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Acute remote ischemic preconditioning alleviates
free radical injury and inflammatory response
in cerebral ischemia/reperfusion rats
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Abstract. Remote ischemic preconditioning (IPreC) is
an effective strategy to defend against cerebral ischemia/
reperfusion (IR) injury; however, its mechanisms remain to
be elucidated. The aim of the present study was to investi-
gate the effect of IPreC on brain tissue following cerebral
ischemia, as well as the underlying mechanisms. Adult male
Sprague-Dawley rats were treated with IPreC for 72 h prior to
the induction of transient cerebral ischemia and reperfusion.
The results demonstrated that IPreC reduced the area of cere-
bral infarction in the IR rats by 2,3,5-triphenyl-tetrazolium
chloride staining. In addition, cell apoptosis was mark-
edly suppressed by IPreC with an increased expression of
B-cell lymphoma 2 (Bcl-2)/Bcl-2-associatd X protein using
Terminal deoxynucleotidyl-transferase-mediated dUTP nick
end labeling assay and western blot analysis. IR induced a
decrease in the level of superoxide dismutase, and IPreC
significantly suppressed increased levels of malondialde-
hyde, lactate dehydrogenase and nitric oxide. The expression
of CD11b and CDI18 was markedly inhibited by IpreC unsing
flow cytometry. Furthermore, IPreC markedly decreased
the release of pro-inflammatory factors interleukin (IL)-6
and IL-1p, and enhanced the level of anti-inflammatory
factors (IL-10 and IL-1 receptor antagonist) by ELISA assay.
Finally, IPreC reduced the levels of transforming growth
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factor-f-activated kinase 1, phosphorylated-P65/P65, and
tumor necrosis factor-a, indicating that the nuclear factor-xB
pathway was involved in IPreC-mediated protection against
cerebral ischemia. Taken together, the results suggested that
IPreC decreased ischemic brain injury through alleviating
free radical injury and the inflammatory response in cerebral
IR rats.

Introduction

Ischemic stroke, a major cause of mortality and long-term
disability among adults worldwide, often occurs when a cere-
bral blood vessel is ruptured or occluded, resulting in various
acute and chronic diseases of the brain (1). Advances in medi-
cine have led to the development of thrombolytic agents and
intravascular techniques, which markedly decrease functional
deficits (2,3). Early reperfusion is crucial for the rapid recovery
of cerebral blood flow in ischemic tissue, mainly involved in
neuroprotection and thrombolysis. However, the re-establish-
ment of blood flow following ischemia is always associated
with certain side effects, which is termed ischemia/reperfusion
(IR) injury (4). Continually, cerebral IR promotes the necrosis
and apoptosis of nerve cells (5). Therefore, innovative treat-
ment strategies are vital for defending the brain against IR
injury to obtain a favorable prognosis.

Ischemic preconditioning (IPreC) was first described
in 1986 in a canine myocardial ischemia model (6). IPreC
means a brief ischemic event, which can mobilize intrinsic
protective mechanisms that improve tolerance to severe
ischemic insult (7). IPreC stands for an important adaptation
of the central nervous system to sublethal ischemia, which
is an effective method against IR injury through transient
repeated ischemia (8,9). Numerous studies have confirmed
that IPreC improves ischemic tolerance in animal organs
and tissues (10,11). In previous years, orthopedic studies
have focused on the protective effects of IPreC in IR injury
of limb skeletal muscles (12,13). According to the report of
Dong et al (14), IPreC protected against IR injury in the rat
sciatic nerve. However, the underlying mechanisms of IPreC
resulting in neuronal protective effects remains to be fully
elucidated.
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Accumulated evidence has confirmed that oxidative stress
is implicated in the pathogenesis of ischemic and reperfu-
sion injury in the brain (15,16). Reports have indicated that
oxidative burst lasted for several minutes upon the onset of
reperfusion and persistently increased the production of oxygen
radicals (17,18). The overproduction of reactive oxygen species
(ROS) results in oxidative damage, including lipid peroxida-
tion, protein oxidation and DNA damage, which can lead to
cell death (19). The brain is susceptible to the damage caused
by oxidative stress and data support the hypothesis that oxida-
tive stress is a potent mediator of cerebral IR injury (20,21).
Therefore, alleviating oxidative stress may be a major target
for the treatment of cerebral IR.

Cerebral IR injury and its associated inflammation are
vital in the evolution of brain injury (22). The activation of
transcriptional regulatory factors can result in inflammatory
responses, leading to the release of various pro-inflammatory
factors (23). It has been reported that nuclear factor-xB
(NF-kB) may be the ‘main switch’ of the neurovascular unit
inflammatory reactions (24). It was found that the activation
of NF-kB induced by transient ischemia occurs prior to DNA
fragmentation (25). Several neuroprotective reagents exhibit
the effect of suppressing the expression and/or activity of
NF-«B, suggesting that NF-xB is important in regulating
transient ischemia-induced neuronal death (26,27). Therefore,
the present study investigated the involvement of NF-«B in the
effect of IPreC on cerebral IR injury.

In the present study, the effect of IPreC on cerebral IR
injury and its underlying mechanisms were detected. The
result demonstrated that IPreC mitigated cerebral IR injury
via alleviating free radicals and the inflammatory response.

Materials and methods

Experimental animals. In total, 24 male Sprague-Dawley rats
(age, 10-12 weeks; weight, 200-250 g) were obtained from the
Experimental Animal Center of Binzhou Medical College
(Binzhou, China). All experimental protocols were approved
by the Animal Ethics Committee of Binzhou Medical College.
All rats were fed in ventilated cages at 24°C and 30-50%
humidity in a 12/12 h light/dark cycle, with free access to food
and water for 1 week.

Induction of transient cerebral ischemia. Experiments were
performed according to previous reports (28,29). Briefly,
each rat was placed in the supine position and its neck was
incised in the middle ventral site to expose the left carotid
artery. The left carotid artery was then isolated from the
vagus nerve and clamped via small vascular clips to induce
hypotension for 1 h by occlusion. A cerebral animal model
was thus established. Subsequently, the rats were randomly
divided into three groups (n=8); i) control group, healthy rats;
ii) IR group, cerebral animal model treated with another 24 h
reperfusion; iii) IR + IPreC group, rats were anesthetized
with xylazine (1.5 mg/100 g) and ketamine (4 mg/100 g) by
intramuscular injection, and then fixed on the operating table
in a supine position. Following shaving and sterilization,
a 3-4-cm-long cervical median incision was made. The left
common carotid artery and the left external carotid artery
were exposed, followed by three cycles of 10-min occlusion
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(left internal carotid artery was occluded using a microclamp)
and 10 min of reperfusion (microclamp was removed to restore
blood flow). Following IPreC for 72 h, the rats were treated
by the induction of transient cerebral IR (30). The rats were
then sacrificed with an overdose of urethane for subsequent
experiments.

Determination of cerebral infarction area. Following crani-
otomy, the brain was harvested and then stored at -80°C for
15 min. The brain tissues were cut into 2-mm sections, and
then stained with 2% 2,3,5-triphenyl-tetrazolium chloride
(TTC) solution at 37°C for 30 min and soaked in 10% para-
formaldehyde solution overnight. The areas of infarction were
observed in gray under an inverted microscope. Image-Pro
Plus 6.0 (Media Cybernetics Inc., Rockville, MD, USA) was
used to measure the area of cerebral infarction.

Terminal deoxynucleotidyl-transferase-mediated dUTP
nick end labeling (TUNEL) staining. Cryosections were cut
(6-um-thick) and placed on slides. The measurement of apop-
totic nuclei was accomplished by TUNEL in brain sections
using an In-Situ Cell Death Detection kit (Roche Diagnostics
GmbH, Mannheim, Germany). Briefly, the sections were
washed with PBS containing 1% Triton-100 for 2 min on ice,
and then incubated with 50 I TUNEL reaction mixture for
60 min at 37°C. Subsequently, the sections were stained with
DAPI. The TUNEL-positive nuclei were detected using a
fluorescence microscope (Olympus Corporation, Tokyo,Japan).

Western blot assay. Tissue proteins were extracted from the
brains and were homogenized in RIPA lysis buffer containing
1% PMSF on ice. The lysates were centrifuged at 10,000 x g
for 15 min at 4°C, and supernatant was collected. Total protein
was quantified using a bicinchoninic acid assay (Solarbio
Biotechnology Co., Ltd., Beijing, China) and 20 pug protein/lane
was separated via SDS-PAGE on a 10% gel. The separated
proteins were transferred onto polyvinylidene difluoride
membranes (EMD Millipore, Billerica, MA). Subsequently, the
membranes were blocked with 5% non-fat skim milk for 2 h
at room temperature, followed by incubation at 4°C overnight
with the following primary antibodies: B-cell lymphoma 2
(Bcl-2) (1:1,000; cat. no. 15071), Bcl-2-associated X protein
(Bax) (1:1,000; cat. no. 5023), interleukin (IL)-18 (1:1,000; cat.
no. 12703), IL-1 receptor antagonist (IL-1Ra) (1:1,000; cat.
no. 3865), transforming growth factor-f3-activated kinase 1
(TAKI1; 1:1,000; cat. no. 5206), P65 (1:1,000; cat. no. 8242),
phosphorylated (p-)P65 (1:1,000; cat. no. 3033), tumor necrosis
factor (TNF)-a (1:1,000; cat. no. 6945) and GAPDH (1:1,000;
cat. no. 5174; all Cell Signaling Technology, Inc., Danvers, MA,
USA). Following washing with TBST twice, the membranes were
incubated with horseradish peroxidase-conjugated secondary
antibody anti-rabbit IgG (1:1,000; cat. no. 14708; CST) in TBST
solution for 1 h at room temperature. Following washing, the
signals of detected proteins were assessed using an enhanced
chemiluminescence reaction system (EMD Millipore). ImageJ
software (version 1.48; National Institutes of Health, Bethesda,
MD, USA) was used to evaluate the protein levels.

Measurement of oxidative and anti-oxidative parameters in the
brain. The brain tissues were homogenized in nine volumes of
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Figure 1. Remote IPreC alleviates cell apoptosis. (A) Cerebral infarction area was measured using 2,3,5-triphenyl-tetrazolium chloride staining. (B) Cell
apoptosis was detected using TUNEL staining (magnification, 400x). The bar graph shows the statistical analysis of the percentage of apoptotic cells in the
brain according to the result of the TUNEL assay. (C) Expression levels of Bcl-2 and Bax were detected using western blot analysis. Experiments were repeated
at least three times, and error bars represent the mean + standard deviation ("P<0.03, vs. Ctrl group; "P<0.05, vs. IR group). IPreC, ischemic preconditioning;
IR, ischemia/reperfusion; Ctrl, control; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.

ice-cold 0.9% NaCl solution and centrifuged at 10,000 x g for
10 min at 4°C. The supernatant was collected for the measure-
ment of oxidative stress parameters. Malondialdehyde (MDA),
lactate dehydrogenase (LDH), nitric oxide (NO) and super-
oxide dismutase (SOD) levels in the brain were detected using
corresponding biochemical methods according to the instruc-
tions of the reagent kits (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Flow cytometry. Venous blood from the antecubital veins
was collected in an EDTA-coated tube. Flow cytometry was
performed within 4 h of blood sampling. Briefly, the red blood
cells were lysed using 1% red blood cell lysis buffer (Nordic
Biosite AB, Tiby, Sweden). White blood cells (5x10°) were

collected in each test tube. The cells were then washed with
an isotonic buffer (BD FACS Flow; BD Biosciences, Franklin
Lakes, NJ, USA) and centrifuged at 600 x g for 5 min at 4°C.
This process was repeated three times. Subsequently, cells
were resuspended in the isotonic buffer, and monoclonal anti-
bodies CDI11b (1:1,000; ab8878) and CD18 (1:1,000; ab119830;
both Abcam, Cambridge, UK ) were added to each sample and
incubated in the dark at 4°C for 20 min. The cells were then
washed and resuspended in the isotonic FACS Flow buffer.
The stained cells were detected using flow cytometry (BD
FACSCanto IT; BD Biosciences).

ELISA assay. The release of serum IL-6 and IL-10 was
measured using ELISA kits (Dakewe Biotech Co., Ltd.,
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Figure 2. Remote IPreC attenuates free radical injury. The levels of MDA, LDH, NO and SOD were detected using corresponding biochemical methods.
Experiments were repeated at least three times, and error bars represent the mean + standard deviation ("P<0.05, vs. Ctrl group; *P<0.05 vs. IR group). IPreC,

ischemic preconditioning; IR, ischemia/reperfusion; Ctrl, control; MDA, malondialdehyde; LDH, lactate dehydrogenase; NO, nitric oxide; SOD, superoxide
dismutase.
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Figure 3. Remote IPreC decreases the levels of CD11b and CDI18. The levels of CDI11b and CD18 were detected using flow cytometry. Experiments were
repeated at least three times, and error bars represent the mean + standard deviation ('P<0.05, vs. Ctrl group; “P<0.05, vs. IR group). [PreC, ischemic precon-
ditioning; IR, ischemia/reperfusion; Ctrl, control; MFI, mean fluorescence intensity.

Shenzhen, China) according to the manufacturer's protocol.  Statistical analysis. The results were analyzed using SPSS 17.0
The reaction product was determined at 450 nm wavelength  software (SPSS, Inc., Chicago, IL, USA). The differences of the
and the optical density values were detected and analyzed. indicators between the three groups were compared by one-way
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Figure 4. Remote IPreC ameliorates the inflammatory response. (A) Serum levels of IL-6 and IL-10 was detected using an ELISA assay. (B) Expression
of IL-1Ra and IL-1f in the brain was measured using western blot analysis. Experiments were repeated at least three times, and error bars represent the
mean + standard deviation ("P<0.05, vs. Ctrl group; “P<0.05, vs. IR group). IPreC, ischemic preconditioning; IR, ischemia/reperfusion; Ctrl, control; IL,

interleukin; IL-1Ra, IL-1 receptor antagonist.
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Figure 5. Remote IPreC inactivates the NF-xB/TAK1 pathway. The expression levels of TAK1, P65, p-P65, and TNF-a were measured using western blot
analysis. Experiments were repeated at least three times, and error bars represent the mean + standard deviation ('P<0.05, vs. Ctrl group; “P<0.05, vs. IR group).
IPreC, ischemic preconditioning; IR, ischemia/reperfusion; Ctrl, control; NF-kB, nuclear factor-kB; TAK1, transforming growth factor-f3-activated kinase 1;

p-, phosphorylated; TNF-a, tumor necrosis factor-a.

analysis of variance followed by Boferroni's post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

IPreC alleviates cell apoptosis. To determine whether IPreC
can mitigate cerebral IR injury, the area of cerebral infarction
was detected using TTC staining. As illustrated in Fig. 1A,
the increased area of cerebral infarction induced by IR was
markedly suppressed by IPreC. In addition, IR-induced cell
apoptosis was significantly inhibited by IPreC (Fig. 1B). The
increased expression of Bcl-2/Bax in the IR + IPreC group
compared with the IR group further validated this (Fig. 1C).
These results indicated that IPreC ameliorated IR-induced cell
apoptosis in the brain.

IPreC attenuates free radical injury. To investigate the asso-
ciation between the protective effect of [PreC on IR injury and

its antioxidant status, relative expression levels of MDA, LDH,
NO and SOD in brain tissue were measured using biochemical
methods. As shown in Fig. 2, the IR rats exhibited a marked
increase in MDA, LDH and NO content, whereas the expres-
sion of SOD was markedly suppressed, and these changes
were reversed in IR + IPreC group. These results demonstrated
the antioxidative stress effect of IPreC in mitigating cerebral
IR-induced injury.

IPreC decreases the levels of CDIIb and CDIS. To evaluate
whether IPreC can affect the levels of the CD11b* and CD18*
sub-population, flow cytometry and FACS were applied. The
data indicated a marked elevation in the percentage of CD11b*
and CD18* cells in the IR group compared with the control
group. However, IPreC reversed these changes (Fig. 3).

IPreC ameliorates the inflammatory response. To detect the
effect of IPreC on the IR-induced inflammatory response,
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inflammatory factors were measured. The results indicated
that the serum level of IL-6 was increased and that of IL-10
was decreased in the IR group compared with the control
group. A reduced level of IL-6 and elevated level of IL-10 was
measured in the IR + IPreC group compared with the IR group
(Fig. 4A). In addition, IPreC reduced the IR-induced increase
in the ratio of IL-1f3/ IL-1Ra in the brain (Fig. 4B). These find-
ings indicated that IPreC markedly suppressed the IR-induced
inflammatory response.

IPreC inactivates the NF-kB pathway. To examine the mecha-
nisms of IPreC on the IR-induced inflammatory reaction, the
NF-kB pathway was detected using western blot analysis. As
illustrated in Fig. 5, the increase in the expression levels of
TAKI1, p-P65/P65 and TNF-a induced by IR were be signifi-
cantly suppressed by IPreC. These results demonstrated that
IPreC inactivated the NF-kB pathway.

Discussion

Cerebral IR is the main cause of mortality and disability in
adults leading to functional and structural injury in different
brain regions (31). It is becoming increasingly accepted that
[PreC is able to defend the brain against a subsequent longer
ischemic insult and does not lead to neuronal death (8). [PreC
exhibits a tolerance, which is termed ‘ischemic tolerance’ (32).
However, the underlying molecular mechanisms of ischemic
tolerance remained to be fully elucidated.

Apoptosis is involved in trauma, ischemia, and neuro-
degenerative diseases, thus being important in brain
damage (33). The results demonstrated that many neurons
in ischemic regions suffered from necrotic and apoptotic
cell death (34). Studies have also indicated that Bcl-2 family
proteins are involved in apoptotic signaling pathways (35). Bax
is a pro-apoptotic member of the Bcl-2 family and is involved
in inducing cell apoptosis (36). According to published
reports, IPreC can alleviate IR injury via reducing apoptosis.
For example, in IR-induced myocardial injury, IPreC mark-
edly suppressed the expression of cleaved caspase 3, cleaved
poly (ADP-ribose) polymerase and the Bax/Bcl-2 ratio (37).
Jeong et al (38) demonstrated that IPreC increased the mRNA
level of Bcl-2 in hepatic IR injury. In addition, it was reported
that the decrease in the level of Bcl-2 and the increase in the
level of Bax induced by IR were significantly suppressed by
IPreC in renal IR injury (39). Similarly, in the present study,
[PreC suppressed cell apoptosis with elevated Bcl-2/Bax level.

As byproducts or intermediates generated from compli-
cated reactions in living cells, free radicals can lead to the
production of nitrogen species and reactive oxygen (40). Under
pathological circumstances, the excessive accumulation of
free radicals and the deficiency of antioxidants result in tissue
injury, namely oxidative damage (41). When lipids, protein and
DNA are damaged by free radicals, stable oxidized biomol-
ecule products, including MDA, are produced (42). Increasing
evidence has indicated that IPreC is vital in alleviating oxida-
tive damage following an IR event. Yang et al (43) demonstrated
that IPreC reduced the level of MDA and elevated the activity
of SOD in serum and the intestine following an intestinal IR
event. In addition, IPreC decreased the level of NO in the
plasma of mice suffering a kidney IR event (44). The serum
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level of LDH was reported to be significantly lower under
IPreC treatment in patients with IR injury following tourniquet
release during total knee arthroplasty (45). Similarly, in the
present study, IR significantly downregulated the level of SOD
and increased the levels of MDA, LDH and NO. However,
IPreC reversed these changes.

A previous study indicated that oxygen free radicals
can also be triggered by infiltrating leukocytes following
reperfusion (46). According to previous reports, IR triggers
microcirculation interplay in various ways that promote the
expression of leukocyte adhesion molecules CD11b/CDI8,
promoting the adhesion of leukocytes to venules (47). The
leukocytes adhere to the venular wall and, in turn, release
peroxides and protease that cause the leakage of serum (48,49).
Therefore, the expression levels of CD11b and CD18 are directly
associated with the extent of post-operative IR injury (50,51).
Kharbanda et al (52) reported that [PreC inhibited the
increased expression of neutrophil CDI11b in humans with
forearm ischemia followed by reperfusion. Chouker et al (51)
demonstrated that the expression of CDI18 did not elevate
further by IPreC in patients subjected to IR injury. The present
study was in accordance with these results. IPreC, significantly
suppressed the increased CD11b and CDI8 expression levels
induced by IR.

The IR injury in organs is caused by various factors,
including inflammation. During the inflammatory reaction,
pro-inflammatory factors, including 1L-6 and IL-1f, were
released, and the level of anti-inflammatory cytokines (IL-10
and IL-1Ra) was decreased (53). Previous studies have indi-
cated that IPreC markedly suppressed the gene expression level
of pro-inflammatory factors (TNF-a, IL-1f, and IL-6) and
chemokines in patients with renal IR injury (54). In addition,
IPreC inhibited the release of IL-1f and enhanced the genera-
tion of IL-10 following IR in normal and steatotic livers (55).
IPreC also led to inhibition of the mRNA and protein levels
of IL-1f at 6 h and the increased the protein level of IL-1Ra
at 24 h (56). Similarly, in the present study, IPreC suppressed
the increased IL-6 and IL-1f and decreased IL-10 and IL-1Ra
expression levels induced by IR.

TAKI1 is an emerging therapeutic target for inflammation
and fibrosis and the convergence point in cellular responses to
inflammatory stimuli, modulating the expression of mediators
and cell death (57). The downregulation of TAKI1 has been
reported to ameliorate IR injury-induced renal interstitial
fibrosis in mice (58). By contrast, the pathogenesis of IR injury
is involved in tissue hypoxia, reactive oxygen species, comple-
ment activation, and the activity of pro- and anti-apoptotic
signaling cascades, all of which are controlled at a certain
level through the activity of the NF-kB pathway (59). NF-xB
promotes the release of a host of inflammatory cytokines and
cytotoxins, including TNF-a and IL-1f (60). The mitogen-acti-
vated protein kinase family member TAKI is involved in
the mechanism of hypoxia-induced NF-xB (61). It has been
suggested and supported by studies that IPreC can inactivate
the NF-kB pathway in IR injury. For example, combining
IPreC with sevoflurane postconditioning protected rats against
myocardial injury induced by IR partly via inactivating the
toll-like receptor 4/myeloid differentiation primary response
88/NF-«B signaling pathway (37). IPreC markedly alleviated
lipopolysaccharide-induced liver injury via the inhibition of
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NF-«kB activation in mice (62). Similarly, in the present study,
[PreC significantly suppressed IR-induced increased levels of
TAKI, p-P65/P65 and TNF-a.

Taken together, the results of the present study suggested
that cerebral IR injury may be ameliorated by IPreC via
decreasing free radicals and the inflammatory response.
These results may provide novel insight into the mechanisms
of IPreC for the treatment of cerebral IR injury.
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