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Remote ischemic post-conditioning alleviates
ischemia/reperfusion-induced intestinal injury via the ERK
signaling pathway-mediated RAGE/HMGB axis
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Abstract. Intestinal ischemia reperfusion (I/R) injury is a
tissue and organ injury that frequently occurs during surgery
and significantly contributes to the pathological processes of
severe infection, injury, shock, cardiopulmonary insufficiency
and other diseases. However, the mechanism of intestinal I/R
injury remains to be elucidated. A mouse model of intestinal
I/R injury was successfully established and the model
mice were treated with remote ischemic post-conditioning
(RIPOC) and/or an ERK inhibitor (CC-90003), respectively.
Histopathological changes of the intestinal mucosa were
determined by hematoxylin and eosin staining. In addition, the
levels of high-mobility group box 1 (HMGBI1) and receptor
for advanced glycation end products (RAGE) expression were
confirmed by reverse transcription-quantitative polymerase
chain reaction, western blotting and immunohistochemistry
assays. The levels of antioxidants, oxidative stress markers
(8-OHAG) and interleukin 1 family members were evaluated
by ELISA assays and the levels of NF-kB pathway proteins
were analyzed by western blotting. The data demonstrated
that RIPOC could attenuate the histopathological features of
intestinal mucosa in the intestinal I/R-injury mouse models
via the ERK pathway. It was also revealed that HMGBI and
RAGE expression in the mouse models could be markedly
reduced by RIPOC (P<0.05) and that these reductions were
associated with inhibition of the ERK pathway. Furthermore,
it was demonstrated that RIPOC produced significant
antioxidant and anti-inflammatory effects following an
intestinal I/R injury and that these effects were mediated
via the ERK pathway (P<0.05). In addition, RIPOC was
demonstrated to suppress the NF-xB (p65)/NLR family pyrin
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domain containing 3 (NLRP3) inflammatory pathways in the
intestinal I/R injury mouse models via the ERK pathway. The
findings of the present study demonstrated that RIPOC helped
to protect mice with an intestinal I/R injury by downregulating
the ERK pathway.

Introduction

Intestinal ischemia reperfusion (I/R) injury is one of the
commonest tissue and organ injuries that occur during
surgeries, such as abdominal aortic aneurysm surgery, cardio-
pulmonary bypass surgery and intestinal transplantation
surgery (1). Intestinal I/R injury can cause pathophysiological
changes of the intestinal mucosa (2) and not only causes the
destruction of intestinal tissue, but also results in secondary
damage to distant organs and tissues, thus inducing multi-organ
dysfunction syndrome and systemic inflammatory response
syndrome (3). As a result of these changes, the small intes-
tine is often called ‘the origin of multiple organ failure after
trauma’ (4,5). Previous studies have revealed the pathological
mechanisms of intestinal I/R injury, which include microvas-
cular damage to ischemic organs, the release of inflammatory
cytokines, ATP depletion, oxygen free radical injury, leuko-
cyte adhesion, calcium overload and apoptosis (2,6). I/R injury
evokes reactive oxygen species (ROS) production and results
in DNA damage, cell apoptosis and tubule destruction (7). In
previous studies, cell and animal experiments have investi-
gated the pathogenesis of intestinal I/R injuries (8,9). However,
due to their complicated mechanisms, the underlying patho-
logical factors involved in intestinal I/R injuries remain to be
elucidated. Therefore, additional studies on the mechanism of
intestinal I/R injuries can provide a theoretical basis for their
clinical treatment.

Remote ischemic pre-conditioning (RIPOC) is a new
type of organ protection method that allows the short-term
ischemia and reperfusion of one organ to protect another
distal organ (10,11). The first study of RIPOC found that
preconditioning of the anterior descending artery of a dog
heart with 4 cycles of 5 min ischemia followed by 5 min of
reperfusion helped to protect against distant myocardial
I/R injury (12). A subsequent study demonstrated that I/R
preconditioning of tissues and organs in the farther regions
could also help to protect organs (13). Those studies notably
enhanced the operability of RIPOC and the possibility of its
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clinical use. However, due to the unpredictability of clinical
ischemic events, such as anesthesia methods, anesthetic drugs,
complications and individual differences, the current clinical
applications of RIPOC remain limited (14,15). RIPOC can
be implemented following the occurrence of ischemic events
with good controllability and its use and applications are being
extensively studied (16,17). However, the mechanism by which
RIPOC protects against intestinal I/R injury has not yet been
fully elucidated.

High-mobility group box 1 (HMGBI1) is a highly
conserved DNA-binding protein that is passively released by
dead cells or actively secreted into the extracellular environ-
ment by inflammatory cells under conditions of cellular stress
to regulate innate and adaptive immunity (18). The known
HMGBI receptors include receptor for advanced glycation end
products (RAGE), Toll-like receptor (TLR) 2 and TLR4 (19).
Studies have verified that RAGE is the earliest identified
HMGBI receptor that belongs to the immunoglobulin
superfamily (20,21). The binding of RAGE to its ligands can
result in the activation of multiple protein kinases including
MAPKSs, RaC/cell division control protein 42 homolog and
Janus kinase/STATs and thereby activate the NF-«xB signaling
pathway (22). In addition, the biological function of HMGBI1
also depends on the involvement of RAGE (20). However, it is
unclear whether the RAGE/HMGB pathway is involved in the
protective effect of RIPOC against intestinal I/R injury.

The present study established a mouse model of intestinal
I/R injury and observed the influence of RIPOC on histo-
pathological features, antioxidant capacity and inflammation
in the injured mice. In addition, the regulatory effects of
RIPOC on the RAGE/HMGB pathway in the intestinal I/R
injury mouse models was also confirmed. The results of the
present study suggested RIPOC as an approach for protecting
tissues against I/R injury by attenuating oxidative stress and
preventing inflammation.

Materials and methods

Animals. A total of 40 male specific pathogen-free (SPF)
C57 BL/6 mice (8 weeks old; weight range, 20-30 g) were
acclimated for a week prior to being used for experiments.
The mice were housed in a room with a 12-h light/dark cycle,
40-60% humidity and a controlled temperature of 18-23°C;
food and water were available ad libitum. All animal experi-
ments were performed in compliance with ethical standards
of Shandong Provincial Hospital Affiliated to Shandong
University. The present study was approved by the Ethics
committee of Shandong Provincial Hospital affiliated to
Shandong University (approval no. 2019-330).

Establishment of an intestinal I/R injury model. Mice were
anesthetized by intraperitoneal injection of 60 mg/kg pento-
barbital sodium before surgery to avoid pain. Next, the superior
mesenteric artery (SMA) was exposed and the root of the
superior mesenteric artery was blocked using a non-traumatic
vascular clip, resulting in complete intestinal ischemia for 1 h,
followed by reperfusion of the clip for 1 h. Heart rate, blood
pressure and body temperature were monitored during experi-
ments to evaluated the stress response. Mice in the sham group
were also anesthetized, however, the SMA was isolated but

not blocked. All the mice were euthanized with pentobarbital
sodium (i.p., 60 mg/kg) and then decapitated when they reached
a humane end of life (gentle heartbeat, even breathing, stable
body temperature). Mice which did not breath for over 3 min
and without heartbeat were identified as having succumbed.
Samples of colorectal tissue were collected and fixed in 4%
paraformaldehyde for further examination by hematoxylin
and eosin (H&E) staining and immunohistochemistry. Other
tissue samples were quick-frozen in liquid nitrogen and stored
at -80°C. Serum samples were collected and stored at -80°C.
No animal succumbed during the experiment before sacrifice.
The whole experiments lasted for <1.5 h.

Animal groups. The mice were randomly assigned to four sepa-
rate groups: i) the Sham group (only laparotomy was performed
and the SM A was separated without clamping); ii) the I/R group
(treated as aforementioned; iii) I/R+RIPOC group (following
ischemia for 45 min, three cycles of 30 sec artery perfu-
sion/30 sec artery blocking were performed and the remaining
steps were the same as for the I/R group) and 10 mice per
group; and iv) the I/R+RIPOC+CC-90003 group. CC9003 was
purchased from MedChemExpress (cat. no. HY-112570).

H&E staining. The separated intestinal tubes were fixed with
4% paraformaldehyde (EMD Millipore) for 12 h at 4°C, dehy-
drated by gradient alcohol (70% alcohol for 1 h, 85% alcohol
for 1 h, 95% alcohol for 1 h, 100% alcohol for 30 min, 100%
alcohol for 1 h, 100% alcohol for 30 min). Then the samples
were embedded in paraffin and cut into 4-ym sections. After
being roasted at 38°C for 6 h, the sections were subjected to a
series of operations including dewaxing with xylene, hydration
with a gradient alcohol series, hematoxylin staining at room
temperature for 8 min, differentiation in 1% alcohol and hydro-
chloric acid for 3 sec, bluing in Scott blue buffer for 10 min,
and eosin for 10 sec. After rehydrating and clearing with a
gradient alcohol series, the sections were observed under a
light microscope (CKX41, Olympus Corporation) at x200 and
x400 magnification with 5 fields. The histological assessment
was performed according to Chiu's score (23). Briefly, it was
as follows: 0, normal; 1, development of Gruenhagen's space,
along with capillary congestion; 2, increase in epithelial space
with moderate lifting of epithelial layer; 3, markedly lifted
epithelial; 4, denuded villi with lamina propria and dilated
capillaries; 5, digestion and disintegration of lamina propria
and hemorrhage and ulceration.

Immunohistochemistry (IHC) assays. As described in previous
studies (24,25), the 4-um sections were dewaxed in xylene
and then rehydrated with a gradient alcohol series (100-70%);
following which, they were subjected to antigen retrieval
with 0.01 M citrate buffer (cat. no. AR0024; Wuhan Boster
Biological Technology, Ltd.) and incubation with 3% H,0, at
room temperature for 10 min. Next, the sections were blocked
with 10% bovine serum albumin (BSA; Sigma-Aldrich;
Merck KGaA; cat. no. A2153), incubated with primary anti-
bodies against HMGBI1 (1:100; cat. no. ab77302; Abcam)
and RAGE (1:100; cat. no. ab3611; Abcam) overnight at 4°C,
and then incubated with an HRP-labeled secondary antibody
(1:50, Abcam; cat. no. ab205719) at room temperature for 2 h.
Subsequently, the sections were hatched by exposure to 50 ul
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of peroxidase-labeled polymer (cat. no. K4003; Dako; Agilent
Technologies, Inc.) and 100 ul of substrate-chromogen (cat.
no. K3464; Dako; Agilent Technologies, Inc.) for 2 min. The
results were examined under a light microscope (Olympus
Corporation) at x200 magnification with 6 fields.

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total tissue RNAs were extracted from the sepa-
rated tissues, which were then homogenized on ice using
TRIzol® reagent (Thermo Fisher Scientific, Inc.). The RNA
concentration was detected with a GeneQuant 1300 spectro-
photometer (Cytiva) according to the manufacturer's protocols.
A 1-ul sample of total RNA was reverse-transcribed into
cDNA in a 20 ul system using an All-in-One First-Strand
cDNA Synthesis kit (GeneCopoeia, Inc.) based on the manu-
facturer's protocols. Then RT-qPCR was performed using a
SYBR-Green qPCR kit (cat. no. F-416L; Finnzymes; Thermo
Fisher Scientific, Inc.) on a CFX96 Real-time PCR Detection
System C1000 (Bio-Rad Laboratories, Inc.). The thermocy-
cling conditions were as follows: 95°C for 2 min; followed by
40 cycles of 95°C for 10 sec, 60°C for 34 sec and 72°C for
33 sec. The primers used for RT-qPCR were synthesized by
Takara Biotechnology Co., Ltd. and the gene expression was
quantitated by the 224% method (26) from 3 repeated experi-
ments. The primer sequences were as following: GAPDH
forward, 5'-CCTCGTCTCATAGACAAGATGGT-3" and
reverse, 5-GGGTAGAGTCATACTGGAACATG-3'; HMGBI1
forward, 5'-"TGTTCTGAGTACCGCCCAAA-3" and reverse,
5-CTTGGCGGCCTTCTTTTCAT-3"; and RAGE forward,
5'"TCACAGAAACCGGTGATGAAG-3' and reverse, 5-CTC
GAGTCTGGGTTGTCGTT-3"

Western blot analysis. The intestinal tube tissues in each group
were homogenized on ice and their total proteins were extracted
using RIPA lysate buffer (cat. no. AR0105; Wuhan Boster
Biological Technology, Ltd.). The total protein concentration
in each sample was determined using a BCA Protein Assay
kit (cat. no. 233225; Thermo Fisher Scientific, Inc.). A 20-ug
aliquot of total protein from each sample was separated by 10%
SDS-PAGE (cat. no. NP0322BOX; Thermo Fisher Scientific,
Inc.) and the protein bands were transferred onto PVDF
membranes (PerkinElmer, Inc.), which were subsequently
blocked with 5% powdered skimmed milk at room temperature
for 2 h. Following blocking, the membranes were incubated
with primary antibodies at 4°C overnight, and then incubated
with HRP-conjugated secondary antibodies (1:2,000; cat.
nos. ab205719 or ab6721; Abcam) at room temperature for 1 h.
Next, ECL reagent (Pierce; Thermo Fisher Scientific, Inc.) was
used to visualize the immunostained proteins and the relative
amounts of protein were determined using a ChemiDoc Imaging
System (Bio-Rad Laboratories, Inc.). The primary antibodies
used were: HMGBI (1:1,000; cat. no. ab77302), RAGE (1:1,000;
cat. no. ab3611), p-ERK1/2 (1:1,000; cat. no. ab214362), ERK1/2
(1:1,000; cat. no. ab17942), p-p65 (1:1,000; cat. no. ab86299), p65
(1:1,000; cat. no. ab32536), p-IKBa (1:1,000; cat. no. ab24783),
IKBa (1:1,000; cat. no. ab7217), NLRP3 (1:1,000; cat.
no. ab214185) and GAPDH (1:2,000; cat. no. ab9485; all from
Abcam). GAPDH was used as an internal reference. The gray
value in each group was determined using ImagelJ software
(version 1.51d; National institutes of Health).

Flow cytometric analysis for ROS. The level of ROS was
analyzed using blue fluorescent dye dihydroethidium (DHE,
Invitrogen; Thermo Fisher Scientific, Inc.) as described in a
previous study (23). The prepared samples were incubated
with 2.5 mmol/l DHE solution for 25 min at 37°C. Following
washing with PBS three times, the fluorescence intensity in
each group was determined by flow cytometry (Beckman
CytoFLEX; Beckman Coulter, Inc.).

ELISA assays. A total of 5 ml blood was collected from the
vein and heparin using anticoagulation. Following centrifu-
gation (3,000 x g for 10 min at 4°C), the blood serum was
collected and stored at -20°C until use. The concentrations of
IL-18 (cat. no. E-EL-MO0730c), IL-33 (cat. no. E-EL-M2642c),
malondialdehyde (MDA cat. no. E-EL-0060c) and thiore-
doxin (Trx; cat. no. E-EL-M1134c; all from Elabscience, Inc.),
superoxide dismutase (SOD; cat. no. CK-E20348; Yuanye
Bio-Technology, Co. Ltd.), glutathione peroxidase (GPx; cat.
no. 703102, Cayman Chemical Company) and 8-OHdG (cat.
no. E-EL-0028c; Elabscience, Inc.) in blood serum were
determined using the corresponding ELISA kits according to
instructions provided by the manufacturer. The experimental
data were obtained by measuring the absorbance at 450 nm
with a microplate reader (Thermo Fisher Scientific, Inc.).

Statistical analysis. All data were analyzed using SPSS
version 19.0 (IBM Corp.) and results are presented as the
mean value + standard deviation of data obtained from at least
3 independent experiments. One-way ANOVA with post hoc
Tukey's test was used to analyze the experimental data. P<0.05
was considered to indicate a statistically significant difference.

Results

RIPOC ameliorates the histopathological features of intes-
tinal mucosa in mice with intestinal I/R injury via the ERK
pathway. To investigate the effects of I/R, mice were used in
the present study, as described by Gubernatorova et al (27).
H&E staining was performed to determine whether RIPOC
could protect the intestinal tissue of mice following intestinal
I/R injury. As demonstrated in Fig. 1, the intestinal mucosa
in the sham group had a normal appearance, whereas in the
I/R group, the small intestine contained villi that exhibited
obvious edema. Furthermore, the mucosa and villi in the
I/R group were disorganized; most of the villous mucosa were
deciduous and the glands were damaged. Following treatment
with RIPOC, these histopathological features in the I/R group
demonstrated improvement. Furthermore, it was found that
CC-90003 treatment could further ameliorate the histopatho-
logical features (Fig. 1B).

RIPOC downregulates HMGBI and RAGE expression in the
intestinal I/R injury model mice via the ERK pathway. To
further explore the possible molecular mechanism by which
RIPOC protects against intestinal lesions induced by intestinal
I/R injury, the changes in expression of I/R injury-related
proteins were analyzed. As demonstrated in Fig. 2A, intestinal
I/R injury significantly increased the levels of HMGBI and
RAGE expression, whereas RIPOC reduced these increases. It
was also determined that CC-90003 could reduce the levels of
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Figure 1. RIPOC ameliorates the histopathological features of intestinal mucosa in mice with intestinal I/R injury via the ERK pathway. I/R injury mouse
models were treated with RIPOC and/or CC-90003 and histopathological changes in intestinal mucosa were evaluated by (A) hematoxylin and eosin staining
in the sham group and treated model group and (B) evaluated according to Chiu's score. “P<0.01 vs. Sham; “P<0.05 vs. I/R; $P<0.05 vs. the I/R+RIPOC group.

RIPOC, remote ischemic post-conditioning; I/R, ischemia reperfusion.

B & mm Sham =m I/R+RIPOC
A 8 o8 ) I/R+RIPOC+
15'I—Sham—l/R == /R+RIPOC £ 28 S5 MR 003

¢ |=1R+RIPOC+CC-90003 £ T T3 5 -
7 : 5§ £ & £§ 5 .
g101 e ° 1.0
5 HMGB1 s D weip s g #
g # & % 6 # $
g °] 2 e =R ooy s
2 s s
GAPDH b @D @ G §00
HMGB1 RAGE T HMGBI Age
1501 -
I/R+RIPOC+
CC-90003 >
5 1 SRS, 21001 .
= O $
N [
£ 50-
/ Q.
, o
" 0-
= o + ™
EE 8 08
7 .93
&
£ TO
£¢g°

Figure 2. RIPOC downregulates HMGB1 and RAGE expression in the intestinal I/R injury mouse models via the ERK pathway. RIPOC and/or CC-90003
were used to treat the I/R injury mouse models. The levels of HMGBI1 and RAGE were confirmed by (A) reverse transcription-quantitative polymerase chain
and (B) western blot analysis, respectively. (C) The effects of RIPOC and CC-90003 on HMGBI expression in the intestinal I/R mouse models were deter-
mined by immunohistochemistry. Magnification, x400; Scale bar, 20 ym. “P<0.01 vs. the sham group; P<0.05 vs. the I/R group; $P<0.05 vs. the I/R+RIPOC
group. RIPOC, remote ischemic post-conditioning; HMGBI, high-mobility group box 1; RAGE, receptor for advanced glycation end products; I/R, ischemia

reperfusion.

HMGBI and RAGE mediated by RIPOC in the intestinal I/R
injury mouse models even further (P<0.05, P<0.01; Fig. 2A).
In addition, western blot and IHC studies were performed to
verify the influence of RIPOC or CC-90003 on HMGBI and
RAGE expression in the intestinal I/R injury mouse models

and the results were similar to those obtained from the
RT-qPCR assays (Fig. 2B and C).

RIPOC decreases ROS, MDA and Trx levels and increases
SOD and GSH-Px levels in an intestinal I/R injury mouse
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Figure 3. RIPOC decreases ROS, MDA and Trx levels and increases SOD and GSH-Px levels in intestinal I/R injury mouse models via the ERK pathway.
(A) Following treatment of the I/R injury mouse models with RIPOC and/or CC-90003, the levels of ROS were identified using a flow cytometer equipped with
a dihydroethidium fluorescent probe. The concentrations of (B) MDA, (C) SOD, (D) Trx, (E) GSH-Px and (F) 8-OHdG in each group were examined using the
corresponding commercial ELISA kits. “P<0.01 vs. the sham group; “P<0.05 vs. the I/R group; *P<0.05 vs. the I/R+RIPOC group. RIPOC, remote ischemic
post-conditioning; ROS, reactive oxygen species; MDA, malondialdehyde; Trx, thioredoxin; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase;

I/R, ischemia reperfusion.

model via the ERK pathway. To confirm whether RIPOC
exerted an antioxidant affect in the intestinal I/R injury
mouse model, multiple oxidative stress indices were exam-
ined. A flow cytometric analysis revealed that the levels
of ROS in the intestinal I/R injury mouse models were
significantly higher compared with the sham mice and those
increased levels could be reduced by RIPOC; in addition,
the inhibitory effect of RIPOC on ROS production could be
further accentuated by CC-90003 (P<0.05, P<0.01; Fig. 3A).
In addition, MDA and Trx levels were higher and the SOD
and GSH-Px levels were lower in the I/R model group
compared with the sham group; and these changes could be
attenuated by RIPOC. Concurrently, it was also revealed that
CC-90003 could further accentuate the decreases in MDA
and Trx levels as well as the increases in SOD and GSH-Px
levels mediated by RIPOC in the intestinal I/R injury mouse
model (P<0.05, P<0.01; Fig. 3B-E). 8-OHdG, a marker of
oxidative stress, was enhanced in the intestinal I/R injury
mouse model (P<0.01), while it was significantly decreased
by RIPOC treatment compared with I/R mouse model
(P<0.05) and further blocked by ERK inhibitor, CC-90003
(P<0.05; Fig. 3F).

RIPOC reduces IL-103, IL-18 and IL-33 levels in mice with
intestinal I/R injury via the ERK pathway. The present study
next investigated the possible mechanism by which RIPOC
affects the levels of interleukin-1 family cytokines (IL-1f,
IL-18 and IL-33) in mice following intestinal I/R injury. As
demonstrated in Fig. 4A-C, the levels of IL-1p, IL-18 and
IL-33 in the I/R injury mice were significantly increased
and RIPOC treatment efficiently reversed those increases.

The data also demonstrated that CC-90003 could further
enhance the reversal effect of RIPOC on the upregulation
of IL-1p, IL-18 and IL-33 in mice following intestinal I/R
injury.

RIPOC attenuates p-ERK1/2, p-p65 and NLRP3 expression
and enhances p-IKBa expression in mice following intestinal
I/R injury via the ERK pathway. To further determine the
mechanism by which RIPOC protects against intestinal I/R
injury, the intestinal I/R injury mouse model were treated
with RIPOC and/or CC-90003. A western blotting analysis
demonstrated that compared with the sham group, the levels
of p-ERK1/2, p-p65, p-IKBa and NLRP3 were significantly
increased in intestinal I/R injury group, while RIPOC could
significantly attenuate the increases in p-ERK1/2, p-p65,
p-IKBa and NLRP3 expressions in intestinal I/R injury mice.
In addition, CC-90003 could further inhibit the increases in
p-ERK1/2, p-p65, p-IKBa and NLRP3 expressions mediated
by RIPOC following intestinal I/R injury (Fig. 4D).

Discussion

The small intestine is crucial for maintaining normal
physiological activities of the human body and is responsible
for the uptake, digestion and absorption of nutrients (28). The
small intestine is also the largest reservoir of bacteria and
endotoxins and a vital neuroendocrine and immune organ (29).
In pathological conditions, the small intestine performs
functions that influence all systems of the body (29). Previous
studies have demonstrated that intestinal I/R injury is a universal
pathophysiological process that occurs in patients suffering
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Figure 4. RIPOC reduces the levels of IL-1f3, IL-18, IL-33 and NLRP3 in mice with intestinal I/R injury via the ERK pathway. Intestinal I/R injury mouse
models were treated with RIPOC or/and CC-90003, respectively. The levels of (A) IL-1f, (B) IL-18 and (C) IL-33 were analyzed by ELISA. (D) Western
blot assays were performed to evaluate p-ERK1/2, ERK1/2, p-p65, p65, p-IKBa, IKBa and NLRP3 expression. The relative levels of p-ERK1/2 and p-IKBa
were defined as the ratio of phosphorylated protein to total protein. “P<0.01 vs. the sham group; “P<0.05 vs. the I/R group; *P<0.05 vs. the I/R+RIPOC group.
RIPOC, remote ischemic post-conditioning; NLRP3, NLR family pyrin domain containing 3; I/R, ischemia reperfusion; p-, phosphorylated.

from shock, severe trauma and undergoing resuscitation, all of
which cause a series of pathophysiological changes to occur in
intestinal tissues (30,31). Intestinal I/R injury can also cause
secondary damage to distant organs, in addition to intestinal
tissue damage (32). However, the relevant mechanisms and
treatment strategies of Intestinal I/R injury are still not entirely
clear. The present study established a mouse model of intestinal
I/R injury and verified that intestinal I/R injury could seriously
damage the structure of intestinal mucosa.

RIPOC, as a new non-pharmaceutical intervention, can alle-
viate long-term I/R-injured target organs via transient ischemic
preconditioning of limbs and other distant organs (33). Studies
have demonstrated that RIPOC has a significant protective effect
when used in treatment of ischemic stroke (34,35), myocardial
ischemia reperfusion injury (36,37), or acute ST-elevation
myocardial infarction (38). For example, RIPOC improves
the transplantation of mesenchymal stem cells in reperfused
myocardium (17). Furthermore, limb RIPOC was demon-
strated to relieve cerebral I/R injury via AMPK-dependent
autophagy (16), attenuate I/R injury in rat skin flaps by reducing
oxidative stress (39) and help to protect against cerebral I/R
injury in a rat model (40). The present study verified that RIPOC
could improve the histopathological features of intestinal
mucosa in mice following intestinal I/R injury.

Previous studies have verified that the intestinal mucosal
barrier damage caused by I/R injury is mainly attributable to

low perfusion pressure, oxygen-free radical injuries and the
action of cytokines (41,42). While free radicals are constantly
produced, there are also certain enzymes that decompose them
in an organism (43). The main endogenous antioxidant enzymes
include SOD, CAT and GSH-Px (44). Cytokines including
TNF-a, IL-6, IL-1p, IL-18 and IL-33 serve important roles in
I/R injuries and greatly contribute to the occurrence of diseases
caused by I/R injuries (45,46). I/R injury in the liver significantly
promotes ROS expression and the activation of NLRP3 inflam-
masomes. In contrast, a ROS antagonist such as NAC alleviates
hepatic injury by suppressing the activation of NLRP3 (47). The
present study detected relevant indicators and found that intes-
tinal I/R injury could markedly reduce the antioxidant capacity
of intestinal tissue and promote an inflammatory response, while
RIPOC could enhance the antioxidant capacity of intestinal
tissue and reduce an inflammatory response.

ERK, as one of the most characteristic members of the
MAPK family, regulates a range of cellular properties and
activities, including cell metabolism, cell viability, inflammation,
cell necrosis and apoptosis (48). The present study demonstrated
that the protective effect of RIPOC against intestinal I/R
injury was regulated by the ERK pathway. Furthermore, the
levels of HMGBI1 and RAGE expression could be markedly
downregulated by RIPOC in the intestinal I/R injury mouse
models. The main HMGBI receptors in cells are RAGE and
TLRs, such as TLR2 and TLR4 (49). The activation of those
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receptors can subsequently activate various signaling pathways,
such as the MAPK pathway and NF-«xB signaling pathway
and thus upregulate various inflammatory factors and promote
an inflammatory cascade reaction (50). The present study
further demonstrated that RIPOC could reduce the levels of
p-ERK1/2, p-p65, p-IKBa and NLRP3 in mice with intestinal
I/R injury by affecting the ERK pathway. Other studies have
suggested that the HMGBI1/NF-xB pathway participates
in cerebral and myocardial I/R injuries (51-53). A previous
study demonstrated that hepatic ischemia/reperfusion injury
is mediated by the ERK/NF-kB pathway (54). Furthermore,
Yang et al (51) suggested that quercetin attenuates hepatic
I/R injury by mediating the ERK/NF-xB pathway (55). The
present study demonstrated for the first time, to the best of the
authors' knowledge, that HMGB1 and RAGE expression can be
attenuated by an ERK inhibitor and thus NF-xB and NLRP3
expression was also suppressed. Therefore, it was hypothesized
that RIPOC may protect against I/R injury by mediating the
ERK/HMGBI1/RAGE/NF-«B pathway.

In fact, RIPOC is a harmless approach providing a practical
and potential tool to attenuate I/R injury (56). Although it has
demonstrated a beneficial outcome to patients, it remains to be
further explored. Therefore, further investigation is required to
explore the effect of RIPOC at various doses on normal animals.

The conclusion of the present study is that RIPOC exerted
strong antioxidant and anti-inflammatory effects in mice
following intestinal I/R injury and it produced those effects via
an ERK-mediated HMGB1/RAGE/NF-kB pathway. The present
study suggested RIPOC as a potential method for treating intes-
tinal I/R injury induced by serious infection and traumatic shock.
However, the specific mechanism of the therapeutical effect has
not been fully investigated and further studies are required.
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