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Abstract
AIM: To evaluate preventative effects of ischemic 
preconditioning (IP) in a rat model of intestinal injury 
induced by ischemia-reperfusion (IR).

METHODS: Male Sprague-Dawley rats (250-300 g) 
were fasted for 24 h with free access to water prior to 
the operation. Eighteen rats were randomly divided into 
three experimental groups: S group (n  = 6), rats were 
subjected to isolation of the superior mesenteric artery 
(SMA) for 40 min, then the abdomen was closed; IR 
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group (n  = 6), rats were subjected to clamping the 
SMA 40 min, and the abdomen was closed followed 
by a 4-h reperfusion; IP group (n = 6) rats underwent 
three cycles of 5 min ischemia and 5 min reperfusion, 
then clamping of the SMA for 40 min, then the 
abdomen was closed and a 4-h reperfusion followed. All 
animals were euthanized by barbiturate overdose (150 
mg/kg pentobarbital sodium, i.v.) for tissue collection, 
and the SMA was isolated via  median abdominal 
incision. Intestinal histologic injury was observed. 
Malondialdehyde (MDA), myeloperoxidase (MPO) 
and tumor necrosis factor (TNF)-a concentrations in 
intestinal tissue were measured. Intercellular adhesion 
molecule (ICAM)-1 and vascular cell adhesion molecule 
(VCAM)-1 expression, as well as nuclear factor (NF)-
κB activity and expression in intestinal tissue were also 
determined.

RESULTS: Compared with the IR group, IP reduced 
IR-induced histologic injury of the intestine in rats 
(2.00 ± 0.71 vs  3.60 ± 0.84, P  < 0.05). IP significantly 
inhibited the increase in MDA content (5.6 ± 0.15 
μmol/L vs  6.84 ± 0.18 μmol/L, P  < 0.01), MPO activity 
(0.13 ± 0.01 U/L vs  0.24 ± 0.01 U/L, P  < 0.01), and 
TNF-a levels (7.79 ± 2.35 pg/mL vs 10.87 ± 2.48 pg/mL, P  
< 0.05) in the intestinal tissue of rats. IP also markedly 
ameliorated the increase in ICAM-1 (204.67 ± 53.27 
vs  353.33 ± 45.19, P  < 0.05) and VCAM-1 (256.67 ± 
58.59 vs  377.33 ± 41.42, P  < 0.05) protein expression 
in the intestinal tissues. Additionally, IP remarkably 
decreased NF-κB activity (0.48 ± 0.16 vs  0.76 ± 0.22, 
P  < 0.05) and protein expression (320.23 ± 38.16 vs  
520.76 ± 40.53, P  < 0.01) in rat intestinal tissue.

CONCLUSION: IP may protect against IR-induced 
intestinal injury by attenuation of the neutrophil-
endothelial adhesion cascade via  reducing ICAM-1 
and VCAM-1 expression and TNF-a-induced NF-κB 
signaling pathway activity.

Key words: Intercellular adhesion molecule; Ischemia-
reperfusion; Ischemic preconditioning; Nuclear factor-
κB; Tumor necrosis factor-a
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Core tip: Although intestinal ischemic preconditioning 
(IP) triggers powerful protective effects, particularly 
in surgical ischemic operation and transplantation, 
mechanisms by which IP alleviates intestinal injury 
remain to be elucidated. The present study found that 
IP protects against intestinal ischemia-reperfusion-
induced injury by reducing intercellular adhesion mole
cule-1 and vascular cell adhesion molecule-1 expression, 
and tumor necrosis factor-a-induced nuclear factor-
κB signaling pathway activity. The results suggest that 
intestinal IP may be clinically useful in the future to treat 
patients with intestinal ischemia-reperfusion-induced 

injury.
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INTRODUCTION
The intestine is more sensitive to the injury induced by 
ischemia-reperfusion (IR) than other internal organs[1]. 
Ischemia followed by reperfusion injury contributes 
to a complex series of events, including nitric oxide 
imbalance, neutrophil accumulation, cell apoptosis, and 
activation of inflammatory mediators, causing cellular 
and tissue damage[2,3]. Intestinal IR injury, which can 
been presented in several clinical settings such as 
intestinal obstruction, hemorrhagic shock, intestinal 
transplantation, and neonatal necrotizing enterocolitis, 
may result in local and remote organ damage including 
systemic inflammatory response syndromes and 
multiple organ dysfunction syndrome[4].

Various methods with protective effects, such as 
ischemic preconditioning (IP), pharmacologic treat
ment, and chemical agents, have been applied to 
decrease intestinal IR injury. IP refers to a phenomenon 
in which a tissue or organ is rendered resistant to the 
deleterious effects of prolonged IR by prior exposure to 
brief periods of vascular occlusion, displaying beneficial 
effects locally and systemically, reducing mucosal 
damage, neutrophil accumulation, cell apoptosis, and 
activation of inflammatory mediators. IP was first 
proposed as a possible therapeutic strategy in 1986 by 
Murry et al[5], who showed it reduced infarct size in rat 
heart. With respect to intestinal IP, Hotter et al[6] first 
reported the protection of IP from intestinal IR injury in 
1996. Intestinal IP, repetitive brief periods of ischemia, 
provides a way of protecting intestinal tissue from 
damage inflicted by IR. 

Intestinal IP has been widely investigated in 
recent years, ameliorating neutrophil sequestration, 
attenuating cell apoptosis, and decreasing inflam
matory mediator release such as tumor necrosis 
factor (TNF)-a and interleukin-1[7-10]. However, the 
protective mechanisms of intestinal IP remain poorly 
understand. Therefore, the aim of this study was to 
determine the effects of IP in a rat model of intestinal 
IR by assessing histologic injury, oxygen-free radical 
injury [malondialdehyde (MDA)], neutrophil infiltration 
[myeloperoxidase (MPO)], inflammatory response 
(TNF-a), expression of endothelial cell adhesion 
molecules [intercellular adhesion molecule (ICAM)-1 
and vascular cell adhesion molecule (VCAM)-1], and 
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nuclear factor (NF)-κB activity and expression.

MATERIALS AND METHODS
Animals 
All animal experiments were carried out in accordance 
with the Animal Care Committee of Xi’an Jiaotong 
University, China. Eighteen male Sprague-Dawley rats 
(250-300 g) were purchased from the animal center of 
Xi’an Jiaotong University and housed under pathogen-
free conditions. The animal protocol was designed 
to minimize pain or discomfort to the animals. The 
animals were acclimatized to laboratory conditions 
(23 ℃, 12 h/12 h light/dark cycle, 50% humidity, 
ad libitum access to food and water) for 2 wk prior 
to experimentation. Animals were fasted 24 h and 
with free access to water prior to the operation. All 
animals were euthanized by barbiturate overdose (150 
mg/kg pentobarbital sodium, i.v.) for tissue collection 
following isolation of the superior mesenteric artery 
(SMA) via median abdominal incision, as previously 
described[4]. 

Experimental design 
The study was reviewed and approved by the 
Institutional Review Board of Xi’an Jiaotong University. 
Animals were randomly assigned to one of three 
groups: S group (n = 6), rats were subjected to 
isolation of the SMA for 40 min, then the abdomen 
was closed; IR group (n = 6), rats were subjected to 
clamping of the SMA for 40 min, and the abdomen 
was closed followed by a 4-h reperfusion; IP group (n 
= 6), rats underwent three cycles of 5 min ischemia 
and 5 min reperfusion, then clamping of the SMA for 
40 min, then the abdomen was closed, followed by a 
4-h reperfusion, as previously described[4].

Assessment of MDA level in intestine
Intestinal tissues (1.0-cm segments from 5 cm of the 
terminal ileum) were harvested, frozen immediately, 
and stored at -80 ℃ until assessment. A homogenate 
of 10% (w/v) was prepared. MDA level in intestinal 
tissues was determined by an MDA detection kit 
(Nanjing JianCheng Bioengineering Institute, Nanjing, 
China) following the colorimetric method provided 
by the manufacturer. The optical densities were 
read using a spectrophotometer at an absorbance of 
532 nm. The results are expressed as μmol/L. Each 
sample was analyzed in duplicate and the results were 
averaged.

Determination of MPO activity in intestine 
At the end of experiments, a 1.0-cm segment of 
intestinal tissue (from 5 cm of the terminal ileum) was 
harvested from each rat, frozen immediately, and stored 
at -80 ℃ until assessment. MPO, a mark of neutrophil 
accumulation and activation, was tested using a 
commercial assay kit (Nanjing Jiancheng Bioengineering 
Institute, Nanjing, China). In brief, the intestinal tissues 

were homogenized in 50 mmol/L potassium phosphate 
buffer containing 0.5% hexadecyltrimethyl ammonium 
bromide (pH 6). The intestinal homogenates were 
centrifuged at 12500 g at 4 ℃ for 10 min. The 
supernatants were collected and reacted with 0.167 g/L 
o-dianisidine dihydrochloride, following 0.0005% H2O2 
in 50 mmol/L phosphate buffer. Finally, the absorbance 
was determined spectrophotometrically at 460 nm.

Detection of TNF-a levels in intestine
A 1.0-cm segment intestinal tissue (from 5 cm of the 
terminal ileum) was harvested from each rat and frozen. 
Frozen tissues were homogenized and centrifuged at 
1500 g for 15 min. Supernatants were transferred into 
fresh tubes for detection of TNF-a, determined using 
ELISA kits (R&D Systems, Minneapolis, MN, United 
States) according to manufacturer’s procedure. The 
absorbance was read at 450 nm by a microplate reader 
(Biotek Instruments, CA, United States). The results are 
expressed as pg/mL. 

Histopathologic examination of intestinal injury 
A 1.0-cm segment of intestinal tissue (from 5 cm of 
the terminal ileum) was harvested from each rat and 
fixed in 10% formaldehyde. The tissues were paraffin-
embedded and then stained with hematoxylin and 
eosin for light microscopy. Intestinal mucosal damage 
was evaluated by three expert investigators blinded to 
the experimental groups using the criteria of Chiu et 
al[11]. A score scaled at 0 to 5 represents the severity: 
0, normal mucosa villi; 1, development of subepithelial 
Gruenhagen’s space at the tip of villus; 2, extension of 
the subepithelial space with moderate epithelial lifting; 
3, large epithelial lifting, possibly with a few denuded 
villi; 4, denuded villi with lamina propria and exposed 
capillaries; 5, disintegration of the lamina propria, 
ulceration, and hemorrhage.

NF-κB activity assay
NF-κB (p65) DNA-binding activity in the intestinal 
homogenate was tested using a commercial kit. The 
assay uses a 96-well plate coated with oligonucleotides 
containing the NF-κB-binding site. Activated NF-κB 
binds to the oligonucleotides and is tested by a specific 
antibody. The amount of active NF-κB was determined 
using a microplate reader (Biotek Instruments). 

Western blot analysis
Protein samples (20 μg) were loaded onto SDS-PAGE 
gels and transferred onto a polyvinylidene difluoride 
membrane pretreated with 100% methanol (Bio-
Rad Laboratories, Hercules, CA, United States). The 
membranes were blocked with 5% nonfat dry milk in 
Tris-buffered saline containing 0.1% Tween 20, and 
then rat monoclonal anti-ICAM-1 (1:500), VCAM-1 
(1:500), and NF-κB (p65) (1:400) antibodies (Santa 
Cruz Biotechnology, Inc., Dallas, TX, United States) 
were added to the supernatant and the mixture was 
incubated on a rotating wheel at 4 ℃ overnight; 
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β-actin (1:400) was used as a loading control. On 
the second day, membranes were washed with the 
same three times and incubated with a secondary 
antibody conjugated to horseradish peroxidase 
(1:2000; Santa Cruz Biotechnology, Inc.) for 1 h at 
room temperature, and the light signals were detected 
by X-ray film. Optical densities of the bands were 
scanned and quantified with the Syngene Gene Tools 
(Syngene Corp., Cambridge, United Kingdom). Three 
independent experiments were carried out to study 
protein expressions.

Statistical analysis
Data are expressed as mean ± SD, and were analyzed 
by analyses of variance followed by Tukey's post hoc 
tests (Prism 5; GraphPad Software, Inc., La Jolla, CA, 
United States). Differences were considered significant 
when P < 0.05. 

RESULTS
Intestinal IP attenuates MDA level 
We examined whether IP attenuates intestinal tissue 
injury in rats. In this study, we characterized intestinal 
tissue injury using MDA levels tested 4 h after intestinal 
IP or IR. As shown in Figure 1A, intestinal tissue MDA 
levels in the IR group were significantly increased 
compared to the S group (6.84 ± 0.18 μmol/L vs 2.13 
± 0.11 μmol/L, P < 0.01). IP significantly decreased 
MDA levels compared to the IR group (5.6 ± 0.15 

μmol/L vs 6.84 ± 0.18 μmol/L, P < 0.01). 

Intestinal IP decreases MPO level
We next evaluated whether IP decreases aggregation 
and adhesion of neutrophils in intestinal tissue. In 
this study, we tested intestinal MPO as marker of 
aggregation and adhesion of neutrophils. As shown in 
Figure 1B, MPO levels in the IR group were significantly 
increased compared to the S group (0.24 ± 0.01 
U/L vs 0.06 ± 0.00 U/L, P < 0.01). IP significantly 
decreased MPO levels compared to the IR group (0.13 
± 0.01 U/L vs 0.24 ± 0.01 U/L, P < 0.01).

Intestinal IP suppresses TNF-a levels 
We then measured whether IP suppresses levels of 
proinflammatory molecules in intestinal tissue by 
measuring TNF-a. As shown in Figure 1C, intestinal 
tissue TNF-a levels in the IR group were significantly 
increased compared to the S group (10.87 ± 2.48 pg/
mL vs 1.37 ± 0.21 pg/mL, P < 0.01). IP significantly 
decreased TNF-a levels compared to the IR group (7.79 
± 2.35 pg/mL vs 10.87 ± 2.48 pg/mL, P < 0.05).

Intestinal IP attenuates intestinal tissue injury 
We next investigated whether IP attenuates intestinal 
tissue injury assessed using the criteria of Chiu et 
al[11]. As shown in Figure 2, intestinal tissue injury in 
the IR group was significantly increased compared to 
the S group (3.60 ± 0.84 vs 0.40 ± 0.55, P < 0.01). 
IP significantly decreased intestinal tissue injury 
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Figure 1  Intestinal tissue malondialdehyde, myeloperoxidase and tumor necrosis factor-a levels in rats. A: Malondialdehyde; B: Myeloperoxidase (MPO); and 
C: Tumor necrosis factor (TNF)-a levels in intestinal tissue. Data are presented as mean ± SD (n = 6). aP < 0.01 vs S group; bP < 0.01 vs IR group. S: Sham group; 
IP: Ischemic-preconditioning group; IR: Ischemia-reperfusion group.
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compared to the IR group (2.00 ± 0.71 vs 3.60 ± 0.84, 
P < 0.05).

Intestinal IP reduces ICAM-1 and VCAM-1 expression 
We next determined whether IP reduces the protein 

expression of intercellular adhesion molecules in 
intestinal tissue. As shown in Figure 3, ICAM-1 
expression in the IR group was significantly increased 
compared to the S group (353.33 ± 45.19 vs 100.00 
± 25.00, P < 0.01). IP significantly decreased ICAM-1 
protein expression compared to the IR group (204.67 
± 53.27 vs 353.33 ± 45.19, P < 0.05). Intestinal 
tissue VCAM-1 protein expression in the IR group 
was significantly increased compared to the S group 
(377.33 ± 41.42 vs 107.00 ± 15.72, P < 0.01). IP 
significantly decreased the expression of VCAM-1 
compared to the IR group (256.67 ± 58.59 vs 377.33 
± 41.42, P < 0.05).

Intestinal IP attenuates NF-κB activity and protein 
expression
We next tested whether IP reduces the translocation 
of nuclear factors in intestinal tissue by measuring 
intestinal NF-κB activity and protein expression. As 
shown in Figure 4A, NF-κB activity in the IR group was 
significantly enhanced compared to the S group (0.76 
± 0.22 vs 0.26 ± 0.10, P < 0.01). IP dramatically 
decreased intestinal tissue NF-κB activity compared to 
the IR group (0.48 ± 0.16 vs 0.76 ± 0.22, P < 0.05). 
As shown in Figure 4B, intestinal tissue NF-κB protein 
expression in the IR group was significantly increased 
compared to the S group (320.23 ± 38.16 vs 100.03 
± 20.00, P < 0.01). IP dramatically decreased NF-κB 
expression compared to the IR group (320.23 ± 38.16 

Figure 2  Morphologic changes in rat intestinal tissue. A: Representative morphologic pictures of intestinal tissues (hematoxylin-eosin staining; × 400 
magnification); B: Intestinal injury scores in rats. Data are presented as mean ± SD (n = 6). aP < 0.01 vs S group; cP < 0.05 vs IR group. S: Sham group; IP: Ischemic-
preconditioning group; IR: Ischemia-reperfusion group.
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Figure 3  Protein expression of intercellular adhesion molecule-1 
and vascular cell adhesion molecule-1 in rat intestinal tissue. Protein 
expression was measured by Western blot. Data are presented as mean ± SD (n 
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vs 520.76 ± 40.53, P < 0.01).

DISCUSSION
Prolonged IR rapidly causes substantial and irreversible 
intestinal tissue damage. Although restoration of blood 
flow to intestinal ischemic tissue is critical for tissue 
salvage, reperfusion also introduces inflammatory 
changes that exacerbate injury[12]. IP is a simple 
procedure conferring cytoprotection in critical organs 
that has clinical applications[13,14]. Although intestinal 
IP triggers powerful protective effects mechanisms 
by which it alleviates intestinal injury remain to be 
elucidated. 

Hotter et al[6] demonstrated the protective benefits 
of IP against intestinal IR injury. IP also attenuates 
intestinal IR injury in a canine bowel transplantation 
model by decreasing oxidative stress[15]. Moreover, 
IP protects against intestinal IR injury via the mast 
cell degranulation-mediated release of mast cell 
carboxypeptidase A[1]. Furthermore, IP attenuates 
intestinal IR injury via actions in several signaling 
pathways, including suppression of heme oxygenase[16] 
and modulation of the arachidonic acid cascade[17].

Our previous study showed that intestinal IP 
attenuates the capacity of antioxygen-free radicals, 
inhibits the release of proinflammatory cytokines, 

and alleviates apoptosis in IR-caused lung injury in 
rats[4]. As serum MDA, MPO, and TNF-a levels in rats 
were tested, we further examined the levels of these 
proteins in intestinal tissue. The results presented here 
show that IP reduces intestinal injury induced by IR, 
observed as attenuated histologic injury and MDA, 
MPO, and TNF-a levels in the intestine, and suppressed 
expression of ICAM-1 and VCAM-1, along with reduced 
activity and expression of NF-κB activity.

Neutrophils are a critical component of the inflam
matory response that characterizes intestinal IR[18,19]. 
Activated neutrophils, which infiltrate the intestine 
during IR, produce inflammatory mediators, including 
TNF-a, ICAM-1, and VCAM-1, in the development of 
intestinal IR by releasing neutrophil proteases and 
reactive oxygen species, and sequestering polymor
phonuclear neutrophils (PMNs) into ischemic intestinal 
tissue[20-22]. 

Depletion or inhibition of PMNs decreases intestinal 
tissue injury in IR[23]. PMNs can aggregate together 
leading to a “no flow” phenomenon in ischemic tissue 
after reperfusion[10]. Moreover, PMNs could contribute 
to vasoconstriction and decreased blood flow via 
the release of potent cytotoxic cytokines[24]. In the 
present study, intestinal IR significantly induced 
infiltration of neutrophils or PMNs, as observed as and 
increased MPO level. Intestinal IP effectively decreased 
infiltration of neutrophils or PMNs, shown by decreased 
MPO levels. This suggests that IP attenuates infiltration 
of neutrophils or PMNs in intestinal IR induced injury. 

TNF-a is a cell-signaling protein associated with 
systemic inflammation and is one of the cytokines 
that make up the acute-phase reaction. It is produced 
mainly by activated macrophages, neutrophils, and 
natural killer cells. The primary role of TNF-a is in 
the regulation of immune cells, and disruption of its 
production has been implicated in IR[25,26]. Moreover, 
TNF-a is a potent chemoattractant for neutrophils, 
and promotes the expression of adhesion molecules 
on endothelial cells, helping neutrophils migrate into 
tissue[27].

Intestinal injury induced by IR is thought to result 
from intestine-derived TNF-a. Moreover, TNF-a could 
upregulate neutrophil adhesion molecules in the 
intestine, particularly ICAM-1, which then plays a vital 
role in the influx of neutrophils in intestinal tissue[28,29]. 
In this study, intestinal IR induced TNF-a production, 
as observed as increased TNF-a levels, which were 
significantly reduced by intestinal IP.

Accumulating evidence demonstrates that 
leukocyte-endothelial adhesion is mediated by cell 
adhesion molecules on vascular endothelial cells and 
counterpart ligands on leukocytes, especially in IR[30,31]. 
ICAM-1 and VCAM-1 expressed on these cells are 
central for the adherence of neutrophils and monocytes 
to the endothelium[32]. Their expression is also induced 
by proinflammatory stimuli such as TNF-a. After 
intestinal IR, increased TNF-a levels in the intestinal 
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tissue likely contributed to a mediator cascade, leading 
to neutrophil infiltration and the observed increases in 
ICAM-1 and VCAM-1 expression. Moreover, intestinal 
IP significantly decreased their expression. These data 
indicate that IP inhibits TNF-a production, and reduces 
ICAM-1 and VCAM-1 expression in an intestinal IR-
induced acute inflammation reaction. 

NF-κB is a critical transcription factor and is activated 
in intestinal IR, playing a key role in inflammatory 
responses[32]. Activation of NF-κB induces expression 
of multiple inflammation-related products, such as 
chemokines, cytokines, and adhesion molecules. 
Increased concentrations of these inflammatory 
proteins may result in intestinal injury. In general, NF-
κB is composed of two polypeptides, a 50-kDa peptide 
(p50) and a 65-kDa peptide (p65). NF-κB is activated 
by a variety of signals associated with the etiology and 
pathophysiology of inflammation, including intracellular 
and/or extracellular stimuli such as TNF-a. Importantly, 
nuclear translocation of NF-κB (p65) allows it to bind to 
target promoter regions, including binding sites within 
the promoters for ICAM-1 and VCAM-1[33]. The data 
presented here indicate that intestinal IP significantly 
reduces TNF-a-induced activation and nuclear trans
location of NF-κB as a molecular mechanism for 
protection against intestinal IR-induced injury. 

The clinical application of IP involves a simple, 
safe, and tolerable procedure, with wide-ranging 
immunomodulatory effects. Recently, a randomized 
controlled trial showed that remote IP powerfully 
counteracts the injury to the intestinal mucosa caused 
by a period of ischemia and subsequent reperfusion 
during elective open infrarenal abdominal aortic 
aneurysm repair[13]. Although intestinal protection 
with IP is a reproducible and powerful phenomenon, it 
has not been readily translated to routine clinical use. 
Therefore, more clinical trials are needed to further 
investigate intestinal IP use during gastrointestinal 
surgeries.

Taken together, IP protects against intestinal IR-
induced injury potentially by attenuating a neutrophil-
endothelial adhesion cascade. The mechanism involves 
reducing ICAM-1 and VCAM-1 expression and TNF-a-
induced NF-κB signaling pathway activity. The present 
study provides an insight into the cytoprotection of 
intestinal IP-reduced IR. These findings further support 
our contention that intestinal IP may be clinically useful 
in the future to treat patients at risk for intestinal IR-
induced injury. 
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