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Resveratrol ameliorates ulcerative colitis by upregulating
Nrf2/HO-1 pathway activity: Integrating animal
experiments and network pharmacology
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Abstract. Ulcerative colitis (UC) is a chronic idiopathic
inflammatory condition affecting the rectum and colon.
Inflammation and compromisation of the intestinal mucosal
barrier are key in UC pathogenesis. Resveratrol (Res) is a natu-
rally occurring polyphenol that exhibits anti-inflammatory
and antioxidant properties. Nuclear factor erythroid-2-related
factor 2/heme oxygenase 1 (Nrf2/HO-1) pathway regulates
occurrence and development of numerous types of diseases
through anti-inflammatory and antioxidant activity. However,
it is not clear whether Nrf2/HO-1 pathway is involved in the
treatment of Res in UC. Therefore, the present study aimed to
investigate whether Res modulates the Nrf2/HO-1 signaling
pathway to attenuate UC in mice. Dextran sulfate sodium
(DSS) was used to induce experimental UC in male C57BL/6J
mice. Disease activity index (DAI) and hematoxylin eosin
(H&E) staning was used to assessed the magnitude of colonic
lesions in UC mice. ELISA) was utilized to quantify inflam-
matory cytokines (IL-6, IL-1p, TNF-a and IL-10) in serum
and colon tissues. Immunohistochemistry and Western blot
were used to evaluate the expression levels of tight junction
(TJ) proteins [zonula occludens (ZO)-1 and Occludin] in colon
tissues. Pharmacokinetic (PK) parameters of Res were derived
from TCMSP database. Networkpharmacology was employed
to identify the biological function and pharmacological
mechanism of Res in the process of relieving UC, and the key
target was screened. The binding ability of Res and key target
was verified by molecular docking. Finally, the effectiveness
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of key target was substantiated by Western blot. Res decreased
DALI, ameliorated histopathological changes such as crypt loss,
disappeatance of the mucosal epithelium, and inflammatory
infiltration in mice. Additionally, Res decreased expression
of pro-inflammatory cytokines IL-6, IL-1f and TNF-a and
increased anti-inflammatory factor IL-10 expression. Res
also restored the decreased protein expression of ZO-1 and
occludin after DSS treatment, increasing the integrity of the
intestinal mucosal barrier. The PK properties of Res suggested
that Res possesses the therapeutic potential for oral adminis-
tration. Network pharmacology revealed that Res alleviated
UC through anti-inflammatory and antioxidant pathways,
and confirmed that Nrf2 has a high binding affinity with
Res and is a key target of Res against UC. Western blotting
demonstrated that Res treatment increased the protein levels
of Nrf2 and HO-1. In conclusion, Res treatment activated the
Nrf2/HO-1 pathway to decrease clinical symptoms, inflam-
matory responses, and intestinal mucosal barrier damage in
experimental UC mice.

Introduction

Inflammatory bowel disease (IBD) encompasses a group
of chronic, recurrent and idiopathic inflammatory disorders
affecting the gastrointestinal tract, including Crohn's disease
and ulcerative colitis (UC). UC is considered a precancerous
condition for colorectal cancer but its causes and development
remain unclear (1). The primary symptoms include abdominal
pain, diarrhea and hematochezia. Due to the combined effects
of susceptibility genes and environmental factors, the intestinal
mucosa initiates a prolonged and intense immune response
to various stimuli, leading to emergence and progression of
inflammation (2). A previous epidemiological survey reported
that UC affects ~10 million people globally, coinciding with
changes in dietary habits and circadian rhythms (3). Current
pharmacological treatments such as 5-aminosalicylic acid,
corticosteroids and immunosuppressants, have limited effec-
tiveness. Long-term use can lead to side effects, including
diarrhea, nausea, abdominal pain, pancreatitis and renal func-
tion damage, imposing psychological and economic burdens on
patients. Additionally, patient non-responsiveness to systemic
steroids remains a challenge in IBD management (4-6).
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Therefore, understanding the pathogenesis of UC and
developing novel intervention and treatment strategies is key.

Previous studies have highlighted the key role of intestinal
mucosal barrier integrity in the pathophysiology of various
diseases (7,8). The intestinal mucosal barrier, separating
the external and internal environments, is the largest and
most important defense against the external environment.
Maintaining an intact intestinal barrier is key for protecting
against microorganisms and toxins, serving as the primary
defense in the gastrointestinal tract against external patho-
gens. The functional integrity of this barrier is primarily
determined by the epithelium and tight junctions (TJs)
that seal the paracellular space. Key TJ proteins, including
intracellular protein zonula occludens-1 (ZO-1) and trans-
membrane proteins occludin and claudins, are essential for
maintaining the integrity of the intestinal mucosal barrier.
Numerous studies suggest that dysfunction of the intestinal
mucosal barrier contributes to worsening of IBD, particu-
larly in patients with UC (9,10). Therapeutic strategies that
strengthen the intestinal mucosal barrier may provide new
pathways for treating UC.

In recent years, phyto-polyphenolic extracts have been
used in treating and preventing various types of diseases due
to their comprehensive anti-inflammatory and antioxidant
properties (11,12). Resveratrol (Res), a non-flavonoid poly-
phenolic compound primarily found in grape leaves and
skins, is a key bioactive component in wine and grape juice.
In vivo and in vitro studies have shown that Res has antioxida-
tive, anti-inflammatory, anti-neoplastic and cardioprotective
effects, along with benefits such as cost-effectiveness, minimal
side effects, easy oral absorption and renal and fecal excretion
following metabolism (13,14). Empirical studies suggest that
dietary Res supplementation improves clinical outcomes and
life quality in patients with UC, partly by decreasing inflam-
mation and oxidative stress (15,16). However, the mechanism
behind these effects is not fully understood.

An array of natural phyto-polyphenols improves oxidative
stress levels by enhancing the nuclear factor erythroid-2-related
factor 2 (Nrf2) pathway (17). Nrf2 is a key target in recent oxida-
tive stress defense mechanism research (18). Nrf2 controls the
expression of detoxifying enzymes and antioxidant proteins,
such as: NAD(P)H, quinone oxidoreductase 1 (NQO1), gluta-
mate cysteine ligase catalytic subunit and heme oxygenase 1
(HO-1), via antioxidant response elements thereby combating
oxidative stress (19,20). HO-1, an effector protein downstream
of Nrf2, breaks heme into ferrous ion (Fe?*), carbon monoxide
(CO) and biliverdin. The metabolism of the heme group is
beneficial to preventing oxidation. As a necessary endogenous
gas messenger molecule, CO has anti-tinflammatory, vasodi-
lator and microcirculation metabolic roles. Biliverdin and the
product of its metabolism, bilirubin, not only have powerful
antioxidant and anti-inflammatory effects but also effectively
scavenge reactive oxygen species activity to defend against
peroxide, peroxynitrite, hydroxyl and superoxide free radi-
cals (21). Previous in vitro study has showed that Res increases
Nrf2 and HO-1 expression, reducing dextran sulfate sodium
(DSS)-induced intestinal epithelial cell (IEC) cytotoxicity,
inflammation, barrier dysfunction and TJ protein loss (22).
Therefore, Res might also protect the intestinal mucosal barrier
by modulating the Nrf2/HO-1 signaling pathway in vivo.

The present study aimed to assess the modulation of the
Nrf2/HO-1 signaling pathway by Res and whether this can
alleviate DSS-induced experimental UC in mice, offering a
novel perspective for Res treatment and prevention of UC and
intestinal mucosal barrier-associated pathology.

Materials and methods

Chemicals and reagents. DSS (molecular weight,
36,000-50,000 Da) was purchased from Shanghai Yeasen
Biotechnology Co., Ltd. Res (purity =98%) was purchased
from Shanghai Aladdin Biochemical Technology Co., Ltd.
ELISA kits included IL-6 (cat. No. CHE0006-048, Beijing 4A
Biotech Co., Ltd.), IL-1p (CHE0015-048, Beijing 4A Biotech
Co., Ltd.), TNF-a (CHE0004-048, Beijing 4A Biotech Co.,
Ltd.) and IL-10 (CHEOO016-048, Beijing 4A Biotech Co.,
Ltd.). RIPA buffer, protease and phosphatase inhibitors,
and enhanced BCA Protein Assay kit were purchased from
Beyotime Institute of Biotechnology. Antibodies used included
rabbit anti-ZO-1 (cat. no. GB111402; Wuhan Servicebio
Technology Co., Ltd.), anti-occludin (cat. no. 91131; Cell
Signaling Technology, Inc.), anti-Nrf2 (cat. no. 16396-1-AP;
Proteintech Group, Inc.), anti-HO-1 (cat. no. 82551; Cell
Signaling Technology, Inc.) and anti-B-actin (cat. no. 380624;
Chengdu Zen-Bioscience Co., Ltd.) and HRP-conjugated goat
anti-rabbit IgG (cat. no. 7074; Cell Signaling Technology, Inc.).

Animals and experimental protocol. A total of 30 male
C57BL/6J mice (age, 8 weeks; weight, 20-22 g), were
purchased from SPF (Beijing) Biotechnology Co., Ltd. Mice
were housed in individual ventilated cages with controlled
temperature (23+1°C) and humidity-controlled (45-55%) (12 h
light/dark cycle) and standard laboratory chow and water
ad libitum. They were allowed to acclimatize for =1 week. All
animal care and experimental procedures were in accordance
with the guidelines of the Animal Welfare Ethics Committee
of Dali University (Dali, China; approval no. 2023-PZ-194).

According to previous studies, the safe dose of Res for
relieving UC in mice is 10-100 mg/kg (23-25). To reflect the
concentration-effect relationship according to Singh et al (26),
Res was used low (10 mg/kg), medium (50 mg/kg) and high
(100 mg/kg) doses. The mice were divided randomly into five
groups (n=6/group) as follows: Control; model (DSS-only);
Res low dose (RLD); Res medium dose (RMD) and Res high
dose (RHD).

To induce the experimental UC model, mice received 2.5%
DSS in filtered drinking ddH,O for 7 days. On day 8, the DSS
solution was replaced with filtered ddH,O. The control group
received only filtered ddH,O for 14 days. Res was dissolved in
0.5% carboxymethyl cellulose sodium (CMC-Na). Res (10, 50
or 100 mg/kg) or vehicle (0.5% CMC-Na) was administered
intragastrically for 14 days, starting concurrently with DSS
exposure (Fig. 1).

The general condition and body weight change of mice
were monitored and recorded daily. The study employed
humane endpoints according to AVMA Guidelines for the
Euthanasia of Animals (27), including when the mice showed
an inability to obtain food or water on their own, had a
weight loss of >20% of their starting body weight, difficulty
moving, were depressed in the absence of anesthesia, or their
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Time (days) Table I. DAI scoring system.
1 2 3 4 5 6 7 8 9 10 11 12 13 14
L | 1 | | | | | | | | | | J .
DAI Body weight Stool Occult/
Control ddH0 I score change (%) condition hematochezia
Vehicle (i.g.)
Model 2.5% DSS ddHz0 | 0 <1 Normal Normal
Vehicke (.3) 1 1-5 Loose Hemoccult positive
DSS+Res 10 mg/kg ddH20 | 2 6-10 Loose Hemoccult positive
Res (i.g- .
eo (.9) 3 11-15 Diarrhea Bloody stool
DSS+Res 50 mgkg 2.5% DSS ddH20 | 4 >15 Diarrhea Bloody stool
Res (i.g.)
DSS+Res 100 mgrkg 2.5% DSS ddH20 | DAL, disease activity index.
Res (i.g.)

Figure 1. Timeline of the experiment. The model and Res group drank water
containing 2.5% DSS for 7 days and normal drinking water for 7 days with
i.g. administration of vehicle or Res. The control group drank normal water
for 14 days with daily i.g. administration of vehicle. Res, resveratrol; DSS,
dextran sulfate sodium; i.g., intragastrically.

body temperature was persistently below 37°C. All animal
experiments were performed in accordance with the regula-
tions of the ARRIVE guidelines (28). No mice died or were
euthanized before the end of the experiment. On day 15, mice
were anesthetized with 1% sodium pentobarbital (60 mg/kg,
intraperitoneal). A single collection of orbital venous blood
(300 ul/mouse) was performed with an aseptic capillary glass
tube. After centrifugation at 1,500 x g for 10 min at 4°C, the
serum was collected. Spleen was collected and weighed, and
the spleen index was calculated as the ratio of spleen weight to
body weight. The entire colon from cecum to anus were then
collected, weighed, and length measured. A portion of colon
tissue was fixed in 4% paraformaldehyde at 4°C for 6 h for
histopathological examination and immunohistochemistry;
remaining tissue and serum were stored at -80°C for further
analysis.

Disease activity index (DAI) score. DAI score was calculated
based on a previous study (29). Briefly, DAI score is the
average of body weight change, diarrhea condition and bloody
stool test scores (Table I).

Histopathological examination. The fixed colon samples
were dehydrated with graded ethanol solution, tissues were
embedded in paraffin wax. A serial frontal section was cut
at intervals for 5 ym and stained with hematoxylin and eosin
(H&E) staining for at room temperature (hematoxylin staining
for 3 min and eosin staining for 15 sec) for histopathology.
The pathological changes in the colon mucosa were observed
under a light microscope. Histological damage was graded
following Dieleman's criteria (30) (Table II).

Immunohistochemistry. Immunohistochemistry was
conducted to assess ZO-1 and occludin protein expression
in colon tissue. Briefly, slides were de-paraffinized at room
temperature, washed with xylene and rehydrated in descending
ethanol series. The colon sections were subjected to antigen
retrieval with 0.01 M sodium citrate buffer and their endog-
enous peroxidase activity was blocked at room temperature for
30 min in 1% hydrogen peroxide/phosphate-buffered saline

Table II. Histological scoring system.

Score Pathological changes of colonic mucosa
0 None

1 Crypt basal 1/3 damaged

2 Crypt basal 2/3 damaged

3 Crypt lost, only surface epithelium intact,

inflammatory infiltration
4 Crypt lost, mucosal erosion and ulcer,
severe inflammatory infiltration

solution. Tissues were blocked for 1 h at room temperature
with 5% goat serum (Wuhan Servicebio Technology Co.,
Ltd.). Slides were incubated overnight at 4°C with primary
antibodies against ZO-1 (1:500) and occludin (1:300) and
incubated for 1 h at room temperature with HRP-conjugated
goat anti-rabbit IgG secondary antibody (1:3,000). Staining
was performed with 3,3-diaminobenzidine for 5 min at room
temperature and counterstained with hematoxylin for 3 min at
room temperature. Images were captured under a light micro-
scope at x50 and x400 magnification. Staining results were
quantified using the following equation: H-Score=(percentage
of weak intensity x1) + (percentage of moderate intensity x2) +
(percentage of strong intensity x3) (31-34).

ELISA. The serum concentrations of 1L-6, IL-18, TNF-a and
IL-10 were measured using ELISA kits according to the manu-
facturer's instructions. Absorbance for each well was recorded
at a wavelength of 450 nm using a microplate reader.

Western blotting. Protein levels of ZO-1, occludin, Nrf2 and
HO-1 in colon tissue were determined using western blotting.
A total of ~20 mg tissue was homogenized in 200 ul ice-cold
RIPA buffer supplemented with 1% protease and phosphatase
inhibitors for 30 min before centrifugation at 15,616 x g for
10 min at 4°C to obtain supernatant. The loading buffer was
mixed in a 1:4 ratio, and the mixture was boiled at 100°C for
10 min to denature the protein. Protein concentration was
determined using an enhanced BCA Protein Assay kit. 20 ug
protein/lane was separated by SDS-PAGE on a 10% gel and
electro-transferred onto a PVDF membrane (Merck KGaA),
then blocked with 5% non-fat milk for 2 h at room temperature
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and incubated overnight at 4°C with primary antibodies
against ZO-1 (1:1,000), occludin (1:1,000), Nrf2 (1:6,000),
HO-1 (1:1,000) and p-actin (1:10,000). The blots were incu-
bated with HRP-conjugated goat anti-rabbit IgG secondary
antibody (1:5,000) for 1 h at room temperature. 3-actin was
used as a loading control. The signal was detected using
BeyoECL Moon kit (Beyotime Institute of Biotechnology) and
a ImageQuant LAS 4000 mini chemiluminescence imaging
system (Cytiva) and protein expression was quantified with
Image J v1.51 (National Institutes of Health).

Assessment of pharmacokinetic (PK) parameters. PK study
examine the absorption, distribution, metabolism and excre-
tion (ADME) processes of drugs, including oral bioavailability
(OB), Caco-2 permeability, blood-brain barrier (BBB) perme-
ability and drug-likeness (DL) (35). PK parameters of Res
were sourced from Traditional Chinese Medicine systems
pharmacology database and analysis platform (TCMSP;
tcmsp-e.com/) database, a phytochemical database for TCM
active ingredients.

Potential targets of Res and UC. The potential targets of Res
were obtained from TCMSP, DrugBank (go.drugbank.com/)
and PubChem (pubchem.ncbi.nlm.nih.gov/) databases. Genes
associated with UC were identified through the GeneCards
(genecards.org/), MalaCards (malacards.org/) and NCBI-gene
(ncbi.nlm.nih.gov/) databases. After removing duplicate target
genes, the online tool Venny2.1 (36) (bioinfogp.cnb.csic.
es/tools/venny) was used to identify overlaps between Res
targets and UC targets.

Functional enrichment analysis. Database for Annotation,
Visualization and Integrated Discovery (37) (7eg7d.ncifcrf.
gov/) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway (38) (genome.jp/7eg/) databases were used
for Gene Ontology (GO) function enrichment and KEGG
pathway analyses. The analyzed data were visualized using
the R Project 4.2.3 (Shorstop Beagle).

Protein-protein interaction (PPI) network analysis. Potential
compound-disease target genes were uploaded to Search Tool
for the Retrieval of Interaction Gene (STRING) (cn.string-db.
org/) to construct the PPI network. Parameters set included
‘Homo sapiens’ as the organism and ‘medium confidence
(0.400)’. The Cytoscape 3.7.0 (Cytoscape 3.7.0 Release Notes)
was used to visualize the interaction network.

Molecular docking. Target protein crystal structures were
sourced from Protein Data Bank (rcsb.org/) database and
preprocessed, including hydrogenation, amino acid modifica-
tion, energy optimization and force field parameter adjustment,
as previously described (39). Next, two-dimensional structure
of the active compound was downloaded from the PubChem
database. After optimizing for minimum free energy and
obtaining a low energy conformation, the protein structure was
docked with the ligand structure (39). AutoDock Vina 1.2.2
(vina.scripps.edu/) was used for hydrogenation and charge
balancing and PyRx 0.8 (pyrx.sourceforge.io/) was used for
docking. PyMOL 2.3 (pymol.org/2/) was used for visualization
before analysis using Discovery Studio 4.5 (Dassault systemes).

Statistical analysis. All data are presented as the mean + SD
of three independent experiments. The measurement data
obeying normal distribution between two groups were
analyzed by unpaired t test and one-way analysis of vari-
ance was used for comparison among multiple comparisons
followed by Tukey's post hoc test. All statistical analyses were
performed using GraphPad Prism 9.0 (Dotmatics). P<0.05 was
considered to indicate a statistically significant difference.

Results

Res attenuates DSS-induced UC in mice. To determine the
effect of Res in experimental UC, physiological parameters
of mice were monitored and assessed, including body weight,
diarrhea and hematochezia, daily during DSS intervention.
No pathological manifestations were observed in the control
group (Fig. 2). However, the DSS-only group exhibited a
marked reduction in body weight starting from the 2nd day
post -2.5% DSS administration (Fig. 2B). From day 5, mice
in the DSS-only group showed symptoms such as loose stool,
fecal occult blood, decreased food intake, unkempt fur and
decreased responsiveness to external stimuli; concurrently,
DALI score increased compared with the control group. These
symptoms were moderately decreased in mice treated with
Res compared with the DSS-only group. DAI score in Res
treatment groups were reduced compared with the DSS-only
group (Fig. 2C).

Furthermore, in the DSS-only group there was signifi-
cant shortening of the colon, significant increase in colonic
weight-to-length ratio and spleen index and notable spleen
enlargement compared with the control. These changes in the
colon and spleen were significantly decreased in all Res treat-
ment groups compared with the DSS-only group, suggesting
that Res alleviated clinical manifestations of experimental UC
in mice (Fig. 2D-H).

Res alleviates intestinal mucosal histopathological injury in
DSS-induced UC mice. Histopathological examination was
conducted to evaluate colonic injury. The DSS-only group
showed extensive mucosal erosion, crypt depletion, destruction
of mucosal epithelium and intestinal glandular architecture,
connective tissue proliferation and infiltration of granulocytes
and lymphocytes (Fig. 3A).

The degree of colonic injury and intestinal inflammation
in the Res-treated groups was less severe compared with the
UC group (Fig. 3A). The histological score also showed that
the pathological changes of colonic mucosa in Res group were
alleviated (Table II). The histological scores for the RMD and
RHD groups were significantly lower compared with DSS-only
group, although there was no significant difference between
RLD and DSS-only group (Fig. 3B). These results indicated that
middle and high dosages of Res effectively decreased intestinal
mucosal damage induced by DSS in experimental UC.

Res decreases secretion of inflammatory cytokines in
DSS-induced UC mice. The production of pro-inflammatory
cytokines in serum and colonic tissue was quantified using
ELISA. The levels of IL-6, IL-1p, and TNF-a were signifi-
cantly increased in DSS-only group compared with the control
in both serum and colonic tissue. In the RLD, RMD and RHD
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Figure 2. Effects of Res on DSS-induced experimental UC mice. (A) Bloody stool. (B) Body weight change. (C) DAI score. Colon (D) injury, (E) shortening
and (F) ratio of colon weight to length. Spleen (G) injury and (H) index. /P<0.01 vs. control; “P<0.01 vs. DSS. Res, resveratrol; DSS, dextran sulfate sodium;
RLD, Res low dose; RMD, Res medium dose; RHD, Res high dose; UC, ulcerative colitis; DAI, disease activity index.

groups, levels of these cytokines were significantly decreased
compared with DSS-only group (Fig. 4A-C, E-G).

The levels of IL-10 were significantly decreased in
DSS-only group compared with the control, and restored by
Res, but no significant different in the serum RLD group.
(Fig. 4D, H). These findings suggested that Res decreased
inflammation induced by DSS in experimental UC mice.

Res enhances TJ protein expression in DSS-induced UC mice.
Z0-1 and occludin, key TJ proteins, serve a key role in main-
taining intestinal mucosal barrier integrity (40). In the present
study, colonic tissue of mice was subjected to immunohistochem-
ical staining and western blotting. DSS significantly decreased
protein expression of ZO-1 and occludin in colonic tissues of
experimental UC mice compared with the control. The results
of H-score quantitative immunohistochemical staining showed
that ZO-1 and occludin H-score decreased significantly following
DSS induction. Compared with DSS-only group, the protein
expression and H-score of ZO-1 and occludin in RLD, RMD
and RHD groups were significantly upregulated, particularly at a
dosage of 100 mg/kg (Fig. 5). Collectively, these results suggested
that Res treatment enhanced integrity of the intestinal mucosa.

PK parameters of Res. The Res profile across 12 principal
drug characterization and evaluation parameters is presented
in Table III. OB, the fraction of orally administered dose that
reaches systemic circulation, reflects the integration of the
ADME process. DL is used to evaluate the ‘drug-like’ quali-
ties of potential compounds (41). Res had an OB of 19.07%
and a DL of 0.11. Res also had a low molecular weight and was
classified as moderately permeable (-0.3< BBB <0.3).

Potential targets of Res and UC. Using TCMSP, DrugBank
and PubChem databases, a total of 246 unique targets were
obtained after removing duplicates. UC-associated target genes
were sourced from GeneCards, MalaCards and NCBI-gene
databases. A total of 6,154 unique targets were identified after
duplicate removal. Venny2.1 was used to determine the inter-
section, identifying 163 overlapping genes between compound
and disease targets (Fig. 6).

GO enrichment and KEGG pathway analysis. GO enrich-
ment and KEGG pathway analyses were conducted on
163 identified target genes to understand the function and
pharmacological mechanism of Res. According to GO
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Figure 3. Effect of Res on histological changes of mice with DSS-induced UC. (A) Hematoxylin and eosin staining (magnification, x50, x200 and x400). The
DSS group showed extensive mucosal erosion, crypt depletion, destruction of mucosal epithelium and intestinal glandular architecture, connective tissue
proliferation and infiltration of granulocytes and lymphocytes. The degree of colonic injury and intestinal inflammation in the Res-treated groups was less
severe compared with the UC group. (B) Histological score. “P<0.01 vs. control; "P<0.05 and “P<0.01 vs. DSS. Res, resveratrol; DSS, dextran sulfate sodium;
RLD, Res low dose; RMD, Res medium dose; RHD, Res high dose; UC, ulcerative colitis; ns, not significant.

analysis, the overlapping genes were involved in biological  chemical stress’, ‘response to molecule of bacterial origin’
processes associated with ‘response to oxidative stress’, and ‘response to lipopolysaccharide’. In terms of cellular
‘response to xenobiotic stimulus’, ‘cellular response to components (CCs), the target genes were primarily
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Figure 6. Venn diagram of overlapping Res target genes and UC-related
genes. UC, ulcerative colitis; Res, resveratrol.

associated with ‘membrane microdomain’ and ‘membrane
raft’. The genes enriched in molecular functions (MFs)
were associated with ‘DNA-binding transcription factor
binding’, ‘cytokine receptor binding’, ‘RNA polymerase
[I-specific DNA-binding transcription factor binding’,
‘phosphatase binding’ and ‘heme binding’ (Fig. 7A). KEGG
analysis revealed that ‘apoptosis’, ‘colorectal cancer’, “TNF

signaling pathway’, ‘NF-kappa B signaling pathway’, and
‘IL-17 signaling pathway’ might be involved in regulating
UC (Fig. 7B).

PPI network and key target screening. The common targets
of Res and UC association were analyzed using the STRING
program, selecting for medium confidence with a score >0.400
to construct the PPI network. Cytoscape was then used for
visualization (Fig. 8). Nrf2 was identified as having a strong
association with the potential molecular mechanism of Res
alleviating UC, functioning as a regulator of anti-inflammatory
and antioxidant capacity both in vivo and in vitro. Therefore, it
was hypothesized that Res may protect the intestinal mucosal
barrier and improve UC by modulating anti-inflammatory and
antioxidant pathways associated with Nrf2.

Molecular docking. Based on the aforementioned analysis,
it was hypothesized that Res could counteract UC by influ-
encing the antioxidant pathway involving Nrf2. Dock Res to
the hydrophobic pocket of Nrf2 to calculate affinity. Binding
affinity (kcal/mol) indicates the stability between receptor
and ligand; a lower affinity suggests greater stability (42). A
binding energy <-5 kcal/mol is indicative of strong affinity (43).
Res established m-o interactions with Nrf2 Lys462 and m-R
interactions with Nrf2 Leu450 and Ala463. The molecular
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Table III. Pharmacokinetic properties of resveratrol.

Molecular
formula MW, Da AlogP  Hdon Hacc OB/%  Caco-2 BBB DL FASA-  TPSA RBN HL

C.H,0, 22826 301 3 3 1907 08  -001 0.1 049 6069 2 -

MW, molecular weight; AlogP, logarithmic value of lipid-water partition coefficient; Hdon, hydrogen-bonded donors; Hacc, hydrogen-bonded
receptors; OB, oral bioavailability; Caco-2, Caco-2 permeability and intestinal epithelial permeability; BBB, blood-brain barrier; DL,
drug-likeness; FASA-, fractional water accessible surface area of all atoms with negative partial charge; TPSA, compound polarity; RBN,
number of keys that allow themselves to rotate freely; HL, half-life.
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Figure 7. GO enrichment and KEGG pathways. (A) Enrichment analysis results (top ten targets). (B) KEGG signaling pathway analysis of key targets of Res
for the treatment of UC. BP, biological process; CC, cellular component; MF, molecular function; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes
and Genomes; UC, ulcerative colitis; Res, resveratrol.
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Figure 9. Molecular docking. Res-Nrf2 (A) overall, (B) local interaction and (C) two-dimensional diagram. Res, resveratrol.

Table IV. Molecular docking affinity of resveratrol.

Receptor Ligand Affinity, kcal/mol

Nrf2 Resveratrol -5.6

docking results demonstrated that Res and Nrf2 had strong
affinity (Fig. 9; Table IV).

Res attenuates DSS-induced experimental UC via Nrf2/HO-1
pathway. Protein expression of Nrf2 and its downstream
target HO-1 was assessed by western blotting. Nrf2 and HO-1
expression in colon tissue was significantly reduced in the
DSS-only group compared with the control, while Res treat-
ment significantly increased Nrf2 and HO-1 levels (Fig. 10).
These results suggested that Res exerted a protective effect on
DSS-induced experimental UC via the Nrf2/HO-1 pathway.

Discussion

UC is a complex condition characterized by inflammation
and ulceration of the rectum and colon mucosa, with severity
that can increase over time (44). Determining risk of UC
progression and identifying the most effective treatment
strategy pose clinical challenges, particularly as a number
of patients experience adverse reactions to treatment (45).
Thus, identifying novel targets and intervention methods is
crucial. The present study aimed to evaluate the mechanism
by which Res decreases experimental UC in mice. Res
improved intestinal mucosal barrier dysfunction caused by
experimental UC model, with this protective effect predom-
inantly mediated by activation of the Nrf2/HO-1 signaling
pathway (Fig. 11).

In the present study, an experimental UC mouse model
was established using DSS solution consumption, a method
known to resemble human UC symptoms (46). Mice in the
model group exhibited clinical symptoms such as weight
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Figure 11. Nrf2-associated protective effects of Res in DSS-induced experimental UC in mice. DSS stimulates intestinal mucosal inflammation, barrier injury
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loss, diarrhea and hematochezia. Pathological changes such
as colon shortening, splenomegaly, intestinal mucosal hyper-
emia, edema, ulceration, crypt destruction and inflammatory
infiltration confirmed that DSS induced acute intestinal injury
in mice. The changes in colon and spleen suggested that intes-
tinal mucosal inflammation led to interstitial fibrosis, which

may have caused abnormal smooth muscle function, decreased
mucosal motility and colon shortening. The spleen enlarge-
ment was likely due to hyperemia, edema and lymphocytosis,
resulting in increased spleen index. Similar symptoms were
observed in another study using a DSS-induced chronic UC
model (47). To assess inflammation in experimental UC mice,
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pro-inflammatory and anti-inflammatory cytokine levels in
serum and colon tissues were quantified.

Inflammation is key in maintaining the integrity of the
intestinal mucosal barrier (48). IL-6 and IL-1{ levels in serum
from patients with IBD positively correlate with inflammation
severity (49,50). TNF-a, a key initiator of intestinal mucosal
barrier injury, activates NF-xB, triggering production of
various inflammatory cytokines and exacerbating barrier
impairment (51). Cui et al (52) reported that Res alleviates
the inflammatory stress state of UC mice by regulating CD3*
T cells that express TNF-a and decreasing the percentage of
neutrophils in mesenteric lymph nodes and lamina propria.
This decreases the incidence of colon cancer associated with
colitis. By contrast, IL-10, an anti-inflammatory cytokine,
decreases inflammation and protects the intestinal barrier by
improving TJ permeability (53).

In the present study, DSS increased IL-6, IL-1$ and TNF-a
levels and reduced IL-10 protein expression in serum and
colon tissue of experimental UC mice. However, Res adminis-
tration (50 and 100 mg/kg) effectively decreased the secretion
of pro-inflammatory cytokines (IL-6, IL-1f and TNF-a) and
promoted the secretion of anti-inflammatory cytokine (IL-10),
thus alleviating DSS-induced inflammation, suggesting a
direct link between level of inflammation and the integrity of
the intestinal mucosal barrier.

In previous studies, the role of the intestinal barrier in the
pathogenesis and progression of UC has received consider-
able attention. The intestinal barrier comprises IECs and TJs
between these cells. TJ proteins, including the cytoplasmic
protein ZO family and transmembrane proteins occludin and
claudins, are crucial components of the intestinal mucosal
barrier, protecting against invasion of bacteria, pathogens,
endotoxins and other harmful substances (54,55). The present
study confirmed that DSS compromised integrity of the
intestinal mucosal barrier. However, 10, 50 and 100 mg/kg
Res increased the protein expression of ZO-1 and occludin,
reduced the histopathological score of colon tissues and
improved DSS-induced intestinal injury in mice. Pan et al (47)
reported similar findings, where Res significantly counteracted
decreased levels of TJ proteins and increased the expres-
sion of inflammatory mediators, suggesting that Res exerts
an anti-inflammatory effect by preserving integrity of the
intestinal mucosal barrier. This conclusion is consistent with
research using diquat-induced piglets, indicating the protective
role of Res in another animal model (56).

To validate the hypothesis that Res may protect experi-
mental UC mice by modulating the Nrf2/HO-1 pathway,
network pharmacological analysis was conducted. PK merits
priority in drug research, which describes the ADME process
of drugs in vivo and the variation of drug concentration with
time (57). A total of 12 PK characteristics of Res were obtained
from TCMSP database. Among these, OB is a key parameter
in evaluating drug distribution to systemic circulation. OB
=30% is considered ‘drug-like’. Although the OB of Res is only
19.07%, there is growing evidence of the therapeutic potential
of Res for intestinal health (58). But the relatively low OB and
rapid metabolism of Res may limit its use in humans (59).
However, other properties of Res exhibit primary drug features.
Lipinski's rule of five, which includes criteria such as molecular
weight <500 Da, Hdon <5, Hacc <10, AlogP <5 and RBN <10,

indicates suitability for oral administration in small molecular
compounds (60,61). Hdon and Hacc represent the number of
hydrogen-bonded donors and receptors respectively, indicating
the hydrogen bonding ability of the molecules. AlogP represents
logarithmic value of lipid-water partition coefficient, which is
necessary for measuring the hydrophobicity of molecules. RBN
is the number of keys that allow themselves to rotate freely and
is used to descrive molecular flexibility. Res met these criteria,
highlighting its potential for drug development.

A total of 163 overlapping genes were identified by aligning
potential targets of Res with UC-associated genes. To assess
the interactions among overlapping genes, GO enrichment
and KEGG pathway analyses were performed. GO enrich-
ment showed that target genes were primarily associated with
cellular responses to chemical and oxidative stress. The most
prominent MF ontologies included ‘cytokine receptor binding’
and ‘DNA-binding transcription factor binding’. In terms of
CC, a significant proportion of genes were related to cell
membrane raft and microdomain. Specifically, in vivo studies
have illustrated that Res decreases expression of inflammatory
cytokines via inducible nitric oxide synthase (iNOS)/NF-kB
and SIRT1/NF-kB signaling pathways, respectively, thereby
mitigating UC and colitis-associated tumors (23,26).

The present KEGG pathway analysis highlighted that the
TNF and NF-«B signaling pathways may be key pathways
in UC. Differential expression genes were evaluated using a
PPI network. The proteins with high association in the inner
circle could be categorized into five groups based on primary
function: Regulation of cell cycle and death, including
forkhead box ol (FOXOI), cyclin D2 (CCND2), caspase 8
and fas-associating protein with a novel death domain like
apoptosis regulator and caspase 9 (CASP9); hormonal regula-
tion, including insulin-like growth factor binding-protein-3
(IGFBP3), prostaglandin-endoperoxide synthase 1 (PTGS1),
estrogen receptor beta (ESR2) insulin receptor substrate 1
(IRS1); cancer susceptibility genes, including, BRCA?2) and
myelocytoma oncogene; inflammatory response regulation,
including C-reative protein (CRP), nuclear factor kappa-B
subunit 1 alpha, phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit o (PIK3CA) and IL-6 and oxidative
stress regulation, including NQOI and NOSI1. According to the
results of network pharmacology, Res was suggested to target
UC via anti-inflammatory and antioxidant pathways. However,
among potential targets, except for Nrf2, other proteins were
either not highly associated or cannot regulate anti-inflamma-
tory and antioxidant processes at the same time.

Molecular docking showed that Nrf2 had a high affinity
for Res. Western blotting further suggested that Res decreased
DSS-inducedinflammationandintestinal mucosal barrierinjury
by upregulating expression of Nrf2/HO-1 pathway proteins.
According to Zheng et al (62), Nrf2 is necessary for Res medi-
ated antioxidant effects in UC and Nrf2”" mice are more likely
to exhibit DSS-induced colitis and subsequent colon cancer.
The aforementioned study provides support for the results of
the present study and further corroborates that Res positively
impacts UC via anti-inflammatory and antioxidant activity.

In summary, intragastric administration of Res decreased
intestinal mucosal barrier injury in DSS-induced experimental
UC mice. This improvement was evidenced by enhanced colon
tissue morphology, decreased inflammation and increased
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expression of TJ proteins and antioxidant capacity in colon
tissues. Through network pharmacology and empirical
studies, it was determined that the beneficial effects of Res
on UC were at least partially associated with the Nrf2/HO-1
pathway. This proposed mechanism provides a foundation for
future research on Res as a potential anti-inflammatory and
antioxidant therapeutic agent.
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