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Background:  Nuclear  receptor  pregnane  X receptor  (PXR)  was  shown  to  be protective  in  case  of dextran
sulfate  sodium  (DSS)-induced  colitis.  Constitutive  androstane  receptor  (CAR)  belongs  to  the  same  nuclear
receptor subfamily  with  PXR.  The  roles  of  both  receptors  in  DSS-induced  colitis  were  evaluated.
Methods:  Wild-type,  Car-null,  Pxr-null,  and  Car/Pxr-null  mice  were  treated  with  a  CAR/PXR  agonist  or
vehicle  and  administered  2.5%  DSS  in the  drinking  water.  The  typical  clinical  symptoms,  histological
scoring,  proinflammatory  cytokine,  and apoptosis  were  analyzed.
Results:  Mice  treated  with  the  PXR  agonist  pregnenolone-16�-carbonitrile  (PCN)  were  protected
from DSS-induced  colitis,  as in a previous  study.  Mice  treated  with  the  CAR  agonist,  4-bis[2-(3,5-
dichloropyridyloxy)]benzene  (TCPOBOP)  were  also  protected  from  DSS-induced  colitis.  Interestingly,  the
protective  effects  of PCN  in the  Car-null  mice  and  those  of TCPOBOP  in  the Pxr-null  mice  both  decreased.
PCN  or  TCPOBOP  pretreatment  significantly  decreased  the  macrophage  and  monocyte  infiltration  in DSS-
induced colitis.  PXR  and CAR  agonists  reduced  the  mRNA  expression  of  several  proinflammatory  cytokines

in  a PXR-  and CAR-dependent  manner,  respectively.  CAR  inhibited  apoptosis  by  inducing Gadd45b.  PXR
inhibited  TNF-�  and  IL-1b  and CAR  induced  Gadd45b  in  in  vitro  cell  analyses.
Conclusions:  We showed  that  CAR  and  PXR  cooperatively  ameliorate  DSS-induced  colitis.  PXR  and  CAR
protected  against  DSS-induced  colitis  by  inhibiting  proinflammatory  cytokines  and  apoptosis,  respec-
tively.

© 2018  Editrice  Gastroenterologica  Italiana  S.r.l.  Published  by Elsevier  Ltd.  All  rights  reserved.
. Introduction

The pathophysiology of inflammatory bowel disease (IBD),
rohn’s disease (CD), and ulcerative colitis (UC) is poorly under-
tood [1,2]. However, considerable evidence indicates that IBD
esults from an interaction between genetic, immune, and
nvironmental factors [3]. The aberrant interaction between envi-
onmental factors and intestinal microbiota in a genetically
usceptible host is considered one of the pathogeneses of IBD [4,5].
ver the past three decades, there has been an exponential increase
n the incidence and prevalence of both CD and UC [6]. As such, the
larification of the mechanism and establishment of new therapeu-
ic options are urgently needed.

∗ Corresponding author at: Department of Gastroenterology and Hepatology,
unma University Graduate School of Medicine, 3-39-15 Showa-machi, Maebashi,
unma 371-8511, Japan.

E-mail address: kakizaki@gunma-u.ac.jp (S. Kakizaki).
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590-8658/© 2018 Editrice Gastroenterologica Italiana S.r.l. Published by Elsevier Ltd. All
Xenobiotic nuclear receptors, including aryl hydrocarbon recep-
tor (AhR), pregnane X receptor (PXR), and constitutive androstane
receptor (CAR), are key regulators in the response to chemi-
cals or environmental factors. PXR and CAR belong to the same
NR1I nuclear receptor subfamily [7] and regulate hepatic drug-
metabolizing enzymes, including phase I–III enzymes, such as
cytochrome P450 (CYP), UDP-glucuronosyltransferase (UGT), and
multidrug resistance protein (MRP), in response to chemicals and
environmental factors [8]. These receptors are expressed not only
in the liver but also in the intestines, which play important roles in
drug absorption and act as barriers against xenobiotics. It is there-

fore not strange that these receptors are related to the immune
system, environmental factors, and intestinal microbiota in the
intestinal tract. Many associations between IBD and these receptors
have been reported [9–12].
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AhR and PXR have been suggested to play protective roles in
he pathogenesis of IBD [9,10]. AhR deficiency reportedly results in
ncreased susceptibility to colitis in mice, whereas the activation
f AhR may  ameliorate dextran sulfate sodium (DSS)-induced col-
tis [13,14]. Indigo Naturalis, which contains ligands for the AhR,
as been used as a traditional herbal medicine for the treatment
f UC and promotes the regeneration of the mucosa through AhR
ignaling activation [15].

PXR activation was also reported to ameliorate DSS-induced col-
tis [12]. Cheng et al. demonstrated the protective function of PXR
ctivation by rifaximin in DSS-induced and trinitrobenzene sulfonic
cid (TNBS)-induced IBD models [11]. They showed that nuclear
actor �B (NF-�B) target genes were markedly down-regulated by
ifaximin treatment [11]. The preventive and therapeutic roles of
ifaximin on IBD were suspected to be through the PXR-mediated
nhibition of the NF-�B signaling cascade [11]. Rifaximin, a human
XR activator, is currently undergoing clinical trials for the treat-
ent of IBD and has demonstrated efficacy against CD and UC

16–18].
CAR and PXR share some common ligands and overlapping sets

f target genes [7,19–22]. Therefore, these two receptors are closely
ssociated and compensate for each other’s functions. CAR and PXR
lay diverse physiological, pharmaceutical, and pathological roles

n growth, apoptosis, tumorigenesis, energy metabolism, and the
nduction of drug-metabolizing enzymes [23,24].

Because AhR and PXR have been implicated in the pathogenesis
f IBD, CAR may  also be related to the pathogenesis of IBD. However,
he precise roles of CAR in the pathogenesis of IBD are unknown.
udson et al. [25] recently reported that the CAR expression was

educed in CD and UC samples and that CAR activation accelerated
ntestinal epithelial wound healing by enhancing cell migration in
SS-induced colitis. We  have also previously evaluated the roles
f CAR in the pathogenesis of IBD [26]. Because CAR and PXR are
losely related, DSS-induced colitis should be evaluated from the
iewpoint of both CAR and PXR.

In this study, we investigated the roles of CAR and PXR in the
athogenesis of DSS-induced colitis using CAR/PXR single- and
ouble-knockout mice.

. Materials and methods

.1. Chemicals

1,4-bis[2-(3,5-dichloropyridyloxy)]benzene (TCPOBOP) and
regnenolone 16�-carbonitrile (PCN) were purchased from Sigma
St. Louis, MO,  USA). Dextran sulfate sodium (DSS) was  purchased
rom MP  Biomedicals, LLC (Aurora, OH, USA). All other chemicals
ere obtained from commercial sources at the highest grade of
urity available.

.2. Animals and experimental design

All experiments were approved by the Gunma University Ani-
al  Care and Experimentation Committee (#16-006) and carried

ut in accordance with the approved guidelines. Car-null, Pxr-
ull, and Car/Pxr-null mice were generated and backcrossed to a
57BL/6 genetic background [27,28]. Car-null and Pxr-null mice
ere crossed to generate double-null mice (Car/Pxr-null mice) [29].

he wild-type, single-knockout, and double-knockout mice used in
hese studies were all maintained in a C57BL/6 background. Mice

ere maintained in the Institute of Experimental Animal Research

f Gunma University under specific-pathogen-free conditions. Mice
ere handled in accordance with the animal care guidelines of
unma University.
r Disease 51 (2019) 226–235 227

Six- to eight-week old wild-type, Car-null, Pxr-null, and Car/Pxr-
null male mice were fashioned into DSS-induced IBD models. Mice
were placed into 3 groups (n ≥ 6 per group) in the DSS-induced
IBD study: control, TCPOBOP pretreatment, and PCN pretreatment.
TCPOBOP was used as a CAR-ligand in a 6 mg/ml dimethylsulfoxide
solution at a dose of 3 mg/kg of body weight. PCN was  used as a PXR-
ligand in a 25 mg/ml ethanol solution at a dose of 20 mg/kg of body
weight. Control mice received the same dose of dimethylsulfoxide
solution or ethanol per body weight. Mice in the PCN and DSS or
TCPOBOP and DSS groups received the compounds for 10 days, and
on the 4th day of treatment, the mice were administered 2.5% DSS
in drinking water (wt/vol) or control drinking water.

All mice were sacrificed 10 days after treatment with PCN,
TCPOBOP, or vehicle (Supplemental Fig. 1), and tissue samples
were harvested and stored at −80 ◦C before the analysis. Total liver
RNA was  prepared from each mouse (n = 5 per group) using TRI-
zol reagent (Invitrogen, Carlsbad, CA, USA), and then it was  further
purified using an RNeasy kit (Qiagen, Valencia, CA, USA).

2.3. The colitis evaluation

Daily changes in the body weight, diarrhea, rectal bleeding, and
bloody stool were assessed and reported as a score from 0 to 4.
After sacrifice, the length of the colon from the colo-cecal junction
to the anal verge was measured. For the assessment of macro-
scopic colon damage, the colon was  opened longitudinally, flushed
with phosphate-buffered saline, and fixed in 10% buffered formalin.
Colitis was  measured by a blinded analysis using routine hema-
toxylin and eosin staining according to the morphological criteria
described previously (Supplemental Fig. 2) [30].

To analyze the infiltrated cells, macrophages and monocytes
were stained by F4/80 antibody (Funakoshi Co., Ltd., Tokyo, Japan).
For immunohistochemistry, F4/80 antibody was applied overnight
at 4 ◦C, and biotinylated secondary antibody was applied for 1 h.
Bound peroxidase was visualized after a 3,3-diaminobenzidine
reaction for 2–5 min  and after light counterstaining with hema-
toxylin, dehydration, and mounting.

2.4. In situ analyses of apoptosis by a terminal deoxynucleotidyl
transferase dUTP nick end labeling assay

To examine the apoptotic cells, a terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate (dUTP)-biotin
nick end-labeling (TUNEL) assay was performed according to the
manufacturer’s protocol (In situ Apoptosis Detection kit; Apoptag
Direct, Oncor, Gaithersburg, Germany). The sections were viewed
and photographed using standard fluorescence microscopy tech-
niques. The number of TUNEL-positive cells per 100 cells was
counted in 10 randomly selected fields in each group. The mean
number for the 10 fields was  then calculated.

2.5. Cell lines and in vitro analyses

Ym17 cells, a stable cell line expressing CAR, were established
from HepG2 cells that were transfected with a mouse pcDNA3.1-
CAR-V5-His expression vector and selected for neomycin resistance
[24]. The cells were cultured in minimal essential medium supple-
mented with 10% fetal bovine serum and antibiotics (100 U/ml of
penicillin and 100 �g/ml of streptomycin). To determine the effect
of CAR/PXR stimulation on the inflammatory pathway, the tumor
necrosis factor-alpha (TNF-�)-induced cell signaling was  evalu-
ated. The mRNA expression of the cytokines or CAR/PXR-targeted

genes were analyzed by real-time polymerase chain reaction (PCR).
In brief, Ym17 cells were cultured for 24 h, after which 10 mM of
Rifampicin or 250 nM of TCPOBOP was added to the wells. At 48 h,
10 ng/ml of TNF-� was additionally added to each well, and the
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Fig. 1. The assessment of body weight changes and colitis in mice.
The  body weight (A), diarrhea score (B), and bleeding score (C) in the DSS-induced colitis model were shown. DSS treatment decreased the body weight and caused diarrhea
and  rectal bleeding. Treatment with the PXR ligand PCN significantly improved the body weight loss (P = 0.024), diarrhea score (P = 0.024), and bleeding score (P < 0.001) in
the  wild-type mice compared with the wild-type control mice. (D) The colon lengths of each DSS-induced colitis model were evaluated. PCN significantly improved the colon
l erved
l in the
A

c
e
w

ength  in the wild-type mice (P < 0.001). The preventive effects of PCN were not obs
ength in the wild-type mice (P = 0.029). The effects of TCPOBOP were not observed 

–D:  ANOVA P < 0.001.
ells were cultured for 6 h at 37 ◦C. Total RNA was prepared from
ach well using TRIzol reagent (Invitrogen), and then real-time PCR
as performed. cDNAs were amplified using the following sets of
 in the Pxr-null or Car/Pxr-null mice. TCPOBOP also significantly improved the colon
 Car-null mice. The preventive effects of TCPOBOP disappeared in the Pxr-null mice.
primers: TNF-� mRNA, 5′-AGCCCACGTCGTAGCAAACCACCAA-3′

and 5′-ACACCCATTCCCTTCACAGAGCAAT-3′; IL-
1b mRNA, 5′-GAGGCCTAATAGGCTCATCTG-3′ and
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Fig. 2. Histological analyses in DSS-induced colitis models.
Representative hematoxylin and eosin-stained colon sections of wild-type, Pxr-null, Car-null, and Car/Pxr-null mice treated with DSS with and without PCN or TCPOBOP.
Colitis  was  measured with routine hematoxylin and eosin staining according to the morphological criteria. DSS treatment caused epithelial cell damage and increased
i ficantl
w ent al
w
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T
G
G
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P
q

nfiltration of granulocytes and mononuclear immune cells. PCN pretreatment signi
ild-type mice compared with DSS treatment alone (P < 0.001). TCPOBOP pretreatm
ith  DSS treatment alone (P = 0.025). ANOVA P = 0.010.

′-GGGTCCGTCAACTTCAAAG-3′; MCP-1 mRNA, 5′-
CACTGAAGCCAGCTCTC-3′ and 5′-GGATCATCTTGCTGGTGAAT-3′;
add45b mRNA, 5′-TGCGACAATGACATTGACATC-3′ and 5′-
GAATCTGTATGACAGTTCGTGA-3′.

.6. Real-time PCR
The mRNA expression of genes was analyzed by real-time
CR. Total RNA was extracted from the colon, and the subse-
uent syntheses of first strand cDNA were performed using
y attenuated DSS-induced colon damage as assessed by the colon histology score in
so significantly attenuated DSS-induced colon damage in wild-type mice compared

the TRIzol reagent and the SuperScriptTM preamplification sys-
tem (Invitrogen). cDNAs were amplified using the following
sets of primers: IL-1b mRNA, 5′-GAGGCCTAATAGGCTCATCTG-
3′ and 5′-GGGTCCGTCAACTTCAAAG-3′; CCR2 mRNA,
5′-CATTACACCTGTGGCCC-3′ and 5′-CTTCTCATTCCTACAGCGA-
3′; TNF-� mRNA, 5′-AGCCCACGTCGTAGCAAACCACCAA-3′

and 5′-ACACCCATTCCCTTCACAGAGCAAT-3′; Gadd45b

mRNA, 5′-TGCGACAATGACATTGACATC-3′ and 5′-
GGAATCTGTATGACAGTTCGTGA-3′. One-twentieth of each cDNA
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Fig. 3. F4/80 staining in DSS-induced colitis models.
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o  analyze the infiltrated cells, macrophages and monocytes were stained by F4/8
nd  Car/Pxr-null mice treated with DSS with and without PCN or TCPOBOP are sh
acrophage and monocyte infiltration compared with DSS-treated control mice. 

rotect  against DSS-induced colitis in Car-null mice. ANOVA P = 0.0032.

ynthesized from 5 �g of RNA was subjected to real-time PCR using
YBR green dye (PE Applied Biosystems, Foster City, CA, USA).

.7. Data analyses

All experimental data are shown as the mean ± standard
eviation (SD). Multiple comparisons of parametric data were
ssessed using either a one or two-way factorial analysis of vari-

nce (ANOVA). A repeated-measures ANOVA was used to assess
aily changes in the body weight, diarrhea, rectal bleeding, and
loody stool. Bonferroni’s post hoc test was performed when the
espective F values achieved P < 0.05 and no significant variance
body. Representative F4/80-stained colon sections of wild-type, Pxr-null, Car-null,
 PCN (P = 0.001) and TCPOBOP (P = 0.03) pretreatment significantly decreased the
id not protect against DSS-induced colitis in Pxr-null mice, and TCPOBOP did not

inhomogeneity was  detected. Multiple comparisons of data that
were not deemed normally distributed were assessed using the
Kruskal–Wallis test followed by Dunn’s post hoc test. The IBM
SPSS software program, ver. 25, and the Statistics and Microsoft
Excel2013 software programs were used for all analyses and to plot
data points graphically.

3. Results
3.1. Body weight changes and colitis assessment of mice

The preventive roles of PCN or TCPOBOP were assessed in
the DSS-induced colitis model. DSS treatment decreased the body
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Fig. 4. TUNEL staining in DSS-induced colitis models.
To  examine the apoptotic cells, a terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate (dUTP)-biotin nick end-labeling (TUNEL) assay was performed.
T cted fi
s POBOP
T A P =
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he  number of TUNEL-positive cells per 100 cells was counted in 10 randomly sele
taining  showed a significant reduction in the number of apoptotic cells in the TC
CPOBOP did not decrease the number of apoptotic cells in the Car-null mice. ANOV

eight (Fig. 1A ) and caused diarrhea (Fig. 1B) and rectal bleed-
ng (Fig. 1C). Treatment with the PXR ligand PCN significantly
mproved the body weight loss (P < 0.01), diarrhea score (P < 0.01),
nd bleeding score (P < 0.01) in the wild-type mice. Furthermore,
CN significantly improved the colon length in the DSS-induced
olitis model (P < 0.01, Fig. 1D). The preventive effects of PCN were
ot observed in the Pxr-null or Car/Pxr-null mice. Interestingly, the
reventive effects of PCN disappeared in the Car-null mice.

Treatment with the CAR ligand TCPOBOP tended to improve the

iarrhea score and bleeding score, although it did not reach sta-
istical significance. However, TCPOBOP significantly improved the
olon length in this model (P < 0.05, Fig. 1D). No effects of TCPOBOP
elds in each group. The mean number for the 10 fields was  then calculated. TUNEL
-treated wild-type mice compared with the DSS-treated control mice (P = 0.001).

 0.005.

were observed in the Car-null mice. The preventive effects of
TCPOBOP also disappeared in the Pxr-null mice.

3.2. Histological analyses

Histologically, DSS treatment caused epithelial cell damage and
increased infiltration of granulocytes and mononuclear immune
cells. Colitis was measured according to the morphological crite-

ria by the colon histology score. PCN pretreatment significantly
attenuated the DSS-induced colon damage based on the colon his-
tology score in wild-type mice compared with DSS treatment alone
(P < 0.01, Fig. 2). TCPOBOP pretreatment also significantly attenu-
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ig. 5. The mRNA expression of NF-�B-targeted genes.
he mRNA expression of some NF-�B-targeted genes was analyzed by real-time PC
he  cDNA was  then subjected to quantitative real time PCR. **P < 0.01, in compariso

ted DSS-induced colon damage in wild-type mice compared with
SS treatment alone (P < 0.05, Fig. 2). The protective effects of PCN
n colon damage were stronger than those of TCPOBOP in wild-type
ice.
In Pxr-null mice, PCN did not protect against DSS-induced col-

tis as assessed by the colon histology score. These results suggest
hat the beneficial effects of PCN were attributed to its specific acti-
ation of PXR. TCPOBOP also did not protect against DSS-induced
olitis in Car-null mice. These results suggest that the beneficial
ffects of TCPOBOP were attributed to its specific activation of CAR.
n Car/Pxr-null mice, PCN and TCPOBOP did not protect against
SS-induced colitis as assessed by the colon histology score. Inter-
stingly, the preventive effects of PCN disappeared in the Car-null
ice, and the preventive effects of TCPOBOP also disappeared in

he Pxr-null mice.
To analyze the infiltrated cells, macrophages and monocytes

ere stained by F4/80 antibody (Fig. 3). PCN (P < 0.01) or TCPOBOP
P < 0.05) pretreatment significantly decreased the macrophage and

onocyte infiltration in the DSS-induced colon model. The anti-
nflammatory effects of PCN were stronger than those of TCPOBOP.
CN did not protect against DSS-induced colitis in Pxr-null mice,

nd TCPOBOP did not protect against DSS-induced colitis in Car-null
ice. In Car/Pxr-null mice, PCN and TCPOBOP did not decrease the
acrophage and monocyte infiltration in the DSS-induced colon
al RNA was  isolated from the colon of the Pxr-null, Car-null, and Car/Pxr-null mice.
he control. Data represent the mean ± SD for five animals per group.

model. Interestingly, the preventive effects of PCN disappeared in
the Car-null mice, and the preventive effects of TCPOBOP also dis-
appeared in the Pxr-null mice.

TUNEL staining showed a significant reduction in the number of
apoptotic cells in the TCPOBOP-treated wild-type mice compared
with the control mice (Fig. 4, P < 0.01). TCPOBOP did not decrease
the number of apoptotic cells in Car-null mice. These results suggest
that the beneficial effects of TCPOBOP were attributed to its specific
activation of CAR. Similarly, PCN treatment also did not decrease
the number of apoptotic cells, although an inhibitory tendency was
noted.

3.3. mRNA expression of NF-�B target genes and apoptotic signals

Because a previous study reported that PXR protected against
DSS-induced colitis via the inhibition of NF-�B target gene expres-
sion [12], the mRNA expression of some NF-�B target genes was
analyzed by real-time PCR (Fig. 5). IL-1b and CCR2 were signifi-
cantly inhibited by PCN and TCPOBOP treatment in wild-type mice.

However, these effects were not observed in Pxr-, Car-, or Car/Pxr-
null mice. The TNF-� expression was significantly inhibited by PCN
treatment in wild-type mice, as in a previous report [12]. In con-
trast, TCPOBOP treatment did not inhibit the TNF-� expression in
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Fig. 6. CAR/PXR stimulation on inflammatory pathway in vitro.
To determine the effect of CAR/PXR stimulation on the inflammatory pathway, TNF-�-induced cell signaling was analyzed in Ym17 cells by real-time PCR. Ym17 cells were
c ed to
c d by re
T  0.05.
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ultured for 24 h, after which 10 mM of Rifampicin, or 250 nM of TCPOBOP was add
ells  were cultured for 6 h. Total RNA was prepared from each well and then analyze
CPOBOP treatment significantly increased the Gadd45b expression. **P  < 0.01, *P <

SS-treated wild-type mice in this study, although it showed a
endency to inhibit the TNF-� expression.

Since TUNEL staining showed that CAR inhibited apoptosis in
ur DSS-induced colitis model, CAR target genes in apoptotic sig-
als were evaluated. TCPOBOP treatment significantly increased
he Gadd45b expression in DSS-treated wild-type mice (P < 0.01).
he Gadd45b expression was not increased in Car-null mice. These
ndings, along with the results of TUNEL staining, showed that CAR

nhibited apoptosis by inducing Gadd45b. PCN treatment did not
ncrease the Gadd45b expression in DSS-treated wild-type mice.

.4. Effect of CAR/PXR stimulation on the inflammatory pathway
n vitro

To determine the effect of CAR/PXR stimulation on the inflam-
atory pathway, TNF-�-induced cell signaling were analyzed in

m17 cells by real-time PCR (Fig. 6). TNF-� and IL-1b were signifi-
antly inhibited by Rifampicin treatment. These inhibitions were
lso observed in vivo. In contrast, TCPOBOP treatment did not

nhibit the TNF-� and IL-1b expression.

Since CAR inhibited apoptosis in vivo, the involvement of CAR
arget genes in apoptotic signals was evaluated in Ym 17 cells.
CPOBOP treatment significantly increased the Gadd45b expres-
 the wells. At 48 h, 10 ng/ml of TNF-� was additionally added to each well, and the
al-time PCR. TNF-� and IL-1b were significantly inhibited by Rifampicin treatment.

sion under both control and TNF-�-induced signaling conditions. In
contrast, Rifampicin treatment did not affect the Gadd45b expres-
sion.

4. Discussion

In this study, we  showed that CAR and PXR cooperatively ame-
liorate DSS-induced colitis. PXR protected DSS-induced colitis via
the inhibition of NF-�B target gene expression, and CAR protected
via the inhibition of apoptosis. CAR and PXR both protected against
DSS-induced colitis but via different mechanisms. The protective
effects of the PXR ligand PCN were not observed in Car-null mice,
and the protective effects of the CAR ligand TCPOBOP were not
observed in Pxr-null mice. This indicates that both PXR and CAR
were required in order to protect against DSS-induced colitis. The
precise mechanism underlying this phenomenon is not clear at
this time. However, it is an interesting phenomenon, and further
investigations are needed.

Hudson et al. [25] recently reported that the CAR expression was

reduced in CD and UC samples and that CAR activation accelerated
intestinal epithelial wound healing by enhancing cell migration.
They suggested that CAR does not exert direct anti-inflammatory
effects that dampen the response to DSS exposure [25], unlike PXR
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nd AhR. Although our protocol differed from theirs in that we  eval-
ated the effects of pretreatment, the anti-inflammatory effects of
he PXR ligand were also stronger than those of CAR ligand. Hudson
t al. also showed that treating mice with TCPOBOP during recovery
rom colitis enhanced mucosal healing and reduced tissue inflam-

ation. Both the previous [25] and present study showed that CAR
xerted a protective effect against DSS-induced colitis and that CAR
nd PXR worked via different mechanisms to protect against DSS-
nduced colitis.

Our use of Car/Pxr-null mice was a novel aspect of this study. PXR
nd CAR belong to the same NR1I nuclear receptor subfamily [7] and
hare target genes or response elements. As such, they sometimes
ompensate for one another. Using Car/Pxr-null mice was therefore
seful for evaluating the function of these two receptors.

Histologically, the protective effects of PCN on colon dam-
ge were stronger than those of TCPOBOP. The infiltrated cells
tained by F4/80 antibody were significantly decreased by PCN
r TCPOBOP treatment. However, the anti-inflammatory effects of
CN were stronger than those of TCPOBOP. Hudson et al. [25] sug-
ested that CAR does not exert direct anti-inflammatory effects that
ampen the response to DSS exposure [25]. Our results showing a
tronger anti-inflammatory effect of PXR than CAR were similar to
hose previous findings. Treatment with a PXR agonist decreased
he mRNA expression of several NF-�B target genes in a PXR-
ependent manner, as described previously. Treatment with a CAR
gonist also decreased the mRNA expression of several NF-�B tar-
et genes in a CAR-dependent manner. However, CAR treatment
id not inhibit the TNF-� expression, unlike PXR treatment. In con-
rast, the Gadd45b expression was increased by CAR but not PXR.
UNEL staining showed that CAR but not PXR inhibited apopto-
is in our model of DSS-induced colitis. We  also showed that PXR
gonist inhibited TNF-� and IL-1b and that CAR agonist induced
add45b in in vitro cell analyses. CAR and PXR both exerted pro-

ective effects against DSS-induced colitis via similar–but not the
ame–mechanisms.

Interestingly, the protective effects of PCN were decreased in the
ar-null mice. While it is reasonable for the protective effects of PCN
o disappear in Pxr-null mice, these effects were also decreased in
he Car-null mice, indicating that CAR is needed to enjoy the full
rotective effect of PCN against DSS-induced colitis. Similarly, the
rotective effects of TCPOBOP were decreased in the Pxr-null mice.
he precise mechanism underlying this phenomenon is unclear,
nd further investigations will be needed. CAR and PXR coopera-
ively ameliorate DSS-induced colitis.

PXR and CAR are closely related receptors that play important
oles in the gastrointestinal tract, regulating the barrier func-
ion, inflammatory signaling, and mucosal repair following injury
31,32]. Xenobiotic receptors, including AhR, CAR, and PXR, play
ey roles in the maintenance of intestinal mucosal homeostasis,
nd their dysfunction may  contribute to the pathogenesis of IBD.
n this study, we showed that CAR and PXR cooperatively amelio-
ate DSS-induced colitis. Therapeutic agents targeting xenobiotic
eceptors may  be useful for treating IBD.
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