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Abstract
BACKGROUND 
Intestinal mucosal barrier dysfunction plays an important role in the pathogenesis 
of ulcerative colitis (UC). Recent studies have revealed that impaired autophagy is 
associated with intestinal mucosal dysfunction in the mucosa of colitis mice. 
Resveratrol exerts anti-inflammatory functions by regulating autophagy.

AIM 
To investigate the effect and mechanism of resveratrol on protecting the integrity 
of the intestinal mucosal barrier and anti-inflammation in dextran sulfate sodium 
(DSS)-induced ulcerative colitis mice.

METHODS 
Male C57BL/6 mice were divided into four groups: negative control group, DSS 
model group, DSS + resveratrol group, and DSS + 5-aminosalicylic acid group. 
The severity of colitis was assessed by the disease activity index, serum 
inflammatory cytokines were detected by enzyme-linked immunosorbent assay. 
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Colon tissues were stained with haematoxylin and eosin, and mucosal damage 
was evaluated by mean histological score. The expression of occludin and ZO-1 in 
colon tissue was evaluated using immunohistochemical analysis. In addition, the 
expression of autophagy-related genes was determined using reverse 
transcription-polymerase chain reaction and Western-blot, and morphology of 
autophagy was observed by transmission electron microscopy.

RESULTS 
The resveratrol treatment group showed a 1.72-fold decrease in disease activity 
index scores and 1.42, 3.81, and 1.65-fold decrease in the production of the 
inflammatory cytokine tumor necrosis factor-α, interleukin-6 and interleukin-1β, 
respectively, in DSS-induced colitis mice compared with DSS group (P < 0.05). 
The expressions of the tight junction proteins occludin and ZO-1 in DSS model 
group were decreased, and were increased in resveratrol-treated colitis group. 
Resveratrol also increased the levels of LC3B (by 1.39-fold compared with DSS 
group) and Beclin-1 (by 1.49-fold compared with DSS group) (P < 0.05), as well as 
the number of autophagosomes, which implies that the resveratrol may alleviate 
intestinal mucosal barrier dysfunction in DSS-induced UC mice by enhancing 
autophagy.

CONCLUSION 
Resveratrol treatment decreased the expression of inflammatory factors, increased 
the expression of tight junction proteins and alleviated UC intestinal mucosal 
barrier dysfunction; this effect may be achieved by enhancing autophagy in 
intestinal epithelial cells.

Key words: Resveratrol; Ulcerative colitis; Autophagy; Intestinal mucosal barrier;Dextran 
sulfate sodium-induced colitis; Intestinal inflammation
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Core tip: We established a chronic colitis model successfully via administration of dextran 
sulfate sodium (DSS), and we found that resveratrol ameliorates the production of the 
inflammatory cytokines in DSS-induced colitis mice. Meanwhile, resveratrol treatment 
alleviated intestinal mucosal barrier dysfunction in DSS-induced colitis and increased the 
expression of the tight junction proteins occludin and ZO-1. Further studies showed that 
resveratrol treatment increased the levels of LC3B and Beclin-1 in the colons of colitis 
mice, as well as the number of autophagosomes, which may via enhancing autophagy.

Citation: Pan HH, Zhou XX, Ma YY, Pan WS, Zhao F, Yu MS, Liu JQ. Resveratrol alleviates 
intestinal mucosal barrier dysfunction in dextran sulfate sodium-induced colitis mice by 
enhancing autophagy. World J Gastroenterol 2020; 26(33): 4945-4959
URL: https://www.wjgnet.com/1007-9327/full/v26/i33/4945.htm
DOI: https://dx.doi.org/10.3748/wjg.v26.i33.4945

INTRODUCTION
Inflammatory bowel disease (IBD) is a chronic intestinal inflammatory condition 
involving the gastrointestinal tract, comprising ulcerative colitis (UC) and Crohn’s 
disease. UC is characterized by abdominal pain, diarrhoea, and haematochezia. The 
incidence of UC is rising with changes in dietary habits and the rhythm of life[1,2]. UC is 
often persistent or recurrent in patients and increases the risk of colorectal cancer[3]. 
Currently, drugs such as 5-aminosalicylic acid (5-ASA), corticosteroids and 
immunosuppressants are used, but the effect of these drugs is poor, and the long-term 
use of these drugs may cause severe adverse reactions, resulting in great psychological 
and economic burdens on the patients[4,5]. Therefore, effective and safe drugs against 
UC are urgently needed.

The initiating event and pathogenesis of UC currently remain elusive. Recent work 
has highlighted the importance of intestinal mucosal barrier dysfunction in disease 
pathophysiology[6]. Many studies have shown that the destruction of the intestinal 

http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://www.wjgnet.com/1007-9327/full/v26/i33/4945.htm
https://dx.doi.org/10.3748/wjg.v26.i33.4945


Pan HH et al. Resveratrol alleviates intestinal mucosal dysfunction

WJG https://www.wjgnet.com 4947 September 7, 2020 Volume 26 Issue 33

mucosal barrier plays an important role in the deterioration of IBD, especially in UC 
patients[7-9]. Protecting the integrity of the intestinal mucosal barrier is thought to be a 
potential clinical treatment approach for UC.

Resveratrol (3,4′,5-Trihydroxy-trans-stilbene), a natural plant polyphenol found in 
grapes, is the principal biologically active component in red wine. Resveratrol has anti-
inflammatory and immunoregulatory functions, with the advantages of low price and 
few side effects[10-12]. So far, very few clinical studies have indicated that resveratrol can 
alleviate clinical colitis activity and improve quality of life and in patients with active 
UC[13,14]. Although these limited studies show that resveratrol may ameliorate 
inflammation in UC, the mechanism remains unclear. Intestinal epithelial cells (IECs) 
are reported to act as the first line of defence in the intestinal mucosal barrier. The IECs 
tight junctions may play an important role in intestinal mucosal barrier. Occludin and 
ZO-1 are important tight junction proteins that play a significant role in maintaining 
the integrity of the intestinal mucosal barrier. Thus, we focused on whether resveratrol 
can alleviate intestinal mucosal barrier injury and inflammation. In addition, the 
mechanism underlying the anti-inflammatory effect of resveratrol in colitis was 
explored.

Autophagy is a cellular recycling process involving self-degradation and the 
reconstruction of damaged organelles and proteins[15]. Recent studies have shown that 
impaired autophagy is related to intestinal mucosal damage in mice with colitis, and 
stimulation of autophagy can prevent intestinal mucosal inflammation and 
ameliorates murine colitis in mice[16]. Furthermore, the regulatory effect of resveratrol 
on autophagy in inflammatory diseases has gradually attracted attention[17,18]. In the 
present study, we evaluated the effect of resveratrol on dextran sulfate sodium (DSS)-
induced colitis in mice and explore the mechanism of resveratrol on protecting the 
integrity of the intestinal mucosal barrier and anti-inflammation.

MATERIALS AND METHODS
Chemicals and reagents
Resveratrol (3,4′,5-Trihydroxy-trans-stilbene; C14H12O3; Molecular Weight: 228.24 
g/moL; Figure 1A) and 5-Aminosalicylic acid (5-ASA; C7H7NO3; Molecular Weight: 
153.14 g/moL; Figure 1B) were purchased from Sigma Chemical (United States). The 
purity was checked via HPLC analysis and exceeded 99%. Dextran Sulfate Sodium 
(DSS, Molecular Weight: 36000-50000) was purchased from MP Biomedicals (United 
States).

Animals
Male C57BL/6 mice aged 5 wk and weighing 17-19 g were purchased from Shanghai 
SLAC Laboratory Animal Co., Ltd. Animals were housed in mouse cages at a 
controlled temperature (21 ± 2 °C) with a pre-set 12-h light/dark cycle. The mice were 
fed a standard laboratory diet and normal drinking water. The normal diet included 
crude proteins ≥ 20%, crude fat ≥ 6%, crude fibre ≤ 5%, crude ash ≤ 8%, lysine 1.32%, 
calcium 1%-1.8%, and phosphorus 0.6%-1.2%, respectively. The animals were 
acclimated to the experimental conditions for one week before the experiment. 
According to the guidelines for the care and use of laboratory animals, all the 
procedures for the treatment and execution of mice were approved by the Animal 
Care and Use Committee of Zhejiang Chinese Medical University.

Experimental design
DSS-induced colitis is a widely used model that morphologically and symptomatically 
resembles UC in humans. In this study, we established DSS-induced chronic colitis 
model to study UC. Mice were randomly divided into four experimental groups (n = 
12 mice/group): Negative control group, DSS model group, resveratrol-treated group 
and 5-ASA positive-control group. Mice in the negative control group received normal 
drinking water for 28 d. In the DSS model group, chronic colitis was induced by two 
cycles of giving drinking water containing 3% DSS for 7 d and normal drinking water 
for 7 d. Resveratrol treatment group (DSS + RES) mice received two cycles of DSS by 
drinking water, and treatment of resveratrol 100 mg/kg per day by gavage for two 
cycles followed by DSS at the same time (Figure 1C). 5-ASA, the first-line therapy for 
UC, was used as a positive control to evaluate the efficacy of resveratrol. Mice in the 
positive-control group (DSS + 5-ASA) were treated with two cycles of DSS, and 5-ASA 
200 mg/kg per day for 28 d at the same time. Body mass was detected every 5 d, and 
body mass loss was calculated as (detected body mass-initial mass) /initial mass. All 
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Figure 1  Chemical structures of resveratrol and 5-aminosalicylic acid, and timeline of in vivo experiment. A: The chemical structures of 
resveratrol; B: The chemical structures of 5-aminosalicylic acid; and C: Timeline of in vivo experiment. Dextran sulfate sodium (DSS) group was induced by two 
cycles of intake of drinking water containing 3% DSS for 7 d and normal drinking water for 7 d. Other groups were also treated by two cycles, first received DSS by 
drinking water for 7 d, followed by treatment of 5-aminosalicylic acid or resveratrol by gavage for 7 d. DSS: Dextran sulfate sodium; 5-ASA: 5-aminosalicylic acid; 
RES: Resveratrol.

animals were euthanized with carbon dioxide and sacrificed at humane end points.

Clinical evaluation of colitis
To assess the severity of colitis, the disease activity index (DAI) was calculated daily 
based on weight loss, stool consistency and rectal bleeding (Table 1)[19]. Stool 
consistency (0, normal; 2, loose stool; 4, watery diarrhea); bloody stools (0, normal; 2, 
slight bleeding; 4, gross bleeding); and body weight loss (0, < 2%; 1, decreased ≥ 2 - < 
5%; 2, decreased ≥ 5 - < 10%; 3, decreased ≥ 10 - < 15%; 4, decreased ≥ 15). These values 
were assessed for each animal, and the sum of the 3 values constituted the DAI. For 
each parameter, the scores ranged from 0 to 4, resulting in a total DAI score ranging 
from 0 (unaffected) to 12 (severe colitis).

Inflammatory cytokine assay
Mice were sacrificed, and blood samples (1.0 mL) were collected from the heart. The 
expression levels of tumour necrosis factor-α (TNF-α, MTA00B, R&D Systems Europe 
Ltd., Abingdon, England), interleukin (IL)-6 (M6000B, R&D Systems Europe Ltd., 
Abingdon, England ), and IL-1β (MLB00C, RD Systems Europe Ltd., Abingdon, 
England) in the plasma were detected using the enzyme-linked immunosorbent assay 
kits according to the manufacturer’s instructions. The concentration of the cytokines 
was expressed as pg/mL per mg protein.

Histopathological analysis
Colon length can be used as an indirect marker of inflammation. Thus, when mice 
were sacrificed, the length of colons from the caecum to the anus was measured. Then, 
the colon was fixed in 10% formalin, dehydrated at gradient concentrations of ethanol, 
and embedded in paraffin. Tissue sections (8 µm) were prepared and stained with 
haematoxylin and eosin (HE), and mucosal damage was evaluated. To evaluate the 
colonic mucosal damage severity, 9 fields were randomly selected and observed under 
an inverted fluorescence microscope by two pathologists who were blinded to the 
experimental groups. Colonic mucosal damage was confirmed by the mean 
histological score (Table 2)[20]. Each histological score, such as inflammation (0-3), 
extent (0-3), regeneration (0-4) and crypt damage (0-4), was multiplied by the 
percentage of compromised tissue (1 point for 25%, 2 points for 26%-50%, 3 points for 
51%-75%, and 4 points for 76%-100%). Therefore, the scores of inflammation and 
extent range from 0 to 12, and the scores of regeneration and crypt damage range from 
0 to 16, which reached a maximum score of 56.
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Table 1 Assessment of the disease activity index

Body mass loss (%) Stool consistency Bleeding Score

< 2% Normal No bleeding 0

≥ 2 - < 5% - - 1

≥ 5 - < 10% Loose stools Slight bleeding 2

≥ 10 - < 15% - - 3

≥ 15 Watery diarrhea Gross bleeding 4

Table 2 Histological scoring of colitis

Features Grade Description

Inflammation 0 None

1 Slight

2 Moderate

3 Severe

Extent 0 None

1 Mucosa

2 Mucosa and submucosa

3 Transmural

Regeneration 4 No tissue repair

3 Surface epithelium not intact

2 Regeneration with crypt depletion

1 Almost complete regeneration

0 Complete regeneration or normal tissue

Crypt damage 0 None

1 Basal 1/3 damaged

2 Basal 2/3 damaged

3 Only surface epithelium intact

4 Entire crypt and epithelium lost

Percent involvement 1 1%-25%

2 26%-50%

3 51%-75%

4 76%-100%

Immunohistochemical analysis
The expression of occludin and ZO-1 was detected by immunohistochemical analysis. 
Briefly, all blocks of colonic tissue were sectioned (3-5 µm). Then, sections were 
deparaffinized, rehydrated at graded ethanol concentrations and incubated with fresh 
3% hydrogen peroxide for 10 min. After being rinsed with phosphate buffer saline 
(PBS), each tissue section was subjected to antigen retrieval by a suitable antigen 
retrieval method (boiling in 0.01 M citrate buffer). After endogenous peroxidases were 
blocked, sections were incubated with anti-occludin antibody (ab222691, 1:200 dilution 
in PBS, Abcam, United States) and a monoclonal ZO-1 antibody (ab221546, 1:300, 
Abcam, United States) overnight at 4°C. Subsequently, the sections were incubated for 
20 min at room temperature with biotin-labelled secondary antibodies, stained with 
3,3-diaminobenzidine, counterstained with haematoxylin, dehydrated and mounted. 
Primary antibody was replaced by PBS as the negative control. The following criterion 
was used for semi-quantitative staining: 0 (no staining), 1 (weak staining, light yellow), 
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2 (moderate staining, yellow brown), and 3 (strong staining, brown). The proportion of 
stained tumor cells was scored according to the proportion of positively stained tumor 
cells as follows: 0 (< 5%); 1 (6-25%); 2 (26-50%); and 3 (> 51%). A composite score was 
obtained by the staining intensity score multiplied the proportion scores. The total 
score ≤ 4 was defined as low expression, and > 5 was regarded as high expression.

Western blotting analysis
Briefly, proteins were extracted using radioimmunoprecipitation assay buffer, 
separated by sodium dodecyl sulphate-polyacrylamide gel (5%-10%) electrophoresis, 
and then transferred to polyvinylidene difluoride membranes (Millipore, Billerica, 
MA, United States). These membranes were washed with PBS and blocked with Tris-
buffered saline-Tween with 5% skim milk (232100, BD, Bioscience, United States). 
Primary β-actin (3700S, 1:1000, Cell Signal Technology, United States), LC3B (3868T, 
1:1000, Cell Signal Technology, United States) and Beclin-1 (3495T, 1:1000, Cell Signal 
Technology, United States) antibodies were applied, followed by horseradish 
peroxidase-conjugated secondary antibodies. Then, an enhanced chemiluminescence 
detection system (Thermo Fisher Scientific, United States) was used to detect antibody 
binding. Meanwhile, β-actin was used as a negative control.

Reverse transcription-polymerase chain reaction analysis
Total ribonucleic acid was extracted from tissue specimens using TRIzol reagent, and 
messenger ribonucleic acid (mRNA) was reverse transcribed to complementary 
deoxyribonucleic acid with a QuantiTect reverse transcription kit (205311, Qiagen, 
German) according to the manufacturer’s instructions. Quantitative polymerase chain 
reaction (qPCR) was performed using a SuperScript III Platinum SYBR green one-step 
qPCR kit (11732088, Thermo Fisher). The qPCR primer sequences were as follows: 
actin: 5’-CAT CCG TAA AGA CCT CTA TGC CAA C-3’ (forward) and 5’-ATG GAG 
CCA CCG ATC CAC A-3’ (reverse); Beclin: 5’-ATG GAG GGG TCT AAG GCG TC-3’ 
(forward) and 5’-TGG GCT GTG GTA AGT AAT GGA-3’ (reverse); LC3B: 5’-TCA 
AGT CCA ACT ACC GAG TCC-3’ (forward) and 5’-TCA GAG GTT TCC CAT CCA 
AG-3’ (reverse). Relative messenger ribonucleic acid expression levels were calculated 
based on the computerized tomography values and normalized using actin expression. 
All experiments were performed in triplicate on a Roche LightCycler 480 platform.

Transmission electron microscopy
First, colon tissues were fixed with glutaraldehyde and osmium teroxid, then 
dehydrated in ethanol, passed through propylene oxide, and embedded in Spurr resin. 
Fifty nanometres thick sections were cut by an ultramicrotome, and the sections were 
subsequently post-stained with 4% uranyl acetate for 10 min and Reynold's lead citrate 
for 1.5 min. The structure of the IECs and autolysosomes were observed by 
transmission electron microscopy (HITACHI H-7650).

Statistical analysis
All statistical analyses were performed using Statistical Package for the Social Sciences 
software (version 13.0; Statistic Package for Social Science Inc., Chicago, IL, United 
States). Continuous variables were presented as the mean and standard deviation and 
analysed using one-way Anova or Kruskal-Wallis test. All values were expressed as 
the mean ± standard deviation. All statistical analyses were conducted with α = 0.05, 
and P < 0.05 was considered significant.

RESULTS
Clinical activity of DSS-induced colitis mice
DSS-induced colitis was evaluated, and the clinical course was monitored and scored 
for the presence of bloody stool, watery diarrhoea and weight loss. During this 
experiment, three mice in the DSS group died, and one of the mice died on the 13th 
day, and the other two died on the 14th day; one mouse in the DSS + 5-ASA group died 
on the 13th day, and no mice in the DSS + RES group died. In comparison with those in 
the negative control group, mice in the DSS group showed progressively increased 
DAI score. However, the DSS + RES group showed 1.72-fold decrease in DAI score 
compared with the DSS group (P < 0.05, Figure 2A), which indicated that resveratrol 
may have a favourable effect on colitis.
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Figure 2  Clinical evaluation of dextran sulfate sodium-induced chronic colitis by disease activity index, body mass loss and colon 
length (n = 12 for the control group, n = 9 for disease activity index group, n = 11 for dextran sulfate sodium + 5-aminosalicylic acid 
group, n = 12 for dextran sulfate sodium + resveratrol treatment group). A: The disease activity index score was reduced in the resveratrol treated 
group compared with the dextran sulfate sodium group (aP < 0.05); B and C: Resveratrol treatment increased the body mass and colon length of dextran sulfate 
sodium-induced colitis mice. Body mass loss was calculated as (detected body mass - initial mass)/initial mass. DSS: Dextran sulfate sodium; 5-ASA: 5-
aminosalicylic acid; RES: Resveratrol.

Effects of resveratrol on body mass and colon length in DSS-induced colitis mice
Body mass could be decreased by DSS-induced inflammation; therefore, we studied 
the effect of resveratrol on body mass in DSS-induced colitis mice. The body mass was 
measured every 5 d, and the results showed that DSS-treated mice exhibited a 
statistically significant decrease. Resveratrol and 5-ASA treatment increased the body 
mass of DSS-induced colitis mice, but the difference was not significant (Figure 2B). 
We also measured the colon length of DSS-induced colitis mice and found that the 
colon length of the resveratrol-treated group was longer than that of the DSS group, 
but the difference was also not significant (Figure 2C).

Resveratrol ameliorates the production of inflammatory cytokines in DSS-induced 
colitis mice
The enzyme-linked immunosorbent assay results demonstrated that the protein 
expression levels of the inflammatory cytokines TNF-α, IL-6, and IL-1β were higher in 
the DSS-induced colitis group than in the control group (P < 0.05, Figure 3). 
Furthermore, the levels of TNF-α and IL-6 in the 5-ASA-treatment group were lower 
than those in the DSS-induced colitis group (P < 0.05). However, the levels of TNF-α, 
IL-6 and IL-1β showed 1.42, 3.81, and 1.65-fold decrease in the resveratrol group 
compared with the DSS group (P < 0.05), and level of IL-1β also showed a 1.57-fold 
decrease in the resveratrol group compared with that in the DSS + 5-ASA group (P < 
0.05).
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Figure 3  Inflammatory cytokine expression in the dextran sulfate sodium-induced chronic colitis determined by enzyme-linked 
immunosorbent assay. The levels of interleukin-1β, interleukin-6 and tumor necrosis factor-α were decreased in the resveratrol treatment group compared with 
the dextran sulfate sodium group. aP < 0.05. TNF: Tumor necrosis factor; DSS: Dextran sulfate sodium; 5-ASA: 5-aminosalicylic acid; RES: Resveratrol.

Resveratrol alleviates intestinal mucosal barrier injury in DSS-induced colitis mice 
as determined by histopathology
We also assessed colon damage by histologic examination. DSS group showed 
significant colonic mucosal damages, crypt depletion, infiltration of inflammatory cells 
into the mucosa and submucosa, loss of epithelial barrier. The colon damage and 
intestinal inflammation in mice treated with resveratrol and 5-ASA were less severe 
than that in DSS-induced colitis mice (Figure 4A). Consistent with the histologic 
damage, the histological scores of colitis mice treated with resveratrol were 
significantly lower than those of DSS-induced colitis mice (P < 0.05, Figure 4B), while 
the histological scores of 5-ASA-treated colitis mice were not significantly different 
from those of mice in the DSS group. These results indicate that resveratrol may 
alleviate intestinal mucosal barrier dysfunction in DSS-induced colitis mice more 
effectively than 5-ASA.

Resveratrol increases the production of ZO-1 and occludin in the colons of DSS-
treated mice
The tight junction proteins occludin and ZO-1 have been reported to play an important 
role in maintaining the integrity of the intestinal mucosal epithelial barrier. In the 
present study, we found that the expression levels of occludin and ZO-1 were higher 
in the resveratrol-treated DSS group than in the 5-ASA and DSS groups (Figure 5 and 
Table 3).
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Table 3 ZO-1 and occludin expressions in colitis

ZO-1 expression Occludin expression
Group

Low (%) High (%)
χ2/P value

Low (%) High (%)
χ2/P value

Control 6 (50.0%) 6 (50.0%) 7 (58.3%) 5 (41.7%)

DSS 7 (77.8%) 2 (22.2%) 8 (88.9%) 1 (11.1%)

DSS + 5-ASA 7 (63.6%) 4 (36.4%) 9 (81.8%) 2 (18.2%)

DSS + RES 2 (16.7%) 10 (83.3%)

8.812/0.029

3 (25.0%) 9 (75.0%)

10.987/0.010

DSS: Dextran sulfate sodium; 5-ASA: 5-aminosalicylic acid; RES: Resveratrol.

Resveratrol may reduce inflammation by the enhancement of autophagy in DSS-
induced colitis
To explore whether the inhibition of colitis by resveratrol treatment is mediated by 
autophagy activation, we examined the mRNA and protein levels of LC3B and Beclin-
1. As determined by real-time PCR, a substantial increase in the mRNA expression 
level of LC3B and Beclin-1 was observed in the DSS + RES group compared with the 
DSS group, suggesting that resveratrol increases the mRNA levels of LC3B and Beclin-
1 in the colons of DSS-treated mice (P < 0.05, Figure 6A). Consistent with the mRNA 
level analysis, the western blot results also showed that resveratrol treatment induced 
significant increases in the LC3-II/I ratio and Beclin-1 level in DSS-induced colitis mice 
(P < 0.05, Figure 6B and C). However, the difference in the mRNA levels of LC3B and 
Beclin-1 was not significant between the 5-ASA-treated colitis group and the DSS 
group (P > 0.05).

The transmission electron microscopy results showed that IECs in the control group 
had normal organelle structure with a normal endoplasmic reticulum and 
mitochondria (Figure 7A). However, in the DSS-induced colitis group, the organelle 
structure was markedly damaged, with swollen mitochondria, disrupted 
mitochondrial inner ridges and dilated rough endoplasmic reticulum (Figure 7B). 
Inflammation induced by the 5-ASA treatment and autophagosomes were rare 
(Figure 7C). Additionally, resveratrol administration increased the number of 
autophagosomes and improved the condition of the endoplasmic reticulum and 
mitochondria, which indicated that resveratrol promoted the progression of 
autophagy (Figure 7D).

DISCUSSION
UC is a recurrent chronic inflammation of the colon. DSS-induced colitis models, 
including acute and chronic colitis models, are most commonly used in UC. Acute 
colitis model is usually induced by administering DSS for 7 d. In this study, a chronic 
colitis model was successfully established by the administration of two cycles of DSS 
treatment. Each cycle involved the administration of 3% DSS for 7 d followed by 
normal drinking water for 7 d[21]. Mice in the chronic colitis group developed clinical 
symptoms, such as bloody stool and weight loss; the mice also showed pathological 
features similar to UC patients, such as shortened colon length, intestinal mucosa 
congestion, oedema and erosion, ulceration, crypt damage, and the infiltration of 
inflammatory cells into the mucosa and submucosa; the histological scores of colitis 
and serum inflammation indices (TNF-α, IL-6, IL-1β) in the DSS group increased. The 
chronic colitis model induced by administering repeated cycles of DSS more closely 
resembled human UC than the acute colitis model did.

In recent years, the role of intestinal mucosal barrier dysfunction in the pathogenesis 
of UC has attracted wide attention. IECs are the first-line defence in the intestinal 
mucosal barrier[22]. The IECs tight junctions are key epithelial intracellular 
junctions[23,24]. Occludin and ZO-1 are important tight junction proteins that play a 
significant role in maintaining the integrity of the intestinal mucosal barrier. The 
integrity of the intestinal mucosal barrier prevents and defends against the invasion of 
inflammatory factors and bacteria and further mitigates intestinal inflammation. 
Resveratrol is a well-known phytophenol with pleiotropic properties and has anti-
oxidative and anti-inflammatory activity. Recently, resveratrol has also been shown to 
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Figure 4  Histological staining showed colitis induced dysfunction. A: Dextran sulfate sodium group showed significant colonic mucosal damages, crypt 
depletion, infiltration of inflammatory cells into the mucosa and submucosa, loss of epithelial barrier. Resveratrol treatment group and 5-aminosalicylic acid could 
alleviate colitis-induced intestinal mucosal barrier dysfunction; and B: The histological score of resveratrol treatment group was lower than the dextran sulfate sodium 
group. aP < 0.05. DSS: Dextran sulfate sodium; 5-ASA: 5-aminosalicylic acid; RES: Resveratrol.

alleviate intestinal inflammation[25-27]. Consistent with these studies, our results also 
showed that resveratrol can reduce intestinal inflammation and alleviate intestinal 
mucosal barrier dysfunction in DSS-induced colitis mice. Resveratrol significantly 
increased levels of tight junction proteins (occludin and ZO-1) and reduced 
histological colonic mucosa injury scores, even than 5-ASA did. Resveratrol also 
decreased serum inflammation indices (TNF-α, IL-6, and IL-1β), although there was no 
significant difference between resveratrol and 5-ASA treatment. These results showed 
that both resveratrol and 5-ASA alleviated intestinal inflammation, and resveratrol 
performed better at maintaining the integrity of the intestinal mucosal epithelial 
barrier than 5-ASA.

Autophagy is a cellular self-protective mechanism stimulated by both internal and 
external adverse environmental factors. In this process, degenerated proteins, aged 
and damaged organelles, even pathogenic microorganisms, are recycled via 
autophagic degradation to maintain cellular metabolic balance and homeostasis[15,28,29]. 
Autophagy can be activated when an organ is stimulated by adverse factors. Saito M 
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Figure 5  Immunohistochemical staining of ZO-1 and occludin. Expressions of ZO-1 and occludin were higher in resveratrol treatment than in the dextran 
sulfate sodium group and 5-aminosalicylic acid treated group. Negative control: antibody was replaced by phosphate buffer saline. DSS: Dextran sulfate sodium; 5-
ASA: 5-aminosalicylic acid; RES: Resveratrol.

and others found a reduced LC3-II/I ratio, expression of adhesion proteins and IECs 
adhesion, and a damaged mucosal epithelial barrier when IECs were exposed to TNF-
α and treated with autophagy inhibitors[30]. In this study, we found that resveratrol 
alleviated the intestinal mucosal barrier dysfunction and reduced the intestinal 
inflammatory response by enhancing autophagy in experimental chronic colitis(two 
cycles of DSS treatment for 28 d), as the expression of LC3B and Beclin-1, and the 
number of autophagosomes in resveratrol-treated group were increased when 
compared to that in the chronic colitis model group and the negative control group.

A previous study conducted by Zhang et al[31] reported that DSS-inducing increased 
the autophagy in acute colitis models(DSS treatment for 7 d), and curcumin and 
resveratrol could protect against colitis by reducing autophagy rather than enhancing 
autophagy[31]. We speculated that this inconsistency may be caused by the different 
colitis models used in the two studies. The acute colitis model resembles the early 
stage of human UC, while the chronic colitis model resembles the advanced stage of 
UC. Our previous study showed that autophagy was dynamic in the progression of 
colitis. It was activated in IECs by inflammatory factors in the early stage of a rat 
model of sepsis-induced acute colitis,and decreased as the disease progressed, thereby 
reducing the removal of oxidative stress products and the damaged organelles and 
other substances in cells, which lead to the destruction of the intestinal mucosal barrier 
and the aggravation of intestinal inflammation[32]. We believe that the chronic colitis 
mouse model is a better tool to explore the pathogenesis and drug effects of ulcerative 
colitis.

However, there are still many limitations in the present study. The detailed 
autophagy involved in resveratrol-induced protection of intestinal mucosal barrier 
was unclear as we did not study the effect of autophagy inhibitors on colitis treated by 
resveratrol. On the other hand, we only investigated the effect of resveratrol on 
animals, therefore, further research is still needed for clinical application.
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Figure 6  Expression levels of Beclin-1 and LC3B in dextran sulfate sodium induced chronic colitis. A: A substantial increase in the messenger 
ribonucleic acid expression level of LC3B and Beclin-1 was observed in the dextran sulfate sodium (DSS) + resveratrol treatment group compared with the DSS 
group (P < 0.05); B and C: The Western blotting showed that resveratrol treatment induced significant increases in the LC3-II/I ratio and Beclin-1 level in DSS-induced 
colitis mice; Mean grey level of Beclin-1 and LC3B protein level was increased in DSS + resveratrol treatment group. aP < 0.05. DSS: Dextran sulfate sodium; 5-ASA: 
5-aminosalicylic acid; mRNA: Messenger ribonucleic acid; RES: Resveratrol.
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Figure 7  Structures of the intestinal epithelial cells and autolysosomes observed by transmission electron microscopy. A: Control group 
showed normal organelle structure; B: Dextran sulfate sodium induced colitis group showed mitochondrial swelling and ruptures of internal cristae, along with 
distention of the rough endoplasmic reticulum; C: 5-aminosalicylic acid group revealed that mitochondrial swelling was not obvious, and mitochondrial cristae showed 
blurred appearance; and D: Resveratrol treatment group showed that organelle structure was basically normal, and autophagosome could be observed. ER: 
Endoplasmic reticulum, M: Mitochondria.

ARTICLE HIGHLIGHTS
Research background
Intestinal mucosal barrier disorder plays a very important role in the pathogenesis of 
ulcerative colitis (UC). Recent studies have revealed that impaired autophagy is 
associated with intestinal mucosal dysfunction in the mucosa of colitis mice.

Research motivation
Resveratrol can regulate autophagy in the treatment of a few inflammatory diseases. 
Recently, few studies have indicated that resveratrol can alleviate clinical colitis 
activity in patients with active UC, while the mechanism for its anti-inflammatory 
effect remains elusive.

Research objectives
The aim of the study was to explore the effect and mechanism of resveratrol on 
protecting the integrity of the intestinal mucosal barrier and anti-inflammation in 
dextran sulfate sodium (DSS)-induced ulcerative colitis.

Research methods
DSS-induced ulcerative colitis was induced by DSS, then the disease activity index was 
used to assess the severity of colitis. Inflammatory cytokines were detected by 
enzyme-linked immunosorbent assay. Tissue sections were stained with haematoxylin 
and eosin, and mucosal damage was evaluated by mean histological score. The 
expression of occludin and ZO-1 was detected by immunohistochemical analysis. 
Reverse transcription-polymerase chain reaction and Western-blot were used to 
analyze autophagy-related gene expression, and morphology of autophagy was 
observed by transmission electron microscopy.

Research results
The resveratrol treatment group showed a 1.72-fold decrease in disease activity index 
scores and 1.42-, 3.81-, and 1.65-fold decrease in the production of the inflammatory 
cytokines tumor necrosis factor-α, interleukin-6 and interleukin-1β, respectively, in 
DSS-induced colitis mice compared with DSS group (P < 0.05). The expression of the 
tight junction proteins occludin and ZO-1 in DSS model group was reduced, while in 
resveratrol-treated colitis group was increased. Resveratrol also increased the levels of 
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LC3B (1.39-fold compared with DSS group) and Beclin-1 (1.49-fold compared with DSS 
group) (P < 0.05), as well as the number of autophagosomes, which implies that the 
resveratrol may alleviate intestinal mucosal barrier dysfunction in DSS-induced UC 
mice by enhancing autophagy.

Research conclusions
Resveratrol treatment reduces the expression of inflammatory factors, increases the 
expression of tight junction proteins and alleviates UC intestinal mucosal barrier 
dysfunction; this effect is achieved via the regulation of autophagy in intestinal 
epithelial cells.

Research perspectives
This work suggests that resveratrol may be useful as a new approach to treat UC by 
enhancing autophagy. Further study of the functionary mechanism will help us to 
understand the role of resveratrol in colitis and provide a theoretical basis for future 
clinical application.
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