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Abstract. Ursolic acid, a pentacyclic triterpene compound 
with low toxicity and easy availability, has a variety of 
biological activities, including antitumor, antioxidant, anti-
hepatitis, anti-inflammatory and antibacterial effects. The 
present study aimed to investigate the renoprotective effects 
of ursolic acid on ischemia/reperfusion-induced acute kidney 
injury (I/R-IAKI) in rats associated with its antioxidant and 
anti‑inflammatory effects, as well as interference with the signal 
transducer and activator of transcription (STAT)3/nuclear 
factor (NF)-κB signaling pathway. The present study demon-
strated that pre-treatment with ursolic acid significantly 
increased renal functioning and attenuated increases of serum 
angiotensin II levels in rats subjected to I/R-IAKI. In addi-
tion, I/R-IAKI-induced inflammation and oxidative stress 
were significantly reduced by pre-treatment with ursolic 
acid. Furthermore, ursolic acid significantly suppressed the 
upregulation of STAT3, NF-κB and caspase-3 activities in 
rats following I/R-IAKI. These results indicated that ursolic 
acid may be a potential drug for reducing I/R-IAKI through 
suppression of inflammation and oxidative stress damage, as 
well as modulation of STAT3 and NF-κB activities.

Introduction

Acute kidney injury (AKI), referred to acute renal failure, is a 
type of clinical syndrome caused by multiple factors. Different 
clinical manifestations occur and the predominant character-
istic is a decrease in the rate of glomerular filtration (1). AKI 

is a common clinical critical disease, with incidence rates as 
high as 2/3 in AKI disease. Three major parallel complica-
tions can occur, including respiratory failure and shock, in 
AKI patients, and these are independent risk factors to predict 
the mortality of patients with AKI. According to a previous 
report, the incidence of AKI in hospitals was 4.05% and the 
mortality rate was as high as 12.7% (2). In China's compre-
hensive hospitals, patients with AKI accounted for 3.19% of 
hospitalized patients (3). In the USA in 2011, AKI medical 
costs were as much as $4.7 billion (4). Although modern 
medical treatment conditions and medical technology have 
improved, and a variety of alternative treatments exist, AKI 
morbidity and mortality remains high. This is a difficult 
problem worldwide (5).

The mechanism of ischemia/reperfusion-induced acute 
kidney injury (I/R-IAKI) remains to be fully elucidated. It is 
known that at least three factors are involved: Reactive oxygen 
species, neutrophils and the Complement system (6). Previous 
research has demonstrated that I/R-IAKI is closely associated 
with the generation of reactive oxygen free radicals (7). It was 
also confirmed that oxygen free radicals in the I/R-IAKI serve 
a highly important role (8). I/R-IAKI generates oxygen free 
radicals, which have strong oxidation activity, and can damage 
biological molecules, particularly lipids (9). Cell membrane 
and lipid peroxidation of unsaturated fatty acids on mitochon-
drial and lysosomal membranes, can lead to damage to the 
structure and function of renal tubular cells (9). Eventually 
lipid peroxide breaks down into malondialdehyde (MDA), and 
MDA also serves a cytotoxic effect, adding to I/R injury.

Ursolic acid is widely distributed in nature and exists in 
numerous plants, including hawthorn, bearberry, Chinese elder 
herb, fructus ligustri lucidi, lanatoside kiwi fruit, dogwood, 
wild rose fruit, Chinese sage, gentiana, Prunella vulgaris, 
spreading hedyotis herb, chrysanthemum cuckoo, azalea 
and forsythia (10). Ursolic acid is a pentacyclic triterpene 
compound, with the molecular formula for C30H48O3 and a 
molecular weight of 456.68 (Fig. 1). Certain Chinese herbal 
medicines containing ursolic acid exert a variety of effects, 
including effects on blood stasis, as an analgesic, as an 
anti‑inflammatory, and as a protective agent in the liver (11). 
Modern pharmacological studies have found that ursolic acid 
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has extensive biological effects, particularly in antitumor, anti-
oxidant, resistance to viral hepatitis and anti‑inflammatory (12). 
The present study hypothesized that ursolic acid may affect 
I/R‑IAKI, thus functioning in antioxidant, anti‑inflammatory 
and the STAT3/NF-κB signaling pathway. The present study 
aimed to demonstrate the renoprotective effects of ursolic 
acid on I/R‑IAKI through oxidative stress, inflammation and 
inhibiting STAT3 and NF-κB activities in rat.

Materials and methods

Reagents. Ursolic acid (purity 90%) and sodium pentobar-
bital were obtained from Sigma Chemical Co. (St. Louis, 
MO, USA). Angiotensin-II kits were obtained from SpiBio 
(Bertin-Pharma, Lille Cedex, France). Tumor necrosis factor 
(TNF)α, interleukin (IL)-6, IL-1β and nuclear factor (NF)-κB 
p65 unit, microvessel density and superoxide dismutase 
(SOD) specific enzyme‑linked immunosorbent assay (ELISA) 
kits were obtained from Jiancheng Bioengineering Institute 
(Nanjing, China).

Animals and I/R‑IAKI model. A total of 30 male Sprague-Dawley 
rats (age, 2-month-old; weight, 230-300 g), were purchased from 
the Animal Experiment Center of Wuhan University (Wuhan, 
China) maintained under a 12 h dark/light cycle at 23‑24˚C 
with a relative humidity of 40-60%. All studies performed 
on animals were approved by the Institutional Animal Care 
and the local Ethics Committee. Sprague-Dawley rats were 
anaesthetized using sodium pentobarbital (40 mg/kg, Sigma 
Chemical Co.). A right nephrectomy was performed from a 
dorsal incision. Additionally, by means of dorsal incision, the 
left kidney and renal vessels were exposed and occluded with 
a vascular clip. After 45-90 min clamping, the vascular clip 
was removed and I/R-IAKI model rat was successful created.

Experimental design. The 30 rats were divided into three 
groups (n=10/group): i) Sham group with sham-operated 
rats administered with saline; ii I/R-IAKI group where the 
I/R-IAKI model rats were administered with saline; iii) ursolic 
acid group where the I/R-IAKI model rats were administered 
with 10 mg/kg ursolic acid twice daily for 4 days (13).

Blood pressure measurement. Sprague-Dawley rats were 
individually caged at 37˚C for 30 min and were subsequently 
transferred to a fixed measurement cage following warming 
at 37˚C. Blood pressure was measured using a Narcosystem 
Device (North Dakota). The Sprague-Dawley rats were 
restrained and body length and weight were measured.

Renal functioning evaluation. Following anesthesia with 5% 
chloral hydrate, blood samples were extracted from the rat tail 
vein into test tubes and centrifuged at 3,000 x g for 10 min at 
4˚C. Following centrifugation, the supernatants were collected 
and the serum creatinine and cystatin-C levels were measured 
using a Roche/Hitachi 917 autoanalyzer (Roche Diagnostics, 
Indianapolis,. IN, USA), according to the manufacturer's 
protocol.

Measurement of angiotensin‑II. Blood samples were extracted 
from the tail vein into test tubes and centrifuged at 3,000 x g 

for 10 min at 4˚C. Following centrifugation, the supernatants 
were collected and the levels of angiotensin-II were measured 
using a specific ELISA (SpiBio), according to the manufac-
turer's protocol.

Measurement of inflammatory status and oxidative stress. 
Blood samples were extracted from the tail vein into test tubes 
and centrifuged at 3,000 x g for 10 min at 4˚C. Following 
centrifugation, the supernatants were collected and the levels 
of TNF-α, IL-6, IL-1β, IL-10, MDA, SOD and NF-κB p65 unit 
were measured using specific ELISA kits (Jiancheng 
Bioengineering Institute), according to the manufacturer's 
protocols.

Western blotting analysis of STAT3. The rats were sacrificed 
by brief halothane overdose and renal tissues samples were 
homogenated with radioimmunoprecipitation lysis buffer 
(Beyotime Institute of Biotechnology, Jiangsu, China). The 
solution was centrifuged at 3,000 x g for 10 min at 4˚C. 
Following centrifugation, the supernatants were collected 
and the protein contents were measured using a Coomassie 
brilliant blue assay (Beyotime Institute of Biotechnology). 
Equivalent quantities (40 µg) of protein were separated by 
electrophoresis using 12% sodium dodecyl sulfate-poly-
acrylamide gels and were subsequently transferred onto 
nitrocellulose filter membranes (EMD Millipore, Billerica, 
MA, USA). The membranes were blocked in 5% non-fat milk 
for 1 h at 37˚C. Following blocking, the membranes were 
incubated with the corresponding primary antibodies against 
anti-STAT3 (1:2,000; cat. no. sc-8001) and anti-β-actin (cat. 
no. 130656; 1:5,000) both from Santa Cruz Biotechnology, 
Inc. (Santa Cruz, CA, USA) overnight at 4˚C. Following this, 
the membranes were washed with Tris-buffered saline with 
Tween 20 and incubated with goat anti-rabbit secondary 
antibodies (1:5,000; BestBio, Inc., Shanghai, China; cat. 
no. BB-2202-1) for 2-3 h at room temperature. The bands 
were visualized using enhanced chemiluminescence detec-
tion (Amersham, Arlington Heights, IL, USA).

Measurement of caspase‑3. The rats were sacrificed by brief 
halothane overdose and renal tissues samples were homog-
enated with radioimmunoprecipitation lysis buffer (Beyotime 
Institute of Biotechnology, Jiangsu, China). The solution 
was centrifuged at 3,000 x g for 10 min at 4˚C. Following 
centrifugation, the supernatants were collected and the protein 
contents were measured using a Coomassie brilliant blue assay 

Figure 1. Chemical structure of ursolic acid.
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(Beyotime Institute of Biotechnology). Equivalent quanti-
ties of protein (50 µg) were incubated with Ac-LEHD-pNA 
(Beyotime Institute of Biotechnology) at 37˚C for 2 h in the 
dark and the caspase-3 level was measured at an absorbance 
of 405 nm.

Statistical analysis. The data are expressed as the mean ± stan-
dard error of the mean. Statistical analyses were performed 
where appropriate with the Student-Newman-Keuls method 
using SPSS 17.0 (SPSS, Inc., Chicago, IL, USA). P<0.05 was 
considered to indicate a statistically significant difference.

Results

Ursolic acid demonstrated no effect on blood pressure 
monitoring. To assess the renoprotective effects of ursolic 
acid on I/R-IAKI, blood pressure monitoring was performed. 
As shown in Fig. 2, no significant changes were determined 
between the groups (P=0.911).

Ursolic acid exerted a renoprotective effect on renal 
functioning. The present study next probed the renoprotec-
tive effects of ursolic acid on I/R-IAKI renal functioning. 
I/R-IAKI significantly increased the levels of serum 
creatinine in rats compared with that of the sham group 
(Fig. 3; P=0.0001). However, I/R-IAKI revealed no effect 
on the serum levels of cystatin-C (Fig. 3). Additionally, the 
increased serum creatinine was effectively inhibited and 
the serum cystatin-C levels were effectively increased by 
treatment with ursolic acid, as compared with those of the 
I/R-IAKI group (Fig. 3; P=0.0009).

Ursolic acid decreased levels of angiotensin‑II. To investigate 
the renoprotective effects of ursolic acid on I/R-IAKI, the 
serum angiotensin-II level was determined in the present study. 
I/R-IAKI increased the serum levels of angiotensin-II in the 
rats compared with that of the sham group (Fig. 4; P=0.0038). 
Treatment with ursolic acid suppressed the enhancement of 
serum angiotensin-II levels in I/R-IAKI rats (Fig. 4; P=0.0042), 
when compared with the I/R-IAKI rats.

Ursolic acid reduced inflammation. To further determine 
the renoprotective effects of ursolic acid on I/R-IAKI, the 
serum levels of TNF-α, IL-6, IL-1β and IL-10 were measured 
following injury. I/R‑IAKI significantly increased the serum 
levels of TNF-α, IL-6, IL-1β and IL-10 compared with the 
sham group (Fig. 5; P=0.0009, P=0.0051, P=0.0007 and 
P=0.0076, respectively). As presented in Fig. 5, pre-treatment 
with ursolic acid significantly reduced the I/R-IAKI-induced 
serum levels of TNF-α, IL-6, IL-1β and IL-10 in the I/R-IAKI 
rats (P=0.0011, P=0.0066, P=0.0053 and P=0.0072, respec-
tively).

Ursolic acid reduced oxidative stress. Additionally, the present 
study determined the serum levels of MDA and SOD following 
injury. As shown in Fig. 6, I/R-IAKI caused increased serum 
levels of MDA and suppressed the serum levels of SOD in rats 
(P=0.0039 and P=0.0026, respectively). Oxidative stress was 
effectively reduced following treatment ursolic acid (Fig. 6; 
P=0.0016 and P=0.0079, respectively).

Ursolic acid reduced levels of STAT3. To further investigate 
the renoprotective effects of ursolic acid on I/R-IAKI, the 
protein expression levels of phosphorylated (p)-STAT3 were 
measured following injury. I/R‑IAKI rats exhibited a signifi-
cant progressive increase in the protein expression levels of 
p-STAT3 compared with that of the sham group (Fig. 7; 

Figure 2. Effects of ursolic acid on systolic blood pressure in rats subjected to 
IR/IAKI. The data are expressed as the mean ± standard error of the mean. 
IR/IAKI, ischemia/reperfusion-induced acute kidney injury.

Figure 4. Effects of ursolic acid on angiotensin-II levels in the kidneys of 
rats subjected to I/R-IAKI. The data are expressed as the mean ± standard 
error of the mean (##P<0.01 compared with sham group; **P<0.01 compared 
with I/R-IAKI group). IR/IAKI, ischemia/reperfusion-induced acute kidney 
injury. 

Figure 3. Effects of ursolic acid on renal functioning in rats subjected to 
I/R-IAKI. (A) Serum creatinine and (B) serum Cystatin-C levels. The data 
are expressed as the mean ± standard error of the mean (##P<0.01 compared 
with sham group; **P<0.01 compared with I/R-IAKI group). IR/IAKI, isch-
emia/reperfusion-induced acute kidney injury. 
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P=0.0011). Following ursolic acid treatment, the protein 
expression levels of p‑STAT3 were significantly reduced in 
I/R-IAKI rats (Fig. 7; P=0.0044).

Ursolic acid decreased NF‑κB expression in the I/R‑IAKI 
rats. The levels of NF-κB were measured following injury. In 
the I/R-IAKI rats, NF-κB level was significantly augmented 
compared with the rats of the sham group (Fig. 8; P=0.0016). 
Following treatment with ursolic acid, the increased level of 

NF-κB was significantly inhibited compared to that of the 
I/R-IAKI group (Fig. 8; P=0.0003).

Ursolic acid reduced the increase in caspase‑3 observed 
in I/R‑IAKI rats. To further understand the renoprotective 
effects of ursolic acid on I/R-IAKI, the caspase-3 activity was 
assessed following injury. As shown in Fig. 9, I/R-IAKI caused 
an increase in caspase-3 activity in rats compared with that of 
the sham group (Fig. 9; P=0.00032). Following treatment with 

Figure 5. Effects of ursolic acid on inflammation in rats subjected to I/R‑IAKI. Serum levels of (A) TNF‑α, (B) IL-1β (C) IL-6 and (D) IL-10. The data 
are expressed as the mean ± standard error of the mean (##P<0.01 compared with sham group; **P<0.01 compared with I/R-IAKI group). IR/IAKI, isch-
emia/reperfusion-induced acute kidney injury; TNF, tumor necrosis factor; IL, interleukin.

Figure 6. Effects of ursolic acid on oxidative stress in rats subjected to I/R-IAKI. Serum levels of (A) MDA and (B) SOD. Values are expressed as the 
mean ± standard error of the mean. ##P<0.01 compared with sham group; **P<0.01 compared with I/R-IAKI group. IR/IAKI, ischemia/reperfusion-induced 
acute kidney injury; SOD, superoxide dismutase; MDA, malondialdehyde.

Figure 7. Effects of ursolic acid on the activation of STAT3 in the rats subjected to I/R-IAKI. (A) Representative western blotting of the protein expression of 
p‑STAT3 and (B) quantified levels of p‑STAT3 determined by densitometric analysis of band intensities. The data are expressed as the mean ± standard error 
of the mean (##P<0.01 compared with sham group; **P<0.01 compared with I/R-IAKI group). IR/IAKI, ischemia/reperfusion-induced acute kidney injury; 
p-STAT, phosphorylated signal transducer and activator of transcription.
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ursolic acid, the increase in caspase‑3 activity was significantly 
weakened in the I/R-IAKI rats (Fig. 9; P=0.00071).

Discussion

At present, the underlying mechanisms of I/R-IAKI remains 
unclear. In the I/R-IAKI process, a large number of free radicals 
are generated, resulting in calcium overload and cell apoptosis. 
This interferes with energy metabolism. Neutrophil infiltration 
is important role in vascular endothelial injury (14). Existing 
literature reported that I/R-IAKI free radical oxygen outbreak 
is important for pathogenesis (15). In the present study, the 
results confirmed that pre‑treatment with ursolic acid caused 
no affect on blood pressure monitoring and increased renal 
functioning in I/R‑IAKI rat, resulting in a significant change 
that may decrease the I/R-IAKI-induced serum angiotensin-II 
level. Li et al (16) reported that ursolic acid protected the brain 
against ischemic injury in mice. Tundis et al (17) reported that 
the isolation of ursolic acid inhibits angiotensin-converting 
enzyme inhibitory activity (17). A number of results suggested 
that the protective effect of ursolic acid can be used for the 
treatment of I/R-IAKI.

The I/R-IAKI systemic response may be an initial cause of 
inflammation. Kidney I/R injury can lead to kidney synthesis 
of pro‑inflammatory factors, including IL‑6, IL‑1 and TNF‑α. 
This can also quickly produce a variety of chemokines, 
including keratinocyte-derived chemokine, a rat chemotactic 
factor similar to that of the IL-8 that can also be used as an 
I/R-IAKI biochemical marker (18). In the present experi-
mental setting, ursolic acid treatment significantly reduced 
the I/R-IAKI-induced expression of TNF-α, IL-6, IL-1β and 

IL-10 in I/R-IAKI rats. Senthil et al (19) indicated that ursolic 
acids protects against isoproterenol-induced myocardial isch-
emia through antioxidant and anti‑inflammatory functions in 
rats (19). This accumulation suggested that the anti‑inflamma-
tory effect of ursolic acid is associated with protection against 
I/R-IAKI.

Under normal physiological conditions, the body main-
tains normal metabolic processes and can produce the correct 
quantity of free radicals. A large number of free radicals has 
a damaging effect to the body. However, a large number of 
enzymes can remove free radicals from the body exerting anti-
oxidant properties to prevent damage due to free radicals (20). 
The radical scavenging enzyme system, including SOD, MDA, 
hydrogen peroxide enzyme peptide, glutathione peroxidase 
and I/R-IAKI, cause cytotoxicity damage factors besides 
hypoxemia, can also directly induce inflammatory reactions 
in renal parenchymal cells resulting in ischemic acute renal 
failure (21). The present study quantified the serum levels of 
MDA and SOD, and these were significantly suppressed by 
treatment with ursolic acid in the I/R-IAKI rat. Ma et al (22) 
suggested that ursolic acid protects against CCl4-induced 
oxidative stress and inflammation of the liver in mice. 
Ramachandran et al (23) concluded that ursolic acid protects 
against exposure to ultraviolet B-induced reactive oxygen 
species through modulation of antioxidants (23). The present 
results indicated that the protective effect of ursolic acid on 
I/R-IAKI is correlated with the modulation of oxidative stress.

JAKs (JAK1, JAK2, JAK3 and TYK2) and STATs protein 
family (STAT1, STAT2, STAT3, STAT4, STAT5a and STAT5b, 
STAT6) have been identified as signal transduction pathways 
in cells (24). Numerous cytokines, including IFN, IL-2, IL-4, 
IL-6 and CNTF, and growth factors, including EGF, PDGF 
and CSF, all using the signal transduction pathway induced 
cell proliferation, differentiation and apoptosis. These proteins 
may serve a special and pleiotropic biological function on 
immune regulation, hematopoietic stem cells, cancer, nervous 
system and embryonic development (25). Previous studies have 
shown that the JAK/STAT signal transduction pathways are 
involved in the development of the central nervous system and 
nerve cell proliferation, survival, differentiation, and they are 
closely associated with brain tumors, central nervous system 
diseases, including cerebral ischemia, and pathological physi-
ological processes (26). The present study found that ursolic 
acid treatment reduced the increase of the protein expres-
sion levels of p-STAT3 in I/R-IAKI rats. Pathak et al (27) 
suggested that ursolic acid suppresses the cell proliferation of 
multiple myeloma cells and inhibits STAT3 activation (27). 
Ma et al (28) suggested that ursolic acid protects against 
oxidative DNA damage and inflammation by inhibiting the 
STAT3 and NF-κB activities (28). Taken collectively, ursolic 
acid may protect against I/R-IAKI-induced oxidative damage 
and inflammation by inhibiting STAT3.

It was previously shown in animal models that hypoxemia 
can lead to the rapid activation of the NF-κB signaling system, 
causing the transcription and synthesis of pro‑inflammatory 
factors (29). It was also shown that in the stage of the ischemia, 
the NF-κB signaling system has been activated and that signaling 
peaked after 15 min reperfusion, indicating that the NF-κB 
signaling system may be very close to the release of inflammation 
triggered by renal epithelial cell damage signaling system (30). 

Figure 8. Effects of ursolic acid on the activation of NF-κB p65 in rats sub-
jected to I/R-IAKI. The data are expressed as the mean ± standard error 
of the mean (##P<0.01 compared with sham group; **P<0.01 compared with 
I/R-IAKI group). NF-κB, nuclear factor-κB; IR/IAKI, ischemia/reperfu-
sion-induced acute kidney injury.

Figure 9. Effects of ursolic acid on caspase-3 activity in rats subjected to 
I/R-IAKI. The data are expressed as the mean ± standard error of the mean 
(##P<0.01 compared with sham group; **P<0.01 compared with I/R-IAKI 
group). IR/IAKI, ischemia/reperfusion-induced acute kidney injury.
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The results from the present study indicated that treatment with 
ursolic acid significantly reduced the increasing NF‑κB and 
caspase-3 level in the I/R-IAKI rat. Ma et al (28) suggested 
that ursolic acid protects against oxidative DNA damage and 
inflammation by inhibiting the activities of STAT3 and NF‑κB. 
Lu et al (31) suggested that ursolic acid improves cognitive 
impairments via NF-κB‑mediated inflammatory pathways in 
mice. By contrast, the present study found that NF-κB-mediated 
inflammatory pathways may be an important mechanims by 
which ursolic acid protects against I/R-IAKI.

In conclusion, the present study demonstrated that the 
renoprotective effects of ursolic acid on I/R-IAKI occur via 
oxidative stress, inflammation and inhibition of the activities 
of STAT3 and NF-κB. Ursolic acid may serve a potentially 
important role in the treatment of I/R-IAKI.
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