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Abstract. Ulcerative colitis (UC) is a significant burden on 
human health, and the elucidation of the mechanism by which 
it develops has potential for the prevention and treatment of 
UC. It has been reported that acteoside (ACT) exhibits strong 
anti‑inflammatory activity. In the present study, it was hypoth-
esized that ACT may exert a protective effect against UC. The 
effects of ACT on inflammation, oxidative stress and apoptosis 
were evaluated using dextran sulphate sodium (DSS)‑treated 
mice and DSS‑treated human colorectal adenocarcinoma 
Caco‑2 cells, which have an epithelial morphology. The results 
demonstrated that the ACT‑treated mice with DSS‑induced 
UC exhibited significantly reduced colon inflammation, 
as demonstrated by a reversal in body weight loss, colon 
shortening, disease activity index score, inflammation, oxida-
tive stress and colonic barrier dysfunction. Further in vivo 
experiments demonstrated that ACT inhibited DSS‑induced 
apoptosis in colon tissues, as demonstrated by the results of the 
TUNEL assay and the altered protein expression levels of Bax, 
cleaved caspase‑3 and Bcl‑2. Furthermore, DSS significantly 
stimulated the protein expression levels of high mobility group 
box 1 protein (HMGB1), which serves a central role in the 
initiation and progression of UC, an effect which was mark-
edly inhibited by ACT. Finally, DSS significantly decreased 
the protein expression levels of heme oxygenase‑1 (HO‑1) in 
colon tissues and the effect of ACT on GSH, apoptotic proteins 
and HMGB1 was markedly attenuated in the presence of 
the HO‑1 inhibitor tin protoporphyrin. In conclusion, ACT 
ameliorated colon inflammation through HMGB1 inhibition 
in a HO‑1‑dependent manner.

Introduction

Inflammatory bowel diseases (IBDs) are immune disorders 
that cause chronic inflammation in the gastrointestinal tract, 
and include ulcerative colitis (UC) and Crohn's disease 
(CD) (1‑3). UC is limited to the colon and consists of diffuse 
mucosal inflammation, whereas CD can involve inflamma-
tion of any part of the gastrointestinal tract (4,5). It has been 
reported that China had the highest incidence of IBD in Asia 
in recent years (6).

Numerous studies have reported that inflammation, apop-
tosis, genetics, immune dysregulation and stress participate in 
the development of UC (3,7‑10). Among these causes, apop-
tosis is considered to serve a critical role in the pathogenesis 
of UC and multiple strategies have been developed to treat 
IBD through the targeting of apoptosis. For example, it has 
been reported that maggot extracts (11), conjugated linoleic 
acid (12) and oxymatrine (13) can inhibit the initiation and 
progression of IBD. Mechanistic analysis has demonstrated 
that these compounds exert their protective effects through the 
inhibition of oxidative stress and inflammation in UC (11‑13).

Acteoside (ACT) is a lipase inhibitor and a major compo-
nent of Ligustrum purpurascens (kudingcha tea) (14). ACT 
has been reported to regulate inflammation and immune 
responses  (15,16). For example, it has been reported that 
ACT inhibits the IL‑1β‑induced inflammation and apoptosis 
of chondrocytes through inhibition of Janus kinase/STAT, 
thereby protecting against surgery‑induced osteoarthritis (17). 
Another study reported that ACT inhibits lipopolysaccharide 
(LPS)‑induced inflammation in acute lung injury via regula-
tion of the NF‑κB signaling pathway (18). Hausmann et al (19) 
reported that ACT may ameliorate intestinal inflammation 
in a dextran sulphate sodium (DSS)‑induced colitis model. 
However, the underlying mechanism via which ACT exerts a 
protective role remains largely unknown. The present study 
evaluated the mechanism underlying the protective effect of 
ACT in UC.

Materials and methods

Mice. All experiments were performed according to 
the Institutional Guidelines for the Care and Use of 
Laboratory Animals in Research  (20) and were approved 
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by the Biomedical Ethics Committee of Peking University 
(approval no. LA2020356; Beijing, China). The 8‑week‑old 
C57BL/6 male mice (weight, 20‑24 g; n=24) were obtained 
from the Department of Laboratory Animal Science, Peking 
University Health Science Center. The mice were housed at a 
temperature of 18‑22˚C and a relative humidity of 50‑60%. All 
mice had free access to food and water, and were maintained 
under a fixed 12‑h light/dark cycle.

Induction and evaluation of UC. Mice were randomly divided 
into four groups as follows (n=6 per group): i)  Control; 
ii) DSS; iii) DSS + 30 mg/kg ACT; and iv) DSS + 60 mg/kg 
ACT. Mice were treated with drinking water containing 4% 
DSS (FUJIFILM Wako Pure Chemical Corporation) to induce 
UC (21,22). Mice had no restriction on the dose of DSS solu-
tion for 7 consecutive days and control mice received standard 
drinking water throughout the 7 days of the experiment. ACT 
(Fig. 1A; CAS 61276‑17‑3; Shanghai Aladdin Biochemical 
Technology Co., Ltd.) was administered intraperitoneally (i.p.) 
every day for 7 consecutive days (the same days the mice were 
given DSS). The body weight of the mice was evaluated daily. 
The disease activity index (DAI) was used to assess the mice 
daily as previously described (23); DAI=[(score of weight loss 
rate) + (score of stool consistency) + (score of hematochezia)]/3.

Humane endpoint criteria for all experiments that involved 
mice were assessed daily. Euthanasia was performed when 
mice exhibited signs of distress, such as weight loss after 
treatment ≥25%, hunched posture or loss of active movements. 
Animals with diarrhea, but weight loss <25%, received daily 
i.p. injections of saline (1 ml three times at 8‑h intervals) to 
avoid dehydration as previously described (24). Animals were 
euthanized using an overdose of pentobarbital (i.p.; 150 mg/kg 
supplemented as required) (25). The loss of pedal withdrawal 
reflexes, and the cessation of respiration and heartbeat for 
6 min in mice were used to confirm that they were dead. No 
mice died during the experiment.

Histological analysis and immunohistochemistry. 
Hematoxylin and eosin (H&E) staining was performed to 
assess the induction of IBD. After being euthanized, the colon 
tissues from normal and IBD mice were collected and fixed 
in 4% paraformaldehyde for 24 h at 37˚C. The tissues were 
then embedded using paraffin and were sectioned (thickness, 
6 µm) using an SM2500 microtome (Leica Microsystems 
GmbH). The sections were stained using H&E for 10 min 
at 37˚C according to a standard protocol. For immunohisto-
chemistry, unstained 4‑mm sections were cut from paraffin 
blocks and incubated at 65˚C for 30 min. The slides were 
deparaffinized in xylene followed by absolute ethanol and 
subsequent rehydration in graded ethanol. Antigen retrieval 
was performed by immersing slides in boiling citric acid 
buffer (pH 6.0) for 15 min. Following blocking of endogenous 
peroxidase activity for 20  min in 3% hydrogen peroxide 
at room temperature, the sections were incubated with the 
following primary antibodies for 1 h at room temperature: 
Occludin (1:200; cat. no. 27260‑1‑AP; ProteinTech Group, 
Inc.), zonula occludens‑1 (ZO‑1; 1:200; cat. no. ab216880; 
Abcam) and claudin‑2 (1:200; cat.  no.  ab53032; Abcam). 
Subsequently, after three washes with PBS, the sections were 
incubated with HRP‑conjugated goat anti‑rabbit IgG H&L 

(1:1,000; cat. no. ab6721; Abcam) secondary antibodies at 
37˚C for 10 min. Sections were incubated with the strept‑ABC 
complex reagent for 15 min, and subsequently exposed to 
3,3'‑diaminobenzidine, counterstained with hematoxylin and 
assessed using a confocal microscope (Olympus Corporation).

Measurement of malondialdehyde (MDA), superoxide 
dismutase (SOD), catalase (CAT) and glutathione (GSH) 
levels. MDA, SOD, CAT and GSH in colon tissues were assessed 
using the Lipid Oxidation MDA Assay kit (cat. no. S0131S; 
Beyotime Institute of Biotechnology), Total SOD Assay 
kit (cat. no. S0101S; Beyotime Institute of Biotechnology), 
CAT Detection kit (cat.  no.  S0051; Beyotime Institute of 
Biotechnology) and Total GSH Assay kit (cat.  no. S0052; 
Beyotime Institute of Biotechnology), respectively. All 
procedures were performed according to the manufacturer's 
protocols. The GSH content, and the activities of MDA, SOD 
and CAT were normalized to the corresponding total protein 
content.

TUNEL assay. Paraffin‑embedded colon sections were stained 
using a TUNEL assay kit (Roche Diagnostics) at 37˚C for 1 h 
and counterstained with 2 µg/ml DAPI at room temperature 
for 10 min. Mouse colon tissues were fixed in 4% paraformal-
dehyde at room temperature for 24 h. Then, the colon tissues 
were cut into 5‑µm thick tissue sections which were treated 
with 0.1% Triton X‑100 for 15 min (cat. no. X10010; Shanghai 
Angyi Biotechnology Co., Ltd.) before staining. The apoptotic 
cells were quantified by counting the number of positive cells 
in four fields with at least 400 cells per field in each group. The 
apoptotic cells were assessed using a fluorescence microscope 
(Olympus Corporation).

Western blotting. Caco‑2 cell samples and mouse colon tissues 
were collected and lysed using RIPA lysis buffer containing 
protease inhibitor (cat. no. P0013C; Beyotime Institute of 
Biotechnology). The protein concentration was assessed using 
a BCA protein assay kit (cat. no. P0012; Beyotime Institute 
of Biotechnology). The protein samples (30 µg/lane) were 
then separated by SDS‑PAGE on 8‑15% gels. The proteins 
were transferred onto nitrocellulose membranes, which were 
blocked in 5% skimmed milk for 2 h at room temperature 
and incubated with the following specific primary antibodies 
overnight at 4˚C: Occludin (1:3,000; cat. no. 27260‑1‑AP; 
ProteinTech Group, Inc.), ZO‑1 (1:5,000; cat. no. 21773‑1‑AP; 
ProteinTech Group, Inc.), claudin‑2 (1:500; cat. no. ab53032; 
Abcam), Bcl‑2 (1:5,000; cat. no. 12789‑1‑AP; ProteinTech 
Group, Inc.), Bax (1:5,000; cat. no. 50599‑2‑Ig; ProteinTech 
Group, Inc.), cleaved caspase‑3 (1:500; cat.  no.  ab32042; 
Abcam), caspase‑3 (1:5,000; cat.  no.  ab32351; Abcam), 
heme oxygenase‑1 (HO‑1; 1:1,500; cat.  no.  10701‑1‑AP; 
ProteinTech Group, Inc.), high mobility group box 1 protein 
(HMGB1; 1:1,500; cat. no. 10829‑1‑AP; ProteinTech Group, 
Inc.) and GAPDH (1:2,500; cat. no. ab9485; Abcam). Then, 
the membranes were incubated with HRP‑conjugated goat 
anti‑rabbit IgG H&L (1:3,000; cat.  no.  ab6721; Abcam) 
secondary antibodies at room temperature for 1  h. The 
membranes were washed using TBS with 0.05% Tween‑20 
three times and the protein levels were assessed using the 
BeyoECL Star kit (cat. no. P0018AS; Beyotime Institute of 
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Biotechnology). Signals were quantified using ImageJ soft-
ware (version 1.47; National Institutes of Health).

Cell culture. The human colorectal adenocarcinoma Caco‑2 
cell line with epithelial morphology was purchased from the 
American Type Culture Collection. Cells were maintained in 
Dulbecco's Modified Eagle Medium (Gibco; Thermo Fisher 
Scientific) supplemented with 10% FBS (Gibco; Thermo Fisher 
Scientific), 100 U/ml penicillin and 100 µg/ml streptomycin at 
37˚C under 5% CO2. When the confluence reached 80% and 
the cells were highly differentiated, they were treated with 2% 
DSS or sterilized water (control) for 24 h at 37˚C. In addition, 
cells were pretreated with ACT (1, 10 and 100 µM) for 6 h at 
37˚C. Based on previous reports, the commonly used HO‑1 
inhibitor tin protoporphyrin (SnPP; 2 µM; Shanghai Aladdin 
Biochemical Technology Co., Ltd.) was used to pretreat cells 
for 30  min to inhibit HO‑1 expression before ACT treat-
ment  (26,27). The experimental grouping of cells was as 
follows: Control, DSS, DSS + ACT and SnPP + DSS + ACT 
groups.

MTT assay. The viability of Caco‑2 cells was evaluated using 
an MTT assay kit (Beyotime Institute of Biotechnology) 
according to the manufacturer's protocol. Briefly, cells were 
seeded into 96‑well plates (2x103 cells/well) and incubated at 
37˚C under 5% CO2 for 24 h. Subsequently, 20 µl MTT solution 
was added to the cells for 4 h at 37˚C. The culture medium was 
carefully removed and 150 µl DMSO was used to dissolve the 
purple formazan. The absorbance was measured at 570 nm.

ELISA. A total of 50 mg colonic tissues and Caco‑2 cells 
seeded into 96‑well plates (5x103 cells/well) were collected 
and added to 2‑3 ml pre‑cooled saline. After homogenization 
with a glass homogenizer on ice, the tissue was centrifuged at 
5,000 x g for 8 min at 4˚C and the supernatant was collected 
to determine the total protein amount using the BCA method. 
The concentrations of TNF‑α, IL‑1β and IL‑6 were assessed 
using the Mouse TNF‑α ELISA kit (cat. no. PT512), Human 
TNF‑α ELISA kit (cat. no. PT518), Mouse IL‑1β ELISA kit 
(cat. no. PI301), Human IL‑1β ELISA kit (cat. no. PI305), 
Mouse IL‑6 ELISA kit (cat. no. PI326) and Human IL‑6 ELISA 
kit (cat. no. PI330) from Beyotime Institute of Biotechnology, 
respectively. All procedures were performed according to the 
manufacturer's protocols.

Bioinformatics and statistical analyses. The potential targets 
of ACT were assessed using the STITCH website (http://stitch.
embl.de; version 5.0), a database of protein‑chemical inter-
actions. The data are presented as the mean ± SD and were 
analyzed using GraphPad Prism  8.0 software (GraphPad 
Software, Inc.) using one‑way ANOVA with Tukey's multiple 
comparison test. All experiments were repeated at least three 
times, unless otherwise stated. P<0.05 was considered to 
indicate a statistically significant difference.

Results

ACT inhibits DSS‑induced UC in mice. The present study eval-
uated the potential protective effect of ACT on DSS‑induced 
UC. It was demonstrated that mice displayed slow body 

weight gain at day  1‑4 of DSS treatment and exhibited 
gradual body weight loss during day 5, 6 and 7 of DSS treat-
ment. Further, 30 or 60 mg/kg ACT treatment significantly 
elevated the body weight of DSS mice from day 4 onwards 
(Fig. 1B). DSS‑treated mice also demonstrated typical UC 
characteristics, including significant shortening of the colon 
(Fig. 1C and D), an acute inflammatory response with mucosal 
erosion, congestion, edema, reduction of crypts and infiltra-
tion of inflammatory cells such as neutrophils (Fig. 1E) and 
significantly increased DAI (Fig. 1F) compared with in the 
control group. Compared with the DSS group, DSS‑induced 
colonic shortening was also markedly improved by ACT 
treatment at 60 mg/kg (Fig. 1C and D). Additionally, mucosal 
inflammatory cell infiltration, erosion and edema were 
significantly improved (Fig. 1E) and DAI score was notably 
decreased (Fig. 1F) in the DSS + 30 mg/kg ACT group and 
DSS + 60 mg/kg ACT group. These results suggested that 
UC models were successfully established. Furthermore, these 
UC‑related changes were markedly attenuated by ACT, which 
suggested that ACT prevented the progression of UC.

ACT inhibits DSS‑induced inflammation and oxidative stress 
in the colon tissues. Consistent with the protective effect of 
ACT on the progression of UC, DSS significantly increased 
the levels of inflammatory cytokines, including TNF‑α, IL‑1β 
and IL‑6, compared with those in the control group, and 
this was significantly inhibited by 60 mg/kg ACT (Fig. 2A). 
Furthermore, the levels of oxidative stress markers were 
assessed. As shown in Fig. 2B, the levels of MDA were signifi-
cantly increased in the DSS group compared with those in the 
control group, which suggested that ROS levels were increased 
in DSS‑treated mice. Furthermore, the levels of CAT, GSH and 
SOD were significantly decreased in the colon of DSS‑treated 
mice compared with those in the control group. As expected, 
the alterations in MDA, CAT, GSH and SOD were markedly 
reversed following treatment with 60 mg/kg ACT compared 
with in the DSS group. These results suggested that ACT 
inhibited inflammation and oxidative stress in the colon of 
mice with UC.

ACT prevents DSS‑induced colonic barrier dysfunction. The 
effect of ACT on DSS‑induced colonic barrier dysfunction 
was evaluated. As presented in Fig. 3A and B, immunohisto-
chemistry and western blotting demonstrated that the protein 
expression levels of occludin and ZO‑1, two tight junction 
proteins, were significantly decreased, whereas claudin‑2 
protein expression levels were significantly increased in 
the colon of DSS‑treated mice compared with those in the 
control group. Occludin and ZO‑1 expression were noticeably 
stimulated and claudin‑2 expression was markedly inhib-
ited by 60 mg/kg ACT. These results further demonstrated 
that ACT prevented colonic barrier injury in mice with 
DSS‑induced UC.

ACT inhibits DSS‑induced apoptosis in mice colon tissues. 
To improve the understanding of the mechanism of action of 
ACT, apoptosis was investigated. As presented in Fig. 4A, the 
TUNEL assay demonstrated that DSS enhanced the number 
of TUNEL‑positive cells which was then reduced by 40 or 
60 mg/kg ACT. Consistently, DSS significantly increased 
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the expression levels of apoptosis‑related proteins, including 
Bax and cleaved caspase‑3/caspase‑3, compared with those in 
the control group, whereas DSS significantly decreased the 
protein expression levels of Bcl‑2 (Fig. 4B). Notably, these 
changes were markedly altered by pretreatment with 60 mg/kg 
ACT. These results suggested that ACT inhibited DSS‑induced 
apoptosis.

ACT reverses the effect of DSS on the protein expression 
levels of HO‑1 and HMGB1 in mouse colon tissues. STITCH 
analysis was subsequently performed to identify the potential 
binding protein of ACT (http://stitch.embl.de/cgi/network.
pl?taskId=TjD9OOCPlkMM) (Fig. 5A). HMGB1 was identi-
fied as a potential binding target of ACT. Moreover, it has 
previously been reported that HMGB1 can be regulated by 

Figure 1. Inhibitory effect of ACT on DSS‑induced ulcerative colitis in mice. (A) Chemical structure of ACT. (B) Body weight of mice treated with ACT and 
DSS. (C and D) Effect of ACT on DSS‑induced shortening of the colon. (E) Representative images of the inhibitory effect of ACT on DSS‑induced colon 
injury. The arrows indicate mucosal erosion, reduction of crypts and infiltration of inflammatory cells. (F) Inhibitory effect of ACT on DSS‑induced increase 
of DAI. (n=6). **P<0.01 and ***P<0.001 vs. control; #P<0.05, ##P<0.01 and ###P<0.001 vs. DSS. ACT, acteoside; DSS, dextran sulphate sodium; DAI, disease 
activity index.
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Figure 2. Inhibitory effect of ACT on DSS‑induced inflammation of the colon tissues. (A) Inhibitory effect of ACT on DSS‑induced levels of inflammatory 
cytokines, including TNF‑α, IL‑1β and IL‑6, assessed using ELISA. (B) Inhibitory effect of ACT on DSS‑induced alterations in the levels of MDA, CAT, GSH 
and SOD. n=6. ***P<0.001 vs. control; #P<0.05, ##P<0.01 and ###P<0.001 vs. DSS. ACT, acteoside; DSS, dextran sulphate sodium; MDA, malondialdehyde; 
CAT, catalase; GSH, glutathione; SOD, superoxide dismutase.

Figure 3. Inhibitory effect of ACT on DSS‑induced colonic barrier dysfunction. (A) Representative immunohistochemistry images demonstrating the 
inhibitory effect of ACT on DSS‑induced decreased protein expression levels of occludin and ZO‑1, and increased protein expression levels of claudin‑2. 
(B) Representative western blotting images and data demonstrating the inhibitory effect of ACT on DSS‑induced decreased protein expression levels of 
occludin and ZO‑1, and increased protein expression levels of claudin‑2. n=6. ***P<0.001 vs. control; #P<0.05, ##P<0.01 and ###P<0.001 vs. DSS. ACT, acteoside; 
DSS, dextran sulphate sodium; ZO‑1, zonula occludens‑1.
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HO‑1 (28). The present study evaluated the changes in the 
protein expression levels of HO‑1/HMGB1 and the potential 
effect of ACT on these changes. DSS significantly decreased 
the protein expression levels of HO‑1 compared with those 
in the control group, whereas it markedly increased HMGB1 
protein expression levels (Fig. 5B‑D). Notably, the effect of 
DSS on the altered expression levels of HO‑1 and HMGB1 
was significantly reversed by 60 mg/kg ACT. These results 
suggested that ACT may inhibit HMGB1 by promoting HO‑1 
expression in colon tissues. Therefore, in subsequent experi-
ments, the relationship between ACT and HO‑1 was further 
assessed using the HO‑1 inhibitor SnPP.

ACT prevents the DSS‑induced decrease of cell viability and 
inflammation via HMGB1 inhibition in a HO‑1‑dependent 
manner in Caco‑2 cells. The present study constructed an 
in vitro colon injury model using DSS‑induced Caco‑2 cells, and 
a HO‑1 inhibitor was used to further study whether the effects 
of ACT were associated with regulation of the HO‑1/HMGB1 
signaling pathway. As presented in Fig. 6A, ACT at 1, 10 and 
100 µM had no significant effect on the viability of Caco‑2 cells 
compared with that in the control group. However, DSS signifi-
cantly decreased the viability of Caco‑2 cells compared with 

that in the control group and the inhibitory effect was markedly 
reversed by ACT in a dose‑dependent manner with the most 
significant effect at 100 µM ACT (Fig. 6B). Therefore, subse-
quent studies were performed using ACT at a concentration 
of 100 µM. In addition, DSS significantly increased the levels 
of inflammatory cytokines, including TNF‑α, IL‑1β and IL‑6, 
which were markedly inhibited by ACT (Fig. 6C). However, in 
the presence of SnPP, the inhibitory effect of ACT was markedly 
reduced. Furthermore, DSS significantly increased MDA levels 
compared with those in the control group, and significantly 
decreased the levels of anti‑oxidative stress proteins, including 
CAT, GSH and SOD (Fig. 6D). ACT markedly reversed the 
effect of DSS on the levels of these four proteins; however, in the 
presence of SnPP, the inhibitory effects of ACT were markedly 
reduced (Fig. 6D). These results were consistent with those of 
the in vivo study (Fig. 2B) and demonstrated that the addition of 
the HO‑1 inhibitor effectively reversed the effects of ACT.

ACT prevents DSS‑induced cell injury and alterations of 
apoptosis‑related proteins through HMGB1 inhibition in a 
HO‑1‑dependent manner in Caco‑2 cells. Besides inflam-
mation, the present study evaluated the effect of ACT on 
DSS‑induced cell injury and apoptosis in Caco‑2 cells. 

Figure 4. ACT inhibits the DSS‑induced apoptosis of mouse tissues. (A) Representative TUNEL images demonstrating the inhibitory effect of ACT on 
DSS‑induced apoptosis. (B) Representative western blotting images demonstrating the effect of ACT on the expression levels of apoptosis‑related proteins, 
including Bcl‑2, Bax, cleaved caspase‑3 and caspase‑3. n=6. **P<0.01 and ***P<0.001 vs. control; #P<0.05, ##P<0.01 and ###P<0.001 vs. DSS. ACT, acteoside; 
DSS, dextran sulphate sodium.
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As presented in Fig. 7A, DSS significantly decreased the 
protein expression levels of occludin and ZO‑1, and signifi-
cantly increased the protein expression levels of claudin‑2 
compared with those in the control group. Pretreatment 
with ACT significantly inhibited the effects of DSS and the 
inhibitory effect of ACT was markedly reduced in the pres-
ence of SnPP. In addition, DSS significantly increased the 
expression levels of apoptosis‑related proteins, including 
Bax and cleaved caspase‑3, whereas DSS significantly 
decreased the protein expression levels of Bcl‑2 compared 
with those in the control group (Fig. 7B). These changes 
were significantly reversed by pretreatment with ACT 
compared with in the DSS group. However, in the pres-
ence of SnPP, the effect of ACT was significantly reduced 
compared with that in the DSS + ACT group. Finally, the 
effect of ACT on the protein expression levels of HMGB1 
was evaluated. DSS significantly increased HMGB1 expres-
sion compared with that in the control group, which was 
significantly inhibited by ACT. The inhibitory effect of ACT 
was significantly attenuated by SnPP compared with that in 
the DSS + ACT group. These results suggested that ACT 

prevented DSS‑induced cell injury in a HO‑1‑dependent 
manner in Caco‑2 cells.

Discussion

An increasing number of studies have reported that ACT 
inhibits inflammation in osteoarthritis (17), the gastrointes-
tinal tract  (19,29) and LPS‑induced acute lung injury (18). 
Therefore, ACT may be considered a promising drug for the 
treatment of inflammation‑related diseases. However, the 
underlying mechanisms by which ACT exerts its protective 
effects remain largely unknown. In the present study, research 
models were constructed using DSS induction, and the effects 
and mechanisms were assessed using in  vivo and in  vitro 
experiments. The results demonstrated that ACT prevented 
the progression of UC and colonic barrier dysfunction, and 
decreased inflammation and oxidative stress.

It has been reported that the degree of oxidative stress, 
inflammation and apoptosis are aberrantly increased in 
UC (30). Furthermore, apoptosis serves an important role in 
the initiation and progression of UC, which is at least partially 

Figure 5. ACT reverses the effect of DSS on the expression of HO‑1 and HMGB1 in mice colon tissues. (A) The potential binding protein of ACT. 
(B) Representative western blot images of HO‑1 and HMGB1 protein expression levels. (C) Effect of ACT on DSS‑induced reduction of HO‑1 protein 
expression levels. (D) Effect of ACT on the DSS‑induced protein expression levels of HMGB1. n=6; ***P<0.001 vs. control; ##P<0.01 and ###P<0.001 vs. DSS. 
ACT, acteoside; DSS, dextran sulphate sodium; HO‑1, heme oxygenase‑1; HMGB1, high mobility group box 1 protein.
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activated by oxidative stress and inflammation (30). In the 
present study, ACT ameliorated DSS‑induced UC injury, 
while also demonstrating significant inhibitory effects on 
the inflammatory factors TNF‑α, IL‑1β and IL‑6. Consistent 

with previous reports (31,32), the present study demonstrated 
that ACT markedly inhibited DSS‑induced oxidative stress 
and apoptosis. More importantly, high concentrations of 
ACT (60 mg/kg) significantly increased HO‑1 expression and 

Figure 6. ACT prevents DSS‑induced inflammatory response and oxidative stress through high mobility group box 1 protein inhibition via a heme 
oxygenase‑1‑dependent manner in Caco‑2 cells. (A) ACT demonstrated no significant effect on cell viability in the MTT assay. (B) ACT had a dose‑dependent 
inhibitory effect on the DSS‑induced reduction of cell viability. (C) SnPP partially reversed the inhibitory effect of ACT on the DSS‑induced production of 
inflammatory cytokines, including TNF‑α, IL‑1β and IL‑6, in Caco‑2 cells. (D) SnPP partially reversed the inhibitory effect of ACT on DSS‑induced oxidative 
stress. n=3. **P<0.01 and ***P<0.001 vs. control; #P<0.05, ##P<0.01 and ##P<0.001 vs. DSS; @P<0.05 vs. DSS + ACT. ACT, acteoside; DSS, dextran sulphate 
sodium; MDA, malondialdehyde; CAT, catalase; GSH, glutathione; SOD, superoxide dismutase; SnPP, tin protoporphyrin.
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inhibited HMGB1 expression compared with those in the DSS 
group.

An increasing number of studies have reported that 
HMGB1 serves a critical role in the initiation and progression 
of UC, and that HMGB1 may be a potential marker for the 
diagnosis of UC and gut inflammation (33,34). For example, 
it has been reported that HMGB1 expression is increased 
in patients with severe UC (35), and that the application of 
HMGB1 antagonists may provide novel insights into the diag-
nosis and treatment of UC (36). Consistent with these previous 
studies, the present study demonstrated that ACT markedly 
inhibited the increased HMGB1 expression in mice with 
DSS‑induced UC. Considering the central role of HMGB1 
in UC, the findings of the present study, that ACT inhibited 
HMGB1 expression, suggested that ACT may have potential 
usage in the prevention and treatment of UC.

It has been reported that HO‑1 is an upstream regulator of 
HMGB1 and that gastrodin increases HO‑1 expression, leading 
to inhibition of HMGB1 and NF‑κB in Tourette syndrome (37). 
Wang et al (38) reported that HO‑1 inducers (hemin and cobalt 
protoporphyrin IX) or transfection with HO‑1 markedly 

inhibited LPS‑induced HMGB1 release and translocation of 
HMGB1 from the nucleus to the cytosol in RAW264.7 cells, a 
monocyte/macrophage like cell lineage. Further in vivo study 
demonstrated that HO‑1 inducers improved the survival of 
mice in a LPS‑ and cecal ligation and puncture‑induced sepsis 
model (38). In the present study, the effects of ACT were inter-
fered with using the HO‑1 inhibitor SnPP. Consistent with the 
previous reports, the results of the present study demonstrated 
that ACT significantly decreased the protein expression levels 
of HMGB1 via the activation of HO‑1.

In conclusion, the present study demonstrated that ACT 
protected against the progression of UC. Notably, it was 
suggested that the molecular mechanism by which ACT may 
exert its protective effect was via the inhibition of HMGB1 in a 
HO‑1‑dependent manner. This finding may provide the funda-
mental basis for the potential clinical usage of this component 
in the treatment of UC.
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(B) SnPP partially reversed the inhibitory effect of ACT on the expression of apoptosis‑related proteins, including Bcl‑2, Bax, cleaved caspase‑3 and caspase‑3. 
(C) Representative western blot images demonstrating the inhibitory effect of ACT on DSS‑induced HMGB1 expression with or without SnPP treatment. 
n=3. **P<0.01 and ***P<0.001 vs. control; #P<0.05, ##P<0.01 and ###P<0.001 vs. DSS; @P<0.05, @@P<0.001 and @@@P<0.001 vs. DSS + ACT. ACT, acteoside; 
DSS, dextran sulphate sodium; HMGB1, high mobility group box 1 protein; SnPP, tin protoporphyrin; ZO‑1, zonula occludens‑1.
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