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Abstract. Transforming growth factor β1 (TGF‑β1) has a 
crucial role in regulating the balance of type 17 T‑helper 
cells (Th17) and T regulatory cells (Tregs) that are involved 
in the pathogenesis of inflammatory bowel disease, while the 
function of local TGF‑β1 in this process has remained to be 
fully elucidated. The present study investigated the effects of 
different local TGF‑β1 levels on the Treg/Th17 balance and 
on the dexamethasone efficacy in mice with 2,4,6‑trinitroben-
zenesulfonic acid (TNBS)‑induced colitis. Various TGF‑β1 
levels in colon tissue were achieved by enema delivery of a 
high, medium or low amount of adenovirus expressing TGF‑β1 
(107, 108 or 109 pfu, denoted as AdTGF‑1, AdTGF‑2 and 
AdTGF‑3, respectively). Dexamethasone further decreased 
colon damage and myeloperoxidase activity in TNBS mice 
receiving AdTGF‑1 and AdTGF‑2. When AdTGF‑1 was 
administered, dexamethasone enhanced its effect by reducing 
interferon (IFN)‑γ and increasing interleukin (IL)‑10 produc-
tion. In TNBS mice receiving AdTGF‑2, the increase in IFN‑γ, 
tumor necrosis factor‑α, IL‑6, IL‑17 and IL‑23 was signifi-
cantly prevented by dexamethasone treatment. In comparison 
with the lower doses, AdTGF‑3 exerted the opposite effect on 
regulating the cytokine production in TNBS mice, which was 
not affected by dexamethasone treatment. In mesenteric lymph 
nodes, AdTGF‑1 prevented the TNBS‑induced reduction of 
Tregs and IL‑10, and potentially increased the efficacy of 
dexamethasone. In addition, dexamethasone further decreased 
the levels of activated caspase3 in TNBS mice receiving 
adenoviral TGF‑β1, particularly in the AdTGF‑1 group. The 
activation of the p38 mitogen‑activated protein kinase/c‑Jun 
N‑terminal kinase/c‑Jun pathway was significantly inhibited 

by a low amount of TGF‑β1 administered to TNBS‑treated 
mice, which was further decreased by dexamethasone. The 
present study provided evidence that the therapeutic effect of 
dexamethasone may depend on the local levels of TGF‑β1 in 
TNBS‑induced colitis and may be mediated, at least partially, 
through promoting the differentiation of Tregs and thus 
altering the balance of pro‑ and anti‑inflammatory cytokines.

Introduction

Inflammatory bowel disease (IBD) usually leads to severe 
diarrhea, pain, fatigue and weight loss, and sometimes 
causes life‑threatening complications (1). The incidence of 
IBD is increasing each year, while the underlying molecular 
mechanisms remain to be fully elucidated. It is well known 
that IBD results from a defective mucosal immune response 
that ultimately promotes chronic inflammation of the entire 
or part of the digestive tract  (1,2). A crucial event in the 
development of IBD is that the high sensitivity to the bacterial 
microflora in the gastrointestinal tract induces severe autoim-
munity enteritis, in which regulatory T (Treg) cells and the 
type 17 T‑helper (Th17) cell subset are involved (3,4). Treg 
cells, characteristically expressing the transcription factor 
Forkhead box p3 (Foxp3), are immunosuppressive and gener-
ally suppress or downregulate the induction and proliferation 
of effector T cells (4). In T cell‑induced mouse colitis, colonic 
inflammation and damage are prevented by adoptive transfer 
of Treg cells (5). Furthermore, Treg cells regulate self‑reactive 
lymphocytes via a variety of mechanisms, including secre-
tion of inhibitory cytokines such as interleukin (IL)‑10 and 
transforming growth factor‑β (TGF‑β), granzyme‑mediated 
cytolysis, cytotoxic T‑lymphocyte‑associated protein 4 induc-
tion, metabolic disruption and dendritic cell targeting  (6). 
By inducing and/or maintaining Foxp3 expression, TGF‑β 
promotes the differentiation and maturation of Treg cells that 
inhibit the unwanted immune response and dampen inflamma-
tion after microbial infection (7). Mice deficient of IL‑10 not 
only developed colitis, but also colon cancer at a high rate (8).

Of note, TGF‑β in conjunction with IL‑6 also leads to 
the production of Th17 cells, which predominantly produce 
IL‑17, a potent pro‑inflammatory cytokine (9). The inflamed 
gastrointestinal mucosa of patients with IBD exhibits an exces-
sive infiltration of Th17 cells and Th17‑associated cytokines, 
including IL‑17, IL‑6, IL‑23 and interferon (IFN)‑γ in colon 
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tissues (10). Hence, the dysregulation of cytokines driven by 
TGF‑β modulates intercellular communications, and thus has 
a crucial role in the pathogenesis of IBD. TGF‑β, belonging to 
the TGF‑β superfamily, includes three major isoforms, TGF‑β1, 
‑2 and 3, secreted by a variety of cell types (11). Normally, a 
large amount of TGF‑β1 produced in the gastrointestinal tract 
is in its latent precursor form, requiring cleavage and dissocia-
tion for conversion to a mature bioactive dimer (12). Elevated 
expression of TGF‑β1 was detected in colon tissues from IBD 
patients (12). In mice, overexpression of consecutively activated 
TGF‑β1 by adenoviral delivery into the local colon tissue 
causes intestinal fibrosis (13), indicating a potential therapeutic 
target in the prevention of fibrosis in IBD. However, it has 
been demonstrated that overexpression of TGF‑β1 induces 
suppression of the Th1 cell response by upregulating IL‑10 and 
downregulating IL‑12 receptor β2 chain (14), which has been 
proposed as a potential therapy for IBD.

The role of TGF‑β1 in inflamed colon disease is complex, 
as it is a multi‑functional cytokine, which negatively as well as 
positively regulates the immune response. The present study 
provided evidence that the therapeutic effect of dexamethasone 
may depend on the local TGF‑β1 levels in 2,4,6‑trinitroben-
zenesulfonic acid (TNBS)‑induced mouse colitis at least 
partially through promoting the differentiation of Treg cells 
and thus altering the balance of pro‑ and anti‑inflammatory 
cytokines.

Materials and methods

TNBS‑mediated induction and treatment of colitis in mice. 
A total of 92 male BALB/c mice (weight, 22.0‑25.6 g; age, 
8  weeks; Chinese Academy of Sciences, Beijing, China) 
were used in all experiments and were randomly divided 
into different groups of 4 animals each. All of the animal 
protocols were approved by the Experimental Animal Ethics 
Committee of Peking University People's Hospital (Beijing, 
China). All mice were given free to access to water and food, 
and housed in a pathogen‑free animal facility maintained at 
25˚C with a relative humidity of 50±10%, and illuminated by 
a 12‑h light‑dark cycle. For induction of colitis, mice were 
placed individually in an induction chamber and anaesthetised 
with 4% enflurane (Isoflo; Esteve Farma, Lisboa, Portugal) in 
100% oxygen at a delivery rate of 1.0 l/min until loss of move-
ment. Following anaesthesia, 2.5 mg TNBS (Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) in 150 µl 50% ethanol 
was administered through a 3.5 F catheter inserted ~4 cm 
to the rectum. Control mice were treated with 150 µl 50% 
ethanol. Mice were allowed to recover for 24 h, and thereafter, 
the colitic mice were given a PBS enema containing 1x107, 
1x108 or 1x109 pfu of adenovirus expressing full‑length mouse 
TGF‑β1 (Vector Biolabs, Malvern, PA, USA). A proportion 
of the colitic mice receiving adenoviral TGF‑β1 were treated 
by oral gavage with 5 mg/kg body weight of dexamethasone 
(Sigma‑Aldrich; Merck KGaA). All mice were sacrificed at the 
indicated time‑points.

Macroscopical scoring. Tissue samples were excised and 
damage was evaluated by an investigator blinded to the 
grouping. As described previously (15), macroscopical damage 
was scored on a 0‑10 scale (0, normal; 1, localized hyperemia, 

no ulcers; 2, ulceration without hyperemia or bowl wall thick-
ening; 3, ulceration with inflammation at 1 site; 4, ulceration 
and inflammation at 2 or more sites; 5, major sites of damage 
extended >1 cm along length of colon; 6‑10, when an area of 
damage extended >2 cm along length of the colon, the score 
was increased by 1 for each additional cm of involvement).

Myeloperoxidase (MPO) and alkaline phosphatase (ALP) 
activity assay. Colon tissue (50 mg) was homogenized in 
4 volumes of ice cold lysis buffer (0.1% Nonidet P (NP)‑40/PBS) 
using a Dounce homogenizer, and then centrifuged at 13,400 x g 
for 5 min at 4˚C. The supernatant was collected, the MPO 
activity was determined by using an MPO Activity detection 
kit (cat. no. ab111749; Abcam, Cambridge, MA, USA) and 
values were expressed as the unit per g tissue. For evaluation 
of ALP activity, colon tissue protein was extracted with a lysis 
buffer composed of 20 mM Tris‑HCl (pH 7.5), 150 mM NaCl 
and 1% Triton X‑100. The enzymatic activity of ALP was 
determined using a Diethanolamine assay (cat. no. AP0100; 
Sigma‑Aldrich; Merck KGaA) and expressed as units per mg 
protein of tissue.

ELISA. The levels of TGF‑β1 (cat. no.  ab119557), IL‑17 
(cat. no. ab100702), IL‑23 (cat. no. cat. no. ab119545), IL‑10 
(cat. no. ab100697), IL‑6 (cat. no. ab100712) and IFN‑γ (cat. 
no. ab100690; all Abcam) as well as tumour necrosis factor 
(TNF)‑α (cat. no. 88‑7324‑22; Thermo Fisher Scientific, Inc., 
Waltham, MA, USA) were measured using ELISA according 
to the manufacturer's protocol.

Reverse‑transcription quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was extracted from mesenteric lymph 
nodes with an RNeasy Mini kit (Qiagen, Hilden, Germany), 
and then reversely transcribed into complementary (c)DNA 
by using a cDNA Synthesis kit (Thermo Fisher Scientific, 
Inc.). The cDNA (2  µl) was used to perform quantitative 
PCR with 1X SYBR‑Green Mix (Bio‑Rad Laboratories, Inc., 
Hercules, CA, USA) and 250 nM primers on a 7700 real‑time 
PCR Detection System (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) for detecting the expression of various genes 
with the following primers: RAR‑related orphan receptor 
(ROR)γt forward, 5'‑TTT​TCC​GAG​GAT​GAG​ATT​GC‑3' 
and reverse, 5'‑CTT​TCC​ACA​TGC​TGG​CTA​CA‑3'; Foxp3 
forward, 5'‑CAG​CTC​TGC​TGG​CGA​AAG​TG‑3' and reverse, 
5'‑TCG​TCT​GAA​GGC​AGA​GTC​AGG​A‑3'; TGF‑β1 forward, 
5'‑TGA​CGT​CAC​TGG​AGT​TGT​ACG​G‑3' and reverse, 5'‑GGT​
TCA​TGT​CAT​GGA​TGG​TGC‑3'; GAP​DH forward, 5'‑TGT​
GTC​CGT​CGT​GGA​TCT​GA‑3' and reverse, 5'‑CCT​GCT​TCA​
CCA​CCT​TCT​TGA‑3'. The PCR program began with initial 
denaturation at 95˚C for 10 min followed by 40 cycles of 95˚C 
for 15 sec and 58˚C for 30 sec. The mRNA level was calculated 
using 2−ΔΔCt and normalized to GAPDH as described (16). 
Values are expressed as the fold change of the control.

Flow cytometry. To quantify the amount of Th17 and Treg 
cells, the mesenteric lymph nodes were cut into small pieces, 
incubated with 2.5 mM EDTA at 37˚C with agitation for 
20 min to remove cells, minced and digested for 20 min at 
37˚C with 1 mg/ml collagenase type VIII (Sigma‑Aldrich; 
Merck KGaA). The T cells were isolated using a Pan T‑cell 
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Isolation kit  II (cat. no.  130‑095‑130; Miltenyi Biotec, 
Bergisch Gladbach, Germany). The isolated T cells were fixed 
and stained with anti‑FoxP3 antibodies (cat. no. 130‑098‑119; 
1:100; Miltenyi Biotec) or anti‑IL‑17A antibodies (cat. 
no. 130‑103‑007; 1:200; Miltenyi Biotec). Cell sorting analysis 
was performed on a FACSCalibur flow cytometer (BD 
Biosciences, Franklin Lakes, NJ, USA).

Western blot analysis. Total protein was extracted from 
colon tissue by using radioimmunoprecipitation assay lysis 
buffer (150 mM NaCl, 1% NP‑40, 0.1% SDS, 0.5% sodium 
deoxycholate, 50 mM Tris‑HCl pH 7.4 and 10% glycerol) 
supplemented with protease and phosphatase inhibitors 
(Roche Diagnostics, Basel, Switzerland). In total, 100  µg 
protein per lane was subjected to 10 or 15% SDS‑PAGE 
and then transferred to a nitrocellulose membrane (Thermo 
Fisher Scientific, Inc.). Membranes were blocked for 1 h in 
Tris‑buffered saline containing 0.05% Tween‑20 (TTBS) and 
5% bovine serum albumin (Sigma‑Aldrich; Merck KGaA) 
or non‑fat milk. Thereafter, membranes were incubated with 
the indicated primary antibodies (Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA) at 4˚C overnight, including mouse 
anti‑TGFβ1 (cat. no. sc‑130348; 1:600), mouse anti‑caspase3 
(cat. no.  sc‑136219; 1:1,000), mouse anti‑cleaved caspase3 
(cat. no. sc‑271028; 1:500), rabbit anti‑Bim (cat. no. sc‑11425; 
1:200), mouse anti‑p38MAPK (cat. no.  sc‑7972; 1:1,000), 
rabbit anti‑phospho‑p38MAPK (cat. no. sc‑17852‑R; 1:1,000), 
mouse anti‑JNK (cat. no. sc‑7345; 1:500), anti‑phospho‑JNK 
(cat. no. sc‑293136; 1:1,000), anti‑c‑Jun (cat. no. sc‑166540; 
1:800) and mouse anti‑β‑actin (cat. no. sc‑130300; 1:2,000). 
After 5 washes with TTBS, membranes were incubated with 
horseradish peroxidase‑conjugated goat anti‑mouse or rabbit 
immunoglobulin G (cat. no. sc‑2005 and sc‑2004, repectively; 
1:5,000; Santa Cruz Biotechnology, Inc.) for 1  h at room 
temperature. Blots were developed with an enhanced chemi-
luminescence detection kit (cat. no. 32106; Pierce; Thermo 
Fisher Scientific, Inc.). The specific band was scanned and 
then quantified with ImageJ 1.49 software (National Institutes 
of Health, Bethesda, NJ, USA).

Statistical analysis. Values are expressed as the mean ± stan-
dard deviation. Statistical evaluation was performed by using 
one‑way analysis of variance (ANOVA) with Dunnett's multiple 
comparison post hoc tests for comparing multiple time‑points 
in the same group or two‑way ANOVA with Tukey's multiple 
comparison post‑hoc tests for comparing multiple groups at 
multiple time‑points with Prism 4.0 software (GraphPad Inc., 
La Jolla, CA, USA). P≤0.05 was considered to indicate a statis-
tically significant difference.

Results

Effects of local TGF‑β1 levels on colon damage in 
TNBS‑treated mice. In the present study, a mouse model of 
TNBS‑induced colitis was used to investigate the effect of 
local TGF‑β1 levels on the severity of colon inflammation. As 
described previously (13), the TGF‑β1 levels in colon tissues 
were modulated by delivering different amounts of adenovirus 
expressing full‑length mouse TGF‑β1. Colon TGF‑β1 levels 
were measured by using western blot and RT‑qPCR. Compared 

with that in the control group, the protein abundance of 
TGF‑β1 in TNBS‑treated mice was significantly higher at 
days 2, 5 and 7, and overexpression of TGF‑β1 was detected 
in TNBS‑treated mice following adenoviral TGF‑β1 delivery 
(Fig. 1A). In addition, in comparison with those in the control 
group, the mRNA levels of TGF‑β1 in TNBS‑treated mice were 
also significantly increased at days 2, 5 and 7. In TNBS‑treated 
mice, adenoviral TGF‑β1 delivery led to a marked increase of 
TGF‑β1 mRNA in a dose‑dependent manner (Fig. 1B). The 
levels of the active form of TGF‑β1 were also assessed using 
ELISA. Of note, the activated TGF‑β1 levels in TNBS‑treated 
mice were not obviously changed over a time course of 14 days 
compared with those in the control group. However, delivery 
of adenoviral TGF‑β1 resulted in a dose‑dependent increase of 
activated TGF‑β1 in TNBS‑treated mice (Fig. 1C).

Colon damage was then evaluated by determining the macro-
scopic mucosal damage score (Table I). Compared with those in 
the control group, the colon damage score in TNBS‑treated mice 
increased significantly over all time‑points. In TNBS‑treated 
mice, delivery of AdTGF‑1 significantly decreased colon 
damage at days 2 and 5, and slightly decreased the score at days 7 
and 14; however, there was no significant difference. By contrast, 
delivery of AdTGF‑2 or AdTGF‑3 significantly increased the 
colon damage score at days 2 and 14, and had no obvious effect 
on colon damage in TNBS‑treated mice at days 5 and 7 (Table I).

The present study also assessed colon inflammation 
responses by determining the activities of MPO and ALP 
in colon tissue. MPO activity, directly associated with the 
neutrophil content, is commonly used for quantification of 
inflammation severity  (17). Colonic inflammation is also 
characterized by an increase in AP activity, which has been 
mainly attributed to leucocyte activity (18). Compared with the 
control, a significant increase of MPO activity was detected in 
TNBS‑treated mice at all time‑points. Delivery of AdTGF‑2 
or AdTGF‑3 further enhanced MPO activity in TNBS‑treated 
mice, while delivery of AdTGF‑1 markedly inhibited the 
TNBS‑induced increase of MPO activation at days 2 and 5 
(Table II). In comparison with the control, ALP activity also 
increased significantly at all time‑points in TNBS‑treated 
mice. Delivery of AdTGF‑1 decreased TNBS‑induced 
ALP activation at all time‑points, and AdTGF‑2 decreased 
TNBS‑induced ALP activation at days 5, 7 and 14. However, 
ALP activity was not markedly affected in TNBS‑treated 
mice following AdTGF‑3 delivery (Table III). These results 
suggested that the colonic TGFβ‑1 levels may influence the 
severity of colon inflammation and damage in mice with 
TNBS‑induced colitis.

Effects of colonic TGF‑β1 levels on dexamethasone efficacy 
in mice with TNBS‑induced colon inflammation. Following 
adenoviral TGF‑β1 delivery, dexamethasone was admin-
istered to TNBS‑treated mice once a day by orogastric 
gavage for 4 days. Compared with those in control mice, the 
colon damage score in the TNBS group were significantly 
increased. TNBS‑induced colon damage was obviously 
alleviated by delivery of AdTGF‑1 but was not influenced 
by AdTGF‑2 and AdTGF‑3. Of note, dexamethasone treat-
ment significantly decreased the colon damage score in 
TNBS‑treated mice receiving AdTGF‑1 or AdTGF‑2, while 
it had no effect in TNBS‑induced mice receiving AdTGF‑3 
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(Fig. 2A). Compared with that in the control group, the ALP 
activity in TNBS‑treated mice was significantly increased. 
Delivery of AdTGF‑1 or AdTGF‑2 significantly prevented 
TNBS‑induced ALP activation, while AdTGF‑3 had no effect 
on ALP activity in TNBS‑treated mice. Dexamethasone 
treatment did not affect ALP activity in TNBS‑induced mice 
receiving AdTGF‑1 or AdTGF‑2, while it markedly decreased 
the ALP activity in TNBS‑induced mice receiving AdTGF‑3 
(Fig. 2B). In comparison with the control group, a significant 
increase of the MPO activity was detected in TNBS‑treated 
mice, which was further increased by delivery of AdTGF‑2 or 
AdTGF‑3. Compared with that in the TNBS group, the acti-
vation level of MPO was decreased in TNBS‑induced mice 
receiving AdTGF‑1. Of note, in TNBS‑treated mice receiving 
AdTGF‑1 or AdTGF‑2, the MPO activity was decreased by 
dexamethasone treatment in a significant manner. However, 
dexamethasone did not affect the MPO activity in TNBS mice 
receiving AdTGF‑3 (Fig. 2C). Accordingly, the local TGF‑β1 
levels not only affected colon damage but also influenced the 
efficacy of dexamethasone in mice with TNBS‑induced colitis.

Effects of local TGF‑β1 levels and dexamethasone treat‑
ment on colonic cytokine secretion in TNBS‑treated mice. 
The cytokine response is one of the major characteristics in 

IBD (7). In the present study, the levels of the Th1‑associated 
cytokine IFN‑γ, the pro‑inflammatory cytokines TNF‑α and 
IL‑6, the Th17‑associated cytokines IL‑23 and IL‑17, and the 
Th2‑associated cytokine IL‑10 were assessed in the homog-
enates of colonic tissues (Fig. 3). Compared with those in the 
control group, the levels of IFN‑γ, TNF‑α, IL‑6, IL‑17 and 
IL‑23 increased significantly, while those of IL‑10 decreased 
significantly in TNBS‑treated mice. Of note, delivery of 
AdTGF‑1 further increased, while that of AdTGF‑3 further 
decreased the IL‑10 levels in TNBS‑treated mice. IL‑10 levels 
were decreased in TNBS‑treated mice following AdTGF‑2 
delivery. Dexamethasone treatment enhances the effect with 
AdTGF‑1 on the IL‑10 levels in TNBS‑treated mice. Delivery 
of AdTGF‑1 prevented TNBS‑induced increases of IFN‑γ, 
TNF‑α and IL‑23, but had no significant effect on the levels of 
IL‑6 and IL‑17. However, TNBS‑induced increases of IFN‑γ, 
IL‑6 and IL‑23 were enhanced by AdTGF‑2 and AdTGF‑3. 
The levels of TNF‑α and IL‑17 were further increased in 
TNBS‑treated mice following AdTGF‑3 delivery, while the 
effect of AdTGF‑2 was not significant. Of note, dexamethasone 
treatment caused a downregulation of the levels of TNF‑α, IL‑6, 
IL‑17 and IL‑23 in TNBS‑induced mice receiving AdTGF‑2, 
while it had no obvious effects in TNBS‑treated mice receiving 
AdTGF‑1 or AdTGF‑3. However, dexamethasone treatment led 

Figure 1. Evaluation of colon TGF‑β1 levels in TNBS mice receiving adTGF‑β1. Mice were challenged with TNBS by intrarectal administration. After 24 h, 
a PBS enema containing adTGF‑β1 was given and allowed to express over a 14‑day time‑course. (A) Total protein was extracted from colon tissues and an 
immunoblot assay was performed for total TGF‑β1 protein level. (B) Total RNA was extracted from colon tissues and reversely transcribed to complementary 
DNA. The mRNA levels of TGF‑β1 was measured using quantitative polymerase chain reaction. (C) Homogenates of colon tissue were prepared and the active 
TGF‑β1 levels were assessed using ELISA. Doses: AdTGF‑1, 1x107 pfu; AdTGF‑2, 1x108 pfu; AdTGF‑3, 1x109 pfu. Values are expressed as the mean ± stan-
dard deviation (n=4 per group). *P<0.05 vs. CTL; #P<0.05 vs. TNBS; &P<0.05 vs. TNBS + AdTGF‑1; $P<0.05 vs. TNBS + AdTGF‑2. CTL, control; TNBS, 
2,4,6‑trinitrobenzenesulfonic acid; AdTGF, adenovirus overexpressing transforming growth factor β1.
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to a downregulation of the levels of IFN‑γ in TNBS‑induced 
mice receiving AdTGF‑1 and AdTGF‑2, and had no effects 
on IFN‑γ levels in TNBS mice receiving AdTGF‑3. Therefore, 
the results of the present study suggested that the local TGF‑β1 
levels may determine the efficacy of dexamethasone in regu-
lating the balance of cytokines in mice with TNBS‑induced 
colitis.

Effects of local TGF‑β1 levels and dexamethasone treatment 
on regulating the balance of Th17 and Treg cells in mesenteric 
lymph nodes of TNBS‑treated mice. To investigate the role of 
Treg and Th17 cells in mice with TNBS‑induced colitis, the 
fraction of Treg and Th17 cells in mesenteric lymph nodes was 
assessed. Furthermore, the levels of transcription factors Foxp3 
for Treg cells and RORγt for Th17 cells were analyzed using 

RT‑qPCR (Fig. 4A). Compared with those in the control, the 
mRNA levels of RORγt increased significantly in TNBS‑treated 
mice, which was further increased by the delivery of AdTGF‑3, 
but not by AdTGF‑1 or AdTGF‑2. Dexamethasone treatment 
had no effect on the RORγt mRNA levels in TNBS‑induced 
mice receiving adenoviral TGF‑β1. As compared with the 
control, TNBS enema led to a significant decrease of Foxp3 
mRNA, which was inhibited by AdTGF‑1. However, AdTGF‑3 
further decreased Foxp3 mRNA levels in TNBS‑treated mice. 
Of note, dexamethasone treatment prevented the reduction of 
Foxp3 mRNA in TNBS‑treated mice receiving AdTGF‑2, and 
had an enhancing effect on upregulating the Foxp3 mRNA 
levels with AdTGF‑1 in TNBS‑treated mice (Fig. 4A).

To understand the role of TGF‑β1 levels and dexametha-
sone treatment in regulating the balance of Treg and Th17 cells 

Table III. Evaluation of ALP (U/mg protein of colon tissue) activities in mice with TNBS‑induced intestinal inflammation 
following administration of AdTGF‑β1.

Time‑point	 CTL	 TNBS	 TNBS + AdTGF‑1	 TNBS + AdTGF‑2	 TNBS + AdTGF‑3

Day 2	 0.507±0.052	 1.150±0.065a	 0.660±0.057b	 1.000±0.058a	 1.212±0.043a

Day 5	 0.510±0.085	 1.775±0.085a	 0.700±0.029b	 0.816±0.044a,b	 1.935±0.062a

Day 7	 0.527±0.037	 1.583±0.044a	 0.722±0.032b	 0.800±0.058a,b	 1.462±0.055a

Day 14	 0.537±0.052	 1.496±0.055a	 0.830±0.047a,b	 0.700±0.058a,b	 1.332±0.064a

Values are expressed as the mean ± standard error of the mean (n=4 per group). aP<0.05 vs. control at the same time‑point; bP<0.05 vs. TNBS 
at the same time‑point. CTL, control; TNBS, 2,4,6‑trinitrobenzenesulfonic acid; AdTGF, adenovirus overexpressing transforming growth 
factor β1.

Table II. Evaluation of myeloperoxidase activities (U/g colon tissue) in mice with TNBS‑induced intestinal inflammation 
following administration of AdTGF‑β1.

Time‑point	 CTL	 TNBS	 TNBS + AdTGF‑1	 TNBS + AdTGF‑2	 TNBS + AdTGF‑3

Day 2	 6.63±0.83	 138.05±9.87a	 81.83±4.01a,b	 175.43±6.54a,b	 215.43±9.94a,b

Day 5	 6.07±0.76	 95.53±2.82a	 70.67±3.48a,b	 156.00±7.58a,b	 182.00±5.35a,b

Day 7	 6.87±0.64	 75.44±3.12a	 56.67±2.44a	 93.33±3.53a	 158.67±4.67a,b

Day 14	 6.67±0.67	 49.45±4.08a	 34.07±4.19a	 80.40±2.69a,b	 110.77±5.82a,b

Values are expressed as the mean ± standard error of the mean (n=4 per group). aP<0.05 vs. control at the same time‑point; bP<0.05 vs. TNBS 
at the same time‑point. CTL, control; TNBS, 2,4,6‑trinitrobenzenesulfonic acid; AdTGF, adenovirus overexpressing transforming growth 
factor β1.

Table I. Colonic damage score in mice with TNBS‑induced intestinal inflammation following administration of AdTGF‑β1.

Time‑point	 CTL	 TNBS	 TNBS + AdTGF‑1	 TNBS + AdTGF‑2	 TNBS + AdTGF‑3

Day 2	 0.3±0.18	 5.6±0.23a	 4.2±0.12a,b	 7.3±0.24a,b	 8.3±0.14a,b

Day 5	 0.5±0.17	 8.6±0.23a	 6.1±0.19 a,b	 8.6±0.23a	 9.0±0.12a

Day 7	 0.7±0.17	 7.3±0.18a	 6.5±0.24 a	 7.8±0.12a	 8.2±0.11a

Day 14	 0.6±0.12	 6.1±0.17a	 5.8±0.23a	 7.4±0.11a,b	 7.7±0.18a,b

Values are expressed as the mean ± standard error of the mean (n=4 per group). aP<0.05 vs. control at the same time‑point; bP<0.05 vs. TNBS 
at the same time‑point. CTL, control; TNBS, 2,4,6‑trinitrobenzenesulfonic acid; AdTGF, adenovirus overexpressing transforming growth 
factor β1.
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in TNBS‑treated mice, the present study analyzed the fraction 
of Treg and Th17 cells in mesenteric lymph nodes using flow 
cytometry (Fig. 4B). Compared with the control, the percentage 
of Th17 cells increased significantly in TNBS‑treated mice, 
which was further increased following AdTGF‑3 delivery. 

Dexamethasone had no effects on the percentage of Th17 cells 
in TNBS mice receiving adenoviral TGF‑β1. In addition, the 
reduction of Treg cells in TNBS‑treated mice was prevented 
by AdTGF‑1 delivery. However, delivery of AdTGF‑2 and 
AdTGF‑3 further and significantly decreased the Treg cell 

Figure 3. Effects of local TGF‑β1 levels and dexamethasone treatment on colon cytokine secretion in TNBS‑treated mice. AdTGF‑β1 was delivered to the 
colons of TNBS mice and dexamethasone (5 mg/kg body weight) was given once a day by orogastric gavage for 4 days. Homogenates of colonic tissues were 
used to measure the levels of (A) IFN‑γ, (B) TNF‑α, (C) IL‑10, (D) IL‑6, (E) IL‑17 and (F) IL‑23. Doses: AdTGF‑1, 1x107 pfu; AdTGF‑2, 1x108 pfu; AdTGF‑3, 
1x109 pfu. Values are expressed as the mean ± standard deviation (n=4 per group). N.S., no significance; IFN, interferon; IL, interleukin; TNF, tumor necrosis 
factor; CTL, control; TNBS, 2,4,6‑trinitrobenzenesulfonic acid; AdTGF, adenovirus overexpressing transforming growth factor β1; Dex, dexamethasone.

Figure 2. Effects of local TGF‑β1 levels on dexamethasone efficacy in mice with TNBS‑induced colitis. AdTGF‑β1 was delivered to the colons of TNBS mice 
and dexamethasone (5 mg/kg body weight) was given once a day by orogastric gavage for 4 days. (A) The colonic damage score was determined to evaluate 
macroscopic mucosal damage. (B) Colon tissue protein was extracted with a lysis buffer composed of 20 mM Tris‑HCl (pH 7.5), 150 mM NaCl and 1% 
Triton X‑100, and ALP activity was determined. (C) Homogenates of colon tissues were prepared and evaluated for MPO enzymatic activity. Doses: AdTGF‑1, 
1x107 pfu; AdTGF‑2, 1x108 pfu; AdTGF‑3, 1x109 pfu. Values are expressed as the mean ± standard deviation (n=4 per group). N.S., no significance; MPO, 
myeloperoxidase; ALP, alkaline phosphatase; CTL, control; TNBS, 2,4,6‑trinitrobenzenesulfonic acid; AdTGF, adenovirus overexpressing transforming 
growth factor β1; Dex, dexamethasone.
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population in TNBS mice. Dexamethasone prevented the 
reduction of Treg cells in TNBS‑treated mice receiving 
AdTGF‑2 and had an enhancing effect on upregulating the 
percentage of Treg cells with AdTGF‑1 (Fig. 4B). However, 
dexamethasone treatment did not change the number of 
Treg cells in TNBS mice receiving AdTGF‑3. These results 
suggested that local TGF‑β1 levels may affect the balance 
of Treg and Th17 cells in TNBS‑induced mice colitis, and 
demonstrated that the efficacy of dexamethasone may be influ-
enced by the local TGF‑β1 levels. In addition, dexamethasone 
alleviated TNBS‑induced colon damage predominantly by 
upregulating Treg cells.

Effects of local TGF‑β1 levels and dexamethasone treatment 
on cytokines in mesenteric lymph nodes of TNBS‑treated mice. 

Homogenates were prepared from mesenteric lymph nodes and 
the levels of cytokines IL‑10 and IL‑23 were determined using 
ELISA (Fig. 5). Compared with those in the control group, the 
levels of IL‑23 increased significantly in TNBS‑treated mice 
and were further increased by delivery of AdTGF‑3, but not 
AdTGF‑1 and AdTGF‑2. Dexamethasone treatment had no 
effects on the IL‑23 levels in TNBS mice receiving adenoviral 
TGF‑β1. In comparison with the control, TNBS enema led to a 
marked reduction of IL‑10, which was prevented by AdTGF‑1, 
but not AdTGF‑2 or AdTGF‑3. Dexamethasone enhanced the 
effect of AdTGF‑1 delivery on increasing the IL‑10 levels in 
TNBS‑treated mice. In TNBS mice receiving AdTGF‑2 and 
AdTGF‑3, the levels of IL‑10 were not altered following dexa-
methasone treatment. These results indicated that the TGF‑β1 
levels determined the secretion of IL‑10 and IL‑23, and that 

Figure 4. Effects of local TGF‑β1 levels and dexamethasone treatment on regulating the balance of Th17 cells and Tregs in mesenteric lymph nodes of 
TNBS‑treated mice. AdTGF‑β1 was delivered to the colons of TNBS mice and dexamethasone (5 mg/kg body weight) was given once a day by orogastric 
gavage for 4 days. (A) Total RNA was extracted from mesenteric lymph nodes and reversely transcribed to complementary DNA. Real time polymerase chain 
reaction analysis was performed to evaluate the levels of transcription factors Foxp3 and RORγt. (B) The fraction of Treg and Th17 cells in mesenteric lymph 
nodes was analyzed using flow cytometry. Doses: AdTGF‑1, 1x107 pfu; AdTGF‑2, 1x108 pfu; AdTGF‑3, 1x109 pfu. Values are expressed as the mean ± standard 
deviation (n=4 per group). N.S., no significance; MLN, mesenteric lymph nodes; CTL, control; TNBS, 2,4,6‑trinitrobenzenesulfonic acid; AdTGF, adenovirus 
overexpressing transforming growth factor β1; Dex, dexamethasone; Foxp3, forkhead box p3; ROR, RAR‑related orphan receptor; Treg, T‑regulatory cell; 
Th17 cell, type 17 T‑helper cell.
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dexamethasone predominantly upregulated IL‑10 levels, 
which was associated with the levels of TGF‑β1.

Effects of local TGF‑β1 levels and dexamethasone treatment 
on apoptosis of colon tissues in TNBS‑treated mice. The 
expression of the apoptotic proteins caspase3 and Bim was 
evaluated using western blot analysis (Fig. 6A). As compared 
with the control, the levels of active caspase3 and Bim 
increased significantly in TNBS‑treated mice. TNBS‑induced 
upregulation of activated caspase3 was significantly prevented 
by delivery of AdTGF. Of note, dexamethasone treatment 
decreased the active caspase3 levels in TNBS mice receiving 
adTGF1. In TNBS‑treated mice, increases in Bim were 
significantly inhibited by delivery of AdTGF‑1 and AdTGF‑2, 
but not AdTGF‑3. However, dexamethasone treatment had 
no effect on the Bim levels in TNBS‑induced mice receiving 
adenoviral TGF‑β1. The present study also evaluated the 
activity of the p38MAPK/JNK/c‑Jun signaling pathway 
(Fig.  6B). Compared with the control, the TNBS‑induced 
activation of p38MAPK, JNK and c‑Jun was significantly 
prevented by adenoviral TGF‑β1 delivery, particularly by 
AdTGF‑1 and AdTGF‑2. Of note, dexamethasone treatment 
had an enhancing effect on AdTGF‑1 and AdTGF‑2 by 
downregulating phospho‑p38MAPK, phospho‑JNK and c‑Jun 
in TNBS‑treated mice. These results indicated that dexa-
methasone may prevent colon tissue apoptosis by inhibiting 
activation of the p38MAPK/JNK/c‑Jun pathway, wherein the 
local TGF‑β1 levels have an important role.

Discussion

Dexamethasone, a synthetic glucocorticoid with enhanced 
potency, has been widely used as an anti‑inflammatory 
immunosuppressive agent in the treatment of IBD (19,20). 
In experimental IBD models, it was demonstrated that 

dexamethasone and prednisone suppressed the inflamma-
tory response through a variety of mechanisms, including 
decreasing the activity of nuclear factor‑κB and reducing 
heparanase and heat shock protein 70 expression (21,22). The 
present study investigated the effects of local TGF‑β1 levels on 
the anti‑inflammatory role of dexamethasone by focusing on 
the differentiation of Treg and Th17 cells in an experimental 
TNBS‑induced IBD model. It was revealed that the abundance 
of TGF‑β1 in the colon increased significantly in TNBS‑treated 
mice compared with those in the control group, whereas its 
activated level exhibited no difference between TNBS and 
control mice over a 14‑day period. Vallance et al (13) reported 
that delivering adenoviral vectors encoding spontaneously 
active TGF‑β1 into the colons of normal mice led to a severe 
and prolonged inflammatory response as well as localized 
collagen deposition, leading to progressive fibrosis. Actually, 
various amounts of TGF‑β1 were reported to be present in the 
colons of patients with IBD (10,12,23), which may influence the 
efficacy of anti‑inflammatory agents, since TGF‑β1 has dispa-
rate roles in the pathogenesis of IBD by either stimulating or 
suppressing the immune system (24). To mimic the variability 
of TGF‑β1 levels in human IBD patients, the present study 
delivered three different doses of adenoviral vector encoding 
full‑length murine TGF‑β1, not its active form, into the colons 
of TNBS mice. Overproduced TGF‑β1 and the increased active 
form were obtained in a dose‑dependent manner in TNBS mice 
following adenoviral TGF‑β1 delivery. The present study then 
evaluated colonic damage as well as MPO and ALP activity in 
TNBS mice receiving adenoviral TGF‑β1 and dexamethasone. 
MPO and ALP enzymatic activity has been considered a sensi-
tive biochemical marker of colonic inflammation, and their 
inhibition may be interpreted as a result of an anti‑inflammatory 
effect (17,18). The present results indicated that local TGF‑β1 
levels modulate TNBS‑induced colon damage as well as MPO 
and ALP activation, and that the efficacy of dexamethasone 

Figure 5. Effects of local TGF‑β1 levels and dexamethasone treatment on the cytokine concentration in mesenteric lymph nodes of TNBS‑treated mice. 
AdTGF‑β1 was delivered to the colons of TNBS mice and dexamethasone (5 mg/kg body weight) was given once a day by orogastric gavage for 4 days. 
Homogenates of mesenteric lymph nodes were prepared and the levels of cytokines (A) IL‑10 and (B) IL‑23 were determined using ELISA. Doses: AdTGF‑1, 
1x107 pfu; AdTGF‑2, 1x108 pfu; AdTGF‑3, 1x109 pfu. Values are expressed as the mean ± standard deviation (n=4 per group). N.S., no significance; MLN, 
mesenteric lymph nodes; CTL, control; TNBS, 2,4,6‑trinitrobenzenesulfonic acid; AdTGF, adenovirus overexpressing transforming growth factor β1; Dex, 
dexamethasone; IL, interleukin.
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depends on the abundance of local TGF‑β1 in TNBS‑induced 
mouse colitis. In a previous study, TNBS‑induced rat colitis 

was also ameliorated by intraperitoneal gene therapy with 
plasmid DNA encoding native TGF‑β (25).

Figure 6. Effects of local TGF‑β1 levels and dexamethasone treatment on colon tissue apoptosis in TNBS‑treated mice. AdTGF‑β1 was delivered to the colons 
of TNBS mice and dexamethasone (5 mg/kg body weight) was given once a day by orogastric gavage for 4 days. Total protein was extracted from colonic 
tissues using radioimmunoprecipitation assay lysis buffer. Expression of (A) the apoptotic proteins caspase3 and Bim as well as (B) p38MAPK/JNK/c‑Jun 
pathway activity were assessed using western blot analysis. Doses: AdTGF‑1, 1x107 pfu; AdTGF‑2, 1x108 pfu; AdTGF‑3, 1x109 pfu. Values are expressed 
as the mean ± standard deviation (n=4 per group). *P<0.05 vs. CTL; #P<0.05 vs. TNBS; &P<0.05 vs. TNBS + AdTGF‑1; $P<0.05 vs. TNBS + AdTGF‑2. 
CTL, control; TNBS, 2,4,6‑trinitrobenzenesulfonic acid; AdTGF, adenovirus overexpressing transforming growth factor β1; Dex, dexamethasone; MAPK, 
mitogen‑activated protein kinase; JNK, c‑Jun N‑terminal kinase; SD, standard deviation.
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In inflammation, TGF‑β1 has a key regulatory role and 
is required for the induction of the differentiation and matu-
ration of Treg cells that control the immune response  (6). 
Alternatively, in the presence of IL‑6, TGF‑β1 may initiate the 
production of Th17 cells that have a crucial role in promoting 
and/or maintaining chronic inflammatory diseases  (26). 
Accordingly, the cytokine profile of colonic tissues was 
assessed in the present study. In TNBS mice, a significant 
elevation in pro‑inflammatory cytokines was detected, 
including TNF‑α, IFN‑γ, IL‑6, IL‑17 and IL‑23, while the 
anti‑inflammatory cytokine IL‑10 was significantly reduced. 
The profile of cytokines in TNBS‑treated mice was signifi-
cantly altered following delivery of adenoviral TGF‑β1. The 
low amount, AdTGF‑1, significantly decreased the production 
of pro‑inflammatory cytokines, particularly IFN‑γ, TNF‑α 
and IL‑23, while it significantly increased the levels of IL‑10. 
By contrast, the high amount, AdTGF‑3, exerted a reverse 
role in the regulation of cytokine production. The present 
study also identified that dexamethasone treatment had an 
enhancing effect with AdTGF‑1 on reducing cytokine produc-
tion particularly on IFN‑γ and IL‑10. In TNBS mice receiving 
AdTGF‑2, the increases of IFN‑γ, TNF, IL‑6, IL‑17 and IL‑23 
were significantly prevented by dexamethasone application. 
However, dexamethasone had no effects on the levels of cyto-
kines in TNBS mice receiving a high amount of AdTGF‑3. 
The present study suggested that the local TGF‑β1 levels may 
affect the severity of colon inflammation and determined 
their effect on the efficacy of dexamethasone in the treatment 
of IBD. A study on TNBS‑induced rat colitis reported that 
prednisolone treatment prevented the production of IL‑6, IL‑1, 
TNF‑α and IFN‑γ (22). Furthermore, dexmedetomidine, a 
selective α2‑adrenergic receptor agonist, led to amelioration 
of TNBS‑induced colitis in mice, likely by increasing IL‑4 
and IL‑10 levels as well as reducing IL‑23 levels (27). The 
cytokines that induce Th17 cell lineage development likely 
include IL‑6, IL‑21, IL‑1β and IL‑23, with a synergistic role for 
TGF‑β1 (28). Th17 cells are thought to predominantly produce 
IL‑17, particularly IL‑17A and IL‑17F, as well as IL‑23 (28). 
IL‑10 is the major cytokine produced by Treg cells  (6). 
Based on the alteration of the cytokine profile, the present 
results suggested that Treg and Th17 cells may be involved 
in TNBS‑induced colitis. Of note, decreased IL‑23 levels 
may facilitate the marked increase of IL‑10 in TNBS‑induced 
mice treated with a low amount of TGF‑β1. Although IL‑23 
promotes the secretion of IL‑17 from Th17 cells by binding to 
its receptor on Th17 cells, Th17 cells deficient in IL‑23 may 
secret the anti‑inflammatory cytokine IL‑10 (29).

To analyze the alteration of the fraction of Treg and Th17 
cells, the present study assessed the mRNA levels of their 
specific transcription factors Foxp3 and RORγt, and their 
percentage in mesenteric lymph nodes. The mesenteric lymph 
nodes lie between the layers of the mesentery, are hundreds 
in number and help the body to fight disease. IBDs such as 
Crohn's disease or ulcerative colitis are common inflammatory 
conditions linked to mesenteric lymphadenitis (30). Compared 
with the control, the present study identified increased Th17 
and decreased Treg cells in TNBS‑treated mice. Furthermore, 
adenoviral TGF‑β1 delivery and dexamethasone treatment had 
no effect on Th17 cells in TNBS‑treated mice. However, delivery 
of a low amount of AdTGF‑β1 prevented the TNBS‑induced 

reduction of Treg cells, with a potential enhancing role for 
dexamethasone treatment. Results consistent with this were 
obtained from the analysis of the cytokines IL‑10 and IL‑23. 
The present study indicated that in TNBS‑treated mice, the 
balance of Th17 and Treg cells was disrupted and the cytokine 
profile was therefore altered, and that dexamethasone treat-
ment mainly promoted the production of Treg cells under low 
levels of TGF‑β1.

The present study further evaluated the expression 
levels of apoptotic proteins and the activation levels of the 
p38MAPK/JNK/c‑Jun signaling pathway in colon tissues. 
Immunoblot analysis demonstrated that TNBS‑induced 
upregulation of activated caspase3 and Bim was inhibited 
by AdTGF‑β1 delivery mainly at the low concentration. 
Dexamethasone treatment further decreased the levels of 
activated caspase3 in TNBS mice receiving adenoviral 
TGF‑β1, particularly at the low concentration, while it had 
no obvious effect on Bim. Furthermore, activation of the 
p38MAPK/JNK/c‑Jun pathway was detected in TNBS‑treated 
mice, which was inhibited predominantly by AdTGF‑1 and 
AdTGF‑2. Dexamethasone treatment further decreased the 
levels of phospo‑p38MAPK, phospho‑JNK and c‑Jun in 
TNBS mice receiving AdTGF‑1 and AdTGF‑2. Accordingly, 
the present results suggested that the p38MAPK/JNK/c‑Jun 
pathway may be involved in the inhibitory function of lows 
amounts of TGF‑β1 delivered to the colons of mice with 
TNBS‑induced colon damage. In addition, dexamethasone 
may protect the colon against damage through inhibition of the 
p38MAPK/JNK/c‑Jun pathway depending on the local levels 
of TGF‑β1. Similarly, a previous study detected elevated levels 
of active caspase3 and phosphorylated p38MAPK in mice 
with TNBS‑induced colitis (31). In an in vitro TNF‑α‑induced 
HT29 intestinal epithelial cell apoptosis model, p38MAPK 
phosphorylation was increased (31). It was also reported that 
the JNK inhibitor XG‑102 protects against TNBS‑induced 
mouse colitis, where the production of TNF‑α, expression 
of Bim, B‑cell lymphoma 2‑associated X protein and p53 as 
well as activation of caspase3 and JNK substrate c‑Jun were 
significantly reduced (32).

Taken together, the results of the present study demonstrated 
that low amounts of TGF‑β1 delivered to the colon alleviate 
the inflammatory response and damage of colon tissue, mainly 
by restoring the levels of Treg cells in TNBS‑treated mice. The 
present study also provided evidence that the therapeutic effect 
of dexamethasone may depend on the local levels of TGF‑β1 
in TNBS‑induced colitis at least partially through promoting 
the differentiation of Treg cells and thus altering the balance 
of the pro‑ and anti‑inflammatory cytokines. In addition, 
dexamethasone may protect the colon against damage through 
inhibition of the p38MAPK/JNK/c‑Jun pathway in the pres-
ence of low levels of TGF‑β1.
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