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Mechanism by which oleracein E alleviates TNBS-

induced ulcerative colitis

Yun Huang®®”", Yu Su®’, Rong Qin?, Likun Wang?, Zhibo Zhang?, Weikang Huang?, Xirui Fan?, Ying Yao® and
Hui Wang®®

Objective This study aimed to investigate the effect of oleracein E (OE) in improving 2,4,6-trinitrobenzene sulfonic acid \
(TNBS)-induced ulcerative colitis (UC).

Methods Lipopolysaccharide (LPS) was used to induce a UC cell model, and TNBS was used to induce a UC rat model.
ELISA was performed to assess the levels of inflammatory factors (IL-1f, TNF-a, and IL-6). Moreover, the activities of catalase
(CAT), myeloperoxidase (MPO), and malonaldehyde (MDA) were detected by kits. Western blotting was performed to assess
related proteins of the Nrf2/HO-1 signaling pathway, tight junction protein (ZO-1, Occludin, and claudin-2) expression levels,
and apoptosis-related proteins (Bcl2, Bax, and cleaved caspase 3). Flow cytometry was used to analyze ROS levels. The
morphology of colon tissues and the apoptosis of cells were detected by HE and TUNEL staining, respectively.

Results OE significantly increased the activity of CAT and decreased the activity of MPO in LPS-induced Caco-2 cells and
TNBS-induced UC rats. However, the levels of IL-1p, IL-6, and TNF-a were markedly reduced both in vivo and in vitro. In
addition, OE significantly increased the levels of Nrf2/HO-1 signaling pathway-related proteins and tight junction proteins and
inhibited cell apoptosis. HE staining showed that OE significantly decreased the severity of acute TNBS-induced colitis in rats.
Conclusion OE may exert a regulatory effect on ameliorating intestinal barrier injury and reducing inflammation and oxidative

stress levels by activating the Nrf2/HO-1 pathway. Eur J Gastroenterol Hepatol 35: 854-864
Copyright © 2023 The Author(s). Published by Wolters Kluwer Health, Inc.

Introduction

Ulcerative colitis (UC) is a chronic idiopathic inflamma-
tory bowel disease (IBD) confined to the colon. The annual
incidence rate of UC is approximately 10-20 per 100 000
people. The symptoms of most patients with UC can be
relieved, while a few have no response to first-line or sec-
ond-line clinical drug treatment. Quite a few of these patients
have experienced adverse reactions to the current treatment
[1,2]. Therefore, new treatments for UC are constantly being
sought. As a medicinal and edible herb that is widely used in
traditional medicine, Portulaca oleracea L. has been shown
to possess many properties, such as antibacterial, anti-inflam-
matory, hemostatic, antioxidant, antiaging, neuroprotective,
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hypoglycemic, and lipid-lowering functions [3]. As shown in
previous reports, Portulaca oleracea L. exerts a protective
effect on IBD, and its mechanism may be related to reducing
inflammatory reactions and oxidative stress and promoting
the repair of the intestinal mucosa [4-6]. However, the active
ingredients and mechanism of Portulaca in the treatment of
IBD remain unclear.

IBD is characterized by high-level inflammation and a
loss of intestinal barrier integrity, and impaired intestinal
epithelial barrier function is an important local patholog-
ical feature of UC [7,8]. Because the intestinal inflamma-
tory process is often accompanied by an increase in the
level of oxidative stress and oxidative stress further dam-
ages the epithelial barrier, oxidative stress plays an impor-
tant role in the functional damage to the epithelial barrier
in individuals with UC [9].

Oleracein E (OE) is a phenolic alkaloid first isolated
from the alcohol extract of Portulaca oleracea .. and was
identified as a tetrahydroisoquinoline with strong antiox-
idant activity [10,11]. OE is considered a neuroprotec-
tive agent that protects against oxidative stress-induced
nerve injury [12,13]. In addition, OF has been reported to
improve cardiac function by downregulating the expres-
sion of proteins in the MAPK signaling pathway in an
experimental acute myocardial infarction model [14].
However, the role of OE in UC and other IBD s remains
unclear. Nuclear Factor E2-related Factor 2 (Nrf2) is
a cytoprotective factor that regulates the expression of
antioxidant, anti-inflammatory, and detoxification genes.
After activation, Nrf2 translocates to the nucleus and
activates downstream pathways, thus inhibiting oxidative
stress [15,16]. As one of the most important endogenous
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protective systems, the Nrf2/HO-1 signaling pathway is
the most classic pathway of Nrf2 and functions as an anti-
oxidant pathway [17,18]. Researchers have not clearly
determined whether OE improves intestinal epithelial bar-
rier function and alleviates UC by reducing inflammation
and inhibiting oxidative stress through the activation of
the Nrf2/HO-1 pathway.

In the present study, we aimed to verify whether OE
exerts a protective effect on the intestinal barrier in a
UC model. Thus, the effect of OF on an experimental
UC model induced by 2,4,6-trinitrobenzene sulfonic acid
(TNBS) and lipopolysaccharide (LPS)-induced Caco-2 cell
injury was detected.

Materials and methods
Ethics statement

The study was approved and supervised by the Department
of Scientific Research, Kunming Yan’an Hospital. All proto-
cols were conducted in accordance with the ethical guidelines
of the 1975 Declaration of Helsinki. The animal experiments
described in this study were performed in compliance with
the Laboratory Animal Management of National Animal
Science and Technology Commission’s Regulations.

Animals and establishment of the UC model

SPF male SD rats (180-200g) were purchased from Nanjing
Junke Biological Engineering Co., Ltd. After 7 days of adap-
tive feeding in a room temperature (25 °C) environment with
constant humidity (50% = 5%), rats were randomly divided
into 5 groups (n = 35): control, model, low-dose (5 mg/kg of
OE), medium-dose (10 mg/kg of OE), and high-dose (20 mg/
kg of OE) groups. The UC rat model was established using
the method described below. Rats were fasted for 24 h before
modeling but were allowed free access to drinking water.
After mild anesthesia was induced with ether, 20 mg of
TNBS (100 mg/kg, St. Louis, Missouri, USA) was dissolved
in 0.8 ml of 50% ethanol, and the mixed solution was slowly
injected into 7-8 cm of the proximal end of the descending
colon, and the rats were maintained in the vertical position
for 60s. The rats in the blank group were injected with the
same amount of physiological saline using the same method.
After 24 h, 70% or more of the rats had diarrhea, blood in
their stool, and perianal filth, which indicated that the model
was successful. On the second day of modeling, the groups
were intragastrically administered the indicated treatments;
the OE groups were administered the corresponding dose of
OE solution for 5 days, whereas the blank group and the
model group were administered the corresponding volume
of tap water. Rats were humanely killed on day 7 under deep
anesthesia. Finally, the colon was removed for subsequent
experiments.
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Schematic diagram of modeling and treatment.
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Disease activity index score monitoring

The disease activity status and weight of the rats were
observed each day, the stool characteristics and blood in
the stool were observed, and whether there was occult
blood in the stool was detected with an occult blood kit.
According to the reference [19], the disease activity index
(DAI) score is 0 to 4 points from light to heavy according
to the changes in the characteristics of mice (body weight
change rate, stool characteristics, and presence or absence
of blood in stool). DAI = (body weight change rate + stool
characteristics + whether or not blood in stool)/3.

Cell culture

Caco-2 cells were obtained from the American Type
Culture Collection (Manassas, Virginia, USA). Cell lines
were maintained at 37 °C and 5% CO, in DMEM (Gibco,
Logan, Utah, USA) containing 10% FBS and 1% penicil-
lin/streptomycin. Caco-2 cells were then induced by LPS
(1 pg/ml) to construct a UC model [20].

Determination of myeloperoxidase, catalase, and
malonaldehyde

After the rats were anesthetized with ether, they were
humanely killed, and all colon tissue was quickly col-
lected. The tissue was homogenized by adding 10% of the
tissue homogenate in the homogenization medium at 4
°C in sterile physiological saline and thoroughly grinding
the tissue in an ice bath. Centrifugation was performed
at 3500 rpm for 10 min at 4 °C, and the supernatant was
collected. The levels of myeloperoxidase (MPO), catalase
(CAT), and malonaldehyde (MDA) in the colon tissue
homogenate were measured, and all operations were per-
formed according to the instructions provided with the
kits (Beyotime, China).

Hematoxylin and eosin staining

The sigmoid colon tissues of the rats were harvested and
fixed with 4% paraformaldehyde for 24h, and paraffin
sections (4 pm thickness) were prepared. After dewaxing
with xylene and rehydration in a graded series of etha-
nol solutions, the sections were stained with hematoxy-
lin for 5min, differentiated in hydrochloric acid/ethanol
for 30s and eosin for 2min. After dehydration, clearing,
and mounting procedures, sections were photographed
under a microscope. According to the reference [19], the
histopathological score was evaluated from 0 to 4 points
according to the degree of colonic tissue lesion (inflamma-
tion, lesion depth, crypt destruction and lesion range), and
the final histopathological score was the sum of 4 items.

TUNEL staining

Paraffin sections of rat sigmoid colon tissues were depa-
raffinized in xylene for S min and then washed with etha-
nol (100, 95, 90, 80, and 70%) for 3 min at each step using
the descending gradient method, followed by 2 washes
with PBS. Colon tissues were treated with protease K for
30min, washed twice with PBS, immersed in blocking
solution, and incubated for 10min (room temperature)
before two rinses with PBS. The sections were incubated
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with a mixture of 2 pl of TdT and 48 pl of dUTP solu-
tion (Beyotime, China) in a humidified chamber (1 h, room
temperature). Following PBS washes (three times), the sec-
ondary antibody and DAB chromogenic agent were used
for photography under a microscope.

Flow cytometry

The degree of apoptosis was assessed by flow cytometry
using an Annexin V-FITC/PI Apoptosis Detection Kit (BD
Biosciences, Newark, New Jersey, USA) and analyzed with
Flow]o software.

ELISA

The levels of the inflammatory cytokines TNF-a (Abcam,
Cambridge, UK), IL-6 (Abcam), and IL-1§ (Abcam) in
the colon were measured using corresponding ELISA kits
according to the manufacturer’s instructions. Absorbance
was determined with a microplate spectrophotometer
(BioTeke, Beijing, China).

Western blotting

Protein extraction kits were used to extract colon pro-
teins. Briefly, colon tissues were homogenized in precooled
saline and centrifuged (10 000g, 4 °C) for 30 min. The
extracted proteins were quantified with a Bestbio BCA
Assay Kit (Shanghai, China), electrophoretically separated
on SDS-PAGE gels and transferred to polyvinyl difluoride
membranes (Millipore, Billerica, Massachusetts, USA).
After blocking with 5% BSA and washing three times, the
membranes were incubated with primary or secondary
antibodies according to the experimental protocol. The
band intensities were calculated using Image] software.
Working dilutions of the antibodies were prepared as fol-
lows: claudin-2 (Abcam, 1:3000), ZO-1 (Abcam, 1:3000),
occludin (Abcam, 1:3000), Bax (Abcam, 1:15000), Bcl2
(Abcam, 1:3000), Nrf2 (Abcam, 1:1500), and HO-1
(Abcam, 1:3000). Lamin B and p-actin antibodies were
used to normalize the samples for equal loading.

Reactive oxygen species assay

Reactive oxygen species (ROS) were measured using a
reactive oxygen species analysis kit (Beyotime). Cells were
suspended in medium containing 10 pmol/L. DCFH-DA
and incubated at 37 °C for 30 min. ROS levels were then
measured by flow cytometry (CytoFlex; Beckman Coulter,
Bria, California, USA).

Statistical analysis

All data are presented as the means = SEM. Differences
between two or multiple groups were evaluated using a
two-tailed Student’s ¢-test or one-way analysis of variance.
Statistical analyses were performed using GraphPad Prism
7.0 software (GraphPad Software, Inc., California, USA).
P <0.05 indicated a statistically significant difference.

Results

OE improves TNBS-induced UC in rats

Histological features were assessed using hematoxylin and
eosin (HE) staining to investigate the effect of OF on TNBS-
induced UC in rats, as shown in Fig. 1. Compared with the
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control group, the DAI score in the model group was signif-
icantly higher, and the DAI score was significantly reduced
by OE administration (Fig. 1a). The colonic structures in
the UC group exhibited marked necrosis with epithelial
damage, detachment or exfoliation, submucosal infiltra-
tion of inflammatory cells, and crypt hyperplasia compared
to those in the control group. In contrast, the administra-
tion of OE (5 mg/kg/d, 10 mg/kg/d, or 20 mg/kg/d) signifi-
cantly attenuated the structural collapse and infiltration of
inflammatory cells in the colon (Fig. 1b). TUNEL staining
revealed decreased apoptosis after OE treatment (Fig. 1c¢).
The levels of these proinflammatory cytokines were sig-
nificantly increased in the colon of the UC group; treat-
ment with OE dose-dependently reversed the production
of proinflammatory cytokines in the UC group. Notably,
20 mg/kg/d OE exerted a therapeutic effect and induced
levels of these cytokines that were comparable to those in
normal colon tissue (Fig. 1d). OE treatment significantly
increased the activity of the antioxidant CAT, decreased
MPO activity, and reduced ROS production, and 20 mg/
kg/d OF exerted a greater effect (Fig. 1e—f). The expression
of Bcl2 was significantly reduced in the UC group compared
with the control group, while the levels of the Bax and
cleaved caspase 3 proteins were significantly increased. The
expression of the Bcl2 protein was significantly increased,
while the levels of the Bax and cleaved caspase 3 proteins
were significantly decreased after OF treatment (Fig. 1g).
Intestinal mucosal healing is associated with tight junction
proteins and apoptosis of cells. Compared with the control
group, the expression of the tight junction proteins ZO-1,
Occludin, and Claudin-2 was significantly decreased in the
UC group. The expression of the tight junction proteins
Z0-1, Occludin, and Claudin-2 was significantly increased
after OFE treatment (Fig. 1h). In addition, compared with
UC group, the expression of Nrf2 and HO-1 was signif-
icantly increased in the NC group, and the expression of
these proteins was increased by OE treatment. Based on
these observations, the amelioration of TNBS-induced UC
in rats by OE may be related to Nrf2/HO-1 (Fig. 1i).

OE blocked the apoptosis of LPS-induced Caco-2 cells

An LPS-induced Caco-2 cell model was used to investi-
gate the molecular mechanism of OE treatment in IBD.
The apoptosis rate of LPS-treated Caco-2 cells was sig-
nificantly increased compared with that of the control
group, while the apoptosis rate of LPS-treated Caco-2
cells was reduced by OE treatment (Fig. 2a). The Western
blots showed that the levels of Bax and cleaved caspase 3
were increased in the LPS group, while the expression of
Bcl2 was significantly decreased compared with the con-
trol group. The levels of Bax and cleaved caspase 3 were
decreased in the OE-treated group compared with the
LPS group, while the expression of Bcl2 was significantly
increased (Fig. 2b). These results suggest that OE inhibits
apoptosis of LPS-induced Caco-2 cells.

OE reduced cytokine levels and ameliorated colonic
mucosal damage in LPS-induced Caco-2 cells

We measured the levels of proinflammatory factors using
ELISA to investigate the effect of OFE on inflammation
in Caco-2 cells and intestinal epithelial barrier function
at the cellular level. The levels of the proinflammatory
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Fig. 1. Effect of OE on TNBS-induced increases in tissue levels of inflammatory factors, intestinal epithelial cell apoptosis, and oxidative stress levels in

UC rats. (a) Disease activity index (DAI) scores. (b) HE staining and histological score for the degree of damage in the rat colon (scale bar = 100 pm). (c)
TUNEL for histomorphological changes in rats with UC (scale bar = 100 pm). (d) ELISA for IL-6, IL-1f, and TNF-a.. (e) The contents of MPO and CAT were
determined by kits. (f) Flow cytometry analysis of ROS levels. (g) Western blots showing the levels of Bax, Bcl2, and cleaved caspase 3. (h) Western blots
showing the levels of the tight junction proteins ZO-1, Occludin, and Claudin-2. (i) Western blots showing the levels of Nrf2 and HO-1. Compared with the
NC group, ###P < 0.001; Compared with the UC group, *P < 0.05, **P < 0.01, ***P < 0.001.
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Fig. 2. Effect of OE on LPS-induced Caco-2 cell apoptosis. (a) Flow cytometry for cell apoptosis. (B—-E) Western blot for the levels of apoptotic proteins
Bax, Bcl2, and cleaved caspase 3. Compared with the NC group, ##P < 0.01, ###P < 0.001; compared with the LPS group, ***P < 0.001.

factors IL-1p, IL-6, and TNF-a were significantly reduced
in the OE-treated group compared with the LPS group
(Fig. 3a). This finding indicates that OE inhibits inflam-
mation in Caco-2 cells and tends to alleviate UC. Next,
the expression levels of tight junction proteins were
detected by using Western blotting, and significantly
higher levels of the claudin-2, ZO-1, and occludin pro-
teins were detected in the OF group than the LPS group
(Fig. 3b). Based on this finding, OE promotes intestinal
mucosal healing. Taken together, OE repairs damage
in individuals with UC by inhibiting intestinal mucosal
inflammation and promoting the healing of the damaged
intestinal mucosal barrier.

OE inhibits oxidative stress in LPS-induced Caco-2 cells
by activating the Nrf2/HO-1 pathway

We verified the effect of OF on LPS-induced oxidative
stress in Caco-2 cells. As shown in Fig. 4, ROS levels were

detected using flow cytometry, and the results showed that
OE treatment decreased ROS levels in LPS-treated Caco-2
cells. Thus, OFE inhibited oxidative stress in a UC model
(Fig. 4a). The expression levels of Nrf2 and HO-1 were
detected using western blotting, and the results showed
significantly decreased expression of Nrf2 and HO-1 in
the LPS group compared with the NC group, and Nrf2
and HO-1 expression were increased by OE treatment
(Fig. 4b). This finding indicates that OE may inhibit LPS-
induced oxidative stress by activating the Nrf2/HO-1
pathway.

OE inhibits apoptosis and alleviates TNBS-induced
tissue damage in rats via the Nrf2/HO-1 pathway

As described above, OE inhibited the inflammatory
response, oxidative stress, and intestinal epithelial bar-
rier damage in LPS-induced Caco-2 cells and TNBS-
induced UC mouse models. We focused on the Nrf2/
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HO-1 signaling pathway to further elucidate the under-
lying mechanisms. Therefore, we used ML385 (Nrf2
inhibitor) in subsequent experiments. Compared with
the control group, the DAI score of the UC group was
significantly higher. OE treatment reduced the DAI
score, and the addition of ML385 reversed the effect
of OE (Fig. 5a). UC colonic tissue damage was signifi-
cantly alleviated by OE treatment, and the therapeutic
effect of OE was inhibited when ML385 was adminis-
tered (Fig. 5b). The TUNEL assay results confirmed OE
inhibited inflammation-induced cell apoptosis, ML385
reversed above result (Fig. 5c). Subsequently, we exam-
ined the expression of apoptosis-related proteins. The
results showed a significant increase in the levels of
cleaved caspase 3 and Bax and a significant decrease in
the level of Bcl2 in the UC group. Cleaved caspase 3 and
Bax levels were significantly decreased after OE treat-
ment, while Bcl2 expression was significantly increased.
The addition of ML385 to OE treatment reversed the
inhibitory effect of OE on apoptotic cells (Fig. 5d).
Thus, OE alleviates tissue damage by activating the
Nrf2/HO-1 signaling pathway, effectively inhibiting
colon cell apoptosis.

OE inhibits inflammation and promotes the repair of
TNBS-induced intestinal epithelial damage in rats via
the Nrf2/HO-1 signaling pathway

Epithelial barrier damage is one of the hallmarks of
colonic inflammation in individuals with UC. We ver-
ified the effect of the Nrf2/HO-1 signaling pathway
on the colonic epithelial barrier in UC by measuring
the levels of the inflammatory factors IL-1p, IL-6, and
TNEF-a by ELISA. The levels of the inflammatory factors
IL-1B, IL-6, and TNF-a were significantly higher in the
UC group than in the control group, while significantly
lower levels of these inflammatory factors were detected
after OE treatment. However, the inhibitory effect of
OE on these inflammatory factors was significantly
reversed after the administration of ML385 (Fig. 6a).
Subsequently, we assessed the effect of OF on epithelial
barrier damage in animals with UC by performing immu-
nohistochemical staining to detect tight junction pro-
tein expression, and OE exerted a significant reparative
effect on colonic epithelial damage. However, when the
ML385 inhibitor was administered with OE, it inhibited
the reparative effect of OE on colonic epithelial damage
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(Fig. 6b and ¢). Based on this finding, OE inhibits inflam-
matory protein expression and promotes the repair of
UC intestinal epithelial injury through the Nrf2/HO-1
signaling pathway.

OE inhibits TNBS-induced oxidative stress in rats via the
Nrf2/HO-1 signaling pathway

According to the experiments described above, OE inhib-
its inflammation and promotes intestinal epithelial tissue
repair via the Nrf2/HO-1 signaling pathway. Therefore,
we further evaluated and confirmed the role of the Nrf2/
HO-1 signaling pathway in oxidative stress in a model of
UC. As shown in Fig. 7, CAT and MPO levels were meas-
ured using kits. CAT levels were significantly increased
and MPO and MDA levels were significantly decreased in
the OE group compared with the UC group, and the effect
of OE on CAT, MPO, and MDA levels was reversed after
treatment with ML385 (Fig. 7a—c). Western blot results
showed significantly increased levels of Nrf2 and HO-1 in
the OE-treated group compared with the UC group, and
their levels were significantly reduced after the adminis-
tration of ML385 (Fig. 7d). In summary, OF ameliorated
UC by inhibiting oxidative stress through the Nrf2/HO-1
pathway.

Discussion

UC is a persistently worsening inflammatory disease of
the intestine that is harmful to an individual’s mental and

physical health and may increase the risk of colon can-
cer [21]. Current medications used to improve the clinical
symptoms and inflammation associated with UC include
immunosuppressants, aminosalicylates, corticosteroids,
and other biological agents. However, these drugs may
also produce side effects. Therefore, research seeking to
develop safer, effective, and targeted UC therapies is immi-
nent. Amaranthus extract has been shown to treat dextran
sulfate sodium-induced UC. Therefore, in this study, we
aimed to explore the molecular mechanism by which OE
exerts its protective effect on UC. OE inhibited inflam-
mation and oxidative stress in LPS-stimulated Caco-2
cells and rats TNBS-induced colitis models to promote
the repair of intestinal epithelial damage with an optimal
effect at 20 mg/kg/d. Second, OE exerted its effects by acti-
vating the Nrf2/HO-1 signaling pathway.

Inflammatory responses regulated by multiple proin-
flammatory factors play a key role in the progression of
UC. In-vivo and in-vitro experiments showed that the lev-
els of inflammatory factors (IL-1p, IL-18, IL-6, TNF-a.) in
individuals with UC correlate with the severity of inflam-
mation [22].1L-1p, a cytokine produced by activated mac-
rophages, is an important mediator of the inflammatory
response, and increased IL-1p production causes an auto-
immune process that damages colonic tissue [23]. IL-6 is a
proinflammatory factor that causes colonic damage, lead-
ing to inflammation. TNF-a is a multifunctional cytokine
that induces apoptosis, proliferation, differentiation, and
inflammation [24]. In our TNBS-induced UC animal
model and LPS-treated Caco-2 cells, IL-6, TNF-a, and
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Fig. 5. The effect of OE on TNBS-induced apoptotic protein expression and histomorphology in rats by the Nrf2/HO-1 signaling pathway. (a) Disease activ-
ity index (DAI) scores. (b) HE staining and histological score for the extent of damage in the rat colon (scale bar = 100 pm). (c) HE and TUNEL staining for
histomorphological changes in rats with UC (scale bar = 100 um). (d) Western blots for the expression of apoptosis-related proteins Bax, Bcl2, and cleaved
caspase 3. Compared with the control group, ###P < 0.001; compared with the UC group, ***P < 0.001; compared with the OE group, @@P < 0.01,
@@@P < 0.001.
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Fig. 6. The effect of OE on TNBS-induced inflammation and epithelial barrier damage in rats by the Nrf2/HO-1 signaling pathway. (a) ELISA for the levels
of IL-6, IL-1p, and TNF-a. (b) Immunohistochemical staining for changes in colon morphology (scale bar = 100 um). (c) Mean optical density values of
immunohistochemical staining. Compared with the control group, ###P < 0.001; Compared with the UC group, ***P < 0.001; compared with the OE group,
@@@P < 0.001.

IL-1p levels were significantly increased, further confirm-  of OE significantly inhibited the expression of proinflam-
ing the key roles of these proinflammatory cytokines in the =~ matory factors, suggesting that OE alleviates UC by sup-
pathogenesis of intestinal inflammation. Administration  pressing inflammatory factor expression.
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Fig. 7. The effect of OE on TNBS-induced oxidative stress in rats by the Nrf2/HO-1 signaling pathway. (a, b and c) Kits for detecting CAT, MPO, and
MDA levels. (d) Western blots for Nrf2 and HO-1 expression. Compared with the control group, ###P < 0.001; compared with the UC group, **P < 0.01,

***P < 0.001; compared with the OE group, @@P < 0.01, @@@P < 0.001.

Based on accumulating evidence, oxidative stress is
involved in various types of tissue damage associated with
UC. ROS, MPO, and CAT are markers of oxidative stress.
Oxidative stress occurs when ROS accumulate, and the
balance of the intracellular oxidant-antioxidant system is
disrupted when ROS production exceeds the scavenging
capacity of the antioxidant system [25]. MPO is a cyto-
toxic enzyme in neutrophils that is associated with tissue
damage in many inflammatory processes [26]. CAT is
an antioxidant enzyme responsible for the conversion of
hydrogen peroxide into oxygen and water, and reduced
CAT activity increases oxidative stress. The results of our
current study confirm that OE treatment significantly
reduces MPO activity and increases the production of the
antioxidant enzyme CAT compared to UC tissues while
removing ROS. Thus, OE alleviates UC by inhibiting oxi-
dative stress. In addition, oxidative stress induces apop-
tosis through several pathways [27], and we examined
apoptosis in TNBS-induced UC mouse tissues and LPS-
treated Caco-2 cells using western blotting, flow cytome-
try, and TUNEL assays. OE effectively inhibited apoptosis
in UC colon tissues and LPS-stimulated Caco-2 cells. This
finding was presented in a study by El Sayed et al. [28].
showed that ‘protection against TNBS-induced colitis in
rats can be achieved through the regulation of oxidative
stress and apoptosis-related proteins’.

Impaired intestinal mucosal barrier function is an
important feature to assess the extent of UC, and barrier

function depends on the integrity of the mucosal layer,
which is determined by the expression and assembly of
tight junction proteins. The tight junction complex consists
of transmembrane proteins (e.g. occludin and the claudin
family) and linker proteins (e.g. ZO-1 and claudin-2)
[29]. In general, increased levels of ZO-1 and Occludin
and decreased levels of Claudin-2 promote the repair
of intestinal epithelial barrier damage. As shown in our
results, OE increased the expression of the tight junction
proteins ZO-1, Claudin-2 and Occludin in UC tissues and
Caco-2 cells. OE affects intestinal epithelial barrier dam-
age repair by regulating the expression of tight junction
proteins.

Nrf2 is a redox-sensitive transcription factor that plays
a key role in oxidative stress. Nrf2 is located in the cyto-
plasm under normal conditions. Upon the exposure of
cells to oxidative stress, it translocates to the nucleus to
induce the expression of antioxidant molecules. HO-1 is a
recognized antioxidant gene located downstream of Nrf2
[30]. Dong et al. [31]. showed that activation of the Nrf2/
HO-1 signaling pathway protects cells from HO-induced
oxidative stress. Our study explored whether OE plays a
role in UC through the Nrf2/HO-1 signaling pathway. OE
directly inhibited the expression of proinflammatory fac-
tors, alleviated oxidative stress, and promoted intestinal
epithelial barrier repair in a TNBS-induced UC rats model
and LPS-stimulated Caco-2 cells through activation of the
Nrf2/HO-1 signaling pathway.
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Conclusions

OE may improve intestinal barrier damage and reduce
inflammation and oxidative stress levels by activating the
Nrf2/HO-1 pathway, thereby alleviating UC. Our study
may provide a potential molecular basis for future UC
treatment.
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