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Abstract 

Background: Growth hormone-releasing peptides (GHRP) have been reported to possess cardioprotective properties; nonetheless, their 
mechanisms of action are still not very clear.  
Objectives: Some studies have suggested that modulation of endothelial nitric oxide synthase (eNOS) and the upregulation of nitric oxide 
(NO) are cardioprotective. Therefore, the present study strived to test the hypothesis that a potent GHRP analog (hexarelin) could 
increase serum nitric oxide level and regulate myocardial eNOS to alleviate the development of heart failure.  
Methods: Myocardial infarction-induced heart failure in rats was established by permanent coronary artery ligation. The sham group, 
control group, and heart failure group all received normal saline (100 µg/kg; SC BID; 30days), while the rats in the hexarelin treatment 
group were treated with hexarelin (100 µg/kg, SC BID, 30 days). The rats were tested for myocardial apoptosis, oxidative stress, left 
ventricular function, various molecular analyses, as well as pathological and structural myocardial changes. 
Results: Hexarelin treatment improved contractile function and attenuated myocardial histopathological damages, oxidative stress, 
fibrosis, as well as apoptosis. All these were accompanied by the upregulation of myocardial eNOS and an increase in serum NO 
concentration. 
Conclusion: As evidenced by the obtained results, the anti-cardiac failure capacity of hexarelin in a rat model is mediated by an increase 
in serum nitric oxide level and the up-modulation of myocardial eNOS; therefore, they can be considered therapeutic targets against heart 
failure. 
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1. Background 

Hexarelin is a hexapeptide belonging to a family of 
non-natural peptides known as growth hormone-
releasing peptides (GHRP) (1). Their numerous 
beneficial cardiovascular functions are mediated by 
intracellular mechanisms and specific receptors quite 
different from those of growth hormone-releasing 
hormones (GHRH) (1). The exertion of those reported 
cardioprotective effects by hexarelin is achieved by 
binding to either cardiac non-growth hormone 
secretagogue receptor CD36 or the growth hormone 
secretagogue receptor-1a (2). Some of the beneficial 
cardiovascular functions of hexarelin include its anti-
atherosclerotic functions (3), suppression of cardiac 
fibrosis (4,5), anti-apoptotic effects (6,7), and cardiac 
output improvement (8-10). 

Myocardial infarction (MI) is still the commonest 
etiology of heart failure in our world today, while 
heart failure continues to be the determining factor in 
poor prognosis following a MI over the past five 
decades (11). Since decades of promotion of 
myocardial repair has been an unsuccessful therapy 
in the fight against heart failure, there is a critical 

need for more different and diverse approaches. 
Various studies suggested that nitric oxide (NO) 

and endothelial nitric oxide synthase (eNOS) perform 
vital roles in cardiovascular health. For instance, 
reduced availability of NO is influential in controlling 
pathophysiological processes, such as myocardial 
dysfunction and remodeling, which can lead to or 
worsen heart failure in patients suffering from MI 
(12) or in experiments involving myocardial ischemia 
(13). The NO is widely known as a rapid and 
reversible inhibitor of mitochondrial respiration and 
oxygen consumption by tissues. Moreover, when the 
production of NO is inhibited, it leads to impaired 
endothelial-dependent vasodilation, augmentation of 
cardiac remodeling (14), a reduction in the 
neovascularization of the myocardium, as well as the 
impairment of cardiac efficiency and perfusion (15).  

On the other hand, eNOS is involved in processes 
related to the regulation of the supply and 
consumption of oxygen in the microcirculation of 
skeletal and cardiac muscles (14). It is capable of 
stimulating angiogenesis and increasing myocardial 
perfusion via vasodilation; therefore, it can be very 
beneficial post-MI (16). In 2001, the experimental 
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findings of a study conducted by Scherrer-Crosbie et 
al. indicated that there was a less pronounced 
myocardial remodeling and left ventricular 
dysfunction in the wild-type mice, as compared to 
much deterioration in myocardial remodeling and left 
ventricular dysfunction in eNOS-deficient mice after 
MI (17). Although hexarelin is a potential therapeutic 
agent against some experimental cardiovascular 
conditions, its mechanisms of action are still not 
clear. 

 

2. Objectives 

Hexarelin administration has once been 
demonstrated to exhibit some cardioprotective 
properties against atherosclerosis in a rat model 
through the modulation of aortic eNOS and serum NO 
(3). Therefore, the current study strived to test the 
hypothesis that hexarelin could regulate serum NO 
level and myocardial eNOS to ameliorate myocardial 
infarction-induced heart failure in rats. 

 

3. Methods 

3.1. Animals and Drugs 
The procedures used in the current study were all 

approved and performed in line with the guidelines 
for care and use of laboratory animals, published by 
the Ministry of Science and Technology of the 
People's Republic of China and the Animal Research 
Ethics Committee of Jinggangshan University. For the 
purpose of the study, 98 10-12 week-old male 
Sprague-Dawley (SD) rats (205-225g) were bought 
from Nanchang University's Laboratory Animal 
Centre, China. Under a 12-h light/dark cycle, the rats 
were kept in a temperature-controlled room 
(22±2°C) and got free access to water and food. 
Hexarelin was obtained from ProSpec (NJ, East 
Brunswick, USA) and dissolved in saline to the 
required concentration prior to its administration in 
our experiment. 

 
3.2. Myocardial infarction-induced heart failure model 
preparation and experimental protocols 

Randomly selected SD rats formed the control 
group (n=19), while the other rats went through 
coronary artery ligation surgery. The rat models of 
heart failure were established by the ligation of  
the left anterior descending coronary artery as 
demonstrated in previous literature (18). In brief, 
after anesthetizing SD rats with an intraperitoneal 
injection (ip) of 10% chloral hydrate (0.3 mL/100 g), 
the ventilation of rats was achieved using a constant-
volume rodent ventilator. The thorax of rats was 
surgically opened, and permanent ligation of the left 
anterior descending coronary artery was carried out 
using a silk suture (7-0) at about 0.3 cm from its 
origin. The presence of an ischemic regional color 
change and an ST-segment elevation on an 

electrocardiogram (ECG) confirmed a successful 
coronary artery ligation surgical procedure. 

Before the closure of muscles and skin, the heart 
was placed in the thoracic cavity and manual air 
evacuation was performed. The randomly selected SD 
rats that formed the sham group (n=19) went 
through a similar surgical procedure with the 
exception of artery ligations. Four weeks post-
surgery, ligated rats that survived underwent a 
random selection and formed the heart failure group 
(HF; n=18) and hexarelin treatment group (HF+Hx; 
n=18). Rats in every group underwent a 30-day 
treatment as follows: HF+Hx rats had hexarelin (100 
µg/ kg, twice a day) subcutaneous injection (19), 
while all rats in the other groups were treated using 
an equal volume of saline. 

 
3.3. Echocardiography 

Upon the completion of 30-day treatment of all 
rats, echocardiography was performed on them by a 
professional echocardiographer blinded to all the rat 
groups. Rats were anesthetized using 10% chloral 
hydrate (0.3 mL/100 g, ip), and M-mode two-
dimensional stable images of the parasternal short- 
and long-axes views were recorded with Philips 
Sonos 7500 echocardiography system using a 12-
MHz transducer. All measured parameters were 
averaged from three consecutive cardiac cycles: the 
left ventricular end-systolic diameter (LVESD), the 
left ventricular end-diastolic diameter (LVEDD), and 
a real-time calculation of left ventricular ejection 
fraction (LVEF). 

 
3.4. Tissue preparation 

After taking all the echocardiographic 
measurements, the hearts of the rats were rapidly 
harvested. Tissues in non-infarcted left ventricular 
regions were cut at the papillary muscle level in 
cross-section. A portion of tissues was frozen using 
liquid nitrogen, stored at -80°C, and later used  
for reverse-transcription quantitative real-time 
polymerase chain reaction (RT-qPCR) and western 
blotting. Other portions were directly fixed in 10% 
phosphate-buffered formalin, dehydrated, and 
embedded in paraffin. Rat blood samples were 
centrifuged at 1500 g for 10 min at 4°C and then 
stored at -80°C. 

 
3.5. Hematoxylin and eosin (H&E) staining of cardiac 
tissues 

Some 4-µm slices of tissue samples embedded 
with paraffin wax were heated using an incubator 
and underwent dewaxing and H&E staining. Sample 
slices from each group were assessed by a pathologist 
blinded to all the rat groups and scored them with 
respect to the following parameters: acute cell death 
or myocardial necrosis, degeneration of cardiac 
muscles, neutrophil infiltration, and hemorrhage. 
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3.6. Hoechst 33258 staining for assessment of cell 
apoptosis 

Dewaxed 4-µm slices of tissue samples embedded 
with paraffin wax underwent staining with Hoechst 
33258 stain in cautious adherence to the 
manufacturer's manual. Slide observation was 
performed with an Olympus fluorescence microscope, 
and Image-Pro Plus (version 6.0) was used for the 
evaluation of apoptosis. 

 
3.7. Masson's trichrome staining for the assessment of 
cardiac fibrosis 

4-µm sections of paraffin wax-embedded tissues 
were heated using a 60°C incubator and underwent 
dewaxing and then Masson's trichrome dye staining. 
The images of heart sections were then captured  
with an Olympus DM4000 light microscope. The 
interstitial fibrosis area of the left ventricle 
(Interstitial fibrotic area of LV=collagen area in 
LV/total LV area) was evaluated with an imaging 
software (Image-Pro Plus 6.0). 

 
3.8. Assessment of myocardial malondialdehyde (MDA) 
level and superoxide dismutase (SOD) activity level  

After preparing homogenates from rat cardiac 
muscle tissue samples, levels of myocardial 
malondialdehyde (MDA) and superoxide dismutase 
(SOD) activity were assessed with kits from Nanjing 
Jiancheng Institute of Bioengineering and strict 
adherence to the manufacturer's instructions. 

 
3.9. Immunohistochemistry  

Myocardial tissue samples were prepared for 
immunohistochemical analysis of caspase-3, Bcl-2, 
and Bax proteins. In summary, 4-µm tissue sections 
fixed with formalin and embedded with paraffin wax 
underwent deparaffinization and rehydration before 
rinsing three times in phosphate-buffered saline 
(PBS). The activities of endogenous peroxidases were 
blocked by a 15-min incubation at 37°C with 3% 
hydrogen peroxide before being washed three times 
in PBS. Incubation of sections at 37°C for 30 min in 
goat serum was conducted for blockage of 
nonspecific binding, followed by washing three times 
in PBS.  

The antibodies used in the incubation of tissue 
sections at 37°C for 30 min were as follows: 
Caspase-3 (1:50; 19677-1-AP) and anti-Bax (1:20; 
50599-2-Ig) antibodies bought from Proteintech Co. 
(IL, Chicago, USA), and anti-Bcl-2 antibody (1:50; 
AF6139) obtained from Affinity Biosciences 
(Cambridge, UK). Thereafter, washing was 
performed using PBS. Sections were incubated for 
20 min using a biotinylated goat anti-rabbit 
secondary antibody and for 15 min at 37°C using a 
conjugated working solution of streptavidin-
horseradish peroxidase (HRP), followed by washing 
again in PBS. The reactions were developed by 
incubating with 3, 3'-diaminobenzene (DAB) for 5 

min and counterstaining with Mayer's hematoxylin 
for 30 sec. The slides were mounted under a light 
microscope after rinsing and dehydration. Density 
analysis of the images was performed using imaging 
software (Image-Pro Plus 6.0). 

 
3.10. Reverse-transcription quantitative real-time 
polymerase chain reaction (RT-qPCR)  

TRIzol reagent was used in extracting total RNA 
from cardiac tissues before the utilization of the 
Prime Script Rt Reagent Kit, supplied by Takara-
China for their reverse transcription into cDNA by 
strictly following the manufacturer's manual. The 
following primers obtained from Sangon Biological 
Engineering Technology Co. (Shanghai-China) were 
used: β-actin, forward: 5'-GAGGCTCTCTTCCAG 
CCTTC-3', reverse: 5'- AGGGTGTAAAA-CGCAGCTCA-
3'; eNOS, forward: 5'-ATGGCGAAGCGTGTGAAG-3', 
reverse: 5'- ATTGTGGCTCGGGTGGAT-3'; procollagen-
I, forward: 5'-TGCCGTGACCT-CAAGATGTG-3', reverse: 
5'-CACAAGCGTGCTGTAGGTGA-3'; iNOS, forward: 5'-
AGAAGTCCAGCCGCACCAC-3', reverse: 5'-TGGTTGC 
CTGGGAAAATCC-3' and TGFβ-1, forward: 5'-
AAGAAGTCACCCGCGTGCTA-3', reverse: 5'-TGTGT-
GATGTCTTTGGTTTTGTCA-3'. SYBR Premix Ex Taq 
(Takara Bio Inc) was used in the RT-qPCR 
quantification of gene expression. The normalization 
of interested gene expressions was performed with 
β-actin expression serving as the control. The 2-ΔΔCt 
method was used for the calculation of relative gene 
expression. 

 
3.11. Western blot analysis  

Myocardial tissue-extracted proteins separated  
in SDS-poly-acrylamide gel were transferred 
electrophoretically onto a poly-vinylidene fluoride 
membrane, blocked using nonfat milk (5%), and 
underwent an overnight incubation at a temperature 
of 4°C with primary-antibodies for cleaved caspase-3 
(9664; 1:1000) obtained from Cell Signalling 
Technology (Danvers, USA), BNP (DF6902; 1:500) 
bought from Affinity Biosciences (Cambridge, UK), 
and β-Actin (AF0003; 1:1000) bought from Beyotime 
(Jiangsu, China). Finally, after incubation with HRP-
conjugated secondary-antibody, immuno-reactive 
bands were detected using a chemiluminescence kit. 

 
3.12. Serum nitrite level determination by 
spectrophotometry 

The primary oxidation products of NO are nitrite 
and nitrate due to the reaction of NO with oxygen; 
therefore, the total concentration of serum nitrite and 
nitrate was used as a biomarker of total NO 
synthesized. A series of reactions involving the initial 
enzymatic reduction of serum nitrate to nitrite before 
measuring total serum nitrite level as an indicator of 
NO synthesis was achieved by using NO kit purchased 
from JingmeiBioTech Co. Ltd, Beijing, China, in close 
adherence to the manufacturer's protocol. Total 
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serum nitrite concentration for each sample was 
evaluated by measuring the optical density of each 
sample at 530 nm (OD530) and comparing it with the 
OD530 of a standard nitrite calibration curve. 

 
3.13. Statistical analysis  

Experimental data were expressed as 
mean±standard deviation (SD). Statistical analysis 
was performed in SPSS software (version 24.0). 
Assessment of the statistical significance of the 
differences between the various groups was achieved 
by using one-way-analysis-of-variance (ANOVA) or 
Welch's method, followed by LSD post-hoc test when 
appropriate. A p-value less than 0.05 was considered 
statistically significant. 

 

4. Results 

4.1. Hexarelin improves left ventricular function in MI-
induced heart failure rats 

There was a significantly increased LVEDD and 
LVESD (P< 0.05) with a significantly decreased (P< 
0.05) LVEF in rats in the HF group (Figure 1a, 1b, and 
1c), compared to the Ctrl group rats, indicating 
diastolic and systolic function impairment, as well as 
a decline in cardiac contractile function. Meanwhile, 
HF rats treated with hexarelin had a significant 
decrease in LVESD and LVEDD (P< 0.05) with a 
significantly (P< 0.05) elevated LVEF (Figure 1a, 1b, 
and 1c), in comparison with the rats in the HF group. 

This finding signified that hexarelin attenuated 
myocardial remodeling and improved myocardial 
contractile function in MI-induced cardiac failure 
rats.  

 
4.2. Effect of Hexarelin on the levels of myocardial 
malondialdehyde and superoxide dismutase activity 

As displayed in Figure 1d and 1e, SOD activity 
significantly decreased (P< 0.05), while MDA content 
significantly increased (P< 0.05) in the HF group, 
compared with that in the Ctrl group. Hexarelin 
administration yielded opposite results by 
significantly (P< 0.05) reversing of down-regulation 
and up-regulation of SOD activity and MDA content, 
respectively. 

 
4.3. Hexarelin attenuated myocardial pathological and 
structural changes in MI-induced heart failure rats 

As displayed in Figure 2a, compared to the Ctrl 
group, the myocardial tissues of HF group rats had 
severe pathological changes and structural damages, 
such as the rupturing and fragmentation of the 
myocardium, the loss of cross striations of 
myocardial fibers, loss of myocardial cells, as well as 
severe inflammatory cell infiltration. There was a 
clear improvement or attenuation in all the 
aforementioned myocardial pathological and 
structural changes as observed in hexarelin treated 
rats, compared with HF rats without hexarelin 
treatment. 

 

 

Figure 1. Results of echocardiography (a, b, c) demonstrating the effect of hexarelin on Myocardial infarction (MI) -induced heart 
failure (HF) rats with regards to: (a) left ventricular end-systolic diameter, (b) left ventricular ejection fraction, and (c) left 
ventricular end-diastolic diameter,  Anti-oxidative effects of Hexarelin on MI-induced HF rats concerning (d) superoxide dismutase 
(SOD) and (e) malondialdehyde (MDA), All data were expressed as mean±SD (n=6). *P<0.05 in comparison with the control group; 
#P<0.05 compared to the HF group 
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4.4. Amelioration of myocardial fibrosis and collagen 
deposition by hexarelin in MI-induced heart failure rats 

The images of Masson's trichrome-stained cardiac 
sections are depicted in Figure 2b with blue and red 
colors, indicating collagen fibers and normal cardiac 
tissues, respectively. Compared to the Ctrl group, 
collagen deposition was markedly elevated in HF 
group rats (P<0.05); however, it was significantly 
attenuated in HF rats treated with hexarelin, 
compared to that in HF group rats without hexarelin 
treatment. Moreover, LV interstitial fibrosis area (P< 
0.05), which is a measure of interstitial fibrosis levels 
in various groups as shown in Figure 2c, confirmed 
and showed a trend very similar to that of collagen 
deposition described above. 

 
4.5. Hexarelin down-regulates cardiac fibrosis-related 
biomarkers in MI-induced heart failure rats 

RT-qPCR results (Figure 2d and 2e) indicated that 
procollagen-I and TGF-β1 mRNA expressions in the 
myocardia of HF group rats were markedly (P<0.05) 
up-regulated, in comparison with that of the Ctrl 
group rats, pointing to a sharp rise in myocardial 
fibrosis level of the HF group. Nevertheless, it was 
realized that there was a significant drop in the levels 
of procollagen-I and TGF-β1 gene expressions in the 
myocardia of HF rats treated with hexarelin, 
compared to that in HF group rats without hexarelin 

treatment (P<0.05). 
 

4.6. Hoechst Dye Staining and immunohistochemical 
assessment of apoptosis-related biomarkers 

As presented in Figure 3a and 3b, the population 
of cardiomyocyte nuclei showing apoptotic features, 
such as condensation and induced fragmentation of 
cardiomyocyte nuclei revealed as a bright 
fluorescence signal, increased significantly in HF rats, 
in comparison with Ctrl group rats (P<0.05). 
Nonetheless, these apoptotic features were markedly 
reduced in HF+Hx rats, in comparison with HF rats 
(P< 0.05). Our immunohistochemistry results (Figure 
4a and 4d) suggested that Bax protein expression 
level in HF group rats increased significantly 
(P<0.05), compared to the Ctrl group.  

However, treatment with hexarelin markedly 
(P<0.05) inhibited the rise in Bax protein expression 
level by comparing the HF+Hx group with the HF rats. 
On the contrary, Bcl-2 protein expression level 
(Figure 4b and 4e) in HF rats significantly reduced, in 
comparison with the Ctrl group (P<0.05). 
Nonetheless, hexarelin treated rats had a significant 
up-regulation in Bcl-2 expression, compared to the 
HF rats without hexarelin treatment (P<0.05). In 
addition, a capase-3 protein expression level (Figure 
4c and 4f) showed a similar trend with that of Bax 
protein expression. 

 

 

Figure 2. (a) Haematoxylin and eosin stained left ventricular sections. (b) Masson’s trichrome stained left ventricular sections. (c) Left 
ventricular interstitial fibrosis area quantitation. (d, e) RT-qPCR analysis of TGF-β1 and Procollagen I. Data expressed as mean ± SD (n 
= 6). *P<0.05 compared with the Ctrl group; #P<0.05 compared with the HF group 
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Figure 3. (a) Hoechst stained left ventricular sections showing hexarelin’s anti-apoptotic effects. (b) Relative apoptotic index. All data 
expressed as mean ± SD (n = 6). *P<0.05 compared with the Ctrl group; #P<0.05 compared with the HF group 

 
4.7. Western blot results of brain natriuretic peptide 
and Cleaved caspase-3 proteins 

As illustrated in Figure 5a, b, and c, the levels of 

brain natriuretic peptide (BNP) and cleaved caspase-3 
protein expressions which are myocardial 
remodeling and apoptosis indicators, respectively,  

 

 

Figure 4. (a, d) Immunohistochemistry results and relative integral optical density (IOD) quantitative analysis of Bax. (b, e) 
Immunohistochemistry results and relative IOD quantitative analysis of Bcl-2. (c, f) Immunohistochemistry results and relative 
IOD quantitative analysis of Caspase-3. All data expressed as mean ± SD (n = 6). *P<0.05 compared with the Ctrl group; #P<0.05 
compared with the HF group 
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Figure 5. (a, b, c) Representative western blot and quantitative analysis of BNP and Cleaved caspase-3. (d, e) RT-qPCR analyses of 
eNOS and iNOS. (f) Serum nitrite concentrations in the Ctrl, Sham, HF+Hx and HF groups. All data expressed as mean ± SD (n = 6). 
*P<0.05 compared with the Ctrl group; #P<0.05 compared with the HF group 

 
were all significantly elevated in the HF group, in 
comparison with those in Ctrl group rats (P< 0.05). 
There was a marked decrease (P< 0.05) in BNP and 
cleaved caspase-3 levels in the myocardia of HF rats 
treated with hexarelin, compared to that in HF group 
rats without hexarelin treatment. 

 
4.8. Effect of hexarelin on myocardial eNOS and iNOS in 
MI-induced heart failure rats 

Based on the results of RT-qPCR (Figure 5d and 
5e), eNOS mRNA and iNOS mRNA expressions in HF 
group rats significantly decreased and increased, 
respectively (P< 0.05), in comparison with the Ctrl 
and sham groups. Nonetheless, there was a 
significant elevation of eNOS gene expression and a 
significant decrease in iNOS gene expression in the 
myocardia of HF rats treated with hexarelin, 
compared to that in HF group rats without hexarelin 
treatment (P< 0.05). 

 
4.9. Effect of hexarelin on serum NO in MI-induced 
heart failure rats 

Serum nitrite level, which is a reflection of total 
serum NO synthesized, was investigated in the 
present study. The obtained results (Figure 5f) 
indicated that serum nitrite concentration in HF 
group rats decreased significantly (P<0.05), in 
comparison with the Ctrl and sham groups. However, 
there was a significant elevation of serum nitrite 
concentration in HF rats treated with hexarelin, 

compared to that in HF group rats without hexarelin 
treatment (P<0.05). 

 

5. Discussion 

The results of the present research strongly 
indicated that the enhancement of myocardial eNOS 
and serum NO mediated by hexarelin played a 
beneficial role in significant improvements in cardiac 
function and other positive cardioprotective 
properties against oxidative stress, apoptosis, cardiac 
hypertrophy, and cardiac fibrosis in the setting of MI-
induced heart failure. This study also suggested that 
the attenuation of eNOS mRNA and NO 
bioavailability, accompanied by iNOS mRNA 
upregulation, contributed to cardiac dysfunction and 
cardiac failure progression in rats induced by 
coronary artery ligation. 

The presence of eNOS in the cardiomyocyte and 
endothelium of the heart is known to be an important 
regulator of NO since it is mainly involved in the 
constitutive production of NO by its catalytic action 
on substrate L-arginine. The NO is a molecule serving 
in protection against numerous pathological 
cardiovascular conditions (20-22). For instance, a 
deficiency in vascular NO level is well known to cause 
endothelial dysfunction (23) which is a pathological 
condition strongly associated with post-MI-induced 
heart failure (24,25). 

Consistent with the results of the present 
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research, numerous studies provided evidence 
concerning a severe reduction in NO bioavailability in 
patients with heart failure (13,26-28) and 
experimental MI conditions (12,29,30). Moreover, 
various mechanisms have been reported to 
contribute to the pathophysiological etiology of heart 
failure due to attenuated eNOS and NO levels, and a 
conspicuous factor among them is oxidative stress. 
Reduced NO bioavailability observed in heart failure 
is accompanied by an elevation in reactive oxygen 
species, such as superoxide anion, and a depleted 
antioxidant defensive reserve in the heart (30,31), 
leading to oxidative stress injury. Multiple studies 
have pointed out that NO is capable of abrogating 
calcium overload and oxidative injury in the 
mitochondrion, as well as attenuating superoxide 
anion synthesis (32-34). Therefore, the preservation 
of NO levels, together with its eNOS regulator, is vital 
in the protection of the heart after ischemic 
conditions, such as MI. In addition, unchecked 
production of reactive oxygen species due to the lack 
of adequate antioxidant reserves, such as superoxide 
dismutase (SOD) enzymes promotes NO scavenging 
and the consequent reduction in its bioavailability 
(30). It explains why the reduction of SOD activity in 
MI-induced heart failure group rats was accompanied 
by decreased serum NO levels and an increase in the 
level of MDA which is a lipid peroxidation marker 
(35) and evidence of myocardial damage caused by 
oxidative stress in rats with heart failure. Pang et al. 
demonstrated that hexarelin exerts cardioprotective 
properties against atherosclerosis which is another 
cause of heart failure post-MI by the upregulation of 
eNOS mRNA and serum NO (3). The findings of the 
current study also indicated that hexarelin is capable 
of enhancing the bioavailability of eNOS and NO to 
ameliorate cardiac oxidative stress by both 
upregulating myocardial eNOS and inhibiting the 
possible inactivation of NO by radicals. 

The cellular components of the heart, such  
as cardiomyocytes, endothelia, and myocardial 
microvasculature smooth muscles, all express iNOS in 
response to inflammatory cytokines (36,37). 
Moreover, oxidative stress post-MI has been reported 
to be involved in the stimulation of iNOS production 
(38). Several reports indicated that heart failure 
patients show elevated iNOS in their myocardium 
(39-41). In line with this background, myocardial 
iNOS was significantly increased in post-MI-induced 
heart failure rats in the present study. Inflammatory 
cytokines are upregulated in rats with MI (42) or 
heart failure patients (43,44). Since the results of the 
current study indicated oxidative stress injury and 
H&E results demonstrated evidence of increased 
inflammation in MI-induced heart failure rats, 
inflammatory cytokines and oxidative stress could be 
possible causes of myocardial iNOS elevation in the 
present study.  

Several pathophysiological events leading to 

cardiac dysfunction and remodeling take place after 
MI-induced heart failure which further deteriorates 
to cause death (45-48). Feng et al. proved that 
increased myocardial iNOS mRNA level post-MI leads 
to cardiac contractile function impairment or 
dysfunction, resulting in heart failure (49). A study 
carried out by Scherrer-Crosbie et al. used coronary 
artery ligation-induced MI in mice to investigate the 
involvement of eNOS in cardiac remodeling and LV 
dysfunction. In their experiment, there was a marked 
LV remodeling and dysfunction in eNOS-deficient 
mice, compared to normal control mice (17).  

To buttress the role of eNOS in cardiac 
dysfunction and remodeling, Jones et al. also 
demonstrated that the overexpression of eNOS 
results in the attenuation of LV dysfunction to 
ameliorate heart failure in mice (50). Furthermore, 
NO is involved in the modulation of events that 
contribute to LV performance (51-53) and inhibition 
of excessive cardiomyocyte hypertrophy (54,55).In 
agreement with the aforementioned studies, 
myocardial iNOS was increased, while myocardial 
eNOS and serum NO levels were significantly 
decreased in heart failure rats in the present study, 
leading to significant diastolic and systolic function 
impairment, as well as a decline in cardiac contractile 
function.  

Increases in LVEDD, LVESD, and myocardial BNP 
protein levels in rats with heart failure all indicated 
cardiac enlargement or hypertrophic remodeling. It 
has been reported that hexarelin is capable of 
improving cardiac contractile function in infarcted 
hearts of rats (56) and inhibiting cardiac hypertrophy 
(7). Moreover, the results of the current research 
pointed out that hexarelin is cardioprotective by 
upregulating eNOS (3), as well as due to its anti-
oxidative and anti-inflammatory properties. 
Therefore, hexarelin is capable of improving cardiac 
contractile function and inhibiting cardiac 
hypertrophic remodeling by the upregulation of 
myocardial eNOS and serum NO, as well as the 
inhibition of myocardial iNOS as confirmed by the 
results of the present study. Since hexarelin 
treatment of rats with heart failure increased serum 
NO levels, accompanied by an elevation in myocardial 
eNOS expression and a decrease in iNOS expression, 
it can be concluded that hexarelin may upregulate NO 
bioavailability by eNOS upmodulation.  

Cardiac fibrosis, characterized by an excessive 
cardiac interstitial extracellular matrix (ECM) protein 
accumulation, is strongly related to pathological 
cardiac remodeling which progresses to cause heart 
failure (57,58). An increase in ECM is caused by 
several factors, such as TGF-β1, which stimulate 
cardiac and renal fibrosis (59). Procollagen is a 
precursor of collagen, a major ECM component of the 
myocardium; moreover, it has been implicated in the 
etiology of cardiac fibrosis and heart failure (60-62). 
Various reports demonstrated that NO limits the 
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myocardial deposition of ECM to attenuate cardiac 
fibrosis (54,55,63). Moreover, eNOS genes have been 
found to be anti-fibrotic in rats with MI (64). In the 
present study, it was observed that hexarelin 
exhibited anti-cardiac fibrotic properties by limiting 
the degree of interstitial fibrotic areas of 
myocardium, accompanied by a reduction in the 
mRNA of TGF-β1 and procollagen-1. These results 
agree with the notion that the upregulation of eNOS 
and NO as observed in the present study in response 
to hexarelin treatment, limits cardiac fibrosis and, 
therefore, ameliorates heart failure. 

Earlier reports have indicated that eNOS-derived 
NO inhibits cardiomyocyte apoptosis, playing an 
important role in protection against heart failure 
(65,66). For instance, Smith et al. proved that 
apoptosis and necrosis are inhibited after 
incorporating a human eNOS gene into cardiac 
muscles of rats in an experimental MI study (65). 
Furthermore, since eNOS or eNOS-derived NO is 
involved in the stimulation of angiogenesis in 
ischemic tissues (16,67), it might help in 
compensating for a high demand for oxygen post-MI 
to limit cardiac cell death. The eNOS upregulation 
also induces apoptosis as reported by Hu et al. who 
demonstrated that cardiomyocyte apoptosis 
associated with iNOS induction in heart failure rats 
was reversed by selective inhibition of iNOS 
expression (68).  

In addition, the interaction between NO and anti-
apoptotic factor Bcl-2 or pro-apoptotic factors, such 
as caspase-3 and Bax, has been elucidated as an 
explanation to the apoptotic-inhibitory effects of NO 
(69,70). In the present study, immunohistochemical 
and Western Blot results showed that a decrease in 
anti-apoptotic Bcl-2, as well as an increase in pro-
apoptotic caspase-3 and Bax expressions, in rats with 
heart failure was substantially reversed by hexarelin 
administration. These findings were also consistent 
with the H&E and Hoechst staining results of the 
present study.  

In addition, even though hexarelin has been 
shown to be anti-apoptotic in some cardiovascular 
conditions (6,7,71), the results of the current 
research shed some new light on this notion pointing 
to the association of the anti-apoptotic effect of 
hexarelin with the upregulation of eNOS expression 
or NO bioavailability and the inhibition of iNOS 
expression in MI-induced heart failure rat models. To 
even provide more mechanistic insights into 
eNOS/NO-mediated cardioprotection by hexarelin in 
MI-induced heart failure rats, the use of genetic 
ablation of eNOS genes can be incorporated in future 
studies to further investigate whether all these 
cardioprotective properties of hexarelin will be 
abrogated. Furthermore, although the present study 
was designed to assess whether myocardial eNOS 
and serum NO could be regulated by hexarelin to 
exhibit cardioprotective effects against failing hearts 

in rats, it is believed the quality of data can  
be improved in future studies by designing 
investigations revealing more explicit mechanisms of 
how hexarelin stimulates eNOS/NO production. 

 

6. Conclusion 

As evidenced by the results of the present study, 
the anti-cardiac failure capacity of hexarelin through 
its preservation of cardiac function, as well as its anti-
oxidative, anti-apoptotic, and anti-cardiac remodeling 
properties, in MI-induced heart failure rat model is 
mediated by the up-modulation of myocardial eNOS 
expression and serum NO bioavailability; therefore, 
they can be considered therapeutic targets against 
heart failure. 
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