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AGR2 ameliorates tumor necrosis factor-o-induced epithelial
barrier dysfunction via suppression of NF-kB p65-mediated
MLCK/p-MLC pathway activation
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Abstract. Intestinal epithelial barrier dysfunction plays
a critical role in the pathogenesis of inflammatory
bowel disease (IBD). Anterior gradient protein 2 homo-
logue (AGR2) assists in maintaining intestinal homeostasis
in dextran sulphate sodium-induced mouse ileocolitis;
however, it is unclear whether it modulates intestinal barrier
function. Our study aimed to investigate the protective
role of AGR2 in tumor necrosis factor (TNF)-a-induced
intestinal epithelial barrier injury. Caco-2 cell monolayers
were pre-transfected with an AGR2 plasmid and then
exposed to TNF-a. Epithelial permeability was assessed by
detecting transepithelial electrical resistance and fluorescein
isothiocyanate-dextran (40 kDa) flux. The protein expression
levels of zonula occludens-1 (ZO-1), occludin, claudin-1,
myosin light chain kinase (MLCK)/p-MLC, and nuclear
factor (NF)-xB p65 were determined by western blotting.
In addition, the cellular distributions of ZO-1, occludin,
F-actin, and NF-kB p65 were evaluated by immunofluores-
cence staining. The results showed that the AGR2 mRNA and
protein expression levels were both decreased in the Caco-2
cell monolayers, while AGR2 overexpression significantly
ameliorated TNF-a-induced epithelial barrier hyperperme-
ability, increased the expression of tight junction (TJ) proteins
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and stabilized the cytoskeletal structure. Furthermore,
AGR?2 inhibited the changes in MLCK, MLC and p-MLC
expression in response to TNF-a stimulation. Collectively,
our study suggests that AGR2 inhibits TNF-a-induced
Caco-2 cell hyperpermeability by regulating TJ and that
this protective mechanism may be promoted by inhibition
of NF-kB p65-mediated activation of the MLCK/p-MLC
signaling pathway.

Introduction

Disruption of intestinal epithelial barrier function is a key
characteristic of inflammatory bowel disease (IBD) (1-4). An
intact intestinal epithelial barrier is essential for defending
against the invasion of antigens and for maintaining the inte-
rnal environment, which separates luminal contents within the
body and prevents luminal bacterial and microbial transloca-
tion. Intestinal barrier dysfunction leads to entry of intestinal
bacteria into the body, causing local or systemic inflammatory
responses (5,6). Repair of the intestinal mucosa has become
a standard criterion for evaluating the efficacy of IBD treat-
ments (7). Therefore, effective maintenance of intestinal
epithelial barrier function is of great importance in IBD.

Integrity of the intestinal epithelial barrier depends on
a complex network of intercellular tight junctions (TJs) and
cytoskeletal structures, and disruption of this network results
in impaired barrier function (8-11). TJ proteins are located at
the apical ends of epithelial cells, which contain both trans-
membrane (e.g., occludin, claudin and junctional adhesion
molecules) and cytoplasmic zonula occludens (ZO) proteins.
As the determinant of epithelial permeability, TJ proteins
are the most important component of the epithelial mucosal
barrier (12,13). Damage to intestinal epithelial TJs leads to
increased intercellular permeability, allowing for bacteria
and endotoxins to penetrate the mucosa and enter into circu-
lation, resulting in severe inflammatory responses (14,15).
Rearrangement and redistribution of cytoskeletal F-actin
also leads to changes in intestinal epithelial barrier perme-
ability (16).

Tumor necrosis factor (TNF)-a is a multifunctional
proinflammatory cytokine which participates in the patho-
genesis of IBD (17). TNF-a is associated with damage to
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intestinal TJs and cytoskeletal rearrangements, which lead
to increased intestinal permeability. It also promotes release
of the inflammatory factors interleukin (IL)-8, IL-17 and
interferon (IFN)-y (18-20). Both the myosin light chain
kinase (MLCK)/p-MLC pathway and nuclear factor (NF)-«xB
activation have key roles in TNF-a-mediated damage to the
intestinal barrier (21,22). Activation of the MLCK/p-MLC
pathway leads to upregulation of the expression of TJ proteins,
alterations in cell adhesion and migration, and cytoskeletal
rearrangements (16,23,24).

Anterior gradient protein 2 homologue (AGR2) is a
member of the protein disulphide isomerase family that plays
an important role in maintaining intestinal homeostasis in
IBD (25). The prevalence of AGR2 gene mutations is higher
in patients with IBD than in the general population (26). In
animal models of IBD, AGR2 has been shown to maintain
homeostatic functions in intestinal Paneth and goblet cells (27),
and AGR2-knockout mice have been reported to be suscep-
tible to the development of severe ileocolitis (28). Thus, AGR2
is essential for maintaining the intestinal epithelial cell func-
tion in IBD, but it is unclear whether it regulates intestinal
epithelial barrier function.

Therefore, we investigated the roles of AGR2 in epithelial
permeability, TJ protein expression, and cytoskeletal structure.
Furthermore, we evaluated the mechanism by which AGR2
ameliorates TNF-a-mediated damage to the intestinal barrier.

Materials and methods

Cell culture and preparation. Caco-2 cells were purchased
from the Chinese Academy of Sciences (Shanghai, China). The
cells were cultured in RPMI-1640 medium containing 10%
fetal bovine serum (FBS; ScienCell Research Laboratories,
San Diego, CA, USA) at 37°C in 5% CO,. For the monolayer
model, cells were plated at 3x10*/ml onto Transwell filters
with a 0.4-um pore size (Millipore, Billerica, MA, USA) and
cultured for 21 to 28 days prior to the experiments. The culture
medium was changed every 2 days. The experimental mono-
layers were pre-transfected with an AGR2 plasmid and were
then stimulated with 100 ng/ml rhTNF-a for 48 h.

Plasmid construction and transfection. A pcDNA3.1
eukaryotic expression vector carrying the human AGR2
gene was constructed. Cells were transfected with either a
pcDNA3.1-AGR2 plasmid or a pcDNA3.1 vector control
plasmid. For transfection, the cells were incubated in 100 pl
Opti-MEM medium containing 8 pl Lipofectamine 2000
(both from Invitrogen Life Technologies, Carlsbad, CA,
USA) for 5 min, followed by the addition of 2 ug plasmids
and incubation for another 20 min. The mixtures were then
transferred to 6-well plates and cultured for 4 h. Subsequently,
the transfection medium was substituted with culture medium,
and the transfected cells were cultured at 37°C in 5% CO,.

Determination of transepithelial electrical resistance
(TEER). Caco-2 cells were seeded onto Transwell chambers,
and epithelial permeability was assessed by evaluating
TEER using a Millicell ERS-2 Voltohmmeter (Millipore).
Two wells containing only culture medium were used as
blank controls. Measurements were carried out at a constant
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temperature at three different locations within each chamber.
The mean value of three consecutive measurements was used
to calculate TEER.

TEER (Q-cm?) = (measured TEER - control TEER) x effec-
tive membrane area of the cell culture well.

Measurement of paracellular marker fluorescein isothio-
cyanate (FITC)-dextran 40 (FD-40) (40 kDa) flux. The
monolayers were washed with HBSS, and the RPMI-1640
medium in the apical chambers was replaced with FITC-con-
jugated dextran (80 pg/ml, 40 kDa; Sigma-Aldrich, St. Louis,
MO, USA) in HBSS. The monolayers were incubated at 37°C
for 1 h. Then, the fluorescence of the culture medium in
the lower chambers was detected with a fluorescence plate
reader (Varioskan Flash; Thermo Electron Corporation,
Vantaa, Finland) at excitation and emission wavelengths of
427 and 536 nm, respectively. Fluorescein concentrations were
determined by comparison to a standard curve.

Fluorescence transmittance (%) = FITC-dextran concen-
tration in the lower chamber/FITC-dextran concentration
added to the upper chamber x 100.

Quantitative (real-time) PCR (qPCR). TRIzol was utilized to
extract total RNA from the cells, and reserve transcription was
carried out using a PrimeScript RT reagent kit (Takara Bio
Inc., Shiga, Japan). gPCR was performed using a SYBR
Premix Ex kit (Takara Bio Inc.) and a Bio-Rad iQ5 Real-Time
system (Bio-Rad Laboratories, Inc., Hercules, CA, USA). The
primers for this study were as follows: f3-actin forward, 5-CTT
AGTTGCGTTACACCCTTTCTTG-3"' and reverse, 5'-CTGTC
ACCTTCACCGTTCCAGTTT-3'; AGR2 forward, 5'-GCATT
CTTGCTCCTTGTGG-3' and reverse, 5'-GACTGTGTGGGC
ACTCATCC-3'. Expression levels were calculated using the
2-24CT method.

Western blotting. Radioimmunoprecipitation assay (RIPA)
and phenylmethanesulfonyl fluoride (PMSF) lysate buffers
were used to extract total protein from the Caco-2 cells.
The protein concentrations of the extracted samples were
determined by bicinchoninic acid assay. These concentrations
were adjusted by addition of distilled water. Equal volumes
of sample buffer and boiling water were mixed, and the
mixtures were boiled for 5 min to denature the proteins. Equal
amounts of proteins (40 ug) for each sample were loaded onto
SDS-PAGE gels for electrophoresis, and then transferred to
PVDF membranes and blocked by 5% non-fat milk for 1 h.
Next, incubation was carried out with the primary antibodies,
including anti-AGR2 (ab76473; 1:3,000), anti-ZO-1 (ab59720;
1:500), anti-claudin-1 (ab15098; 1:500), anti-occludin (ab31721;
1:500) anti-MLCK (ab76092; 1:5,000) and anti-NF-xB
(ab207297; 1:500) (all from Abcam, Cambridge, MA, USA),
anti-p-MLC (#3671; 1:750) and anti-MLC #8505; 1:750) (both
from Cell Signaling Technology, Inc., Danvers, MA, USA)
and anti-f-actin (20536-1-AP; 1:2,000; Proteintech, Wuhan,
China) overnight at 4°C. After that, incubation was carried
out with horseradish peroxidase (HRP)-conjugated secondary
antibodies (SA00001-2; 1:5,000; Proteintech) for 2 h and
visualized by electrochemiluminescence (ECL). Protein bands
were detected using Gel-Pro Analyser 4.0 (Media Cybernetics,
Inc., Rockville, MD, USA).
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Figure 1. (A) Anterior gradient protein 2 homologue (AGR2) mRNA expression was significantly reduced in the rhTNF-a-induced intestinal epithelial barrier
injury model. (B) AGR2 protein expression was also decreased by thTNF-a. The results are presented as the mean + SD. “P<0.01 compared with the controls.

Immunofluorescence staining. Caco-2 monolayers were
pre-transfected with AGR2 gene plasmids or a control
plasmid vector; after 24 h, 100 ng/ml TNF-a was added.
After 48 h of TNF-a exposure, the cultures were fixed
with 4% polyformaldehyde for 15 min and then incubated
with 0.5% Triton X-100 for 30 min. Subsequently, the
cultures were incubated with goat serum for 15 min. After
that, the cells were incubated with primary antibodies
including anti-F-actin (ab205; 1:100), anti-ZO-1 (1:200),
anti-occludin (1:100) and anti-NF-kB p65 (1:200) (all from
Abcam) overnight at 4°C. Next, they were incubated with a
fluorescent-labelled goat anti-rabbit IgG (H+L) secondary
antibody (SA00003-1; 1:200; Proteintech) for 1 h at room
temperature. After nuclear counterstaining of the cells with
4',6-diamidino-2-phenylindole (DAPI) (Life Technologies,
Thermo Fisher Scientific, Inc., Waltham, MA, USA), images
were captured by laser scanning fluorescence microscopy
(TCS SPS5; Leica Microsystems, Wetzlar, Germany) at
x400 magnification.

Statistical analysis. Assays were performed at least in trip-
licate, and the results were reported as the mean + SD. The
significance of differences was assessed by analysis of vari-
ance (ANOVA) or the t-test using SPSS version 21.0 software
(SPSS, Inc., Chicago, IL, USA). A P<0.05 was considered
statistically significant.

Results

TNF-a decreases AGR2 expression in confluent monolayers
of cultured intestinal epithelial cells. Caco-2 cell cultures
reached confluence by day 21, forming monolayers consisting
of irregular polygonal cells with a cobblestone appearance
and intercellular TJs, as observed by light microscopy. TEER
remained stable at >600 Q/cm?, indicating the successful
establishment of the in vitro intestinal epithelial barrier model.
TNF-a (100 ng/ml) was then added to the model cultures, and
after 48 h, the expression level of AGR2 was detected. Both
the AGR2 mRNA and protein expression levels were obvi-

ously decreased by TNF-a exposure compared with the levels
in the untreated control monolayers (Fig. 1A and B).

Construction of an AGR2 overexpression model by transfec-
tion of an AGR2 or control plasmid. AGR?2 or control plasmid
vectors were transfected in vitro into Caco-2 cell monolayers,
and AGR2 mRNA expression was determined by qRT-PCR
after 24 h. After another 48 h of culturing, AGR2 protein
expression was measured by western blotting and compared
with that in the controls. The results showed that both the
AGR?2 mRNA and protein expression levels were significantly
increased in the Caco-2 cells transfected with the AGR2 plas-
mids (Fig. 2A and B). These findings indicate the successful
construction of the AGR2 plasmid.

AGR?2 reduces TNF-a-induced increase in permeability of
intestinal epithelial cell monolayers. Caco-2 cell monolayers
were transfected with AGR2 or control plasmids, and after
incubation for 24 h, 100 ng/ml TNF-a was added. Permeability
of the intestinal epithelial cell monolayers was assessed by
measuring TEER and FD-40 flux after 48 h of incubation
with TNF-a. The results showed that TEER was significantly
lower and FD-40 flux was significantly higher in the TNF-a-
stimulated monolayers compared with that noted in the control
monolayers (Fig. 3A and B). AGR2 plasmid transfection
significantly inhibited the decrease in TEER as well as the
increase in FD-40 flux induced by TNF-a (Fig. 3A and B),
indicating that AGR?2 ameliorated the TNF-a-induced increase
in permeability of the model system.

AGR?2 inhibits the decreased expression of ZO-1, occludin, and
claudin-1 TJ proteins induced by TNF-a. Disruption of TJs is
an important component of altered intestinal epithelial barrier
function (29). We then examined the role of AGR2 and TNF-a
in regulating TJ proteins. Western blotting confirmed that
TNF-a stimulation decreased the expression of ZO-1, claudin-1
and occludin (Fig. 4A-C) and that AGR2 plasmid transfec-
tion attenuated these decreases in expression (Fig. 4A-C).
Immunofluorescence staining showed that in the control group,
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Figure 2. Both anterior gradient protein 2 homologue (AGR2) mRNA expression (A) and (B) protein expression were significantly higher in Caco-2 cells
transfected with the AGR2 plasmids than in the control cells. The results are presented as the mean + SD. “P<0.01 compared with the control group.
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Figure 3. (A) Anterior gradient protein 2 homologue (AGR2) plasmid transfection significantly inhibited the decrease in transepithelial electrical resistance (TEER)
induced by rhTNF-a. (B) AGR2 plasmid transfection significantly inhibited the increase in fluorescein isothiocyanate (FITC)-dextran (40 kDa) flux (FD-40)
induced by thTNF-a. The results are presented as the mean = SD. “P<0.01 compared with the control group; P<0.01 compared with the TNF-a group.

occludin and ZO-1 appeared as a continuous band surrounding
the cell boundary, with no obvious gap. After 48 h of incubation
with TNF-a, these proteins had rough edges and an interrupted
distribution; there were visible irregular openings, with a
honeycomb appearance between the cells of the monolayers.
AGR?2 plasmid transfection significantly reduced the TNF-a-
induced damage to the TJs, causing the surfaces of the proteins
to become completely adherent (Fig. 4D and E). These results
indicated that AGR2 inhibited the TNF-a-induced decreases in
expression of TJ proteins.

AGR?2 inhibits TNF-a-induced cytoskeletal F-actin rearrange-
ment. Immunofluorescence staining showed that in the control
group, F-actin was arranged in the cytoplasm in neat rows close
to the cell membrane, forming a dense, smooth, continuous
ring with a uniform distribution. After 48 h of incubation with
TNF-a, cytoskeletal F-actin was rearranged, forming a fuzzy,
peripheral actin ribbon with a decrease in the cortical F-actin
fibre macula densa. Some cells had obvious transcellular stress
fibre formation. AGR2 plasmid transfection inhibited the rear-

rangement of cytoskeletal F-actin, which appeared as a clear,
peripheral actin ribbon with a decrease in cytoplasmic stress
fibres (Fig. 5). The results indicated that AGR2 inhibited the
TNF-o-induced rearrangement of cytoskeletal F-actin.

AGR?2 inhibits TNF-a activation of the MLCK/p-MLC
pathway. The western blotting results showed that the expres-
sion of MLCK and p-MLC was significantly higher in cells
incubated with TNF-a than levels noted in the control cells.
Transfection with the AGR2 gene plasmid inhibited the
TNF-a-induced elevations in MLCK and p-MLC expres-
sion (Fig. 6A and B). These results indicated that AGR2
attenuated the TNF-a-induced intestinal mucosal barrier
injury by regulating the MLCK/p-MLC pathway.

AGR?2 reduces TNF-a-induced barrier damage by inhibiting
activation of NF-kB p65. Western blotting showed that TNF-a
significantly increased nuclear NF-kB p65 protein expression
and decreased cytoplasmic NF-kB p65 expression compared
with that in the control group. In contrast, nuclear expression
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Figure 5. Immunofluorescence staining shows that anterior gradient protein 2 homologue (AGR?2) inhibited the cytoskeletal F-actin rearrangement induced by

TNF-o and stabilized the cytoskeletal structure.

of this protein was decreased and cytoplasmic expression was
increased in the Caco-2 cells transfected with the AGR2 plas-
mids (Fig. 7A and B). Immunofluorescence staining further
confirmed the above results, showing that in the control group,
the NF-kB p65 protein was mainly localized to the cytoplasm,
where it was inactive. However, in the TNF-a-stimulated
Caco-2 cells, this protein was predominantly nuclear. In the
Caco-2 cells transfected with the AGR2 plasmids, nuclear
accumulation of NF-kB p65 in response to TNF-a was signifi-

cantly reduced (Fig. 7C). The results indicate that AGR2 may
reduce intestinal barrier damage by inhibiting the activation
of NF-«xB p65.

Discussion
The TJ complex is critical for maintaining mucosal barrier

integrity after injury (30); however, the exact mechanism
for primary repair of TJs has not been fully elucidated. The
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present study describes a novel mechanism by which AGR2
regulates TJ proteins and the cytoskeleton in response to
TNF-a-induced intestinal barrier dysfunction. We report that
TNF-a decreased AGR2 expression in the Caco-2 monolayers,
while AGR2 overexpression inhibited the TNF-a-mediated
intestinal barrier injury, reduced the permeability of Caco-2
monolayers, increased the expression of TJ proteins and
stabilized the cytoskeletal structure by inhibiting NF-xB p65
mediated MLCK/p-MLC pathway activation.

Numerous previous studies, including those by our group,
have confirmed that inflammatory cytokine-mediated intes-
tinal epithelial barrier dysfunction contributes to multiple
enteropathies, including IBD (31-34); such cytokines disrupt
the integrity of the TJ complex and increase intestinal barrier
permeability. A study by Chen et al showed that stimulating
Caco-2 monolayers with 10 ng/ml TNF-a did not affect
TJ protein expression levels but that TNF-a played a role in
altering the distribution of TJ proteins (35). Other studies
revealed that 10 ng/ml TNF-a led to both decrease expression
and abnormal distribution of TJ proteins (36,37). In our study,
stimulating Caco-2 monolayers with 100 ng/ml TNF-a signifi-
cantly increased cell membrane permeability, accompanied by
abnormal distribution and decreases in the expression of ZO-1,
claudin-1 and occludin, as well as rearrangement of cytoskel-
etal F-actin; these findings are consistent with a study by
Zhang et al (38). Our data further strengthens the evidence that
TNF-a can disrupt the intestinal epithelial barrier by reducing
TJ protein levels and reorganizing cytoskeletal structure.

More recently, it has been demonstrated that activa-
tion of the MLCK/p-MLC pathway plays a key role in
inflammatory cytokine-mediated intestinal mucosal barrier
dysfunction (39,40). To investigate the molecular mechanism
by which TNF-a injures the intestinal barrier, we determined
MLCK, MLC and p-MLC protein expression and found that
TNF-a-induced barrier injury was accompanied by increases

in both MLCK expression and MLC phosphorylation, which
was also consistent with the findings of Cunningham et al (41).

Additionally, activation of NF-kB p65 also plays a crucial
role in TNF-a-induced intestinal barrier injury. Previous
research has shown that NF-«kB binds to the promoter region of
the MLCK gene and increases MLCK transcription and MLC
phosphorylation, leading to the altered permeability and TJ
disruption known to be associated with proinflammatory cyto-
kines (42). Here, in our study, TNF-a significantly increased
nuclear protein expression and distribution of NF-kB p65,
indicating that NF-kB p65 is related to the intestinal barrier
injury caused by TNF-a, consistent with the findings of
Al-Sadi et al (43).

AGR?2 is a recently discovered gene with a protective
effect of mucosal barrier in IBD; however, the mechanism by
which it regulates intestinal epithelial barrier function remains
unclear. In the present study, we investigated the role of AGR2
in TNF-a-induced intestinal barrier injury and its related
mechanisms. The results demonstrated that overexpression of
AGR?2 inhibited the TNF-a-induced decrease in TEER and
increase in FD-40 flux, increased the expression and improved
the distribution of TJ proteins, and stabilized the cytoskeletal
structure, thereby ameliorating the TNF-a-induced cell
membrane hyperpermeability. The impact of AGR2 on TNF-a-
induced activation of the MLCK/p-MLC signaling pathway
was then detected; AGR2 inhibited the changes in MLCK,
MLC and p-MLC expression in response to TNF-a stimula-
tion, preliminarily confirming that AGR2 improved intestinal
barrier dysfunction through regulation of the MLCK/p-MLC
pathway. Subsequently, we investigated whether activity
of the transcription factor NF-xB p65 was also influenced
by AGR2. The results revealed that AGR?2 inhibited nulear
protein expression of NF-kB p65, and immunofluorescence
staining revealed that AGR?2 inhibited NF-xB p65 transloca-
tion into the nucleus. Thus, these data suggest that inhibition
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Figure 7. Western blot analysis showed that anterior gradient protein 2 homologue (AGR2) inhibited the thTNF-o-induced increase in (A) nuclear NF-xB p65
expression and decrease in (B) cytoplasmic NF-kB p65 expression. The results are presented as the mean + SD. “P<0.01 compared with controls; *P 0.01 com-
pared with the rhTNF-a group. (C) Immunofluorescence staining showed that AGR2 inhibited the nuclear translocation of NF-kB p65 induced by rhTNF-a.

of NF-kB p65-mediated MLCK/p-MLC pathway activation  expression in TNF-a-induced intestinal epithelial barrier
may be the molecular mechanism by which AGR2 ameliorates  dysfunction, but we did not specific block NF-kB p65 or
intestinal barrier dysfunction caused by TNF-a. MLCK gene expression. Further study is needed to investi-

One limitation of the present study is that we tested the  gate other potential mechanisms by which AGR2 ameliorates
effect of AGR2 on NF-«kB p65 and MLCK/p-MLC pathway = TNF-o-induced intestinal epithelial barrier injury.
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In conclusion, to the best of our knowledge, this is the first

study showing that the AGR2 gene inhibits TNF-a-induced
intestinal epithelial hyperpermeability by enhancing TJ function
and cytoskeletal stability. These effects may be exerted through
the inhibition of NF-kB and MLCK/p-MLC pathway activation.
In addition, this study may provide new evidence for treating
IBD by upregulating AGR2 expression, and we hope that this
study potentially helps improve the prognosis of IBD patients.
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