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Ischemic postconditioning attenuates inflammation in
rats following renal ischemia and reperfusion injury
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Abstract. Ischemic postconditioning (IPoC) involves a series
of brief rapid intermittent ischemic episodes applied at the
onset of reperfusion in the previously ischemic tissue or
organ. Previous studies have demonstrated that IPoC attenu-
ates tissue damage induced by ischemia and reperfusion
(I/R) injury. The aim of the present study was to investigate
whether IPoC has a beneficial effect on inflammation in a
rat model of renal I/R injury. Wistar rats were subjected to
45 min of ischemia followed by 24, 72 or 120 h of reperfu-
sion (I/R group). In the TPoC group, rats subjected to I/R
were treated with six cycles of 10 sec reperfusion followed
by a 10-sec ischemic episode. Blood samples were collected
for the determination of blood urea nitrogen (BUN) and
creatinine (Cr) levels. Furthermore, histological examina-
tion and immunohistochemical staining for the localization
of nuclear factor-«B (NF-«B) were performed. In addition,
quantitative polymerase chain reaction (qQPCR) analysis was
used to determine the expression levels of intercellular adhe-
sion molecule-1 (ICAM-1), interleukin-6 (IL-6) and tumor
necrosis factor-a (TNF-a), while western blot analysis was
used to detect the protein expression levels of NF-kB. The
results indicated that the BUN and Cr levels increased signifi-
cantly in the I/R group, while the IPoC rats showed evidently
reduced renal damage. Immunohistochemical analysis
revealed that the expression levels of NF-«kB were decreased
by IPoC. In addition, the qPCR results revealed that TPoC
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significantly inhibited the increased mRNA expression levels
of ICAM-1, IL-6 and TNF-a, induced by I/R injury. Western
blot analysis indicated that the expression levels of NF-kB
were upregulated in the I/R group, while IPoC was shown to
inhibit the expression. In conclusion, IPoC was demonstrated
to exhibit potent anti-inflammatory properties against renal
I/R injury.

Introduction

Acute kidney injury involves the abrupt loss of renal function,
which is strongly associated with increased mortality rates
and the subsequent development of chronic kidney disease (1).
While acute kidney injury has a number of etiologies, a major
cause is ischemia, which can occur during kidney transplan-
tation, renal artery angioplasty, sepsis, partial nephrectomy,
accidental or iatrogenic trauma, hydronephrosis, elective
urological surgery, aortic bypass surgery and cardiopulmonary
bypass, or by the action of vasoconstrictor drugs and certain
hypotensive states (2,3).

Previous studies have demonstrated that ischemic precon-
ditioning (IPC) creates resistance against organ ischemia and
reperfusion (I/R) injury through ‘organ conditioning’ (4,5).
Although IPC has protective effects and may reduce I/R
injury, clinical application is limited and IPC is not suitable for
clinical implementation since the onset of an ischemic insult
is unpredictable. Ischemic postconditioning (IPoC) involves
the application of a series of brief rapid intermittent ischemic
episodes at the onset of reperfusion in the previously ischemic
tissue or organ (6). IPoC has improved feasibility and oper-
ability; thus, is more clinically applicable and attracts greater
attention compared with IPC.

Recent studies have indicated that IPoC significantly
reduces the inflammatory response in cerebral and lung I/R
injury (7,8). An excessive inflammatory reaction frequently
resides in the tissue subjected to the I/R injury and leads to
damage (9). Therefore, reducing the inflammatory injury is
regarded as a major technique for the attenuation of I/R injury.
In a previous study, [IPoC was demonstrated to attenuate renal
damage following I/R injury (10). However, the ability of [PoC
to reduce the inflammatory response induced by renal I/R
injury has not yet been investigated. Therefore, the aim of the
present study was to determine whether IPoC inhibits inflam-
mation following renal I/R injury.
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Materials and methods

Animal model of I/R. In total, 56 adult healthy male Wistar
rats (specific-pathogen-free grade; weight, 210-250 g) were
supplied by the Animal Experimental Center of the Medical
College of Wuhan University (Wuhan, China). The study
was approved by the Committee of the Animal Experimental
Center of Wuhan University, and the procedures were
conducted according to the routine animal-care guidelines.
All the experimental procedures complied with the Guidelines
for the Care and Use of Laboratory Animals. Briefly, the rats
were anesthetized using pentobarbital (45 mg/kg) and placed
on a homeothermic table in order to maintain a core body
temperature of 37°C. A midline laparotomy incision was
made and a right nephrectomy was performed. Next, the left
kidney was subjected to 45 min of ischemia, followed by
reperfusion.

The animals were randomly divided into three groups of
eight rats each, including the sham-operated (sham), I/R and
[PoC groups. In the I/R and IPoC groups, the reperfusion
period was 24 h, 72 h and 120 h and the number of rats in
each group were as follows: Sham (8 rats), I/R 24 h (8 rats)
J/R 72 h (8 rats), I/R 120 h (8 rats), IPoC 24 h (8 rats), IPoC
72 h (8 rats) and IPoC 120 h (8 rats). In the sham group, the
rats were subjected to a resection of the right kidney. In the
I/R group, after the right kidney was removed, the left kidney
vessels were subjected to ischemia for 45 min, followed by
reperfusion. In the IPoC group, the rats were subjected to
45 min of ischemia, after which the left kidney was imme-
diately subjected to six cycles of reperfusion for 10 sec and
a 10-sec ischemic episode, followed by reperfusion. All the
ischemic kidneys were harvested following a reperfusion
period of 24,72 or 120 h.

Preservation of the kidneys. The left kidney was removed under
fully maintained anesthesia. Following removal, the kidney
was fixed in 10% phosphate-buffered formalin or immediately
frozen, and stored at -80°C for the following experiments.

Serum assays. At 24 h following the initiation of I/R injury, in
every group, 1-ml blood samples were collected and analyzed
according to directions of the Creatinine and Urea Assay Kkits
(Nanjing Jiancheng Chemical Industrial Co., Ltd, Nanjing,
China). The absorbance was measured using a spectropho-
tometer (Shimadzu UV-1700; Shimadzu Corporation, Kyoto,
Japan) and the concentrations of blood urea nitrogen (BUN)
and creatinine (Cr) were calculated.

Histological examinations. The kidneys were fixed in 10%
phosphate-buffered formalin, embedded in paraffin and cut
into 4-um sections. The sections were deparaffinized and
hydrated gradually, followed by staining with hematoxylin and
eosin. Morphological assessments were performed by an expe-
rienced renal pathologist who was unaware of the assigned
treatments. An established grading scale of 0-4, outlined by
Jablonski et al (11), was used in the histopathological assess-
ment of I/R-induced damage.

Immunohistochemistry. Immunohistochemical staining was
used to analyze the expression of nuclear factor-kB (NF-«B).
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Briefly, the 4-um sections were deparaffinized, and endog-
enous peroxidase activity was blocked with 3% hydrogen
peroxide for 10 min at 37°C. Next, the sections were treated
with 10% normal goat serum in Tris-buffered saline (TBS)
for 30 min at 37°C. Subsequently, the samples were incubated
overnight at 4°C with a polyclonal rabbit anti-NF-xB anti-
body (no. ab16502; 1:1,000; Abcam, Cambridge, UK). After
washing three times with phosphate-buffered saline (PBS),
the sections were incubated with a goat anti-rabbit secondary
antibody (1:2,000; ZSGB-BIO Corporation, Beijing, China)
for 30 min at room temperature, followed by the addition
of the color reagent, 3,3'-diaminobenzidine. The aforemen-
tioned experiments were routinely performed in the negative
control group although PBS was used instead of incubation
with the primary antibody.

Quantitative polymerase chain reaction (qPCR). Total
RNA was isolated using TRIzol reagent (Invitrogen Life
Technologies, Carlsbad, CA, USA), and the RNA concentra-
tion was determined using a spectrophotometer (Shimadzu
UV-1700; Shimadzu Corporation). Single-stranded cDNA was
synthesized with a RevertAid First Strand cDNA synthesis kit
(Takara Bio, Inc., Kyoto, Japan), according to the manufac-
turer's instructions. Reverse transcription PCR was performed
using the SYBR® Green mix kit (Applied Biosystems
Life Technologies, Foster City, CA, USA). The primers
used were as follows: Tumor necrosis factor-a (TNF-a)
forward, 5'-GCCACCACGCTCTTCTGTC-3' and reverse,
5'-GCTACGGGCTTGTCACTCG-3' (GenBank accession no.
NM_012675.3); intercellular adhesion molecule-1 (ICAM-1)
forward, 5'-GGGATGGTGAAGTCTGTCAA-3' and reverse,
5'-GGCGGTAATAGGTGTAAATGG-3' (GenBank acces-
sion no. NM_012967); and interleukin-6 (IL-6) forward,
5-TTGCCTTCTTGGGACTGATGT-3"' and reverse,
5'"TACTGGTCTGTTGTGGGTGGT-3' (GenBank accession
no. NM_012589.1). B-actin was used as a housekeeping gene
and the data were presented as the ratio of gene expression
against that of f-actin. The B-actin sense primer used was
5'"TGCTATGTTGCCCTAGACTTCG-3' and the antisense
primer was 5-GTTGGCATAGAGGTCTTTACGG-3'
(GenBank accession no. NM_031144). The initial activation
was at 95°C for 15 sec, followed by 58°C for 20 sec and 72°C
for 20 sec for 40 cycles. SLAN®-96s Real-Time PCR system
(Shanghai Hongshi Medical Technology Co., Ltd, Shanghai,
China) was used to carry out the analysis. There were three
samples per assay.

Western blot analysis. Total proteins were extracted and
quantified using a bicinchoninic acid assay. Next, equivalent
protein samples (40 pg/lane) were separated using 10%
SDS-PAGE and transferred to nitrocellulose membranes.
The membranes were blocked with 5% non-fat milk in
TBS/Tween-20, and incubated with polyclonal rabbit
anti-NF-xB primary antibodies against NF-kB (no. ab16502;
1:1,000; Abcam). Following two washes with PBS, the
membranes were incubated with a goat anti-rabbit secondary
antibody conjugated to horseradish peroxidase (1:2,000;
ZSGB-BIO Corporation). Specific bands were visual-
ized using an enhanced chemiluminescence detection kit
(Pierce Biotechnology, Inc., Rockford, IL, USA), and the
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Figure 1. Effect of IPoC on the (A) serum Cr and (B) BUN concentrations, and (C) Jablonski grading scale scores, after 24 h. The data are presented as the
mean =+ standard error of mean. "P<0.05, vs. sham; “P<0.05, vs. I/R at 24 h. Cr, creatinine; BUN, blood urea nitrogen; sham, sham-operated; I/R, ischemia and

reperfusion; IPoC, ischemic postconditioning.

Figure 2. Histological features were evaluated using hematoxylin and eosin (H&E) staining (magnification, x200), while immunohistochemical staining
(magnification, x400) was used to investigate the expression of nuclear factor-kB (NF-«xB). Representative kidney sections stained with H&E at the end of the
24-h reperfusion period are shown for the (A) sham, (B) I/R and (C) IPoC groups. The expression of NF-«xB in the kidneys at the end of the 24-h reperfusion
period is shown for the (D) sham, (E) I/R and (F) IPoC groups. Sham, sham-operated; I/R, ischemia and reperfusion; IPoC, ischemic postconditioning.

optical densities were detected using Quantity One software
(Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Statistical analysis. Data are presented as the mean + stan-
dard error of mean. The mean values of the groups were
compared using one-way analysis of variance, followed by
the Student-Newman-Keuls test. All statistical analyses were
performed with the SPSS statistical package (SPSS 13.0; SPSS,
Inc., Chicago, IL, USA). P<0.05 was considered to indicate a
statistically significant difference.

Results

Renal function. Renal function was found to be different at
each of the three reperfusion time points (24, 72 and 120 h).
The renal functional parameters of the rats were significantly
different at 24 and 72 h following I/R injury. Rats that were
subjected to I/R injury showed a significant increase in the
levels of BUN and Cr compared with the sham-operated rats
at 24 and 72 h following I/R injury. In addition, the renal

function after I/R injury was significantly improved following
IPoC treatment (Fig. 1).

Histopathology. Compared with the sham group, the I/R group
rats suffered from significant tubular necrosis, medullary
hemorrhage and congestion. However, IPoC administration
reduced these severe renal damages (Fig. 2A-C). Quantitative
analysis revealed a markedly decreased Jablonski score in the
IPoC group rats compared with the I/R group (Fig. 1C).

Immunohistochemistry. NF-kB expression was detected using
an immunohistochemical technique. Staining revealed that the
NF-«B expression level was low in the sham group. However,
the renal tissues of the I/R group exhibited a strong positive
expression for NF-kB. Compared with the I/R group, the
expression levels of NF-kB were decreased in the [PoC group
(Fig. 2D-F).

PCR analysis. The mRNA expression levels of [CAM-1, IL-6
and TNF-a were calculated relative to [3-actin. The expression
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Figure 3. Effect of [PoC on the mRNA expression levels of (A) ICAM-1, (B) IL-6 and (C) TNF-a in the kidney after 45 min of ischemia, followed by 24, 72
and 120 h of reperfusion. The mRNA expression levels were standardized against (3-actin. The data are presented as the mean + standard error of mean.
“P<0.05, vs. sham; "P<0.05, vs. I/R at 24 h;P<0.05, vs. I/R at 72 h; "P<0.05, vs. I/R at 120 h. TNF-a, tumor necrosis factor-a; IL-6 , interleukin-6; ICAM-1,
intercellular adhesion molecule-1; sham, sham-operated; I/R, ischemia and reperfusion; IPoC, ischemic postconditioning.
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Figure 4. (A) Representative western blot and (B) quantitative analyses revealing the effects of IPoC on the expression of NF-«B in the kidney after 45 min of
ischemia, followed by 24, 72 and 120 h of reperfusion. 3-actin was used to ensure an equal amount of protein was loaded in each lane. The data are presented
as the mean =+ standard error of mean. ‘P<0.03, vs. sham; “P<0.05, vs. I/R at 24 h; ‘P<0.05, vs. I/R at 72 h; "P<0.05, vs. I/R at 120 h. NF-«xB, nuclear factor-kB;
sham, sham-operated; I/R, ischemia and reperfusion; IPoC, ischemic postconditioning.

levels were found to vary following 24, 72 and 120 h of
reperfusion, and were significantly higher in the I/R group
compared with the sham group. However, [IPoC was shown to
significantly reduce the mRNA expression levels of ICAM-1,
IL-6 and TNF-a following I/R (Fig. 3).

Western blot analysis. Compared with the sham group, the
expression levels of NF-kB were upregulated in the I/R group,
and gradually decreased with time. However, IPoC was found
to attenuate the NF-xB expression levels induced by I/R, as
shown in Fig. 4.

Discussion

In recent years, I/R injury has elicited an increasing interest
due to the impact on organs, such as the kidney, liver and
heart. In addition, research into the protective effects of ‘organ
conditioning’ against I/R injury has received increasing
interest. [IPC has been demonstrated to protect organs against
the tissue damage induced by I/R, and the underlying mecha-
nisms were shown to involve a complex set of signaling
transduction pathways (12). However, clinical application of
IPC is often restricted since the onset of ischemic injury is
difficult to predict (13). A more clinically suitable approach
is IPoC, performed at the onset of reperfusion. IPoC was

first reported by Zhao et al (6) as an effective strategy
against cardiac I/R injury. The protective effects of [PoC
have also been demonstrated in several animal models of
non-cardiac I/R injury (14). Our previous study revealed that
IPoC attenuated oxidative stress and protected rats against
renal I/R injury; however, a protective mechanism directly
involving the kidney was not elucidated. Our study supported
and further demonstrated the aforementioned findings,
revealing that I[PoC was able to reduce the expression levels
of BUN and Cr and improve renal morphology following I/R
injury (10). In addition, IPoC was shown to inhibit inflamma-
tion following renal I/R injury in rats, for the first time.
Inflammation is a key factor in the occurrence and devel-
opment of ischemic damage. The activation of monocytes
and macrophages contributes to the synthesis and release
of a variety of proinflammatory cytokines following I/R
injury (15). Within hours after an ischemic episode, a large
number of proinflammatory mediators are released, leading
to the development of tissue damage. Among the pathological
processes involved in I/R injury, TNF-a plays a key role in the
development and maintenance of an inflammatory response.
The infiltration of leukocytes into the kidney, assisted by
TNF-a, may aggravate the ischemic injury (16). In addition,
ICAM-1, an adhesion molecule, facilitates leukocyte infiltra-
tion and adhesion, aggravating the injuries caused by I/R. A
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previous study demonstrated that the functional inhibition of
TNF-a, which was associated with the decreased expression
of ICAM-1, was able to reduce the extent of I/R injury (17).
IL-6 is a pleiotropic cytokine involved in the regulation of
immune and inflammatory responses. In the present study,
the increased expression levels of IL-6, TNF-a and ICAM-1,
which are markers of inflammation, were reduced by IPoC.
Thus, IPoC was found to reduce the inflammatory responses
following renal I/R injury. The mRNA expression levels of
TNF-a, IL-6 and ICAM-1 in the I/R group increased signifi-
cantly in response to the I/R-induced renal damage, peaking
after 24 h of reperfusion, followed by a gradual decrease.
However, IPoC was shown to significantly protect the renal
tissue from I/R injury, since the increased expression levels
of the inflammatory markers were reduced markedly in the
[PoC group when compared with the I/R group (Fig. 3).
Therefore, the results demonstrated that IPoC reduces the
inflammatory response following renal I/R injury.

NF-«B, an important nuclear transcription factor, regulates
the expression of a large number of genes that play a key role
in the regulation of apoptosis, inflammation, viral replication
and tumorigenesis (18). Normally, an inactive form of NF-xB
is sequestered in the cytoplasm bound to IkB proteins, which
regulates its activity (19). Numerous stimuli, including I/R
injury, can activate NF-xB signaling through the degrada-
tion of IkB and the release of the NF-kB p65-p50 dimer. The
dimer translocates to the nucleus, binds to the kB binding
sites of DNA and regulates the transcriptional activation of
target genes (20). NF-kB is crucial in the regulation of genes
encoding proinflammatory cytokines, such as IL-6, TNF-a
and ICAM-1. A previous study demonstrated that NF-xB
may be a vital regulator of inflammation following kidney
damage, with inflammatory mechanisms shown to be closely
associated with increased expression levels of NF-xB (21). In
the present study, the expression of NF-kB was investigated
following 24, 72 and 120 h of reperfusion in the I/R and IPoC
groups. The results indicated that the expression levels of
NF-kB were upregulated in the I/R group after 24 h of reper-
fusion and then gradually decreased. By contrast, IPoC was
found to significantly attenuate the expression levels induced
by I/R injury, which was consistent with the changes observed
in renal function.

However, a number of limitations exist in the present
study. A recent clinical study demonstrated that [PoC did not
reduce the delayed graft function or improve renal function
following kidney transplantation, although IPoC application
was found to be feasible and safe (22). A possible explanation
for the conflicting results may be that healthy young animals
are used in the majority of animal experiments, while in
the aforementioned clinical study, the transplant donors
were older and suffered from a number of comorbidities.
Therefore, future studies should investigate aged or diseased
rats. Furthermore, in vitro studies are required to confirm
the results, since an inherent interconnection of the effects
of IPoC treatment on tissue salvage and protein signals was
observed. In addition, only a short-term period of survival
was assessed in the present study, while a previous study
demonstrated that [PoC protected rats against I/R damage
after 12 weeks and had beneficial effects on renal fibrosis (23).
The anti-inflammatory properties of IPoC may possibly lead
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to the long-term protection of renal fibrosis; therefore, the
long-term consequences of [PoC shoulwd be investigated in a
further study. Furthermore, only six cycles of reperfusion for
10 sec followed by 10 sec of ischemia were applied for [PoC.
Thus, the current study did not reveal whether IPoC plays
an ‘on-off” or ‘dose-dependent’ role. In the case that IPoC
is ‘dose-dependent’, the ischemic episode period of 10 sec
may not afford the maximal protective effect against renal
I/R injury. Thus, the optimal interval length and number of
cycles require further investigation.

In conclusion, IPoC was demonstrated to protect rats
against inflammation following renal I/R injury, and the
underlying mechanism of IPoC was found to be associated
with the decreased expression of NF-kB. Therefore, inhibiting
the activation of NF-«xB may develop smaller impairments
following renal I/R injury.
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