAI)
scores in the Mdr2−/− mice (Fig. 2b, c) compared to WT controls.
Histopathologic examination revealed markedly increased histo-
logic colitis severity and colonic shortening in the Mdr2−/− mice
(Fig. 2d–f). In addition, Mdr2−/− mice demonstrated significantly
increased mucosal permeability as measured by FITC-dextran flux
assay (Fig. 2g). Colonic tissue cytokine analysis revealed signifi-
cantly increased levels of the pro-inflammatory cytokines IL-1β,
KC, and IL-6 in Mdr2−/− mice as compared to WT controls (Fig. 2h).
Tissue levels of IFN-γ, TNF-α, and IL-12p70 proteins were similar
between groups (Supplementary Fig. 2). Together this data
demonstrates that despite the absence of baseline colonic

inflammation, established cholestatic liver disease significantly
enhances susceptibility to DSS-induced colitis in the Mdr2−/−

mice.

Upregulation of adhesion molecule expression in the combined
hepatic cholestasis and colitis model (Mdr2−/−/DSS)
Upregulation of adhesion molecule expression has been demon-
strated in IBD22 as well as cholestatic liver disease.23 In particular,
recent evidence suggests a compelling role for abnormal hepatic
expression of MAdCAM-1 in facilitating aberrant lymphocyte
trafficking along the gut–liver axis in PSC-IBD.14–16 Colonic
adhesion molecule expression was unchanged at baseline in
Mdr2−/− mice (Fig. 3a). DSS-treated Mdr2−/− mice exhibited a
marked increase in colonic MAdCAM-1 and vascular cell adhesion
protein 1 (VCAM-1) expression as compared to DSS-treated WT
controls (Fig. 3a). Intercellular adhesion molecule 1 (ICAM-1)
expression did not significantly change with DSS treatment.
Increased MAdCAM-1 protein expression in DSS-treated Mdr2−/−

mice was confirmed by ELISA (Fig. 3b). MAdCAM-1 expression was
also measured by tissue immunofluorescence (IFC), normalized to
the endothelial marker CD31, demonstrating higher MAdCAM-1
staining in DSS-treated Mdr2−/− mice (Fig. 3c, d). MAdCAM-1 is
important in recruiting α4β7+ T-cells12,13 and the IL-17/23 axis has
been shown to be important a component of the adaptive
immune response in both IBD24 and PSC.25 Colonic IL-17A, IL-17F,
and IL-23 levels were measured by qPCR displaying significantly
increased IL-17A expression in both C57BL/6 and Mdr2−/− mice
following DSS treatment (Supplementary Fig. 3A). While there was
a trend toward higher levels in Mdr2−/− mice, this difference did
not reach statistical significance (Supplementary Fig. 3A). IL-17F
and IL-23 were unchanged with DSS treatment. Infiltrating α4β7+
cells in the colon were evaluated by tissue IFC. Baseline α4β7+

staining appeared greater in Mdr2−/− mice as compared to WT
controls, however this difference did not reach statistical
significance. Following DSS treatment, α4β7+ staining increased
in both C57BL/6 and Mdr2−/− mice, however this reached
statistical significance in C57BL/6 mice only. (Supplementary
Fig. 3B, C). These findings suggest an association between
MAdCAM-1 expression and cholestasis associated increases in
colitis susceptibility in our combined model of cholestatic liver
injury and colitis.

Bile acids modulate endothelial adhesion molecule expression
in vitro
Based on our observations of altered serum and fecal bile acid
pools that are associated with augmented adhesion molecule
expression in the Mdr2−/− mice, we next sought to evaluate the
role of bile acids in regulating endothelial adhesion molecule
expression in vitro. Following a screen of multiple immortalized
endothelial cell lines for preserved MAdCAM-1 expression, we
utilized transformed sinusoidal endothelial cells (TSECs) for the
induction of MAdCAM-1 using TNF-α. Brain endothelial cells
(bEnd.3 cells) were used for confirmation of results in a second
endothelial cell line. A dose response assay identified 5 and 10 ng/
mL for TSECs and bEnd.3 cells, respectively, to be the appropriate
working concentration for MAdCAM-1 induction by TNF-α
(Supplementary Fig. 4A). To determine if bile acids attenuated
TNF-α-induced adhesion molecule expression, TSECs and bEnd.3
cells were co-treated with TNF-α and bile acids (100 µM UDCA,
cholic acid (CA), chenodeoxycholic acid (CDCA), deoxycholic acid
(DCA), and lithocholic acid (LCA)) in combination. Bile acid
treatment alone revealed no change in adhesion molecule
expression (Supplementary Fig. 4B–D). Both UDCA and LCA co-
treatments attenuated TNF-α-induced MAdCAM-1 expression
across TSEC and bEND.3 cell types (Fig. 4a and Supplementary
Fig. 3B). UDCA is known to be metabolized to LCA in the colon and
both have demonstrated protective effects in DSS-induced
colitis.26 The inhibitory effect of the other bile acids on TNFα-
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Fig. 1 Baseline colonic phenotype in Mdr2−/− mice with active liver disease. WT and Mdr2−/− mice were euthanized at age 6, 10, and
30 weeks. Feces and colon tissues were collected. a Levels of fecal bile acids from 10-week-old WT and Mdr2−/− mice were measured using
mass spectrometry. b, c Representative colon histology (hematoxylin and eosin [H&E]; 200×) and histological scores. Positive control in c is
WT/DSS from Fig. 2e. d Colonic barrier function in 10-week-old mice was assessed by FITC-dextran gavage. Serum levels of FITC-dextran were
measured 4 h post gavage. Positive control is WT/DSS from Fig. 2g. e Colon tissue was homogenized and cytokine protein levels were
measured. n ≥ 4 mice per group. Data are expressed as means ± SEM, two-way analysis of variance.
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Fig. 2 Induction of DSS colitis in Mdr2−/− mice with established cholestatic liver disease. Ten-week-old WT and Mdr2−/− mice were
subjected to 1.5% dextran sodium sulfate (DSS) colitis or water control (diH2O) for 5 days and then allowed to recover. Tissues and sera were
collected upon euthanasia on day 9. a Scheme of treatment. b Body weight curves over the course of DSS treatment and recovery. c Disease
activity index (DAI) measured by combining weight loss, stool consistency, and bleeding. d, e Representative colon histology (H&E; 100×) and
histological scores. f Colon length at time of euthanasia divided by baseline body weight. g Colonic barrier function in 10-week-old mice was
assessed by FITC-dextran gavage. h Colon tissue was homogenized, and cytokine protein levels were measured. n ≥ 10 mice per group. Data
are expressed as means ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, two-way analysis of variance.
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Fig. 3 Colonic expression of adhesion molecules in DSS-treated WT and Mdr2−/− mice. WT and Mdr2−/− mice were subjected to DSS
treatment as described in Fig. 2. a Real-time quantitative PCR (qPCR) analysis of colon tissue. b ELISA measurement of colonic MAdCAM-1
protein. c, d Representative immunofluorescence double staining of MAdCAM-1 (red; Alexa Fluor 555) and CD31 (green; Alexa Fluor 488) on
colon tissue (100×) shown in d. Quantitation of MAdCAM-1 density normalized to CD3 is shown in c. n ≥ 5 mice per group. Data are expressed
as means ± SEM. *P < 0.05, ***P < 0.001, two-way ANOVA.
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induced MAdCAM-1 expression were inconsistent across cell types
(Supplementary Fig. 4B). TNF-α-induced ICAM-1 and VCAM-1 were
also attenuated by UDCA in TSECs, however this was not seen in
bEnd.3 cells (Fig. 4b, c). Other bile acids demonstrated minimal
effects on TNF-α-induced ICAM-1 and VCAM-1 expression
(Supplementary Fig. 4C, D). These results indicate a role for UDCA
and LCA in modulating endothelial MAdCAM-1 expression.
Given the potential protective effects of UDCA in cholestatic

liver disease,27–29 we next investigated the role of UDCA as a

therapeutic agent in attenuating endothelial MAdCAM-1 expres-
sion. UDCA dose titration demonstrated a clear dose response
with increasing UDCA concentrations up to 100 µM eliciting
greater attenuation of MAdCAM-1 expression (Fig. 4d). A cell
counting kit-8 (CCK-8) cytotoxicity assay revealed no evidence of
bile acid induced cytotoxicity at a 100 µM UDCA concentration
(Fig. 4e) or 100 µM concentration for other bile acids (CA, CDCA,
DCA, and LCA) (Supplementary Fig. 4E). MAdCAM-1 is known to be
induced through the NF-κB pathway.30,31 Assessment of

Fig. 4 Effects of UDCA on TNF-α-induced MAdCAM-1 expression in vitro. a–c TSECs or bEnd.3 cells were co-treated with TNF-α and
ursodeoxycholic acid (UDCA) for 4 h. Cells were collected and subjected to RT-qPCR analyses of adhesion molecules. d Dose titration of UDCA
effects on TNF-α induction of MAdCAM-1 in TSECs. e TSECs or bEnd.3 cells were co-treated with UDCA and TNF-α and cell viability was
assessed. Positive control is treatment of TSECs or bEnd.3 cells with 1% sodium azide (0.76 M). f TSECs were transfected with NF-κB luciferase
reporter and treated with TNF-α and/or UDCA. NF-κB luciferase activities were measured using a Dual-Luciferase Reporter Assay System. Data
are expressed as means ± SEM. *P < 0.05, **P < 0.001, ***P < 0.0001, two-way ANOVA and Student’s t test.
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MAdCAM-1 induction utilizing additional NF-κB (IL-1β) and non-
NF-κB (IFN-γ) signaling cytokines confirmed induction of
MAdCAM-1 with IL-1β but not IFN-γ (Supplementary Fig. 5A–C).
Utilizing an NF-κB luciferase promoter assay, we found that TNF-α
markedly increased NF-κB activity which was significantly
decreased with UDCA co-treatment (Fig. 4f). Collectively, these
findings suggest a direct effect of UDCA in modulating endothelial
expression of MAdCAM-1 through the inhibition of NF-κB activity
and offer one potential mechanism supporting a mucosal
protective role of UDCA in vivo.

UDCA treatment in vivo is protective in a murine model of
combined hepatic cholestasis and colitis
UDCA is a hydrophilic secondary bile acid present at low
concentrations in human bile.28 UDCA supplementation has
demonstrated protective effects in a variety of cholestatic liver
diseases including PSC and is FDA approved for the treatment of
primary biliary cholangitis (PBC).28,32 In addition, UDCA supple-
mentation has demonstrated efficacy in DSS colitis26,33 and has
been associated with a decreased risk of colitis-induced dysplasia
in human IBD.34 Based on the previous findings, we sought to
evaluate the influence of UDCA supplementation on colitis
susceptibility and adhesion molecule expression in our combined
model of cholestatic liver injury and colitis. Mice were fed normal
chow or chow fortified with 0.5% UDCA for 2 weeks prior to
induction of colitis and throughout the study period. Mice were
then administered 1.5% (wt/vol) DSS in DI H2O to induce colitis for
5 days and allowed 4 days of recovery (Fig. 5a). Focusing
specifically on the role of UDCA in modulating DSS colitis severity,
and to minimize the number of comparative experimental groups,
non-DSS controls were excluded from these experiments. As
expected, fecal bile acid analysis confirmed a significant shift in
bile acid composition following UDCA supplementation with
UDCA comprising 70% of the total fecal bile acid pool
(Supplementary Fig. 6A). UDCA supplemented Mdr2−/− and WT
mice exhibited a reduced susceptibility to DSS-induced colitis as
evidenced by attenuated weight loss and DAI scores (Fig. 5b, c).
Although UDCA supplementation proved protective in both
Mdr2−/− and WT mice, the magnitude of protection was
significantly more pronounced in the Mdr2−/− mice which, after
treatment with UDCA, exhibited similar weight loss and DAI scores
to DSS-treated WT mice; this was also reflected in histological
severity scores (Fig. 5d, e). A similarly protective role was observed
in analysis of colon length (Fig. 5f) and colon tissue cytokine levels
that revealed significantly decreased levels of the pro-
inflammatory cytokines KC and IL-6 (Fig. 5g) in DSS-treated
Mdr2−/− mice. Despite the beneficial effects of UCDA on colitis
severity, liver fibrosis score (Supplementary Fig. 7a, b) and serum
ALT (Supplementary Fig. 7C) remained unchanged in DSS-treated
WT and Mdr2−/− mice. Colonic MAdCAM-1 mRNA and protein
levels (Fig. 5h, i) were significantly higher in DSS-treated Mdr2−/−

mice as compared to DSS-treated WT controls. Interestingly,
although UDCA supplementation resulted in a marked decrease in
colonic MAdCAM-1 mRNA and protein levels in the Mdr2−/− mice,
this decrease was not observed in WT controls after UDCA
treatment as demonstrated in Fig. 5h, i showing no change in
MAdCAM-1 mRNA or protein levels in WT mice with UDCA
supplementation despite attenuated disease severity by weight
loss and DAI score. Colonic adhesion molecule expression profile
demonstrated that MAdCAM-1 and VCAM-1 were significantly
attenuated by UDCA supplementation in Mdr2−/− mice (Fig. 5h, i).
In addition, we evaluated colonic IL-17 and IL-23 expression as
well as α4β7+ IFC in response to UDCA treatment. Increased IL-
17A expression in DSS-treated Mdr2−/− mice was significantly
attenuated with UDCA supplementation (Supplementary Fig. 8A).
Similarly, UDCA supplementation was associated with a trend
towards decreased mucosal a4b7+ staining in both DSS-treated
WT and Mdr2−/− mice, however this did not reach statistical

significance (Supplementary Fig. 8B, C). Taken together, our
findings demonstrate successful alteration of fecal bile acid pools
through dietary UDCA supplementation resulting in a marked
attenuation of cholestasis-associated DSS-susceptibility. In addi-
tion, improvements in intestinal adhesion molecule expression
profiles and associated alterations in markers of the adaptive
immune response with UDCA supplementation provides impor-
tant insights into potential mechanisms of inflammatory cross-talk
along the gut–liver axis in cholestasis-associated colitis.

DISCUSSION
PSC carries a strong association with IBD, suggesting co-
dependent pathogeneses which are likely distinct from those of
other cholestatic liver diseases and IBD alone. Despite this unique
association, mechanisms of inflammatory cross-talk along the
gut–liver axis remain incompletely understood. Our studies
establish a novel murine model of combined cholestasis and
colitis resembling human PSC-IBD. These findings suggest an
important role for bile acids in modulating inflammatory signaling
within the intestine and offer useful insights into disease
mechanisms in PSC-IBD.
The enterohepatic circulation of bile acids is a tightly regulated

and highly efficient system. Bile acids are synthesized by
hepatocytes and secreted into the small intestine where ~95%
are reabsorbed via active transport in the ileum and recycled back
to the liver through the portal circulation.35 In addition to their
roles in cholesterol catabolism and intestinal nutrient absorption,
bile acids also act as important signaling molecules. Bile acids
have been shown to bind to a variety of cell surface and nuclear
receptors with downstream effects on bile acid homeostasis,
energy metabolism, and inflammatory signaling pathways.35 As
demonstrated in the Mdr2−/− murine model, and as seen in
human PSC, cholestasis-induced alterations in bile acid home-
ostasis are associated with hepatobiliary inflammation and
progressive liver injury.36 Alterations in fecal bile acid pools have
also been implicated in colon carcinogenesis.37 These effects are
likely mediated through multiple mechanisms including direct
cytotoxicity from a relative increase in hydrophobic bile acids,
differential effects on bile acid receptor signaling, and shifts in the
fecal microbiota.37 Importantly, it is likely that these effects are
driven primarily through changes in the relative profile of bile
acids in the overall pool as opposed to specific changes in
individual bile acids. Consistent with previous studies, our data
demonstrate marked alterations of bile acid pools in Mdr2−/−

mice with established liver disease.20 While the absence of colonic
inflammation in Mdr2−/− mice at baseline suggests that
cholestasis alone is insufficient to induce colitis, our finding of
increased colitis susceptibility in this model offers a compelling
association between perturbations in bile acid homeostasis and
modulation of inflammatory signaling along the gut–liver axis in
PSC-IBD.
In our model of combined cholestasis and colitis, dietary

supplementation with UDCA resulted in a marked attenuation of
colitis severity, further supporting a role for bile acids in
modulating colitis susceptibility. Targeting bile acid signaling as
a therapeutic intervention has demonstrated efficacy through a
variety of targets. For example, inhibition of the apical sodium-
dependent bile acid transporter improves liver injury in Mdr2−/−

mice8 and the FXR agonist obeticholic acid has demonstrated
protective effects in PSC,10 PBC,9 as well as colitis.38 UDCA
supplementation has been studied extensively in cholestatic liver
disease and is an FDA approved therapy for the treatment of
PBC.27 Dietary UDCA improved liver histology in Mdr2−/− mice29

and has been associated with improved liver function tests in
human PSC. However, studies regarding the benefits on long-term
disease progression and transplant free survival in PSC are
conflicting with intermediate dosing (17–23mg/kg/day)
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Fig. 5 Dietary UDCA supplementation in DSS-treated WT and Mdr2−/− mice. Ten-week-old mice were fed 0.5% UDCA supplemented chow
for 2 weeks prior to and throughout the DSS treatment and recovery. For DSS treatment, mice were given 1.5% DSS in drinking water for
5 days and then allowed to recover. Tissues and sera were collected upon euthanasia on day 9 after DSS. a Scheme of treatment. b Body
weight curves over the DSS treatment and recovery. c Disease activity measured by combining weight loss, stool consistency, and bleeding. d,
e Representative colon histology (H&E; 100×) and histological scores. f Colon length at time of euthanasia divided by the starting body weight.
g Colon tissue was homogenized, and cytokine protein levels were measured by Meso Scale Discovery analysis. h RT-qPCR analysis of
adhesion molecules after UDCA and DSS treatment. i Colonic MAdCAM-1 protein levels were measured using an ELISA kit. n ≥ 8 mice per
group. Data are expressed as means ± SEM. *P < 0.05, ***P < 0.0001, two-way ANOVA.
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suggesting possible benefit, and high doses (28–30mg/kg/day)
associated with an increase in serious adverse events.11,32,39 The
potential protective role of UDCA in cholestatic liver injury is
mediated through a variety of mechanisms including improved
bile acid solubility and hepatobiliary secretion, protection from
bile acid and cytokine mediated cytotoxicity, and inhibition of pro-
inflammatory cytokine production.28 In addition, UDCA has
demonstrated efficacy in multiple murine models of colitis26,33

as well as colitis-associated dysplasia in mice and humans.34 In this
setting, UDCA exhibits protection to the intestinal epithelium
through decreases in the relative abundance of the cytotoxic bile
acid DCA,40 direct antisecretory influences through regulation of
intestinal chloride secretion,41 promotion of intestinal barrier
integrity,42 and inhibition of cellular proliferation.43 Similar to
human studies, UDCA supplementation in our studies resulted in a
significant shift in bile acid composition with UDCA comprising
70% of the total fecal bile acid pool.44 Although DSS-colitis
susceptibility was attenuated in both Mdr2−/− and WT mice, the
magnitude of protection was much more pronounced in the
Mdr2−/− mice across all metrics of disease severity. This suggests
that alterations in bile acid homeostasis are likely to play a more
relevant role in modulating disease severity in the setting of
combined cholestasis and colitis as compared to colitis alone.
Bile acids and their metabolites have been shown to modulate

innate and adaptive immune responses within the intestines
through a variety of pathways. These include direct effects on
barrier integrity and macrophage activation45,46 through bile acid
receptor signaling as well as indirect effects on adaptive immunity
through their interaction with intestinal microbiota. There exists a
complex and interdependent relationship between intestinal bile
acids and microbial composition in both maintaining intestinal
homeostasis as wells as in contributing to intestinal dysbiosis and
inflammatory signaling in chronic IBD.47,48 A recent study by Song
et al. demonstrated that bacterial transformed secondary bile
acids modulate colonic RORγ+Treg populations and protect
against DSS-induced colitis through their interaction with the
vitamin D nuclear receptor.49 Similarly, work by Hang et al.
identified a direct effect of two distinct bacterial derived LCA
metabolites on modulating TH17 and Treg homeostasis within the
intestinal lamina propria.50 Interestingly, signatures of dysbiosis in
PSC appear distinct to those of UC or CD suggesting a unique
association between cholestasis and alterations in gut microbial
composition.5 Adding to the collective understanding, our finding
that UDCA attenuates NF-kB induced MAdCAM-1 expression
represents an additional novel protective mechanism for bile
acids in modulating intestinal immune responses.
Tissue lymphocyte recruitment plays a critical role in disease

progression in a variety of autoimmune disorders.23,51,52 Both PSC
and IBD are characterized by a marked lymphoplasmacytic
infiltrate facilitated by upregulation of adhesion molecules at
local sites of tissue injury.23,51 Increased expression of VCAM-1,
ICAM-1, and MAdCAM-1 is associated with active IBD and multiple
pharmacologic therapies targeting the integrin-adhesion molecule
interaction have demonstrated clinical efficacy, both in humans
and in murine models of colitis.51,53 Vedolizumab, a humanized
monoclonal antibody against the α4β7-integrin which binds
MAdCAM-1, is currently FDA approved for treatment of Crohn’s
disease and ulcerative colitis.12,13 In addition, increased hepatic
expression of VCAM-1, ICAM-1, and MAdCAM-1 has been
demonstrated in PSC.16,23,54 Recent studies suggest that aberrant
hepatic expression of MAdCAM-1 may be of particular relevance in
PSC-IBD by facilitating trafficking of gut-homing lymphocytes
between the liver and intestine.14–16 MAdCAM-1 is a transmem-
brane protein that is predominantly expressed on high endothelial
venules in the intestine. Unlike other adhesion molecules,
MAdCAM-1 exhibits an intriguing homology to the Cα2 constant
region immunoglobulin loop of human and gorilla IgA1 that are
highly expressed in mucosal tissues, suggesting MAdCAM-1 is

relatively gut-specific.55 Under inflammatory conditions,
MAdCAM-1 binds the α4β7-integrin on circulating T-cells to
facilitate recruitment of gut-homing lymphocytes to sites of
intestinal injury.56 However, available evidence on the use of
Vedolizumab in PSC has demonstrated conflicting results on the
utility of MAdCAM-1 as a relevant therapeutic target in patients
with established liver disease.17,57 Our finding of increased
intestinal MAdCAM-1 in colitic Mdr2−/− mice suggests that
upregulation of MAdCAM-1 may be similarly important in
promoting intestinal inflammation in the setting of cholestasis
and that adhesion molecule expression may be driven, in part, by
alterations in bile acid signaling. Furthermore, we demonstrate
that endothelial expression of MAdCAM-1 as well as other
adhesion molecules can be directly attenuated by UDCA through
inhibition of NF-κB signaling. In vivo, UDCA supplementation is
associated with a significant attenuation of colitis severity,
decreased colonic MAdCAM-1 expression, and a trend towards
decreased accumulation of α4β7+ lymphocytes within the colon.
These findings suggest a direct influence of UDCA on endothelial
MAdCAM-1 expression and associated lymphocyte trafficking as a
novel potential mechanism for the protection afforded by UCDA.
Recent studies suggest that a new side chain-shortened C23

homolog of UDCA, nor-UDCA,23 may be an effective treatment for
cholestasis in PSC with an improved safety profile over UDCA. The
unique chemical structure of nor-UDCA confers distinctive
protective properties including increased biliary HCO3 excretion,
promotion of hepatocellular bile acid detoxification and renal bile
acid excretion, as well as anti-fibrotic and anti-inflammatory
effects.58 Nor-UDCA treatment demonstrated significant improve-
ment in liver function tests and histology as compared to UDCA in
Mdr2−/− mice59 and a Phase II study of nor-UDCA in PSC showed
significant improvements in liver function tests with no adverse
safety signals.60 A phase III trial of nor-UDCA is ongoing and will
assess both liver function tests as well as histologic outcomes. The
potential efficacy benefit of nor-UDCA over UDCA in modulating
colitis susceptibility remains unknown; however, this will be of
particular relevance to evaluate in our murine model if the Phase
III results in PSC remain favorable.
As with all preclinical models, our model carries some

limitations regarding its translational relevance to human disease.
Although the Mdr2−/− mouse is well-accepted as a model of
cholestatic liver disease, it is not a unique model of PSC
specifically, and has been used in the study of multiple other
chronic cholestatic liver disorders. In addition, while mutations in
the human ortholog gene Mdr3 are associated with a variety of
liver disorders,61 genetic variations in Mdr3 have been described
in <10% of PSC cases arguing against a prominent pathogenic role
in PSC.62,63 Notably, although the Mdr2−/− mouse is a whole-body
knockout, model concerns regarding the role of Mdr2 in the
intestine should be tempered by the fact that colonic expression
of Mdr2 appears limited to low level mRNA with no demonstration
of protein or a defined functional role for Mdr2 outside of the
biliary canaliculi.64 While the mucosal predominant injury of DSS
colitis provides an accepted “UC-like” model, the acute nature of
this model along with distal colonic disease distribution is in
contrast to the chronic and typically right-side predominant colitis
of PSC-IBD. Likewise, PSC-IBD often follows a mild clinical course in
contrast to the increased disease severity noted in the combined
Mdr2−/−/DSS model.1

Importantly, although DSS is primarily an innate inflammatory
model, our evidence of increased colonic IL-17 expression and
alterations in α4β7+ staining demonstrates an additional adaptive
immune overlay consistent with prior phenotypic studies of DSS
colitis.65 Indeed, disruption of the epithelium associated with DSS
colitis can result in a mixed T cell response in animals with an
intact adaptive immune system,66 which lends credence to our
findings with MAdCAM-1. In addition, given that UDCA has
demonstrated efficacy in previous murine models of colitis,26,33 a

Bile acids modulate colonic MAdCAM-1 expression in a murine model of. . .
RY Gao et al.

487

Mucosal Immunology (2021) 14:479 – 490



question remains whether the observed decrease in colonic
MAdCAM-1 in vivo is mediated directly through UDCA modulation
of intestinal MAdCAM-1 expression or whether this could be a
downstream response to generalized anti-inflammatory effects of
UDCA. Acknowledging that the beneficial impact of UDCA are
likely multifactorial, we believe that the combined in vitro and
in vivo evidence in our study offers a compelling argument that
the presence of cholestasis is associated with an increased
susceptibility to DSS colitis and that the beneficial effects of
UDCA supplementation may be mediated, in part, through direct
modulation of intestinal MAdCAM-1 expression.
Model limitations notwithstanding, given that PSC represents

the only cholestatic liver disease exhibiting a clear and strong
association with IBD, we believe our combined model of
cholestasis and colitis offers a novel tool for evaluating
liver–intestine cross-talk mechanisms in PSC-IBD. Acknowledging
the limitations, the unique insights gleaned from the current
studies offer novel disease markers and therapeutic targets for
subsequent application in future models such as chronic DSS or
combined genetic models which may more closely resemble the
chronic course of PSC-IBD.
In summary, disruptions in bile acid homeostasis are associated

with increased colitis susceptibility and upregulation of intestinal
adhesion molecule expression in a novel murine model of
combined cholestasis and colitis to mimic PSC-IBD. Therapeutic
manipulation of bile acid pools through dietary UDCA supple-
mentation results in amelioration of colitis and downregulation of
intestinal adhesion molecules. In vitro, UDCA attenuates TNF-α/
NF-κB induced adhesion molecule expression suggesting a
potentially unique protective mechanism for UDCA in modulating
inflammatory signaling. Taken together, MAdCAM-1 expression is
associated with increased disease severity in this model of
cholestasis-associated colitis and UDCA, by virtue of its ability to
inhibit MAdCAM-1 expression, may be useful in attenuating
inflammatory cross-talk pathways between the liver and intestine
in PSC-IBD.

METHODS
Animal experiments
Wild-type C57BL/6J mice were originally purchased from Jackson
Laboratories. Breeding pairs of Mdr2−/− mice on a C57BL/6J
background were obtained from Dr. Ronald Elferink (Tytgat
Institute for Liver and Intestinal Research, Amsterdam). Both WT
C57BL/6J and Mdr2−/− mice were bred simultaneously in the
same on-site facility and under identical environments. For colitis
experiments, mice received control (DI H2O) or 1.5% (wt/vol) DSS
in DI H2O for 5 days and were then allowed to recover for 4 days
on DI H2O before being euthanized. For UDCA experiments, mice
received standard chow (2020X Teklad, Envigo) or 0.5% UDCA
(Sigma-Aldrich, St. Louis, MO) supplemented chow compounded
through Envigo Teklad laboratory animal diets. DAI considered
stool consistency (0–4), presence of blood (0–4), and weight loss
(0–4). The scores were added with a maximum possible score of
12. For colon permeability assessment, mice underwent oral
gavage of 10 mg of 4kD FITC-dextran with collection of serum at
4 h. Serum fluorescence was measured (Promega fluorescent plate
reader) and serum FITC concentration determined by standard
curve. All animal procedures were approved by the Institutional
Animal Care and Use Committee of the University of Colorado
Anschutz Medical Campus.

Bile acid analysis
Bile acid analysis was completed by CU School of Pharmacy Mass
Spectrometry Facility (M.A.). Fecal and serum bile acid analyses
were performed following a protocol previously described by
Sarafian et al.67 with slight modifications that is described in more
detail in the Supplementary Methods.

Cell lines
Mouse transformed endothelial sinusoidal cells (TSECs) were
received as a generous gift from Vijay Shah (Mayo Clinic,
Rochester, MN) and brain endothelial cells (bEnd.3) were
purchased from ATCC. Cells were cultured and treated with
cytokines and bile acids as described in detail in the Supplemen-
tary Methods. NF-κB luciferase reporter assays are also described
in detail in the supplemental methods.

Cytokine analysis
Colon tissue was homogenized, and cytokine protein levels were
measured using a Mouse Pro-inflammatory 7-Plex kit (Meso Scale
Diagnostics, Rockville, MD) read on a MESO QuickPlex SQ 120
imager (Meso Scale), as described in detail in the Supplementary
Methods.

Histology and Immunohistochemistry
Colon injury assessment and liver fibrosis were assessed by a
trained histologist (D.O.) blinded to mouse strain and treatment
group. A previously described semiquantitative scoring system
was used to assess histologic colitis severity68 and is described in
more detail in supplementary methods. Paraffin-embedded colon
sections were used for IFC stain. All sections used a heat-induced
epitope retrieval in retrieval in Tris-EDTA (pH 9.0). Anti-MAdCAM-1
antibody (Cat. #ab80680, Abcam, Cambridge, MA) and anti-CD31
antibody (Cat. #77699, Cell Signaling Technology, Danvers, MA)
primaries were visualized with Alexa Fluor 488 and 555 labeled
secondary antibodies (Cat. #4412 and 4417, Cell Signaling
Technology) were used to visualize the staining, respectively.
Anti-α4β7 (Cat#73261, Abcam) primary antibody was visualized
with an Alexa Fluor 488 labeled secondary antibodies
(Cat#A11006, Invitrogen). Quantification of PSR and IFC is
described in more detail in Supplementary Methods. Histologic
images were captured on an Olympus BX51 microscope equipped
with a 4MP Macrofire digital camera (Optronics). All images were
assembled using Photoshop CS2 (Adobe Systems, Inc.; Mountain
View, CA).

Statistical analysis
GraphPad Prism 8 (GraphPad Software, La Jolla, CA) was used to
generate figures and perform statistical analyses. To compare
values obtained from two groups, Student’s t test was performed.
Data from three or more groups were compared with one-way
ANOVA followed by Tukey’s post hoc test. Probability values of
P < 0.05 were considered statistically significant.
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