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Abstract. Ischemic postconditioning (IPo) attenuates 
ischemia-reperfusion injuries (IRI) in various organs, of 
both animals and humans. This study tested the hypothesis 
that IPo attenuates renal IRI through the upregulation of heat 
shock protein (HSP)70, HSP27 and heme oxygenase-1 (HO-1, 
also known as HSP 32) expression. Adult Sprague Dawley 
rats were subjected to bilateral renal ischemia for 45 min 
followed by reperfusion for up to 48 h. One group of rats 
received IPo prior to restoring full perfusion. Another group 
was administered 100 mg/kg HSP inhibitor quercetin, injected 
intraperitoneally 1 h prior to ischemia. Control rats received 
sham operations. Renal IR resulted in severe morphological 
and pathological changes, with increased serum creatinine and 
blood urea nitrogen concentrations. IR resulted in increased 
inflammation by inducing plasma tumor necrosis factor-α and 
renal nuclear factor kappa-light-chain-enhancer of activated 
B cells expression. IR also increased lipid peroxidation, as 
indicated by elevated malondialdehyde content, reduced 
superoxide dismutase activity and increased renal apoptosis. 
Renal HSP70, HSP27 and HO-1 mRNA and protein levels 
were increased by IR and further elevated by IPo. IPo attenu-
ated these changes observed in pathology, lipid peroxidation, 
apoptosis and inflammation. Quercetin treatment abolished all 
the protective effects of IPo. In conclusion, this study showed 
that IPo can attenuate lipid peroxidation, apoptosis and inflam-
mation as well as renal IRI by upregulating the expression of 
HSP70, HSP27 and HO-1.

Introduction

Due to their high levels of reperfusion, the kidneys are prone 
to ischemia reperfusion injury (IRI), and this condition may 
cause or aggravate renal dysfunction. Renal ischemia may 
be caused by arterial occlusion, shock and organ transplan-
tation, and leads to renal cell death, renal failure, delayed 
graft function and graft rejection (1). These events contribute 
substantially to renal-associated morbidity and mortality, with 
a 30-50% death rate, following acute renal failure (ARF) (2). 
In addition, ~10% of renal allografts fail during the first year 
after transplantation, and the risk increases by 3-5% each 
year (3). Since the first report by Zhao et al (4), several recent 
studies have shown that brief ischemia during the onset of 
reperfusion, ischemic postconditioning (IPo) is protective in 
various organs (5-7). IPo has therefore become a clinical inter-
vention to significantly reduce IRI (8‑10). In a previous study 
by our group (11), it was demonstrated that IPo significantly 
reduced renal IRI by attenuating renal lipid peroxidation and 
cell apoptosis (11). Miklós et al (12) reported that IPo attenu-
ated inflammatory response by reducing serum and tubular 
tumor necrosis factor-α (TNF-α) expression (12). Renal IPo 
in the present study was based on the methods described by 
Liu et al (11) and Heusch et al (13), employing 10 sec of reper-
fusion immediately following release of ischemia, followed by 
10 sec of ischemia. The process was repeated three times.

Endogenous heat shock proteins (HSPs), categorized into 
various subfamilies based on their molecular weight, are 
increasingly expressed upon tissue stress, as a cellular protec-
tive mechanism. HSP70 is a chaperone protein which has a key 
role in stress tolerance (14). HSP27 is a member of the small 
molecule family of HSPs, and also has an important role in 
individual stress tolerance at the cellular level and maintenance 
of integrity (15). Heme oxygenase-1 (HO-1) has been the focus 
of research in organ transplantation and protection, due to its 
anti‑oxidant and anti‑inflammatory activity, as well as the ability 
to improve microcirculation, inhibit immunological rejection 
and induce immunological tolerance (16). As an endogenous 
protective mechanism, the expression of HSP70, HSP27 and 
HO‑1 protect against the progression of IR. Zhang et al (17) 
showed that HSP levels, particularly those of HSP70, HSP27 
and HO-1, are highly sensitive to IRI in rat kidneys. Several 
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studies have shown that postconditioning induces expression of 
HSPs and is protective to the brain and lung (18,19).

The potential application of HSP induction by IPo in the 
kidney has not been demonstrated, to the best of our knowl-
edge. The present study was designed to determine whether 
IPo induced higher expression levels of HSP70, HSP27 and 
HO‑1, thereby attenuating renal lipid peroxidation, inflamma-
tory responses and cellular apoptosis, and reducing IRI in the 
kidneys of rats.

Materials and methods

Animals. Male Sprague Dawley rats (n=140), weighing 
250-280 g, aged 6-8 weeks, were obtained from the Hebei 
Laboratory Animal Center (Hebei, China). Rats were housed 
in a standard environment, under a 12-h light/dark cycle, with 
access to water and a standard laboratory diet ad libitum. 
All procedures and protocols used in the present study were 
approved by the Experimental Animal Ethics Committee of 
Hebei Medical University (Hebei, China), and the guidelines of 
the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals were followed.

Experimental protocol. The rats (n=140) were anesthetized 
by ether inhalation. Briefly, the peritoneal cavity was opened 
through a midline incision. Both kidneys were separated and 
the bilateral renal pedicles were occluded for 45 min using 
an atraumatic mini-clamp, followed by reperfusion of various 
durations (1, 3, 6, 12, 24 or 48 h; n=5/time point) (IR group) (11). 
One group of rats received three cycles of ischemia (10 sec) 
followed by 10 sec reperfusion following the 45-min ischemia, 
but prior to restoring full perfusion (IPo group) (11,13). Another 
group of rats (n=35) was subjected to the IPo procedure, using 
100 mg/kg quercetin (HSP inhibitor), injected intraperitoneally 
at 1 h prior to ischemia (quercetin + IPo group; n=35). Control 
rats receiving sham operations were used as the negative 
controls. In these animals, the kidneys were exposed bilaterally 
for 45 min through a midline incision, but without clamping 
their pedicles (sham group). Animals in the four groups were 
sacrificed at the end of ischemia (T0) (corresponding to the end 
of IPo) and at 1, 3, 6, 12, 24 and 48 h (T1-6) of reperfusion (n=5 
rats at each time-point).

Serum and kidney specimens. Serum was extracted from 
cardiac blood and kidneys were removed at each time-point. 
Serum samples were stored at -20°C for biochemical analysis for 
creatinine (Cr), blood urea nitrogen (BUN) and expression level 
analysis of TNF-α. Tissue samples were divided into two parts. 
One part of each specimen was stored at -80°C for measurements 
of HSP70, HSP27, HO‑1 and caspase‑3 mRNA by quantitative 
polymerase chain reaction (qPCR), as well as determination 
of malondialdehyde (MDA) content and superoxide dismutase 
(SOD) activity. The other part of each specimen was fixed in 4% 
paraformaldehyde and embedded in paraffin for histopathology, 
apoptosis and immuno histochemical analyses.

RNA isolation, reverse transcription and qPCR. Total RNA 
was extracted from 50 mg of each renal tissue specimen using 
TRIzol™ reagent (Invitrogen Life Technologies, Carlsbad, CA, 
USA) according to the manufacturer's instructions. RNA purity 

and content were detected by measuring the optical density (OD) 
ratio at 260/280 nm using a 756-ultraviolet spectrophotometer 
(Aucy Technology Instrument Co., Ltd., Shanghai, China). Pure 
RNA from the reverse transcription was determined by a score 
of 1.8-2.0 from the 260/280 ratio. Random primers (Promega 
Corporation, Madison, WI, USA) were used to synthesize 
first‑strand cDNA with Moloney murine leukemia virus Reverse 
Transcriptase (Promega Corporation). The cDNA was then 
amplified by qPCR using a Hot Start Fluorescent PCR Core 
Reagent kit (SYBR® Green I) (Boston Biomedical, Cambridge, 
MA, USA) and the ABI 7300 Real-Time PCR system (Applied 
Biosystems Life Technologies, Foster City, CA, USA). Specific 
primers for HSP70, HO-1, HSP27 and caspase-3 are listed in 
Table I. qPCR was carried out as follows: Initial denaturation at 
96˚C for 4 min, followed by 40 cycles of amplification at 94˚C 
for 30 sec, hybridization at 58˚C for 30 sec and extension at 72˚C 
for 30 sec. Relative mRNA in each sample was then quantified 
automatically by reference to the standard curve constructed 
each time according to SDS v1.3 software (Applied Biosystems 
Life Technologies). The mRNA levels were calculated with 
reference to external standard curves constructed by plotting the 
log number of 10-fold serially diluted cDNA samples against the 
respective threshold cycle by the second derivative maximum 
method. The expression of mRNA levels in each sample was 
normalized against the mRNA expression levels of GAPDH.

Immunohistochemistry. Immunohistochemical staining was 
performed using rabbit antibodies against rat HSP70 (BS2741; 
Bioworld Technology, Inc., St. Louis Park, MN, USA), HO-1 
(BS-0827R; Beijing Bioss Biotechnology Co., Ltd. Beijing, 
China), HSP27 (BS3435; Bioworld Technology, Inc.) or nuclear 
factor kappa-light-chain-enhancer of activated B cells p65 
(NF-κB‑p65, BS1253; Bioworld Technology, Inc.) on paraffin 
sections according to the manufacturer's instructions. The 
staining was analyzed using the Leica Q‑500 Image Analysis 
system (Leica Microsystems GmbH, Wetzlar, Germany).

Terminal deoxynucleotidyl transferase‑mediated dUTP 
nick‑end labeling (TUNEL) assay. Apoptosis in kidney 

Table I. Primer sequences used in quantitative polymerase 
chain reaction.

Primer  Sequence 5' to 3'

HSP70 Forward GGGTTTGGGTACTTTGGTTA
 Reverse CCCATAAGTTGGGAAACAGT
HO-1 Forward GAGGAGATAGAGCGAAACAAGC
 Reverse GTGGCTGGT GTGTAAGGGAT
HSP27 Forward AGCAGCGGTGTG TCAGAGAT
 Reverse GCCTTCCTTGGTCTTCACTGT
Caspase-3 Forward GACAACAACGAAACCTCCG
 Reverse AGGGTTAGCTGCATCGACA
GAPDH Forward TGAACGGGAAGCTCACTGG
 Reverse GCTTCACCACCTTCTTGATGTC
 
HSP, heat shock protein; HO, heme oxygenase.
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cells was identified by TUNEL assays, performed according 
to the manufacturer's instructions (Boehringer Ingelheim, 
Mannheim, Germany). Apoptotic renal tubular epithelial 
cells were examined by light microscopy (BX53; Olympus 
Corporation, Tokyo, Japan) at x400 magnification. The 
apoptotic index (AI) was defined as the percentage of stained 
cells/high‑power field.

MDA content and SOD activity. The MDA levels and SOD 
activity in nephridial tissues were detected using thiobarbituric 
acid (TBA) and xanthine oxidase methods, according to the 
manufacturer's instructions (Nanjing Jiancheng Bioengineering 
Institute, China). The homogenate (0.1 ml) was used to detect 
the MDA content. The condensation of MDA and TBA resulted 
in a red product, with a maximum absorption peak at 532 nm 
(NanoDrop2000 spectrophotometer; Thermo Fisher Scientific, 
Wilmington, DE, USA). The MDA content was calculated 
by measuring the absorbance at 532 nm and expressed as 
nmol/mg protein (nmol/mg prot). SOD activity was  determined 
by detecting the absorbance at 550 nm. SOD activity was 
expressed as U/mg prot.

Detection of TNF‑α by enzyme‑linked immunosorbent assay 
(ELISA). The levels of TNF-α in the serum were measured by 
ELISA according to the manufacturer's instructions (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China).

Statistical analysis. Values are expressed as the mean ± stan-
dard deviation. Statistical analyses were performed using 
SPSS 13.0 (SPSS, Inc., Chicago, IL, USA). Analysis of variance 
was conducted for comparison of parameters among groups and 
the Student-Newman-Keuls test for comparison of parameters 
between two groups after normality testing (quantile-quantile 
plot, Q‑Q plot) and tests for homogeneity of variance (Levene's 
test). P<0.05 was considered to indicate a statistically significant 
difference.

Results

IPo increases expression of HSPs. Expression levels of HSP70, 
HSP27 and HO-1 in the kidney were induced by IR at the mRNA 
and protein level. The expression levels were further elevated by 
IPo at each time-point, reaching a peak at 6 h after reperfusion. 

Figure 1. Relative expression of (A) HSP70 mRNA, (B) HO-1 mRNA, (C) HSP27 mRNA, (D) HSP70 protein, (E) HO-1 protein and (F) HSP27 protein, in renal 
tissue immediately following reperfusion (0 h) or 1, 3, 6, 12, 24 and 48 h after reperfusion (mRNA and protein levels were detected by quantitative polymerase 
chain reaction and immunohistochemistry). In D‑F, the value of the sham group was defined as 0, and the values of the other groups were presented relatively to the 
sham group. #P<0.05, as compared with the sham group; *P<0.05, as compared with IR group; ▲P<0.05, as compared with the IPo group. HSP, heat shock protein; 
HO-1, heme oxygenase-1; S, control group; IR, ischemia-reperfusion; IPo, ischemic postconditioning; IHC, immunohistochemistry.
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Quercetin inhibited the IPo-mediated increases of HSP70, 
HSP27 and HO-1 mRNA and protein levels by (Fig. 1A-F).

Expression of HSPs is involved in the reduction of renal IRI 
by IPo. To assess functional renal impairment, changes in renal 
pathology were observed by microscopy, and levels of Cr and 
BUN were measured in the serum. Renal IR led to severe patho-
logical and morphological changes, including tubular dilatation 
and cellular edema, with partly visible necrosis and tubular 

cells. Protein accumulation in the fluid within lumen, perivas-
cular dilatation and congestion (Fig. 2) as well as increased 
serum Cr expression levels (102±5 vs. 46±6 µmol/l, P<0.05) 
and BUN (25.7±3.9 vs. 5.1±1.9 mmol/l, P<0.05) concentrations 
at 6 h after reperfusion were also observed. IPo attenuated the 
pathological changes and decreased Cr expression levels (64±5 
vs. 102±5 µmol/l, P<0.05) and BUN concentrations (11.3±3.0 
vs. 25.7±3.9 mmol/l, P<0.05) (Fig. 3A and B). The renoprotec-
tive effects of IPo were significantly attenuated by quercetin (Cr, 

Figure 3. (A) Creatinine and (B) blood urea nitrogen levels in the serum in four groups at 6 h post-reperfusion. #P<0.05, as compared with the sham group; *P<0.05, 
as compared with the IR group; ▲P<0.05, as compared with IPo group. Cr, creatinine; BUN, blood urea nitrogen; S, control group; IR, ischemia-reperfusion; IPo, 
ischemic postconditioning.

Figure 4. (A) MDA content and (B) SOD activity in the four experimental groups at 6 h post-reperfusion. #P<0.05, as compared with the sham group; *P<0.05, 
as compared with IR group; ▲P<0.05, as compared with the IPo group. S, control group; IR, ischemia-reperfusion; IPo, ischemic postconditiong; MDA, 
malondialdehyde; SOD, superoxide dismutase.

Figure 2. Microphotographs of kidney tissues in the four experimental groups at 6 h post‑reperfusion (hematoxylin and eosin stain; magnification, x400). 
(A) Control group showed no obvious morphological changes. (B) Ischemia-reperfusion group showed severe pathological and morphological changes, 
tubular dilatation, cellular edema, with partly visible necrosis and tubular cells. Protein accumulation was detected in the fluid within lumen, together with 
perivascular dilatation and congestion. (C) The IPo group showed an attenuation of the pathological changes. (D) Quercetin + IPo attenutated the renoprotec-
tive effects of IPo. IPo, ischemic postconditioning.
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101±6 vs. 64±5 µmol/l, P<0.05; BUN, 26.5±4.5 vs. 11.3±3.0, 
P<0.05).

Upregulation of HSPs mediates a decrease of MDA content and 
increase of SOD activity by IPo. To assess the levels of lipid 
peroxidation associated with renal IR, the MDA content and SOD 
activity in kidney tissue were determined. Following 6 h of reperfu-
sion, the MDA content was significantly increased (2.20±0.23 vs.  
1.02±0.19 nmol/mg prot, P<0.05), while the SOD activity was 
significantly decreased (104±6 vs. 147±6 U/mg prot, P<0.05). 
IPo attenuated the pathology associated with lipid peroxida-
tion of renal IR (MDA 1.35±0.13 vs. 2.20±0.23 nmol/mg prot, 
P<0.05; SOD 124±4 vs. 104±6 U/mg prot, P<0.05). This effect 

was significantly restrained by quercetin (MAD 2.25±0.16 vs.  
1.35±0.13 nmol/mg prot, P<0.05; SOD 106±5 vs. 124±4 U/mg 
prot, P<0.05) (Fig. 4).

Upregulation of HSPs mediates decrease in NF‑κB and TNF‑α 
levels by IPo. To determine the extent of pathological inflamma-
tion in renal IR, the renal tissue expression levels of NF-κB and 
the serum expression levels of TNF-α were evaluated. After 6 h of 
reperfusion, the NF-κB expression (6.0±1.4 vs. 1.5±0.5, P<0.05) 
in the kidney and the TNF-α levels (2.29±0.18 vs. 1.13±0.14 ng/ml,  
P<0.05) in the serum were significantly increased. IPo attenuated 
the inflammation due to renal IR (NF‑κB expression, 3.4±1.1 vs.  
6.0±1.4, P<0.05; TNF-α levels, 1.76±0.13 vs. 2.29±0.18 ng/ml, 

Figure 5. (A) Expression of NF-κB and (B) TNF-α expression levels, in the four experimental groups at 6 h post-reperfusion. #P<0.05, as compared with the 
sham group; *P<0.05, as compared with the IR group; ▲P<0.05, as compared with the IPo group. S, control group; IR, ischemia-reperfusion; IPo, ischemic 
postconditiong; IHC, immunohistochemistry; TNF-α, tumor necrosis factor‑α; NF-κB, renal nuclear factor kappa-light-chain-enhancer of activated B cells.

Figure 6. (A) Expression of caspase‑3 mRNA and (B) AI, in the four experimental groups at 6 h post-reperfusion. #P<0.05, as compared with the sham group; 
*P<0.05, as compared with the IR group; ▲P<0.05, as compared with the IPo group. AI, apoptotic index; S, control group; IR, ischemia-reperfusion; IPo, 
ischemic postconditioning.

Figure 7. TUNEL staining. Renal apoptosis in the four experimental groups at 6 h post-reperfusion (magnification, x400). (A) Control group, 
(B) Ischemic-reperfusion group, (C) Ischemic postconditioning (IPo) group and (D) quercetin + IPo. Arrows indicate TUNEL-positive renal tubular epithelial 
cells. IPo, ischemic postconditioning; TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labeling.
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P<0.05). The effect by IPo was significantly inhibited by quer-
cetin (NF-κB expression, 5.8±1.8 vs. 3.4±1.1. P<0.05; TNF-α 
levels, 2.31±0.17 vs. 1.76±0.13 ng/ml, P<0.05) (Fig. 5).

Upregulation of HSPs reduces apoptosis of renal tubular 
epithelial cells by IPo. To observe apoptosis and to evaluate the 
AI, the expression of caspase‑3 mRNA in renal tubular epithe-
lial cells was assessed by qPCR and TUNEL assays. 6 h after 
reperfusion, the expression of caspase‑3 mRNA (2.80±0.04 
vs. 0.86±0.08, P<0.05) and AI (30.5±4.1 vs. 5.6±1.5%, P<0.05) 
were significantly increased. An increase of TUNEL‑positive 
renal tubular epithelial cells was observed. IPo decreased the 
expression of caspase‑3 mRNA (1.60±0.08 vs. 2.80±0.04, 
P<0.05) and AI (19.3±4.4 vs. 30.5±4.1%, P<0.05), and fewer 
TUNEL-positive renal tubular epithelial cells were observed. 
The decrease of apoptosis in the IPo-treated group was signifi-
cantly  attenuated by quercetin (caspase‑3 mRNA, 2.82±0.06 vs. 
1.60±0.08, P<0.05; AI 29.9±4.8 vs. 19.3±4.4%, P<0.05) (Fig. 6A 
and B; Fig. 7).

Discussion

HSPs have been identified to have various biological functions 
with protective effects in cells. Previous studies have demon-
strated the association of HSPs with the effects of organ IR (17). 
In the present study, the expression of three HSPs was observed 
at various time-points following IR. The results suggested that 
IPo induced higher expression of these proteins.

Quercetin is an inhibitor of HSPs, which acts by interfering 
with their transcription (20,21). In the present study, quercetin 
was injected intraperitoneally (100 mg/kg) at 1 h prior to the 
surgically-induced ischemia, based on methods described previ-
ously by Yang et al (22) and Yao et al (23). Significant increases 
occurred in the HSP expression in the IPo group as compared 
with the IR group. However, no differences were detected 
between the quercetin + IPo group and the IR group. The results 
indicated that quercetin inhibited IPo-induced HSP expression.

An induction of several HSPs in nephridial tissue following 
IR was observed, which was seen as a protective mechanism 
against functional injury to the cells. These results were consis-
tent with those of Zhang et al (17), who used gene microarrary 
analysis to report an increased expression of 21 genes, including 
HSP70 (43-fold), HSP27 (12-fold) and HO-1 (10-fold), in rat 
kidneys subjected to early IRI. Furthermore, at each time-point, 
the expression levels of HSPs were significantly higher in the 
IPo group as compared with the IR group at the corresponding 
time-point. The results also indicated that the expression of HSPs 
was, in part, time-dependent. HSP expression in the tissues in 
response to stress stimuli peaked at 6 h post-reperfusion, but 
decreased at 24 h following reperfusion, suggesting activation 
of the endogenous protective mechanism early during IRI, in 
order to protect cellular functions.

As HSP expression levels peaked at 6 h post-reperfusion, the 
serum Cr and BUN levels, renal tubular epithelial cell apoptosis 
and histopathological changes were determined to confirm the 
protective effects of IPo. The excessive generation of oxygen 
radicals causing lipid peroxidation of cell membranes, protein 
and enzyme oxidation and irreversible DNA changes, lead 
to the inactivation of key cellular functions and ultimately to 
cell death (2). HSP70 regulates the activities of anti-oxidative 

enzymes by protective SOD activity (24), attenuating lipid 
peroxidation (25) and repairing proximal tubule structure 
following renal ischemia (26). The excessive formation of 
oxygen radicals is known to destroy the equilibrium of oxida-
tion-reduction reactions in an organism. A previous study (27) 
has suggested that HSP70 regulates the cellular redox status by 
modulating glutathione-associated enzyme activities.

HO-1 has been the focus of research in organ transplanta-
tion and protection, as it has anti‑oxidant and anti‑inflammatory 
functions, as well as the ability to improve microcirculation, 
inhibit immunological rejection and induce immunological 
tolerance. Overexpression of HO-1 has been associated with a 
decreased generation of oxygen radicals, increased SOD levels 
in serum, attenuated oxidative stress, decreased infiltration of 
neutrophilic granulocytes and release of inflammatory factors, 
as well as protection against IRI in the kidney (28,29) and other 
organs (30-32).

HSP27 overexpression in tissues has been shown to inhibit 
the release of proinflammatory factors, such as TNF-α and 
macrophage inflammatory protein 2 (MIP2), as well as the 
infiltration of neutrophilic granulocytes; these events are known 
to protect against IRI-induced damage (33 35). However, a 
previous study suggested that a systemic increase of HSP27, 
instead of a local increase, in transgenic mice counteracts 
this protection by exacerbating renal and systemic inflamma-
tion (36). HSP27 has been shown to inhibit the disassociation 
of actin and microfibrils, offering protection and stabilization to 
the cytoskeleton (34,35). This function of HSP27 is important in 
the tolerance of individual cells and organs to different stresses 
by maintaining the integrity of the endothelium and epithelium.

The MDA content reflects the degree of lipid oxidative reac-
tions, whereas the SOD activity may reflect the ability of the 
body to scavenge oxygen free radicals. In the present study, MDA 
levels were decreased and the activity of SOD was increased 
following renal IPo, which was reversed in the presence of quer-
cetin. This suggested that IPo elevated the expression of HSPs 
and attenuated lipid peroxidation in renal IRI.

Previous studies have shown that HSP70 and HO-1 can 
inhibit the activation of NF-κB, increase the expression of nuclear 
factor of kappa light polypeptide gene enhancer in B-cells 
inhibitor, downregulate the expression of TNF-α and attenuate 
IRI (37,38). In the present study, IPo induced the expression 
of HSPs and reduced the levels of NF-κB and TNF-α. In the 
presence of quercetin these effects of IPo were inhibited. These 
findings suggested that IPo attenuated inflammatory reactions, 
following renal IR, and that the renal protection was associated 
with the expression of HSPs.

In previous studies, HSP70, HSP 27 and HO-1 (34,39,40) 
were identified to reduce organ IRI through the inhibition of 
mitochondrial cytochrome C release, caspase-3 activation, 
inhibition of B-cell lymphoma 2 (Bcl-2)-associated X, elevation 
of Bcl-2 and Bcl-2 extra large gene expression and reduction of 
apoptosis. In the present study, analysis of renal tubular epithe-
lial cell apoptosis indicated that in the IPo group, the caspase‑3 
mRNA levels and the AI decreased. The addition of quercetin 
attenuated these effects, followed by a decrease in the expres-
sion of HSPs. This suggested that IPo increased the expression 
of HSPs, reduced apoptosis, thereby reducing renal IRI.

In conclusion, the present study indicated that IPo induced 
HSP70, HSP27 and HO-1 expression. The subsequent reduction 
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of the generation of superoxide anions and peroxides upon 
sudden reperfusion following ischemia, attenuating lipid oxida-
tion, reducing the levels of NF-κB and TNF-α, inflammatory 
response, and cellular apoptosis, as well as renal IRI.
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