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Abstract

Melatonin, an emphatic endogenous molecule exerts protective effects either via activation of G-

protein coupled receptors (Melatonin receptors, MTR 1–3), tumor necrosis factor receptor 

(TNFR), toll like receptors (TLRS), nuclear receptors (NRS) or by directly scavenging the free 

radicals. MTRs are extensively expressed in the heart as well as in the coronary vasculature. 

Accumulating evidences have indicated the existence of a strong correlation between reduction in 

the circulating level of melatonin and precipitation of heart attack. Apparently, melatonin exhibits 

cardioprotective effects via modulating inextricably interlinked pathways including modulation of 

mitochondrial metabolism, mitochondrial permeability transition pore formation, nitric oxide 

release, autophagy, generation of inflammatory cytokines, regulation of calcium transporters, 

reactive oxygen species, glycosaminoglycans, collagen accumulation, and regulation of apoptosis. 

Convincingly, this review shall describe the various signaling pathways involved in salvaging the 

heart against ischemia-reperfusion injury.
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1. Introduction

Cardiovascular disorders (CVDs) are the leading cause of mortality among various 

individuals across the globe (Mc Namara and Jackson, 2019). Although, various 

revascularization techniques have come into existence to tackle conditions like infarction, 

yet most of the interventions themselves predispose the individuals to myocardial 

reperfusion injury. Collectively, prolonged ischemia in situations identical to infarction and 

thereafter reperfusion result in ischemia-reperfusion injury (IRI) (Han et al., 2019). Hence, 

the development of an emphatic treatment strategy for alleviating cardiovascular disorders is 

the need of the hour. Apparently, the exogenous delivery of drugs has somehow achieved the 

desired effects but also have a lot of shortcomings. For instance, the delivery of angiotensin-
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converting enzyme inhibitors/bradykinin in patients undergoing cardiac surgery may 

increase the incidence of adverse events including hypotension or cough in the patients 

(Rouleau et al., 2008; Wei et al., 2004). Therefore, to overcome the current situation it is 

essential to test the substances that exist endogenously in our system. Among them, 

melatonin has drawn considerable attention due to its innate anti-oxidant potential 

(Mukherjee et al., 2010; Yang et al., 2019). In fact, melatonin is undergoing various clinical 

trials for alleviating cardiac surgery-induced IRI (Gogenur et al., 2014; Green et al., 2014; 

Shafiei et al., 2018).

Melatonin is a neurohormone that plays predominant role in maintaining circadian rhythm 

(CR) in the body (Lochner et al., 2018). A plethora of studies have shown its anti-oxidant 

activity (Mukherjee et al., 2015; Yang et al., 2019; Aslan et al., 2020) and is also known to 

mitigate IRI in a variety of organs including heart, brain, liver, kidney (Yeung et al., 2015; 

Yu et al., 2017b; Aslan et al., 2020), lungs, intestine (Lochner et al., 2018). Cumulating 

preclinical and clinical evidence has indicated the protective role of melatonin in modulating 

hypertension (Simko et al., 2018), pulmonary hypertension, heart failure (Hung et al., 2017; 

Wang et al., 2018), atherosclerosis (Dominguez-Rodriguez et al., 2005), arrhythmia and IRI 

(Shafiei et al., 2018), (Aslan et al., 2020). In fact, the melatonin-dependent cardioprotective 

effects against functional disorders including arrhythmia are possibly mediated due to its 

ability to modulate oxidative stress (Szarszoi et al., 2001; Dobsak et al., 2003; Diez et al., 

2009) as free radicals significantly contribute to the precipitation of reperfusion-induced 

arrhythmias (Vazan et al., 2005). Melatonin is known to exhibit cytoprotective effects either 

via activation of G-protein coupled membrane receptors (GPRCs), (Han et al., 2019), tumor 

necrosis factor receptor (TNFR), toll like receptors (TLRs) (Nduhirabandi et al., 2016) or 

nuclear retinoic acid receptor-related orphan receptors (RORs) (He et al., 2016). Apart from 

this, melatonin can also exert receptor independent effects due to its innate ability to 

scavenge free radicals (Mukherjee et al., 2010; Yang et al., 2019). Our review shall describe 

the role of melatonin in reducing cardiac IRI and the possible signaling pathways involved in 

eliciting melatonin-dependent cardioprotection.

1.1. Physiological role of melatonin in the heart

The CR of an individual is maintained by the pineal hormone which is very sensitive to 

light. The sympathetic nervous system plays pivotal role in controlling the synthesis and 

release of this hormone in synchronization with the light and dark cycle (Sun et al., 2016). 

Apart from the pineal gland, melatonin is also produced by other organs including the heart. 

After biosynthesis, melatonin is instantaneously released into the circulatory system and 

outreaches various biological fluids including cerebrospinal fluid (Jiki et al., 2018). 

Melatonin receptors (MTRs) are exclusively expressed in the ventricles, aorta, coronary 

arteries and endothelial cells of cardiovascular system which has made them potential targets 

for treating CVDs (Zhou et al., 2018). Melatonin possesses the ability to scavenge free 

radicals and also induces the expression of antioxidant enzymes (superoxide dismutase 

(SOD) and glutathione peroxidase (GPx)) and nuclear factor-erythroid-2 (NF-E2)-related 

factor 2 (Nrf2) to produce indirect antioxidant effects Mukherjee et al. (2015); (Yu et al., 

2018). It has been reported that physiological concentration of melatonin is important in 

reducing the oxidative damage and the level of inflammatory mediators in the heart (Sahna 
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et al., 2002). Owing to its high hydrophilicity and high lipophilicity, melatonin crosses the 

cell and nuclear membrane easily and exerts its antioxidant effects in the cytoplasm and 

nucleus as well (Fu et al., 2020). Besides this, melatonin protects the cardiomyocytes by 

preserving mitochondrial energy metabolism, structure of mitochondria, stabilizes the 

mitochondrial membrane potential and inhibits the mitochondrial apoptosis (Fu et al., 2020).

2. Clinical reports

Melatonin, a hormone, is not only responsible for maintaining CR but is also known to 

confer protection to the heart against sustained IRI (Lochner et al., 2006). Ample reports 

have shed light on the existence of reciprocal relationship between reduced circulating levels 

of melatonin and increased incidence of acute cardiovascular event such as heart attack 

(Dominguez-Rodriguez et al., 2005), (Dwaich et al., 2016; McMullan et al., 2017). Acute 

myocardial infarction (MI) is associated with a nocturnal serum melatonin deficit as well as 

increased oxidative stress in patients, suggesting that melatonin is partly depleted during the 

dark phase, which can scavenge the free radicals formed during acute MI (Domínguez-

Rodríguez et al., 2002). Patients suffering from MI show high levels of oxidized LDL but 

lower level of circulating melatonin. This also corroborates the existence of a reciprocal 

relationship between heart attack and melatonin levels in the serum (Dominguez-Rodriguez 

et al., 2005). This is further supported by the fact that elevation in the pre-operative plasma 

levels of melatonin lead to a decline in the markers of injury and inflammation (Intercellular 

adhesin molecule 1, Interleukin (IL)-8, Troponin I (TnI)) of IRI. Zaslavskaia et al. reported 

that melatonin treatment for twenty days produced remarkable anti-ischemic as well as anti-

anginal effect and normalized the increased oxidative stress in the individuals suffering from 

CVDs. Owing to the anti-ischemic action of melatonin the authors proposed that melatonin 

can be used either as a monotherapy or as a supplementary drug for the treatment of 

cardiovascular diseases including hypertension (Zaslavskaia et al., 2010). McMullan et al. 

also reported that the individuals suffering from CVDs were found to have significantly 

lower melatonin levels at night. After analyzing a total of 209 cases of fatal and non-fatal 

myocardial infarction among women, the authors found that reduced melatonin secretion 

was linked with a more risk of myocardial infarction in women with high body mass index 

(McMullan et al., 2017). Interestingly, it was found that melatonin supplementation 

remarkably reduced myocardial IRI associated with coronary artery bypass graft surgery in a 

total of forty five patients by improving the ejection fraction and reducing cardiac TnI, 

IL-1β, and caspase-3 enzyme in the plasma. This indicated that melatonin can attenuate 

cardiac surgery associated IRI (Dwaich et al., 2016). Apart from this, acute MI and dilated 

cardiomyopathy patients also had lower circulating melatonin levels in comparison to the 

control subjects that could be correlated with myocardial injury and cardiac output in dilated 

cardiomyopathy patients (Misaka et al., 2019). On the contrary, few authors have reported 

that intravenous or intracoronary melatonin administration prior to undergoing primary 

percutaneous coronary intervention/revascularization failed to improve the myocardial 

salvage index in patients with ST segment elevation myocardial infarction (Ekelof et al., 

2016), (Dominguez-Rodriguez et al., 2017).
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3. Research findings

There have been numerous studies indicating the protective role of melatonin in rodent 

model of ischemic heart disease as well as supplementation benefits in human 

cardiovascular health (Szarszoi et al., 2001; Sun et al., 2016; Yu et al., 2018; Han et al., 

2019). Owing to the ability to scavenge free radicals, melatonin can curb the oxidative 

damage of various key molecules as well as reduce apoptosis of the cells subjected to 

sustained ischemia and subsequent reperfusion (Kashimoto et al., 1999; Dobsak et al., 

2003). Previous studies have indicated that MI remarkably increases the synthesis of 

melatonin in the pineal gland indicating the pivotal role of endogenous melatonin in 

shielding the heart against MI. Also, the expression of melatonin-1 and melatonin-2 

receptors (MTR1 and MTR2) was up-regulated in the heart after inducing MI (Sallinen et 

al., 2007). The possible signaling pathways involved in mediating the protective effects are:

3.1. Glycosaminoglycans and collagen

Glycosaminoglycans and collagen are components of extra-cellular matrix and are key 

players of wound healing (Drobnik et al., 2008, 2011). Melatonin administration reduced the 

level of glycosaminoglycan within the scar but caused an increase in glycosaminoglycan 

content in the myofibroblast cultures. Apparently, the reduction in glycosaminoglycan 

content could not be correlated to direct action of the hormone on the myofibroblasts 

enclosing the infarction scar; the authors hypothesized that the changes in 

glycosaminoglycan content might be via an indirect action including changes in regulatory 

process or reduced inflammatory reaction in the infarcted area (Drobnik et al., 2011). 

Interestingly, Drobnik et al. reported that melatonin administration to pinealectomized rats 

increased the expression of α1 (I) as well as α1 (III) procollagen genes. But, melatonin did 

not influence the expression of collagen gene in cultured myofibroblasts (Drobnik et al., 

2010). Seemingly, Ciosek and Drobnik reported the crucial role of melatonin in modulating 

hypothalamo-neurohypophysial system in infarcted rat hearts. Infarcted rats had 

considerably higher levels of vasopressin and oxytocin in the plasma. But, melatonin limited 

the release of these neurohormones in the rats. In pinealectomized rats, myocardial 

infarction inhibited vasopressin secretion but augmented oxytocin release. However, 

substitution with melatonin in the pinealectomized rats inhibited oxytocin secretion and 

stimulated vasopressin release (Ciosek and Drobnik, 2012). A previous study indicated that 

melatonin administration to the rats augmented accumulation of collagen in the heart scar. 

Melatonin treatment also raised accumulation of collagen in the cultured myofibroblasts. 

Melatonin-dependent increase in collagen content in the infarcted heart may possibly 

improve the tensile strength of the scar and retard the development of associated 

complications (Drobnik et al., 2008, 2013a). It has also been reported that melatonin 

administration raised glycosaminoglycan content remote to the infarcted area of the heart 

(fibroblasts) and in the fibroblast culture to improve the mechanics in the heart and these 

effects were abolished in the presence of luzindole (MT1 and MT2 membrane receptor 

blockers) (Drobnik et al., 2013b).
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3.2. Vasodilation

Nitric oxide (NO) appears to attenuate IRI due to its inherent vasodilatory effect and its 

ability to reduce neutrophil infiltration (Genade et al., 2008). Genade and co-workers 

explored the potential of melatonin to exert the anti-adrenergic effects on isolated perfused 

rat hearts. Melatonin remarkably reduced both forskolin and isoproterenol induced cAMP 

production and these effects were abolished in the presence of luzindole, L-NAME (nitric 

oxide synthase inhibitor) and ODQ (a guanylyl cyclase inhibitor). Melatonin-dependent 

cardioprotective effects were accompanied with PKB/AKT activation and reduced activation 

of p-38 mitogen-activated protein kinases (p38MAPK) (the pro-apoptotic kinase) during 

early reperfusion. This indicates that melatonin-dependent anti-adrenergic effects are elicited 

via activation of NOS and guanylyl cyclase (Genade et al., 2008).

Intrauterine growth restriction (IUGR) is characterized with impairment of cardiac function 

in children and is even associated with short as well as long-term ailments. Tare et al. found 

that antenatal melatonin treatment significantly reduced infarct size in single umbilical 

artery ligated fetuses subjected to sustained IRI. Melatonin pretreatment considerably 

enhanced fetal oxygenation, contractile function and coronary flow. Melatonin treatment 

restored endothelium-dependent NO bioavailability and reduced the stiffening of the 

coronary arteries subjected to IUGR. Even in the presence of L-NAME, melatonin exposure 

led to indomethacin (COX-inhibitor) sensitive vasodilation possibly mediated via production 

of prostanoids (Tare et al., 2014). It has been also demonstrated that melatonin 

administration in the chick embryo commencing at 13th day of incubation improved cardiac 

systolic function, cardiac contractility and endothelial function. This was possibly due to 

reduction in oxidative stress, and restoration of expression of vascular endothelial growth 

factor, and ultimately increased NO bioavailability (Itani et al., 2016). Altogether, this 

indicates that NO plays a vital role in modulating IRI due to its vasodilatory action such that 

it reduces endothelial dysfunction (Fig. 1).

3.3. Role of melatonin in proliferation, apoptosis and cytoprotection

3.3.1. AMPK-PGC1α-SIRT3/SIRT-1—Silent information regulator 1 (SIRT-1), a 

member of sirtuin protein family is NAD dependent histone deacetylase which protects the 

heart against IRI by reducing stress-induced apoptosis via modulating the expression of pro-

survival and pro-apoptotic molecules (Han et al., 2017). Another member of sirtuin family 

protein, SIRT-3 is a major mitochondrial protein deacetylase that considerably reduces 

apoptosis and necrosis in the heart upon stimulation (Yu et al., 2017b). Yu et al. reported that 

type 1 diabetes significantly down-regulated AMPK phosphorylation and decreased the 

expression of peroxisome proliferator-activated receptor-γ coactivator (PGC-1α), SIRT3 

and SOD2 in the myocardium and made them more susceptible to myocardial injury. 

However, melatonin treatment attenuated IRI in type 1 diabetic rats by augmenting 

mitochondrial SOD activity, ATP production and oxidative phosphorylation complex (II, III 

and IV), decreasing myocardial apoptosis, mitochondrial malondialdehyde (MDA) and 

H2O2 generation. Also, melatonin increased AMPK phosphorylation, increased PGC-1α, 

SIRT3, SOD2, NRF1 and mitochondrial transcription factor A (TFAM) expressions which 

are known to provide beneficial effects to heart during stressful conditions. However, these 

effects were abrogated in the presence of Compound C (a specific AMPK signaling 
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blocker). Apart from this, it was seen that SIRT3 siRNA transfection in the cells blunted the 

protective effects of melatonin without altering ratio of p-AMPK/AMPK and PGC-1α 
expression. Altogether, it was found that melatonin improved the myocardial function in 

diabetic rat hearts via reducing mitochondrial oxidative stress and increasing its biogenesis 

via modulating AMPK-PGC1α-SIRT3 signaling (Yu et al., 2017b).

Also, melatonin elicited cardioprotective effects in the isolated rat hearts in terms of 

improving functional contractility, reducing infarct size, apoptotic index, serum CK and 

LDH release, up-regulating the expression of SIRT1, Bcl-2 (anti-apoptotic protein) and 

down-regulating the expression of apoptotic markers Bax, caspase-3 and cleaved caspase-3. 

Melatonin treatment also resulted in the reduction of myocardial superoxide generation, 

gp91-phox expression, MDA level, and increased myocardium SOD level, which indicate 

that the IRI-induced oxidative stress was significantly attenuated. However, these protective 

effects were blocked by EX527 (SIRT-1 inhibitor) or luzindole, indicating that SIRT1 

signaling and MTR may be specifically involved in these effects (Yu et al., 2014). Han et al. 

reported the protective effect of melatonin on adipose-derived mesenchymal stem cells in 

promoting the survival of these cells in the infarcted heart. In-vivo and in-vitro study 

revealed that melatonin markedly reduced inflammation, oxidative stress, and apoptosis in 

the infarcted heart. Melatonin treatment led to enhancement of SIRT-1 signaling, which was 

associated with the increase in the expression of Bcl-2, and reduction in the expression of 

Ac-FoxO 1 (Forkhead box protein), Ac-p53 (tumor suppressor protein), Ac–NF–ΚB, and 

Bax (pro-apoptotic protein). Hence, melatonin played a vital role in bolstering adipose-

derived mesenchymal stem cell therapy for the protection against MI possibly via enhancing 

the survival of these through SIRT-1 signaling (Han et al., 2016) (Fig. 2).

3.3.2. RISK pathway, SERCA, ERK1—Various authors have reported the role 

activation of reperfusion injury salvage kinase (RISK), survivor activating factor 

enhancement (SAFE) pathway and the interplay between them in mediating melatonin-

dependent cytoprotective effects (Nduhirabandi et al., 2014). Nduhirabandi et al. reported 

that chronic melatonin treatment for three/six weeks to high calorie fed rats considerably 

reduced infarct size when subjected to sustained IRI. The protective effect was possibly due 

to increased myocardial STAT-3, PKB/AKT, ERK42/44 and GSK-3β phosphorylation at the 

time of reperfusion. Thus, melatonin administration to obese or insulin resistant rats 

decreased insulin resistance and provided protection against myocardial IRI via modulating 

AkKT/ERK/STAT signaling (Nduhirabandi et al., 2014).

It is manifested that short-term activation of TLR signaling also exhibits cardioprotective 

responses against IRI (Topkara et al., 2011). The authors have shown that melatonin 

administration led to reduction in myocardial infarct size and this protection was ameliorated 

in the presence of TAK242 (TLR4 signaling inhibitor). Melatonin treatment facilitated the 

pre-ischemic activation of STAT3 in the mitochondria that was abolished with TAK242. 

Moreover, stimulation of TLR4 using lipopolysaccharide reduced myocardial infarct size in 

the wild hearts but could not provide protection in TNFR2α -deficient or cardiomyocyte-

specific STAT3 knock-out mice hearts. This indicated that melatonin provides 

cardioprotection via activation of TLR4 which subsequently stimulate the SAFE pathway 

(Nduhirabandi et al., 2016). Lamont and co-workers reported that red wine supplementation 
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reduced the infarct size in rats and mice that was reversed in the presence of luzindole. 

However, red wine or melatonin administration did not protect TNFR2 deficient or 

cardiomyocyte specific signal transducer and activator of transcription 3 (STAT3) knock-out 

mice. This indicated that the melatonin present in red wine confers cardioprotection against 

IRI via activation of MTR and modulation of TNF-α and STAT3, the main players of the 

SAFE pathway (Lamont et al., 2011, 2015) (Fig. 1).

Prolonged ischemia and subsequent reperfusion (30 min left coronary artery ischemia 

followed by 120 min reperfusion) significantly increased heart-to-body weight ratio, 

ventricular hypertrophy and hematocrit value in chronically hypoxic rats. MDA level, LDH 

release and infarct size of the isolated hearts were significantly elevated in the vehicle-

treated hypoxic rats but not in the melatonin-treated rats. Also, IRI remarkably increased the 

resting calcium levels and induced calcium overload in the cardiomyocytes. Moreover, there 

was significant decline in the sarcoendoplasmic reticulum (SR) calcium content, reduction in 

amplitude and decay time of calcium transients indicating impairment in contractility and re-

uptake of SR calcium. Apart from this, calcium handling proteins SR-Ca2+ ATPase 

(SERCA) were markedly reduced in the hypoxic rat hearts. However, melatonin treatment 

significantly preserved SERCA expression and improved the handling of Ca2+ ions. Thus, 

melatonin exerted cardioprotective action against chronic hypoxia-induced myocardial 

injury via preserving the expression of calcium handling proteins in SR of cardiomyocytes 

(Yeung et al., 2008). Nduhirabandi et al. reported that melatonin treatment decreased the 

gain in body weight, visceral adiposity, insulin, triglyceride levels and thiobarbituric acid 

reactive substances in high calorie-induced diabetic rats. Also, melatonin reduced the infarct 

size and improved the functional recovery of high calorie-induced diabetic rat hearts. The 

hearts from melatonin-treated rats had increased activation of PKB/AKT, ERK42/44 but 

reduced activation of p38 MAPK at the time of reperfusion. Thus, chronic treatment with 

melatonin prevented the development of metabolic abnormalities induced by high calorie 

diet and shielded the heart against IRI (Nduhirabandi et al., 2011). Hu et al. reported that in-
vitro melatonin administration led to protective effects against hypoxia/reoxygenation injury 

in cardiomyocytes via ERK1 activation. However, the beneficial effects were significantly 

abrogated in the presence of PD98059 (ERK1 inhibitor). Further, the authors have shown 

that melatonin treatment inhibited cardiomyocyte apoptosis and improved actin filament 

organization in the cardiomyocytes even when exposed to hypoxia-reoxygenation that was 

reversed by PD98059. Apart from this, melatonin reduced calcium overload, IP3R 

expression but promoted SERCA2a expression via ERK1 pathway in cardiomyocytes 

against hypoxia-reoxygenation and these effects were reversed by PD98059. Therefore, 

melatonin-dependent cardioprotection against IRI is partly mediated via modulating IP3R 

and SERCA2a in order to maintain calcium homeostasis intracellularly via activation of 

ERK1 (Hu et al., 2018). Kong et al. also reported that melatonin administration significantly 

reduced the calcium overload-induced increase in infarct size, caspase-3 release, LDH 

release and Cyt c levels (Kong et al., 2017).

3.3.3. JAK/STAT3 pathway—Lan et al. reported that transplantation of rat hearts pre-

treated with melatonin significantly reduced myocardial edema when evaluated on the basis 

of water content and wet/dry ratio. It was accompanied by reduction in inflammation in 

Randhawa and Gupta Page 7

Eur J Pharmacol. Author manuscript; available in PMC 2021 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



terms of decline in matrix metalloproteinase-9, IL-6, and TNF-α. Apart from this, oxidative 

stress was also reduced in terms of levels of MDA, cytochrome C (Cyt-C), activity of SOD 

and GPx, and expression of Nrf2 and NQO1. Myocardial apoptosis was also reduced in 

terms of increase in Bcl-2, decrease in bax and cleaved caspase-3. Furthermore, the 

involvement of JAK2/STAT3 signaling pathway was assessed by determining the levels of 

phosphorylated-JAK2 and phosphorylated-STAT3. However, it was seen that the protective 

effects were abolished in the presence of AG490 (JAK2/STAT3 inhibitor). This indicated 

that melatonin induced cardioprotective effects via the activation of the JAK2/STAT3 

signaling system (Lan et al., 2019).

It has also been reported that melatonin provides protective effect in isolated rat hearts in 

terms of improvement in heart function, reduction in infarct size, apoptosis, LDH release, 

up-regulation of Bcl 2, and downregulation of Bax. However, these effects were abolished in 

the presence of AG490 and JAK2 silencing. Also, mitochondrial redox potential was 

preserved, SOD activity was increased, and mitochondrial hydrogen peroxide and MDA was 

decreased in the presence of melatonin. This indicated that melatonin pretreatment can 

ameliorate IRI by curtailing the mitochondrial oxidative damage via stimulating JAK2/

STAT3 signaling pathway (Yang et al., 2013). Yu and co-workers reported that in-vivo as 

well as in-vitro melatonin treatment decreased myocardial apoptosis, oxidative stress and 

restored cardiac function. Also, melatonin administration enhanced phosphorylation of AKT, 

GSK-3β, ERK1/2 and STAT3 and decreased PERK-eIF2α-ATF4-dependent endoplasmic 

reticulum stress (ER stress). However, these effects were abrogated in the presence of 

LY294002 (AKTinhibitor), U0126 (ERK inhibitor) or AG490 (JAK inhibitor). Moreover, 

LY294002 and U0126 treatment ameliorated STAT3 phosphorylation while AG490 

administration also decreased AKT and ERK1/2 phosphorylation indicating the existence of 

intercommunication between RISK and SAFE pathways in melatonin dependent 

cardioprotective effect. Thus, melatonin treatment reduced PERK/eIF2α/ATF4-mediated 

stress in the ER and apoptosis during myocardial IRI via enhancing intercommunication 

between RISK and SAFE pathways (Yu et al., 2016) (Fig. 1).

3.3.4. Notch1/Hes1/Akt signaling, ER stress—Previous studies in H9C2 

cardiomyocytes as well as in isolated rat hearts showed that melatonin can give protection 

during ischemic conditions through inhibition of apoptosis and limitation of oxidative 

damage via modulation of Notch and Enhancer of split (HES) signaling (Yu et al., 2017a; 

Han et al., 2019). The Notch system actively participates in modulating cell proliferation as 

well as apoptosis in various tissues via cross-talking with inflammatory cytokines and 

growth factors (Yu et al., 2017a). Hes is one of the fundamental Notch targets’ which plays a 

critical role in cardiovascular signaling when subjected to prolonged ischemia and 

subsequent reperfusion (Wiese et al., 2010; Yu et al., 2017a; Han et al., 2019). It was 

reported that melatonin treatment increased the expression of Notch1, Notch intracellular 

domain (N1ICD), Hes1, pAkt/Akt ratio, Bcl-2 and reduced the expression of phosphatase 

and tensin homolog (PTEN), Bax (pro-apoptotic protein), and caspase-3 both in vivo and in 
vitro. However, melatonin-dependent protection was abolished in the presence of DAPT 

(Notch1 signaling inhibitor), luzindole (non-selective melatonin membrane receptor 

antagonist), as well as by knockdown of Notch1 and Hes1 using siRNA. Another study 
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suggested that PTEN/AKT signaling pathway, a downstream target of Notch signaling plays 

important role in melatonin mediated cardioprotective effects (Yu et al., 2015). In 

accordance with the above study, melatonin treatment significantly reduced myocardial IRI 

via enhancing Notch1/HES1/AKT signaling and salvaged the intracellular thioredoxin 

system by up-regulating Notch1, N1ICD, Hes1, and p-AKT expressions, increasing 

thioredoxin activity, and down-regulating thioredoxin-interacting protein expression. 

However, these protective effects were abolished in the presence of luzindole, DAPT (a γ-

secretase inhibitor), or LY294002 (a PI3-kinase/AKT inhibitor) indicating the involvement 

of MTRs and AKT signaling in mediating the protective effects. It was found that 

thioredoxin-interacting protein overexpression decreased thioredoxin activity as well as the 

cytoprotective effect of melatonin. In fact, inefficient Notch1 signaling exaggerated 

myocardial injury in acute hyperglycemic state. This indicated that melatonin treatment 

could overcome sustained IRI by restoring thioredoxin activity and reducing thioredoxin-

interacting protein expression via enhancing Notch1/Hes1/AKT signaling (Yu et al., 2017a).

Recently, Han and co-workers reported that melatonin exhibits protective effects against IRI 

via activation of myocardial MTRs using in-vivo and in-vitro models. The authors used 

various approaches including MT1, MT2 gene silencing in-vivo, in-vitro MT1, MT2 

overexpression to reveal the receptor that was responsible for providing cardioprotective 

effects. It was seen that MT-2, but not MT-1, was essentially up-regulated after myocardial 

IRI. Mechanistically, melatonin pretreatment reduced myocardial oxidative and nitrative 

stress, ER stress, mitochondrial injury, and myocardial apoptosis by increasing Notch 1, 

HES1 expression. These beneficial activities were absent in MT2-silenced heart. Apart from 

this, adeno-associated virus 9 mediated cardiomyocyte-specific overexpression of MT2 

reduced myocardial injury. Thus, melatonin administration protected the primary 

cardiomyocytes against IRI via modulating melatonin/Notch1/Hes1 signaling (Han et al., 

2019) (Fig. 2).

3.4. Mitochondria

3.4.1. Fusion/fission (AMPK/OPA-1)—Earlier studies have reported that melatonin 

regulates mitochondrial fusion/fission event through optic atrophy-1 protein expression 

(OPA-1). OPA-1 regulates mitochondrial fusion and mitophagy to maintain mitochondrial 

homeostasis under stressful conditions (Knowlton and Liu, 2015). It has been reported that 

cardiac IRI induces apoptosis and represses OPA-1 related mitochondrial fusion and 

mitophagy (Zhang et al., 2019). However, melatonin treatment lead to stabilization of OPA-1 

and improved in vivo myocardial function as well as in vitro cardiomyocyte survival (Zhang 

et al., 2019). Cardiac-specific knockout of OPA-1 abrogated the favorable effects of 

melatonin on cardiomyocyte viability and mitochondrial homeostasis both in-vivo and in-
vitro indicating that these protective effects were highly dependent on OPA-1-related 

mitochondrial fusion and mitophagy (Zhang et al., 2019). Apart from this, the authors have 

brought into notice that melatonin modulates OPA-1 stabilization through AMPK signaling, 

as blockade of AMPK signaling suppressed OPA-1 expression and the subsequent 

cardioprotective effects of melatonin. This suggests that melatonin exerts cardioprotective 

action against IRI via activating AMPK signaling and subsequent OPA-1 related 

mitochondrial fusion/mitophagy (Zhang et al., 2019). In corroboration with the above study, 
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Ma and Dong reported that IRI curbed the mitochondrial fusion which is utmost necessary 

to sustain mitochondrial homeostasis (Ma et al., 2018a,b). Further, the authors have also 

shown that melatonin provides cardioprotection through Yap-Hippo pathway by regulating 

the expression of OPA-1 and Yap proteins and mitochondrial fusion (Ma and Dong, 2019).

3.4.2. Mitophagy (KH2/PINK1/parkin pathway)—The binding of hexokinase-2 

(HK2) to the heart mitochondria is associated with ensuing resistance against reperfusion 

injury. It is believed that during ischemia, HK2 dissociates from heart mitochondria, and the 

degree of this dissociation is interrelated with the size of infarct after reperfusion (Halestrap 

et al., 2015). Evidently, PINK1/Parkin-mediated mitophagy ceases the buildup of 

mitochondrial products that are toxic in nature and can result in cell death (Zhou et al., 

2017). Zhou et al. explored the role of melatonin in providing cardioprotective effects via 

preventing the stimulation of PINK1/Parkin-mediated mitophagy as melatonin 

administration markedly reduced infarction, improved cardiac function, blood flow, and 

microcirculation perfusion defects. Melatonin treatment reduced the unbroken endothelial 

barrier, augmented endothelial nitric oxide synthase (NOS) expression, reduced 

inflammatory cell infiltration, and endothelial damage in the cardiac microcirculation 

endothelial cells. However, the beneficial effects of melatonin on microvasculature were 

abrogated in AMP-activated protein kinase α (AMPKα) deficient mice. In-vitro study 

revealed that IRI stimulates dynamin-related protein 1 (Drp-1)-dependent mitochondrial 

fission which causes voltage-dependent anion channel 1 (VDAC1) oligomerization, 

disassociation of HK2, opening of mitochondrial permeability transition pore (MPTP), up-

regulation of PINK1/Parkin, and mitophagy-mediated death of cardiac microcirculation 

endothelial cells. But, melatonin treatment improved cardiac microcirculation endothelial 

cell survival via activating AMPKα, down-regulating phosphorylated-Drp1S616 and up-

regulating phosphorylated-Drp1S637, which dampened Drp 1-induced mitochondrial fission. 

Furthermore, melatonin treatment suppressed mitochondrial fission by reducing VDAC1 

oligomerization, inducing tight coupling of HK2 on the mitochondria such that it prevented 

MPTP opening, activation of PINK1/Parkin and eventually blocked mitophagy-mediated 

cellular death (Zhou et al., 2017) (Fig. 2).

3.4.3. Tom70 (mitochondrial ROS, mitochondrial injury)—The translocases of 

mitochondrial outer membrane (TOM) complex is a gate for permitting the entry of all 

mitochondrial pre-proteins and is known to exhibit cardioprotective effects (Pei et al., 2017). 

Pei and co-workers reported that sustained ischemia or hypoxia significantly reduced Tom70 

expression in the cardiomyocytes. Furthermore, it was seen that Tom70 knock down 

exaggerated the myocardial injury and was associated with increased mitochondrial 

fragmentation and ROS formation. But, Tom70 overexpression ameliorated myocardial 

injury and restored mitochondrial integrity and reduced ROS production. Melatonin 

treatment increased the expression of PGC-1α and Tom70 expression in the ischemic 

myocardium that was significantly abrogated in the presence of luzindole. Also, it was seen 

that melatonin treatment failed to provide protective effects in the Tom70 deficient mice 

indicating their potential role in mediating cytoprotective effects via protecting 

mitochondrial integrity and reducing subsequent ROS generation (Pei et al., 2017) (Fig. 2).
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3.4.4. ATP-sensitive potassium channels/Ca2+-dependent K+-channel—
Activation of ATP-sensitive potassium channels (KATPs) and Ca2+-dependent K+-channels 

(KCas) play prominent role in modulating IRI (Bentzen et al., 2009; Aggarwal et al., 2017). 

KCas are highly sensitive to alterations in intracellular calcium or voltage variations in the 

membrane and play pivotal role in preserving the vascular tone (Bentzen et al., 2009). 

Stroethoff et al. explored the role of ramelteon (MTR agonist, a clinically approved drug for 

insomnia) in reducing the acute infarct size by drug-induced postconditioning. It was found 

that treatment with melatonin and ramelteon at the beginning of reperfusion remarkably 

reduced the infarct size. However, the cardioprotective effects were significantly abolished 

in the presence of luzindole (MTR antagonist). This possibly indicated that ramelteon 

postconditioning induced cardioprotection via activation of MRs (Stroethoff et al., 2018a). 

The same group of authors found that ramelteon dependent cardioprotective effects were 

abrogated in the presence of paxilline (KCa inhibitor), 5-hydroxydecanoate (mitochondrial 

KATP inhibitor), and luzindole (MR antagonist). This indicated that ramelteon produced 

cardioprotective effects via stimulating MRs and subsequent activation of mitochondrial 

KATP and KCa (Stroethoff et al., 2018b) (Figs. 1 and 2).

3.4.5. MPTP, cardiolipin peroxidation—The level of oxidative stress and 

inflammatory cytokines play an essential role in determining the fate of the cell after IRI. It 

is manifested that sustained accumulation of free radicals in the mitochondria can alter the 

metabolic pathway and make it more susceptible to mitochondrial permeability transition 

pore (MPTP) formation (Neri et al., 2015). Petrosillo et al. reported that melatonin treatment 

remarkably reduced the infarct size, LDH release and improved the functional recovery of 

hearts subjected to Langendorff heart reperfusion. Also, it was seen that the mitochondria 

which was isolated from melatonin-treated hearts had higher resistance to Ca2+ and was less 

sensitive to MPTP opening. Moreover, melatonin treatment prevented NAD+ release, 

cytochrome c (Cyt c) release from the mitochondria and IR-induced cardiolipin oxidation. 

Thus, melatonin protects the heart against IRI via inhibiting cardiolipin peroxidation and 

subsequently MPTP opening (Petrosillo et al., 2009). The same group of authors explored 

the role of aging (24 months old rats) in increasing the vulnerability of the hearts to IRI. The 

authors have shown that aging was accompanied with increased Ca2+-mediated MPTP 

opening, augmented release of Cyt c and oxidation of cardiolipin in comparison to the young 

animals (5 months old). However, melatonin treatment remarkably counteracted these 

deleterious effects. It was hypothesized that the augmented level of oxidized cardiolipin was 

possibly responsible for increasing the susceptibility to Ca2+-dependent MPTP opening and 

increased Cyt c release in the aged rat heart mitochondria. Altogether, melatonin treatment 

probably prevented the oxidation/depletion of cardiolipin to prevent subsequent opening of 

MPTP and Cyt c release (Petrosillo et al., 2010).

3.5. Autophagy (AMPK/mTOR)

Autophagy is a vital process that is responsible for removing the dysfunctional proteins as 

well as organelles and holds utmost importance in maintaining the normal structure and 

functioning of the heart (Wu et al., 2019). Chen et al. evaluated the effects of melatonin 

against IRI using in-vivo rat model and in-vitro neonatal cardiac microvascular endothelial 

cells. The authors found that in vivo melatonin pretreatment reduced the infarcted area, LDH 
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release and improved the cardiac function to a large extent. However, melatonin-dependent 

beneficial effects against IRI were abolished in the presence of the AICAR (AMPK 

activator) and rapamycin (mTOR inhibitor). Furthermore, in vitro melatonin administration 

also increased the cell viability and reduced LDH release. Besides, melatonin treatment 

down-regulated beclin 1 and light chain 3-II (LC3-II) protein expression. Also, there was 

marked reduction in the formation of autophagosomes. This indicated that melatonin exerted 

protective effects in cardiac microvascular endothelial cells probably by inhibiting 

autophagy via the AMPK/mTOR pathway (Chen et al., 2018) (Fig. 1).

3.6. Oxidative stress (Nrf2; RIP3/MLK/Ca2+-calmodulin-dependent protein kinase II)

Increased oxidative stress is one of the main offenders for causing IRI-induced cellular 

dysfunction and ultimately death. Anti-oxidants are the chemicals which possess the ability 

to reduce tissue damage via keeping a check on the amount of reactive oxygen species 

(ROS) produced in a tissue (Zhou et al., 2018). Various authors have explored the anti-

oxidant potential of melatonin to overcome the damage in the heart due the generation of 

free radicals (Mukherjee et al., 2015), (Yeung et al., 2015). He et al. investigated the role of 

retinoic acid receptor-related orphan receptor α (RORα) in reducing myocardial injury (He 

et al., 2016). The authors revealed that knock-out of this receptor significantly increased 

myocardial IRI in terms of increased MI, apoptosis, ER stress, oxidative stress and 

deteriorated contractile function. Nevertheless, overexpression of RORα in the 

cardiomyocytes made the cells less vulnerable to myocardial IRI. Thus, activation of this 

nuclear MTR can provide protection against cardiac IRI (He et al., 2016).

Nrf2 and haem oxygenase-1 (HO-1) signaling plays an imperative role in monitoring the 

cellular homeostasis in response to IR induced oxidative stress (Wang et al., 2016). Being a 

transcriptional factor, Nrf2 monitors the expression of various antioxidant genes and 

enzymes that are exclusively expressed in the cardiovascular system (Wang et al., 2016). Yu 

and co-workers reported that melatonin treatment shielded the cardiac function and 

decreased oxidative damage and myocardial apoptosis in diabetic rats. In addition, it was 

found that melatonin treatment augmented intracellular cGMP level, Protein Kinase G-1α 
(PKGIα) expression, p-VASP/VASP (vasodilator-stimulated phosphoprotein) ratio, MAPK 

signaling and myocardial Nrf2-HO-1 signaling. However, these effects were abolished in the 

presence of KT5823 (a selective inhibitor of PKG) or PKGIα siRNA. Moreover, the in-vitro 
study indicated that luzindole or 4P-PDOT (a selective MT2 receptor antagonist) abrogated 

the cytoprotective effect of melatonin. Also, luzindole and 4P-PDOT ameliorated the 

stimulatory action of melatonin on cGMP-PKGIα, MAPK signaling and its modulatory 

effect on Nrf2/HO-1 signaling. This study indicated that melatonin blunted diabetic IRI via 

activation of MT2 receptors and subsequent modulation of Nrf2-HO-1 and MAPK signaling 

to decrease myocardial apoptosis, oxidative stress and stabilize cardiac function (Yu et al., 

2018) (Fig. 1).

Interestingly, Zhang and co-workers reported that exposure to ischemia and reperfusion not 

only led to significant increase in apoptosis and oxidative stress, but also enhanced Nrf2 

expression within H9C2 cells. However, treatment with melatonin partially reversed the 

oxidative stress, apoptosis and promoted nuclear translocation of Nrf2. Also, it was found 
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that Nrf2 gene silencing prohibited the beneficial effects of melatonin on H9C2 cells on 

being subjected to ischemia-reperfusion. This indicated that melatonin possibly protects 

H9C2 cells against IRI via decreasing apoptosis and oxidative stress through activation of 

the Nrf2 signaling pathway (Zhang et al., 2018). Further, Chen et al. reported that the 

cardioprotective effect of melatonin is not because of GPx-1 activity. It was seen that 

melatonin exhibited cardioprotection in GPx-1 deficient mice. There was considerable 

improvement in left ventricular end-diastolic pressure and significant decrease in infarct size 

as well as (LDH) release in the melatonin-treated GPx-1 deficient hearts (Chen et al., 2009). 

In contrast to the above reports, Schaefer et al. reported that addition of melatonin to 

physiological solution containing histidine-ketoglutarate-tryptophan attenuated the post-

ischemic ROS burst but failed to improve the contractile dysfunction in the heart during 

reperfusion (Schaefer et al., 2019).

3.6.1. LDH release—Mukherjee and co-workers reported that treatment of rats with 

isoproterenol led to myocardial injury in terms of alteration in the activity of mitochondrial 

enzymes responsible for regulating to energy metabolism, increase in the level of oxidative 

stress, augmentation in level of the proteins regulating the progression of apoptosis 

(Mukherjee et al., 2010, 2012), upraise in the level of inflammatory markers, neutrophil 

infiltration (Patel et al., 2010). Also, changes were observed in the ECG pattern, including 

ST-segment elevation. Melatonin treatment considerably reduced the leakage of LDH, and 

cardio-specific LDH1 (cardiac injury biomarker) (Mukherjee et al., 2012), creatine kinase-

MB, aspartate transaminase, alanine transaminase; increased glutathione content and 

decreased tissue lipid peroxidation in the rat hearts (Patel et al., 2010). Also, melatonin 

treatment improved morphology of the cardiac tissue as well as functioning of the heart 

(Mukherjee et al., 2010, 2012). There have been reports that administration of Neu-p11, 

melatonin agonist significantly decreased the levels of creatine kinase (CK), LDH in the 

cells indicating the preservation of cell membrane permeability (Yu et al., 2014). This 

indicates that melatonin-dependent cardioprotective effects were exhibited due to its ability 

to scavenge free radicals and reduction in the oxidative stress.

3.6.2. SOD activity, MDA levels—Liu et al. reported that melatonin treatment 

abrogated myocardial apoptosis (by increasing Bcl-2 vs Bax expression), shielded the 

structural integrity of mitochondria in myocardial cells, enhanced ATP synthesis, GSH levels 

and decreased mitochondrial MDA and Ca2+ in the rat hearts subjected to sustained 

ischemic insult. Apart from this, melatonin promoted the functional recovery after the 

ischemic insult owing to its anti-oxidant activity (Liu et al., 2014). In fact, Neu-11, a 

melatonin agonist also exerted protective effects against hypoxia-reoxygenation injury in 

H9C2 myocardial cells through inhibition of cellular refractivity and apoptosis of 

myocardial cells. Also, SOD level was increased and MDA level was decreased in the cells 

which resulted in reduced lipid peroxidation and protection of mitochondria against IRI (Yu 

et al., 2014). In corroboration with the above study, Mukherjee and co-workers reported that 

in-vitro administration of melatonin protected the cardiac mitochondria against 

isoproterenol-induced cardiac injury in terms of restoration of succinate dehydrogenase 

activity in the mitochondria as well as other enzymes of the Kreb’s cycle and the respiratory 

chain. Also, melatonin lowered the oxidative stress and restored the mitochondrial 
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membrane potential (Mukherjee et al., 2015). Liu et al. reported that melatonin 

administration down-regulated the expression of porimin (preoncosis protein), reduced the 

infarct size, and enhanced cell NAD+ content to provide myocardial protection by inhibiting 

MPTP opening and subsequent production of ROS (Liu et al., 2015).

Interestingly, Yeung et al. explored the role of melatonin in reducing obstructive sleep apnea 

(OSA)-induced mortality (Yeung et al., 2015). Obstructive sleep apnea is often accompanied 

with chronic intermittent hypoxia such that it causes mortality in patients suffering from 

ischemic heart disease (Yeung et al., 2015). Yeung et al. reported that melatonin 

administration reduced the systolic blood pressure, heart weight, and MDA levels, infarct 

size in rats after being subjected to chronic intermittent hypoxia (28 weeks) to mimic OSA. 

There was considerable decline in the expression of inflammatory mediators (TNF-α, IL-6, 

and COX-2) and fibrotic proteins (PC1 and TGF-β) after melatonin administration. Besides, 

melatonin treatment reduced Ca2+ overloading, increased SR-Ca 2+ content, the expression 

and activity of Ca2+ -handling proteins viz. SR calcium transport ATPase (SERCA2a) and 

sodium-calcium exchanger (NCX1), and the expressions of CAMKII and phosphorylated 

eNOS (ser 1177) (Fig. 2). Furthermore, melatonin ameliorated the activation of NADPH 

oxidase and subsequent generation of ROS but increased the expression of catalase and 

SOD. Thus, melatonin can be used as a prophylactic drug in patients suffering from OSA to 

confer protection against chronic intermittent hypoxia-induced exaggerated IRI (Yeung et 

al., 2015).

Yang et al. reported that administration of melatonin infusion into the para ventricular 

nucleus shielded the heart against IRI by modulating the oxidative stress and reducing the 

expression of inflammatory cytokines in rats. The rats exposed to IRI had greater infarct 

size, increase in left ventricular end-diastolic volume, and reduced left ventricular ejection 

fraction and left ventricular fractional shortening. Furthermore, IRI led to a significant 

increase in norepinephrine level in the plasma, heart, and para ventricular nucleus; higher 

levels of ROS in the para ventricular nucleus, increased NOX2, NOX4, IL-1β, NF-κB 

production and decreased IL-10, SOD activity. However, melatonin infusion in para 

ventricular nucleus reduced left ventricular end-diastolic volume, norepinephrine levels, 

NOX2, NOX4, IL-1β, the level of ROS, and NF-κB activity, increased IL-10 and SOD 

levels, and improved left ventricular ejection fraction, left ventricle fractional shortening. 

Thus, melatonin infusion attenuated sympathetic nerve activity and myocardial IRI by 

ameliorating oxidative stress and the level of inflammatory cytokines in the para ventricular 

nucleus of rats (Yang et al., 2019).

3.6.3. ROS formation, anti-oxidant properties, free radical scavenging—
Hosseini et al. reported that melatonin post-conditioning, nicotinamide mononucleotide 

(NMN) pre-conditioning and their combination exerted significant cardioprotective effects in 

aged rats against IRI. It was seen that melatonin post-conditioning and NMN pre-

conditioning led to improvement in the hemodynamic parameters, reduced the infarct size 

and LDH release in comparison to the control group. Moreover, the authors have indicated 

that pretreatment with NMN increased the window of cardioprotection by melatonin. All 

sorts of treatment decreased oxidative stress and ROS burst and preserved mitochondrial 

membrane potential and improved NAD+/NADH ratio. Interestingly, the combined therapy 
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had more predominant effects on reduction of mitochondrial ROS and in the improvement of 

oxidative status and mitochondrial membrane potential in comparison to solo treatment. 

Thus, combination of melatonin and NMN can be a favorable treatment approach to 

ameliorate myocardial IRI damages in aged hearts (Hosseini et al., 2020). Recently, Aslan 

and co-workers have reported that post-conditioning and melatonin administration to non-

pinealectomized rats led to significant reduction in the infarct size. However, post-

conditioning did not induce protective effect in pinealectomized rats. But co-administration 

of melatonin along with post-conditioning provided the protective effects. Furthermore, a 

significant decline was found in the levels of uncoupling protein and an escalation in irisin 

and NFkB levels after exposure to IRI in pinealectomized rats. Post-conditioning, melatonin 

administration in non-pinealectomized and their co-administration in pinealectomized 

groups preserved the expression of all the genes almost near to normal levels. Thus, the 

authors concluded that post-conditioning and melatonin play crucial role in regulating 

energy metabolism, inflammation and in protecting the mitochondria against oxidative stress 

by modulating the UCP3, irisin, and NFkB levels (Aslan et al., 2020).

3.7. microRNA

3.7.1. miR-98 (allograft survival)—Micro RNA’s belong to a class of non-coding 

RNA which participate in regulating post-transcriptional expression of genes in infarcted 

hearts (Cai et al., 2016). Nowadays, transplantation of stem cells or cardiac progenitor cells 

into the infarcted heart has drawn a considerable attention as a therapeutic treatment 

approach for treating myocardial infarction (Ma et al., 2018a,b). Previous reports have 

indicated that melatonin treatment mitigated acute allograft rejection and prolonged graft 

survival (Jung et al., 2004). It is suggested that transplanted cells have relatively less survival 

rates because of increased oxidative stress in the ischemic heart tissue (Ma et al., 2018a,b). 

Supplementation of melatonin, being an endogenous antioxidant can protect the cells against 

oxidative damage. Ma et al. reported that in vitro melatonin administration ablated H2O2 

induced reduction in proliferation and apoptosis of cardiac progenitor cells via reducing 

miR-98 (microRNA) levels. Furthermore, it was seen that in vivo transplantation of cardiac 

progenitor cells pretreated with melatonin displayed marked improvement in the functioning 

of post-infarct hearts in comparison to sole cardiac progenitor cells. Besides, the authors 

have revealed that miR-98 overexpression exaggerated the reduction in proliferation and 

apoptosis of cardiac progenitor cells induced by H2O2. However, in vivo transplantation of 

cardiac progenitor cells using miR-98 silencing led to remarkable improvement in cardiac 

functioning in the infarcted hearts in comparison to sole cardiac progenitor cells. The 

authors have also shown that miR-98 mimics prevented phosphorylation of signal transducer 

and activator of the transcription-3 (STAT-3) and decreased the expression of its downstream 

signaling molecule Bcl-2 (anti-apoptotic protein) but administration of miR-98 inhibitor 

increased the Bcl-2 protein level. This indicates that melatonin exerts protective effect by 

down-regulating miR-98 but augmenting STAT3 protein to suppress H2O2-induced 

apoptosis (Ma et al., 2018b).

3.7.2. H19/miR-675/USP10 pathway—A previous study by Cai et al. reported that 

melatonin pretreatment tends to antagonize the senescence of cardiac progenitor cells in 

response to sub-lethal concentration of H2O2, through inhibition of expression of senescence 
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associated β-galactosidase, senescence-associated heterochromatin loci, IL-6 level, p53 and 

p21. Also, melatonin reduced senescence-associated proliferation reduction in cardiac 

progenitor cells. However, these protective effects were abolished in the presence of 

luzindole. Moreover, it was reported that melatonin prevented cardiac progenitor cells 

through protecting H2O2 dependent down-regulation of long noncoding RNA H19 and 

miR-675. Thus, melatonin treatment prevented premature senescence of cardiac progenitor 

cells through H19/miR-675/USP10 pathway (Cai et al., 2016).

Eventually, Ma and co-workers have designed nano drug delivery carriers to release the drug 

in controlled fashion to protect the drug from degradation in insurmountable odds owing to 

the inability of melatonin to stay in unfavorable ischemic microenvironment for a longer 

duration. Both in-vitro and in-vivo studies revealed that melatonin encapsulated with 

Poly(lactide-co-glycolide)-monomethoxy-poly-(polyethylene glycol) (PLGA-mPEG) 

nanoparticles exerted enhanced protective effects on adipose-derived mesenchymal stem 

cells in comparison to free melatonin. The in-vitro study indicated that melatonin 

nanoparticles remarkably reduced the formation of the p53-cyclophilin D complex, and 

salvaged adipose-derived mesenchymal stem cells from hypoxia/reoxygenation injury. 

Besides, the delivery of melatonin nanoparticles improved the survival rates of adipose-

derived mesenchymal stem cells in comparison to free melatonin in the infarcted areas. 

Thus, the combination of melatonin nanoparticles and stem cell transplantation may serve as 

a promising strategy for treating myocardial infarction (Ma et al., 2018a).

3.8. Chronic treatment

3.8.1. Chronic pain (spared nerve injury)—In the heart, Ca2+/calmodulin-dependent 

protein kinase (CaMKII) is predominantly expressed and plays a crucial role in maintaining 

the cardiac performance (Ding et al., 2010). It is well known that chronic pain sensitizes the 

heart to IRI (Torrance et al., 2010). Yang et al. have shown that mice subjected to spared 

nerve injury exhibited an exaggerated response to myocardial IRI in comparison to the 

control animals. Besides, spared nerve injury group animals showed significant increase in 

TNF- α. Furthermore, it was seen that receptor-interacting protein kinase 3 (RIP3; apoptosis 

inducing enzyme) dependent phosphorylation of mixed lineage kinase domain (MLK) like 

and CaMKII was significantly higher in the spared nerve injury mice. However, melatonin 

treatment led to significant decline in the levels of TNF-α, negatively regulated RIP3-

dependent phosphorylation of MLK and CaMKII signaling to reduce subsequent ROS 

production. Thus, melatonin administration reduced cardiomyocyte apoptosis and improved 

cardiac function (Yang et al., 2018).

3.9. Possible relationship among these pathways

It is manifested that the binding of melatonin to the MTRs activates MAPK-ERK pathway 

which subsequently inactivates GSK-3β to reduce MPTP formation (Nduhirabandi et al., 

2014). Also, the activation of MAPK-ERK pathway increases the generation of NO via 

endothelial NOS which subsequently activates guanylyl cyclase enzyme to increase the 

production of cGMP (cyclic guanosine monophosphate). The increase in cGMP level in turn 

activates PKG-1α such that it inhibits p-38 MAPK and subsequent release of apoptotic 

proteins. The activation of PKG-1α also facilitates nuclear translocation of Nrf-2 (Nuclear 
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factor erythroid 2-related factor 2) into the nucleus and triggers the transcription of genes 

with ARE sequence including haem oxygenase (HO) to limit MPTP (mitochondrial 

permeability transition pore) formation (Yu et al., 2018).

Apart from this, melatonin triggers AMPK-PKG1α signaling, whereby Nrf2 is a 

downstream signaling mediator of the pathway (Yu et al., 2017b) to exert cytoprotective 

effects. This gives us an indication that MAPK-ERK and AMPK-PKG1α signaling act in 

alliance via enhancing the nuclear translocation of Nrf2 molecule to limit oxidative stress. 

Besides, the activation of AMPK signaling also prevents the activation of motile protein Drp 

1 which results in reduced VDAC1 oligomerization, induces tight coupling of HK2 on the 

mitochondria to reduce mitochondrial fission. Also, SIRT1 and SIRT3 signaling tend to 

increase the level of anti-oxidant enzymes which boosts the level of Nrf factor to reduce 

MPTP formation (Han et al., 2016; Yu et al., 2017b). Melatonin dependent increase in 

Notch-Hes signaling decreases PTEN levels and subsequently activates PI3/Akt pathway to 

reduce MPTP formation in the myocardium (Yu et al., 2015). Apart from this, melatonin 

augments the expression of the myocardial SERCA2a, NCX1, CAMKII, KCa, KATP to 

enhance the ability of cells to handle calcium ions to reduce the stress injury and apoptosis 

of the cardiomyocytes (Yeung et al., 2015) (Figs. 1 and 2).

3.10. Melatonin and other endogenous substances

Melatonin interacts with a variety of endogenous molecules including angiotensin, 

adrenaline, corticosteroids. Stressful stimuli including ischemia can provoke excessive 

release of adrenaline (sympathetic nervous system and adrenal medulla) in the body which 

may increase ROS formation due to its pro-oxidant and auto-oxidant potential (Nishi et al., 

2019). The inordinate ROS generation is deleterious for the cells which can be counteracted 

with endogenous/exogenous melatonin. Melatonin tends to abrogate sympathetic 

overactivity, scavenges the free radicals and augments the formation of anti-oxidant enzymes 

(Vazan et al., 2005; Pal et al., 2018; Nishi et al., 2019) to exert cardioprotective effects. 

Apart from this, the renin angiotensin system also interacts with melatonin both at central 

and peripheral level to modulate the cardiovascular functioning (Campos et al., 2013). It has 

been reported that melatonin and angiotensin work in an antagonistic manner in the 

cardiovascular system. Angiotensin tends to induce vasoconstriction in the blood vessels 

whereas melatonin exerts vasodilatory effect (Campos et al., 2013). Overall, the endogenous 

melatonin exhibits counter-regulatory effect against sustained sympathetic stimulation 

(Simko et al., 2019) due to its property to scavenge free radicals and limit the release of 

inflammatory cytokines (Campos et al., 2013).

An in-vitro study by Rogers et al. revealed that the combination of melatonin and 

corticosteroids significantly decreased proliferation in mitogen-stimulated human 

lymphocytes. This indicates that their combination may curb the in-vivo inflammatory 

response (Rogers et al., 1997). On the other hand, it has also been reported that in-vitro 

melatonin administration reduces the synthesis of corticosteroids in beef adrenal slices 

(Mehdi and Sandor, 1977). Perhaps, further studies are required to elucidate the impact of 

corticosteroid-melatonin interaction in eliciting cardioprotective effects.
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4. Conclusion

Despite being a neurohormone, melatonin plays a crucial role in modulating IRI in the heart. 

Melatonin can elicit cardioprotective effects either via direct anti-oxidant action or by 

activating membrane or nuclear receptors widely expressed in the heart. Melatonin evokes 

the protective effects against cardiac IRI via modulating intricately interlinked signaling 

pathways that regulate various physiological processes ranging from opening of ion 

channels, oxidative stress, NO release, autophagy, generation of inflammatory cytokines, 

ROS production, mitochondrial biogenesis, glycosaminoglycans and collagen accumulation. 

Perhaps, there is an inverse relationship between serum melatonin level and occurrence of 

heart attack. Thus, this indicates that modulating the circulating melatonin levels can serve 

as potential target for alleviating myocardial IRI.
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Fig. 1. 
The binding of MTR agonist to G-protein coupled receptors (Melatonin 1, 2) leads to the 

activation of Akt/Erk pathway (RISK pathway). This leads to reduction in the levels of 

proteins including beclin-1, LC3-II, PERK-eIF2α-ATF4 which are markers of autophagy. 

Also, the activation of RISK pathway increases the generation of NO via endothelial nitric 

oxide synthase. The increase in NO activates guanylyl cyclase enzyme which increases the 

production of cGMP (cyclic guanosine monophosphate) which in turn activates PKG-1α 
which inhibits p-38 MAPK (p-38 mitogen-activated protein kinases) and subsequent 

apoptosis. The activation of PKG-1α (Protein Kinase G-1α) also facilitates nuclear 

translocation of Nrf-2 (Nuclear factor erythroid 2-related factor 2) and triggers the 

transcription of genes with ARE sequence including haem oxygenase (HO) to curb MPTP 

(mitochondrial permeability transition pore) formation. Meanwhile, the activation of RISK 

pathway augments GSK-β (glycogen synthase kinase-3) phosphorylation which halts mPTP 

formation. Moreover, melatonin administration increased the expression of calcium handling 

proteins sarcoendoplasmic reticulum SERCA2a and sodium-calcium exchanger to reduce 

Ca2+ overloading and aid storage of calcium in the SR. Apart from this, melatonin 

modulates the expression of apoptotic proteins such it reduces the level of Bax, p53, p21, 

caspase-3 but increases Bcl-2 level to promote cardiomyocyte survival. Furthermore, 

melatonin can activate the SAFE pathway either via activation of TNFR or TLR4 which 

subsequently increases STAT transcription to provide myocardial protection.
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Fig. 2. 
Activation of MTR enhances SIRT-1 signaling which subsequently deacetylases FOXO1, 

P53 and decreases NFκB activity. This eventually results in reduction in the expression of 

NOX-2, NOX-4, IL-1β but augmentation in IL-10, SOD, TRX activity. Also, melatonin 

boosts AMPK signaling which results in an increase in the level of PGC-1α. PGC-1α 
further modulates the expression of TOM70, optic atrophy-1, Drps637, Drps616 and increases 

SIRT-3 signaling which ultimately reduce MPTP formation. Increased SIRT-3 signaling 

increases the expression of nuclear factor erythroid 2-related factor 2 and mitochondrial 

transcription factor A (TFAM) to abate MPTP opening. Moreover, the alteration in the level 

of Drps637, Drps616 expression reduces VDAC1 oligomerization, disassociation of 

hexokinase 2 to reduce mitochondrial fission which leads to MPTP formation. Apart from 

this, increased Notch signaling up-regulates Hes which further decreases phosphatase and 

tensin homolog (PTEN) levels. PTEN further increases PI3/Akt signaling to escalate GSK-β 
(glycogen synthase kinase-3) phosphorylation to induce cardioprotective effects.
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