MOLECULAR MEDICINE REPORTS 18: 789-798, 2018

Rosuvastatin relieves myocardial ischemia/reperfusion injury
by upregulating PPAR-y and UCP2
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Abstract. The present study aimed to investigate whether
pretreatment with rosuvastatin (RS) can provide cardiopro-
tection in a myocardial ischemia/reperfusion (MI/R) model.
The protective effect of RS on myocardial oxygen-glucose
deprivation/reperfusion (OGD/R) injury was also evaluated
by upregulating peroxisome proliferator-activated receptor-y
(PPAR-v). In the present study, MI/R model was established
and activities of superoxide dismutase (SOD), lactate dehy-
drogenase (LDH), creatine kinase-muscle/brain (CK-MB),
malondialdehyde (MDA), and troponin I/T were measured.
The infarct size was measured using Evans blue staining
and cell viability was measured by MTT assay. Reactive
oxygen species (ROS) levels were assessed by flow cytometry.
Caspase-9, cytochrome ¢ (cyt ¢), mitochondrial uncoupling
protein 2 (UCP2) and PPAR-y expression levels were detected
by reverse transcription-quantitative polymerase chain reaction
and western blotting. The results indicated that RS increased
SOD activity, and decreased LDH, CK-MB, MDA and troponin
I/T activities. The effect of RS was reversed by atractyloside
(ATR). RS inhibited myocardial infarct size, downregulated
expression of caspase-9 and cyt ¢ and upregulated expression
of UCP2 and PPAR-y by inhibiting ATR. Furthermore, the
results indicated that RS promoted cardiomyocyte viability,
inhibited LDH release, reduced ROS production, decreased
expression of caspase-9 and cyt c, and increased expression of
UCP2 and PPAR-y following OGD/R damage. Therefore, the
present study demonstrated that RS protects primary myocar-
dial cells against OGD/R injury by regulating PPAR-y and
UCP2. RS may be a promising therapeutic agent for treatment
of MI/R injury.
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Introduction

Arteriosclerotic cardiovascular disease is life-threatening
and has a high mortality rate in China (1). Atherosclerotic
plaque erosion and plaque rupture are the primary patholo-
gies associated with acute coronary syndrome, which may
lead to formation of complete or incomplete occlusive thrombi
and myocardial ischemia (2,3). In the treatment of myocar-
dial ischemia, revascularization is necessary to restore the
blood flow (4,5). However, following blood supply restora-
tion, ischemic tissues produce excess free radicals which
cause further severe injury to the ischemic tissues known as
ischemia/reperfusion (I/R) injury (6,7).

Statins down-regulate low density lipoprotein (LDL) recep-
tors by inhibiting 3-hydroxy-3-methyl-glutaryl-CoA reductase
and reduce cholesterol synthesis in hepatocytes (8,9). Previous
studies have indicated that statins can also serve a variety
of physiological functions, including improving endothelial
function, reducing inflammation and delaying hardening of
the arteries (10,11). Statins are also involved in the synthesis
of extracellular matrix proteins (12) It has also been indicated
that rosuvastatin (RS) stabilizes arterial plaques and exhibits
a stronger lipid-lowering capacity compared with other
statins (13,14). However, the function and mechanism of action
of RS in myocardial ischemia/reperfusion (MI/R) remain to
be elucidated.

Peroxisome proliferator-activated receptor-y (PPAR-y) is a
ligand-inducible transcription factor which can regulate a number
of biological processes associated with the cardiovascular
system (15). PPAR-y belongs to nuclear receptor superfamily
which is primarily expressed in adipose tissues (16). Previous
studies have also indicated that PPAR-y agonists reduce inflam-
mation and myocardial injury caused by MI/R (17,18). Therefore,
PPAR-vy is a novel treatment target used to prevent heart disease
complications including heart failure (19). However, the mecha-
nism of PPAR-y in MI/R needs to be extensively studied.

Uncoupling proteins (UCPs) are located in the inner
mitochondrial membrane and act as anion carrier proteins (20).
Previous studies have demonstrated that activation of UCP3 could
reduce ATP synthesis by uncoupling oxidative phosphorylation,
lowering proton gradient, decreasing ROS generation,
transporting fatty acid anions and reducing peroxide-associated
damage (21,22). It has been reported that UCP3 is able to
prevent mitochondrial injury (23). It has also been demonstrated
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that the expression levels of UCPI1 increased in IR myocardium
and served a critical role in both cardioprotection against
MI/R injury and induction of ischemic preconditioning (24).
Recently, mitochondrial uncoupling protein 2 (UCP2) has been
reported to serve a role in cardiac hypertrophy and myocardial
injury (25,26). Nevertheless, the precise role and mechanism of
UCP2 in cardioprotection remain unclear.

PPAR subtypes have been implicated in transcriptional
regulation of UCP, and PPARs are expressed in many organs,
such as the heart and pancreas (27). It has been demonstrated
that PPAR-y could regulate the transcription of UCP2 in
INS-1E cells (28). Based on the aforementioned data, the
authors of the present study hypothesized that PPAR-y and
UCP2 may be associated with cardioprotection and MI/R.

Therefore, the present study investigated the effect of RS on
oxidative stress in an in vivo model of MI/R. The effects of RS
and atractyloside (ATR) on myocardial infarct size were also
studied. It was further detected whether RS affected cardiomyo-
cyte viability, LDH activity and ROS content in vitro following
oxygen-glucose deprivation/reperfusion (OGD/R) damage.
Furthermore, the possible involvement of caspase-9, cytochrome
¢ (cytc), PPAR-y and UCP2 in the MI/R injury was also verified.

Materials and methods

Ischemia-reperfusion (MI/R) model. A total of 48 healthy adult
male New Zealand white rabbits (weight, ~4.0-5.0 kg; age,
6 months) were purchased from Guangdong Medical Laboratory
Animal Center (Foshan, China). Rabbits were randomly divided
into 4 groups, with 12 rabbits in each group. Rabbits had
free access to food and water and were housed at 20°C with
60-70% humidity and a 12 h light/dark cycle. Animals were
fasted 12 h prior to surgery. All experimental animals used in
the present study received ethical approval for experimental
research. The project protocol was approved by the Institutional
Review Board of Fujian Province Medical Association. Prior
to surgery, anesthesia was induced by intramuscular injection
of ketamine (25-40 mg/kg) and acepromazine (1-2 mg/kg).
In the sham group, a suture was placed around the coronary
artery, without induction of MI/R. In the MI/R group, rabbits
were subjected to ischemia for 30 min followed by 120 min of
reperfusion. In the RS group, RS (CRESTOR®; AstraZeneca,
Cambridge, UK) was administrated once at a dose of 5 mg/kg
12 hprior to MI/R.Inthe RS + ATR group,RS was administrated
once at a dose of 5 mg/kg 12 h prior to MI/R, and ATR (Chengdu
Herbpurify Co., Ltd., Chengdu, China) was administered at a
dose of 5 mg/kg 30 sec prior to reperfusion. To establish a MI/R
model, during the experiment, left anterior descending arteries
were obstructed for 40 min in the MI/R group rabbits, but not in
the sham group rabbits. Left anterior descending arteries were
untied 40 min later and reperfused.

TCC and Evans blue staining. As previously described (29),
TTC/Evans blue (Sigma-Aldrich; Merck KGaA, Darmstadt,
Germany) staining was used to measure the cardiomyocyte risk
area. At the end of the myocardial I/R protocols, evans blue (3%;
0.5 ml) was injected into the vena cava at room temperature
in order to detect the area-at-risk (AAR). When the remaining
blood had been washed out, the right ventricle was trimmed away
and the left ventricle was cut into 2-mm-thick slices. The slices
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were subsequently stained with 2% TTC at 37°C for 15 min in
order to measure the area of necrosis (AN). The AN area was
identified by the non-staining region, whereas the live area was
stained red. The cardiac injury was presented as AN/AAR.

Establishment of cardiomyocyte MI/R model via OGD/R injury.
The MI/R cell model was established on the basis of previous
investigations (30-33). SD rats (8-12 weeks; male:female, 1:4;
n=15) were obtained from Guangdong Medical Laboratory
Animal Center. The animals had free access to food and water and
were housed at 25°C, with 45-65% humidity and a 12 h light/dark
cycle. The animals were mated to produce the neonatal rats, as
described previously. Six 1-3 day-old neonatal SD rats were used
to isolate cardiomyocytes, as previously described (32). In brief,
the collected hearts were minced into pieces of ~I mm?. Minced
tissue was resuspended in dissociation buffer (60 mg trypsin
and 40 mg collagenase type II in 100 ml H,0,) and incubated in
preheated tissue processing unit (InGeneron Inc., Houston, TX,
USA) for 30 min at 37°C. The dissociation enzyme activity was
inhibited by incubation with cold horse serum (Sigma-Aldrich;
Merck KGaA) at 37°C for 5 min. Fresh dissociation buffer was
added to the remaining tissue samples. The above steps were
repeated until tissue fragments were completely dissolved.
Cell suspensions were collected and centrifuged for 10 min at
350 x g at 4°C. Finally, cell pellets were resuspended in cold 1x
ADS solution (6.8 g NaCl, 4.76 g HEPES, 0.138 g Na,HPO4,
0.6 g glucose, 0.4 g KCI and 0.051 g MgSO,-7H,0 in 1000 ml
ultrapure water, pH: 7.35-7.45). To establish an in vitro model
of MI/R, the neonatal rat cardiomyocytes were treated with
oxygen-glucose deprivation for 6 h followed by recovery for
1 h. Neonatal rat cardiomyocytes were randomly assigned to 4
groups. In the control group, cells were cultured in Dulbecco's
modified Eagle's medium (DMEM; Gibco; Thermo Fisher
Scientific, Inc., Waltham, MA, USA) containing 10% fetal
bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.)
under 5% CO, and 37°C. In the OGD/R group, the cells were
incubated in glucose-free Earle's balanced salt solution (Thermo
Fisher Scientific, Inc.) and maintained under 95% N, and
5% CO, at 37°C for 4 h. Cells were subsequently removed and
incubated in fresh DMEM containing 10% FBS under 5% CO,
at 37°C for 4 h. In the RS + OGD/R group, cells were incubated
with RS (1 uM) in high glucose DMEM for 3 h at 37°C and
washed with PBS, then OGD/R was induced as described for
the OGD/R group. In the ATR + RS + OGD/R group, cells
were incubated with ATR (1 #M) in high glucose DMEM for
1 h at 37°C and washed with PBS. Subsequently, the medium
was replaced with DMEM containing RS (1 #M) and cells were
incubated for 3 h at 37°C. Cells were subsequently washed with
PBS and OGD/R was induced as described above. Cells in the
four groups were subsequently transfected with 50 nM scramble
small interfering (si)RNA negative control (NC) or 50 nM
PPAR-v-siRNA (sequences unavailable; MyBioSource, Inc.,
San Diego, CA, USA) using Lipofectamine 3000 (Invitrogen;
Thermo Fisher Scientific, Inc., Waltham, MA, USA) for 6 h
at 37°C, according to the manufacturer's protocol. Thus, the
grouping was as follows: Control (cells transfected with NC
siRNA), control + siPPAR-y (cells transfected with siPPAR-y
only), OGD/R (NC siRNA), OGD/R + siPPAR-y, RS + OGD/R
(NC siRNA), RS + OGD/R + siPPAR-y, ATR + RS + OGD/R
(NC siRNA), ATR + RS + OGD/R + siPPAR-y.
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Superoxide dismutase (SOD), lactate dehydrogenase (LDH),
creatine kinase-muscle/brain (CK-MB) and malondialdehyde
(MDA) activity detection. Blood (10 ml) was collected from
the central artery via the rabbit ear using a syringe. The needle
was parallel to the artery. A cotton ball was subsequently
pressed to the ear to stop the bleeding. Anticoagulants were
added and blood was centrifuged at 1,000 x g at 4°C for
10 min. The supernatant from blood samples was collected
for subsequent experimentation. The cells from in vitro
experiments were also collected and centrifuged for 10 min
at 3,000 x g and 4°C, and the supernatant was stored at -80°C.
The activities of SOD, MDA and LDH were detected using
SOD activity detection kit, MDA activity detection kit and
LDH-cytotoxicity assay kit, respectively, according to the
manufacturer's protocol. The three kits were purchased
from Beyotime Institute of Biotechnology (Jiangsu, China).
CK-MB activity was measured using Creatine Kinase Activity
Assay kit (Sigma-Aldrich; Merck KGaA) according to the
manufacturer's protocol.

Cell viability assay. Cell viability in each group was detected
by MTT assay. Cells (2x10° cells/well) were seeded into
96-well plates (100 ul/well) in serum-free DMEM and
incubated at 37°C in an incubator with 5% CO, for 48 h.
Following incubation, cells were treated with 20 1 MTT
(5 mg/ml; cat. no. M-2128; Sigma-Aldrich; Merck KGaA)
solution for 4 h at 37°C. Cells were subsequently treated
with 10 ul dimethylsulfoxide (DMSO) for 15 min at room
temperature. Optical density (OD) value was measured
at a wavelength of 490 nm using a spectrophotometer
(Sigma-Aldrich; Merck KGaA).

Enzyme linked immunosorbent assay (ELISA). The activity
of troponin I (cat. no. MBS765393) and troponin T (cat.
no. MBS056907; both MyBioSource, Inc.) was detected by
ELISA according to the manufacturer's protocol. Cultured
cells were added into the corresponding wells and the wells
were sealed using adhesive tape and maintained at 37°C for
90 min. A total of 100 ul biotinylated antibody fluids were
added into wells. The wells were sealed using adhesive tape and
incubated for 60 min at 4°C. Chromogenic substrate was added
into all wells with the exception of blank wells. Plates were
maintained for 10-15 min in the dark at 37°C. Subsequently,
stop solution was added into each well and mixed immediately
for 10 min. Finally, the OD450 value was detected using a
microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA,
USA).

Evaluation of reactive oxygen species (ROS). Cells were
seeded at a density of 1x10*well into a 6-well plate in a 37°C
incubator. After 24 h, 2'/7'-dichlorodihydrofluorescein diace-
tate (DCFH-DA; 10 uM; Sigma-Aldrich; Merck KGaA) was
added into the wells and was incubated at 37°C for 30 min.
The cells were washed in PBS three times (2-3 min each time)
to remove the DCFH-DA dye. The evaluation of mitochon-
drial reactive oxygen species (ROS) was performed using
mitoSOX dye (Molecular Probes, USA), which selectively
targets the mitochondrial matrix and emits red fluorescence
when oxidized by ROS. The cells were stained with 2 uM
mitoSOX dye and incubated for 15 min at 37°C. The cells
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were subsequently suspended in PBS and analyzed by flow
cytometry. ROS levels were measured by FACSCalibur with
Cell Quest software version 3.1 (BD Biosciences, San Jose,
CA, USA).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-qPCR) assay. The mRNA expression levels of
caspase-9, cytochrome c¢ (cyt ¢), UCP2 and PPAR-y were
detected by RT-qPCR. Total RNA from cells and tissues was
extracted with TRIzol reagent (Thermo Fisher Scientific, Inc.)
according to the manufacturer's protocol. Concentration of
extracted RNA was determined using a UV spectrophotom-
eter (Thermo Fisher Scientific Inc.). First-strand cDNA was
synthesized using Revert Aid First Strand cDNA Synthesis kit
(Thermo Fisher Scientific Inc.). The temperature protocol was
set as 25°C for 10 min, 42°C for 50 min and 70°C for 8 min.
The mRNA expression levels were evaluated by qPCR using
SYBR-Green PCR Master Mix (Applied Biosystems; Thermo
Fisher Scientific Inc.) in ABI 7500 Real-time PCR system
(Applied Biosystems; Thermo Fisher Scientific Inc.). The PCR
thermocycling conditions were as follows: 95°C for 5 min,
35 cycles of 95°C for 30 sec and 60°C for 60 sec, followed by
a final extension at 72°C for 7 min. The results were quantified
using the 2-**“4calculation (34). The following specific primers
were used: Caspase-9 (product size, 196 bp), 5'-CAGGACCTT
GGACAGTGACT-3' (forward), 5-AATGCCATCCAAGGT
CTCGA-3' (reverse); cyt ¢ (product size, 249 bp), 5'-GTTCAG
AAGTGTGCCCAGTG-3' (forward), 5'-GTCTGCCCTTTC
TCCCTTCT-3' (reverse); UCP2 (product size, 170 bp), 5'-AGA
CCATTGCACGAGAGGAA-3' (forward), 5-AGAAGTGAA
GTGGCAAGGGA-3' (reverse); PPAR-y (product size, 164 bp),
5-AGGGCGATCTTGACAGGAAA-3' (forward), 5'-CGA
AACTGGCACCCTTGAAA-3' (reverse); GAPDH (product
size, 155 bp), 5"AACGACCCCTTCATTGACCT-3' (forward),
5-ATGTTAGTGGGGTCTCGCTC-3' (reverse).

Western blot analysis. The proteins from tissue were extracted
using tissue protein extraction kit (Beijing ComWin Biotech
Co., Ltd., Beijing, China). The proteins from cells were
extracted using a total protein extraction kit (Beijing Solarbio
Science & Technology Co., Ltd.). The concentrations of
proteins were detected using Pierce BCA Protein Assay kit
(Pierce; Thermo Fisher Scientific, Inc.). Equivalent proteins
(30 pg/lane) were separated by 10% SDS-PAGE gel and
transferred onto polyvinylidene fluoride membranes. Proteins
were blocked with 5% skimmed milk at room temperature
for 2 h. Primary antibodies against caspase-9 (1:5,000; cat.
no. ab2324), cyt ¢ (1:5,000; cat. no. ab28146), UCP2 (1:1,000;
cat. no. ab97931), PPAR-y (1:1,000; cat. no. ab223137)
and GAPDH (1:2,500; cat. no. ab9485) were from Abcam
(Cambridge, MA) and were incubated with the membranes
at 4°C overnight. Horseradish peroxidase-conjugated mouse
anti-rabbit IgG secondary antibody (cat. no. sc-2357; 1:2,000)
were from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA).
The secondary antibodies were incubated with the membranes
at room temperature for 1 h. The images were obtained using
enhanced chemiluminescence western blotting detection
system (GE Healthcare, Chicago, IL, USA). The data were
analyzed using Image Lab Software (version 4.1; Bio-Rad
Laboratories, Inc.).
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Figure 1. RS increases SOD activity, and decreases LDH, CK-MB, MDA and troponin I/T activities. A total of 48 rabbits were randomly divided into four
groups, including the sham group, MI/R group, RS group and RS + ATR group. (A) SOD activity was detected using a commercial kit. (B) LDH activity was
measured using a cytotoxicity assay. (C) CK-MB activity was analyzed using a CK-MB assay. (D) MDA activity was analyzed using a MDA activity assay
kit. (E) Troponin I/T activities were measured by ELISA. “P<0.01 and ““P<0.001 vs. the sham group; “P<0.05, #P<0.01 and *#P<0.001 vs. the MI/R group;
*P<0.01 and ***P<0.001 vs. the RS group. RS, rosuvastatin; ATR, atractyloside; SOD, superoxide dismutase; LDH, lactate dehydrogenase; CK-MB, creatine
kinase-muscle/brain, MDA, malondialdehyde; MI/R, myocardial ischemia/reperfusion.

Statistical analysis. All experimental data were analyzed
by one-way analysis of variance followed by Turkey's
multiple comparisons test. All values are presented as the
mean + standard deviation of three experiments. P<0.05 was
considered to indicate a statistically significant difference.

Results

RS increases SOD activity and decreases LDH, CK-MB,
MDA and troponin I/T activities. To determine whether
pretreatment with RS can induce myocardial protection, a
rabbit MI/R model was established. The plasma concentra-
tions of SOD, LDH, CK-MB, MDA and troponin I/T at the
end of the MI/R period were measured to evaluate the extent
of myocardial injury. The results indicated that the activity
of SOD significantly decreased in the MI/R group compared
with the sham group. Pretreatment with RS significantly
increased SOD activity (Fig. 1A). LDH, CK-MB, MDA
and troponin I/T activities were significantly increased in
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Figure 2. RS inhibits myocardial infarct size. A total of 48 rabbits were
randomly divided into four groups, including the sham group, MI/R group,
RS group and RS + ATR group. (A) Images of Evans blue/TTC-stained
sections were captured. (B) The infarct size (% AN/AAR) was detected in
four groups. ““P<0.001 vs. the sham group; “#P<0.001 vs. the MI/R group;
**P<0.01 vs. the RS group. MI/R, myocardial ischemia/reperfusion; RS,
rosuvastatin; ATR, atractyloside; AN, area of necrosis; AAR, area-at-risk.
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Figure 3. RS downregulates caspase-9 and cyt ¢ expression, and upregulates UCP2 and PPAR-y expression. A total of 48 rabbits were randomly divided into
four groups, including the sham group, MI/R group, RS group and RS + ATR group. mRNA and protein expression levels of caspase-9, cyt ¢, UCP2 and
PPAR-y were detected by (A) reverse transcription-quantitative polymerase chain reaction and (B) western blotting. (C) The results of western blotting were
quantitatively analyzed. ““P<0.001 vs. the sham group; “P<0.05 and "*P<0.001 vs. the MI/R group; *P<0.05, **P<0.01 and **P<0.001 vs. the RS group. Cyt
¢, cytochrome c; UCP2, mitochondrial uncoupling protein 2; PPAR-y, peroxisome proliferator-activated receptor-y; MI/R, myocardial ischemia/reperfusion;

RS, rosuvastatin; ATR, atractyloside.

the MI/R group compared with the sham group, and RS
significantly inhibited LDH, CK-MB, MDA and troponin I/T
activities caused by MI/R. Furthermore, ATR significantly
reversed whereas ATR markedly reversed the effect of
RS (Fig. 1B-E).

RS inhibits myocardial infarct size. To further confirm the
direct effects of RS on myocardial MI/R injury, ischemic area
and infarct size were measured in rabbits using the Evans
blue/TTC method (Fig. 2A). The infarct size was analyzed and
expressed as the percentage of AN/AAR. The results indicated
that the infarct size was significantly increased in the MI/R
group compared with the sham group. Treatment with RS
significantly ameliorated the injury, whereas ATR markedly
reversed the protective effect of RS (Fig. 2B).

RS downregulates the expression of caspase-9 and cyt
¢, and upregulates the expression of UCP2 and PPAR-y.
The effects of pretreatment with RS on expression of cell
apoptosis-associated proteins caspase-9 and cyt c. UCP2 and
PPAR-vy expression levels were determined to elucidate the
effects of RS on mitochondrial protection. The results revealed
that compared with the sham group, caspase-9, cyt ¢, UCP2
and PPAR-y mRNA and protein expression levels significantly
increased in the MI/R group (Fig. 3). Compared with the MI/R
group, mRNA and protein expression of UCP2 and PPAR-y
further increased, while caspase-9 and cyt-c expression
decreased in response to RS treatment. Furthermore, ATR
reversed the effects of RS (Fig. 3).

Pretreatment with RS promotes cardiomyocyte viability,
inhibits LDH release and reduces ROS production following

OGD/R damage. The protective effect of preconditioning
with RS was further studied on rat cardiomyocytes with
OGD/R injury. Cardiomyocytes were divided into the
following groups: Control, control + siPPAR-y, OGD/R,
OGDJ/R + siPPAR-vy,RS + OGD/R, RS + OGD/R + siPPAR-y,
ATR + RS + OGD/R, ATR + RS + OGD/R + siPPAR-y. The
cell viability was evaluated using the MTT and LDH release
assays. OGD/R significantly inhibited myocardial viability
compared with the control group and PPAR-vy silencing in
OGD/R cells further inhibited myocardial viability compared
with the control and control + siPPAR-y groups. Myocardial
cell viability in the RS + OGD/R group was significantly
increased compared with the OGD/R group. The results also
indicated that treatment with ATR reversed the effect of RS.
Furthermore, OGD/R and OGD/R + siPPAR-vy significantly
increased LDH activity compared with the control group. While
LDH activity was significantly decreased in the RS + OGD/R
group compared with the OGD/R group. Treatment with ATR
significantly reversed the effect mediated by RS (Fig. 4 A,
B). Furthermore, it was revealed that the mitochondrial and
cellular ROS levels were significantly elevated in OGD/R
and OGD/R + siPPAR-y groups, compared with the control
group. ROS content in RS + OGD/R group was significantly
decreased compared with the OGD/R group. Treatment
with ATR significantly reversed the effect mediated by
RS (Fig. 5A, B).

Pretreatment with RS decreases caspase-9 and cyt c
expression, and increases UCP2 and PPAR-y expression
following OGD/R damage. To further elucidate the mecha-
nism of RS preconditioning on myocardial OGD/R injury
in rats, RT-qPCR and western blotting were performed.
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Figure 4. Pretreatment with RS promotes cardiomyocyte viability and inhibits LDH release following OGD/R damage. Cardiomyocytes were divided
into the following groups: Control, control + siPPAR-y, OGD/R, OGD/R + siPPAR-vy, RS + OGD/R, RS + OGD/R + siPPAR-y, ATR + RS + OGD/R,
ATR + RS + OGD/R + siPPAR-y. (A) Following reperfusion, cell viability was evaluated by MTT assay. (B) LDH activity was measured using LDH cyto-
toxicity assay. "P<0.05 and "“P<0.001 vs. the control group; “P<0.05 and **P<0.001 vs. the OGD/R group; *P<0.05 and **P<0.01 vs. the OGD/R + siPPAR-y
group; OGD/R, oxygen-glucose deprivation/reperfusion; LDH, lactate dehydrogenase; OD, optical density; si, small interfering RNA; PPAR-y, peroxisome
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Figure 5. Pretreatment with RS reduces ROS production following OGD/R damage. Cardiomyocytes were divided into the following groups: Control,
control + siPPAR-y, OGD/R, OGD/R + siPPAR-y, RS + OGD/R, RS + OGD/R + siPPAR-y, ATR + RS + OGD/R, ATR + RS + OGD/R + siPPAR-y. Flow
cytometry was used to determine the (A) mitochondrial and (B) cellular ROS levels. M1 indicates the cells that emitted a DCF signal and therefore the level
of ROS production. “P<0.05 and “"P<0.01 vs. the control group; "P<0.05 and *P<0.01 vs. the OGD/R group; *P<0.05 and **P<0.01 vs. the OGD/R + siPPAR-y
group; 'P<0.05 vs. the RS + OGD/R + siPPAR-y group. OGD/R, oxygen-glucose deprivation/reperfusion; LDH, lactate dehydrogenase; DCF, 2',7'-dichlorofluo-
rescein; ROS, reactive oxygen species; RS, rosuvastatin; ATR, atractyloside; si, small interfering RNA; PPAR-y, peroxisome proliferator-activated receptor-y.

As presented in Fig. 6, compared with the control group,
caspase-9, cyt ¢, UCP2 and PPAR-y expression levels were

significantly increased in the OGD/R group. The expression
levels of caspase-9 and cyt ¢ were lower in the RS + OGD/R and
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Figure 6. Pretreatment with RS decreases caspase-9 and cyt c mRNA expression, and increases UCP2 and PPAR-y mRNA expression following OGD/R damage.
Cardiomyocytes were divided into the following groups: Control, control + siPPAR-y, OGD/R, OGD/R + siPPAR-y, RS + OGD/R, RS + OGD/R + siPPAR-y,
ATR + RS + OGD/R, ATR + RS + OGD/R + siPPAR-y. Reverse transcription-quantitative polymerase chain reaction was performed to analyze the mRNA
expression levels of (A) caspase-9, (B) cyt ¢, (C) UCP2 and (D) PPAR-y in cardiomyocytes. "P<0.05 and ““P<0.001 vs. the control group; *P<0.05 and
#P<0.01 vs. the OGD/R group; *P<0.05 and **P<0.01 vs. the OGD/R + siPPAR-y group; P<0.05 and "P<0.01 vs. the RS + OGD/R + siPPAR-y group.
OGD/R, oxygen-glucose deprivation/ reperfusion; cyt ¢, cytochrome c; RS, rosuvastatin; ATR, atractyloside; si, small interfering RNA; PPAR-v, peroxisome

proliferator-activated receptor-y; UCP2, mitochondrial uncoupling protein 2.

RS + OGD/R + si-PPAR-y groups compared with the OGD/R
and OGD/R + si-PPAR-y groups, respectively. The expression
of UCP2 and PPAR-y increased following RS preconditioning
in the RS + OGD/R and RS + OGD/R + si-PPAR-y groups,
compared with OGD/R and OGD/R+si-PPAR-y groups,
respectively. The effect of RS on the expression of caspase-9,
cyt ¢ and UCP2 was reversed by ATR (Fig. 6). The WB results
in the expression of caspase-9, cyt c and PPAR-y had a similar
trend to the mRNA data. However, although ATR reversed the
effect of RS on UCP2 mRNA expression, this effect was not
observed at the protein level (Fig. 7).

Discussion

Coronary heart disease (CHD) and atherosclerosis (AS)
affect human health worldwide (35). Interventional cardio-
vascular therapy has greatly improved the clinical outcomes
of patients with CHD (36). Restoring blood flow is indis-
pensable for rescuing the ischemic myocardium, however,
myocardial revascularization also causes damage, known as
MI/R injury (37). MI/R could aggravate the hemodynamic
dysfunction and cause ischemia/reperfusion injury in the
patient, which may eventually lead to mortality (38). Statins,
commonly used drugs for treatment of AS and acute coronary
syndrome (ACS), regulate the lipid metabolism and serve
multiple pharmacological roles associated with the stability
of atherosclerotic plaques, endothelial function and immune

regulation (39). These pharmacological effects indicate that
further investigation of statins in the context of cardiovascular
disease may be beneficial for development of novel treatment
methods. Therefore, the present study analyzed the direct
effect and potential mechanism of RS in MI/R injury.

In the current study, an in vivo rabbit model of MI/R was
established using protocols described in previous studies (40,41).
Subsequently, the activities of SOD, LDH, CK-MB, MDA and
troponin I/T in serum samples from each treatment group were
evaluated. The results indicated that RS significantly enhanced
the SOD activity, and reduced the LDH, CK-MB, MDA and
troponin I/T activities compared with the MI/R group. ATR
reversed the effects of RS. Furthermore, following Evans
blue/TTC staining, it was revealed that RS markedly inhibited
the myocardial infarct size compared to MI/R group. Expression
levels of UCP2 and PPAR-y in serum samples from each treat-
ment group were also determined. RS increased the UCP2 and
PPAR-y expression levels compared to MI/R group; while the
effect of RS was reversed by ATR. Based on these results, it
can be hypothesized that treatment with RS prior to MI/R can
reduce MI/R injury via upregulation of UCP2 and PPAR-y
in vivo. ATR partially reversed the protective effects of RS.

The results obtained using RS in vivo were further
tested using an in vitro model of MI/R to further elucidate
the underlying mechanisms of action. In vitro, the OGD/R
injury was used to mimic the I/R damage in cardiomyocytes.
The viability of cardiomyocytes from each treatment
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Figure 7. RS downregulates protein expression levels of caspase-9 and cyt ¢, and upregulates protein expression levels of UCP2 and PPAR-y following
OGD/R damage. Cardiomyocytes were divided into the following groups: Control, control + siPPAR-y, OGD/R, OGD/R + siPPAR-y, RS + OGD/R,
RS + OGD/R + siPPAR-y, ATR + RS + OGD/R, ATR + RS + OGD/R + siPPAR-y. (A) Western blot analysis was used to detect the protein expression levels
of caspase-9, cyt ¢, UCP2 and PPAR-y in cardiomyocytes. (B) The protein expression levels were quantitatively analyzed according to the protein gray values.
“P<0.01 and “"P<0.001 vs. the control group; “P<0.05 and "P<0.01 vs. the OGD/R group; *P<0.05 and **P<0.01 vs. the OGD/R + siPPAR-y group; “P<0.01
vs. the RS + OGD/R + siPPAR-y group. OGD/R, oxygen-glucose deprivation/ reperfusion; cyt ¢, cytochrome ¢; PPAR-y, peroxisome proliferator-activated
receptor-y; UCP2, mitochondrial uncoupling protein 2; RS, rosuvastatin; ATR, atractyloside; si, small interfering RNA.

group was measured. The results revealed that silencing of
PPAR-vy inhibited the viability of cardiomyocytes (OGD/R
group vs. OGD/R + siPPAR-y group). RS enhanced the viability
of myocardial cells suppressed by OGD/R. Mitochondria have
been hypothesized to be the primary source of ROS following
I/R injury (42). Excessive ROS production can cause damage
of the antioxidative system, increase membrane permeability
and cause calcium overdose during reperfusion (43). The
increase in Ca®* levels in the mitochondria may lead to the
opening of the mitochondrial permeability transition pore, loss
of MMP and increased ROS production (44). The interaction
between ROS and Ca** may aggravate apoptotic cell injury
during I/R (45). Therefore, the present study measured the
mitochondrial and cellular ROS content in cardiomyocytes
from each treatment group. According to the flow cytometry
data, RS markedly suppressed ROS production enhanced by
OGD/R both in mitochondria and intracellular space.
Caspase-9 and cyt ¢ are known apoptosis-associated
proteins (46,47) and a recent study has indicated that the release
of cyt ¢ could induce the activation of caspase-9 in gastric

carcinoma cells (48). In the present study, the effects of RS on
myocardial cells were further examined by detecting alterations
in the mRNA and protein expression levels of caspase-9, cyt c,
UCP2 and PPAR-y. The results indicated that RS upregulated
the expression levels of UCP2 and PPAR-y following OGD/R
damage, while this pretreatment significantly reduced the
expression of apoptosis-associated proteins, caspase-9 and
cyt ¢ in myocardial cells. The expression levels of UCP2 and
PPAR-vy, were up-regulated following OGD/R damage and
further increased in the RS group. It may be hypothesized that
OGD/R promoted cell apoptosis and enhanced the expression
of apoptosis-associated proteins, which may have activated
the expression of UCP2 and PPAR-y to protect the cells
against apoptosis. It may be concluded that RS protected the
myocardial cells against OGD/R injury by up-regulating the
expression of PPAR-y and UCP2.

In the present study, RS mitigated MI/R injury, increased
SOD activity and decreased LDH, CK-MB, MDA and troponin
I/T activities. RS also downregulated the expression of apop-
tosis-associated genes (caspase-9 and cyt c¢). RS suppressed
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the production of ROS, and ATR reversed the effect of RS.
Therefore, it may be hypothesized that RS induces cardiopro-
tective effects by suppressing ROS production and inhibiting
mitochondria-mediated apoptosis.

In conclusion, in the present study RS inhibited myocardial
infarct size and ROS in vivo and protected primary myocar-
dial cells against OGD/R injury in vitro. Furthermore, RS
decreased the expression levels of apoptosis-associated genes
(caspase-9 and cyt ¢), and increased the expression of UCP2
and PPAR-y. Furthermore, the effect of RS was reversed by
ATR. The present study provided evidence for the use of RS as
a potential agent for the treatment of cardiac injury.
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