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ABSTRACT 
Background: Cardiovascular disease (CVD) is the leading cause of death worldwide. 

Deaths are mostly attributable to coronary artery disease (CAD). Ivabradine, a pure 

heart rate lowering agent, acts by inhibiting the pacemaker If current in the sinoatrial 

node. It can be used for treatment of heart failure and stable angina with the main 

drugs for CVD. 

Objectives: To determine the cardioprotective effects of ivabradine pretreatment 

alone and in combination with each of atenolol and enalapril on acute myocardial 

infarction (MI) in rats. 

Materials & Methods: Eighty four rats were divided into seven groups (12 rats each): 

Group 1: sham-operated group; Group 2: control (untreated) MI group; Group 3: 

ivabradine-pretreated group; Group 4: atenolol-pretreated group; Group 5: enalapril-

pretreated group; Group 6: ivabradine and atenolol-pretreated group; and Group 7: 

ivabradine and enalapril-pretreated group. Rats received drugs orally by gavage daily 

for 6 days. On the sixth day, acute MI was induced by persistent complete left 

coronary artery ligation. The parameters studied were mean arterial blood pressure, 

ECG changes (heart rate, ST height and T-wave voltage), serum levels of creatine 

kinase MB isoenzyme (CK-MB), cardiac troponin-I (cTnI), high-sensitivity C-

reactive protein (hs-CRP) and N-terminal pro-brain-type natriuretic peptide (NT-

proBNP), tissue levels of superoxide dismutase (SOD), reduced glutathione (GSH), 

Bcl-2-associated X protein (Bax) and the % of infarct size of the left ventricle. 

Results: Coronary artery ligation resulted in significant elevation in ST height, T-

wave voltage, serum levels of CK-MB, cTnI, hs-CRP and NT-proBNP and tissue 

levels of Bax, with significant reduction of the tissue levels of SOD & GSH and 

produced 54% infarct size of the left ventricle. Oral pretreatment with ivabradine has 

cardioprotective effect against acute MI as evidenced by significantly lower ST 

height, T-wave voltage, serum levels of CK-MB, cTnI, hs-CRP and NT-proBNP and 

tissue levels of Bax, with significantly higher tissue levels of SOD & GSH and 

significantly lower infarct size (into 39%). Oral pretreatment with combination of 

ivabradine and atenolol produced greater cardioprotection against acute MI than 

observed with ivabradine alone evidenced by significantly lower ST height, T-wave 

voltage, serum levels of CK-MB, cTnI, hs-CRP and NT-proBNP and tissue level of 

Bax, with significantly higher tissue levels of SOD & GSH and significantly lower 

infarct size (into 23%). Although, the effects of oral pretreatment with combination of 

ivabradine and enalapril on ST height, T-wave voltage, tissue levels of SOD & GSH 

and % of infarct size were not significantly different from that of ivabradine; 

however, this combination caused significant reduction of serum levels of CK-MB, 

cTnI, hs-CRP and NT-proBNP and tissue level of Bax as compared to the effect of 

ivabradine alone. 

Conclusion: Ivabradine possesses protective effects against acute MI and these 

effects are lower than the protective effects of atenolol; but higher than that of 

enalapril. Concomitant administration of ivabradine with either atenolol or enalapril 

provides greater cardioprotection against acute MI than ivabradine alone and these 

effects are greatest when ivabradine is combined with atenolol. 

Keywords: cardiovascular disease, acute coronary syndrome, myocardial infarction, 

If current, ivabradine, atenolol, enalapril 

INTRODUCTION 
ardiovascular disease (CVD) is the 

leading cause of death worldwide, which 

are mostly attributable to coronary artery 

disease (CAD) 
[1]

. Acute coronary syndrome 

(ACS) describes the myocardial ischemic C 
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conditions that include unstable angina, non-

ST-elevation myocardial infarction 

(NSTEMI) and ST-elevation myocardial 

infarction (STEMI) 
[2]

. Despite recent 

advances in the management of patients with 

CAD, there is a need to decrease deaths due 

to myocardial infarction (MI) and to improve 

the patient's quality of life 
[3]

. 

Heart rate (HR) is a major determinant 

of myocardial oxygen demand and supply 
[4]

. 

A high resting HR is associated with 

increased cardiovascular and total mortality in 

the general population, as well as in patients 

with CAD and chronic heart failure "HF" 
[5]

. 

Reducing resting HR has, therefore, 

become an important goal in the treatment of 

patients with CVD. HR-reducing agents used 

in preventing or treating myocardial ischemia 

such as β-blockers and non-dihydropyridine 

calcium channel blockers (NDHPCCBs) are 

associated with depression of cardiac 

contractility, in addition to the difficulty of 

up-titration to target doses of these drugs 
[6, 7]

. 

These disadvantages have prompted the 

development of pure HR-reducing agents 

such as ivabradine 
[8]

. Ivabradine provides 

pure HR reduction by directly and selectively 

inhibiting the pacemaker If current in the 

sinoatrial node 
[9]

. It has no effect on cardiac 

contractility, repolarization and 

atrioventricular conduction 
[10]

. 

Ivabradine protects the myocardium 

during ischemia and improves cardiovascular 

outcome in patients with CAD, HF and left 

ventricular (LV) dysfunction 
[11]

. Ivabradine 

is safe, well tolerated and can be used in 

combination with the main drugs for CVD 
[4]

.  

It has been approved for clinical use for HR 

control in HF and stable angina 
[12]

. 

The present work is designed to: (1) 

determine the effects of administration of 

ivabradine on some parameters of acute MI 

[mean arterial blood pressure (MABP), 

electrocardiogram (ECG), cardiac biomarkers 

and % of infarct size]; and (2) detect the 

effects of combination of ivabradine with 

each of atenolol and enalapril on these 

parameters. 

MATERIALS & METHODS 

1.1. Animals: 

The experiments were conducted on a 

total of 84 adult male Wister albino rats of 

weighing 200-250 gm purchased from the 

animal house of Faculty of Veterinary 

Medicine, Zagazig University, Egypt. All 

experiments in this study were performed in 

accordance with the guidelines for Animal 

Research from the National Research Center, 

Cairo, Egypt. The study protocol was 

approved by the ethical committee of Zagazig 

University. The rats received a standard diet 

and water ad labitum and were kept under 

standard humidity with 12 hours light/dark 

cycle in plastic cages with wood shave 

bedding, each cage containing 6 rats. 

1.2. Experimental design: 

The rats were randomly selected and 

allocated into the following seven 

experimental groups (n=12 in each group): 

Group 1: sham-operated control group; 

Group 2: control MI group, in which acute 

MI was induced by coronary artery ligation in 

untreated rats; Group 3: ivabradine-pretreated 

group, in which rats were received ivabradine 

(Servier, Courbevoie, France) in a dose of 10 

mg/kg/day 
[13]

; Group 4: atenolol-pretreated 

group in which rats were received atenolol 

(St. Louis, MO, USA) in a dose of 6 

mg/kg/day 
[14]

; Group 5: enalapril-pretreated 

group, in which rats were received enalapril 

(El Haram, Giza, Egypt) in a dose of 1 

mg/kg/day 
[15]

; Group 6: the ivabradine and 

atenolol-pretreated group, in which rats were 

received combination of ivabradine and 

atenolol; and Group 7: ivabradine and 

enalapril-pretreated group in which rats were 

received combination of ivabradine and 

enalapril. The animals of groups 1 and 2 

received distilled water, 1ml/100gm rat daily, 

orally by gavage for 6 days. Animals of the 

pretreated category (groups 3 to 7) received 

drugs orally once daily for 6 days then 

coronary ligation was done 2 hours after the 

last dose on the sixth day. 

1.3. Induction of acute MI by coronary 

artery ligation: 
The rats were anesthetized with 

urethane (Prolabo, Paris, France) in a dose of 

1.75–2 gram/kg injected intraperitoneally 
[16]

. 

Tracheotomy was done and an endotracheal 

tube was connected to the artificial ventilator. 
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The thorax was opened to exteriorize the heart 

and ligation of the proximal left anterior 

descending coronary artery about 2-3 mm 

from its origin with 6-0 silk suture was done. 

The heart was returned to its normal position 

then thorax was closed. Sham-operated rats 

underwent the identical surgical procedure as 

described above except ligation of the 

coronary artery 
[17]

. 

1.4. Hemodynamic parameters: 

The carotid artery was cannulated to 

measure arterial blood pressure with a 

pressure transducer. Lead II ECG was 

monitored via subcutaneous stainless-steel 

needle electrodes. ECG parameters measured 

include heart rate (b/m), ST height (mV) and 

T-wave voltage (mV). MABP and ECG were 

recorded before coronary artery ligation, 

immediately after ligation and every 30 

minutes for 6 hours after coronary ligation. 

We used PowerLab (4/35) data acquisition 

system (ADInstruments, Castle Hill, 

Australia, Pty Ltd.) for MABP and ECG 

monitoring. Data were extracted and analyzed 

by LabChart7 software before and 4 hours 

after coronary ligation. 

1.5. Biochemical studies: 

1.5.1. Measurements of serum CK-MB, 

cTnI, hs-CRP and NT-proBNP levels: 

At the end of each experiment (6 hours 

after coronary artery ligation), blood samples 

were collected in clean dry test tubes from rat 

arterial polyethylene cannula, centrifuged at 

3000 rpm for 15 minutes. Serum was 

collected and stored at -20°c as aliquots for 

biochemical determination of serum levels of 

CK-MB, cTnI, hs-CRP and NT-proBNP by 

enzyme-linked immunosorbent assay 

(ELISA) by using diagnostic kits for CK-MB 

(Bioassay technology laboratory, Shanghai 

Crystal Day Biotech CO., LTD), cTnI 

(Kamiya Biomedical Company, Seattle, 

USA), hs-CRP (Wuhan EIAab Science CO., 

LTD, Wuhan, China) and NT-proBNP 

(MESO Scale Discovery, Gaithersburg, USA) 

according to the manufacturer's instructions. 

1.5.2. Measurements of tissue SOD, GSH 

and Bax levels: 

Hearts of six rats in each group were 

excised and rinsed thoroughly with saline, 

froze by liquid nitrogen and then stored at -

80°C for biochemical determinations of the 

tissue levels of SOD, GSH and Bax by ELISA 

by using diagnostic kits for SOD (Cell 

Biolabs, Inc. San Diego, USA), GSH (Oxford 

Biomedical Research., Oxford, USA) and Bax 

(Wuhan EIAab Science CO., LTD, Wuhan, 

China) according to the manufacturer's 

instructions. 

1.6. Measurement of infarct size: 

At the end of each experiment, the 

beating hearts of six rats in each group were 

excised and submerged in normal saline 

solution. Fine dissection was done freeing the 

heart from adjacent tissues and big vessels 

then each heart was sectioned into three 1.5-2 

mm transverse slices from the level of the 

ligation to the apex. The slices were then 

incubated in a 1.5% Triphenyl-Tetrazolium 

Chloride (TTC) in phosphate buffer pH 7.4, 

for 15-20 minutes at 37
o
C. The non-infarcted 

tissue stained crimson red, while the area of 

necrosis that lack dehydrogenase activity 

remained pale 
[18]

. 

Once the color has been established, 

place clear glass plates over the both sides of 

slices. Then the tissues were photographed 

using a digital camera. The areas of infarction 

are determined by planimetry, using a 

validated image analysis program; the 

UTHSCSA Image Tool "ITOOL" version 

2.00 (developed at the University of Texas 

Health Science Center at San Antonio, Texas, 

USA) 
[19]

. The infarction size ratio was 

defined as the area of the infarct divided by 

the total left ventricle area and expressed as a 

percentage 
[20]

. 

1.7. Statistical analysis: 

The data were expressed as mean ± 

standard error of mean (SE). The data were 

statistically analyzed by one-way analysis of 

variance (ANOVA) followed by post hoc 

Tukey test as described by Armitage and 

Berry 
[21]

. Values of p<0.05 were considered 

significant. GraphPad Prism version 5.00 for 

Windows (GraphPad Software, San Diego 

California; USA) was used to carry out the 

statistical analysis. 

RESULTS 

1.8. MABP (mmHg): (Tab. 1) 

The basal (before coronary artery 

ligation) MABP was 97±2.856 mmHg in the 
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control MI group which was significantly 

(p<0.05) decreased to 78±3.336 mmHg 4 

hours after coronary artery ligation. Also, the 

later value was significantly (p<0.05) lower 

than that of the sham-operated group 

(89±2.939 mmHg). In the pretreated groups 

by ivabradine, atenolol, enalapril, ivabradine 

& atenolol and ivabradine & enalapril the 

basal MABP values were 90±2.520, 

89±2.298, 86±2.141, 86±2.028 and 83±1.976 

mmHg respectively. The MABP values 

recorded 4 hours after the operation for the 

above pretreated groups were 85±2.985, 82± 

2.634, 77±2.649, 78±3.170 and 76±2.494 

mmHg respectively, which were not 

significantly different from their basal values. 

In addition, the MABP values recorded 4 

hours after the operation for the ivabradine-

pretreated and atenolol-pretreated groups 

were not significantly different from that of 

the sham-operated group. These findings 

could give evidence that all pretreatments 

could attenuate the hypotension caused by 

MI. However, the MABP values recorded 4 

hours after the operation for ivabradine and 

atenolol-pretreated and ivabradine and 

enalapril-pretreated groups were significantly 

(p<0.05) lower than that of the sham-operated 

group. 

1.9. Heart Rate (b/m): (Tab. 1) 

The baseline values of HR of sham-

operated, control MI and enalapril-pretreated 

groups were 312±7.341, 308±7.388 and 

320±8.119 b/m respectively, which were not 

significantly different from each others. In 

comparison with the fore-mentioned groups, 

significant (p<0.05) lower HR was recorded 

with groups pretreated by ivabradine 

(253±6.803), atenolol (265±6.847), 

ivabradine & atenolol (219±7.412) and 

ivabradine & enalapril (257±7.115 b/m). In 

addition, significant (p<0.05) lower HR was 

recorded in ivabradine and atenolol-pretreated 

group in comparison to that of either 

ivabradine or atenolol. On the other hand, the 

HR in ivabradine and enalapril-pretreated 

group was not significantly different from that 

of ivabradine-pretreated group. 

Values of HR recorded 4 hours after 

coronary artery ligation in control MI and 

enalapril-pretreated groups were 381±10.720 

and 362± 8.628 b/m respectively, which were 

not significantly different from each other, but 

significantly (p<0.05)  higher than the 

baseline value and that of the sham-operated 

group. In comparison to former two groups; 

significant (p<0.05) lower HR values were 

recorded in groups pretreated with ivabradine 

(307±13.920), atenolol (291±12.750), 

ivabradine & atenolol (238±10.150) and 

ivabradine & enalapril (309±9.601 b/m). In 

the meantime, the HR value of the ivabradine 

and atenolol-pretreated group was 

significantly (p<0.05) lower than that of all 

other pretreated groups. 

1.10. ST height (mV): (Tab. 2) 

Values ST height recorded 4 hours after 

coronary artery ligation in all groups were 

significantly (p<0.05) increased as compared 

to either the baseline value of each group or 

that of the sham operated group. 

The ST height values recorded 4 hours 

after coronary artery ligation in control MI 

and enalapril-pretreated groups were 

0.207±0.011 and 0.187±0.006 mV 

respectively. In comparison with the two later 

groups, significant (p<0.05) lower values 

were recorded in groups pretreated with 

ivabradine (0.170±0.006), atenolol 

(0.141±0.007), ivabradine & atenolol 

(0.126±0.004) and ivabradine & enalapril 

(0.155±0.009 mV). In addition, this value in 

the ivabradine and atenolol-pretreated group 

was significantly (p<0.05) lower than that of 

the ivabradine-pretreated group. 

1.11. T-wave voltage (mV): (Tab. 2) 

Values of T-wave voltage recorded 4 

hours after coronary artery ligation were 

significantly (p<0.05) increased in all groups 

in comparison to either the baseline value of 

each group or that of the sham operated 

group.. 

The T-wave voltage values recorded 4 

hours after coronary artery ligation in the 

control MI group was 0.271±0.015 mV. In 

comparison to the later, significant (p<0.05) 

lower values were recorded in groups 

pretreated with ivabradine (0.187±0.008), 

atenolol (0.160±0.010), enalapril 

(0.195±0.009), ivabradine & atenolol 

(0.142±0.007) and ivabradine & enalapril-

(0.174±0.007 mV). Furthermore this value in 
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the ivabradine and atenolol-pretreated group 

was significantly (p<0.05) lower than that 

pretreated with either ivabradine or enalapril. 

1.12. Biochemical Results: 

1.12.1. Effects of different treatments on 

the serum CK-MB level: (Tab. 3) 

The serum levels of CK-MB in the 

control MI group was 17.910±0.676 ng/ml, 

which was significantly (p<0.05) higher than 

that of the sham-operated group (1.275±0.116 

ng/ml). In comparison to the control MI 

group, significant (p<0.05) lower levels of 

CK-MB were detected in groups pretreated 

with ivabradine (7.300±0.288), atenolol 

(3.650±0.273), enalapril (9.888±0.338), 

ivabradine & atenolol (2.488±0.147) and 

ivabradine & enalapril (5.163±0.209) ng/ml. 

Interestingly, the enzyme level in the 

ivabradine and atenolol-pretreated group was 

not significantly different from that of the 

sham-operated group. 

1.12.2. Effects of different treatments on 

the serum cTnI levels: (Tab. 3) 

The serum levels of cTnI in the control 

MI group was 4.77±0.174 ng/ml, which was 

significantly (p<0.05) higher than that of the 

sham-operated group (0.339±0.029 ng/ml). In  

groups of rats pretreated with ivabradine, 

atenolol, enalapril, ivabradine & atenolol and 

ivabradine & enalapril, the cTnI levels were 

2.399±0.218, 1.330±0.122, 3.061±0.191, 

0.951±0.049 and 1.694±0.136 ng/ml 

respectively, which were significantly 

(p<0.05) lower than that of the control MI 

group. In addition, cTnI level in the 

ivabradine and atenolol-pretreated group was 

not significantly different from that of the 

sham-operated group. 

1.12.3. Effects on the serum hs-CRP level: 

(Tab. 3) 

The serum levels of hs-CRP in the 

control MI group was 16.310±0.529 ng/ml, 

which was significantly (p<0.05) higher than 

that of the sham-operated group (1.171±0.053 

ng/ml). In  groups of rats pretreated with 

ivabradine, atenolol, enalapril, ivabradine & 

atenolol and ivabradine & enalapril, the hs-

CRP levels were 6.640±0.290, 2.539±0.205, 

8.500±0.296, 1.630±0.060 and 4.430±0.1191 

ng/ml respectively, which were significantly 

(p<0.05) lower than that of the control MI 

group. In addition, hs-CRP level in the 

ivabradine and atenolol-pretreated group was 

not significantly different from that of the 

sham-operated group. 

1.12.4. Effects on the serum NT-proBNP 

level: (Tab. 3) 

The serum levels of NT-proBNP in the 

control MI group was 202±6.234 pg/ml, 

which was significantly (p<0.05) higher than 

that of the sham-operated group (25±1.745 

pg/ml). In comparison to the control MI 

group, significant (p<0.05) lower levels of the 

enzyme were detected in groups pretreated 

with ivabradine (89±4.040), atenolol 

(49±2.070), enalapril (119±2.815), ivabradine 

& atenolol (39±1.460) and ivabradine & 

enalapril (63±2.797) pg/ml. Furthermore, the 

NT-proBNP level in the ivabradine and 

atenolol-pretreated group was not 

significantly different from that of the sham-

operated group. 

1.12.5. Effects on the cardiac tissue SOD 

levels: (Tab. 4) 

The cardiac tissue levels of SOD in the 

control MI group was 1.408±0.166 U/g tissue, 

which was significantly (p<0.05) lower than 

that of the sham-operated group 7.925±0.319 

U/g tissue. In  groups of animals pretreated 

with ivabradine, atenolol, enalapril, 

ivabradine & atenolol and ivabradine & 

enalapril, the SOD levels were 4.256±0.160, 

5.656±0.156, 3.140±0.198, 6.320±0.197 and 

5.120±0.207 U/g tissue respectively, which 

were significantly (p<0.05) higher than that of 

the control MI group. However, the enzyme 

levels in all pretreated groups were still 

significantly (p<0.05) lower than that of the 

sham-operated group. 

1.12.6. Effects on the cardiac tissue GSH 

levels: (Tab. 4) 
The cardiac tissue levels of GSH in the 

control MI group was 0.742±0.057 µmol/g 

tissue, which was significantly (p<0.05) lower 

than that of the sham-operated group 

(4.066±0.160 µmol/g tissue). In comparison 

to the control MI group, significant (p<0.05) 

higher levels of the enzyme were detected in 

groups pretreated with ivabradine 

(1.747±0.108), atenolol (2.630±0.117), 

enalapril (1.327±0.0822), ivabradine & 

atenolol (3.103±0.103) and ivabradine & 
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enalapril (2.074±0.088) µmol/g tissue 

respectively. However, the GSH values in all 

pretreated groups were still significantly 

(p<0.05) lower than that of the sham-operated 

group.  

1.12.7. Effects on the cardiac tissue Bax 

levels: (Tab. 4) 
The cardiac tissue levels of Bax in the 

control MI group was 26.08±0.952 ng/g 

tissue, which was significantly (p<0.05) 

higher than that of the sham-operated group 

(3.743±0.241 ng/g tissue). In comparison to 

the control MI group, significant (p<0.05) 

lower levels of the enzyme were detected in 

groups pretreated with ivabradine 

(15.63±0.718), atenolol (9.26±0.621), 

enalapril (19.87±0.845), ivabradine & 

atenolol (6.59±0.283) and ivabradine & 

enalapril (12.44±0.491) ng/g tissue. In 

addition, the Bax tissue level in the ivabradine 

and atenolol-pretreated group was not 

significantly different from that of the sham-

operated group. 

1.13. Effects on infarct size of left 

ventricle: (Tab. 5; Photo. 1) 

The estimated value of infarct size % of 

the left ventricle in the control MI group was 

54±1.676%; while no infarction could be 

detected in the sham-operated group. In the 

groups of rats pretreated with ivabradine, 

atenolol, enalapril, ivabradine & atenolol and 

ivabradine & enalapril the infarct size values 

were 39±1.836, 32±1.290, 44±1.614, 

23±1.675 and 37±1.252% respectively, which 

were significantly (p<0.05) lower than that of 

the control MI group. 

As demonstrated in table (5), the % of 

infarct size in group of rats pretreated with 

atenolol was significantly (p<0.05) lower than 

that of either ivabradine or enalapril and that 

of ivabradine was significantly (p<0.05) 

lower than that of enalapril. 

In the interaction experiments the % of 

infarct size in group of rats pretreated with 

ivabradine and atenolol was significantly 

(p<0.05) lower than that of either ivabradine 

or atenolol, demonstrating a potentiation 

between the two drugs on this parameter, on 

the other hand, the % of infarct size in group 

of rats pretreated with combination of 

ivabradine and enalapril was not significantly 

different from that of ivabradine; 

demonstrating no interaction between the two 

drugs on this parameter. 

 
 

Table 1: The changes (mean ± SE) of MABP (mmHg) and HR (b/m) in different groups: 

Parameter MABP HR 

         Interval 

  Groups 
Baseline 

4 hours after 

operation 
Baseline 

4 hours after 

operation 

Sham-operated 98±2.800
A [a] 

89±2.939
A [a]

 312±7.341
A [a] 

313±13.490
A [a] 

Control MI 97±2.856
A
 
[a]

 78±3.336
B [b]

 308±7.388
A
 
[a]

 381±10.720
B [b]

 

Ivabradine-pretreated 90±2.520
A,B

 
[a]

 85±2.985
A,B [a]

 253±6.803
B [a] 

307±13.920
A [b]

 

Atenolol-pretreated 89±2.298
A,B

 
[a]

 82±2.634
A,B [a]

 265±6.847
B [a]

 291±12.750
A [a]

 

Enalapril-pretreated 86±2.141
B
 
[a]

 77±2.649
B [a]

 320±8.119
A [a]

 362±8.628
B [b]

 

Ivabradine and Atenolol-

pretreated 
86±2.028

B
 
[a]

 78±3.170
B [a]

 219±7.412
C [a] 

238±10.150
C [a]

 

Ivabradine and 

Enalapril-pretreated 
83±1.976

B
 
[a]

 76±2.494
B [a]

 257±7.115
B [a]

 309±9.601
A [b]

 

Number of animals = 12 rats in each group. 

Within the same column, values without common superscript capital letters are significantly different (p<0.05). 

Within the same row, values without common superscript small letters are significantly different (p<0.05). 
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Table 2: The changes (mean ± SE) of the ST height (mV) and T-wave voltage (mV) in different groups: 

Parameter ST height T-wave voltage 

         Interval 

  Groups 
Baseline 

4 hours after 

operation 
Baseline 

4 hours after 

operation 

Sham-operated -0.0404±0.004
A [a] 

-0.033±0.002
A [a]

 0.062±0.006
A [a] 

0.056±0.004
A [a]

 

Control MI -0.041±0.004
A [a] 

0.207±0.011
B [b]

 0.071±0.004
A [a]

 0.271± 0.015
B [b]

 

Ivabradine-pretreated -0.0313±0.003
A [a] 

0.170±0.006
C [b]

 0.067±0.004
A [a]

 0.187±0.008
C [b]

 

Atenolol-pretreated -0.0325±0.003
A [a] 

0.141±0.007
C,D [b]

 0.070±0.007
A [a]

 0.160±0.010
C,D [b]

 

Enalapril-pretreated -0.0316±0.003
A [a] 

0.187±0.006
B [b]

 0.060±0.003
A [a]

 0.195±0.009
C [b]

 

Ivabradine and 

Atenolol-pretreated 
-0.0276±0.002

A [a] 
0.126±0.004

D [b]
 0.056±0.005

A [a]
 0.142±0.007

D [b]
 

Ivabradine and 

Enalapril-pretreated 
-0.0329±0.003

A [a] 
0.155±0.009

C,D [b]
 0.056±0.003

A [a]
 0.174±0.007

C,D [b]
 

Number of animals = 12 rats in each group. 

Within the same column, values without common superscript capital letters are significantly different (p<0.05). 

Within the same row, values without common superscript small letters are significantly different (p<0.05). 
 

Table 3: The serum level (mean  SE) of CK-MB, cTnI, hs-CRP and NT-proBNP in the different groups: 

Parameter 

Group 
Serum CK-MB 

(ng/ml) 
Serum cTnI 

(ng/ml) 
Serum hs-CRP 

(ng/ml) 
Serum NT-proBNP 

(pg/ml) 

Sham-operated 1.275±0.116
A 

0.339±0.029
A 

1.171±0.053
A 

25±1.745
A 

Control MI 17.910±0.676
B 

4.770±0.174
B 

16.310±0.529
B 

202±6.234
B 

Ivabradine-pretreated 7.300±0.288
C 

2.399±0.218
C 

6.640±0.290
C 

89±4.040
C 

Atenolol-pretreated 3.650±0.273
D,F 

1.330±0.122
D,F 

2.539±0.205
D 

49±2.070
D,F 

Enalapril-pretreated 9.888±0.338
E 

3.061±0.191
E 

8.500±0.296
E 

119±2.815
E 

Ivabradine and atenolol-

pretreated  
2.488±0.147

A,D 
0.951±0.049

A,D 
1.630±0.060

A,D 
39±1.460

A,D 

Ivabradine and enalapril-

pretreated  
5.163±0.209

F
 1.694±0.136

F
 4.430±0.191

F 
63±2.797

F 

Number of animals = 12 rats in each group. 

Within the same column, values without common superscript capital letters are significantly different (p < 0.05) by 

ANOVA. 
 

Table 4: The cardiac tissue levels (mean  SE) of SOD, GSH and Bax in the different groups of 

rats: 
Parameter 

Group 
Tissue SOD 
(U/g tissue) 

Tissue GSH 
(µmol/g tissue) 

Tissue Bax 
(ng/g tissue) 

Sham-operated 7.925±0.319
A 

4.066±0.160
A 

3.743±0.241
A 

Control MI 1.408±0.166
B 

0.742±0.057
B 

26.08±0.952
B 

Ivabradine-pretreated 4.256±0.160
C 

1.747±0.108
C,F 

15.63±0.718
C 

Atenolol-pretreated 5.656±0.156
D,F 

2.630±0.117
D 

9.26±0.621
D 

Enalapril-pretreated 3.140±0.198
E 

1.327±0.0822
C 

19.87±0.845
E 

Ivabradine and atenolol-pretreated  6.320±0.197
D 

3.103±0.103
E 

6.59±0.283
A,D 

Ivabradine and enalapril-pretreated  5.120±0.207
C,F 

2.074±0.088
F 

12.44±0.491
F 

Number of animals = 6 rats in each group. 

Within the same column, values without common superscript capital letters are significantly different (p < 0.05) by 

ANOVA. 
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Table 5: The infarct size (%) of the left ventricle (mean  SE) in rats of the different groups: 

Group 
Infarct size 

(%) 

Sham-operated 0.00
A 

Control MI 54±1.676
B
 

Ivabradine-pretreated 39±1.836
C
 

Atenolol-pretreated 32±1.290
D
 

Enalapril-pretreated 44±1.614
E
 

Ivabradine and Atenolol-pretreated  23±1.675
F
 

Ivabradine and Enalapril-pretreated  37±1.252
C,D

 

Number of animals = 6 rats in each group. 

Within the same column, values without common superscript capital letters are significantly different (p<0.05) by 

ANOVA. 
 

Photo 1: Images of TTC stained cross-section of the rats' hearts showing effects of different treatments on myocardial 

infarct size after ligation of the left anterior descending coronary artery;  Sham: sham-operated group, Control MI: 

untreated MI group, Iva: ivabradine-pretreated group, Aten: atenolol-pretreated group, Enal: enalapril-pretreated 

group, Iva+Aten: ivabradine and atenolol-pretreated group, Iva+Enal: ivabradine and enalapril-pretreated group. 

DISCUSSION 
The present study demonstrated that 

ivabradine possesses cardioprotective effects 

against acute MI induced by persistent 

coronary artery ligation in rats and these 

protective effects are lower than that of 

atenolol and higher than that of enalapril. In 

addition, concomitant administration of 

ivabradine and atenolol provides the best 

cardioprotective effects among pretreated 

groups with induced MI. Although the 

cardioprotective effects of the combination of 

ivabradine and enalapril on the % of infarct 

size of the left ventricle were not significantly 

different from that of ivabradine denoting no 

significant interaction between the two drugs 

on this parameter, the combination 

demonstrated significant beneficial effects on 

many other studied parameters. 

In the present work, the MABP was 

significantly decreased in the control MI 

group in comparison to both the basal value 

(before coronary artery ligation) and that of 

the sham-operated group. These findings are 

in accordance with those obtained by Liu et 

al. 
[22]

, which could be explained by 

development of cardiogenic shock or low 

cardiac output state associated with MI 
[23, 24]

. 

In the present study, pretreatment of rats 

with ivabradine, atenolol, enalapril, 

ivabradine with atenolol and ivabradine with 

enalapril did not significantly reduce the 

MABP in comparison with their baseline 

values. This effect could be attributed the 

ability of these drugs to prevent the 
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development of cardiogenic shock as 

evidenced in the present work by reduction of 

the infarct size % and the positive effect on all 

biochemical markers of myocardial injury. 

Similar findings were reported by Lewis et al.
 

[25]
, Post and Münzel

 [26]
 and Zmudka et al.

 

[27]
. 

The present work reveals that there is 

no interaction between ivabradine and either 

atenolol or enalapril on the MABP. Similar 

results were demonstrated in previous studies 

by Koester et al.
 [28]

 and Tardif et al.
 [29]

. 

In the present study, coronary artery 

ligation caused significant increase in HR of 

rats in the control MI group. Similar findings 

were reported by Heusch and Yoshimoto 
[30]

 

and Indolfi and Ross 
[31]

. This could be 

attributed to the increased activity of the 

adrenergic system by MI which is reflected by 

raised plasma catecholamine concentration 
[32]

. 

In the current study, ivabradine not only 

significantly decreased the HR before 

coronary artery ligation but also decreased 

tachycardia caused by MI. This could be 

explained by blocking of the If current which 

plays a role in spontaneous depolarization of 

the pacemaker cells 
[9]

. As the increase of HR 

after MI could be attributed to the increased 

activity of the adrenergic system 
[32]

 and as f-

channels are directly gated by cAMP
 [12]

, β-

adrenergic stimulation increases cAMP 

concentration in pacemaker cells which 

results in increase of the If current and the 

slope of the diastolic depolarization which 

shortens the diastolic time and accelerates the 

HR. Therefore, direct inhibition of the If 

current by ivabradine appears to be an ideal 

target to induce a selective reduction of 

resting HR as well as of tachycardia mediated 

by an increase in sympathetic tone 
[33]

. 

The present finding that HR reduction 

by ivabradine was not significantly different 

from that of the atenolol agrees with that of 

Christensen et al. 
[34]

 who demonstrated that 

treatment with ivabradine or atenolol reduced 

HR to identical degrees. 

As regard the co-administration of 

ivabradine and atenolol, the results of the 

present study demonstrated significant HR 

reduction in comparison to the effect of each 

drug alone; indicating potentiating effect 

between the two drugs on the HR, which is in 

agreement with the results of Berdeaux 
[35]

. 

Concerning co-administration of 

ivabradine and enalapril, the results of the 

present study revealed no interaction between 

the two drugs on the HR; however, there is a 

lack of data concerning this interaction. 

In the current study, both the ST height 

and T-wave voltage significantly increased in 

the control MI group after coronary artery 

ligation. These findings are in accordance 

with the study by Wang et al. 
[36]

. 

The current study also showed 

significant elevations of serum levels of CK-

MB, cTnI and hs-CRP of the control MI 

group. These findings are consistent with that 

obtained by de Zwaan et al. 
[37]

, Ma et al. 
[38]

 

and Neri et al. 
[39]

. 
The results of the present study 

demonstrated that ST height and T-wave 

voltage in the ivabradine-pretreated group 

was significantly lower than that recorded in 

the control MI group. Also, serum levels of 

CK-MB, hs-CRP and cTnI and infarct size % 

in this group were significantly lower than 

that of the control MI group. These results are 

consistent with that obtained by Dedkov et al.
 

[40]
, Dominguez-Rodriguez et al.

 [41]
, Heusch 

et al.
 [42]

, Monnet et al.
 [43]

 and Vilaine et al. 
[44]

. The mechanism of the cardioprotective 

effect of ivabradine could be self-explained in 

the present study by its significant HR 

reduction, significant decrease of the 

apoptotic factor Bax and significant increase 

of the antioxidant  markers SOD& GSH. 

Fox et al. 
[45]

 reported that HR reduction 

is considered as one of the main therapeutic 

targets in patients with ischemic heart 

diseases. Ceconi et al. 
[46]

 mentioned that 

ivabradine by HR reduction, it improves 

coronary perfusion by increasing diastolic 

perfusion time, improves subendocardial 

perfusion and myocardial regional function 

during ischemia. In addition, it decreases 

myocardial oxygen consumption by reducing 

HR and ventricular wall stress. Ivabradine 

does not unmask α-adrenergic coronary 

vasoconstriction in large epicardial arteries 

during sympathetic activation which 
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preserves myocardial contractility and 

coronary vasodilatation during exercise 
[47, 48]

. 

The present work demonstrated that 

atenolol provides better cardioprotective 

effects against acute MI than ivabradine 

regarding values of serum levels of CK-MB 

hs-CRP and cTnI and infarct size % and these 

findings are in agreement with that of Colin 

et al. 
[47]

. This may be attributed to the fact 

that atenolol produced simultaneous reduction 

of HR and contractility and thus reducing 

stroke volume and cardiac output when 

sympathetic tone increases 
[48]

. 

The present study demonstrated that in 

enalapril-pretreated group, the ST height, 

serum levels of CK-MB and cTnI and infarct 

size % were significantly higher than those of 

the ivabradine-pretreated group. These 

findings are agreed with that obtained by 

Halperin et al.
[49]

 and Prasad et al.
 [50]

. 

As regards ivabradine and atenolol-

pretreated group, the results of the present 

study demonstrated that although the effect of 

this combination on ST height, T-wave 

voltage and serum levels of CK-MB and cTnI 

were significantly lower than that observed 

with ivabradine; it was not significantly 

different from that observed by the atenolol-

pretreated group indicating that no interaction 

between ivabradine and atenolol on these 

parameters. The infarct size % observed with 

this combination was significantly lower than 

that of ivabradine-pretreated and atenolol-

pretreated groups indicating potentiation 

between the two drugs on the infarct size. 

These results are consistent with that 

obtained from previous other short-term 

experimental studies which demonstrated that 

ivabradine and β-blockers possess 

complementary and perhaps even additive 

pharmacological properties linked to their 

common ability to reduce HR 
[42, 47]

. 

As regard the combined pretreatment 

with ivabradine and enalapril, the results of 

the present study demonstrated that ST height 

and T-wave voltage were not significantly 

different from either ivabradine or enalapril 

demonstrating no interaction of the two drugs 

on these parameters. The serum levels of CK-

MB and cTnI in the in this group were 

significantly lower than those observed with 

groups pretreated by either ivabradine or 

enalapril indicating potentiation between the 

two drugs on these parameters. The infarct 

size % of the ivabradine and enalapril-

pretreated group was not significantly 

different from either the ivabradine or 

enalapril group indicating no interaction on 

this parameter. However, no data could be 

found in the available literature concerning 

ivabradine-enalapril interaction. 

The results of the current study 

demonstrated that rats of the control MI group 

show significant elevations of serum levels of 

NT-proBNP, this may be attributed to the 

production of NT-proBNP predominately by 

the cardiac ventricular myocytes at times of 

cardiac stress and damage 
[51]

. The serum 

level of NT-proBNP in the ivabradine-

pretreated group was significantly lower than 

that of the control MI group. This is 

consistent with data obtained by Sarullo et al. 
[52]

 and could be attributed to HR reduction by 

ivabradine reduces ventricular wall stress 

during ischemia 
[47]

. 

Also, the present study demonstrated 

that the serum level of NT-proBNP of rats 

pretreated with a combination of ivabradine 

and atenolol significantly lower than that 

determined in ivabradine-pretreated group. 

However, the effect of this combination was 

not significantly different from that observed 

with atenolol indicating no interaction 

between the two drugs in this marker. 

However, no data could be found in the 

available literatures concerning this effect. 

The results of the present study 

demonstrated that the serum level of NT-

proBNP of rats pretreated with a combination 

of ivabradine and enalapril significantly lower 

than that determined with either ivabradine or 

enalapril. This may be the underlying basis of 

the potentiation between the two drugs in this 

parameter. However, there is a lack of data 

concerning this interaction. 

In the present study, the SOD & GSH 

activity of the control MI group was 

significantly lower than that of the sham-

operated group. Sharma et al. 
[53]

 reported 

that lower SOD activity might be due to an 

excessive formation of superoxide anions. 

Meister 
[54]

 stated that GSH is one of the most 
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abundant non-enzymatic antioxidant present 

in the body. Lil et al.
 [55]

 reported that 

decreased GSH level may be due to its 

enhanced utilization for augmenting the 

activities of glutathione peroxidase (GPx). 

Panda et al.
 [56]

 stated that endogenous 

antioxidants such as SOD and GPx are the 

first line of cellular defense enzymes against 

oxidative injury and are usually depleted in 

conditions associated with oxidative stress. 

The results of the present study 

exhibited that tissue level of SOD & GSH in 

the ivabradine-pretreated group were 

significantly higher than those of the control 

MI group which are in agreement with that 

obtained by Custodis et al. 
[57]

. The 

antioxidant effect of ivabradine was explained 

by Custodis et al. 
[57]

 and Heusch and 

Kleinbongard 
[58]

 as being due to decreased 

activity of reduced nicotinamide adenine 

dinucleotide phosphate (NADPH)-oxidase 

resulting from diminished mechanical shear 

stress by decreasing HR  

The present study demonstrated that 

although the tissue level of SOD in rats 

pretreated with concomitant administration of 

ivabradine and atenolol was significantly 

higher than that of the ivabradine; it was not 

significantly different from that observed with 

atenolol denoting no interaction between the 

two drugs on this marker. On the other hand, 

the tissue level of GSH observed with this 

combination was significantly higher than that 

observed with either ivabradine or atenolol 

indicating potentiation between the two drugs 

on this parameter. However, there is a lack of 

data concerning this interaction. 

The results of the present study 

demonstrated that the tissue levels of SOD & 

GSH in the ivabradine and enalapril-

pretreated group were significantly higher 

than that observed with enalapril; however it 

was not significantly different from that 

observed with ivabradine illustrating that 

there is no interaction between the two drugs 

on these markers. No data could be found in 

the available literatures concerning this effect. 

The results of current study 

demonstrated that the tissue level of Bax 

(apoptosis factor) was significantly higher in 

the control MI group in comparison to the 

sham-operated group. This finding is in line 

with that obtained by Matsushita et al.
 [59]

 

and Miyashita et al.
 [60]

 as they demonstrated 

that apoptosis was associated with a decrease 

in Bcl-2 protein and an increase in the 

expression of Bax. Timmins et al. 
[61]

 

mentioned that during MI the increased 

intracellular Ca
2+

 activates CaMKII. Roe and 

Ren 
[62]

 and Velez Rueda et al. 
[63]

 stated that 

activated CaMKII has been linked to increased 

Bax expression, leading to apoptosis. 

The results of the present study 

demonstrated that the tissue level of Bax in 

the ivabradine-pretreated group was 

significantly lower than that of the control MI 

group. This may be attributed to HR reduction 

and the consequent decrease in the Ca
2+

 

overload. Vaillant et al. 
[64]

 reported that 

ivabradine could limit cardiac alterations 

associated with tachycardia and 

ischemia/reperfusion. Yaniv et al. 
[65]

 

reported that sarcoplasmic reticulum (SR) 

Ca
2+

 load is reduced and spontaneous local 

Ca
2+

 releases from SR via ryanodine receptors 

are suppressed with ivabradine.  

The present study demonstrated that the 

tissue level of Bax in the group of rats 

pretreated with concomitant administration of 

ivabradine and atenolol was significantly 

lower than that of the ivabradine-pretreated 

groups. However, it was not significantly 

different from that observed with atenolol 

indicating no interaction of the combination 

on this marker. No data could be found in the 

available literatures concerning this effect. 

The results of the present work 

demonstrated that the tissue level of Bax in 

the group of rats pretreated with combination 

of ivabradine and enalapril was significantly 

lower than that of either ivabradine or 

enalapril-pretreated groups; which 

demonstrate potentiation between the two 

drugs on this marker. No data could be found 

in the available literatures concerning this 

effect. 

CONCLUSION 

The present study demonstrated that 

ivabradine possesses cardioprotective effects 

against acute MI induced by persistent 

coronary artery ligation in rats as evidenced 

by significant decrease of each of the % of 
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infarct size, ST height, T-wave voltage, CK-

MB, cTnI, hs-CRP and NT-proBNP (the 

markers of cardiac stress and damage). The 

mechanism of the protective effect was 

demonstrated in the present work, at least in 

part, by  decreasing the apoptotic factor Bax 

and increasing the activity of the antioxidant 

markers SOD & GSH. This protective effect 

is lower than that of atenolol; but higher than 

that of enalapril. In the atenolol-pretreated 

group, serum levels of CK-MB, cTnI, hs-CRP 

and NT-proBNP, tissue level of Bax and 

infarct size % were significantly lower than 

those of the ivabradine-pretreated group; also, 

tissue levels of SOD & GSH in animals 

pretreated with atenolol were significantly 

higher than that of the ivabradine-pretreated 

group. 

Serum levels of CK-MB, cTnI, hs-CRP 

and NT-proBNP, tissue level of Bax and 

infarct size % of the enalapril-pretreated 

group were significantly higher than those of 

the ivabradine-pretreated group; also, tissue 

levels of SOD in animals pretreated with 

enalapril were significantly lower than that of 

the ivabradine-pretreated group. 

In addition, concomitant administration 

of ivabradine and atenolol provides the best 

cardioprotective effect among pretreated 

groups as both drugs potentiate each other 

against ischemic insult. Although the 

combination of ivabradine and enalapril on 

the % of infarct size was not significantly 

different from that of ivabradine, they 

potentiate each other on serum levels of CK-

MB, cTnI, hs-CRP and NT-proBNP and 

tissue level of Bax.  

From the results of the present study it 

could be recommended that the use of 

ivabradine in acute MI may be a good 

alternative to β-adrenoceptor blockers when 

these drugs are contraindicated. In addition, 

the use of combinations of ivabradine with β-

adrenoceptor blockers or enalapril in acute MI 

may be recommended. However, further 

experimental and clinical studies are needed 

to confirm these findings. 

Abbreviations 
ACS: acute coronary syndrome; b/m: beats per 

minute; Bax: Bcl-2-associated X protein; CaMKII: 

Ca
2+

/calmodulin-activated protein kinase II; CAD: 

coronary artery disease; CK-MB: Creatine Kinase MB 

isoenzyme; cTnI: Cardiac Troponin-I; CVD: 

cardiovascular disease; ECG: electrocardiogram; 

ELISA: enzyme-linked immunosorbent assay; GSH: 

reduced glutathione; GPx: glutathione peroxidase; HF: 

heart failure; HR: heart rate; hs-CRP: high-sensitivity 

C-reactive protein; MABP: mean arterial blood 

pressure; MI: myocardial infarction; NADPH: reduced 

nicotinamide adenine dinucleotide phosphate; NT-

proBNP: N-terminal pro-brain-type natriuretic 

peptide; SE: standard error of mean; SOD: superoxide 

dismutase; TTC: Triphenyl-Tetrazolium Chloride. 
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