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Abstract: Aim: Myocardial infarction (MI) due to sudden occlusion of a major coronary artery leads to a complex 
series of events that result in left ventricle (LV) impairment eventual heart failure. Therapeutic options are limited 
to reverse such trends post MI. The aim of this study was to compare the acute cardioprotective effects of the an-
tioxidants, resveratrol (RES) and coenzyme Q10 (CoQ10), either individually or in combination, on infracts size, LV 
hemodynamics, inflammation and oxidative stress markers in rats with experimentally induced MI. Methods: Male 
Wistar rats were randomly divided into six groups: control without surgery, sham without occlusion, MI without an-
tioxidants, RES pre-treated then MI (20 mg/kg, orally), CoQ10 then MI (20 mg/kg, intramuscular.), and combined 
RES and CoQ10 then MI with (each group n = 10). Pretreatment commenced 7 days prior to the permanent occlu-
sion of the left anterior descending (LAD) coronary artery. Infarct area, hemodynamics, inflammation and oxidative 
stress markers were assessed 24 hours post-MI. Results: Compared to RES alone, CoQ10 pre-administration either 
by itself or in combination with RES, significantly reduced LV infarct area (57%), and normalized LV hemodynamic 
parameters like LVEDP (100%), LVSP (95.4%), LV +dp/dt and -dp/dt (102 and 73.1%, respectively). CoQ10 also 
decreased serum levels of brain natriuretic peptide (70%), and various circulating inflammatory markers like TNF-α 
(83.2%) and IL-6 (83.2%). Regarding oxidative stress, TBARS scores were lowered with a concurrent increase in 
both superoxide dismutase and glutathione peroxidase activities with CoQ10 alone or in combination with RES. 
Conclusion: Coenzyme Q10 protects against the acute sequelae of myocardial infarction. It profoundly reduced 
infarct area, inflammation and oxidative stress while normalizing LV hemodynamics post MI.
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Introduction

Acute myocardial infarction (MI) due to coro-
nary artery occlusion represents a major cause 
of morbidity and mortality in humans [1]. 
MI-related complications such as heart failure 
are of great socioeconomic burdens to society 
and health care systems. MI leads to irrevers-
ible loss of cardiomyocytes accompanied by 
the deterioration of contractile functioning and 
arrhythmias. Even though patients survive from 
an acute MI, most of them suffer from heart 
failure (HF) [1].

It is likely that multiple mechanisms are at play 
in the development of HF post MI. In this regard, 

a surge of studies that have shown involvement 
of increased oxidative stress [2, 3], and left ven-
tricular (LV) myocardial remodeling, which are 
collectively characterized by chamber dilatation 
and impaired ventricular functioning [3, 4] in 
both humans and animals. Resveratrol (RES), a 
polyphenol phytoalexin is found in grapes and 
red wine. RES has received attention for pre-
venting or slowing down cardiovascular disor-
ders [6]. RES has been reported to have a pre-
conditioning effect against ischemic injury [8] 
and reduces ischemia-reperfusion injury and 
infarction [9]. Regarding mechanisms, RES has 
been shown to reduce cardiomyocyte apopto-
sis, attenuate ventricular arrhythmias, improve 
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post-ischemic LV functioning, and improve 
long-term survival in animal models of MI due 
to its antioxidant and anti-inflammatory activi-
ties [6, 10, 11]. However, in all of these studies, 
no complete cure of MI was achieved by RES 
alone.

CoQ10 (ubiquinone, CoQ10) is ubiquitous and 
has a central role against the depletion of ATP 
as an electron carrier in the mitochondrial 
respiratory chain and in oxidative phosphoryla-
tion [12]. Extra mitochondrial CoQ10 is also an 
efficient lipid soluble antioxidant, protecting 
against lipid peroxidation [12]. Endogenous 
synthesis of CoQ10 in the body declines with 
age, therefore, it is provided as supplement for 
the elderly [14]. Upto 75% of ischemic heart dis-
ease patients exhibited low levels of CoQ10 in 
the plasma and the heart as the heart disease 
progressed [14]. Low levels of cardiac CoQ10 is 
observed in patients with cardiomyopathy [13]. 
Interestingly, non-surviving heart failure pa- 
tients had lower levels of CoQ10 in the plasma 
than surviving patients [15]. These cardiopro-
tective effects of CoQ10 are most likely 
explained by its antioxidant effect and its ability 
to generate ATP, which requires continuous 
reduction of ubiquinone and regeneration to 
the active ubiquinol form [16].

In this study, we hypothesized that, when com-
bined, RES and CoQ10 will effectively attenu-
ate the infarct size and improve acute cardiac 
consequences after experimental MI in rats. 
Infract size, LV hemodynamics, oxidative stress 
and inflammation were investigated to shed 
light on the mechanism underlying the com-
bined effects of RES and CoQ10.

Materials and methods

Drugs and chemicals 

Resveratrol (C14H12O3, Cat No. R5010), CoQ10 
(C59H90O4, Cat No. C9538), Evans blue dye (Cat 
No. 206334) and 2, 3, 5-triphenyltetrazolium 
chloride (TTC, Cat T8877) were purchased from 
Sigma-Aldrich (St. Louis, MO, USA). 

Animals and experimental design

Eight-week-old male adult Wistar rats (weighing 
230 ± 10 g) were supplied by the animal house 
facility at King Khalid University, Abha, Kingdom 
of Saudi Arabia. The Animal Care and Use 

Committee of the King Khalid University 
approved the experimental protocols. They 
were housed four per cage in a controlled envi-
ronment (23 ± 1°C; 45%-50% relative humidity; 
fixed 12/12 h light/dark cycle, lights on at 
08:00 h) with food and water ad libitum. Rats 
were randomized into six groups (n = 12 each) 
as follows: (1) Control un-infarcted group: rats 
were not exposed to any surgical procedure; (2) 
Sham operated group: rats underwent surgical 
procedure used to ligate the left anterior 
descending (LAD) coronary artery as shown 
later except that the silk suture was placed 
around the left coronary artery without being 
tied; (3) MI group: rats underwent LAD ligation; 
(4) RES treated group (RES then MI): rats were 
pre-treated with resveratrol (RES, 20 mg/kg/
body wt, orally) for seven consecutive days and 
then underwent LAD ligation. RES was pre-
pared by dissolving in a saline solution (0.9% 
NaCl) of 20% hydroxypropyl cyclodextrin (Am- 
erican Maize-Products Co., Hammond, IN, USA) 
to the desired final volume used in the experi-
mental procedure; (5) CoQ10 treated group 
(CoQ10 then MI): rats were pre-treated with 
CoQ10 (20 mg/kg/bwt, intramuscular) for sev- 
en consecutive days and then underwent LAD 
ligation. CoQ10 was prepared in 1% aqueous 
solution of Tween 80; (6) RES and CoQ10 treat-
ed group (CoQ10 and RES then MI): rats pre-
treated with concomitant doses of RES and 
CoQ10 as in groups 4 and 5, then underwent 
LAD ligation. Dose selection was based on pre-
vious studies [17, 18].

Surgical MI procedure 

Myocardial infarction was produced according 
to Xing et al. [19]. Sixty rats were anaesthetised 
by intraperitoneal (i.p.) injection of a 1% solu-
tion of sodium pentobarbital (50 mg/kg). The 
trachea was intubated via the mouth and 
mechanically ventilated with a small-rodent 
ventilator (Model 863 rodent ventilator, Harvard 
Apparatus, Holliston, MA) to perform a left tho-
racotomy to expose the heart. A heat pad main-
tained the temperature of the animals. The 
electrocardiogram (ECG, lead II), heart rate, 
and respiratory rate were continuously moni-
tored. MI was induced by permanent ligation of 
the LAD coronary artery at the location between 
the pulmonary cone and the left atrial append-
age, using an 8-0 polypropylene suture. 
Myocardial blanching and ECG ST-segment ele-
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ELISA of inflammatory 
markers

Plasma brain natriuretic 
peptide (BNP) levels were 
measured using BNP ELISA 
Kit (Cat. No. KT-8580, Ka- 
miya Biomedical Company, 
WA, USA) as per manufac-
turer’s instructions. This uti-
lized competitive inhibition 

vation confirmed MI. During surgery, saline and 
gel were dripped on the conjunctiva and cornea 
to prevent blindness caused by corneal drying 
in rats. Afterwards, the thorax was closed using 
5-0 sutures. To reduce post-operative infection 
and pain, the rats were given intramuscular 
penicillin and subcutaneous buprenorphine 
(0.1 mg/kg). After restoring breathing, endotra-
cheal intubation was removed, and rats were 
placed on an electric blanket, waiting for their 
revival, and returned to their cages. 

Cardiac hemodynamic measurements 

Cardiac hemodynamic measurements were 
assessed at 24 h post-MI for the 12 rats in 
each groups. In brief, rats were anaesthetized 
with 1% solution of sodium pentobarbital (50 
mg/kg; i.p.) and placed on a heating pad to 
maintain body temperature. After performing 
tracheal intubation and ventilation, an open 
chest surgery was performed. SPR-320 pres-
sure catheter was inserted directly into the LV 
to measure LV systolic pressure (LVSP), LV end 
diastolic pressure (LVEDP), maximal rate of rise 
in LV pressure (+dP/dt), and maximal rate of 
decline in LV pressure (-dP/dt). All data were 
recorded and analyzed with a PowerLab data 
acquisition system (ML780 PowerLab/8chan- 
nels, AD Instruments Ltd., Australia).

Preparation of plasma and LV homogenates 

During sacrifice, 2 ml blood was withdrawn 
from the aorta into EDTA-treated tubes, centri-
fuged at 4,000 rpm for 10 min to obtain the 
plasma. Parts of the LV obtained from six rats 
per group were homogenized in cold phosphate 
buffer, containing EDTA. The supernatant 
obtained was stored at -70°C for biochemical 
assays. Other parts of these LVs were frozen at 
-80°C and used for RNA extraction.

enzyme immunoassay technique in which the 
competitive inhibition reaction is launched 
between biotin labeled rat BNP and unlabeled 
rat BNP (Calibrators or samples) with the pre-
coated antibody specific for rat BNP. The inten-
sity of color developed was measured at 450 
nm and was inversely proportional to the con-
centration of BNP in the sample. BNP levels 
were expressed as pg/ml. 

Levels of TNF-α and IL-6 in LV homogenates 
were also determined by ELISA (Cat no. 
ab46070, Abcam, Cambridge, MA, USA and Cat 
No. ELR-IL6-001, RayBio, MO, USA, respective-
ly) as per the manufacturer's instruction. In 
brief, 100 µl of homogenate supernatant was 
used in the reaction and the intensity of the 
developed color at 450nm was directly propor-
tional to the concentration of TNF-α and IL-6 
contained in the samples . LV levels of TNF-α 
and IL-6 levels were expressed as pg/mg 
protein. 

Oxidative stress assays

Lipid peroxidation in the LV homogenates were 
measured by the Thiobarbituric Acid (TBA) reac-
tion using commercial kits (Cat No. NWK-
MDA01, NWLSS, which city, province? USA) as 
per manufacturer’s instructions. TBA reacts 
with Malondialdehyde (MDA) forming an MDA-
TBA2 adduct at 532 nm. In brief, tissue super-
natant (50 μL) was added to test tubes contain-
ing 2 μL of butylated hydroxytoluene (BHT) in 
methanol to prevent oxidation of sample. Next, 
50 μL of acid (1 M phosphoric acid) and 50 μL 
of TBA solution were added. The tubes were 
mixed, incubated for 60 min at 60°C and cen-
trifuged. The supernatant was aliquoted and 
absorbance measured at 532 nm. TBARS lev-
els were expressed as nmol/mg protein. 

Superoxide dismutase (SOD) activity in LV 
homogenates was measured using a commer-

Table 1. Primers and conditions used in PCR reactions
Target Primer sequence (5’ to 3’) AT (C) Size (bp)
p53 Sense 5-CTACTAAGGTCGTGAGACGCTGCC-3c 60 106

Antisense 5-TCAGCATACAGGTTTCCTTCCACC-3d

Bax Sense 5-5_-GGTTGCCCTCTTCTACTTT-3c 55 143
Antisense 5-AGCCACCCTGGTCTTG-3d

β-actin Sense 5-CGTTGACATCCGTAAAGAC-3c 55 110
Antisense 5-TAGGAGCCAGGGCAGTA-3d
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Figure 1. Examples of ECG trace recordings obtained from all experimental groups using PowerLab showing a clear 
ST segment elevation in groups C and D. A: Control, B: Sham operated, C: MI, D: RES then MI, E: CoQ10 then MI and 
F: RES + CoQ10 then MI. RES: Resveratrol, CoQ10: Coenzyme Q10 and MI: Myocardial Infarction.

cial kit (Cat. No. 706002, Cayman Chemical, 
Ann Arbor, MI, USA) as per manufacturer’s 
instructions. Briefly, the kit uses hypoxanthine 
and xanthine oxidase to generate superoxide 
radical that is detected through its reaction 
with a tetrazolium salt to form a formazan dye 
that absorbs at 440 nm. SOD dismutates 
superoxide to hydrogen peroxide, resulting in a 
decrease in the amount of formazan dye and 
absorbance at 440 nm. The calculated SOD 
activity was expressed as U/mg protein.

Glutathione peroxidase (GPx) activity in LV 
homogenates was measured using a commer-
cial kit (Cat. No. 703102, Cayman Chemical), as 
per manufacturer’s instructions. The kit mea-
sures GPx activity using glutathione reductase 
(GR). Oxidized Glutathione (GSSG) is produced 
upon reduction of hydroperoxide by GPX and is 
recycled to its reduced state by GR and NADPH. 
The oxidation of NADPH to NADP+ is accompa-
nied by a decrease in NADPH absorbance at 
340 nm. Under conditions in which the GPX 
activity is limiting, the rate of decrease in the 
A340 is directly proportional to the GPX activity 
in the sample. The enzyme activity was depict-
ed as nmol/min/ml.

Determination of myocardialiInfarct area and 
histological assessment

This procedure was done on six rats from each 
experimental group. After blood collection, a 
catheter (24G) was inserted in the clamped 
aorta. Evans blue dye (2% solution) was inject-
ed via this catheter into the heart to delineate 
the ischemic zone. The heart was then rapidly 
excised, horizontally sectioned into five 1-mm-
thick sections that were then incubated in 1.0% 
2, 3, 5-triphenyltetrazolium chloride (TTC, pH = 
37) for 5 min at 37°C to demarcate the viable 
and nonviable myocardium within the risk zone. 
Normal uninfarcted myocardium typically stains 
blue when dyed with Evans blue and TTC blue, 
while ischemic myocardium stains red and 
infarcted region remains pale. Post–dye digital 
analysis of myocardial sections was performed. 
The area of LV at risk and the area of infarcted 
tissue in the risk zone were quantified by pla-
nimetry (using Adobe Photoshop software in a 
blinded fashion). The extent of ischemic myo-
cardium (area at risk) was expressed as the 
percentage of the total left ventricle. The extent 
of the myocardial infarct was expressed as per-
centage of infarcted size over ischemic size 
[20]. For each heart, four sections were ana-
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Figure 2. Assessment of myocardial infarct size induced by left anterior descending coronary artery (LAD) ligation in 
all groups of rats.  A-F: Representative Evan’s blue dye and TTC staining of control and all experimental groups. A: 
Control, B: Sham operated, C: MI model, D: RES then MI, E: CoQ10 then MI and F: RES + CoQ10 then MI. G: Percent 
Area at Risk (red color in the upper panel) as expressed of percent of total size the left ventricle. H: Percentages of 
infracted area (necrotic white areas in the upper panel). RES: Resveratrol, CoQ10: Coenzyme Q10 and MI: Myocar-
dial infarction. Values are expressed as Mean ± SD for 6 rats in each group. Values were considered significantly 
different at P < 0.05. aSignificantly different to control group. bSignificantly different to sham group. cSignificantly dif-
ferent to MI group. dSignificantly different to RES (alone). RES: Resveratrol, CoQ10: Coenzyme Q10, MI: Myocardial 
Infarction.

tions described in Table 1. Published sequenc-
es of PCR primers used for the detection of 
Bcl-2 associated X protein (BAX) and p53 were 
used according to the procedure established 
already in our labs, where β-actin was used to 
control for loading [21]. Total RNA was extract-
ed from the frozen parts of LV (30 mg) using an 
RNeasy Mini Kit (Qiagen Pty. Ltd., Victoria, Au- 
stralia) according to manufacturer’s instruc-
tions. RNA purity was estimated by the 260/280 
nm absorbance ratio. Single-strand cDNA syn-
thesis was performed as follows: 30 µl of 
reverse transcription mixture contained 1 µg of 
DNase I pre-treated total RNA, 0.75 µg of oligo 
d(T) primer, 6 µl of 5x RT buffer, 10 mM dithio-

lyzed for determinations of infarct size. Values 
were then averaged and labeled as a percent-
age of single infarct per LV. The mean percent-
age and SD of all infracted areas in a single 
group were then calculated. 

The fifth section of each heart from each group 
was rapidly fixed in 10% formaldehyde, dehy-
drated and embedded in paraffin, then cut into 
4 µm slices that were stained with hematoxylin 
and eosin for histological assessment. 

Semi quantitative RT-PCR

The procedure was optimized for semi quantita-
tive detection using the primer pairs and condi-
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Table 2. Cardiac hemodynamic parameters 24 hours post MI
Group HR (Beats/min) LVESP (mmHg) LVEDP (mmHg) +dp/dt (mmHg/s) -dp/dt (mmHg/s)
Control 281 ± 10.1 124.7 ± 5.2 15.5 ± 2.2 5191 ± 227 3190 ± 287
Sham 277 ± 9.2 123.8 ± 5.4 15.1 ± 2.3 5290 ± 247 3292 ± 60
MI 279 ± 9.8 101.8 ± 3.5a,b 27.3 ± 1.8a,b 4016 ± 397a,b 2528 ± 185a,b

Res then MI 276 ± 7.3 102.8 ± 3.4a,b 26.7 ± 2.1a,b 4024 ± 379a,b 2439 ± 111a,b

CoQ10 then MI 273 ± 7.5 122.8 ± 6.1c,d 14.4 ± 1.9c,d 5293 ± 80c,d 3089 ± 87c,d

RES + CoQ10 then MI 280 ± 7.1 122.7 ± 5.4c,d 15.8 ± 1.6c,d 5161 ± 193c,d 3176 ± 224c,d

Values are expressed as Mean ± SD for 12 rats in each group and considered significantly different at P < 0.05. aSignificantly 
different when compared to control group. bSignificantly different when compared to sham group. cSignificantly different when 
compared to MI group. dSignificantly different when compared to RES (alone). RES: Resveratrol, CoQ10: Coenzyme Q10, MI: 
Myocardial Infarction, HR: Heart Rate, LVESP: Left Ventricle End Systolic Pressure, LEEDP: Left Ventricle End Diastolic Pres-
sure, +dp/dt: Maximal Rate of Rise in LV Pressure -dp/dt: Maximal Rate of Decline in LV Pressure.

threitol, 0.5 mM deoxynucleotides, 50 U of 
RNase inhibitor, and 240 U of reverse transcrip-
tase (Invitrogen, which city, province, country?). 
The reverse transcription (RT) reaction was car-
ried out at 40°C for 70 min, followed by heat 
inactivation at 95°C for 3 min. The tested genes 
and the internal control (β-actin) were amplified 
by PCR using 2 µl RT reaction products from 
each sample in a 20 µl reaction co- 
ntaining Taq polymerase (0.01 U/ml), dNTPs 
(100 mM), MgCl2 (1.5 mM), and buffer (50 mM 
Tris-HCl). PCR reactions consisted of a first 
denaturing cycle at 97°C for 5 min, followed by 
amplification cycles, consisting of denaturation 
at 96°C for 30 sec, annealing for 30 sec, and 
extension at 72°C for 1 min. A final extension 
cycle of 72°C for 15 min was included. 
Annealing temperature was adjusted as: 60°C 
for p53 and 55°C for BAX and β-actin. A control 
reaction without reverse transcriptase was 
included for every sample of RNA isolated to 
verify the absence of contamination. PCR prod-
ucts (10 µl) were electrophoresed on 2% aga-
rose gels containing 100 ng/ml ethidium bro-
mide and photographed with a Polaroid camera 
under ultraviolet illumination. 

Statistical analysis

Statistical analysis was performed using 
Graphpad Prism statistical software package 

(version 6). Data was presented as means with 
standard deviation (mean ± SD). Normality and 
homogeneity of the data were confirmed before 
ANOVA. Differences among the experimental 
groups were assessed by one-way ANOVA, fol-
lowed by Tukey’s test.

Results

ST elevation and infarct size 24 hours Post-MI

As shown in Figure 1, normal ECG waves with 
normal ST segment height were seen in the 
control and sham groups of rats (A and B, 
respectively). The success of LAD ligation in MI 
model group was confirmed by ST segment ele-
vation (Figure 1C). Normal ECG waves without 
any significant ST elevation were seen in con-
trol, sham, CoQ10 (alone), and CoQ10-RES 
(combined) groups. Evans blue and TTC stain-
ing were used to detect the size of infarct area 
as a percentage of area at risk (white area) and 
total LV (red area) in the hearts from all groups. 
As shown in Figure 2, deep blue colors of LVs 
were obtained from hearts isolated from the 
control and sham groups, indicating normal 
myocardium. However, compared with the 
sham group, the MI model group showed sig-
nificant increases in the percentage of area at 
risk (64.83% ± 3.71%) and infract areas 

Figure 3. Histology of left ventricle. (A and B) are from control and sham, respectively, The myocardium appears 
orderly with striated fibers, intercalated discs, and clear nuclear and muscle staining. (C and D) are from MI group 
while sections (E and F) are from RES pre-treated MI group. Sections (C-F) lack transverse band, exhibit shrinkage 
(arrow head) and fragmentation (long arrow) or disappearance of nucleus (short arrow). Many nuclei are pyknotic 
(shrunken and dark, arrow head) and have undergone karorrhexis (fragmentation, long arrow) and karyolysis (dis-
solution, curved arrow). Inflammatory cell infiltration was also noted (star). Sections (G and H) are from CoQ10 
(alone) and CoQ10-RES groups, respectively, and exhibit normal architectures of cardiac cells, normal fiber striation, 
clear nuclear and fiber staining and minimal inflammatory cell invasion. All images are at 400X magnification and 
captured using light microscopy.
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(47.33% ± 4.08%). In the MI-induced group of 
rats pre-treated with RES, there was no 
improvement in the area at risk and infract 
area. However, the mean area at risk and infarct 
size were significantly reduced in the CoQ10 
pre-treated (20% ± 1.67% and 19.17% ± 2.97%) 
and both CoQ10 and RES treated groups 
(16.33% ± 3.52% and 13.5% ± 2.66%, respec-
tively) when compared to the MI group. 

LV histology 

Histological changes in the left ventricle in rats 
from all groups were assessed (Figure 3). Both 
control (Figure 3A) and sham (Figure 3B) 
groups showed normal myocardial tissue with 
orderly striated heart muscle fibers, intercalat-
ed discs, and a clear nuclear and muscle bands 
staining (Figure 3A and 3B). However, sections 
obtained from MI (Figure 3C) and RES (alone) 

group (Figure 3D) lacked transverse band 
structure, and demonstrated shrinkage, frag-
mentation, or disappearance of nucleus. Many 
nuclei were pyknotic (shrunken and dark) and 
underwent karyorrhexis (fragmentation) and 
karyolysis (dissolution). Inflammatory cell infil-
tration was seen in both groups with MI and 
RES alone. Sections obtained from CoQ10 
(alone; Figure 3E) or in combination with RES 
(Figure 3G) showed normal architecture of car-
diac cells, normal fiber striation, and clear 
nuclear and fiber staining and minimal inflam-
matory cell invasion. 

Cardiac hemodynamic measurements 24 
hours post-MI

As shown in Table 2, LV systolic pressure (LVSP), 
LV end diastolic pressure (LVEDP), maximal 
rate of rise in LV pressure (+dP/dt), and maxi-

Figure 4. Levels of Brain Natriuretic Peptide (BNP), 
Tumor Necrosis Factor-α (TNF-α) and Interleukin 6 
(IL-6) in the left ventricle homogenate from all experi-
mental groups. Values are expressed as Means ± SD 
for 12 rats in each group for BNP and for 6 rats for 
TNF-α and IL-6. Values were considered significantly 
different at P < 0.05. aSignificantly different when 
compared to control group. bSignificantly different 
when compared to sham group. bSignificantly dif-
ferent when compared to sham group. cSignificantly 
different when compared to MI group. dSignificantly 
different when compared to RES (alone). RES: Res-
veratrol, CoQ10: Coenzyme Q10, MI: Myocardial In-
farction.
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mal rate of decline in LV pressure (-dP/dt) were 
not significantly different between the control 
and sham operated rats. However, compared 
with the sham group, the rats of the MI group 
showed a significant increase in the LVEDP as 
well as significant decreases in LVSP, LV +dP/dt 
and LV -dp/dt. RES pretreatment did not 
improve any of the MI-induced deterioration of 
hemodynamic parameters. In contrast, CoQ10 
pre-administration alone or in combination with 
RES, restored LVEDP by 100% and 98.7%, 
respectively, and significantly increased LVSP 
by 95.4% and 91.4%, LV +dP/dt by 102% and 
89.2%, and LV -dp/dt by 73.1% and 84.6%, 
respectively. However, there was no significant 
difference between hemodynamic values 
obtained between groups given CoQ10 alone or 
in combination with RES.

Plasma BNP and LV inflammatory markers

As shown in Figure 4, no significant change in 
the levels of plasma BNP was seen in the sham 
operated group compared to unoperated con-
trols, which also demonstrated very low TNF-α 
and IL-6 in the LV homogenate. However, BNP, 
TNF-α, and IL-6 levels were significantly elevat-
ed in the MI (alone) group by 78%, 337%, and 
314%, respectively. The administration of RES 
(alone) to the MI group did not significantly alter 
BNP, TNF-α, and IL-6 levels. In contrast, a sig-
nificant decrease in the plasma BNP and LV lev-
els of TNF-α and IL-6 were noted in the 
MI-groups pre-treated with either CoQ10 alone 
or in combination with RES. The percentage 
decrease in plasma BNP in these groups of rats 
were 70% and 78.9%, respectively, whereas 
the percentage decrease in LV TNF-α were 

Figure 5. Levels of Thiobarbituric Acid reactive 
substances (TBARS) and activities of superoxide 
dismutase (SOD) and glutathione peroxidise (GPx) 
in the left ventricle homogenates of all experimen-
tal group of rats. Values are expressed as Means 
± SD for 6 rats in each group and considered sig-
nificantly different at P < 0.05. aSignificantly differ-
ent when compared to control group. bSignificantly 
different when compared to sham group. cSignifi-
cantly different when compared to MI group. dSig-
nificantly different when compared to RES (alone). 
RES: Resveratrol, CoQ10: Coenzyme Q10, MI: 
Myocardial Infarction.
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Figure 6. Expression of Bax and p53 mRNA in the left ventricle. The RT-PCR products obtained from all groups were 
separated by 2% agarose gel electrophoresis with 100 ng/ml ethidium bromide. 1: Control, 2: Sham operated, 3: MI 
model group, 4: MI then RES, 5: CoQ10 then MI, 6: CoQ10 and RES then MI and 7: Negative control. (B) Negative 
exposure of (A).

83.2% and 89.1%, respectively, whereas IL-6 
was decreased by 83.2% and 80% respective-
ly. There was no difference between the effects 
of CoQ10 alone or in combination  with RES.

LV oxidative stress markers

No significant difference was detected between 
the control and the sham groups with regard to 
TBARS, SOD, and GPx activities (Figure 5). 
However, in the MI group and the RES (alone) 
groups, significant increases were noted with 
TBARS (304% and 287%) while SOD activity 
(72.3% and 70.3%), and GPx activity (56.3% 
and 59%) decreased significantly. In contrast, 
CoQ10 alone or in combination with RES, nor-
malized these parameters to sham levels. 
TBARS decreased by 355% and 339%, respec-
tively, SOD activity increased by 266% and 
250%, respectively and GPx activity was in- 
creased by 139% and 135%, respectively with 
CoQ10 alone or in combination.

BAX and p53 gene expression in LV

Figure 6 shows the transcriptional changes of 
p53 and BAX mRNAs in the LVs obtained from 
all groups of rats. All tested transcripts were 
detected and resulted in fragments similar in 
size to those expected (Table 1). The levels of 
the β-actin transcript remained relatively con-
stant in all groups. In the control or sham oper-
ated groups, p53 and BAX mRNA were barely 
detectable. However, mRNA levels of both BAX 
and p53 increased several fold following MI. 
Their levels remained elevated in the RES 
(alone) group. Both p53 and BAX mRNA were 
significantly reduced upon CoQ10 administra-
tion (i.e., alone or in combination with RES). 

Importantly, while CoQ10 completely normal-
ized BAX, p53 mRNA remained slightly elevated 
compared to sham levels. 

Discussion

In the present study we investigated the protec-
tive effects two antioxidants, resveratrol and 
coenzyme Q10 on acute consequences of 
experimental MI. The major results of this study 
indicate CoQ10 is a better prophylactic agent 
than resveratrol against acute sequelae of MI 
in rats. The mechanism of the cardioprotective 
action of CoQ10 involved blocking exaggerated 
oxidative stress and inflammation post MI, 
resulting in normalized/optimized hemodynam-
ics and reduced infarct area of the left ventri-
cle. CoQ10 alone or in combination with RES 
conferred cardioprotection characterized by a 
reduction in myocardial infarct size, improved 
cardiac muscle structure, and normalized 
hemodynamics as well as improved contractili-
ty of LV. The fact that RES alone did not alter 
MI-induced changes in LV but did so when co-
administered with CoQ10, demonstrates that 
the cardioprotective effect in such combination 
therapy is primarily due to CoQ10.

In the current study, coinciding LV functional 
impairment, there was a significant increase in 
the levels of lipid peroxides (TBARS) and inflam-
matory markers TNF-α and IL-6 with a concomi-
tant decrease of the endogenous antioxidant 
enzymes (SOD and GPx), in the cardiac homog-
enates of the infracted areas taken from the MI 
group. Considerable evidence indicates that 
the reactive oxygen species (ROS), such as 
superoxide anion (O2-), hydrogen radicals, and 
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hydrogen peroxide, play an important role in 
mediating myocardial ischemic injury and car-
diac cell apoptosis [22]. It has been reported 
that high levels of ROS disrupt the inner and 
outer mitochondrial membranes, induce relo-
cation of BAX, and apoptosis. ROS induced 
DNA damage also stimulates p53 expression 
[23]. In fact, excessive O2- formation was 
detected in patients with coronary artery dis-
ease, acute MI, and unstable angina pectoris 
[24, 25]. 

There is evidence that cytokines may also be 
involved in the pathogenesis of myocardial dys-
function and cardiomyocyte death in MI and HF 
[26, 27]. Indeed, increased plasma levels as 
well as local myocardial production of several 
cytokines such as TNF-α, IL-1β, IL-6, and trans-
forming growth factor b1 (TGF-β1) have been 
observed in patients with early post-MI [28]. In 
our current study, a significant increase in 
TNF-α and IL-6 was detected in the cardiac 
homogenates of the MI group 24 hours after 
LAD. Upregulation and production of these 
cytokines represent an intrinsic or an innate 
stress response against myocardial injury [29]. 
Indeed, in rodent models of MI, within the first 
few hours to one day, there is robust upregula-
tion of intramyocardial cytokines, including 
TNF-α and IL-6 mRNA expression in the infarct 
area (up to 50-fold), as well as in the uninfarct-
ed myocardium (up to 15-fold) [30]. As cyto-
kines can regulate cardiac myocyte growth, 
contractile protein synthesis, and extracellular 
matrix gene expression [31], they may be 
important modulators in the post-MI process 
and reducing their levels may attenuate post-
MI HF. Interestingly, cytokines are capable of 
decreasing left ventricle performance and myo-
cyte contractility directly and indirectly. TNF-α 
and IL-6 can attenuate myocyte contractility 
directly through the immediate reduction of 
systolic cytosolic [Ca2+] via alterations in sarco-
plasmic reticulum function, which is found to 
be reversible by the removal of the cytokine 
exposure [32]. However, TNF-α is also capable 
of decreasing myocyte contractility indirectly 
through nitric oxide-dependent attenuation of 
myofilament Ca2+ sensitivity [33].

It has been previously reported that when there 
is an irreversible and severe DNA damage, p53 
induces the expression of Bcl-2 proapoptotic 
family members: BAX, Puma, and noxa [34]. In 
the current study, control and sham groups had 

low gene expression of BAX and p53 (as char-
acterized by very thin bands) in the cardiac cells 
of LV. Following MI, an upregulation of cardiac 
BAX and p53 gene expression were noted in 
the MI group. Similar to our findings, CoQ10 
normalize the increased levels of both P53 and 
BAX in the hearts of nutritional induced aged 
rats model [35]. In the same line, in other isch-
emic retinal or neural injuries, CoQ10 signifi-
cantly decreased Bax protein expression [36, 
37]. However, caution must be exercised while 
interpreting these results, as protein levels for 
these DNA damage response factors were not 
measured in any group.

CoQ10 encompasses a group of homologous 
molecules that are present in almost all tis-
sues. CoQ10 plays a key role in mitochondrial 
oxidative phosphorylation and ATP production 
and is found in the membranes of many organ-
elles in humans [38]. It is therefore essential 
for all energy-dependent processes in the 
heart, including heart-muscle contraction. 
Since its primary function in cells is in generat-
ing energy, the highest concentration is found 
on the inner membrane of the mitochondrion 
[39]. Exogenous CoQ10 is taken up by CoQ10–
deficient cells and is incorporated into the mito-
chondria for maintenance of optimal cellular 
and mitochondrial function [38]. CoQ10 can 
also reduce ROS by the suppression of NADPH 
oxidase expression [40], scavenging lipid per-
oxides [41] and preventing nitrative stress by 
the inhibition of excess NO production [42]. 
Furthermore, CoQ10 is a membrane stabilizer 
and preserves myocardial sodium-potassium 
ATPase activity and stabilizes myocardial calci-
um-dependent ion channels, thus providing 
energy and enhancing contractile function in 
the failing heart [39]. This could be one reason 
behind the improved LV function seen in the 
MI-induced treated rats treated with CoQ10. 

In summary, these results demonstrate CoQ10 
to be an effective prophylactic agent again 
experimental MI induced acute cardiac chang-
es. The mechanisms probed included attenua-
tion of oxidative stress, induction of antioxi-
dants like SOD and GPx as well as lowering of 
cardiac inflammatory markers like TNF-a and 
IL-6. DNA damage to the heart following MI was 
likely also reduced with CoQ10, as supported 
by reduced Bax and p53 gene expression in the 
LV. We propose that CoQ10 is an effective anti-
oxidant/anti-inflammatory agent to combat 
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against acute cardiac changes induced by MI 
and can be an attractive therapeutic option in 
patients undergoing cardiac changes post MI. 
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