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Rosuvastatin Alleviates Coronary Microembolization-Induced
Cardiac Injury by Suppressing Nox2-Induced ROS Overproduction
and Myocardial Apoptosis
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Abstract

To explore the mechanism by which rosuvastatin prevents coronary microembolism (CME)-induced cardiac injury and
cardiomyocyte apoptosis. Animal and cell models of CME were established and treated with different doses of rosuvasta-
tin. Echocardiography and histological staining were applied to assess left ventricular function and cardiac injury. Masson
trichrome staining was used to evaluate fibrin deposition in the myocardium. The activity of lactate dehydrogenase (LDH)
in serum and cell culture supernatant was detected. TUNEL staining and flow cytometry were used to evaluate apoptosis in
myocardium and cardiomyocytes, respectively. The activity of ROS was revealed by DHE staining. The expression levels
of Nox2, cleaved caspase-3, cytochrome C, p53, Bax and Bcl-2 were also detected. Rosuvastatin pretreatment improved the
left ventricular function of CME mice and reduced inflammatory cell infiltration and fibrin deposition in the myocardium.
Rosuvastatin reduced the production of ROS by inhibiting the expression of Nox2. Rosuvastatin also downregulated pro-
apoptotic proteins cleaved caspase-3, cytochrome C, p53 and Bax, and upregulated anti-apoptotic Bcl-2. Rosuvastatin miti-
gates CME-induced cardiac injury by inhibiting Nox2-induced ROS overproduction and alleviating p53/Bax/Bcl-2-dependent
cardiomyocyte apoptosis.
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Introduction

Cardiovascular diseases contribute to a large portion of
global deaths, producing considerable health and economic
burden [1, 2]. Deaths from ischemic heart disease have sig-
nificantly increased in the past two decades in China and
worldwide [2, 3]. The application of cardiac catheterizations
is still tremendous [2]. However, periprocedural myocardial
injury or infarction, characterized by an asymptomatic or
symptomatic elevation of cardiac biomarker expression,
may occur during coronary revascularization surgery [4, 5].
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Periprocedural myocardial injury is a common event fol-
lowing transcatheter aortic valve replacement and confers
increased risks of both short-term and long-term deaths [6].
Myocardial infarction associated with percutaneous coro-
nary intervention (type 4a) or coronary artery bypass surgery
(type 5) can lead to an even worse clinical outcome [7-10].

Coronary microembolization (CME) is a predominant
cause of periprocedural myocardial injury and infarction
[11, 12]. Atherosclerotic plaque rupture represents a deci-
sive event in acute myocardial infarction, causing not only
occlusive coronary thrombosis but also embolization of ath-
erosclerotic and thrombotic debris into the coronary micro-
circulation [13]. Atherosclerotic debris and superimposed
thrombotic material give rise to patchy microinfarcts accom-
panied by inflammatory responses in the coronary micro-
circulation [14]. The clinical frequency and importance of
CME have been recognized and appreciated for over two
decades [12], but there is no optimal treatment dealing with
CME yet.

Rosuvastatin, a 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitor, has been widely used for management
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of ischemic heart diseases due to its efficient cholesterol-
lowering function. Many large-scale clinical randomized
controlled trials have shown that rosuvastatin treatment can
reduce the morbidity and mortality from cardiovascular dis-
eases [15—17]. Moreover, short-term rosuvastatin adminis-
tration can depress the incidence of perioperative myocardial
injury as well as other cardiovascular events following coro-
nary intervention [18-21]. Considering the potent efficacy
of rosuvastatin treatments, the biological effects of rosuvas-
tatin beyond regulation of cholesterol are worthy of further
exploration.

This study investigates if short-term high-dose rosuvasta-
tin imposes protection against CME since the role of rosuv-
astatin in the management of CME has been rarely studied.
Furthermore, this study deciphers the potential molecular
mechanism for the cardioprotective effect of rosuvastatin.

Materials and Methods
Ethical Statement

The use of rat ventricles for isolation of cardiomyocytes
and the following animal experiments were authorized by
the Animal Care and Use Committee of Fudan University
(Shanghai, China), following the Guide for the Care and
Use of Laboratory Animals published by the US National
Institutes of Health (Publication No. 85-23, revised 1996).

Cell Culture

Ventricles were collected from 1- to 3-day-old
Sprague—Dawley rats (the Department of Laboratory Ani-
mal Science, Fudan University, Shanghai, China) and trypsi-
nized with 0.1% trypsin (Gibco, Grand Island, NY, USA)
for 2 h. Primary cardiomyocytes were separated from the
trypsinized ventricles and cultured in low glucose Dul-
becco’s modified Eagle’s medium (DMEM, Gibco) supple-
mented with 10% fetal bovine serum (FBS, Gibco), 10 ug/
mL streptomycin (HyClone Laboratories Inc., Logan, UT,
USA) and 10 U/mL penicillin (HyClone Laboratories Inc.)
following the standard protocols. The culture medium was
replaced by antibiotics-free DMEM (containing 10% FBS)
after 24 h. The isolated cardiomyocytes were divided into six
groups: control group, TNF-a group, 10 pmol/L rosuvastatin
group, 20 pmol/L rosuvastatin group, 10 pmol/L rosuvas-
tatin + TNF-a group, and 20 pmol/L rosuvastatin + TNF-a
group. Cardiomyocytes in the control group were cultured
under normal conditions without any additional treatment,
while cells in the TNF-a group were incubated with TNF-a
(40 ng/mL, PeproTech Inc., Rocky Hill, NJ, USA) for
48 h. Cardiomyocytes in the 10 pmol/L rosuvastatin and
20 pmol/L rosuvastatin groups were respectively treated with
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10 pmol/L or 20 pmol/L rosuvastatin (AstraZeneca, London,
UK) for 54 h. Cardiomyocytes in the 10 pmol/L rosuvas-
tatin + TNF-a group and 20 pmol/L rosuvastatin + TNF-«
group were pretreated with 10 pmol/L or 20 pmol/L rosu-
vastatin for 6 h before TNF-a treatment (40 ng/mL, 48 h).

Animal Experiments

Twenty-four male C57BL/6 mice (20-25 g, the Department
of Laboratory Animal Science, Fudan University) were rand-
omized into 4 groups (6 mice per group): sham group, CME
group, 10 mg/kg rosuvastatin + CME group, and 20 mg/kg
rosuvastatin + CME group. Rosuvastatin (10 or 20 mg/kg)
was orally administered from 7 days before operation to
3 days post-op. Purified water instead of rosuvastatin was
orally given to the sham and CME groups. On day 3 post-
op, an echocardiography assessment was performed, venous
blood samples were collected, and the mice were sacrificed
by cervical dislocation for collection of heart tissues after
inhalation 99.99% carbon dioxide (CO,) for 5 min.

CME Model Establishment

Detailed experimental procedures for generating a CME
model have been described in a previous study [22]. Mice
were fully anesthetized by inhalation of 2% isoflurane (Bax-
ter International Inc., Deerfield, IL, USA), and the anes-
thesia of mice was sustained by 1.5% isoflurane during
the following procedures. A small animal ventilator (Type
7025, Ugo Basile, Comerio, Italy) was used to assist the
respiration of the mice (100 breaths per minute) during the
exposure of heart and ascending aorta. The ascending aorta
was occluded for 15 s, during which a bolus (5 x 10° micro-
spheres) of white-stained polystyrene microspheres (9 pm,
50 pL, Dynospheres, Dyno Particles, Lillestrgm, Norway)
was injected with a 29-gauge needle into the left ventri-
cle. The sham group underwent identical procedures during
which microspheres were replaced by saline.

Echocardiography

Cardiac function assessment was performed before opera-
tion and 3 days post-op using a high resolution small ani-
mal ultrasonic imaging system (Vevo 2100, Visual Sonics,
Toronto, Canada). According to the manual of Vevo 2100,
mice were fully anesthetized by inhalation of 1-2% iso-
flurane in oxygen and placed on a temperature-controlled
(37 °C) plate. The limbs of the mice were fixed and con-
nected to 4 electrodes. The concentration of isoflurane was
regulated to keep the heart rates of the mice at 500 bpm. Left
ventricular end-diastolic diameter (LVEDD), end-systolic
diameter (LVESD), ejection fraction (LVEF) and fractional
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shortening (LVFS) were automatically calculated by Vevo
2100.

Hematoxylin—Eosin (H&E) Staining and Masson
Trichrome Staining

After fixation with 10% formaldehyde, heart tissues were
paraffin-embedded and sectioned into 5-pm slices for histo-
logical staining. The stained slices were evaluated by Olym-
pus BX-51 light microscopy (Olympus, Tokyo, Japan). For
each mouse, an average of three slices from diverse areas
of the heart was obtained using Image-Pro Plus 6.0 (Media
Cybernetics, Rockville, MD, USA). The degree of inflam-
matory cell infiltration/fibrin deposition in a slice was pre-
sented as the ratio of infiltration/deposition area to total area.

Evaluation of Myocardial Damage

Serum was separated from the blood samples collected
from postocular veins. The activity of lactate dehydroge-
nase (LDH) in mouse serum or cell culture supernatant was
determined by a LDH cytotoxicity assay detection kit (R&D
Systems, Minneapolis, MN, USA) based on the instructions.
The optical density (450 nm) was measured by a microplate
reader (Bio-rad 550, Bio-Rad Laboratories, Hercules, CA,
USA).

Evaluation of Reactive Oxygen Species (ROS)
Production

Frozen myocardium sections or cardiomyocytes were
washed with preheated PBS (37 °C). The tissues were
stained with 10 pmol/L dihydroethidium (DHE) (dissolved
in PBS; Sigma Aldrich, St. Louis, MO, USA) and the
cells were stained with 5 uM DHE (dissolved in FBS-free
DMEM) for 30 min (37 °C, away from light). After staining,
the sections were washed three times with PBS, 3 to 5 min
each time. For each mouse, an average fluorescence intensity
of three slices from diverse areas of the heart was obtained
using Image-Pro Plus 6.0. The fluorescence intensity in the
cells was detected by a FACScan™ flow cytometer (Becton
Dickson, Franklin Lakes, NJ, USA).

TUNEL Assay

Frozen myocardium sections were washed, fixed with 4%
formaldehyde in PBS for 20 min, and permeabilized with
0.1% Triton X-100 for 2 min before the blinded in situ detec-
tion of apoptosis (Roche Diagnostics, Shanghai, China)
and DAPI staining (Beyotime, Shanghai, China). For each
mouse, three slices from different areas of the heart were
selected and the results were averaged. The apoptotic index

(AD) =TUNEL-positive cells (green fluorescent)/total cells
(blue fluorescent).

Western Blotting

Proteins separated by SDS-PAGE were transferred onto
PVDF membranes (Millipore, Belford, MA, USA). The
membranes were incubated with 5% bovine serum albumin
in Tris-buffered saline containing 0.1% Tween 20, and then
with primary rabbit-anti human antibodies against NADPH
oxidase 2 (Nox2, ab129068, 1:5000, Abcam, Massachusetts,
USA), p53 (2527, 1:1000), Bax (5023, 1:1000), Bcl-2 (3498,
1:1000), cytochrome C (11,940, 1:1000), cleaved caspase-3
(9661, 1:1000) and GAPDH (5174, 1:1000) (Cell Signaling
Technology, Beverly, MA, USA). The blots were developed
using HRP-conjugated secondary goat-anti rabbit antibodies
(Abbkine, Redlands, CA, USA) and SuperSignal West Pico
chemiluminescent substrate (Pierce Biotechnology, Rock-
ford, IL, USA), and quantitated by Image-Pro Plus 6.0.

Immunohistochemistry

Deparaffinized heart tissue sections were permeabilized,
blocked at room temperature, and incubated with Nox2 and
cleaved caspase-3 antibodies (Cell Signaling Technology,
Beverly, MA, USA) at 4 °C overnight, followed by incu-
bation with HRP-labeled secondary antibodies (Abbkine,
Redlands, CA, USA). Finally, the sections were treated with
DAB using HRP Color Development Kit (Beyotime, Shang-
hai, China).

Flow Cytometry

Trypsinized cardiomyocytes were washed in 37 °C PBS and
stained with Annexin V and propidium iodide (PI) (eBiosci-
ence, San Diego, CA, USA). Apoptotic cardiomyocytes were
sought out by fluorescence-labeled Annexin V on the FAC-
Scan™ flow cytometer (Becton Dickson, Franklin Lakes,
NJ, USA). The percentages of Annexin V-positive cells and
PI-negative cells were calculated. The data were converted
into dot plots by Cell Quest Software (Becton Dickinson).

Statistical Analysis

Statistical analyses were performed using Stata 10.0 (Stata-
Corp, TX, USA). Groups were compared by one-way analy-
sis of variance, and a Bonferroni’s test was performed to
identify significant differences among groups. All data
were presented as mean =+ standard deviation. P values were
two-sided, and P <0.05 indicated a statistically significant
difference.
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Results

Rosuvastatin Improves Left Ventricular Function
Following CME

CME mouse models were established and treated with 10
or 20 mg/kg rosuvastatin. The echocardiography assess-
ment on day 3 post-op showed that LVEF and LVFS were
significantly decreased in the CME group while restored
in the rosuvastatin treatment groups (Table 1) (LVEF:

PCME vs sham — 002’7’ PlO mg/kg rosuvastatin + CME vs CME = 0042’
P20 mg/kg rosuvastatin + CME vs CME = 0046’ LVFS:

PCME vs sham = 0.001 ’ PIO mg/kg rosuvastatin + CME vs CME = 0003’
PZO mg/kg rosuvastatin + CME vs CME =0.01 2) LVESD and LVEDD

were enlarged in the CME group while narrowed in both
the rosuvastatin treatment groups (Table 1) (LVESD:
PCME vs sham — 0030’ PIO mg/kg rosuvastatin + CME vs CME — 0013’
P20 mg/kg rosuvastatin + CME vs CME — 0.034; LVEDD:
PCME vs sham — 0.028, PIO mg/kg rosuvastatin + CME vs CME — 0'036’
P20 mg/kg rosuvastatin + CME vs CME = 0025)

Rosuvastatin Mitigates CME-Induced Cardiac Injury

The model mice were treated with different doses of
rosuvastatin. The histopathological evaluation of myo-
cardium was carried out 3 days post-op using H&E
staining and Masson staining. The results of H&E stain-
ing showed obvious inflammatory cell infiltration in the
CME group (7.42 +1.23%) in comparison with the sham
group (0.57 +£0.05%) (Fig. 1A, B, P<0.001). The inflam-
matory cell infiltration was significantly alleviated in
both the 10 mg/kg rosuvastatin group (3.34 +0.45%)
and 20 mg/kg rosuvastatin group (4.33+0.39%)
(Fig' 1A9 B’ PlO mg/kg rosuvastatin + CME vs CME = 0005’
PZO mg/kg rosuvastatin + CME vs CME = 0004) The results of
Masson staining indicated distinct fibrous deposition
in the microinfarcts of the CME group (6.89 +0.77%)
compared to the sham group (0.44 +£0.06%) (Fig. 1A, C,
P <0.001). High-dose rosuvastatin treatment showed

Table 1 Left ventricular function assessment

a more significant effect on reducing fibrous deposi-
tion (Flg lAv Cv PIO mg/kg rosuvastatin + CME vs CME = 0012’
P20 mg/kg rosuvastatin + CME vs CME = 0008) MOI‘COVCI‘, the
serum level of LDH was elevated in the CME group and
reduced in the rosuvastatin treatment groups (Fig. 1D,

PCME vs sham < 0001’ Pl() mg/kg rosuvastatin + CME vs CME < 001’
P20 mg/kg rosuvastatin + CME vs CME < 001)

Rosuvastatin Reduces Nox2 Expression and ROS
Production in CME Mice

The myocardium tissues were collected 3 days after
CME modeling. DHE staining revealed that the CME
group had a higher level of ROS production than the
sham group (Fig. 2A, B, P<0.001). Rosuvastatin inter-
vention significantly decreased the production of ROS
(Flg 2A’ B’ PIO mg/kg rosuvastatin + CME vs CME < 0001’
P20 mg/kg rosuvastatin + CME vs CME < 0001) The results of
immunohistochemistry and western blotting both dem-
onstrated that the CME group had a higher expression of
Nox2 protein than the sham group (Fig. 2C, D, P=0.032).
Nox2 was downregulated in the rosuvastatin treatment
groups (Flg ZC’ D’ PIO mg/kg rosuvastatin + CME vs CME =0.041 4
P20 mg/kg rosuvastatin + CME vs CME = 0.009). Taken tOgether’
rosuvastatin reduced the production of ROS as well as the
expression of Nox2 in the myocardium following CME.

Rosuvastatin Inhibits Myocardial Apoptosis via p53/
Bax/Bcl-2 Signaling Pathway in CME Mice

The myocardium tissues were collected for apopto-
sis analysis on day 3 post-op. The CME group showed
more TUNEL-positive cells than the sham group
(Fig. 3A, P <0.001). Rosuvastatin treatment sig-
nificantly reduced CME-induced myocardial apop-
tosis (Flg 3A’ PlO mg/kg rosuvastatin + CME vs CME < 0001’
P20 mg/kg rosuvastatin + CME vs CME <0.001). The eXPIGSSion of
cleaved caspase-3 was higher in the CME group than in the
sham group (Fig. 3B, C, P =0.005). A decline in the expression
of cleaved caspase-3 was found in the rosuvastatin treatment

Sham CME 10 mg/kg statin+ CME 20 mg/kg statin+CME

Pre 3 days Pre 3 days Pre 3 days Pre 3 days
LVESD (mm) 272+039 2.69+0.25 271038  3.11+0.52% 2.68+0.60 2.61+£0.29% 2.73+0.29 2.67+0.29%
LVEDD (mm)  4.01+031 3924028 3.96+031 4.42+0.31* 4.00+0.23 4.05+0.12* 4.01+0.28 3.81+0.20°
LVEF (%) 61.59+9.24 59.69+7.66 60.73+7.01 52.70+6.97% 60.85+1523 58.18+9.28" 60.56+12.51 58.82+12.74%
LVES (%) 31.45+6.53 31.66+4.49 32.62+4.98 2530+3.44%* 3331+12.14 31.59+5.64" 3205+9.89  30.03+5.66°

CME coronary microembolization; pre pre-operation; 3 d 3 days post-op; LVEF left ventricular ejection fraction; LVFS left ventricular fractional
shortening; LVESD left ventricular end-systolic diameter; LVEDD left ventricular end-diastolic diameter

#P <0.05, **P <0.01, vs the sham group; *P <0.05, #P <0.01, P <0.05, vs the CME group
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10mg/kg

20mg/kg
Rosuvastatin+CME

|

3 days post-op

Fig. 1 Rosuvastatin mitigates CME-induced cardiac injury. Note
CME model mice were treated with 10 or 20 mg/kg rosuvastatin
from 7 days before operation to 3 days post-op. The heart tissues
and serum were collected 3 days after operation. A The representa-
tive images (X25) of H&E staining and Masson trichrome staining;

groups (Flg 3B, C, P10 mg/kg rosuvastatin + CME vs CME = 0.038,

PZO mg/kg rosuvastatin + CME vs CME = 0007)
The western blotting further showed that the release of

cytochrome C was augmented in the CME group compared
with the sham group (Fig. 3D, P =0.004). The expres-
sion of cytochrome C was decreased after rosuvastatin
treatment (Flg 3D’ P10 mg/kg rosuvastatin + CME vs CME = 0007’
P 20 mg/kg rosuvastatin + CME vs CME — 0047) - The expression of pS 3
and Bax proteins was increased in the CME group (Fig. 3E, F,
Pp53 =0.021, Pg,,=0.035, vs the sham group), and decreased
in the 10 mg/kg rosuvastatin+ CME group (Fig. 3E, F,
P53=0.047, Pg,,=0.036, vs the CME group) and 20 mg/
kg rosuvastatin + CME group (Fig. 3E, F, P,5;=0.042,
Py,.=0.026, vs the CME group). Moreover, Bcl-2 was
downregulated in the CME group (Fig. 3G, P =0.043,
vs the sham group) and upregulated after rosuvastatin

E3 sham
&= CME
= 10mg/kg RosuvastatintCME
[ 20mg/kg RosuvastatintCME

Area of inflammatory
cellular infiltration(%)

'béﬁ‘\e E3 sham
C B3 CME
10 =3 10mg/kg Rosuvastatin+CME
oI 20mg/kg Rosuvastatin+CME

Extent of fibrin deposition(%)

D > E3 sham

= CME
1500 B 10mg/kg Rosuvastatin+CME
o 20mg/kg RosuvastatintCME

500

LDH Activity(U/L)

the extent of inflammatory cell infiltration (B) and fibrin deposition
C in the myocardium; D the activity of serum LDH. ***P <0.001, vs
the sham group; *P <0.05, #P <0.01, $*P <0.01, vs the CME group.
CME coronary microembolization; LDH lactate dehydrogenase

treatment (Flg 3G, PlO mg/kg rosuvastatin + CME vs CME — 0.019,
P20 mg/kg rosuvastatin + CME vs CME — 0005) The above data
indicated that rosuvastatin inhibited CME-induced myo-
cardial apoptosis by regulating the p5S3/Bax/Bcl-2 signaling
pathway.

Rosuvastatin Alleviates TNF-a-induced
Cardiomyocyte Apoptosis Via p53/Bax/Bcl-2
Signaling Pathway

TNF-a was used to induce apoptosis in cardiomyo-
cytes. The cells were pretreated with different doses
of rosuvastatin before TNF-a treatment. The viabil-
ity of cardiomyocytes was decreased in the TNF-«
group (Fig. 4A, P <0.001, vs the control group)
and increased in the rosuvastatin + TNF-o treatment
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A Sham

10mg/kg
Rosuvastatin+CME

20mg/kg

10mg/kg A Omglkg
Rosuvastatin+CME Rosuvastatin+CME

hal K

Fig.2 Rosuvastatin reduces Nox2 expression and ROS production in
CME mice. Note CME model mice were treated with 10 or 20 mg/
kg rosuvastatin from 7 days before operation to 3 days post-op. The
myocardium tissues were collected 3 days after operation. A The
representative images (x200) of DHE staining; B the fluorescence
intensity of ROS in each group; C the representative images (X 200)

groups (Flg 4A’ PlO pM rosuvastatin + TNF-a vs TNF-a < 005’
P20 pM rosuvastatin + TNF-a vs TNF-a < 001) A marked eleva-
tion of LDH activity was detected in the TNF-a group
(Fig. 4B, P <0.001, vs the control group). The release
of LDH was decreased in the rosuvastatin + TNF-« treat-
ment groups (Flg 4B’ P10 uM rosuvastatin + TNF-a vs TNF-a < 005’
PZO pM rosuvastatin + TNF-a vs TNF-a < 001) The TNF-a
group also showed a higher apoptosis rate than the
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Relative protein expression
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of immunohistochemistry for visualizing the expression of Nox2 pro-
tein; D western blotting analysis of the expression of Nox2 protein.
#P <0.05, **%P <0.001, vs the sham group; *P <0.05, P <0.001,
8% P<0.01, P <0.001, vs the CME group. ROS reactive oxygen
species; CME coronary microembolization; DHE dihydroethidium

control group (Fig. 4C, P <0.001). Rosuvastatin treat-
ment reduced TNF-a-induced cardiomyocyte apop-
tosis (Flg 4C, Pl() pM rosuvastatin + TNF-a vs TNF-a <0.05, P
20 pM rosuvastatin + TNF-a vs TNF-a <0.01).

The intensity of DHE fluorescence detected by flow
cytometry indicated that the production of ROS was
increased in the TNF-a group (Fig. 4D, P < 0.001, vs the
control group) and decreased in the rosuvastatin + TNF-a
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Fig.3 Rosuvastatin inhibits myocardial apoptosis via p53/Bax/Bcl-2
signaling pathway in CME mice. Note CME model mice were treated
with 10 or 20 mg/kg rosuvastatin from 7 days before operation to
3 days post-op. The myocardium tissues were collected 3 days after
operation. A The representative images (X400) of TUNEL assay for
detecting myocardial apoptosis; B the representative images (X 200)

3 days post-op

of immunohistochemistry for visualizing the expression of cleaved
caspase-3; western blotting analysis of the expression of cleaved
caspase-3 (C), cytochrome-C (D), p53 (E), Bax (F) and Bcl-2 (G).
*P<0.05, **P<0.01, ***P<0.001, vs the sham group; *P<0.05,
#p<0.01, #P<0.001, P<0.05, ¥P<0.01, ¥P<0.001, vs the
CME group. CME coronary microembolization
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cell infiltration and fibrin deposition were increased while
the cardiac contractile function was impaired at the early
stage of CME. Rosuvastatin improved cardiac function and
reduced cardiomyocyte apoptosis following CME.

Rosuvastatin is an efficient blood lipid-regulating drug
that can be used to prevent coronary heart disease. Long-
term use of rosuvastatin reduces coronary atherosclerotic
plaque burden and lipid accumulation [23, 24], and can even
reverse coronary atherosclerotic plaque [25]. Preoperative
high-dose rosuvastatin therapy significantly prevented perio-
perative myocardial infarction following elective coronary
intervention [7, 26]. Rosuvastatin preloading could also
reduce the infarct size and ischemia—reperfusion injury
following coronary intervention [27] as well as decreasing
cardiovascular events and short-term mortality [20, 28]. In
addition to anti-cholesterol effects, rosuvastatin was also
been reported for its pleiotropic effects on cardiovascular
diseases. For example, rosuvastatin reversed myocardial
remodeling in metabolic syndrome through AMPK-medi-
ated antifibrotic effects [29] and reduced myocardial apopto-
sis and fibrosis through regulating PI3K/Ak and MEK/ERK
pathways [30]. In cardiomyopathy rat model, rosuvastatin
could alleviate systemic inflammation [31]. In addition, the
protective effect of rosuvastatin against CME-induced myo-
cardial injury was found through inhibiting ROS generation,
NLRP3 inflammasome activation, and cardiac pyroptosis
[32]. Previous study showed that part of the potential mecha-
nism of rosuvastatin against myocardial injury was the inhi-
bition of isoprenoid synthesis, which consequently led to the
inhibition of intracellular signaling molecules Rho, Rac and
their downstream target Rho kinase (ROCK) [33]. Besides,
rosuvastatin can also activate peroxisome proliferator-acti-
vated receptor alpha to explain their antiatherogenic actions
[34]. The data from previous clinical studies suggested that
short-term intervention with high-dose rosuvastatin may
reduce perioperative myocardial injury. In the present study,
short-term use of either low-dose or high-dose rosuvastatin
significantly attenuated CME-induced myocardial injury
and retained myocardial contractile function. Rosuvastatin
also inhibited focal inflammatory cell infiltration and fibrin
deposition in the myocardium.

Inflammatory response is closely associated with oxida-
tive stress in the occurrence and development of various
diseases. Excessive oxidative stress impairs the diastolic
function of vascular endothelium and induces apoptosis
of endothelial cells and inflammatory responses [35, 36].
Dysregulated accumulation of ROS may lead to ischemic
cardiomyopathy and cardiac insufficiency [37]. TNF-a has
been shown to play a causal role in abnormal cardiac func-
tion following CME [38]. Upregulation of TNF-a promotes
myocardial oxidative stress, mitochondrial dysfunction and
DNA damage [39-41]. An overproduction of ROS was
observed in CME mice and TNF-a-treated cardiomyocytes

in this study. High-dose rosuvastatin reduced CME-stimu-
lated production of ROS, and therefore alleviated the infiltra-
tion of inflammatory cells as well as fibrin deposition. Based
on the above evidences, short-term myocardial damage and
cardiac dysfunction following CME are related to excessive
oxidative stress.

In cardiovascular tissues, ROS are mainly produced by
the family of NADPH oxidases (Nox) [42]. The Nox family
contains seven members, including Nox1-5 and dual oxi-
dase 1-2 (Duox1-2). Myocardial tissue mostly expresses
Nox2 and Nox4 which play important roles in myocardial
injury and remodeling [42]. Here we found the expression
of Nox2 was increased in CME mice and TNF-a-treated
cardiomyocytes. Short-term administration of rosuvastatin
inhibited CME-stimulated production of ROS by repressing
the expression of Nox2.

Cardiomyocyte apoptosis has been demonstrated to be
implicated in the impairment of cardiac function following
CME in a swine model [43]. The phenomenon of myocardial
apoptosis was also found in CME mice, which was reversed
by rosuvastatin intervention. p53 is a tumor suppressor gene
that encodes a 53 kDa protein. Protein p53 can upregulate
the expression of Bax or downregulate the expression of
Bcl-2 to promote apoptosis. Bax and Bcl-2 proteins belong
to the Bcl-2 family but function differently. The Bcl-2 fam-
ily is divided into two main subgroups: the pro-apoptotic
and the anti-apoptotic. Bax protein alters mitochondrial
membrane permeability by forming dimers or combining
with Bak protein, leading to the release of cytochrome C
and initiation of apoptotic processes [44—48]. On the con-
trary, Bcl-2 protein antagonizes pro-apoptotic proteins such
as Bax. In the present study, p5S3 and Bax proteins were
upregulated and Bcl-2 was downregulated following CME,
accompanied by increased release of cytochrome C and
caspase-3 protein. These protein expression variations were
diminished by rosuvastatin intervention.

Conclusions

In summary, rosuvastatin decreases CME-induced cardio-
myocyte apoptosis by regulating the p53/Bax/Bcl-2 signal-
ing pathway, thereby reducing CME-induced cardiac injury
and preserving myocardial function. This study sheds light
on the biological effects of rosuvastatin other than lipid regu-
lation and provides theoretical basis for the application of
rosuvastatin in the management of CME.
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