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Abstract. Ischemia/reperfusion (I/R)‑associated acute kidney 
injury is a major clinical problem in both native and trans-
planted kidneys. Renal I/R, and subsequent renal injury, may 
be attributed to oxidative stress, inflammation, and apoptosis. 
Oleanolic acid (OA) is a natural product, which possesses anti-
oxidant, anti‑inflammatory, and anti‑apoptotic activities. The 
present study aimed to examine the effects of OA precondi-
tioning on renal I/R and the possible underlying mechanisms. 
In a renal I/R model, rats were administered OA (12.5, 25 and 
50 mg/kg) for 15 consecutive days prior to bilateral renal I/R 
induction. Serum samples and kidneys were then collected and 
stored for subsequent determination. The results of the present 
study demonstrated that OA significantly and dose‑depend-
ently attenuated I/R‑induced renal damage. OA prevented 
renal I/R injury, as evidenced by decreased levels of blood 
urea nitrogen, creatinine, kidney injury molecule‑1 and lactate 
dehydrogenase. In addition, OA defended against oxidative 
stress, as reflected by decreased levels of methane dicarboxylic 
aldehyde, increased activities of superoxide dismutase, catalase 
and glutathione peroxidase, and increased glutathione (GSH) 
levels. Levels of proinflammatory cytokines, interferon‑γ, 
interleukin (IL)‑6) and myeloperoxidase, were also reduced 
by OA, whereas the anti‑inflammatory cytokine IL‑10 was 
increased. Furthermore, OA prevented I/R‑induced apoptotic 
cell death, and prevented decreases in the mRNA expression 
levels of nuclear factor erythroid 2‑related factor 2 (Nrf2) and 
γ‑glutamylcysteine ligase (GCLc). Conversely, buthionine 
sulphoximine attenuated the protective effects of OA on renal 
I/R injury. These results indicated that OA preconditioning 

may prevent I/R‑induced renal damage via antioxidant, 
anti‑inflammatory, and anti‑apoptotic activities. Stabilization 
of Nrf2/GCLc signaling and subsequent maintenance of the 
GSH pool is critical for the protective effects of OA against 
renal I/R injury. The present study reported a novel therapeutic 
strategy for the treatment of renal I/R injury.

Introduction

Ischemia/reperfusion (I/R) injury, which is a common patho-
physiological condition in various tissues, occurs when blood 
supply returns to the tissue following a period of ischemia. 
Renal I/R damage is a major cause of acute kidney injury after 
partial nephrectomy or renal transplantation (1,2), which is 
associated with severe morbidity and mortality (3). Effective 
interventions or treatments are required for the attenuation of 
renal I/R injury.

Renal I/R injury is a complex process that involves oxida-
tive stress (4), inflammation (5), and apoptosis (6,7). Increased 
levels of reactive oxygen species (ROS) and/or decreased 
antioxidant enzyme activity are key events following renal I/R, 
which may activate subsequent damage (8). Under renal I/R 
conditions, various proinflammatory factors are elevated (9), 
and activation of the caspase pathway and subsequent apoptotic 
cell death results in renal cytotoxicity (10). These processes 
are intertwined, leading to a vicious circle of damage (11). 
Antioxidant, anti‑inflammatory, and anti‑apoptotic effects 
have been reported to ameliorate renal I/R injury to a certain 
degree (9‑13).

Oleanolic acid (OA) is a natural triterpenoid and an 
aglycone of several saponins. OA is present in various food 
products, including vegetable oils, and is a main constituent 
of the leaves and roots of Olea europaea, Viscum album L., 
Aralia chinensis L., and >120 other plant species (14). In the 
past three decades, OA has been used in Chinese medicine 
for the treatment of liver disorders, including viral hepatitis. 
In vitro and in vivo studies have demonstrated that OA possesses 
potent antioxidant activities (15,16), and anti‑inflammatory 
effects (17), which contribute toward its potential protective 
effects. However, whether OA exerts protective effects against 
renal I/R injury, and the possible underlying mechanism, 
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remain unclear. The present study aimed to evaluate the renal 
protective effects of OA against I/R injury, and to examine the 
potential underlying molecular mechanism. The results indi-
cated that OA preconditioning effectively prevented renal I/R 
injury via antioxidant, anti‑inflammatory, and anti‑apoptotic 
activities. Activation of nuclear factor erythroid 2‑related 
factor 2 (Nrf2)/γ‑glutamylcysteine ligase (GCLc) signaling, 
and upregulation of glutathione (GSH) may have an important 
role in the preventive effects of OA against renal I/R injury.

Materials and methods

Animals and treatment. All animal experimental protocols 
were performed in accordance with the standards established 
by the Animal Care and Use Committee of the Medical 
College of Nanchang University (Nanchang, China). The 
present study was approved by the ethics committee of the 
Medical College of Nanjing University. Male adult Wistar 
rats (weight, 180‑200 g; age, 6‑8 weeks) were obtained from 
the Animal Center of the Medical College of Nanchang 
University and housed in stainless steel cages with ad libitum 
access to food and water. Two protocols were subsequently 
conducted, the OA and buthionine sulphoximine (BSO) used 
were obtained from Sigma‑Aldrich (St. Louis, MO, USA). 
Protocol 1: A total of 30 rats were randomly divided into five 
groups: The sham group, which received sham surgery; the 
I/R group; the 12.5 mg/kg OA + I/R group, which received 
12.5 mg/kg OA for 15 consecutive days prior to the opera-
tion; the 25 mg/kg OA + I/R group, which received 25 mg/kg 
OA for 15 consecutive days prior to the operation; and the 
50 mg/kg OA +  I/R group, which received 50 mg/kg OA 
for 15 consecutive days prior to the operation. Protocol 2: A 
total of 24 rats were randomly divided into four groups: The 
sham group, which received sham surgery; the I/R group; the 
50 mg/kg OA + I/R group, which received 50 mg/kg OA for 
15 consecutive days prior to the operation); and the 50 mg/kg 
OA + BSO + I/R group, which received 50 mg/kg OA and 
10 mg/kg BSO for 15 consecutive days prior to the operation. 
Rats were intraperitoneally injected with OA in sterile saline 
containing 2% Tween 80.

Model of renal I/R injury. Rats were fasted overnight, and were 
then anaesthetized with pentobarbital sodium (50 mg/kg; i.p.; 
Sigma‑Aldrich) prior to the operation. Renal IR injury was 
established as previously described (11,18). Briefly, a midline 
incision was made, and the kidneys and renal pedicles containing 
the artery, vein and nerve of each kidney were exposed. The 
bilateral renal pedicle was exposed and clamped with a vascular 
clamp for 45 min, in order to induce ischemia. The clamps were 
then removed to allow reperfusion for 6 h. Pale coloring was 
considered to indicate ischemia of the kidneys, which returned 
to red post‑reperfusion. In the control rats, the same surgical 
procedure was conducted without the clamping.

Following reperfusion, the rats were anaesthetized with 
50 mg/kg pentobarbital sodium and decapitated, and blood 
samples were collected for serum separation, and the kidneys 
were removed. Blood samples were stored overnight at 4˚C 
and centrifuged at 664 x g for 10 min to separate the serum. 
Serum and kidney samples were stored at ‑70˚C until further 
analysis.

Evaluation of renal function. The serum concentrations of 
blood urea nitrogen (BUN) and creatinine (Cr) were detected 
to assess renal function using a QuantiChromTM Urea assay 
kit and Creatinine Colorimetric assay kit (Bioassay Systems 
LLC, Hayward, CA, USA), according to the manufacturer's 
protocols. Kidney injury molecule‑1 (KIM‑1) content was 
examined using a KIM‑1 enzyme‑linked immunosorbent 
assay (ELISA) kit (USCN Life Science Inc., Wuhan, China), 
according to the manufacturer's protocol. Serum lactate 
dehydrogenase (LDH) activity was evaluated using a LDH 
Colorimetric assay kit (BioVision Inc., Milpitas, CA, USA) 
according to the manufacturer's protocols.

Evaluation of antioxidant defense. Renal tissues were 
homogenized for evaluation of antioxidant defense. Methane 
dicarboxylic aldehyde (MDA) levels were determined as 
described previously (19), using the colorimetric absorption of 
the 2‑thiobarbituric acid‑MDA chromophore for detection of 
lipid peroxidation. This was conducted using an MDA assay 
kit (Nanjing Jiancheng Bioengineering Research Institute, 
Nanjing, China). Renal superoxide dismutase (SOD) activity 
was assayed using a Total SOD assay kit (Nanjing Jiancheng 
Bioengineering Research Institute) based on reduction of nitro-
blue tetrazolium (NBT) by O2

•‑ produced by hydroxylamine 
hydrochloride autoxidation, as described previously (20). One 
unit of SOD was defined as the amount of protein that caused 
a 50% inhibition in the rate of NBT reduction. A microplate 
reader was used to determine absorbance in the MDA and 
SOD assays (Infinite 200; Tecan Group, Ltd., Männedorf, 
Switzerland). Renal activity of catalase (CAT) was determined 
using a CAT assay kit (Nanjing Jiancheng Bioengineering 
Research Institute) according to the manufacturer's proto-
cols. One unit of CAT was defined as the amount required 
to decompose 1 µmol H2O2 per second. Glutathione (GSH) 
and glutathione peroxidase (GPx) activity was assayed using 
a GSH Fluorometric assay kit and GPx assay kit (BioVision 
Inc.), according to the manufacturer's protocols.

Determination of inflammation. Levels of interferon‑γ 
(IFN‑γ), interleukin (IL)‑6 and IL‑10 were detected in homog-
enized renal tissue using specific CLIA kit for IL‑6 and CLIA 
kit for IL‑10 (USCN Life Science Inc. and Eagle Biosciences, 
Inc., Nashua, NH, USA, respectively). Renal myeloperoxidase 
(MPO) levels were also examined using a Myeloperoxidase 
ELISA kit (ALPCO, Salem, NH, USA). These assays were 
conducted according to the manufacturers' protocols.

Determination of apoptosis. Renal tissue was cut into 10‑mm 
sections and fixed in paraformaldehyde (Sigma‑Aldrich) for 
use in determination of apoptosis. A terminal deoxynucleo-
tidyl transferase‑mediated dUTP nick‑end labeling (TUNEL) 
assay was conducted to evaluate the rate of apoptosis in renal 
sections using an In Situ Cell Death Detection kit (Roche 
Diagnostics, Basel, Switzerland) according to the manufac-
turer's protocols. The number of apoptotic cells was counted in 
10 random fields using a BX51TF microscope at magnification 
x200 (Olympus Corporation, Tokyo, Japan). Renal caspase 3 
content was detected in homogenized renal tissue using an 
ELISA kit for Caspase 3 (USCN Life Science Inc.) according 
to the manufacturer's protocol.
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Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA was purified from renal tissue using 
RNeasy Plus kit (Qiagen, Inc., Valencia, CA, USA), according 
to the manufacturer's protocol. Total RNA (0.5  µg) was 
reverse transcribed using the Fast SYBR® Green Master Mix 
according to the manufacturer's instructions (Takara Bio, Inc., 
Otsu, Japan). The RT‑qPCR assay was performed in triplicate 
in reaction volumes of 20 µl containing 10 µl Fast SYBR 
Green Master Mix (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA), 1 µl of sense and antisense primers (0.5 µM; Augct 
DNA‑Syn Biotechnology Co., Ltd., Beijing, China), 1 µl cDNA 
(50 ng/20 µl) and 7 µl double distilled water. The reactions 
were performed in a CFX96 Real‑Time PCR system (Bio‑Rad 
Laboratories, Inc., Hercules, CA, USA). The cycling conditions 
used were: Initial activation for 5 min at 95˚C; and 40 cycles 
of denaturation for 5  sec at 95˚C and 10 sec of combined 
annealing and extension at the individual primer temperature 
between 55 and 62.5˚C. The relative amount of each gene was 
normalized to β‑actin. The primer sequences used were as 
follows: β‑actin, sense 5'‑AGA​TCC​TGA​CCG​AGC​GTG​GC‑3', 
antisense 5'‑CCA​GGG​AGG​AAG​AGG​ATG​CG‑3'; Nrf2, sense 
5'‑TCA​GCT​ACT​CCC​AGG​TTG​CCC​A‑3', antisense 5'‑GGC​
AAG​CGA​CTC​ATG​GTC​ATC​TAC‑3'; and GCLc, sense: 
5'‑AAC​ACA​GAC​CCA​ACC​CAG​AG‑3' and antisense 5'‑CCG​
CAT​CTT​CTG​GAA​ATGTT‑3'. Gene expression levels were 
analyzed using the 2‑ΔΔCq method (21).

Statistical analysis. Statistical analysis of the data was 
performed using GraphPad software, version 5.0 (GraphPad 

Software, Inc., La Jolla, CA, USA). The results are presented 
as the mean ± standard error. Statistical significance of the 
differences between the groups was analyzed using one‑way 
analysis of variance followed by Newman‑Keuls multiple 
comparison post‑hoc test. P<0.05 was considered to indicate a 
statistically significant difference.

Results

OA preconditioning prevents renal I/R injury. The present 
study consisted of two protocols. In protocol  1, the 
dose‑dependent effects of 12.5‑50 mg/kg OA were detected 
on the renal function of I/R rats. In protocol 2, BSO was 
used to examine the role of GSH regulation in OA‑induced 
prevention of renal I/R injury. In order to evaluate renal 
function, several related parameters were determined. In the 
case of renal insufficiency, BUN and Cr are retained in the 
blood, and their excretion by the kidneys is impaired. As 
shown in Fig. 1A and B, BUN and Cr levels were significantly 
increased ~5‑fold in the I/R group compared with in the sham 
control group (P=0.0008). Conversely, OA preconditioning 
dose‑dependently prevented the increased levels of BUN and 
Cr in the I/R rats (Fig. 1A and B; P=0.0001). KIM‑1 is a novel 
biomarker for human renal proximal tubule injury (22). The 
present study demonstrated that in I/R rats, KIM‑1 content 
was increased ~3‑fold compared with in the sham control 
group (Fig. 1C; P=0.0004). OA preconditioning significantly 
reduced KIM‑1 content in I/R rats in a dose‑dependent manner 
(Fig. 1C). Following tissue injury, LDH may be released into 

Figure 1. Effects of oleanolic acid (OA) preconditioning on renal ischemia/reperfusion (I/R) injury. Rats were pre‑injected with OA for 15 consecutive 
days prior to I/R operation. Subsequently, serum levels of (A) blood urea nitrogen (BUN) and (B) creatinine (Cr), and (C) renal kidney injury molecule‑1 
(KIM‑1) and (D) serum lactate dehydrogenase (LDH) levels were measured using commercial kits. Data are presented as the mean ± standard error. #P<0.05, 
compared with the sham control group; *P<0.05, compared with the I/R group.
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the bloodstream. In the circulation of I/R rats, LDH release 
was markedly increased. Conversely, OA preconditioning 
markedly prevented this increase in LDH release (Fig. 1D; 
P=0.002). These results indicate that OA preconditioning 
may effectively prevent I/R‑induced renal injury in rats. Since 
50 mg/kg exhibited the most significant protective effect on 
these indices, this dose was used in protocol 2.

Antioxidative effects of OA preconditioning are associated 
with the prevention of renal I/R injury. To evaluate antioxidant 
injury in I/R rats, several key markers of antioxidant activity 
were detected. MDA is an important end‑point marker of 
lipid peroxidation. As shown in Fig. 2A, MDA levels were 
increased >2‑fold in the kidneys of I/R rats compared with 
in the sham control group. OA preconditioning markedly 
prevented the increased levels of MDA in a dose‑dependent 
manner (Fig. 2A; P=0.0009). SOD is an important antioxidant 
enzyme, which catalyzes the dismutation of superoxide to 
oxygen and hydrogen peroxide. In turn, hydrogen peroxide 
may be broken down by CAT. The results of the present study 
demonstrated that in I/R rats, the serum activities of SOD and 

CAT were markedly decreased (Fig. 2B and C). As expected, 
OA preconditioning prevented I/R‑induced decreased renal 
activity of SOD and CAT (Fig.  2B and C; P=0.0003 and 
P=0.001, respectively). Furthermore, GPx is a key antioxi-
dant enzyme that eliminates organic peroxide using GSH as 
a reductive equivalent. As shown in Fig. 2D, I/R induced a 
significant decrease in GPx activity, which was prevented 
by OA preconditioning (P=0.003). Furthermore, GSH is a 
major cellular antioxidant in cells, which is able to detoxify 
various oxidative products directly, or under the catalyzation 
of GPx or glutathione S‑transferase. The results demonstrated 
that I/R resulted in a marked reduction in GSH renal content 
(Fig. 2E; P=0.0045). OA preconditioning markedly prevented 
the I/R‑induced decreased renal content of GSH. These results 
suggest that I/R induced oxidative stress in the rat kidneys, 
and the preventive effects of OA may be due to its antioxidant 
activity.

Anti‑inflammatory effects of OA preconditioning are associ‑
ated with the prevention of renal I/R injury. The process of 
inflammation is associated with I/R‑induced injury in various 

Figure 2. Effects of oleanolic acid (OA) preconditioning on antioxidant defense in a rat model of ischemia/reperfusion (I/R). Rats were pre‑injected with OA for 
15 consecutive days prior to I/R operation. Subsequently, renal (A) methane dicarboxylic aldehyde (MDA) levels, (B) superoxide dismutase (SOD), (C) catalase 
(CAT), (D) glutathione peroxidase (GPx) activities, and (E) glutathione (GSH) content were determined. Data are presented as the mean ± standard error. 
#P<0.05, compared with the sham control group; *P<0.05, compared with the I/R group.
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Figure 3. Effects of oleanolic acid (OA) preconditioning on inflammation in a rat model of ischemia/reperfusion (I/R). Rats were pre‑injected with OA for 15 con-
secutive days prior to I/R operation. Subsequently, renal levels of (A) interferon (IFN)‑γ, (B) interleukin (IL)‑6, (C) IL‑10, and (D) myeloperoxidase (MPO) were 
determined. Data are presented as the mean ± standard error. #P<0.05, compared with the sham control group; *P<0.05, compared with the I/R group.

Figure 4. Effects of oleanolic acid (OA) preconditioning on apoptotic cell death in a rat model of ischemia/reperfusion (I/R). Rats were pre‑injected with OA for 
15 consecutive days prior to I/R operation. Subsequently, (A) renal apoptotic cell death  and (B) caspase 3 content were determined. Data are presented as the 
mean ± standard error. #P<0.05, compared with the sham control group; *P<0.05, compared with the I/R group.

Figure 5. Effects of oleanolic acid (OA) preconditioning on nuclear factor erythroid 2‑related factor 2 (Nrf2) and γ‑glutamylcysteine ligase (GCLc) renal expression 
in a rat model of ischemia/reperfusion (I/R). Rats were pre‑injected with OA for 15 consecutive days prior to I/R operation. Subsequently, renal mRNA expression 
of (A) Nrf2 and (B) GCLc was determined by reverse transcription‑quantitative polymerase chain reaction. Data are presented as the mean ± standard error. 
#P<0.05, compared with the sham control group; *P<0.05, compared with the I/R group.
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tissues. The present study examined inflammation via the detec-
tion of several cytokines and an important enzyme. As shown 
in Fig. 3A and B, renal levels of IFN‑γ and IL‑6 were elevated 
in the I/R rat group. OA preconditioning markedly prevented 
the increased levels of IFN‑γ and IL‑6 in I/R rats (Fig. 3A and 
B; P=0.0045 and P=0.0013, respectively). Furthermore, IL‑10, 

a cytokine that exerts protective effects against inflammatory 
injury (23), was decreased following I/R operation (Fig. 3C; 
P=0.0062). Conversely, OA preconditioning markedly prevented 
I/R‑induced reductions in IL‑10 levels (Fig. 3C). MPO is an 
enzyme that is stored in azurophilic granules of polymorpho-
nuclear neutrophils and macrophages, and is released into the 

Figure 6. Role of glutathione (GSH) in the oleanolic acid (OA)‑induced prevention of renal ischemia/reperfusion (I/R) injury. Rats were pre‑injected with OA, 
with or without buthionine sulphoximine (BSO), for 15 consecutive days prior to I/R operation. Subsequently, (A) serum blood urea nitrogen (BUN), (B) serum 
creatinine (Cr), (C) renal kidney injury molecule‑1 (KIM‑1), (D) serum lactate dehydrogenase (LDH), (E) renal methane dicarboxylic aldehyde (MDA) and 
(F) renal interferon (IFN)‑γ levels, and (G) the number of apoptotic cells were determined. Data are presented as the mean ± standard error. #P<0.05.

Figure 7. Mechanism underlying the protective effects of oleanolic acid (OA) preconditioning against renal ischemia/reperfusion (I/R) injury. Nrf2, nuclear 
factor erythroid 2‑related factor 2; GCLc, γ‑glutamylcysteine ligase; GSH, glutathione.
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extracellular fluid in response to I/R‑induced inflammation (24). 
The present study demonstrated that MPO levels were increased 
~3‑fold in the I/R group compared with in the sham control group 
(Fig. 3D; P=0.0012). Conversely, MPO levels were inhibited by 
OA preconditioning in a dose‑dependent manner (Fig. 3D). These 
results indicate that I/R induced inflammatory injury in the rat 
kidneys, and the preventive effects of OA may be caused by its 
anti‑inflammatory effects.

Anti‑apoptotic effects of OA preconditioning are associated 
with the prevention of renal I/R injury. The present study also 
examined the effects of OA preconditioning and I/R on apoptotic 
cell death in the rat kidneys. As shown in Fig. 4A, apoptotic cells 
were detected by TUNEL staining and presented as the number 
of apoptotic cells. The results demonstrated that I/R significantly 
increased the number of apoptotic cells in the kidneys (Fig. 4A; 
P=0.0006). OA preconditioning notably and dose‑dependently 
reduced the number of apoptotic cells (Fig. 4A). In addition, 
caspase 3, a pivotal member of the apoptotic pathway, was 
increased following I/R injury (Fig. 4B; P=0.0009). Conversely, 
OA preconditioning decreased caspase 3 content (Fig. 4B). 
These results indicate that the anti‑apoptotic effects of OA may 
be associated with the prevention of I/R‑induced renal injury.

Effects of OA preconditioning on Nrf2 and GCLc expression. 
In order to examine the mechanism underlying the protective 
effects of OA preconditioning against renal I/R injury in rats, 
the mRNA expression levels of Nrf2 and the catalytic subunit 
of GCLc were determined by RT‑qPCR. Nrf2 is a pivotal 
transcription factor, which controls redox balance by regu-
lating various antioxidant enzymes, including GCLc. GCLc is 
rate‑limiting subunit of enzymes responsible for GSH synthesis. 
The present study demonstrated that I/R resulted in a significant 
decrease in the expression levels of Nrf2 and GCLc (Fig. 5; 
P=0.0015). Conversely, OA preconditioning exerted a notable 
inhibition on I/R‑induced reductions in Nrf2 and GCLc expres-
sion (Fig. 5; P=0.0021). These results indicate that stabilization 
of Nrf2/GCLc signaling, and subsequent maintenance of the 
GSH pool, may be associated with the preventive effects of OA 
preconditioning against renal I/R injury.

Maintenance of the GSH pool is associated with the preven‑
tive effects of OA preconditioning against renal I/R injury. In 
order to determine the role of the GSH pool in OA‑induced 
prevention of renal I/R injury, I/R rats were pre‑treated with 
BSO, an inhibitor of GSH synthesis. As shown in Fig.  6, 
OA‑induced inhibition of BUN, Cr, KIM‑1, LDH, MDA, 
IFN‑γ, and apoptosis, which were increased by I/R, was signif-
icantly suppressed by BSO (P=0.0002, P=0.0003, P=0.0001, 
P=0.0002, P=0.0001, P=0.006, P=0.001, respectively). These 
results indicate that maintenance of the GSH pool is critical 
for OA preconditioning‑induced prevention of renal I/R injury. 
The antioxidant activity of OA may be considered the primary 
capability, which contributes to the anti‑inflammatory and 
anti‑apoptotic effects of OA preconditioning (Fig. 7).

Discussion

The present study examined the effects of OA precondi-
tioning on I/R‑induced renal injury. In protocol 1, the rats 

were intraperitoneally injected with 12.5‑50  mg/kg OA 
for 15 consecutive days prior to the induction of renal I/R. 
In protocol 2, the rats were intraperitoneally injected with 
50 mg/kg OA, with or without 10 mg/kg BSO, for 15 consecu-
tive days prior to the induction of renal I/R.

The results demonstrated that OA preconditioning was able 
to prevent I/R‑induced renal injury, as evidenced by decreased 
serum levels of BUN, Cr and LDH, and renal levels of KIM‑1, 
compared with the I/R group. Furthermore, OA precondi-
tioning exhibited antioxidant effects in I/R‑operated rats, as 
reflected by decreased MDA levels, increased SOD, CAT and 
GPx activities, and increased GSH content compared with the 
I/R rats. OA preconditioning also exerted anti‑inflammatory 
effects in I/R‑operated rats, as shown by decreased IFN‑γ, 
IL‑6 and MPO levels, and increased IL‑10 levels compared 
with the I/R rats. In addition, OA preconditioning exhibited 
anti‑apoptotic effects against renal I/R injury, as reflected by 
decreased apoptosis and caspase 3 content. However, proapop-
totic effects of OA have also been reported. For example, 
Wang et al (25) demonstrated that OA inhibited hepatocel-
lular carcinoma via mitochondrial‑dependent apoptosis. The 
discrepancy of the apoptotic effects of OA may be attributed to 
tissue‑specific effects, or may be due to different pathological 
and experimental conditions. The results of the present study 
indicated that OA preconditioning prevented I/R‑induced 
renal injury in rats, and the antioxidant, anti‑inflammatory, 
and anti‑apoptotic effects of OA may be associated with the 
prevention of renal I/R injury.

The present study also evaluated the molecular mechanism 
underlying the antioxidant, anti‑inflammatory, and anti‑apop-
totic activities of OA. OA administration was able to inhibit 
I/R‑induced decreases in Nrf2 and GCLc expression. Nrf2 is 
a well‑known crucial regulator of cellular redox homeostasis, 
which has important roles in the protection against ROS 
damage via its ability to induce the expression of various 
antioxidant enzymes that detoxify ROS, and other antioxidant 
proteins (26). GCLc is a main target of Nrf2 transcriptional 
regulation (27). The regulation of GCLc by Nrf2 is associated 
with modulation of the GSH pool. GCLc is a subunit of the 
rate‑limiting enzyme for de novo synthesis of GSH. GSH, 
which is a thiol tripeptide, is important in numerous cellular 
functions, including detoxifying electrophiles, scavenging 
ROS, maintaining the essential thiol status of proteins, and 
providing a reservoir for cysteine (28).

The present study examined the role of the GSH pool in 
the protective effects of OA preconditioning against renal 
I/R injury. In the presence of BSO, the protective effects of 
OA preconditioning on renal function, and the antioxidant, 
anti‑inflammatory, and anti‑apoptotic effects of OA precon-
ditioning were significantly suppressed. The present study 
hypothesized that OA preconditioning stabilized Nrf2/GCLc 
signaling and resulted in maintenance of the GSH pool, thus 
defending tissues against I/R‑induced renal injury. The anti-
oxidant activity of OA may therefore be considered the major 
mechanism underlying the preventive effects of OA precon-
ditioning against renal I/R injury, and may contribute to the 
resultant anti‑inflammatory and anti‑apoptotic effects.

In conclusion, the results of the present study demonstrated 
that OA preconditioning effectively prevented I/R‑induced 
renal injury in rats, and this protection may be due to the 
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antioxidant, anti‑inflammatory, and anti‑apoptotic effects of 
OA. OA‑induced stabilization of Nrf2/GCLc signaling and 
maintenance of the GSH pool was shown to have a major 
role in the preventive effects of OA preconditioning against 
renal I/R injury. The present study provided initial evidence 
regarding the protective effects of OA preconditioning against 
renal I/R injury.
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