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Aim. To investigate the role of Coxsackie-adenovirus receptor (CAR) in inflammatory bowel disease (IBD). Background. CAR, a
type I transmembrane protein with functions in virus attachment, has been shown to be associated with epithelial tight junctions
(TJs) and mediates cell adhesion, implying its potential roles in the pathogenesis of IBD. Methods and Materials. To determine
the effect of CAR in IBD using QPCR and Western blotting to determine the expression of CAD in TNF-𝛼 induced NCM460
and SW480 cells and IBD tissues compared to control groups. Furthermore, TJs dysregulation, FITC-Dextran permeability assay,
qRT-PCR, Western blot, and IF assessed the permeability in CAR overexpressed cells treated with TNF-𝛼. HE, qRT-PCR, Western
blot, and IHC assay were used to assess the CAR overexpressed cells whether they have the effect to cure DSS induced ulcerative
colitis rat model in vivo. Result. We found CAR levels in human colon cell lines are significantly downregulated under the treatment
of tumor necrosis factor-alpha (TNF-𝛼). Furthermore, overexpression of CAR markedly prevented TNF-𝛼 induced inflammatory
response, TJs dysregulation, and permeability disruption (FITC-Dextran permeability assay) in cells. Consistent with these findings
in vitro, we found that CAR overexpression could suppress gut inflammation, attenuate the downregulation of TJ protein ZO-1 and
Occludin, and limit the induction of barrier permeability in aDSS induced ulcerative colitis ratmodel in vivo. Together, our findings
strongly suggest that CAR could protect tight junctions and has an anti-inflammatory effect during the pathogenesis of IBD. Thus
CAR may serve as a therapeutic target for the diagnosis and treatment of IBD.

1. Introduction

Inflammatory bowel disease (IBD) is chronic inflamma-
tory disorder of the gastrointestinal (GI) tract and has
become public health concern due to its increasing incidence
worldwide during the past few years [1]. IBD are clinically
characterized by symptoms such as abdominal pain, bloody
diarrhea, weight loss, and fatigue [2]. Based on clinical
and pathologic pattern, IBD can be divided into Crohn’s
disease (CD) which affects GI track in a discontinuous and
transmural manner and ulcerative colitis (UC), which affects
restrictedly the surface of mucosa of the colon and rectum
[3, 4].The etiology of IBD remains unclear, and it is presently
recognized that pathogenesis of IBD is contributed by mul-
tidimensional factors that involve environmental, genetic,
microbial, and immune components [5, 6]. Dysregulation
of intestinal immune response, which can be initiated by
upregulated host defense reaction of intestinal epithelium to

bacteria, promotes perpetuation of inflammatory response
in IBD [7]. Upregulation of inflammatory cytokines and
activation of inflammation signaling pathways are critical
contributing factors to pathogenesis of IBD [8]. Besides,
compromise of gut epithelial barrier is another important
characteristic of IBD, and dysregulation of tight junction
(TJ) proteins is key mechanism for disruption of paracellular
permeability during pathogenesis of IBD [9].

Although multiple therapeutic options such as treatment
with steroids, immunomodulators, and antibodies are avail-
able for the treatment of IBD, clinical applications of the
present treatments are limited due to various adverse effects
including infections andmalignancies [10–12]. Other options
such as nutritional therapy are limited on efficacy [13]. Thus,
better understanding of themechanisms of disease pathology
is in urgent need in order to identify novel drug targets
for the treatment of IBD. Tight junctions which form the
apical unit of GI track are the predominantly rate-limiting
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factor in paracellular passage of intestinal barrier [14].
Transmembrane proteins such as occludin and peripheral
membrane proteins such as zona occludens (ZO-1, ZO-2,
and ZO-3) are major components for building up tight junc-
tions [9]. Importantly, a transmembrane protein Coxsackie-
adenovirus receptor (CAR) has been reported to play critical
role in maintaining barrier function of TJs [15]. CAR belongs
to the CTX subfamily of the immunoglobulin superfamily,
and it is originally known to be the primary attachment
protein for viruses to enter the cells [16]. Although the cellular
function of CAR is largely unknown, recent studies suggested
that CAR mediates cell-cell adhesion through its association
with epithelial TJs [17], suggesting the potential role of CAR
in regulating permeability of gut barriers—an important
indicator of IBD pathogenesis.

In the present study, we aimed to explore the role of
CAR in the development of IBD. We found that CAR exerts
significant beneficial effect through suppressing inflamma-
tory signaling activation, inhibiting inflammatory cytokines
production, and upregulating the expression of TJs, support-
ing that CAR might act as a protective factor during the
pathogenesis of IBD.These findingsmay shed light on a novel
therapeutic target for the future diagnosis and treatment IBD
of CAR.

2. Material and Methods

2.1. Cell Culture & Treatment. Human colon mucosal epithe-
lial cell line (NCM460), human colon cancer cell line
(SW480), and human epithelial colorectal adenocarcinoma
cell line (Caco2) were purchased from Auragene cell bank
(Changsha, Hunan, China). Cells weremaintained in humid-
ified cell incubator (5% CO

2
, 37∘C) with respective cell

culture medium (RPMI 1640 medium (Gibco, Carlsbad,
CA, USA) supplemented with 10% fetal bovine serum (FBS,
Gibco) and 100U/ml penicillin-streptomycin). Cells were
split into 6-well plates in order to reach 50% confluence at the
time of treatment or transfection. For CAR overexpression,
CAR gene was cloned into pEGFP-N1 vector via NheI and
BamHI cloning sites, sequence was verified, and the recom-
binant plasmidwas transfected into cells using Lipofectamine
6000 reagent according to manufacturer’s instruction.

2.2. Animal and DSS Induced IBDModel. BALB/c mice were
used to establish DSS induced IBD model. Briefly, male
BALB/c mice aged 4–6 weeks (bodyweight 23–25 g) were
randomly divided into 3 groups (8 mice per group). All
animals were housed in 25∘C environment with a 12-hour
light and dark cycle. For the first 7 days of experiment, control
group was maintained with free access to regular drinking
water, while IBD group and CAR-IBD group were given
free access to drinking water containing 5% DSS. Starting
from day 8, all groups were given free access to regular
drinking water. On day 9, CAR-IBD group was infected with
CAR overexpression adenovirus through rectal perfusion.
During the experimental process, observation and records
were made on the bodyweight, food intake, activity, and
fecal characteristics of all treatment groups. On the 17th

day of experimental scheme, mice were sacrificed and colon
tissues were collected for further analysis of gene expression
and histological studies. To evaluate the effectiveness of
IBD model as well as the influence of CAR overexpression
on IBD development, disease activity index (DAI) scores
were generated based on the following criteria: no weight
loss= score 0, bodyweight loss <5% = score 1, bodyweight
loss between 5%–10% = score 2, bodyweight loss between
10%–15% = score 3, and bodyweight loss between >15% =
score 4. Fecal characteristics were also scored ranging from
0 to 4 based on the texture and extent of blood content.

2.3. Immunocytochemistry. After treatment/transfection,
cells were fixed by paraformaldehyde and washed with
PBS before being incubated with primary antibody (Anti-
ZO-1 antibody, Proteintech, # 21773-1-AP, 1 : 100, Wuhan,
China). Fluorescence conjugated secondary antibody
(goat anti-rabbit IgG-CY3, Auragene, #SA004, Changsha,
China) was added onto cell slides and incubated for 30
minutes at room temperature. Cells were then washed
by PBS for 3 times (3 minutes each time), stained with
4,6-diamidino-2-phenylindole (DAPI), and preserved in
antifade mounting medium (Auragene, #P0371H, Changsha,
China) for subsequent microscopic observation.

2.4. Quantitative Real-Time PCR (qRT-PCR). Total RNA
of cell lines and colon tissue samples were extracted
according to instructions of Trizol kit (Dongsheng Bio. #
R1022, Guangzhou, China). mRNA was reverse transcribed
into cDNA with reverse transcription kit (ThermoFisher,
# K1622, USA) according to the manufacturer’s instruc-
tion. Gene expression level was determined by quanti-
tative real-time PCR using SYBR Green qRT-PCR Mix
(Dongsheng Bio. # P2092, Guangzhou, China) with ABI
7300 real-time PCR system. Primer information for qRT-
PCR is as follows: CAR-Sense 5-TGTGCGGAGTAGTGG-
ATT-3, CAR-Antisense 5-ATGGCAGATAGGCAGTTT-
3, 𝛽-actin-Sense 5-AGGGGCCGGACTCGTCATACT-3,
𝛽-actin -Antisense 5-GGCGGCACCACCATGTACCCT-
3, IL-21-Sense 5-TGAATGACTTGGTCCCTG-3, IL-21-
Antisense 5-GTGTTTCTGTCTTCTCCCT-3, IL-23-Sense
5-GGGACACATGGATCTAAGAG-3, IL-23-Antisense 5-
CGATCCTAGCAGCTTCTCAT-3, ZO-1-Sense 5-GAC-
AGCTACAGGAAAATGACC-3, ZO-1-Antisense 5-CCT-
TCTAATTGTAATTTTTGCA-3, Occludin-Sense 5-CGG-
TACAGCAGCAATGGTAA-3, and Occludin-Antisense 5-
CTCCCCACCTGTCGTGTAGT-3. All qRT-PCR reactions
were performed in triplicate, and 𝛽-actin gene was used as
endogenous control.

2.5. Western-Blot Analysis. Cells were harvested (tissue sam-
ples were homogenized) in RIPA lysis buffer (Auragene, #
P002A, Changsha, China) containing proteinase inhibitors.
After 20min incubation on ice, proteinmixturewas extracted
by centrifuging samples at 13000 rpm for 20min. BCA assay
was used to determine protein concentration before samples
were diluted into 2mg/mL with sodium dodecyl sulfate-
loading buffer (Auragene, # P003B, Changsha, China). For
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Figure 1:CAR expression is inhibited by inflammatory factor TNF-𝛼 treatment in human colon cell lines. (a) qRT-PCR detection of CARmRNA
levels in human colon cell lines upon TNF-𝛼 treatment. Human colon mucosal epithelium cell line NCM460 and human colon cancer cell
line SW480 were treated with control or TNF-𝛼 (10 ng/ml) for 24 hours before cells were harvested for qRT-PCR assay. (b) Western-blot
detection of CAR protein level after CAR overexpression. NCM460 and SW480 were transfected with control vector or pEGFP-N1-CAR
overexpression plasmid, 48 hours after transfection, cells were harvested for protein extraction, and CAR protein level was determined using
antibody that specifically recognizes CAR. (c) Quantitative analysis of CAR protein levels (calibrated with 𝛽-actin levels of each sample) in
(b). ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001, and data represent mean ± s.e.m.

immunoblot assay, equal amounts of protein from each sam-
ple were electrophoresed on a 10% sulfate-polyacrylamide
gel and transferred onto nitrocellulose membrane. 5% milk
blocked membranes were then incubated with primary anti-
body in 3% BSA-TBST overnight at 4∘C, washed by TBST,
and incubated with secondary antibody. After a second wash,
results were detected using AuraECL chemiluminescence
kit (Auragene, # P001WB-1, Changsha, China). Antibody
information is as follows: Anti-ZO-1 antibody (Abcam, #
Ab96587, 1 : 2000, UK), Anti-Occludin antibody (Abcam,
# Ab222691, 1 : 500, UK), Anti-CAR antibody (Abcam, #
Ab91605, 1 : 100000, UK), Anti-P65 antibody (Abcam, #
Ab32536, 1 : 8000, UK), goat anti-rabbit IgG-HRP (Auragene,
# SA009, 1 : 15000, Changsha, China), and goat anti-mouse
IgG-HRP (Auragene, # SA001, 1 : 15000, Changsha, China).

2.6. Immunohistochemical Staining. Colon samples were col-
lected, fixed with 10% formalin, and embedded into paraffin
blocks. Antigen retrieval was performed in boiled Sodium
Citrate buffer (Auragene, # P019IH, Changsha, China).
Dewaxed tissue sections were rehydrated and treated with
3% hydrogen peroxide. For immunohistochemical staining,
nonimmunized goat serum was used to block the tissues,
and sections were then incubated with ZO-1 antibody (Pro-
teintech, # 21773-1-AP, 1 : 200, Wuhan, China ) overnight at
4∘C, were washed with phosphate buffered saline, and were
incubated with horseradish peroxidase- (HRP-) conjugated
secondary antibody (Auragene, # SA009, Changsha, China).
Signal was detected usingDAB staining (Auragene, # P013IH,
Changsha, China).

2.7. FITC-Dextran Permeability Assay. For in vivo permeabil-
ity evaluation, 200 𝜇L FITC-Dextran (25mg/mL, 40000Da,
Sigma, Cat. #53379, USA) was given to mice through gavage,
30 minutes later, blood was collected and plasma sample was
preserved in light protected tubes, and further photometric
analysis of FITC-Dextran concentration was detected using

fluorescence microplate reader. For cell permeability evalua-
tion, cells were seeded onto insert chambers which contain
semipermeable membrane at the bottom, the chambers were
then inserted into individual 12-well culture plates, after
formation of cell monolayer, cells were treated with TNF𝛼
and/or CAR overexpression, and FITC-Dextran was then
added to the inserted chamber in contact with the cell
monolayer. The concentration of FITC-Dextran in the lower
compartment of the culturewell wasmeasured to evaluate the
permeability of the cell monolayer.

2.7.1. Transepithelial Electric Resistance (TEER) Measurement.
Cell monolayers were established on the polyester membrane
of transwell inserts. After being treated by TNF-𝛼 and
CAR transfection, we assessed the TEER using Millicell-
ERS voltohmmeter (Millipore, Bedford, MA, USA). Briefly,
electrodes were prewarmed to 37∘C inHBSS and balanced for
20minutes. Cells were washed by prewarmedHBSS and were
incubated in fresh HBSS. Resistance value was measured for
each well with a blank well used as control. TEER (Ω⋅cm2)=
(resistance of cell – resistance of blank) x membrane area.

2.8. Statistical Analysis. Comparisons of difference between 2
groups for protein levels,mRNA levels, fluorescence intensity,
and animal phenotype indicators were performed with Stu-
dent’s 2-tailed t-test, and for more than two groups Analysis
of Variance (AVONA) was used. Data were analyzed using
SPSS 17.0 statistical software, represented as mean ± s.e.m.
P<0.05 was considered as of statistical significance.

3. Results

3.1. Expression of CAR Is Suppressed by TNF-𝛼 Treatment
in Human Colon Cell Lines. We examined the expression
of CAR in human colon (cancer) cells exposed on TNF-
𝛼, a well-known factor to induce inflammation. As shown
in Figure 1(a), treatment of TNF-𝛼 significantly suppressed



4 BioMed Research International

(a) (b) (c)

(d) (e) (f)

(g) (h)

Figure 2: CAR overexpression suppresses TNF-𝛼 induced inflammation in human colon cell lines. NCM460 and SW480 cells were transfected
with CAR overexpression plasmid and treated with control or TNF-𝛼; cells were then harvested for qPCR detection and Western-blot assay.
(a & b) CAR mRNA level were detected by qRT-PCR in CAR overexpression human colon cells NCM460 (a) and SW480 (b). (c–f) mRNA
levels of inflammatory genes IL-21 (c & d) and IL-23 (e & f) expression upon CAR overexpression. (g) Western-blot examination of protein
levels of inflammatory gene P65 and cell adhesive gene upon TNF-𝛼 and CAR overexpression in human colon cells lines. 𝛽-Actin levels of
each sample were used as endogenous loading control. (h) Quantitative analysis of P65 protein levels (calibrated with 𝛽-actin levels of each
sample) in (g). All data represent at least 3 independent experiments. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001; data represent mean ± s.e.m.

CAR mRNA levels in both NCM460 and SW480 cells
(P<0.05), suggesting CAR expression is negatively corre-
lated with inflammation in human colon cells. In order
to study the function of CAR in colon cell lines, we
then constructed CAR overexpression plasmid pEGFP-N1-
CAR and transfected it into NCM460 and SW480 cells,
and Western-blot method has successfully detected signif-
icant increased CAR protein level in the overexpression
group comparing to control (P<0.05; Figures 1(b) and
1(c)).

3.2. CAR Overexpression Prevents TNF-𝛼 Induced Inflamma-
tion inHumanColonCells. SinceCAR expressionwas greatly
downregulated upon TNF-𝛼 treatment in human colon cell
lines, we next asked the question whether replenishment of
CAR expression would counteract the effects of TNF-𝛼. To
test this hypothesis, we overexpressed CAR in NCM460 and
SW480 human colon cell lines and treated cell with TNF-
𝛼 (P<0.05; Figures 2(a) and 2(b)). TNF-𝛼 treatment alone
greatly induced inflammatory genes IL-21 and IL-23 expres-
sion, while CAR overexpression significantly attenuated this
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Figure 3: CAR overexpression protects human colon cells from TNF-𝛼 induced TJ disruption. NCM460 and SW480 cells were transfected
with CAR overexpression plasmid and treated with control or TNF-𝛼, and cells were then harvested for qRT-PCR, Western blot, and IF
assay detection. (a–d) mRNA levels of cell adhesive marker gene expression ZO-1 (a & b) and Occludin (c & d) upon CAR overexpression
detected by qRT-PCR assay. (e)Western-blot examination of protein levels of cell adhesive gene (ZO-1, Occludin, and CAR) upon TNF-𝛼 and
CAR overexpression in human colon cells lines. 𝛽-Actin levels of each sample were used as endogenous loading control. (f–h) Quantitative
analysis of CAR, ZO-1, and Occludin protein levels (calibrated with 𝛽-actin levels of each sample) in (e). (i) Immunocytochemistry staining
detection of ZO-1 protein level after CAR overexpression explored on TNF-𝛼 of NCM460 and SW480 cells by IF. ∗P < 0.05, ∗∗P < 0.01, and
∗∗∗P < 0.001; data represent mean ± s.e.m.

induction in both cell lines (P<0.05; Figures 2(c), 2(d),
2(e), and 2(f)). Consistently, protein levels of inflammation
markerNF𝜅Bwas induced by TNF-𝛼 and suppressed by CAR
overexpression (P<0.05; Figures 2(g) and 2(h)). These results
suggest that CAR prevents inflammation and helps maintain
cell junction in human colon cell lines.

3.3. CAR Overexpression Prevents TNF-𝛼 Induced Upregula-
tion of Cell Permeation in Human Colon Cells. We further
confirmed the protective role of CAR by cell permeabil-
ity evaluation. Treating cells alone with TNF-𝛼 downreg-
ulated the mRNA levels of tight junction gene ZO-1 and
Occludin, and overexpression of CAR significantly reversed
the suppression of ZO-1 and Occludin (P<0.05; Figures 3(a),
3(b), 3(c), and 3(d)). Further, protein levels of epithelial
marker ZO-1 and Occludin were inhibited by TNF-𝛼 and
upregulated upon CAR overexpression (P<0.05; Figures 3(e),

3(f), and 3(g)). Consistently, immunocytochemistry showed
significantly decreased ZO-1 staining upon TNF-𝛼 treatment,
while CAR overexpression greatly prevented this effect in
both cell lines (P<0.05; Figure 3(h)). Finally, as shown in
Figures 4(a) and 4(b), CAR overexpression largely decreased
FITC-Dextran penetration through cells induced by TNF-
𝛼. We next measured the TEER of cells according to
method described before [18]; consistently, CAR significantly
increased TEER of cells upon TNF-𝛼 treatment in both
NCM460 and SW480 cells (P<0.05; Figures 4(c) and 4(d)).
Thus, CAR prevents barrier dysfunction induced by TNF-𝛼
on both functional and structural levels.

3.4. Overexpression of CAR Protects Mice from DSS Induced
IBD. In order to test the physiological role of CAR on
regulating colon barrier function, a mouse model of DSS
induced colitis was established. Briefly, mice were treated
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Figure 4:Overexpression of CAR attenuates on TNF-𝛼 induced cell permeabilization in human colon cell lines.The effect of CARoverexpression
on NCM460 and SW480 monolayer barrier function. (a & b) FITC-Dextran cell permeability assay evaluation of human colon cell
permeability upon CAR overexpression. Monolayers of NCM460 (a) and SW480 (b) cells were plated on upper-chamber of 12-well plates,
after CAR overexpression and TNF-𝛼 induction, FITC-Dextran reagent was added to the upper-chamber, and, 30min later, the concentration
of FITC-Dextran in the lower compartment of 12-well plate was measured to determine the permeability of cell monolayers. (c & d) Effect
of CAR on TEER of human colon cell lines. NCM460 (c) and SW480 (d) cells were transfected with CAR overexpression plasmid or control
plasmid and treated with control or TNF-𝛼, and TEER was measured to determine the barrier integrity of cells. All data represent at least 3
independent experiments. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001; data represent mean ± s.e.m.

with DSS to induce colonic inflammation and colitis, CAR
was overexpressed through adenoviral infection, and, during
this process, phenotype of mice and gene expression of colon
tissues were compared among different treatment groups
to determine the effect of CAR. As shown in Figure 5,
significant bodyweight loss was observed in DSS treatment
group comparing to control group, while the overexpression
of CAR ameliorated the weight loss (Figure 5(a)). During the
experimental process, bodyweight and fecal characteristics
were calculated as disease activity index (DAI) to evaluate the
extent of disease development. As shown in Figure 3(c), DSS
dramatically induced disease activity, and CAR overexpres-
sion exerted significant protective effect.

At the same time, DSS administration greatly decreased
colon length and this phenotype was rescued by CAR overex-
pression (P<0.05; Figures 5(c) and 5(d)). Further histological
evaluation of colon tissue by H&E staining indicated that
DSS treatment resulted in neutrophilic infiltration, scat-
tered villus, and desquamation, while CAR overexpression
greatly rescued the colon damage induced by DSS (P<0.05;
Figure 5(e)). Finally, in vivo assay, we found CAR was
decreased in DSS group, and CAR overexpression dramat-
ically reversed DSS induced CAR downregulated (P<0.05;
Figure 5(f)).

3.5. The Effect of CAR on Inflammatory and Tight Junction
Gene Expression of Colon Tissues. To further explore the
mechanisms of CAR on preventing colon damage, we exam-
ined the gene expression of colons that were treated with
DSS or DSS+CAR. Inflammation is one of the major factors
during the progression of IBD, and, as shown in Figures
6(a) and 6(b), DSS administration significantly enhanced
gene expression of inflammatory cytokines IL-21 and IL-
23, while overexpression of CAR greatly suppressed IL-21
and IL-23 levels of both. Moreover, NF𝜅B signaling pathway
was significantly induced by DSS in colon tissues, and CAR
overexpression suppressed the activation of NF𝜅B (Figures
6(c) and 6(d)).

Colon permeation is one of the major factors during
the progression of IBD, and in vivo FITC-Dextran assay
suggested that overexpression of CAR significantly prevented
DSS induced upregulation gut permeability (P<0.05; Fig-
ure 7(a)).

Disruption of tight junction proteins has been considered
critical factor during IBD pathogenesis, and we analyzed the
mRNA abundance of ZO-1 and Occludin. RT-PCR analysis
showed that DSS treatment decreased the level of ZO-1,
Occludin, and CAR, while CAR overexpression reversed
this effect (P<0.05; Figures 7(b) and 7(c)). Consistently, we
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Figure 5: Effect of CAR overexpression on DSS induced IBD development. (a) Bodyweight of different treatment groups during establishment
of DSS induced IBD rat model. Day 0–day 7 indicates time frame for control/DSS containing water treatment. (b) Disease activity index
(DAI) of different treatment groups. DAI was calculated as the sum of bodyweight loss score, fecal texture score, and fecal blood content
score collected at the end of the study. (c & d) Colon length of different treatment groups at the end of the study. (e) H&E staining of colon
tissue. (f) Expression of CAR was determined by qPCR. Colon tissue samples were collected after animals were treated with control or
DSS/DSS+CAR, mRNA was isolated, and genes were detected by specific primers. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001; data represent
mean ± s.e.m. from 3 independent experiments with sample size = 3 for each group.

also observed recovery of ZO-1 and Occludin protein upon
CAR overexpression by Western blot (P<0.05; Figures 7(d)
and 7(e)). Further immunohistochemistry staining of ZO-1
from colon samples demonstrated increased ZO-1 level after
CAR overexpression in DSS induced IBD model (P<0.05;
Figure 7(f)).

4. Discussion

Initial inflammation of gut epithelia can disrupt barrier
function, and increased permeability in turn promotes
chronic inflammation and contributes to IBD development
[19]. Increased inflammatory cytokines are found in serum,
stools, and bowel mucosa of IBD patients and IBD animal
models [20], among which TNF-𝛼 is a potent inflammatory
factor which initiates NF-𝜅B transcription factor activation
and upregulates gene expression including cytokines and
chemokines [21]. In our study, treatment of colon cells
with TNF-𝛼 significantly enhanced the NF-𝜅B and markedly
induced levels of IL-21 and IL-23, while overexpression of
CAR suppressed these events. Cytokines are well-recognized
players which orchestrate the development, recurrence, and
exacerbation of inflammation in IBD in time- and space-
dependent manner [22, 23]. For example, IL-21 is reported to

be upregulated in bothCD andUC [24, 25] and activatesmet-
alloproteinase 1 production to regulate mucosal ulceration as
well as matrix turnover [26]. We also observed suppression
of cytokine IL-23 by CAR, which has been reported to be
essential for the manifestation of intestinal inflammation
via promoting IL-17 and IL-6 [27]. CAR is emerging as an
important player in the control of inflammation, we detected
decreased CAR expression in TNF-𝛼 induced colon cell lines,
similarly, Zyssy et al. reported that proinflammatory environ-
ment is associated with CAR loss in hippocampus [28], and
these findings demonstrated that CAR is negatively related
to inflammation. Further, we observed downregulation of
NF-𝜅B and IL-21/IL-23 expression after CAR overexpression
in a ulcerative colitis model. NF-𝜅B is recognized as key
transcriptional regulator in the proinflammatory immuno-
logical setting of IBD [29]. Activation of NF-𝜅B regulates
the secretion of TNF-𝛼, IL-1, IL-6, IL-12, and IL-23 in a
broad panel of cell-specific ways, playing a central role in
the development, maintenance, and chronification of IBD
[30, 31]. Suppression of NF-𝜅B by CAR strongly suggests
that CAR plays anti-inflammatory role in the pathogenesis of
IBD.

The role of CAR in regulating permeability has been
suggested in previous studies [15, 32]. Tight junctions are
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Figure 6: Effects of CAR overexpression on DSS induced inflammation in vivo. (a & b) Expressions of inflammatory genes IL-21 and IL-23 were
determined by qPCR. Colon tissue samples were collected after animals were treated with control or DSS/DSS+CAR, mRNA was isolated,
and genes were detected by specific primers. (c) Protein levels of tight junction gene P65 were determined by Western blot using specific
antibodies, and 𝛽-actin levels were used as endogenous loading control. (d) Quantitative analysis of P65 protein levels (calibrated with 𝛽-
actin levels of each sample) in (c). ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001; data represent mean ± s.e.m. from 3 independent experiments
with sample size = 3 for each group.

major structures for maintaining intestinal barrier and sub-
stance permeability [33]. Damaged TJ can lead to permeation
of luminal proinflammatory molecule and induce immune
response, contributing to sustained inflammation and tissue
damage in IBD pathogenesis [34, 35]. CAR is considered
a component of TJ [36], and its colocalization with TJ
protein ZO-1 has been demonstrated by coprecipitation and
electron microscopy. Disruption of CAR expression affects
TJ formation, while transfection of CAR blocks transep-
ithelial passage of ions and large molecules [37]. In both
TNF-𝛼 induced cell and DSS treated mice, we detected
significantly protective effect of CAR on maintaining gut
barrier function and limit epithelial permeability. At the
same time, CAR stabilized the protein levels of ZO-1 and
associated transmembrane protein Occludin, suggesting the
protective role of CAR in IBD may attribute to its effect on
maintaining tight junction protein components and struc-
ture.

In summary, the present study has demonstrated a pro-
tective role of CAR in the pathogenesis of IBD. Although
CAR has become a well-recognized key mediator of inflam-
mation and cell-cell adhesion [15], the precise mechanistic
pathways that mediate its functions remain elusive. Intra-
cellular adaptor protein, cytoskeletal remodeling, and other
signaling pathways may be involved in the CAR regulation of
junction dynamics, and further study to explore how CAR
participates in the inflammation response would provide
more information for its diagnosis and therapeutic applica-
tions.

5. Conclusion

In conclusion, our study showed CAR is an important pro-
tective factor in the development of IBD. CARmay be used as
diagnosis marker and future drug target for treatment of IBD.
Additional efforts are required to explore the mechanisms of
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Figure 7: CAR protects mice from DSS induced colon permeabilization in vivo. (a) FITC-Dextran permeability assay measurement of colon
permeability after different treatment. (b & c) Expression of tight junction gene ZO-1 (a) and Occludin (b) were determined by qPCR. Colon
tissue samples were collected after animals were treated with control or DSS/DSS+CAR, mRNA was isolated, and genes were detected by
specific primers. (d) Protein levels of CAR and tight junction gene ZO-1 and Occludin were determined by Western blot using specific
antibodies, and 𝛽-actin levels were used as endogenous loading control. (e) Quantitative analysis of CAR, ZO-1, and Occludin protein levels
(calibrated with 𝛽-actin levels of each sample) in (d). (f) Immunohistochemistry staining detection of ZO-1 levels in the colon tissues of
different treatment groups. ∗P < 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001; data represent mean ± s.e.m. from 3 independent experiments with
sample size = 3 for each group.

the anti-inflammatory effect of CAR, as well as how CAR
helps maintain functional TJ. Further studies in large clinical
cohort of patients are necessary to establish the diagnostic
and therapeutic application of CAR in the treatment of IBD.
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Additional Points

Summary. CAR prevents development of IBD through upreg-
ulating tight junction expression and inhibiting inflamma-
tion.
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