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Resveratrol protects against myocardial ischemic injury
via the inhibition of NF-kB-dependent inflammation
and the enhancement of antioxidant defenses
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Abstract.Resveratrol (RES)is anatural phenol which possesses
multiple pharmacological actions. The present study aimed to
determine whether RES protects against myocardial ischemic
injury in association with the inhibition of NF-kB-dependent
inflammation and the enhancement of antioxidant defenses
in mice following acute myocardial infarction (AMI). Male
C57/BL mice were randomly assigned to 3 groups as follows:
The sham-operated (sham) group, AMI + vehicle group and
AMI + RES group. Rat HOC2 cells were also used to examine
the effects of RES on hypoxia-induced oxidative injury in vitro.
Redox homeostasis in the mouse myocardium and rat HOC2
cells was determined post-treatment. The mRNA and protein
levels of phosphorylated (p-)IkB kinase (p-IKK), p-nuclear
factor (NF)-xB p65, interleukin (IL)-1p, IL-6, nerve growth
factor (NGF) and insulin-like growth factor-1 (IGF-1) were
measured by RT-qPCR and western blot analysis. It was found
that RES slightly protected the myocardium against ischemic
injury in mice, while it prevented the hypoxia-induced apop-
tosis of HOC2 cells. RES decreased the production of reactive
oxygen species (ROS) and enhanced the activities of super-
oxide dismutase (SOD), glutathione (GSH) and glutathione
peroxidase (GPx). RES also downregulated the protein and/or
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mRNA levels of p-IKK, p-NF-«xB p65, IL-1p, IL-6, NGF and
IGF-1 at 7 and 28 days after infarction. On the whole, these data
indicate that RES protects the myocardium against ischemic
injury in association with the inhibition of oxidative stress and
inflammatory responses. Thus, RES has the potential to be
used as an adjunctive therapeutic drug for heart diseases.

Introduction

Myocardial infarction (MI) is one of the leading causes of
mortality worldwide. Oxidative stress and inflammation play
key roles in the development of MI (1). In ischemic tissues,
reactive oxygen species (ROS) activate the redox-sensitive
signaling pathways, damaging the cell components containing
phospholipids and proteins (2-4). Nuclear factor-xB (NF-xB)
is a complex linked to inflammatory responses and is involved
in cellular responses to a variety of stimuli such as stress,
ROS, cytokines and pathogens (5-7). Signal-induced ubiqui-
tylation and the subsequent degradation of inhibitors of kB
(IxBs) is initiated by the activation of IkB kinase (IKK) (8).
Once IkBs are degraded, the NF-kB complex translocates to
the nucleus to regulate the expression of specific genes that
have DNA-binding sites for NF-«B (8). It has been previously
reported that the activation of NF-«B triggered by the Toll-like
receptor (TLR) pathway mediates early inflammation during
myocardial ischemia and reperfusion (9).

Therapy for MI is aimed at defining cardiomyocyte death
and improving prognosis. Accumulating evidence has indi-
cated that a number of traditional herbal drugs, such as grape
seed proanthocyanidins extract (GSPE), green tea catechins
and Scutellaria baicalensis extract (SbE) can protect cardiomy-
ocytes against ischemia and oxidative injury (10). Resveratrol
(RES, 3,5,4'-trihydroxy-trans-stilbene) is a type of natural
phenol produced by several plants, including grapes, blueber-
ries, raspberries and mulberries. RES has protective potentials
to multi-targets related to cardiovascular diseases (11,12).
RES is well-known for its antioxidant, anti-inflammatory and
anti-aging properties and anti-coronavirus in vivo partially
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via scavenging radical molecules (13,14). However, to date,
the mechanisms through which RES regulates endogenous
antioxidants in the ischemic myocardium remain largely
unknown. Several lines of evidence have indicated that
numerous protective intracellular pathways of RES are asso-
ciated with the antioxidant response (14-16). Moreover, RES
also exerts anti-inflammatory effects in rat hearts subjected to
MI and reperfusion by inhibiting TLR4/NF-«kB signaling (9).
However, NF-kB promotes cell survival and the transcription
of various inflammatory cytokines, and thus it may play both
beneficial and detrimental roles in cardiac infarct healing and
post-MI remodeling. Therefore, it was hypothesized that the
cardioprotective effects of RES against myocardial ischemic
injury may be mediated via the inhibition of NF-«B.

The present study demonstrated that the administration
of RES to mice with acute MI (AMI) and the treatment of
HIC2 cells subjected to oxygen-glucose deprivation (OGD)
with RES reduced the production of ROS and increased the
activities of cellular antioxidant systems, including super-
oxide dismutase (SOD), glutathione (GSH) and glutathione
peroxidase (GPx), but not catalase (CAT). It was found that
treatment with RES did not reduce the myocardial infarct
size in C57BL/6 mice, but successfully suppressed myocar-
dial cell apoptosis and increased left ventricular systolic
pressure (LVSP). More importantly, mice administered with
RES exhibited less production of phosphorylated NF-xB p65
(p-NF-kB p65), phosphorylated IKK (p-IKK), interleukin
(IL)-1pB, IL-6, nerve growth factor (NGF), andinsulin-like
growth factor-1 (IGF-1). These observations indicate that
RES is a potential adjunctive therapeutic drug for regulating
redox homeostasis and inflammatory responses post-MI;
however, the effect of long-term administration of RES
in vivo needs to be further verified.

Materials and methods

Reagents. RES powder, nitrotetrazolium blue chloride (NBT),
2'/7'-dichlorofluorescein (DCF) and 4',6-diamidino-2-phenyl-
indole (DAPI) were purchased from Sigma-Aldrich (Merck
KGaA). Dulbecco's modification of Eagle's medium (DMEM)
and fetal bovine serum (FBS) were purchased from Invitrogen
(Thermo Fisher Scientific, Inc. Cell lysis buffer for western
blot analysis and immunoprecipitation, the enhanced BCA
protein assay kit, Cell Counting Kit-8 (CCK-8), reactive oxygen
species assay Kkit, catalase assay kit, total glutathione assay
kit, and glutathione peroxidase assay kit and total superoxide
dismutase assay kit were all purchased from the Beyotime
Institute of Biotechnology. The Annexin V-FITC apoptosis
detection kit was purchased from BD Pharmingen (BD
Biosciences). Caspase-3/7/9 antibody (cat. nos. 14220, 12827
and 9508), p-p65 (S536) antibody (cat. no. 3033), p-IKKa/p
(Ser176/180) antibody (cat. no. 2697), GAPDH antibody (cat.
no. 5174), anti-rabbit IgG (cat. no. 7074) and anti-mouse IgG
(cat.no.7076) were purchased from Cell Signaling Technology,
Inc. Antibodies to IL-1f (sc-12742), IL-6 (sc-32296), NGF
(sc-32300) and IGF-1 (sc-518040) were purchased from Santa
Cruz Biotechnology, Inc. The In Situ Cell Death Detection kit
was purchased from Roche Applied Science. TRIzol reagent
was purchased from Invitrogen (Thermo Fisher Scientific,
Inc.). The PrimeScrip RT reagent kit with gDNA Eraser and

SYBR Premix Ex Taq (Tli RNase H Plus) were purchased
from Takara Bio Inc.

Cell treatment and OGD. Rat H9C2 cardiac myoblasts
purchased from the American Type Culture Collection
(ATCC) were cultured in low-glucose DMEM supplemented
with 10% FBS and maintained in a humidified atmosphere
consisting of 5% CO, and 95% air at 37°C. After acquiring
80% confluency, the HIC2 cells were treated without or with
5-40 uM of RES for 24 h, and then subjected to normoxia
and OGD. After being washed 3 times with PBS, the
HO9C2 cells were cultured with serum-free, low-glucose or
glucose-deprived DMEM. For OGD, the cells were placed
in a 3-gas incubator (Thermo Scientific Forma 3131; Thermo
Fisher Scientific, Inc.) at 37°C containing 1% O,, 5% CO, and
94% N,.

Cell viability (CCK-8 assay). Cell viability was assayed at
6-48 h following OGD and RES treatment by CCK-8 assay. At
the corresponding time point, 100 ul of CCK-8 solution were
added to each well. After being incubated at 37°C for 2 h, the
OD value was detected at a 450 nm wavelength using a micro-
plate spectrophotometer (Epoch; BioTek Instruments, Inc.).

Cell apoptosis (Annexin V/PI double-staining assay). HOC2
cells were digested by 0.25% trypsin. The cells (1x10°) were
then suspended in binding buffer. Double staining with
Annexin V-FITC/PI (BD 556547) was used to detect cell
apoptosis byflow cytometry (FCM, BD FACSCanto II).

Establishment of model of AMI. C57TBL/6 mice (male, 20 g,
6-8 weeks old) were kept under a controlled temperature
(23+2°C) and humidity (50+£5%) with a 12-h light/dark
cycle (lights on at 7:00 a.m.) with free access to food and
water. After 2 weeks of adaptive feeding, mice were anes-
thetized with 1% sodium pentobarbital (80 mg/kg) by an
intraperitoneal (i.p.) injection, and randomly assigned to
3 experimental groups as follows: i) The sham-operated
(sham) group (n=40): Silk was drilled underneath the left
anterior descending artery (LAD but not ligated, and the
mice then received the vehicle (0.9% NaCl, i.p.); ii) the AMI
+ vehicle group (n=50): AMI was induced by ligating the
LAD, and the successful ligation of the LAD was evidenced
by immediate regional cyanosis in the anterior ventricular
wall and the apex of the heart with color change >40% of
the left ventricle (LV) and confirmed by electrocardiography
(ECG), and the mice then received the vehicle (0.9% NaCl,
i.p.); iii) the AMI+RES group (n=50): RES (2 mg/kg/day,i.p.)
was administered after the LAD ligation. On post-operative
days 1, 7 and 28, the mice were sacrificed by decapitation
under anesthesia with 1% sodium pentobarbital (80 mg/kg,
i.p.), and the hearts were rapidly harvested for analysis. The
animal protocols were conducted according to the National
Institutes of Health (NIH) Guide for the care and use of
animals in laboratory experiments, and with the approval
of the Institutional Animal Care and Use Committee of
Guangdong Medical University.

Assessment of infarct size. The myocardial infarct area was
measured using the NBT staining method as previously
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described (17). The ratio of the infarct area mass to ventricle
mass was used asa parameter for estimating the myocardial
infarct size.

Transmission electron microscopy (TEM). The H9C2 cells
and mouse myocardium were routinely processed by fixation
in 2.5% glutaraldehyde at pH 7.2, post-fixation in 1% OsO4 in
0.1 M cacodylate buffer, dehydration through an ethanol series,
embedding in epoxy resin, sectioning, and post staining with
uranyl acetate, and the ultra-thin sections (70 nm) were then
transferred into a copper grid for viewing under a transmission
electron microscope (JEM-1400; Jeol, Ltd.).

Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining assay. The mouse heart tissues were
embedded in optimum cutting temperature compound (OCT).
Sections (5-pm-thick) were prepared from the heart tissues
and fixed with 4% paraformaldehyde at room temperature
for 30 min. The In Situ Cell Death Detection kit (Roche
Applied Science) was used for TUNEL staining. Briefly, the
heart sections were incubated in a 0.1% Triton X-100 solution
for 2 min on ice and then incubated with a TUNEL reaction
mixture at 37°C for 30 min. Finally, the sections were incu-
bated with 1 ug/ml DAPI at 37°C for 15 min and observed
using a laser scanning confocal microscope (TCS SP5 II;
Leica Microsystems GmbH).

The TUNEL-positive cells and total cells in 5 viewing
fields of the heart sections were counted under a 10X objective
microscope lens.

Detection of LVSP. On post-operative days 7 and 28, the
mice were anesthetized with 1% sodium pentobarbital
(80 mg/kg, i.p.). A catheter was inserted into the carotid
artery and advanced into the LV, and LVSP was recorded
using an acquisition and analysis system (BL-420F; Chengdu
Technology and Market Co., Ltd.).

Redox-system assay. The concentrations of total GSH, as well
as the activities of total SOD, GPx and CAT were measured
using respective kits. All assays were performed following the
manufacturer's protocols. The levels of ROS in the myocardium
were determined using a previously described method (18).
Briefly, the reaction mixture (1 ml) containing Locke's buffer
(pH 7.4), 0.2 ml homogenate of myocardium (0.5 mg protein)
and 10 ul of DCFH-DA (5 mM) was incubated for 45 min at
room temperature, and then measured using a spectrofluorom-
eter (EnSpire; PerkinElmer) with excitation at 484 nm and
emission at 530 nm. Finally, ROS production was measured
from a DCF-standard curve.

Reverse transcritpion-quantitative PCR (RT-qPCR). Total
RNA was extracted from the myocardium using TRIzol
reagent following the manufacturer's protocol. The RNA
concentration was determined using UV spectrophotometry
and integrity was monitored by electrophoresis. The quanti-
fied total RNA was used for reverse transcription to synthesize
the first strand cDNA using the PrimeScript RT reagent kit
with a gDNA Eraser (Perfect Real Time) kit; and qPCR
was performed according to the specifications of the SYBR
Premix Ex Taq II (Tli RNase H Plus) kit using the LightCycler

Table I. Sequences of primers used for RT-qPCR.

Gene Primer sequences

GAPDH Forward: 5'-TGCCCCCATGTTTGTGATG-3'
Reverse: 5'-TGTGGTCATGAGCCCTTCC-3'

IL-1PB Forward: 5'-CAAATCTCGCAGCAGCACATC-3'
Reverse: 5'-TGTCCTCATCCTGGAAGGTC-3'
IL-6 Forward: 5'-GAAGTTCCTCTCTGCAAGA-3
Reverse: 5'-ACAGGTCTGTTGGGAGTG-3'
NGF Forward: 5'-CTGGACTAAACTTCAGCATTC-3'
Reverse: 5'-GTCTGGGGTCTACAGTGATG-3'
IGF-1 Forward: 5'-GATGCTCTTCAGTTCGTGTGTG-3'

Reverse: 5-TCTCCAGTCTCCTCAGATCAC-3'

480 Real-Time PCR detection System (Roche Diagnostics). In
brief, the cycling conditions were as follows: A pre-run at 95°C
for 10 sec, 40 cycles of denaturation at 95°C for 5 sec, followed
by a 60°C annealing for 25 sec and a 72°C extension for
15 sec; the melting curve conditions were as follows: 1 Cycle
of denaturation at 95°C for 10 sec, then from 65°C change to
95°C with a temperature change rate of 0.5°C/sec. GAPDH
was used as reference to normalize mRNA expression levels
of target genes. The qPCR reactions were performed in trip-
licate. Relative expression levels of mRNAs are expressed as
2Cd(calibraton-Caties)) (19) The primers used for RT-qPCR are listed
in Table I.

Western blot analysis. Mouse myocardium was homogenized
in liquid nitrogen, and tissues were then lysed with cell
lysis buffer for western blot analysis and immunoprecipita-
tion. The protein concentration was determined using the
BCA method. Briefly, proteins (10 pg) were denatured and
separated by 10% SDS-PAGE gels and electroblotted onto
PVDF membranes. The membranes were blocked with TBS
containing 5% skimmed milk and 0.1% Tween-20 for 1 h at
room temperature. After washing 3 times, the membranes
were incubated with anti-IL-18 (1:200), anti-IL-6 (1:200),
anti-NGF (1:400), anti-IGF-1 (1:400), anti-p-NF-kB p65
(1:1,000) and anti-GAPDH (1:1,000) antibodies for at least
16 h at 4°C. Anti-rabbit/mouse IgG (1:2,000) was incubated
with the membranes at room temperature for 1 h as the
secondary antibody. Immunoreactions were detected using
an electrochemiluminescence (ECL) system according to
the manufacturer's instructions. The gray value was calcu-
lated using ImageJ analysis software (National Institutes of
Health). All protein expression levels were normalized to
GAPDH.

Statistical analysis. Data were analyzed using a Student's
t-test or one-way analysis of variance (ANOVA) and post-hoc
analysis for significance was performed with the Bonferroni
method using GraphPad Prism 5.0 (GraphPad Software, Inc.).
Data are expressed as the means + standard error of means
(SEM) and a P-value <0.05 was considered to indicate a statis-
tically significant difference, as previously described (20).



4 HE et al: RESVERATROL PROTECTS AGAINST MYOCARDIAL ISCHEMIC INJURY

24h 36h
A 1.5 ns B 15
2% 2% '
EE 1.0 : % 10
235 =3
82 o5 |"'| 8% os H ﬂ
0.0 0.0
DMSO 5 10 20 40 DMSO 5 10 20 40 DMSO 5 10 20 40 DMSO 5 10 20 40
RES (uM) RES (uM) RES (uM) RES (M)
Normoxia 0OGD Mormoxia 0GD
48h
1.5 E
E‘a‘ Ly 1 S
=& 10 =
= e
g8 g
ot 8
&g 05 2
3
%%0MSO5 10 20 40 DMSOS 10 20 40 g
®
RES (uM) RES (M) NG OGD+ OGD+
Mormoxia 0GD DMSO RES
D NC OGD+DMSO OGD+RES
Iy 12.83 + 1.57% ‘aé 36.6 + 5.81% %] 17.83 + 4.47%
AN <] . ] 1
] - ) @ % ] s o
| 216973 £ 27% 293297 + 2.56% 2155.27 £ 537%
o L E b gl ¥ 3 5
k=) g Gy S SEEREN B
- TA3 £ 1.17% ~3 : ‘12013 + 8.21% 3"
f =T T T = T b
10° 10° 10* 10° 10° 10* 10°

FITC

Figure 1. Effect of RES on cell viability and apoptosis. Viability of HOC2 cells was determined by CCK-8 assay at (A) 24 h, (B) 36 h and (C) 48 h after OGD.
Apoptosis was detected using FACS. H9C2 cells were exposed to OGD for 24 h and treated with 20 mM RES. The percentages of apoptotic cells were stained
by Annexin V-FITC and PI (D). The apoptotic rate was measured by calculating the percentage of early-stage and late-stage apoptotic cells (E). Data are

okl

expressed as the means + SEM (n=3 per group). ‘P<0.05, “P<0.01,

Results

RES promotes H9C2 cell survival and reduces apoptosis.
The results of CCK-8 assay revealed that exposure to OGD
for 24-48 h incurred a 26-42% decrease in cell viability
(Fig. 1A-C). Relative to treatment with DMSO, 20 xuM RES
significantly increased cell viability by 84.4, 18.6 and 17.5%,
respectively at 24, 36 and 48 h post-OGD, while RES at 5 and
40 uM failed to significantly improve cell survival (Fig. 1A-C).
However, compared with the normal control (NC) group,
non-significant differences in cell viability were observed at 6
and 12 h post-OGD (data not shown). Additionally, as shown
by Annexin-V/PI double-staining assay (Fig. 1D and E), expo-
sure to OGD for 24 h significantly increased the numbers of
Annexin V*/PI* (late-stage apoptotic) cells. RES significantly
decreased OGD-induced cell apoptosis by 33.1%. Taken
together, these findings provide strong evidence that RES can
protect HOC?2 cells against hypoxic injury.

RES attenuates ultrastructural hypoxic changes of H9C2
cells. Electron microscopy examination revealed that the
ultrastructure of the NC H9C2 cells was intact. Following
exposure to OGD for 24 h, the cell membrane became
protruded and foamed, the nuclear membrane cracked, and
the nucleolus disappeared in the H9C2 cells (Fig. 2). In the
OGD + DMSO group, the cytoplasm was retracted, containing

P<0.001; ns, not significant. RES, resveratrol; OGD, oxygen-glucose deprivation.

OGD+RES |

Bar=5 um Bar=1 um
Figure 2. TEM images showing the ultrastructural findings in H9C2 cells.
Yellow arrows in the images on the right indicate primary lysosomes. Green
arrows in the images on the right indicate autophagic vesicles. DC, dilated
cisternae of endoplasmic reticulum. Scale bars, 5 ym (left panels) and 1 ym
(right panels). Images were obtained using 2 different magnifications: x8,000
and x30,000. RES, resveratrol; OGD, oxygen-glucose deprivation.

dilated cisternae of endoplasmic reticulum, primary lyso-
somes and autophagic vesicles (Fig. 2). Treatment of the cells
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Figure 3. Effects of RES on redox-system of HOC2 cells. (A) ROS production, (B) SOD activities, (C) GPx activities, (D) CAT activities and (E) GSH contents
were measured in the HOC?2 cells exposed to OGD at different time points. Data are expressed as the means = SEM (n=3 per group). ‘P<0.05, “P<0.01, "*P<0.001;
ns, not significant. RES, resveratrol; OGD, oxygen-glucose deprivation; ROS, reactive oxygen species; SOD, superoxide dismutase; GPx, glutathione peroxidase.

with RES (20 #M) reduced OGD-induced cell damage, as the
cell membrane and nuclear membrane appeared to be intact,
autophagic vesicles were reduced and the areas of the cyto-
plasm became more spacious (Fig. 2). These findings indicate
that RES protects cell against ultrastructural damage induced
during the earlystages of hypoxia.

RES inhibits hypoxia-induced oxidative stress in H9C2 cells.
The effects of RES on ROS production were measured by
DCFH fluorescence. It was found that ROS production by
the HOC2 cells peaked 24 h following exposure to OGD, and

RES decreased ROS generation in a concentration-dependent
manner (Fig. 3A). The redox-regulation effect of RES on
the antioxidant system in H9C2 cells was also investigated.
Compared to the NC group, the level of GSH and the activi-
ties of SOD, GPx and CAT in the OGD + DMSO group were
significantly decreased. Compared to the OGD + DMSO
group, RES increased the activities of SOD and GPx
(Fig. 3B and C), but had no effect on CAT activities and GSH
contents (Fig. 3D and E). These findings suggest that RES
inhibits hypoxia-mediated oxidative stress by scavenging ROS
and enhancing endogenous antioxidant systems.
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RES does not reduce the myocardial infarct size, but prevents
myocardial apoptosis and increases LVSP. The myocardial
infarct size was determined using the NBT staining method
(Fig. 4A). It was found that the mice with AMI had an infarct
area mass of 21.1+0.86% relative to the ventricle mass;
however, RES did not decrease the infarct size (Fig. 4B). In
addition, the effect of RES on LVSP was examined in order
to evaluate the cardiac systolic function post-AMI. As shown
in Fig. 4C and D, significant decreases in LVSP were detected
in the AMI + vehicle group compared with the sham group
(48.5+1.6 vs. 84+1.7 mmHg at 7 days after infarction; 42.2+1.5
vs. 84.6+1.6 mmHg at 28 days after infarction; P<0.001). At
7 days after AMI, no differences were observed in LVSP
between the AMI + RES and AMI + vehicle groups (46.1+1.5
vs. 48.5+1.6 mmHg; P>0.05), while at 28 days after AMI,
the LVSP in the AMI + RES group (54.4+1.1 mmHg) was
significantly higher than that in the AMI + vehicle group
(42.2+1.5 mmHg; P<0.001).

Myocardial apoptosis was detected by TUNEL staining.
As shown in Fig. 4E, a few apoptotic cells were observed in
the sham group. However, the number of apoptotic cells in
the AMI+DMSO and AMI + RES groups was greater than
that in the sham group. The percentage of apoptotic cells was
significantly decreased compared with the AMI + vehicle
group (10.3+£0.6 vs. 24.6+1.5%; P<0.01; Fig. 4F).

RES attenuates ultrastructural damage due to ischemic injury
in the mouse myocardium. In the AMI + vehicle group, the

AMI+Vehicle

AMI+RES §¢

Bar=5 um

Figure 5. TEM images showing the ultrastructural findings in mouse myocar-
dium. Red arrows labeled with the following indicate: Z, Z lines; DC, dilated
cisternae of endoplasmic reticulum; P, primary lysosome; AVd, degradative
autophagosomes. Scale bars, 5 ym (left panels) and 1 gm (right panels). Images
taken using 2 different magnifications, x8,000 and x30,000. RES, resveratrol;
AMI, acute myocardial infarction.

dissolution of myocardial myofilaments, disorganization of
substantial sarcomere Z-lines, myofibrillar disarray, dilated
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Figure 6. Effects of RES on apoptotic pathways. Expression and cleavage of (A and B) caspase-3, (C and D) caspase-7 and (E and F) caspase-9 in mouse
myocardium after ischemia determined by western blot analysis. Data are expressed as the fold change relative to the sham group (n=8 per group). “P<0.01,

ok

cisternae of the endoplasmic reticulum, primary lysosomes
and autophagic vesicles were observed (Fig. 5). These ultra-
structural changes were not observed in the myocardium of
the NC and RES-treated AMI mice at 7 days post-infarction
(Fig. 5). Collectively, RES alleviated ultrastructural ischemic
damage and improved myocardial autophagy.

RES attenuates ischemia-induced caspase-3/7/9 activation
in the mouse myocardium. To further confirm whether RES
attenuates post-ischemic myocardial apoptosis, western
blot analysis was performed to detect the expression and
activation of caspase-3/7/9. It was found that the levels of

P<0.001; ns, not significant. RES, resveratrol; AMI, acute myocardial infarction.

procaspase-3/7/9 and cleaved caspase-3/7/9 were significantly
increased in the AMI + vehicle group at 7 days after AMI
(Fig. 6). Compared with the AMI + vehicle group, RES treat-
ment significantly decreased the levels of procaspase-3/7/9 and
cleaved caspase-3/7/9 (Fig. 6).

RES inhibits ischemia-induced oxidative stress in the mouse
myocardium. As shown in Fig. 7A, ROS generation in the
AMI + vehicle group was upregulated at 7 and 28 days after
AMI. The administration of RES resulted in significantly
decreased ROS levels, which were even lower than those of
the sham group. As shown in Fig. 7B-D, the levels of GSH,
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Figure 7. Effects of RES on the redox-system of the mouse myocardium. (A) ROS production, (B) SOD activity, (C) GSH content and (D) GPx activity were
measured in the mouse myocardium at 1,7 and 28 days post-infarction. Data are expressed as the means = SEM (n=3 per group). ‘P<0.05, “P<0.01, "“P<0.001;
ns, not significant. RES, resveratrol; AMI, acute myocardial infarction; ROS, reactive oxygen species; SOD, superoxide dismutase; GPx, glutathione peroxi-

dase; GSH, glutathione.

and the activities of SOD and GPx decreased post-AMI and
RES treatment reversed these effects. These findings further
confirmed the antioxidant properties of RES.

RES regulates NF-kB-dependent inflammation. The effects of
RES on NF-«B activation and NF-kB-dependent pro-inflam-
matory pathways were investigated by western blot analysis
and RT-qPCR. No significant differences in NF-kB-dependent
pro-inflammatory pathways were observed between the sham,
AMI + vehicle and AMI + RES groups at 1 day after infarction
(data not shown). AMI upregulated the mRNA levels of IL-1§,
IL-6, NGF and IGF-1 at 7 and 28 days post-AMI (Fig. 8);
however, RES suppressed the mRNA levels of all these peptide
factors, apart from NGF. The results of western blot analysis
revealed that RES significantly reversed the ischemia-induced
elevation of p-IKKa/p, p-NF-«B p65, IL-1p, IL-6, NGF and
IGF-1 levels at 7 and 28 days after AMI (Fig. 9). These results
imply that RES is an important regulator of NF-kB-dependent
inflammation.

The present study demonstrates that RES attenuates oxida-
tive stress and NF-kB-dependent inflammation, and decreases
the apoptosis of cardiomyocytes following myocardial
hypoxia/ischemia (Fig. 10).

Discussion

Oxidative stress involves an attack on cells when a biological
system cannot readily detoxify the redox reactive intermediates
or repair the resulting damage. The heart is one of the major
organs that is vulnerable to be affected by ROS. Oxidative
stress participates in the pathological process of AMI (21). The
major ROS include superoxide, hydrogen peroxide (H,0,),
hydroxyl anions and hydroxyl radicals. H,O,, which can freely
diffuse across the plasma membrane, is relatively stable under
physiological conditions (22). Thus, scavenging H,0O, is essen-
tial to maintaining redox homeostasis. Superoxide is usually
rapidly dismutated to H,0, by SOD. H,O, can be scavenged to
H,0 and O, by CAT and GPx (23-25).

There is accumulating evidence to indicate that RES not
only prevents biomolecule oxidation by being oxidized itself,
but also enhances endogenous antioxidant defense system.
Recently, Aguilar-Alonso et al (26) found that RES treatment
decreased the levels of nitric oxide (NO) and malonalde-
hyde (MDA) in cardiomyocytes during the aging process in
rats without significant changes in CAT and SOD levels.
The present study demonstrated the antioxidant effects of
RES in myocardial ischemic injury. Specifically, the present
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Figure 8. Effects of RES on inflammatory pathways. mRNA levels of (A and B) IL-1f, (C and D) IL-6, (E and F) NGF and (G and H) IGF-1 at 7 and 28 days
post-AMI, respectively were measured by RT-qPCR. Data are expressed as the fold change relative to the sham group (n=8 per group). "P<0.05, “P<0.01,
“P<0.001; ns, not significant. RES, resveratrol; AMI, acute myocardial infarction; IL, interleukin; NGF, nerve growth factor; IGF-1, insulin-like growth factor-1.

study demonstrated that RES regulated the production and
the balance of ROS in cardiomyocytes (Figs. 1 and 3). The
enzyme activities of SOD and GPx, and the GSH content in the
mouse myocardium were markedly reduced from the 7th day
onward after AMI (Fig. 7), suggesting that the excessive ROS
in myocardium may not be scavenged in time. It was found
RES exerted protective effects against myocardial ischemic
injury in association with enhanced endogenous antioxidant
defense systems. These findings suggest that RES may have
relatively limited ability to remove H,0,.

ROS act as either a signaling molecule or a mediator of
inflammation in the infarcted myocardium (27). Inflammation
plays a central role in cardiac repair and the pathogenesis of
post-infarction remodeling and heart failure (28-31). NF-kB
has been identified as a redox-sensitive transcription factor
associated with immune responses (2). Upon activation,

NF-«B translocates to the nucleus to regulate the transcrip-
tion of proinflammatory cytokines (32). On the one hand, the
increase in the levels of pro-inflammatory cytokines, such as
IL-1B and IL-6 induces endothelial cell adhesion molecule
synthesis and activates leukocyte integrins, leading to the
recruitment of inflammatory cells into the infarcted areas (29),
thus aggravating oxidative stress, myocardial infarction and
consequent ventricular dysfunction. On the other hand, IL-1$
and IL-6 can trigger the expression of growth factors, such as
NGF and IGF-1, which promote cardiac repair and preserve
cardiac function by preventing negative cardiac remodeling
following MI (33-35).

The present study demonstrated that RES treatment inhib-
ited NF-«kB signaling pathway activation, and decreased the
expression levels of IL-13, IL-6, NGF and IGF-1 in the myocar-
dium of mice with AMI (Figs. 8 and 9). Moreover, a previous
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Figure 9. Effects of RES on NF-kB-dependent inflammation. The expression of p-IKKa/B, p-p65, IL-13, IL-6, NGF and IGF-1 was determined in the mouse
myocardium at (A-G) 7 days and (H-N) 28 days by western blot analysis. Data are expressed as the fold change relative to the sham group (n=8 per group).
“P<0.05, ""P<0.01, ""P<0.001; ns, not significant. RES, resveratrol; AMI, acute myocardial infarction; IL, interleukin; NGF, nerve growth factor; IGF-1,

insulin-like growth factor-1.
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study by the authors provided evidence that RES attenuated
macrophage infiltration in the infarcted zone of the heart (36).
Thus, it was hypothesized that RES may have the potential to
reverse myocardial fibrosis and pathologic remodeling in the
late stage of AMI. Cardiac remodeling has been confirmed to
be involved in the pathogenesis and progression of heart failure
following MI. Ahmet er al (37) found that long-term dietary
RES supplementation reduced cardiovascular structural and
functional deterioration in chronic heart failure, which verifies
our hypothesis.

Multiple lines of compelling evidence indicate that RES
possesses antioxidant and anti-inflammatory properties.
However, whether antioxidant therapy is a valid means of
arresting inflammation in patients remains controversial.
Chekalina (38) examined the effect of RES on parameters of
central hemodynamics and myocardial ischemia in patients
with stable coronary heart disease (CHD), and demonstrated
that RES treatment effectively relieved myocardial ischemia
and improved LV diastolic function in the patients with CHD.
These findingsindicate that RES is applicable for the preven-
tion and therapy of myocardial ischemia. Hence, it is necessary
to further explore the long-term effects and underlying mecha-
nisms of RES in patients with AMI.

In conclusion, the present study suggests that RES can
potentially be used as a therapeutic and preventive drug for
myocardial hypoxic/ischemic injury. However, taking into
account the timeliness of RES treatment, it is suggested that
optimizing the therapeutic time window of RES against
myocardial hypoxic/ischemic injury in patients with CHD
may enhance the beneficial effects of RES.
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