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Intestinal ischemic preconditioning reduces
liver ischemia reperfusion injury in rats
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Abstract. The aim of the current study was to investigate
whether intestinal ischemic preconditioning (IP) reduces
damage to the liver during hepatic ischemia reperfusion (IR).
Sprague Dawley rats were used to model liver IR injury, and
were divided into the sham operation group (SO), IR group
and IP group. The results indicated that IR significantly
increased Bax, caspase 3 and NF-kBp65 expression levels,
with reduced expression of Bcl-2 compared with the IP group.
Compared with the IR group, the levels of AST, ALT, MPO,
MDA, TNF-a and IL-1 were significantly reduced in the IP
group. Immunohistochemistry for Bcl-2 and Bax indicated
that Bcl-2 expression in the IP group was significantly
increased compared with the IR group. In addition, IP reduced
Bax expression compared with the IR group. The average liver
injury was worsened in the IR group and improved in the IP
group, as indicated by the morphological evaluation of liver
tissues. The present study suggested that IP may alleviates
apoptosis, reduce the release of pro-inflammatory cytokines,
ameloriate reductions in liver function and reduce liver tissue
injury. To conclude, IP provided protection against hepatic IR
injury.

Introduction

Hepatocellularcarcinomaisaleading cause of cancer-associated
mortality worldwide (1), with the morbidity and mortality of
liver cancer increasing (2). In clinical surgery, liver resection
or liver transplantation remains the predominant method of
treating liver tumors. The selection of an appropriate method
by which to occlude the hepatic vasculature is an important
means by which to reduce intraoperative bleeding and improve
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surgical safety. The methods by which the hepatic artery
pedicle may be blocked include hepatic vascular occlusion,
semi-hepatic vascular occlusion and hepatic blood flow occlu-
sion. Ischemia-reperfusion (IR) is an unavoidable consequence
of certain surgical procedures such as partial liver resection
and organ transplantation (3), and frequently results in varying
degrees of hepatic ischemia reperfusion injury (HIRI). Liver
IR injury is a phenomenon in which cellular damage due to
hypoxia is exacerbated following the return of blood flow and
the restoration of oxygen delivery. This phenomena remains
an important clinical problem during shock, hepatic resection
and liver transplantation (4). Reperfusion is required to avoid
irreversible damage, however, it may produce oxygen free radi-
cals via the hypoxanthine-xanthine oxidase system, alter the
distribution of ions, edema and cellular acidosis, and culmi-
nate in the loss of circulation and increasing the injury (5). IR
injury is a complicated process involving various associated
mechanisms including apoptosis and pro-inflammatory cyto-
kines. Apoptosis, as one of the most important mechanisms
associated with IR injury, serves a vital role in the initiation
and progression of IR injury (6).

In order to protect the ischemic areas resulting from IR,
various methods have been utilized, including ischemic
preconditioning (IP). IP refers to the induction of one or more
transient IR episodes, resulting in the induction of endogenous
protective mechanisms and conferring significant tolerance
to longer duration ischemic injury. Przyklenk first described
remote ischemic preconditioning (RIPC) in 1993, demon-
strating that brief occlusion of the circumflex artery protects
the myocardium from subsequent continuous IR injury (7).
Subsequently, this method has been demonstrated to be an
effective way to protect the liver without direct stress (4). RIPC
involves brief periods of ischemia followed by reperfusion in a
single organ or tissue, which subsequently provides protection
to a remote organ or tissue suffering from a prolonged isch-
emic injury (8). Increasing evidence suggests that intestinal IP
is able to reduce remote organ injuries, and remote IP is easily
applied and safe in the clinical setting. In addition, remote IP
is able to attenuate systemic inflammatory response syndrome,
and increase systemic tolerance to IR, providing cytoprotec-
tion in critical organs, including the liver (9). Although remote
intestinal IP has been indicated to be beneficial in liver IR, the
exact mechanism remains to be fully elucidated. The current
study hypothesized that remote intestinal IP may be a prophy-
lactic factor in the prevention of distant liver injury induced by
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IR. Therefore, the aim of the current study was to elucidate the
molecules and potential mechanisms involved in the protective
effects of intestinal IP in reducing liver injury.

Materials and methods

Sprague Dawley (SD) rats and ethics statement. A total of
15 male SD rats (weight, 250-300 g, age, 10-12 weeks) were
obtained from the Experimental Animal Center of Yangzhou
College (Yangzhou, China). The study was approved by the
Animal Care and Ethics Committee of The Second Affiliated
Hospital, Yangzhou College (Yangzhou, China). All rats were
given free access to food and water, maintained at 20°C and
50% humidity in a 12 h-light/12 h-dark cycle.

Rat model of ischemia-reperfusion. The rats were divided into
the sham operation group (SO group), ischemia-reperfusion
group (IR group) and the remote intestinal IP+IR group (IP
group), with 5 rats in each group. All animals were fasted for
12 h prior to surgery (free access to water), and anesthetized
using an intraperitoneal injection of pentobarbital anesthesia
(35 mg/kg, 2%).

A 3 cm incision was made in the abdomen, and the superior
mesenteric artery (SMA) and the hepatic pedicle were isolated.
In the SO group, rats were anesthetized, an abdominal incision
was made and the SMA and the hepatic pedicle were isolated
and then the incision closed, with the incision open for the
same duration as the IR and IP groups. In the IR group, the
incision was made and the liver pedicle clamped to block
70% of blood flow to the liver for 30 min, followed by 3 h
reperfusion and the closing of the incision. In the IP group,
the SMA was clamped in two cycles of 10 min ischemia and
10 min reperfusion, followed by the clamping of the liver
pedicle for 30 min and 3 h of reperfusion, and the closing of
the incision. The rats were allowed to recover and wake from
surgery and 3 h after reperfusion, the rats were anaesthetized
by intraperitoneal injection of pentobarbital (Sigma-Aldrich)
and sacrificed by cervical dislocation. The liver tissues and
blood were used for the following experiments.

Serum aspartate aminotransferase (AST) and alanine
transaminase (ALT) testing. Total blood was collected and
centrifuged at 1,788 x g for 5 min. The serum was extracted
3 h following reperfusion and used for the measurement
of AST and ALT with a standard automatic biochemistry
analyzer model (BS-800; Mindray Medical International Ltd.,
Shenzhen, China).

Measurement of myeloperoxidase (MPO) and malondialde-
hyde (MDA) activity. The reperfused liver tissues and serum
were frozen immediately 3 h after reperfusion and stored
at -80°C until assessment. MPO and MDA activities were
measured using an MPO Colorimetric Activity Assay kit and
a Micro-MDA Assay Reagent kit (Kaiji Biological Technology
Development Co., Ltd., Nanjing, China). The liver tissues were
homogenized in 50 mmol/l potassium phosphate buffer, pH
6, containing 0.5 % hexadecyltrimethyl ammonium bromide.
The homogenates were centrifuged for 10 min at 12,500 x g
at 4°C. The supernatants were collected and reacted with
0.167 g/l o-dianisodine dihydrochloride and 0.0005% H,O, in
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50 mmol/I phosphate buffer, and the absorbance was deter-
mined spectrophotometrically (UV-2450; Shimadzu Co., Ltd.,
Kyoto, Japan) at 460 nm.

Determination of tissue necrosis factor-a (TNF-a) and
interleukin-1p (IL-1p). The serum was frozen immediately
3 h after reperfusion and stored at -80°C until assessment.
TNF-a and IL-1p levels were determined using ELISA Kkits
(R&D Systems, Inc., Minneapolis, MN, USA) according to
the manufacturer's instructions. An ELISA microplate reader
(Hamilton Bonaduz AG, Bonaduz, Switzerland) was used. The
results were expressed as pg/ml.

Western blot analysis. The rat liver tissue (100 mg) was
homogenized in liquid nitrogen, and lysis buffer [Tris (pH 8.1),
1% SDS, sodium pyrophosphate, 3-glycerophosphate, sodium
orthovanadate, sodium fluoride, EDTA, leupeptin;Santa Cruz
Biotechnology, Inc., Dallas, TX, USA].containing phospha-
tase inhibitors (Nanjing Kangji Biological Technology
Development Co., Ltd.) were added. The protein concentra-
tion of the samples was determined using a Bicinchoninic
Acid Protein Assay kit (Santa Cruz Biotechnology, Inc.). The
protein extracts (30 ug) were electrophoresed on 10% sodium
dodecyl sulfate-polyacrylamide gel (Nanjing Kangji Biological
Technology Development Co., Ltd.), transferred onto poly-
vinylidene fluoride membranes (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) and incubated for 1 h in Tris-buffered
saline (TBS) containing 5% nonfat milk and 0.1% Tween-20.
Subsequently, the membranes were incubated overnight at
4°C with the following primary antibodies: Monoclonal
anti-nuclear factor-xB (NF-kB)p65 (1:500 dilution; cat.
no. 558393; BD Biosciences), monoclonal anti-Bax (1:1,000
dilution; cat. no. 610983; BD Biosciences, Franklin Lakes, NJ,
USA), monoclonal anti-Bc¢l-2 (1:1,000 dilution; cat. no. 610538;
BD Biosciences), monoclonal anti-Capase-3, (1:1,000; cat.
no. 610322; BD Biosciences). Following washing in TBS with
0.1% Tween-20, the membranes were incubated for 1 h at room
temperature with horseradish peroxidase-conjugated goat
anti-rabbit IgG antibody (1:1,000; cat. no. sc-2004; Santa Cruz
Biotechnology, Inc.). Immunoreactivity was detected using an
enhanced chemiluminescence kit (Santa Cruz Biotechnology
Inc.) and visualized by autoradiography. The level of [3-actin
(1:1,000; cat. no. sc-1616; Santa Cruz Biotechnology Inc.) was
used as a loading control and the optical density of each band
was measured using ImageJ (National Institutes of Health,
Bethesda, MD, USA).

Immunohistochemistry for Bcl-2 and Bax.
Immunohistochemistry was performed on 10 pgm-thick
sections The liver tissue was dehydrated with a graded series
of alcohol. Subsequently, paraffin was used for embedding
tissue. Following incubation in 3% H,O, (5-10 min), sections
were blocked using 10% normal goat serum (Santa Cruz
Biotechnology, Inc.) in phosphate-buffered saline-Tween-20
(0.2%) for 10 min. Slides were incubated with mouse
anti-Bcl-2 and Bax (BD Biosciences, Franklin Lakes, NI,
USA cat. no. 610204; 1:1,000, diluted in 1% BSA/PBS) at 4°C
overnight followed by incubation with horseradish peroxi-
dase-conjugated rabbit anti-mouse Ig and goat anti-rabbit
Ig (Dako, Glostrup, Denmark), 1:100 diluted in 1% BSA/1%
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Figure 1. Expression levels of (A) AST, (B) ALT, (C) MDA, (D) MPO, (E) TNF-a and (F) IL-1p. Data are presented as the mean + standard deviation (n=5).
“P<0.05 vs. the SO group, “P<0.05 vs. the SO group. AST, aspartate aminotransferase; ALT, alanine transaminase; MDA, malondialdehyde; MPO, myeloper-
oxidase; TNF-a, tissue necrosis factor-a; IL-1f3, interleukin-1f; SO, sham group; IP, ischemic preconditioning group; IR, ischemia reperfusion group.

albumin/PBS. Diaminobenzidine was used to develop the
staining reaction and nuclear counterstaining was performed
with haematoxylin. As a negative control, sections were
incubated without the primary antibody. Positive cytoplasmic
yellow-brown staining was imaged using a light microscope
(Olympus BX-51; Olympus Corporation, Tokyo, Japan). Bcl-2
and Bax-positive cells were counted at magnification, x400, in
five sections from each animal. The integrated optical density
(IOD) was calculated from the images.

Histology. Standard hematoxylin and eosin staining was
performed on representative 3 mm sections from each rat, for
general histopathologic evaluation of each group according to
Suzuki's classification (10), in which sinusoidal congestion,
hepatocyte necrosis and ballooning degeneration are graded
from O to 4. Following this, the total liver injury scores were
calculated by totaling the individual scores for each category.

Statistical analysis. All data are expressed as the mean =+ stan-
dard deviation, and were analyzed by one way analysis of
variance. Data analysis was performed using SPSS software,
version 18.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was
considered to indicate a statistically significant difference. All
experiments were performed three times.

Results

AST, ALT, MDA, MPO, TNF-a, and IL-1(3 levels in rats. As
presented in Fig. 1A and B, the serum AST and ALT levels
in the IR group were significantly increased compared with
the SO group (P<0.05). IP decreased the serum AST levels
compared with the IR group. As shown in Fig. 1C, the MDA
levels in the IR group were significantly increased compared
with the SO group. IP resulted in a reduced MDA level
compared with the IR group. The MPO levels in the IR group
were significantly increased compared with the SO group, and
in the IP group, MPO levels were reduced compared with the

IR group (Fig. 1D). As presented in Fig. 1E and F, the serum
TNF-a and IL-1 levels in the IR group were significantly
increased compared with the SO group, and IP reduced these
levels compared with the IR group (P<0.05).

Western blotting of Bcl-2, Bax, caspase 3 and NF-kBp65.Fig.2
presents the levels of Bcl-2, Bax, caspase 3 and NF-kBp65.
Compared with the SO group, Bcl-2 levels were increased in
the IR group, however, they were reduced compared with the
IP group (P<0.05). IP pretreatment resulted in elevated Bcl-2
expression and attenuated Bax, caspase 3 and NF-kBp65
expression levels compared with the IR group (P<0.05; Fig. 2).

Immunohistochemistry for Bcl-2 and Bax. The expression
of Bcl-2 and Bax in liver tissue was examined, with the
IOD calculated for each group. As presented in Fig. 3, the
Bcl-2 expression in the IR group was significantly increased
compared with the SO group (P<0.05). Furthermore, IP mark-
edly increased Bcl-2 expression compared with the IR group
(P<0.01). As presented in Fig. 4, Bax expression in the IR group
was significantly greater than that in the SO group (P<0.05),
and IP significantly reduced Bax expression compared with
the IR group (P<0.05).

Liver histology. The alterations in liver tissue structure were
observed by light microscopy. As presented in Fig. 5A, in the
SO group, hepatocytes and sinusoidal endothelial cells exhib-
ited no apparent degeneration or necrosis, and the central
venous and periportal structures are well defined. In the
IR group, swollen liver cells, alterations in the morphology
of cell nuclei, congestion of hepatic sinusoids, inflamma-
tory cell infiltration and visible liver structural damage
were observed. The observed liver injury was improved in
the IP group, compared with the IR group, as indicated by
the representative images of the liver tissues. As shown in
Fig. 5B, the liver injury scores in the IR group were signifi-
cantly increased compared with the SO group (P<0.05), and
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Figure 2. Protein expression of NF-kBp65, caspase 3, Bax and Bcl-2 measured in the liver tissue of rats. Data are presented as the mean =+ standard deviation
(n=5). "P<0.05 vs. the SO group, “P<0.05 vs. the SO group. NF-kBp65, nuclear factor-kB protein 65; SO, sham group; IP, ischemic preconditioning group; IR,

ischemia reperfusion group.
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Figure 3. Bcl-2 expression in the liver tissue of rats (magnification, x400). (A) Representative images of Bcl-2 expression in the liver tissue of rats. (B) IOD of
Bcl-2 expression in the liver tissue of rats. Data are presented as the mean * standard deviation (n=5). "P<0.05 vs. the SO group, "P<0.05 vs. the SO group. SO,
sham group; IP, ischemic preconditioning group; IR, ischemia reperfusion group; IHC, immunohistochemistry; IOD, integrated optical density.

were reduced in the IP group compared with the IR group
(P<0.05).

Discussion

In clinical surgery, liver resection or liver transplantation
remains the predominant method for treating liver tumors (11).
The selection of an appropriate method to occlude the hepatic
vasculature is an important factor in reducing intraoperative
bleeding and improve surgical safety. IR is unavoidable in
certain surgical procedures such as partial liver resections and
organ transplantation. The anoxic injury of oxygen-dependent
cells is the predominant injury process in the ischemic phase.
Once the blood flow and oxygen supply are re-established,
reperfusion enhances the injury resulting from the ischemic
period, aggravating the damage at the cellular level, with an
injurious inflammatory response involved (12-14). The severity
of the cellular injury may lead to either hepatocyte necrosis or
apoptosis (15).

IP is a method of repeated transient intestinal ischemia
reperfusion, which induces the liver to produce endogenous
protective mechanisms by which it is able to tolerate longer
ischemic injuries. The mechanism by which IP reduces liver IR
injury remains to be fully elucidated. Further studies regarding
the mechanisms associated with IP-mediated protection may
promote its use in liver resection and liver transplantation.

The levels of apoptosis in hepatocytes reflects alterations
in liver function and reserve capacity, and is an important
pathological feature of HIRI, associated with postoperative
residual liver dysfunction (16). Numerous factors are able to
trigger apoptosis, with the process controlled by a number
of regulatory molecules which are mediated by apoptotic
signaling (17,18). In the current study, in addition to enhancing
the defense capacity of liver cells against oxidative stress
induced by IR injury, IP treatment was observed to upregulate
the anti-apoptotic protein Bcl-2 and reduce the expression
levels of pro-apoptotic proteins, such as Bax and caspase 3.
The Bcl-2 family of proteins are closely associated with
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Figure 4. Bax expression in the liver tissue of rats (magnification, x400). (A) Representative images of Bax expression in the liver tissue of rats. (B) IOD of Bax
expression in the liver tissue of rats. Data are presented as the mean + standard deviation (n=5). "P<0.05 vs. the SO group, “P<0.05 vs. the SO group. SO, sham
group; IP, ischemic preconditioning group; IR, ischemia reperfusion group; IHC, immunohistochemistry; IOD, integrated optical density.

Liver injury scores

Figure 5. Hemetoxylin and eosin staining of the alterations in the liver tissue of rats. (A) Representative images of the morphological alterations in the liver
tissue of rats (magnification, x400). (B) Liver injury scores in rats. Data are presented as the mean = standard deviation (n=5). "P<0.05 vs. the SO group, “P<0.05
vs. the SO group. SO, sham group; IP, ischemic preconditioning group; IR, ischemia reperfusion group.

apoptosis (19,20). The family is divided into three subfami-
lies, including the anti-apoptotic members Bcl-2, Bel-XL and
Mcl-1, the pro-apoptotic members Bax and Bak, and the only
pro-apoptotic BH3 domain subfamily members (21). The Bcl-2
family of proteins, including Bcl-2 (anti-apoptotic) and Bax
(pro-apoptotic), mediate apoptosis by opening or closing the
mitochondrial permeability transition pore. Downregulation
of the ratio of Bcl-2 to Bax has been reported to be corre-
lated with the activation of the caspase cascade, which
further cleaves or activates downstream regulators, such as
caspase 3, resulting in the subsequent apoptotic events (22).
The anti-apoptotic mechanisms associated with Bcl-2 are
as follows: i) As an antioxidant, Bcl-2 regulates the cell
redox status, blocking oxidative damage to cell components;

ii) influences cell membrane transport, altering the distribu-
tion of Ca®"; iii) inhibits the release of cytochrome C from
mitochondria into the cytoplasm; and iv) protects the cell
nucleus from damage and inhibits DNA fragmentation. Bax is
the most widely studied of the pro-apoptotic proteins (23), and
the mechanisms associated include: i) Bax forms heterologous
dimers with Bcl-2 to antagonize its anti-apoptotic effects, to
promote Ca?* release from the endoplasmic reticulum; and
ii) interacts with cytochrome C and activates caspase signaling
transduction pathways, which indirectly promote apop-
tosis (24). Bax may be activated in HIRI, with the activation of
Bax resulting in the exposure of a carboxy-terminal domain,
enabling binding to the outer mitochondrial membrane. This
leads to the release of caspase 3 and additional pro-apoptotic
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factors from mitochondria, such as apoptosis inducing factor,
thus contributing to the formation of apoptotic bodies and
inducing apoptosis (25). The results of the present study indi-
cated that Bax expression was downregulated, whereas Bcl-2
expression was upregulated in the IP group compared with
the IR group, suggesting a reduction in apoptosis in the liver
tissue. These results suggest that intestinal IP may suppress
IR-induced apoptosis by the upregulation of the anti-apoptotic
protein Bcl-2 and the downregulation of the pro-apoptotic
protein Bax. In addition, the immunohistochemical staining
indicated a significant difference in the expression levels of
Bcl-2 and Bax in each group. Compared with the IR group,
the IP group exhibited reduced apoptosis, suggesting that
through the induction of Bcl-2 expression in the liver cells,
IP inhibits Bax activation, and thereby reduces the apoptosis
of liver cells. In the apoptotic process, signals from the death
ligand are received on the cell surface and activate intracel-
lular proteins such as caspases, leading to the degradation
of specific target proteins and resulting in cell death (26).
Numerous studies have demonstrated that ischemia induces
cell degradation and apoptosis, accompanied by reduced
levels of Bcl-2 and increased levels of cleaved caspase 3 in
the ischemic core (27-29). In the current study, the expression
of cleaved caspase 3 in liver tissue was detected. The results
demonstrated that intestinal IP attenuated the increase in
caspase 3 protein expression compared with the IR group. As
an executioner of apoptosis, caspase 3 serves a pivotal role in
apoptosis, thus the protective role of intestinal IP is associated
with the inhibition of caspase 3. Intestinal IP may suppress
IR-associated apoptosis via the upregulation of Bcl-2 and the
downregulation of caspase 3 and Bax.

NF-kB is a nuclear transcription factor that regulates
the expression of numerous genes that are critical for the
regulation of apoptosis, viral replication, tumorigenesis,
inflammation and various autoimmune diseases. NF-kB is
normally sequestered in the cytoplasm by a family of inhibi-
tory proteins known as inhibitory-xBs (IkBs). A wide variety
of stimuli, which have been extensively studied over the past
two decades (30), result in IxBa phosphorylation, a process
that is followed by its ubiquitination and subsequent degrada-
tion. The loss of IkBa results in the release of the free NF-xB
subunit, p65, which translocates from the cytoplasm to the
nucleus, where it triggers the transcription of multiple inflam-
matory genes, including cytokines (TNF-a, IL-1f, iNOS and
COX?2), chemokines and adhesion molecules (31,32). In the
current study, the levels of TNF-a and IL-1p were observed
to be significantly increased in the IR group. However, in
the rats that received IP, the levels of TNF-a and IL-1p3 were
significantly reduced. These observations indicate that IP may
inhibit NF-xBp65 activation, mitigate liver injury and the
infiltration of inflammatory cells.

MDA is the final product of lipid peroxidation and an
important parameter in the evaluation of IR-associated
oxidative injury. Lipid peroxidation leads to impaired cell
membrane permeability, reduced membrane potential and
cellular damage. Cell damage further intensifies with MDA
formation (33,34). In the current study, IP was observed
to significantly reduce the IR-associated increase in MDA
levels in liver tissue, compared with the control group. MPO
is another known oxidant within cells. In the presence of
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chloride ions, MPO reduces hydrogen peroxide to hypo-
chlorous acid. Hypochlorous acid is a powerful oxidant and
leads to tissue damage as it is highly reactive with several
biological molecules (35). The current study indicated that IP
significantly reduced the IR-associated increase in MPO levels
in liver tissue, compared with the IR group. In addition, IP
significantly reduced the levels of MDA and MPO expression
following IR, indicating that IP is effective in the reduction of
liver IR injury.

Previous studies have indicated that IP results in significant
improvements in liver function, as indicated by serum AST and
ALT levels (36,37). The current study indicated that AST and
ALT levels were increased following reperfusion, indicating
that liver injury occurs during reperfusion. In the groups in
which protection was promoted by IP, the AST and ALT levels
were reduced compared with the IR group, indicating that IP
reduces liver IR injury. In addition, liver histology was investi-
gated for liver tissue alterations and liver injury scores. In the
present study, the average liver tissue alterations and the liver
injury scores were worsened in the IR group and improved
in the IP group. Therefore, it may be proposed that intestinal
IP inhibits IR-mediated liver injury, as indicated by histologic
and cytologic features.

In conclusion, IP provided protection against hepatic IR
injury by upregulating the anti-apoptotic protein Bcl-2 and
reducing the expression of the pro-apoptotic proteins, Bax
and caspase 3. In addition, IP reduces NF-kBp65, inhibits the
release of pro-inflammatory cytokines and ameliorates the
destructive capacity of oxygen free radicals by reducing MDA
and MPO expression and reducing AST and ALT.
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