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Molecular mechanism of the TGF-f/Smad7
signaling pathway in ulcerative colitis
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Abstract. Aberrant TGF-3/Smad7 signaling has been reported
to be an important mechanism underlying the pathogenesis of
ulcerative colitis. Therefore, the present study aimed to inves-
tigate the effects of a number of potential anti-colitis agents
on intestinal epithelial permeability and the TGF-f/Smad7
signaling pathway in an experimental model of colitis. A
mouse model of colitis was first established before anti-TNF-a
and 5-aminosalicyclic acid (5-ASA) were administered intra-
peritoneally and orally, respectively. Myeloperoxidase (MPO)
activity, histological index (HI) of the colon and the disease
activity index (DAI) scores were then detected in each mouse.
Transmission electron microscopy (TEM), immunohisto-
chemical and functional tests, including Evans blue (EB) and
FITC-dextran (FD-4) staining, were used to evaluate intestinal
mucosal permeability. The expression of epithelial phenotype
markers E-cadherin, occludin, zona occludens (ZO-1), TGF-3
and Smad7 were measured. In addition, epithelial myosin
light chain kinase (MLCK) expression and activity were
measured. Anti-TNF-a and 5-ASA treatments was both found
to effectively reduce the DAI score and HI, whilst decreasing
colonic MPO activity, plasma levels of FD-4 and EB perme-
ation of the intestine. Furthermore, anti-TNF-a and 5-ASA
treatments decreased MLCK expression and activity, reduced

Correspondence to: Professor Qiao Mei or Professor
Xiaochang Liu, Department of Gastroenterology, First Affiliated
Hospital of Anhui Medical University, 218 Jixi Road, Hefei,
Anhui 230022, P.R. China

E-mail: meigiao@hotmail.com

E-mail: liuchenxiaochang@163.com

*Contributed equally

Key words: ulcerative colitis, transforming growth factor f,
permeability, Smad7 protein, signaling pathway

the expression of Smad7 in the small intestine epithelium,
but increased the expression of TGF-f. In mice with colitis,
TEM revealed partial epithelial injury in the ileum, where
the number of intercellular tight junctions and the expression
levels of E-cadherin, ZO-1 and occludin were decreased, all
of which were alleviated by anti-TNF-o and 5-ASA treatment.
In conclusion, anti-TNF-a and 5-ASA both exerted protective
effects on intestinal epithelial permeability in an experimental
mouse model of colitis. The underlying mechanism may be
mediated at least in part by the increase in TGF-f3 expression
and/or the reduction in Smad7 expression, which can inhibit
epithelial MLCK activity and in turn reduce mucosal perme-
ability during the pathogenesis of ulcerative colitis.

Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory
disease of the gastrointestinal tract, which includes ulcerative
colitis (UC) and Crohn's disease (CD). Due to the increase
of prevalence of IBD and the raised mortality during the
COVID-19 pandemic, IBD imposes a heavy economic and
resource burden on the society (1). Therefore, it is imperative
to explore the molecular mechanism of IBD and provide a new
direction for its treatment. Intestinal mucosal barrier dysfunc-
tion is mainly manifested by increased intestinal mucosal
permeability, which is an important pathological character-
istic during the inflammatory process in IBD (2). Intestinal
epithelial cells (IECs) form this barrier to which they mainly
contribute two parts: Epithelial tight junction (TJ) proteins
and the apical enterocyte membrane. Elevation of proinflam-
matory cytokine production and degradation of TJ proteins
can lead to increased permeability in the intestinal mucosa
during IBD (3). In addition, contraction of the intracellular
actin cytoskeleton in the IECs can disrupt TJ function between
cells, which opens the intercellular space to increase the
permeability of the intestinal mucosa (4,5). This process also
requires myosin light chain (MLC) kinase (MLCK) activity,
which phosphorylates MLC (4,5). Recent studies found that
promoting mucosal healing is a novel therapeutic strategy of
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UC (6,7). The effects of 5-aminosalicyclic acid (5-ASA) on
intestinal mucosal healing remain controversial, since there
have been marked differences in outcomes among indi-
viduals (8). By contrast, salazosulfapyridine and balsalazide
have been previously demonstrated to improve intestinal
mucosal permeability (9). Furthermore, although anti-TNF-a
therapy has been reported to confer promotional properties on
mucosal healing, the specific underlying mechanism remains
unclear (10).

Aberrant TGF-p/Smad7 signaling may be important for
the pathogenesis of UC. In other cases, the TGF-f/Smad7
pathway has been revealed to regulate MLCK expres-
sion (11-13). However, it remains unclear if the TGF-p/Smad7
signaling pathway can regulate the expression of MLCK and
intestinal mucosal permeability in the small intestine epithe-
lium. Therefore, anti-TNF-a and 5-ASA were chosen in the
present study to investigate their effects on a mouse model of
dextran sulfate sodium (DSS)-induced colitis to observe their
influence on intestinal permeability and the possible under-
lying mechanisms.

Materials and methods

Animals and reagents. A total of 32 specific pathogen-free
grade C57BL/6J mice (age, 8 weeks; weight, 18-22 g;
male:female, 1:1) were purchased from Shanghai SLAC
Laboratory Animal Co., Ltd. They were maintained under
20+2°C temperature, 50% humidity, 12-h light/dark cycles
and with tap water and a standard pellet diet. 5-ASA,
anti-MLCK antibodies (cat. nos. SAB1300116-100UG and
SAB1305415-40TST), FITC-dextran 4000 (FD-4; cat.
no. 60842-46-8, Evans blue (EB) and DSS were purchased
from Sigma-Aldrich (Merck KGaA). The Nanjing Jiancheng
Biotechnology Institute supplied kits for the detection of
myeloperoxidase (MPO; cat. no. A044-1-1). Anti-TNF-a
(cat. no. AF-410-NA) was obtained from R&D Systems, Inc.
The MLCK ELISA kit (cat. no. ELA06754) was purchased
from RapidBio. Goat anti-rabbit IgG H&L (HRP; cat.
no. ab205718) and primary antibodies, including anti-zona
occludens (ZO-1; cat. no. ab216880), anti-E-cadherin (cat.
no. ab76055), anti-occludin (cat. no. ab168986), anti-TGF-f3
(cat. no. ab66043) and anti-Smad7 (cat. no. ab90086) were
purchased from Abcam. The RIPA buffer was obtained
from Beijing Solarbio Science & Technology Co., Ltd. The
SPI-PON 812 was purchased from SERVA Electrophoresis
GmbH. Chloral hydrate was obtained from Shanghai Jizhi
Biochemical Technology Co., Ltd. The protein concentration
determination kit (BCA reagent), 10% neutral formaldehyde
solution, 1% osmium acid and formamide were supplied by
Beijing Solarbio Science & Technology Co., Ltd., Wuxi
Zhanwang Chemical Reagent Co., Ltd., Beijing Zhongjingkeyi
Technology Co., Ltd., and Shanghai Sinopharm Chemical
Reagent Co., Ltd. The 25% glutaraldehyde solution (Johnson
Matthey) was made into a 2.5% glutaraldehyde solution with
PBS solution (pH 7.4) before use. Peroxidase blocking solution
(cat.no.ZLI-9311D) and the diaminobenzidine (DAB) Color kit
(cat. no. ZLI-9018) were purchased from Zsbio. Hematoxylin
(cat. no. BA-4041) was supplied by Baso. TBST buffer
(0.05% Tween-20; cat. no. T1085) was from Beijing Solarbio
Science & Technology Co., Ltd. Analytical grade methanol,

formamide and isopropanol, NaH,PO, (Mw, 119.98), NaCl
(Mw, 58.44), phosphoric acid, glycerin, trichloroacetic acid,
sulfosalicylic acid, isopropanol and poly-lysine slides were
provided by Sinopharm Chemical Reagent Co., Ltd. Krebs
solution consisted of 6.9 g NaCl, 0.35 g KCl, 0.28 g CaCl,,
2.1 g NaHCO;, 0.41 g MgSO, and 0.16 g KH,PO,. In total,
0.01 M PBS consisted of 8 g NaCl, 0.2 g KC1, 0.24 g KH,PO,
and 1.44 g NaH,PO, dissolved in 800 ml distilled water and
adjusted to pH 7.4. The following instruments were applied
in the present study, including a light microscope (Olympus
Corporation), Ultra-violet spectrophotometer (752N; Shanghai
Precision Scientific Instruments Co., Ltd.), transmission
electron microscope (TEM; Hitachi, Ltd.), microplate reader
(ELx800; BioTek Instruments, Inc.) and a reverse transcription
(RT)-PCR instrument (LightCycler 480; Roche Diagnostics).
The Ethics Committee of Experimental Animals of Anhui
Medical University (Hefei, China) approved the present study
(approval no. 20150044) and experiments were conducted
in accordance with laboratory animal management and use
guidelines.

Induction of DSS-colitis model. A mouse colitis model was
induced by 5% (w/v) DSS for 7 days of free drinking (14).

Experimental protocols. Mice were randomly classified into the
normal, DSS-treated, 5-ASA-treated and anti-TNF-a-treated
groups (n=8/group). Mice in the normal group did not receive
DSS. The 5-ASA-treated and anti-TNF-a-treated groups were
set as the treatment groups. Anti-TNF-a was administered
via intraperitoneal injection at a dose of 5 mg/kg, once on
day 1 and once on day 4 (15), whilst 5-ASA was administered
orally at a dose of 423 mg/kg/day (16). Mice in the normal
and DSS-treated groups were injected intraperitoneally with
equivalent amounts of normal saline daily. All groups were
treated accordingly for 7 days.

Assessment of disease activity index (DAI). In total, two
observers recorded the following parameters daily: i) Body
weight; ii) fecal blood; and iii) consistency. The average daily
DALI score per mouse was calculated according to the standard
method (14).

Assessment of inflammation. The mice were euthanized by
cervical dislocation following anesthesia with 5% chloral
hydrate (0.1 ml/10 g). After the use of chloral hydrate, the
abdomen of the mice remained soft with no significant
resistance after touch. None of the mice showed signs of
peritonitis, pain or discomfort. After laparotomy, the gross
mucosal morphology of mouse colon was first examined
before two continuous pieces of the distal colon were
collected. For histological analysis, the present study used
10% neutral buffered formalin to fix one piece of the colon at
room temperature for 24 h to maintain the original morpho-
logical structure of the cell, followed by paraffin embedding
for sections (thickness, 4 ym) and finally H&E staining at
room temperature for 17 min. The severity of inflammation
was assessed by light microscope in four aspects using the
histological index (HI) (14), with a total score range of 0-14.
The other piece of the colon tissue was homogenized for
assessing MPO activity (17).
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TEM. A 0.5-cm distal ileal segment within 1 cm of the ileo-
cecal junction was fixed in 2.5% glutaraldehyde at 4°C for 6 h,
incubated in osmic acid at 4°C for 2 h and then embedded in
SPI-PON 812 for 12 h at 45°C as the specimen for TEM.

Assessment of E-cadherin, ZO-1 and occludin protein
expression. Following isolation, 1 cm of the ileal tissue
was fixed in 10% neutral formalin and preserved in liquid
nitrogen. The expression of E-cadherin, occludin and ZO-1
in the ileal epithelial cells was detected via immunohis-
tochemistry (IHC). Paraffin-embedded sections (4 ym)
were incubated for 45 min at 60°C. Then the slices were
deparaffinized in xylene, subsequently dipped in alcohol.
Sections were treated with hydrogen peroxide (3%) at 37°C
for 20 min, followed by incubation with goat serum (10%;
cat. no. G9023; Sigma-Aldrich; Merck KGaA) at 37°C for
30 min. The primary antibodies were added 37°C for 60 min
and sections were subsequently washed with PBS three
times. The primary antibodies included anti-E-cadherin
(1:1,000; cat. no. ab76055; Abcam), anti-zona occludens
(ZO-1; 1:200; cat. no. ab216880; Abcam) and anti-occludin
(1:100; cat. no. ab168986; Abcam). The slices were incubated
with secondary antibodies (HRP labeled goat anti-rabbit IgG
H&L; 1:5,000; cat. no. ab205718; Abcam) at 37°C for 20 min.
Subsequently, the slices were exposed to diaminobenzidine
for 30 sec at 37°C, counterstained with hematoxylin for
2 min at 37°C and viewed by light microscopy. JD-801
system (Jiangsu Jetta Technology Development Co., Ltd.)
was used to evaluate the area and density of the staining
areas, as well as the integrated optical density (IOD) values
of the IHC sections. The intensity of protein staining in the
image is expressed as the mean densitometry (representing
relative protein expression level). Five fields were randomly
selected, and the signal density of tissue area was statistically
analyzed by using the blind method. To prevent false posi-
tives, negative control groups with only secondary antibodies
were included. Controls with secondary antibodies were only
performed while optimizing the experiments, thus these
pictures are not shown in the present manuscript.

Intestinal permeability assay. According to a previously
described method (18), EB and FD-4 were used to assay the
intestinal permeability. A 6-cm segment of the small intestine
was used as a sac by ligating both ends, before 0.2 ml 1.5%
(w/v) EB dissolved in PBS was injected into the sac. The sac
was then incubated in 20 ml Krebs buffer and removed after
30 min. The intestinal lumen was rinsed with physiological
saline until the rinsing solution was clear and dried at 37°C
for 24 h, before being weighed to obtain the dry weight of the
intestinal tissue and finally incubated with formamide at 50°C
for 24 h. Permeability of the intestine was assessed using EB
via Ultra-violet spectrophotometer. The estimated wavelength
of the dye eluting amount was 655 nm and the amount of EB
was calculated according to the standard curve.

FD-4 was detected in vivo. The ileum of 6 cm was ligated
at a distance of 2 and 8 cm from the ileocecal region after
anesthesia and injected into the cavity with 0.2 ml FD-4 solu-
tion, which consisted of PBS and 25 mg/kg FD-4. The portal
vein blood (100 ul) was extracted after 30 min to determine
the concentration of FITC in the plasma (18).
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Assessment of MLCK enzymatic activity. The intestinal
mucosa homogenate was prepared at 4°C from liquid nitrogen
storage after adding extract buffer. MLCK enzymatic activity
in the small intestine homogenate was measured according to
the protocols of the ELISA kit.

Detection of MLCK via IHC. Intestinal mucosa specimens
of the ileal were collected, fixed with 10% formaldehyde
overnight at room temperature and embedded in paraffin
for sectioning (thickness, 4 ym). The expression of MLCK
protein in the ileal epithelial cells was detected using the
SP method of IHC. The experimental steps were performed
according to the kit protocols. The control group was
treated with PBS instead of the primary antibody. In
total, three visual fields were randomly selected from
each slice under the light microscope (magnification, x40)
and the distribution of positive particles in the cells was
observed under the light microscope (magnification, x200).
To prevent false positives, negative control groups with
only secondary antibodies were included. Controls with
secondary antibodies were only performed while opti-
mizing the experiments, thus these images are not included
in the present manuscript.

Detection of MLCK, TGF-f and Smad7 expression via
western blotting. The intestinal mucosa specimens of the
ileal were cut into pieces in an ice bath and treated with
the RIPA buffer to prepare the homogenate, frozen at
-80°C and thawed three times to fully release the MLCK,
TGF-p and Smad7. The homogenate was then centrifuged
at 4°C for 15 min at 12,000 x g to extract the supernatant.
Protein concentration was determined. The extract was then
adjusted for protein concentration and mixed with the sample
buffer for 2X protein electrophoresis and boiled for 5 min.
Subsequently, the SDS-PAGE included 10% separated gel
and 5% concentrated gel. Equal amounts (50 ug) of samples
were loaded into each lane. After separation via SDS-PAGE,
the samples were transferred onto PVDF membranes,
which were then blocked and incubated with primary
antibodies. After washing, the membranes were incubated
with secondary antibodies before exposure after washing.
BCA protein concentration determination kit was used to
determine the protein concentrations. The membranes were
blocked at room temperature in TBST (0.05% Tween-20)
containing 5% BSA [cat. no. A600903; Sangon Biotech
(Shanghai) Co., Ltd.] for 1 h and subsequently treated with
primary antibodies overnight at 4°C: anti-MLCK (1:1,000;
cat. no. SAB1300116 and SAB1305415; Sigma-Aldrich;
Merck KGaA); anti-TGF-f (1:500; cat. no. ab66043; Abcam);
anti-Smad7 (1:1,000; cat. no. ab90086-Abcam). 3-actin (cat.
no. 66009-1-Ig; Proteintech) was used as an endogenous
control. TBST buffer was used to rinse membranes, which
were treated with HRP labeled goat anti-rabbit IgG H&L
(1:5,000; cat. no. ab205718; Abcam) at 37°C for 1 h. The
SuperSignal® West Dura Extended Duration Substrate (cat.
no. 34075; Thermo Pierce) was used to visualize the protein
bands, which were detected using X-ray film (Huadong
Medicine Co., Ltd.). ImageJ software version 1.8.0 (National
Institutes of Health) was used to quantify the protein expres-
sion. The experiments were repeated three times.
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Assessment of mRNA expression of TGF-f and Smad7. The
mRNA expression levels of TGF-f and Smad7 mRNA in
the IECs of the ileal were detected via RT-quantitative (q)
PCR. RNA was extracted from the samples using TRIzol®
(Thermo Fisher Scientific, Inc.) to establish the RT-qPCR
reaction system and conditions. The samples were first
mixed with TRIzol, placed in static conditions and then
centrifuged at 4°C for 15 min at 12,000 x g to obtain the
supernatant. The supernatant was then mixed with equal
volumes of isopropanol and centrifuged at 4°C for 10 min
at 12,000 x g to obtain the precipitate. These samples were
washed with 75% alcohol, dried, dissolved and frozen at
-80°C. The concentration, purity, quantity and quality of the
RNA were all determined. cDNA samples were prepared
by reverse transcription. The subsequent PCR reaction
system consisted of 4 ul cDNA, 1.96 ul 10X PCR buffer,
2.4 ul MgCl, (25 mM), 1 ul upstream primer (20 pM), 1 ul
downstream primer (20 pM), 0.36 ul ANTP (10 mM), 0.1 ul
Taq DNA polymerase (5 IU/ul) and 10.08 ul deionized water.
cDNA samples were prepared by PrimeScript™ RT Master
Mix (Perfect Real Time; Takara; cat. no. RRO36A) according
to the manufacturer's instructions. qQPCR was conducted
using the TB Green Premix Ex Taq II (Tli RNaseH Plus;
TAKARA; cat. no. RR820A) on a StepOnePlus Real-Time
PCR System (ABI). Thermocycling conditions was as
following: denaturation for 30 sec at 95°C; then 40 cycles of
5 sec at 95°C and 30 sec at 60°C. The internal references was
GAPDH. The primer sequences included TGF-, F 5'-GCG
TGCTAATGGTGGAAAC-3" and R 5-CGGTGACATCAA
AAGATAACCAC-3'; Smad7, F 5'-AGAGGCTGTGTT
GCTGTGAATC-3' and R 5-GCAGAGTCGGCTAAGGTG
ATG-3'; and GAPDH, F 5-TGACTTCAACAGCGACAC
CCA-3' and R 5-CACCCTGTTGCTGTAGCCAAA-3". All
experiments were performed in triplicate. The 2-24°4 method
was used to calculate expressions of target genes (19).

Statistical analysis. Stata 16.0 software (StataCorp LP) was
used to analyze ordinal variables (DAI and HI) by using
the Kruskal-Wallis test followed by Dunn's post hoc test.
SPSS 20.0 software (IBM Corp.) was used to analyze the other
data, and one-ANOVA followed by Dunnett's post hoc test was
performed to determine statistical differences between the
three groups compared with the DSS group. All experiments
were repeated three times. All results are presented as the
mean =+ standard error of the mean. P<0.05 was considered to
indicate a statistically significant difference.

Results

General condition of the mice. In the DSS group, mice
exhibited weight loss. At the end of the experiment, there
were different degrees of blood in feces, the appearance of
which was soft or thin-shaped. The DAI scores gradually
increased with time (Fig. 1A). The mice in the treatment
groups also showed weight loss, but the decrease was less
than that of DSS group (data not shown). Meanwhile, a few
mice of the treatment groups produced slightly bloody feces
or positive fecal occult blood test. DAI scores of mice in the
treatment groups were lower than DSS groups (P<0.05 at
day 7; Fig. 1A).
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Figure 1. DAI score and MPO activity. (A) DAI score of mice in the four
groups. Anti-TNF-a and 5-ASA decreased the DAI score in mice with
DSS-induced colitis. (B) MPO activity in the colonic mucosa homogenates
from mice in the four groups. Anti-TNF-a and 5-ASA reduced MPO activity
in the colonic mucosa of mice with DSS-induced colitis. "P<0.05 vs. DSS.
DAL, disease activity index; 5-ASA, 5-aminosalicyclic acid; DSS, dextran
sulfate sodium; MPO, myeloperoxidase.

Gross observation and pathological examination of the
colonic tissue. The colon mucosa in the DSS group was
characterized by extensive hyperemia and edema. In addition,
multiple erosion, bleeding spots and superficial ulcers were
observed (data not shown). However, no obvious abnormalities
could be found in tissues from mice in the normal group. By
contrast, only scattered hyperemia and erosion were observed
without obvious bleeding or ulcers in treatment groups.

H&E pathological examination revealed that in the DSS
group, the colonic mucosa had multiple superficial ulcers,
where a large number of the crypt glands were destroyed with
extensive inflammatory cell infiltration (Fig. 2A). By contrast,
in the normal group the colonic IECs remained intact such that
the crypt glands were neatly arranged with no inflammatory
cell infiltration (Fig. 2B). In the two treatment groups, colon
mucosal tissues from only a few mice exhibited superficial
ulcers, where there were also signs of crypt gland destruc-
tion compared with that of the normal group. However, the
extent of ulceration and crypt destruction was markedly lower
compared with that in the DSS group. Additionally, the degree
of infiltration by inflammatory cells in the mucosa and submu-
cosa was mild in treatment groups (Fig. 2C and D). Compared
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Figure 2. Histology and HI score of the colon. Histology of the mice colon in the (A) DSS, (B) normal, (C) anti-TNF-a and (D) 5-ASA groups as assessed by
H&E staining. Magnification, x200. Arrows indicate crypts, long-tailed arrows indicate erosion or ulcerated intestinal mucosa, and hollow arrows indicate
inflammatory cell infiltration. (E) HI score of the mouse colonic mucosa in the four groups. Anti-TNF-o and 5-ASA decreased the HI score of the colonic
mucosa in mice with DSS-induced colitis. "P<0.05 vs. DSS. DSS, dextran sulfate sodium; HI, histological index; 5-ASA, 5-aminosalicyclic acid.

with those in the DSS group, the HI scores in the treated
groups were significantly lower (P<0.05; Fig. 2E).

MPO activity in the colon. The activity of MPO in the colonic
homogenates from the DSS group was higher compared with
that in the normal group, whilst the MPO activity in the treat-
ment groups was decreased compared with that in the DSS
group. This suggested that the degree of colon inflammation in
the DSS group was significant (P<0.05; Fig. 1B), which could
be alleviated by anti-TNF-o and 5-ASA treatment (P<0.05;
Fig. 1B).

Ultrastructure of the intestinal mucosal barrier. TEM was
used to observe the ultrastructure of the IECs in the ileum
of mice. It was observed that in the normal group, the IECs
within the tissue were intact, where the surface microvilli
were long and dense and the arrangement was regular. The
cells were also closely connected. However, in the DSS group,
edema or even shedding of IECs could be observed, which was
accompanied by atrophy and sparseness of the surface micro-
villi, enlargement of the intercellular space and the opening
of a number of TJs. In the treatment groups, although edema
of some IECs, reduction of the number of microvilli and the
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Figure 3. Ultrastructure and function detection of the intestine. Ultrastructure of the intestinal mucosal barrier as observed by transmission electron micros-
copy in the (A) normal, (B) DSS, (C) anti-TNF-a and (D) 5-ASA groups. Magnification, x20,000. Long-tailed arrows indicate surface microvilli. (E) The
amount of EB permeating into the intestine isolated from mice in each of the four groups. Anti-TNF-a and 5-ASA decreased the level of intestinal EB staining
in mice with DSS-induced colitis. (F) Plasma FITC-dextran 4000 level of the four groups. Anti-TNF-a and 5-ASA decreased the level of blood FITC in mice
with DSS-induced colitis "P<0.05 vs. DSS. DSS, dextran sulfate sodium; EB, Evans blue; 5-ASA, 5-aminosalicyclic acid.

opening of TJs could also be observed, the severity was lower
compared with that in the DSS group (Fig. 3A-D).

Intestinal mucosal barrier function. Compared with those in
the normal group, the intestinal EB content and plasma FITC
levels in the DSS group were significantly increased (P<0.05;
Fig. 3E and F). This suggested that the intestinal mucosal
barrier in DSS group was damaged, which allowed the high
molecular weight EB to enter the intestinal mucosa through the
expanded TJs, which could also have resulted in the absorption
of FITC into the portal vein system. Anti-TNF-a and 5-ASA
treatment could significantly decrease the level of intestinal EB
and plasma FITC by varying degrees (P<0.05; Fig. 3E and F).

Protein expression of TJs and adhesion junctions (AJs).
According to the results of IHC, it was found that the

expression of occludin, ZO-1 and E-cadherin in the small
intestinal mucosal epithelial cells of mice in the treated
groups were lower compared with those in the control group,
but were higher compared with those in the DSS group
(Figs. 4-6 and Table I).

Expression, distribution and activity of the MLCK protein.
The expression and activity of the MLCK protein in small
intestinal mucosal epithelial cells were higher in the DSS
group compared with those in the normal group, but were
lower in the treated group compared with those in the DSS
group (P<0.05; Fig. 7). The results of IHC (Fig. 7A and Table I)
were consistent with those observed following western blot-
ting (Fig. 7B). Although there were significant differences
in MLCK expression and activity between the treatment and
DSS groups (P<0.05; Fig. 7C).
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TableI.Meandensity of occludin,ZO-1,E-cadherinand MLCK indifferent groups according to the results of immunohistochemistry.

Groups Occludin 70-1 E-cadherin MLCK
Normal 0.331 0.429 0.321 0.333
DSS 0.295 0.300 0.192 0.370
Anti-TNF-a 0.316 0.336 0.283 0.348
5-ASA 0.308 0.309 0.248 0.353

5-ASA, 5-aminosalicyclic acid; DSS, dextran sulfate sodium; ZO-1, zona occludens-1; MLCK, myosin light chain kinase.

Figure 4. Expression of occludin in the intestinal epithelium as observed via
immunohistochemistry. Occludin expression in the (A) normal, (B) DSS,
(C) anti-TNF-a and (D) 5-ASA groups. Anti-TNF-a and 5-ASA increased the
expression of occludin in the intestinal epithelium of mice with DSS-induced
colitis. Long-tailed arrows indicate Occludin expression. DSS, dextran
sulfate sodium; 5-ASA, 5-aminosalicyclic acid.

Figure 5. Expression of ZO-1 in the intestinal epithelium as observed via
immunohistochemistry. ZO-1 expression in the (A) normal, (B) DSS,
(C) anti-TNF-a and (D) 5-ASA groups. Anti-TNF-a and 5-ASA increased
the expression of ZO-1 in the intestinal epithelium of mice with DSS-induced
colitis. Long-tailed arrows indicate ZO-1 expression. DSS, dextran sulfate
sodium; 5-ASA, 5-aminosalicyclic acid; ZO-1, zona occludens-1.
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5-ASA

Figure 6. Expression of E-cadherin in the intestinal epithelium was observed
via immunohistochemistry. E-cadherin expression in the (A) normal,
(B) DSS, (C) anti-TNF-a and (D) 5-ASA groups. Anti-TNF-o and 5-ASA
improved the expression of E-cadherin in the intestinal epithelium of mice
with DSS-induced colitis. Long-tailed arrows indicate E-cadherin expres-
sion. DSS, dextran sulfate sodium; 5-ASA, S-aminosalicyclic acid.

mRNA and protein expression of TGF-f and Smad?7.
Compared with those in the normal group, the mRNA and
protein expression levels of TGF-3 and Smad7 were decreased
and increased in the DSS group, respectively. Intervention
with anti-TNF-a and 5-ASA reversed the aforementioned
effects mediated by DSS (P<0.05, Fig. 8A and B). The purity
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Figure 7. Expression, distribution and activity of MLCK. (A) Expression
and distribution of MLCK protein expression in the intestinal epithelium
as observed via IHC. Anti-TNF-a and 5-ASA decreased the expression of
MLCK protein in the intestinal epithelium of mice with DSS-induced colitis.
Long-tailed arrows indicate MLCK expression. (B) The expression of MLCK
in the intestinal epithelium as detected via western blotting. The results of
western blotting were consistent with those in IHC. (C) MLCK enzymatic
activity in the intestinal epithelium as detected by using ELISA. Anti-TNF-a
and 5-ASA decreased MLCK enzymatic activity in the intestinal epithelium
of mice with DSS-induced colitis. However, no significant difference was
detected between anti-TNF-a and 5-ASA. "P<0.05 vs. DSS. MLCK, myosin
light chain kinase; IHC, immunohistochemistry; DSS, dextran sulfate
sodium; 5-ASA, S-aminosalicyclic acid.

of TGF-1 RNA was between 1.86-1.98, whereas the concen-
tration was 843.6-1421.6 ug/ul (data not shown). The purity of
Smad7 RNA was between 1.86-1.97, whilst the concentration
was 821.3-1895.8 pg/ul.

Discussion

UC is arecurrent, non-specific inflammatory disease. Intestinal
mucosal barrier damage may be an important cause for the
onset and recurrence of UC (2). Previous studies on human
samples and animal models found that intestinal mucosal
permeability increased significantly before the manifestation
of intestinal inflammation (20,21).

In the present study, anti-TNF-a and 5-ASA were found
to improve the clinical symptoms of UC, reduce the DAI
and colonic mucosal HI scores and decrease MPO activity
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Figure 8. Protein and mRNA expression of both TGF-f and Smad?7. (A) Protein
expression of TGF-f3 and Smad7 in the intestinal epithelium was detected by
western blotting. In mice with DSS-induced colitis treated with anti-TNF-a
and 5-ASA, TGF-f and Smad7 expression were increased and decreased,
respectively. (B) TGF-f and Smad7 mRNA expression in the intestinal epithe-
lium were detected by reverse transcription-quantitative PCR. In mice with
DSS-induced colitis treated with anti-TNF-a and 5-ASA, TGF-f3 and Smad7
mRNA expression were increased and decreased, respectively. "P<0.05 vs.
DSS. DSS, dextran sulfate sodium; 5-ASA, S-aminosalicyclic acid.

in mice with DSS-induced UC, suggesting that anti-TNF-a
and 5-ASA could alleviate inflammatory injury in the colon.
Subsequently, TEM was used to observe the ultrastructure in
the small intestine, and EB and FITC were used to detect the
permeability of the small intestinal mucosa. Although TEM
results suggested that anti-TNF-a and 5-ASA could improve
the structure and function of the small intestinal mucosa, their
specific mechanism remains unclear.

TJs are expressed at the top of the IECs, the components
of which include occludin, claudin, ZO and junction adhesion
molecule (JAM)-1 (22). The AJ is a structure that lies adjacent
to TJs, which includes E-cadherin and (3-catenin. In transgenic
animal models, absence of E-cadherin expression can result in
the dysfunction of AJs during the pathophysiological process of
IBD (21). By blocking the adjacent intercellular spaces within
the intestinal epithelium, TJs can prevent bacteria, antigens and
other harmful substances from entering the intestinal mucosal
lamina propria to activate immune cells (23). TJ assembly is
largely dependent on AJ formation (9,24). Previously, it was
found that a number of IBD-associated loci could regulate the
expression of E-cadherin and stability of AJs (25,26), where it
was subsequently confirmed genetically that TJs and AJs both
serve a role in intestinal barrier function (25,26). In the present
study, the expression of occludin, ZO-1 and E-cadherin in the
mucosal epithelium of the small intestine of mice with DSS
was decreased. Consistent with these results from the present
study, Clayburgh et al (5) found that in patients with IBD, TJs
were significantly damaged, which increased the permeability
of the intestinal mucosa.
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TNF-a treatment has been reported to lead to the internal-
ization and disruption of junctional proteins, such as occludin
and E-cadherin. Following 5-ASA pretreatment, membranous
localization of proteins of TJs and AJs was maintained (9). In
addition, 5-ASA could increase intercellular adhesion through
the restoration of AJ proteins onto the cell membrane, such
as P-catenin and E-cadherin, in turn promoting mucosal
healing. 5-ASA can also alter the transcriptional regulation
of proteins, including JAMs, claudins and epithelial cytoskel-
etal proteins (9). The present study also found that 5-ASA
increased the expression of occludin, ZO-1 and E-cadherin in
the intestinal mucosal epithelium of DSS mice.

Anti-TNF-a has been documented to decrease neutrophil
infiltration in inflammatory mucosa of patients with IBD
and reduce the activity of T cells and inflammatory media-
tors (27,28). In addition, anti-TNF-a can inhibit neutrophils
from producing proinflammatory mediators, including reac-
tive oxygen species, TNF-a and IL-8 (27,28). In particular, by
binding to the antibody, TNF-a receptor activation is blocked,
leading to the reduction of intestinal permeability due to
the decrease in paracellular permeability across the TJs and
decreased apoptosis of IECs (28). The present study showed
that anti-TNF-a increased the expression of occludin, ZO-1
and E-cadherin in the epithelium of small intestinal mucosa
from mice with DSS.

The degree of MLC phosphorylation depends on the
activity of MLCK (4). TNF-a has been previously found
to upregulate the distribution and expression of NF-xB
p65 (29-31). NF-kB can bind to the promoter region of the
MLCK gene to increase its transcription (31). By contrast,
5-ASA has been reported to regulate intestinal epithelial
homeostasis by inhibiting the ERK1/2, Wnt/f-catenin
and NF-kB signaling pathways, whilst inducing cell cycle
arrest (31). In addition, 5-ASA pretreatment was revealed to
alleviate the increase in NF-kB p65 mediated by TNF-a (9).
Blair et al (32) previously documented that the expression
of MLCK in IECs of 26 patients with IBD was increased
according to the results of an immunofluorescence assay.
However, since intestinal mucosal permeability was not
simultaneously measured, the potential association between
MLCK and intestinal mucosal barrier function could not be
proven. In the present study, the expression, distribution and
activity of the MLCK protein in IECs were also measured.
Compared with that in the normal group, the expression of
MLCK in the DSS group was increased and the activity was
enhanced. Intervention with anti-TNF-a and 5-ASA could
decrease the expression and activity of MLCK, which could
reduce the permeability of the intestinal mucosa in mice with
UC. However, no significant difference between anti-TNF-a
and 5-ASA could be observed.

Aberrant TGF-B/Smad7 signaling may be an important
mechanism of IBD. In particular, increased expression of
Smad7 and the imbalance in the homeostasis between Smad?7,
Smad2 and Smad3 can lead to the loss of the anti-inflamma-
tory effects of TGF-f3, resulting in chronic inflammation in
the intestinal tract during UC (33). Abnormalities in TGF-f3
and TGF-f receptor 2 are key to the pathogenesis of IBD.
TGF-f can maintain the integrity of the tissue structure by
regulating the proliferation and differentiation of T lympho-
cytes (33).
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There is evidence that during the active stage of IBD, the
number of regulatory T (Treg) cells, which regulate lympho-
cyte activity by secreting anti-inflammatory cytokines, such
as IL-10 and TGF-p, is lower compared with that in healthy
individuals (34). Treg cell disorders, which are of impor-
tance to the development of various diseases, can maintain
the vicious cycle of inflammation and disease aggravation,
resulting in impaired barrier function (35). Anti-TNF-a has
been shown to upregulate the number of Treg cells (28). In
addition, Smad7 induced by TGF-p is considered to be one
of the key negative regulatory factors in the TGF-f3/Smad
signal transduction pathway. Activated Smad7 can inhibit
the phosphorylation and activation of Smad2/3 by binding
to TGF-f receptor 1, in addition to accelerating its inactiva-
tion by activating protein phosphatase PP1 and degradation
by the ubiquitin ligase SMAD-specific E3 ubiquitin protein
ligase 2 (36). Furthermore, Smad7 can enter the nucleus and
block Smad2-3/Smad4 complex binding to target genes (37).
The level of Smad7 expression is the main regulatory factor
for determining TGF-f transcription (36). Knockdown of
Smad7 expression was found to enhance endogenous TGF-f
signaling (38). Increased expression of TGF-f in the colon
was previously shown in various murine colitis models
and patients with UC (39). Sedda et al (40) revealed that,
although the production of TGF-f1 is increased, deficiency
in the TGF-B1/Smad signaling pathway sustains the chronic
inflammation of IBD. However, in the present study, TGF-3
was mainly studied in the small intestine, which showed that
TGF-p mRNA and protein expression in the DSS group was
reduced. Consistent with these results, Vieira et al (41) also
found a reduction in TGF-f expression in the duodenum of
mice with DSS.

A previous study reported that Smad7 inhibition in
patients with CD conferred endoscopic and clinical improve-
ments during phase 1 and 2 clinical trials (42). However, the
corresponding phase 3 trial was suspended due to the lack
of efficacy (43). A recent study has indicated that rigorous
experimental design assist in furthering the understanding in
the significance of Smad7 as a therapeutic target for IBD (36).
In addition, Wu-Mei-Wan is a classic Chinese medicine for
treating digestive diseases and pervious study has shown
that the antifibrotic effects of it may result from the inhibi-
tion of the TGF-f/Smad pathway (44), whilst knocking down
Smad7 expression was found to be beneficial in preventing
the post-operative recurrence of CD (45). Therefore, under-
standing the molecular characteristics of IBD will assist in the
identification of novel candidates for the inhibition of Smad7.
Nevertheless, the mechanism of Smad7 in IBD remains to be
fully elucidated (43,46).

Inthe present study, compared with that in the normal group,
Smad7 protein and mRNA expression was increased in the
IECs of mice with DSS. This was consistent with findings from
previous studies. Monteleone er al (47) showed that the levels
of phosphorylated Smad3 in lamina propria mononuclear cells
in the intestinal mucosa were significantly decreased, whereas
Smad7 expression was markedly increased in patients with
CD and UC compared with those in the normal group. It has
been suggested that the overexpression of Smad7 can inhibit
the TGF-f signaling pathway, where inflammatory cytokines
in the intestinal mucosa, such as TNF-a and IFN-v, can be

continuously increased during IBD (48). In addition, IFN-y can
inhibit the TGF-p/Smad signaling pathway by upregulating
the expression of Smad7, whilst TNF-a can directly interfere
with the formation of the Smad2/3-Smad4 complex with DNA
through the inducible protein activator (49,50). However,
Monteleone et al (51) analyzed the expression of Smad7 in the
mucosal samples from patients with IBD and found that Smad?7
expression was increased at the protein levels, but not the
mRNA levels, suggesting the post-transcriptional regulation
of Smad7. The mucous membrane specimens of patients with
UC in this previous study were mainly taken from the colon,
whilst the present study was performed on the small intestine.
Intervention with anti-TNF-a and 5-ASA was demonstrated
to increase the expression of TGF-§ whilst weakening Smad7,
suggesting that both may regulate MLCK activity through the
TGF-p/Smad7 signaling pathway. This in turn can alter the
expression levels of TJ and AJ proteins in IECs before finally
regulating intestinal permeability.

To conclude, the present study evaluated the effects of
anti-TNF-a and 5-ASA on the TGF-/Smad7 signaling pathway
in a mouse experimental model of colitis. Similar studies were
performed in the colon (40,52-57), peripheral blood (58) or in
chronic pathologies (53,56), whereas the present experiment
studied the small intestine and acute response to injury. It was
found that anti-TNF-a and 5-ASA both improved the perme-
ability of the intestinal epithelium on this model of UC. The
mechanism was partly due to the increase in TGF-f5 expres-
sion or the decrease in Smad7 expression, which may inhibit
epithelial MLCK expression and activity, leading to the reduc-
tion of intestinal mucosal permeability in UC. The present
study may provide novel evidence for the treatment of IBD
by either upregulating TGF-f expression or downregulating
Smad7 expression.
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