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Abstract
AIM: To determine the therapeutic efficacy of 
resveratrol on ulcerative colitis (UC) and its underlying 
mechanisms. 

METHODS: The mouse UC model was developed 
using 5% dextran sulfate sodium. Mice were randomly 
divided into four groups: normal control, UC model 
group, resveratrol low-dose group (RLD; 50 mg/kg per 
day), and resveratrol high-dose group (RHD; 100 mg/
kg per day). 

RESULTS: The results showed that RLD regulates 
Treg/Th17 balance mainly through reducing the 
number of Th17 cells, whereas RHD regulates Treg/
Th17 balance through both downregulating the number 
of Th17 cells and upregulating the number of Treg 
cells. Resveratrol can also regulate the level of plasma 
and intestinal mucosal cytokines including interleukin 
(IL)-10, transforming growth factor-β1, IL-6, and IL-17. 
The expressions of hypoxia inducible factor (HIF)-
1α, mammalian target of rapamycin (mTOR), and 
signal transducer and activator of transcription 3 were 
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significantly decreased in the intestinal tissues of mice 
treated with resveratrol. 

CONCLUSION: The therapeutic efficacy of resveratrol 
in UC is dose dependent and closely associated with 
the regulation of Treg/Th17 balance and the HIF-1α/
mTOR signaling pathway.

Key words: Hypoxia inducible factor-α; Mammalian 
target of rapamycin; Resveratrol; Th17 cells; Treg cells; 
Ulcerative colitis 

© The Author(s) 2015. Published by Baishideng Publishing 
Group Inc. All rights reserved.

Core tip: Ulcerative colitis is an inflammatory bowel 
disease manifested by recurrent chronic diarrhea, 
bloody and mucous stools, and abdominal pain. The 
etiology and pathogenesis are not clear. Resveratrol 
is a natural and biologically active polyphenol with a 
variety of anti-inflammatory and antioxidant functions, 
which are beneficial to human health. This study aimed 
determine the therapeutic efficacy of resveratrol on 
ulcerative colitis and its underlying mechanisms. The 
results demonstrate that the therapeutic efficacy of 
resveratrol is dose dependent and closely associated 
with the regulation of Treg/Th17 balance and the 
hypoxia inducible factor-1α/mammalian target of 
rapamycin signaling pathway.

Yao J, Wei C, Wang JY, Zhang R, Li YX, Wang LS. Effect of 
resveratrol on Treg/Th17 signaling and ulcerative colitis treatment 
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INTRODUCTION
Ulcerative colitis (UC) is a chronic nonspecific 
inflammatory disease of unknown cause involving 
the rectum and colon. It was hypothesized that UC 
is associated with genetic, infectious, immune, and 
environmental factors and intestinal dysbiosis[1]. In 
the early stage of UC, colonic mucosa lesions with 
visible diffuse inflammation, mucosal congestion, and 
edema can be observed. In severe cases, there are 
visible focal hemorrhages, and the tissues become 
brittle and bleed easily. In the acute phase of UC, 
there is an infiltration of lymphocytes, eosinophils, and 
neutrophils[2]. UC animal models can be developed 
by feeding the mice 5% DSS for a consecutive 7 
d. After 4-7 d of DSS feeding, mice develop loose 
stools, bloody diarrhea, and weight loss with histologic 
changes similar to UC[3].

Previous studies have shown that abnormal 
intestinal mucosal immune response and inflammation 
disorders are present in UC and are closely associated 

with the imbalance of Treg and Th17 cells and disorders 
of cytokine levels[4]. Th17 cells affect the innate and 
acquired immune responses through the release of 
interleukin (IL)-17 and other inflammatory cytokines 
that are involved in the immune pathogenesis and 
prognosis of inflammatory bowel disease (IBD)[5]. 
Imbalances in Treg/Th17 and their secreted cytokines, 
e.g., IL-10, transforming growth factor (TGF)-β1, IL-17, 
and IL-6, play important roles in the development 
of IBD[4]. In the past 10-15 years, it was generally 
believed that Crohn’s disease is a Th1 cell-mediated 
intestinal inflammation, whereas UC is a Th2 cell-
mediated inflammatory response[6]. Recently, Th17 
cells were recognized as a new subset of helper T cells, 
and are closely associated with autoimmune diseases 
and IBD. Discovery of Th17 cells helps to explain some 
unusual phenomenon in Th1/Th2 responses in IBD[7]. 
Current evidence suggests that IBD is closely associated 
with Treg/Th17 imbalance[8,9]. Hypoxia-mammalian 
target of rapamycin (mTOR)-hypoxia inducible factor 
(HIF)-1α-Th17 and IL-6-signal transducer and activator 
of transcription (STAT)3-HIF-1α-Th17 pathways play 
important roles in Th17 development and the activation 
of IL-17 production. In addition, HIF-1α can bind Foxp3, 
leading to the accelerated degradation Foxp3, thus 
affecting Treg development and function[10]. Previous 
studies demonstrated that Treg/Th17 imbalance is 
present in many inflammatory and autoimmune 
diseases, e.g., rheumatoid arthritis and systemic lupus 
erythemoatosus[11-13].

Resveratrol is a naturally occurring active ingredient 
that is present in grapes, peanuts, and other plants. 
Resveratrol contains a variety of biologic activities, 
including immune regulation, anti-inflammation, 
antioxidation, antiangiogenesis, and reduction of tissue 
damage[14,15]. Our previous studies demonstrated that 
resveratrol exhibits anti-inflammatory effects on colitis 
in mice via antioxidant activities[14]. Recently, it has 
been shown that resveratrol has excellent therapeutic 
efficacy on UC by reducing neutrophilic exudate, 
inhibiting adhesion molecules, and regulating cytokine 
levels[16,17]. Clinical studies have shown that anti-
inflammatory treatment has a very good therapeutic 
effect on UC patients. Salazosulfapyridine and 
5-aminosalicyclic acid have recently been used in the 
treatment of colitis[18,19]. These drugs can effectively 
relieve intestinal inflammation, but have some adverse 
effects. Recent studies suggest that UC patients can 
benefit from anti-inflammatory treatments, e.g., the 
use of infliximab to inhibit tumor necrosis factor-α or 
anti-IL-6-based therapy[20-22]. Adverse effects of biologic 
agents include increased antibody reaction, increased 
risk of infection and hypersensitivity, and an unknown 
risk of mutagenesis[23,24]. Numerous studies reported 
that resveratrol had favorable biologic activities that 
can be used for the treatment of rheumatoid arthritis 
and pancreatitis[25,26]. Resveratrol is a natural biologic 
extracts with few toxic side effects and its multiple 
therapeutic effects have been demonstrated. In this 
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study, we demonstrate that colitis mice have severe 
Treg/Th17 imbalance, decrease of anti-inflammatory 
factors (e.g., TGF-β1, and IL-10), increased 
proinflammatory cytokines (e.g., IL-6, and IL-17), and 
elevation of nuclear HIF-1α and cytoplasmic mTOR 
and STAT3. Our results also show that resveratrol can 
regulate the rebalancing of Treg/Th17, increase TGF-β1 
and IL-10 levels, decrease IL-6 and IL-17 levels, 
and inhibit hypoxia-mTOR-HIF-1α-Th17 and IL-6-
STAT3-HIF-1α-Th17 pathways. Regulation of immune 
disorder in mice with colitis further demonstrates that 
resveratrol has an excellent therapeutic effect on UC, 
which provides a potential new treatment for UC.

MATERIALS AND METHODS
Animals
Specific pathogen-free BALB/c mice (males, 6-7-wk-
old, weight: 22-26 g, n = 40) (Experimental Animal 
Center of Southern Medical University, Certificate 
number: SCXK Guangdong 2011-0015) were 
maintained in a clean animal room with a temperature 
of 22 ℃-25 ℃ and relative humidity of approximately 
55% under a 12 h light/dark cycle. Mice were provided 
controlled access to water and free access to food. 

Reagents
Dextran sulfate sodium (DSS; MW: 5000) was 
purchased from Woka Company (Japan), and dissolved 
in sterile distilled water to make a 5% solution. Flow 
cytometry reagents for analysis of Th17/Treg were 
purchased from BD Biosciences (Becton, Dickenson, 
and Company, Franklin Lakes, NY, United States). 
ELISA detection kits for IL-17, IL-10, IL-6, and TGF-β1 
were purchased from Beijing Dakota Biotechnology 
Co., Ltd. (Beijing, China). Anti-mouse antibodies 
against STAT3 and HIF-1α were purchased from 
Cell Signaling Technology, Inc. (Danvers, MA, United 
States), and anti-mouse antibody against mTOR was 
purchased from Santa Cruz Biotechnology, Inc. (Dallas, 
TX, United States). Resveratrol (purity ≥ 99%) was 
purchased from Guangzhou Qiyunsheng Biotechnology 
Co., Ltd. (China) and was dissolved in ethanol to make 
a 0.5% solution as required.

Experimental design
After adaptive feeding for one week, 40 mice were 

randomly divided into four groups (n = 10/group): 
normal controls (NC), model (MD) group, resveratrol 
50 mg/kg per day treatment group (RLD), and 
resveratrol 100 mg/kg per day treatment group (RHD). 
The NC group was given free access to sterile distilled 
water for 14 d; MD group and the treatment groups 
were given 5% DSS for the first 7 d and distilled water 
for a subsequent 7 d. Starting from the 7th day, mice 
in the NC and MD groups were given 0.5% ethanol 
(0.2 mL) daily via gavage for 7 d, while mice in the 
RLD and RHD groups were given the same amount 
of ethanol containing 50 mg/kg per day and 100 
mg/kg per day resveratrol, respectively. After 14 d, 
blood samples were collected from the eye and mice 
were subsequently sacrificed by cervical dislocation. 
The plasma, spleen, and colon tissue samples were 
collected from the sacrificed mice.

Disease activity index and spleen index
Daily disease activity index (DAI) was recorded using 
the Murthy scoring system[27] (Table 1). The DAI was 
calculated as the total scores of weight loss rate, 
feces viscosity, and occult/visible bloody stools divided 
by 3. After the mice were sacrificed, spleens were 
dissected, and the blood on the surface of spleen was 
washed with physiologic saline. The spleen was dried 
and weighed. The spleen index (SI) was calculated as 
spleen weight (mg) divided by the body weight (g)[28].

Pathologic assessment of colonic tissues in mice
Fresh colon tissues obtained from each experimental 
group were immediately placed in a 10% formalin 
solution at room temperature and fixed for 48 h in a 
dark environment. Tissue dehydration and embedding 
were performed, and tissue sections were stained 
with hematoxylin-eosin. Colonic tissues were assessed 
according to the histologic scoring criteria[29] (Table 2). 

Flow cytometry analysis of mouse spleen Treg/Th17 
cells
Appropriate amounts of spleen tissues were placed in 
5 mL lymphocyte separation solution and ground for 2 
min on 200 mesh nylon using a 5 mL syringe piston. 
Spleen tissue homogenate was centrifuged at 800 × 
g for 30 min, and the lymphocyte layer was aspirated. 
After washing with 10 mL RPMI-1640 solution, a single 
lymphocyte cell suspension was obtained. The single 
cell suspension was resuspended in RPMI1640 medium 
containing 10% serum, 50 ng/mL of phorbol myristate 
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Table 1  Murthy scoring system

Scores Rate of body 
weight loss (%)

Viscosity of the stools Occult and visible 
bloody stools

0 (-) Normal (particles) Normal
1 1-5
2 6-10 Soft (paste, do not 

adhere to the anus)
Occult blood (+)

3 11-15 Diarrhea (Water, 
adhere to the anus)

4 > 15 Bloody stools

Table 2  Histologic scoring system

Scores Histologic features

0 Normal intestinal mucosa
1 1/3 crypts missing
2 2/3 crypts missing
3 Lamina propria contains infiltration of mild inflammatory cells
4 Significant inflammatory cell infiltration
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were added. Protein samples were separated by 
10% SDS-PAGE and transferred to a membrane. 
Following blocking, primary antibodies including STAT3 
(1:500), HIF-1α (1:200), mTOR (1:200), lamin, 
α-tubulin, and β-actin were added. After extensive 
washing, membranes were incubated with appropriate 
secondary antibodies and developed with enhanced 
chemiluminescence reagents. 

Statistical analysis
The experimental data are expressed as mean ± SD. 
Statistical analysis was performed using SPSS 13.0 
(SPSS Inc., Chicago, IL, United States) statistical 
software. Differences between groups were analyzed 
using single-factor analysis of variance and P < 0.05 
was considered statistically significance. The statistical 
methods of this study were reviewed by Wei-Seng 
Zeng from Southern Medical University in China. 

RESULTS
DAI and SI assessments of mice
DAI of mice in the NC group was 0. In the first 7 d, 
mice in the MD, RLD, and RHD groups had bloody 
stool, weight loss, and decreased activities. Starting 
from the 10th day, visible bloody stool was not 
observed in the RLD and RHD groups. Furthermore, 
the RLD and RHD groups had reduced body weight 
loss. From day 10 to day 14, the DAI score in RHD 
group was significantly lower than that in the MD 
group and RLD group (P < 0.05) (Figure 1A). The mice 
in the MD group had markedly enlarged spleens (Figure 
1B). The SI in the RLD and RHD groups was lower 
than that in the MD group (Figure 1C). Compared 
to the RLD group, mice in the RHD group had a 
significant reduction of SI (P < 0.05). 

Pathologic assessment of colon tissues 
Compared to the NC group (Figure 2A), mice in the 

acetate and 1 µg/mL of ionomycin (Sigma-Aldrich, St. 
Louis, MO, United States), and 2 µg/mL of monensin 
(BD Biosciences), and incubated for 5 h at 37 ℃. 
The cell number was adjusted to 2 × 106/mL, and 
centrifuged at 300 g for 5 min. The collected cells were 
treated with 20 µL pre-chilled 1 × BD Mouse Foxp3 
Fixation Buffer (BD Biosciences), and fixed at 4 ℃ in a 
dark room for 30 min. The fixative was then washed 
and the cells were collected. Subsequently, 200 µL 
preheated 1 × BD Mouse Foxp3 Permeabilization 
Buffer (BD Biosciences) was added, and the cells 
were incubated at 37 ℃ in a dark room for 30 min. 
The permeabilization Buffer was washed away and 
cells were incubated with 20 µL of mouse Treg/Th17 
phenotype antibody reagents (BD Biosciences) or 
isotype control antibody at room temperature for 30 
min. The antibody was then washed away and cells 
were resuspended in 200 µL FBS for flow cytometry 
analysis. 

Cytokine analysis by ELISA
Heparin was added to blood samples for anticoagulation. 
The plasma samples were obtained by centrifugation 
at 3000 rpm for 20 min at 4 ℃, and stored at -80 ℃ for 
subsequent analysis. Colon tissue (50 mg) was added 
to 2 mL cold saline and homogenized using a glass 
homogenizer. The homogenates were centrifuged at 
low temperature for 20 min at 3000 rpm. The protein 
concentration in the supernatant was quantified on a 
Nanodrop 2000 (Thermo Fisher Scientific, Waltham, 
MA, United States). The concentration of IL-6, IL-10, 
IL-17, and TGF-β1 was determined according to the 
manufacturer’s instruction.

Western blot analysis
Nuclear and cytoplasmic proteins were obtained from 
100 mg of colon tissue, and quantified on a Nanodrop 
2000, and the appropriate amount of protein 6 × 
loading buffer and phosphatase and protease inhibitors 
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MD group (Figure 2B) exhibited acute inflammation, 
accompanied by mucosal erosions, edema, reduction 
of crypts, and presence of neutrophils and other 
inflammatory cells in the mucosa, submucosa, and 
lamina propria. Compared with the MD group, mice 
in the RLD (Figure 2C) and RHD (Figure 2D) groups 
exhibited relieved colonic inflammatory cell infiltration, 
erosion, and edema. 

Effect of resveratrol on Treg/Th17
Compared with the NC group, the MD group showed 
significantly increased ratio of CD4+IL-17+(Th17)/
CD4+ lymphocytes and decreased CD4+Foxp3 + 
(Treg)/CD4+ lymphocytes (both P < 0.05) (Figure 3). 
Compared with the MD group, the RHD group had 
significantly reduced Th17 lymphocytes and increased 
Treg lymphocytes (both P < 0.05). Th17 cells were 
significantly decreased (P < 0.05), but Treg was not 
changed in the RLD group compared with the MD 
group. 

Effect of resveratrol on cytokines in the plasma and 
colon tissue
Compared with the NC group, the MD group showed 
significantly increased levels of proinflammatory 
cytokines (IL-6, IL-17) and decreased levels of anti-
inflammatory cytokines (IL-10, TGF-β1) (both P < 0.05) 
(Figure 4). IL-6 and IL-17 in RLD and RHD groups 
were significantly lower than in the MD group (both P 
< 0.05), while IL-10 and TGF-β1 in the RLD and RHD 

groups were significantly lower than those in the MD 
group (both P < 0.05). Furthermore, more dramatic 
decreases of IL-6 and IL-17 and increases of IL-10 
and TGF-β1 were observed in RHD group compared to 
those in the RLD group. 

Effect of resveratrol on the expression of HIF-1α, mTOR, 
and STAT3
Nuclear HIF-1α and cytoplasmic mTOR and STAT3 
in the MD group were significantly increased in 
comparison with those in the NC group (both P < 0.05) 
(Figure 5). Levels of HIF-1α, mTOR, and STAT3 in the 
RLD and RHD groups were lower than those in the MD 
group. Furthermore, the reduction of HIF-1α, mTOR, 
and STAT3 in RHD groups was greater than that in the 
RLD group, suggesting that resveratrol downregulates 
their expression in colitis mice in a dose-dependent 
manner.

DISCUSSION
The molecular mechanisms of IBD pathogenesis are 
not fully understood. Studies have suggested that the 
environmental factors act on genetically susceptible 
populations, resulting in excessive immune response 
disorders, intestinal inflammation, and ultimately 
the intestinal injury[28,30]. It was previously believed 
that Th1/Th2 imbalance plays a dominant role in 
the pathogenesis of UC. The discovery of Th17 cells 
explained the unusual phenomenon of Th1/Th2 
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Figure 2  Histologic assessment of resveratrol effects. Hematoxylin and eosin staining in normal mice (A), mice with colitis (B), mice with colitis treated with low-
dose resveratrol (RLD; C), and mice with colitis treated with high-dose resveratrol (RHD; D); E: Histologic scores; aP < 0.05 vs normal; bP < 0.05 vs colitis; cP < 0.05 vs 
RLD.
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imbalance in UC[6,31]. In this study, we successfully 
developed a UC mouse model using 5% DSS. The 
colitis mice experienced bloody stools, loss of body 
weight, and decreased activities. DAI and SI of the 
colitis mice were significantly increased and the 
histologic alterations were similar to those observed in 

human UC. Treatment of colitis mice with resveratrol 
significantly reduced DAI and SI and improved 
histologic alterations. Furthermore, a high dose of 
resveratrol appears to have better efficacy than a low 
dose of resveratrol. Resveratrol also improved the 
systemic symptoms and intestinal inflammation by 
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improving the DAI and intestinal pathology in colitis 
mice. The observation that resveratrol affects the 
spleen function encourages us to further investigate 
the effect of resveratrol on immune responses.

Our results show that the spleens in colitis mice 
were significantly enlarged, whereas treatment with 
resveratrol substantially reduced the spleen size. It 
was thus confirmed that as an important immune 
organ, the spleen exhibited compensatory increases 
after DSS stimulation. Flow cytometry analysis showed 
that colitis mice had a significant decrease of Treg 
and increase of Th17 cells, suggesting that DSS-
induced systemic and intestinal immune disorder is a 
key factor for the formation and progression of colitis. 
Previous studies have demonstrated that Th17 cells 
affect the innate and acquired immune responses 
and are involved in the pathogenesis of IBD immunity 
and prognosis through the release of cytokines, e.g., 
IL-17[5]. Treg/Th17 imbalance is frequently observed in 
a variety of autoimmune diseases. Extensive literature 
has reported that human IBD is closely correlated 
with the alteration of Treg and Th17 cells and their 
secreted cytokines. Therefore, Treg/Th17 imbalance is 
a potential target for the treatment of IBD[4,11,32].

Therapeutic efficacy of resveratrol on colitis mice 
can be achieved by the following mechanisms. First, 
anti-inflammatory cytokines are increased, while 
the proinflammatory cytokines are decreased after 
resveratrol treatment. Maintaining the balance of 
cytokines may play an important role in the treatment 
of UC. Cytokines can promote interaction between 
immune cells, stimulate proliferation of antigen-
specific effector cells, and cause local or systemic 

inflammatory response, which may lead to the 
development of UC[33,34]. IL-10 can downregulate T 
cell- and macrophage-secreted IL-1β, IL-6, and tumor 
necrosis factor-α by inhibiting antigen-presenting cells, 
which ultimately inhibits T cell-mediated immune 
response and improves intestinal inflammation in 
UC[33]. Resveratrol achieves its central role in inhibiting 
proinflammatory cytokines and anti-inflammatory 
effects by increasing IL-10 levels. Second, our results 
demonstrate that resveratrol regulates Treg/Th17 in a 
dose-dependent manner. RHD regulates the balance 
of Treg/Th17 by both downregulating Th17 cells 
and upregulating Treg cells, while RLD regulates the 
balance of Treg/Th17 mainly through downregulation 
of Th17 cells. Furthermore, Treg/Th17 ratio achieved 
by RHD is closer to the physiologic level. Th17 cells 
belong to the CD4+ T-cell subset, and are characterized 
by secretion of IL-17. Th17 cells play an important 
role in the intestinal mucosal immune response and 
inflammatory process[35]. Treg cells can suppress the 
inflammatory response cascade and maintain the 
balance of the intestinal immune response by secreting 
and regulating anti-inflammatory cytokines, e.g., IL-10 
and TGF-β[36,37]. Our results show that the Treg/Th17 
ratio is decreased in colitis mice, which is consistent 
with human IBD[4]. Our results further demonstrate that 
resveratrol inhibits the expression of HIF-1α, mTOR, 
and STAT3, suggesting that resveratrol regulates 
Treg/Th17 balance mainly through inhibiting hypoxia-
mTOR-HIF-1α-Th17 and IL-6-STAT3-HIF-1α-Th17 
pathways. Studies have suggested that local intestinal 
tissue hypoxia in colitis activates mTOR and promotes 
translocation of HIF-1α into the nucleus, leading to the 
activation of Th17, degradation of Foxp3, and inhibition 
of Treg[10,38]. It was also shown that inflammation leads 
to increased IL-6 through the IL-6/STAT3 signaling 
pathway, which results in the activation of HIF-1α and 
influences the Treg/Th17 balance[39-41]. Our studies 
suggest that HIF-1α plays a central role in these two 
pathways involved in the regulation of Treg/Th17 
balance. The HIF-1α-Th17 pathway is closely correlated 
with Th17 development, activation, and production 
of inflammatory cytokines such as IL-17. HIF-1α 
also leads to accelerated degradation of Foxp3 and 
downregulation of Treg. Hypoxia directly upregulates 
the expression of mTOR, which in turn promotes 
translocation of HIF-1α into the nucleus to activate 
Th17. Third, resveratrol itself has anti-inflammatory 
and antioxidant functions. Resveratrol promotes the 
rebalance of Treg/Th17 by inhibiting the production 
of leukocyte eicosanoid and inflammatory cytokines, 
which further prevents the inflammatory cascade and 
plays a very important role in the recovery of UC. At the 
same time, resveratrol can reduce and inhibit neutrophil 
and macrophage exudation, regulate intestinal immune 
disorders, and relieve intestinal endothelial cell swelling 
and increased permeability, which further reduces 
intestinal inflammation[42,43].
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In conclusion, resveratrol can decrease DAI and SI, 
improve histologic alteration, and achieve therapeutic 
efficacy in mice with colitis. Mechanistically, the 
therapeutic effect of resveratrol is achieved by reducing 
proinflammatory cytokines and increasing the anti-
inflammatory cytokines, which ultimately leads to 
the rebalance of Treg/Th17 via inhibition of the HIF-
1α-Th17 pathway. Our results also demonstrate 
that resveratrol inhibits inflammatory responses in a 
dose-dependent manner. These results suggest that 
resveratrol could be a potential new therapeutic for the 
treatment of UC.
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