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ABSTRACT 

 

     A constant energy supply is indispensable for the relentlessly working heart. The 

unique metabolic flexibility of the cardiac tissue enables it to maintain its energy requirement 

under variable physiological conditions. However, some physiopathological statuses 

including aging, ischemia-reperfusion injury, diabetic cardiomyopathy, pathological cardiac 

hypertrophy, and heart failure frequently cause cardiac dysfunction and detrimental metabolic 

alteration. If the ATP supply fails to match the requirement of a working heart, the heart loses 

its functional capacity, resulting in slower recovery. A decrease in energy generation is often 

the ramifications of myocardial mitochondrial dysfunction and oxidative stress. Melatonin, a 

broad-spectrum antioxidant molecule has an appreciable role in the maintenance of metabolic 

homeostasis― from a single cell to an entire organism. Melatonin has the capacity to reduce 

ROS generation, preserve mitochondrial stability, and restore a robust mitochondrial function 

for unabated ATP production in cardiac tissues. Additionally, melatonin can promote 

carbohydrate and fat metabolism to further improve the ATP production in heart. In cardiac 

cells, melatonin upregulates GLUT4 expression either by impeding oxidative stress or by 

enhancing AMPK activation which accelerates fatty acid oxidation by upregulating PPAR-α 

and CPT-1α. Melatonin plays a pivotal role in the maintenance of calcium homeostasis in 

cardiomyocytes by obviating oxidative stress-mediated disruption of SERCA and NCX 

proteins. A possible role of melatonin to convert the Warburg effect to oxidative metabolism 

in pathological cardiac events has been recently contemplated. The current review will 

discuss the possible role of melatonin protecting against cardiac metabolic imbalances under 

pathological states. 

 

Key words: Cardiomyopathy, melatonin, carbohydrate metabolism, fat metabolism, calcium 

homeostasis, mitochondrial dysfunction, oxidative stress.  

___________________________________________________________________________ 

 

1. INTRODUCTION 

 

     The ceaseless contractile activity of the heart requires an uninterrupted supply of 

energy. To fulfil the metabolic demands, the myocardial cells have evolved an ability to 

utilize a wide range of substrates for energy metabolism (1). This enables the heart to adapt to 

various physiological challenges during its lifetime from the fetal stage to old age (2). The 
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fetal heart encounters a low oxygen environment; hence, has a different fuel preference than 

that of the adult heart (3). While glucose is the substrate of choice for the fetal heart, a 

neonatal heart relies on fatty acid oxidation for the production of ATP (3, 4). During intense 

exercise, lactate can emanate as the prime substrate contributing to oxidative metabolism and 

ATP generation (5). Although such metabolic flexibility of cardiac tissue is essential for the 

survival, growth, and maintenance of cardiac functions, altered metabolism during 

pathological circumstances can lead to maladaptive cardiac remodelling (2). 

Preservation of cardiac energy metabolism under stressful conditions including 

cardiovascular disorders, physical exertion, and aging is a huge physiological challenge. 

Cardiac and other non-cardiac originated disorders such as systemic inflammation or 

metabolic diseases often converge into a common molecular mechanism that ultimately 

affects the cardiac metabolism (6, 7). One example is lack of appropriate substrate supply to 

the cardiac tissue. Normally, 70% of ATP supply in cardiac tissue are derived from fat 

oxidation and the rest is from glucose metabolism (8). Under stressful conditions, this normal 

ratio is disturbed by altered substrate availability or by altered functions of mitochondria (2). 

In either case, the cardiac tissue requires the adaptation to recover energy supply. To our best 

knowledge, melatonin is such a cardioprotective molecule (9). The circulatory melatonin in 

blood is mainly derived from the pineal gland of mammals but other tissues and cells can also 

synthesize melatonin for its local use (10). Cardiac tissue per se can generate melatonin and it 

also extracts a prodigious amount of melatonin from blood (11). Melatonin is synthesized 

during dark, and light exposure at night suppresses melatonin production. Indeed, the 

increased nocturnal light exposure in modern humans inevitably lowers their blood melatonin 

level. This disruption in night-time melatonin production has a strong association with 

increased heart disease (12). Subjects with lower blood melatonin concentration have higher 

prevalence to develop myocardial ischemia and coronary heart disease (13). Additionally, 

patients with coronary artery disease and congestive heart failure had a lower urinary 

melatonin metabolites (10, 14). Accordantly, most of these cardiac disorders exhibit a 

deteriorated metabolic profile (15). Melatonin, on the other hand, promotes energy 

metabolism (12). In the present review, our focus is to gather the available information 

concerning the roles of melatonin in the restoration of metabolic homeostasis by mitigating 

the maladaptive metabolic alteration in various cardiopathological conditions. 

 

2. CARDIAC MUSCLE METABOLISM 

 

The heart has been regarded as an “omnivorous organ” because of its excellent potential 

to utilize a varied range of substrates for energy production (16). The metabolic function of 

cardiac tissue enables it to produce enormous amounts of ATP, which accounts for 15-20 

times the weight of the heart in a day (1). The predominant substrates used by the 

cardiomyocytes are fatty acids and glucose. However, through strategic flexibility, cardiac 

cells can quickly adapt to other available substrate, and sustain their robust metabolic 

performance at various stages of life and under different physiological circumstances (17). 

 

2.1. Cardiac metabolism in fetal life. 

 

Relative hypoxia or low oxygen tension in the fetus as compared to adults is imperative 

for the development of the embryonic heart. This hypoxic state, however, demands an 

efficient fuel source that can be utilized even at an arterial blood pO2 of 30 to 20 mmHg, as is 

found in the fetus (18). Glucose oxidation yields a larger amount of ATP per mole of oxygen 

consumed than other substrates, and hence it is the preferred substrate in fetal hearts (17). 

Although small amounts of fatty acids, triglycerides, and ketone bodies are present in the 
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fetal blood, the paucity of mitochondria in fetal cardiomyocytes and their insufficient fat 

oxidation capacity make lipid a minor fuel source (2). The relative low oxygen environment 

activates the transcription factor― the hypoxia-inducible factor (HIf) that promotes 

angiogenesis, fetal heart remodeling, and modulates the expression of genes related to 

glucose metabolism (18, 19). The fetal heart stores a large volume of glycogen (about 30% of 

the total volume of embryonic cardiomyocyte), indicating the significance of glycogen 

metabolism in the developing heart (20). Intriguingly, glucose no longer remains the substrate 

of choice in the neonates. As soon as the newborn is exposed to an oxygen-rich environment, 

the cardiac tissue switches towards the use of fat as the principal fuel source (8). 

 

2.2. Cardiac metabolism during pregnancy. 

 

Pregnancy is associated with altered hormonal status and a consequent changes in the 

metabolic profile that is manifested in the cardiac tissue. The increased mass of the maternal 

heart, increased angiogenesis, mild transient cardiac dysfunction, increased stroke volume 

and cardiac output along with pregnancy-induced tachycardia are the typical features of a 

pregnancy-related cardiac adaptation (21-23). This metabolic adaptation includes the 

decreased reliance on the carbohydrate fuel source and increased utilization of other 

substrates such as lactate, ketone bodies, fatty acids, and triglycerides (24-26). A spike in 

circulating levels of certain hormones and growth factors, particularly the progesterone and 

fibroblast growth factor 21 (FGF21) is responsible for the suppression of carbohydrate 

catabolism and the dominance of fatty acid (you can use Fatty acid or fatty acid, but you need 

to unify them throughout the text!) metabolism during pregnancy (2). Both progesterone and 

FGF21 upregulate pyruvate dehydrogenase kinase (PDK) 4 which in turn curbs glucose 

oxidation while stimulating fatty acid oxidation (27). The carbon atoms of glucose participate 

in the ancillary anabolic processes, instead of being utilized for ATP generation. Therefore, 

the pentose-phosphate pathway, sorbitol-aldose reductase pathway, hexosamine biosynthetic 

pathway, and glycerophospholipid synthesis pathway― may all be upregulated during 

pregnancy, contributing to pregnancy-mediated myocardial remodeling (2). 

 

2.3. Exercise-induced alteration in cardiac metabolism. 

 

Exercise-induced cardiac metabolic changes can be categorized into ― acute and chronic 

adaptations. They are attributed to the type of exercise, workload, substrate availability, and 

the hormonal surge in the cardiac tissue in response to exertion. The low to moderate 

intensity exercises increase myocardial energy demand with the enhanced fat and 

carbohydrate catabolism (28, 29). Increased workload during exercise episodically elevates 

the secretion of epinephrine and nor-epinephrine which further enhances oxidative 

metabolism of glucose, fatty acids, lactate, and branched-chain amino acids (30-33). 

Epinephrine activates phosphofructokinase (PFK) to accelerate glucose metabolism for ATP 

production (33, 34). On the other hand, the extremely intense exercises, for example, in 

weight training or long-duration endurance session will lead to a rise of circulatory lactate 

and free fatty acids and allocate glucose for the anabolic reactions (35). Exercise-adapted 

heart, however, has an elevated overall rate of glucose uptake and utilization. Indeed, trained 

individuals have higher resting glycolytic activity than sedentary individuals (2). Hormones 

like insulin-like growth factor-1(IGF1) and neurogenin-1 are partly responsible for such 

exercise-induced cardiac metabolic adaptation. These hormones activate protein kinase B that 

stimulates the activity of PFK-2 to promote glycolysis and cardiac hypertrophy (36-38). 

Increased glucose and fatty acid oxidation during exercise also raises AMP/ATP ratio that 

enhances AMP-dependent kinase (AMPK) activity. AMPK further promotes mitochondrial 
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biogenesis and downregulates sinoatrial activity, thereby, lowering resting heart rate in 

exercise adapted state (39, 40). Additionally, glucose-6-phosphate stimulated mTOR 

(mammalian target of rapamycin) activation has been found to increase cardiomyocyte size 

(41).  

  

2.4. Metabolism in senescent heart. 

  

Cardiac mitochondria conduct the oxidative phosphorylation of fatty acids and 

carbohydrates to provide energy for the maintenance of myocardial contractility and integrity. 

They also play a crucial role in the dynamics between glucose and fat oxidation, thus 

contributing to metabolic resilience. However, aging-related fall in mitochondrial number and 

function lead to decreased flexibility of cardiac tissue for substrate usage (42). The aging 

heart suffers from the diminished capability to oxidize fatty acids and dependence on 

pyruvate and lactate metabolism for ATP supply (43). In a senescent heart, defective 

mitochondria produce more reactive oxygen species (ROS). Oxidative stress further 

exacerbates myocardial sensitivity to other stressors (42). Increased glucose oxidation in 

aging hearts is attributed by a decline in PDK4 level in senescent cardiac mitochondria (43, 

44). Another significant event in an aging heart is the profuse uptake of fatty acids by the 

cardiomyocytes due to the increased sarcolemmal expression of fatty acid translocase (or 

CD36) (45). An augmented lipid accumulation, reduced fatty acid oxidation and increased 

ROS generation jeopardize the cardiac cells to lipotoxic injury (17). 

 

3. CHANGES IN CARDIAC METABOLISM IN CARDIAC PATHOLOGIES 

 

3.1. Altered energetics during myocardial hypertrophy. 

 

Hemodynamic workload induces mechanical stress in the cardiac muscle, causing the 

cardiac cells to grow in size leading to myocardial hypertrophy (46). Such changes are 

accompanied by metabolic alterations that ultimately enable the heart to sustain optimal 

function in the newly adapted situation (47). This adaptation can occur physiologically in 

case of exercise training or is pathologically caused by a prolonged hypertensive state. 

However, physiological and pathological hypertrophies are manifested by dissimilar 

metabolic features. Physiological cardiac hypertrophy tends to decrease glycolysis and 

increase glucose oxidation (46). As a result, during ischaemia, the increased glucose 

oxidation leads to decreased proton build-up and facilitates intracellular pH recovery. This, in 

turn, favors trans-sarcolemmal H+/Na+ & Na+/Ca2+ exchange and hence minimizes calcium 

overload. This improves post-ischemic contractile function and efficiency (49). In addition, 

the rate of fatty acid oxidation is also increased in cardiac physiological hypertrophy and this 

curbs free fatty acid accumulation and free fatty acid-mediated toxicity, thus having better 

functional recovery following an ischemic event (46). Conversely, the pathological 

hypertrophy lacks the ability to withstand acute metabolic distress such as an episode of 

cardiac ischemia/reperfusion (48). A “Metabolic shift” characterized by decreased fatty acid 

oxidation and increased glycolytic activity is observed in pathological hypertrophy of the 

heart. The increased glycolysis, and increased proton accumulation in hypertrophic 

cardiomyopathy may have detrimental outcomes following ischemic stress (50). Also, the 

decreased fatty acid oxidation attributed by the suppression of peroxisome 

proliferator-activated receptor/retinoid X receptor (PPAR-α/RXR-α) pathway is responsible 

for the accumulation of fatty acid and poor post-ischemic recovery in subjects with 

pathological hypertrophy (51). 
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3.2. Myocardial ischemia/reperfusion injury mediated alteration in cardiac metabolism. 

 

Cardiac tissue efficiently works in presence of adequate oxygen and substrates. The 

contractile activity of cardiomyocytes relies predominantly on the oxidative metabolism of 

fatty acids and carbohydrates. Inconsistent oxygen supply impairs mitochondrial oxidative 

function and promote anaerobic metabolism leading to heart in an energy deficient state (52). 

During an acute ischemia, the energy deficiency may cause cardiomyocyte infarction and 

death. Following reperfusion, even though the restoration of coronary circulation occurs, the 

metabolic dysfunction often persists. This condition is termed as myocardial stunning in 

which the heart is not able to restore its normal contractile efficiency without any irreversible 

tissue damage caused by ischaemia (53). Reperfusion is also associated with the massive 

production of ROS that can cause oxidative injury in the cardiac tissue. Oxidative stress and 

mitochondrial calcium overload that occurs during reperfusion open mitochondrial 

permeability transition pore (MPTP). The opening of MPTP allows the free flow of protons 

into and out of mitochondria (54). This leads to the uncoupling of oxidation-phosphorylation 

and ATP production (54). Heart subjected to ischaemia/reperfusion (I/R) injury replenishes 

its fuel demands by increasing the rate of anaerobic glycolysis. Nevertheless, increased 

glycolysis results in excess accumulation of lactate and hydrogen ions (H+), thus decreasing 

the intracellular pH of cardiomyocytes (55, 56). During both ischaemia and reperfusion, fatty 

acid oxidation escalates in cardiac mitochondria at the cost of glucose oxidation (57). Such 

observations are summarized in Table 1. 

 

Table 1. Cardiac metabolic homeostasis in different physiopathological conditions 

 Physiological 

cardiac 

hypertrophy 

Pathological 

cardiac 

hypertrophy 

Aging 
I/R 

injury 

Diabetic 

cardiomyopathy 

Glycolysis 
Decrease 

(49) 

Increase 

(46) 

Increase 

(43) 

Increase 

(55, 56) 

Decrease 

(58) 

Glucose 

oxidation 

Increase 

(49) 

Decrease 

(46) 

Increase 

(43) 

Decrease 

(57) 

Decrease 

(63) 

Fatty acid 

oxidation 

Increase 

(46) 

Decrease 

(46) 

Decrease 

(43) 

Increase 

(57) 

Increase 

(61) 

Cytosolic 

calcium 

accumulation 

No 
Occur 

(121) 

Not 

clear 

Occur 

(120) 

Occur 

(58, 67) 

Mitochondrial 

proton leak 
No 

Occur 

(50) 

Occur 

(74) 

Occur 

(54) 

Occur 

(75) 

Lipid 

accumulation 
No 

Occur 

(46) 

Occur 

(45) 
Unlikely 

Occur 

(62, 70) 

ROS 

generation 
No 

Occur 

(46) 

Occur 

(42) 

Occur 

(54) 

Occur 

(68) 
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3.3. Diabetes-related cardiac dysfunction and altered cardiac metabolism. 

 

Diabetic cardiomyopathy is referred to the alteration in the structural and functional 

integrity of cardiac muscle that has its etiological root in diabetes. Diabetic cardiomyopathy 

is characterized by insoluble collagen deposition in the left ventricular wall, accumulation of 

epicardial fat with concomitant local inflammation, suppression of sympathetic response, and 

decreased calcium ion flux in cardiomyocytes (58). The onset and exacerbation of diabetic 

cardiomyopathy are accompanied by severe perturbations of carbohydrate and fat metabolism 

as well as calcium homeostasis (7). 

 

3.3.1. Changes in fatty acid metabolism. 

 

In type-II diabetes mellitus, the insulin responsiveness of the peripheral tissue decreases, 

which impels the pancreatic beta cells to produce excessive insulin. Overactivity of the 

pancreatic tissue, gradually leads to pancreatic dysfunction and insulin secretion drops 

leading to a hyperglycemic state (59). Deficiency of insulin curtails lipogenesis in adipose 

tissue, resulting in increased circulatory free fatty acids (FFA) (60). The overproduced FFA 

stimulates the nuclear receptor PPAR-α which then forms a complex with RXR-α to promote 

uptake and oxidation of fatty acid in cardiomyocytes (61). Therefore, heart muscles become 

predominantly reliant on fatty acid metabolism as the source of ATP. Eventually, the supply 

of lipid substrate exceeds far beyond the fat metabolic capacity of cardiac tissue. This 

overabundant fatty acid predisposes the cardiac cells to lipotoxicity due to the conversion of 

long-chain fatty acyl-CoA into toxic intermediates such as ceramide and diacylglycerol (62). 

These molecules activate protein kinase C (PKC), which in turn phosphorylates insulin 

receptors, leading to its inactivation to form a vicious cycle in cardiomyocytes (58). 

 

3.3.2. Changes in glucose metabolism. 

 

One of the prominent features of cardiac metabolism in diabetic subjects is the reduction 

in glucose oxidation (63). Diabetes-induced alteration in glucose metabolism is 

mechanistically coupled to increased fat oxidation in the diabetic heart. This is evidenced 

from the fact that suppression of glucose oxidation in diabetic cardiomyopathy occurs prior to 

the manifestation of insulin resistance, suggesting that increased utilization of fatty acid by 

the cardiac tissue could be the potential cause of decreased glucose oxidation (64). Oxidation 

of fatty acid produces acetyl CoA that allosterically inhibits pyruvate dehydrogenase and 

upregulates PDK4, which ultimately compromises the oxidative metabolism of glucose. 

Increased citrate concentration, resulting from fat oxidation, can limit the activity of PFK-2, 

further impairing glycolysis (58). Activation of PKC in cardiomyocytes can impair the 

translocation of glucose transporter type 4 (GLUT4) into the sarcolemma with the consequent 

reduction in glucose uptake and induction of apoptosis (65). 

 

3.3.3.  Changes in calcium homeostasis. 

 

Rapid transfer of fuel is essential for the optimal operation of various cellular ion 

transporters including Sarco/endoplasmic reticulum calcium ATPase (SERCA). Glycolysis 

allows an expeditious supply of ATP to SERCA and therefore maintains an intracellular 

calcium balance (66). However, suppression of glycolysis in diabetic heart disrupts calcium 

homeostasis which contributes to the impending cardiac dysfunction (67). Diabetes is 

associated with the activation of spleen tyrosine kinase (Syk) which promotes mitochondrial 

ROS generation and is responsible for the pathogenesis of diabetic cardiomyopathy. 
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Syk-stimulated reactive intermediates have been found to facilitate SERCA peroxidation, 

which also decreases its activity, leading to a further decline in sarcoplasmic calcium storage 

and reduce cardiomyocyte viability (68). Such observations are summarized in Table 1. 

 

3.4. Abnormal energy metabolism in heart failure. 

 

The inability of the cardiac muscle to conduct the systolic and diastolic functions is 

termed as heart failure which may be caused by an acute myocardial infarction, or pressure 

overload, or as a result of diabetic cardiomyopathy (69). Depending upon the aetiology, the 

metabolic profile of the heart failure differs considerably. Heart failure associated with 

pressure overload and ischemic attack is characterized by increased rates of glucose uptake 

and glycolysis. Diabetes-induced heart failure, on the other hand, exhibits a higher 

dependence on fat metabolism and consequent lipotoxicity (70). The myocardial gene 

expression and protein levels of PPAR-α and RXR-α decrease in heart failure caused by 

pressure-overload (71). In heart failure associated with insulin resistance, the cardiomyocyte 

membrane displays a reduced GLUT4 protein and an upregulated expression of CD-36 

proteins in the sarcolemma (72, 73), clearly indicating a suppressed glucose oxidation and 

excess lipid accumulation.  

Irrespective of the pathophysiological status and substrates utilized, loss of metabolic 

flexibility, energy deficit, oxidative stress, and mitochondrial dysfunction (74, 75) seem to be 

the hallmark of most cardiac disorders. To address this problem, a suitable therapeutic 

strategy is required to efficiently ameliorate the metabolic disturbances in cardiac tissue 

associated with different pathological states. Melatonin a tryptophan derivative, appears to 

have myocardial protective effects (76). Its protective mechanisms will be discussed below.  

 

4. ROLE OF MELATONIN IN METABOLIC HOMEOSTASIS  

 

Melatonin is a potent chronobiotic and is found ubiquitously in nature from microbes to 

mammals (77). Melatonin regulates metabolism both at the systemic and cellular levels. 

Maintenance of energy metabolism at the systemic level can be beneficial for the overall 

health and vitality of the organism. Such protective function of melatonin has been observed 

in cancer, metabolic syndrome, and cardiovascular diseases (78-80). Pineal gland-produced 

melatonin is regulated by the hypothalamic suprachiasmatic nucleus that synchronizes 

melatonin synthesis based on the natural dark/light cycle (81). By transduction of the 

environmental cues, melatonin’s circadian secretion pattern synchronizes the physiological 

and behavioral processes to attain a metabolic balance in the organisms (82, 83). Studies have 

demonstrated that melatonin can play a significant role in glucose homeostasis by regulating 

insulin synthesis and its signalling pathway (79). Binding to MT1 receptor, melatonin 

stimulates activation of insulin receptor and its downstream phosphorylation cascade. 

Abolishing melatonin production with pinealectomy downregulated GLUT4 gene expression 

and protein content in insulin-responsive tissues, including cardiac muscle, while this was 

rescued by melatonin administration. (84). With the intact pineal gland and normal melatonin 

production, these animals exhibit high insulin synthesis and sensitivity, enhanced glucose 

tolerance, elevated glycogenesis, and glycolysis during active phase of the day while during 

the resting phase of the day they exhibit  decreased insulin secretion, increased glycogen 

secretion, enhanced glycogenolysis, and gluconeogenesis (85) This well-arranged circadian 

metabolic profile was found to be disrupted with pinealectomy, resulting in insulin resistance 

during the active phase of the day and  insulin sensitivity during the resting period. Such 

metabolic impairment in pinealectomized animals can be normalized upon adequate 

melatonin administration (85). 
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About 90-95% of ATP is produced via aerobic metabolism that takes place within the 

mitochondria. The mitochondrial oxidative phosphorylation is not an independent mechanism, 

but is rather combined with the electron transport process. This process builds an 

electrochemical gradient across the inner mitochondrial membrane, which is not only 

responsible for ATP synthesis but also for calcium uptake and generation of ROS (86). 

Adequate amounts of ROS are indispensable for the maintenance of cell signalling process 

and contribute to cell survival.  Cells with endogenous antioxidant molecules can tolerate 

moderate amounts of ROS. When the cells are exposed to the excessive ROS which is over 

their antioxidant defense capacity, it will cause the oxidative stress (87). Aging and various 

pathological conditions weaken the cellular antioxidant defense system, making the cells 

vulnerable to oxidative stress (42). Melatonin is a potent free radical scavenger and 

significantly alleviates mitochondrial oxidative stress (88). The antioxidant and 

anti-inflammatory properties of melatonin have also been suggested to be protective against 

strenuous exercise-mediated oxidative and inflammatory cardiac damage (89). Experimental 

evidence indicates that melatonin can suppress cardiovascular dysfunction in developing 

embryos under hypoxic challenges (90). The role of melatonin as an efficient protector of 

mitochondrial integrity also comes from its lipophilic nature that shields the mitochondrial 

inner membrane against oxidative assault (86, 91). Melatonin also preserves mitochondrial 

dynamics by stimulation of mitofusin-2 activity, the key regulator of mitochondrial fusion 

and cellular metabolism (91, 92). In addition to membrane stability, melatonin has been 

reported to restore mitochondrial calcium uptake in rats treated with ruthenium red, which is 

a mitochondrial calcium transport inhibitor. Adequate calcium concentration in mitochondria 

preserves the activities of dehydrogenase enzymes. Besides, melatonin prevents ruthenium 

red and t-BHP-mediated disruption of the mitochondrial antioxidant store (93).  

 

5. MELATONIN FOR THE OPTIMAL CARDIAC HEALTH 

 

A plethora of animal and clinical studies have confirmed the cardioprotective effects of 

melatonin (9, 78, 94). Much of the beneficial effects of melatonin on the cardiovascular 

system is pertinent to its antioxidant and anti-inflammatory actions (88, 95-97). MT1 and 

MT2 melatonergic receptors are located in the cardiac tissue and coronary arteries which 

mediate both vasoconstriction and vasodilation functions (10, 98, 99). MT1 solely mediates 

vasoconstriction while MT2-mediated modulation of vascular tone is complex and depends 

on the type of blood vessel. For instance, melatonin elicits a vasoconstrictive effect in 

coronary vessels but vasodilation in the aorta (100). Interestingly, MT2 mediated vascular 

relaxation involves the synthesis of nitric oxide (NO) in the endothelial cells (101). On the 

other hand, in coronary arterial smooth muscle cells, MT2 activation leads to decreased NO 

production and inhibits vascular relaxation (102). Melatonin also imparts its cardioprotective 

effect through a receptor-independent mechanism which mainly involves neutralization of 

reactive intermediates and restoration of mitochondrial stability (103). The radical 

scavenging property of melatonin also prevents oxidative modification of low-density 

lipoproteins (104). This action minimizes the pathogenesis of atherosclerotic events and 

therefore, imparts vascular protection (105). In addition, melatonin reduces hypertension, 

plasma cholesterol level, prevents endothelial leakage, and minimizes inflammatory reactions 

(78). A robust vascular system ensures a ceaseless supply of blood to the cardiac muscle. 

However, if the coronary artery is clogged, it can cause ischemic injury (78). Mounting 

evidence suggests that melatonin safeguards the cardiac cells against ischemia-reperfusion 

injury by minimizing oxidative stress, inflammation, and apoptosis (106, 107). Melatonin 

intervention reduced the infarct size caused by regional ischemia-reperfusion in hearts of rats 

(108). The placental dysfunction (pre-eclampsia) leads to multiple cardiovascular 
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abnormalities in women with complicated pregnancies and melatonin treatment can rescue 

these cardiovascular disturbances (109). Moreover, the placenta maintains a constant 

synthesis of melatonin throughout gestation and is possibly involved in protecting the fetus 

from oxidative stress-induced developmental complications including hypoxia-related 

cardiovascular dysfunction (110, 111). Melatonin has been found to alleviate acute physical 

exertion-mediated oxidative and inflammatory myocardial injury (89). Heat stress produced 

during vigorous exercise stimulates the sympathomedullary pathway. Melatonin may curb the 

sympathetic over-activity during increased cardiac workload and can save the cardiac tissue 

from an imminent ischemic attack (89). Triiodothyronine (T3) induced cardiac hypertrophy 

was characterized by increased cardiac mass, elevated levels of cardiac oxidative stress 

markers, and impaired activity of GLUT4 transporter. Treatment with melatonin ameliorated 

such cardiopathological changes and improved insulin-mediated glucose transport into 

cardiomyocytes (112). 

 

6. POSSIBLE PROTECTIVE ROLE OF MELATONIN IN ALTERED CARDIAC 

METABOLISM IN MYOCARDIAL DISORDERS 

 

Melatonin can regulate cellular energy metabolism and protects the cells against toxic 

free radicals generated as a result of noxious metabolic disorders (85, 86). The cardiac 

pathological conditions often involve alteration in both glucose and lipid metabolisms. These 

disorders can be prevented by either endogenously produced and exogenously administered 

melatonin.   

  

6.1. Melatonin against cardiac mitochondrial stress and lipotoxicity. 

 

Impairment of mitochondrial function in aging hearts promote ROS production and the 

resultant oxidative stress. Further, aging related cardiomyopathy shows decreased metabolic 

flexibility, where fatty acid oxidation is highly compromised. This results in FFA 

accumulation and ROS generation (42). Decreased fat oxidation and ROS production are also 

implicated in hypertrophic cardiomyopathy and pressure overload-driven heart failure (70, 

113). Although fatty acid oxidation rate in diabetic cardiomyopathy is fairly high, an elevated 

circulatory level of FFA caused by insulin resistance along with an increased expression of 

sarcolemmal CD36 protein allows lipid accumulation and concomitant lipotoxicity (58). 

Melatonin efficiently ameliorates oxidative modifications of lipids in cardiac tissue. The 

potent free radical scavenging and antioxidant properties of melatonin are beneficial in 

alleviating mitochondrial oxidative burden (114, 115). The amphiphilic nature of melatonin 

allows its free passage through the cellular membranes and into the mitochondria. Through a 

receptor-independent action melatonin effectively neutralizes locally accumulated ROS (116, 

117). The cardiovascular benefits of regular moderate physical activity are pertinent to a 

reduction in oxidative stress and increased mitochondrial stability (118). However, the 

vigorous exercise also can exacerbate oxidative stress-induced cardiac damage. Melatonin 

decreases cardiac oxidative stress biomarkers which are elevated in response to heavy 

physical exertion (89). The anti-oxidative effects of moderate exercise in cardiac tissue are 

comparable to that of melatonin. Additionally, melatonin has been demonstrated to protect 

against cardiac mitochondrial dysfunction and improves mitochondrial bioenergetics (86). I/R 

injury is accompanied by perturbed mitochondrial integrity due to the stress-mediated 

opening of MPTP. Melatonin inhibits reperfusion-associated MPTP opening and minimizes 

oxidation of cardiolipin, a mitochondrial membrane resident lipid (119). These observations 

are summarized in Figure 1. 
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6.2. Melatonin against energy deficit in cardiac tissue. 

 

Pressure overload-driven cardiac hypertrophy and heart failure as well as aging-related 

cardiomyopathy are marked by decreased fat oxidation capacity. Indeed, the metabolic 

profile of aging-associated heart failure likely switches back to the fetal-like metabolic status 

with increased glycolysis rather than fat metabolism (120). In an aging heart, augmented 

glucose oxidation yields acetyl CoA which is the substrate of malonyl CoA. Increased 

malonyl CoA inhibits carnitine palmitoyl-CoA transferase 1α (CPT-1α), the rate-limiting 

enzyme of fatty acid oxidation (121-123). In the low-energy state, increased AMP/ATP ratio 

stimulates AMPK which activates PPAR-α, the enzyme responsible for CPT-1α expression 

(124, 125). Melatonin stimulates the expression of PPAR-α, and CPT-1α― proteins essential 

for fatty acid metabolism (126). Melatonin also promotes AMPK activation and therefore, it 

augments fat catabolism in cardiac tissue (127). However, information on metabolic 

modulation by melatonin in the cardiac tissue of aging animals is lack and demands extensive 

research. GLUT4 is responsible for insulin-mediated uptake of glucose into the 

cardiomyocytes and oxidative stress may impair this transport function (128). Melatonin 

proficiently prevents oxidative stress-induced downregulation of the GLUT4 gene in 

cardiomyocytes (112). In an energy-deficient heart, melatonin-stimulated AMPK activation 

may also aid in increased GLUT4 and PFK-2 expression, facilitating glucose uptake and 

metabolism (125). Such responses of melatonin in cardiac tissue are similar to that of an 

exercise-adapted heart. Hypertrophic cardiomyopathy, heart failure, ischemia-reperfusion 

injury, and diabetes-induced cardiac impairment are all associated with decreased 

mitochondrial oxidative phosphorylation and enhanced glycolysis, a phenomenon called the 

Warburg effect which is mostly exhibited by but not limited to the cancer cells (129). 

Melatonin abolishes the Warburg effect in cardiomyocytes (130). This action of melatonin 

may involve to inhibit PDK (130, 131). Therefore, melatonin plays a pivotal role in liberating 

the heart from energy deprivation under pathological stress and all this evidence is indicative 

of a possible therapeutic application of melatonin in promoting cardiac metabolic flexibility.  

  

6.3. Melatonin improves cardiomyocyte calcium homeostasis.  

 

The contraction and relaxation of cardiac muscle are highly dependent on the 

sarcoplasmic reticulum (SR) calcium storage. Pathological cardiac hypertrophy, ischaemia, 

and diabetic cardiomyopathy markedly disturb the SR calcium pool and often result in 

cytosolic calcium overload (58, 132, 133). One major factor attributing to loss of calcium 

homeostasis is the vitiated functioning of SR membrane resident calcium handling protein― 

SERCA and sarcolemmal sodium-calcium exchanger (NCX). Melatonin attenuates 

cardiomyocyte calcium imbalance by modulating the expression and activities of these 

proteins (132). In diabetes-induced cardiac dysfunction, melatonin proficiently extenuates 

Syk activity thus facilitate mitochondrial complex-I activity and prevents ROS production 

and SERCA peroxidation (68, 134). Such observations are summarized in Figure 1. 

  

7. SUMMARY AND FUTURE PERSPECTIVE 

 

 Melatonin as a chronobiotic signal molecule coordinates the diurnal metabolic activity 

in organisms. Thus, reduced melatonin in some pathological conditions causes metabolic 

disturbances including altered glucose and fatty acid metabolism. For example, heart diseases 

are often associated with reduced melatonin level and increased oxidative burden manifested 

by the mitochondrial dysfunction, the opening of MPTP, proton leakage, and cytosolic 

calcium overload in the cardiomyocytes (91, 92, 119, 132). Melatonin efficiently protects 
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mitochondria from oxidative damage and facilitates ATP synthesis. In aging-associated 

cardiac anomaly, pressure-overload driven myocardial hypertrophy, and heart failure, 

melatonin enhances fatty acid oxidation by the activation of AMPK pathway and promotes 

glucose uptake and utilization in cardiomyocytes. While in some cardiac disorders, anaerobic 

glycolysis seems to become the preferred pathway for ATP generation, melatonin converts 

this anaerobic glycolysis to oxidative phosphorylation by inhibiting PDK activity. To 

overcome energy deficiency induced by the ischemic and diabetic cardiomyopathy, the heart 

attempts to accumulate fatty acids for energy production. Accumulation of the fatty acid 

further suppresses glucose oxidation, and eventually, the amount of fatty acid in the cardiac 

cell overpasses its fat oxidation capacity. The accumulated lipid is prone to peroxidation and 

the resultant lipotoxicity, thus, further disrupts the metabolic energy balance of mitochondria. 

Melatonin potentially breaks this vicious cycle by stimulating glucose oxidation and 

preventing oxidative modification of lipids.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Role of melatonin in the regulation of metabolic homeostasis in cardiomyocytes.  

Melatonin (red spheres) protects the cardiac cell against metabolic energy deficiency 

possibly by preserving the balance of fatty acid and glucose oxidation in mitochondria. 

Melatonin by stimulating AMPK upregulates PPAR-α and CPT-1α, which in turn promotes 

fatty acid oxidation. Further, melatonin inhibits PDK4, thus inhibiting the Warberg effect. 

Melatonin upregulates GLUT4 which promotes insulin dependent glucose uptake in 

cardiomyocyte. In conditions where lipid accumulation increases in the cardiac cell, 

melatonin may prevent lipotoxicity by impeding lipid peroxidation. Further melatonin 

preserves mitochondrial integrity by annihilating ROS and preventing MPTP opening as well 

as promotes mitochondrial biogenesis. Melatonin also restores calcium homeostasis by 

facilitating the activities of the SERCA pump and NCX. Overall, melatonin purportedly 

protects the cardiac cell from potential toxicity caused by oxidative stress, ATP deficit, 

calcium overload, and lipid peroxidation under adverse cardiac situations. 

AMPK- AMP-dependent kinase; CD36- Fatty acid translocase/cluster of differentiation 

36; CPT-1α- Carnitine Palmitoyltransferase-1 alpha; FA oxidation- Fatty acid oxidation; 

GLUT4- Glucose transporter type 4; MPTP- Mitochondrial permeability transition pore; 

NCX- Sodium-calcium exchanger; PDK4- Pyruvate dehydrogenase kinase 4; PPAR-α- 

Peroxisome proliferator-activated receptor-alpha; ROS- Reactive oxygen species; SERCA- 

Sarco/endoplasmic reticulum calcium-ATPase. 
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     An exercise-adapted healthy heart is characterized by enhanced fat and glucose 

oxidation, decreased ROS generation, and improved calcium homeostasis. These activities 

are similar to melatonin as a metabolic stabilizer in the heart. However, extensive study is 

required to obtain clarity on the involvement of melatonin in the regulation of metabolic 

pathways during cardiac pathological conditions. 

 

AUTHORSHIP 

 

The concept of the review article was developed by Dr. DB, Dr. AC and SS. Moreover, 

SS contributed in drafting the manuscript, prepared the figures, and edited it. Dr. DB and Dr. 

AC also revised the manuscript critically and finally approved it.  

 

ACKNOWLEDGMENTS 

 

Swaimanti Sarkar is extremely grateful for the financial assistance that she has received 

as a Junior Research fellow (JRF) [709/(CSIR-UGC NET DEC. 2018] under Joint 

CSIR-UGC scheme, Govt. of India. Dr. Aindrila Chattopadhyay is supported by funds 

available to her from Department of Science and Technology, Govt. of West Bengal. Prof. 

Debasish Bandyopadhyay thankfully acknowledges the support he received from 

Departmental BI Grant and DST-PURSE Program awarded to the University of Calcutta. 

 

CONFLICT OF INTEREST 

 

    Authors declare no conflict of interest. 

 

REFERENCES 

 

1. Kolwicz SC Jr, Purohit S, Tian R (2013) Cardiac metabolism and its interactions with 

contraction, growth, and survival of cardiomyocytes. Circ. Res. 113: 603-616. 

DOI:10.1161/CIRCRESAHA.113.302095. 

2. Gibb AA, Hill BG (2018) Metabolic coordination of physiological and pathological 

cardiac remodeling. Circ. Res. 123: 107-128. DOI:10.1161/CIRCRESAHA.118.312017. 

3. Battaglia FC, Meschia G (1978) Principal substrates of fetal metabolism. Physiol. Rev. 

58: 499–527. DOI: 10.1152/physrev.1978.58.2.499. 

4. Makinde AO, Kantor PF, Lopaschuk GD (1998) Maturation of fatty acid and 

carbohydrate metabolism in the newborn heart. Mol. Cell. Biochem. 188: 49–56. 

5. Kaijser L, Berglund B (1992) Myocardial lactate extraction and release at rest and during 

heavy exercise in healthy men. Acta Physiol. Scand. 144: 39–45. DOI: 

10.1111/j.1748-1716.1992.tb09265.x. 

6. Rider OJ, Lewis AJ, Neubauer S (2014) Structural and metabolic effects of obesity on 

the myocardium and the aorta. Obes. Facts. 7: 329-338. DOI:10.1159/000368429. 

7. Bayeva M, Sawicki KT, Ardehali H (2013) Taking diabetes to heart―deregulation of 

myocardial lipid metabolism in diabetic cardiomyopathy. J. Am. Heart Assoc. 2: 

e000433. Published 2013 Nov 25. doi:10.1161/JAHA.113.000433. 

8. Lopaschuk GD, Ussher JR, Folmes CD, Jaswal JS, Stanley WC (2010) Myocardial fatty 

acid metabolism in health and disease. Physiol. Rev. 90: 207-258. 

DOI:10.1152/physrev.00015.2009. 

9. Sun H, Gusdon AM, Qu S (2016) Effects of melatonin on cardiovascular diseases: 

progress in the past year. Curr. Opin. Lipidol. 27: 408-413. DOI: 

10.1097/MOL.0000000000000314. 



 

Melatonin Research (Melatonin Res.)               http://www.melatonin-research.net 

Melatonin Res. 2021, Vol 4 (2) 316-335; doi: 10.32794/mr11250097                328        
 

10. Pandi-Perumal SR, BaHammam AS, Ojike NI, Akinseye OA, Kendzerska T, Buttoo K, 

Dhandapany PS, Brown GM, Cardinali DP (2017) Melatonin and human cardiovascular 

disease. J. Cardiovasc. Pharmacol. Ther. 22: 122-132. 

DOI:10.1177/1074248416660622. 

11. Sanchez-Hidalgo M, de la Lastra CA, Carrascosa-Salmoral MP, Naranjo MC, 

Gomez-Corvera A, Caballero B, Guerrero JM (2009) Age-related changes in melatonin 

synthesis in rat extrapineal tissues. Exp. Gerontol. 44: 328-334. DOI: 

10.1016/j.exger.2009.02.002.  

12. Korkmaz A, Topal T, Tan DX, Reiter RJ (2009) Role of melatonin in metabolic 

regulation. Rev. Endocr. Metab. Disord. 10: 261-270. DOI:10.1007/s11154-009-9117-5. 

13. Krause DN, Geary GG, Doolen S, Duckles SP (2002) Melatonin and cardiovascular 

function. in melatonin after four decades. (Springer, Boston, MA), pp 299-310. DOI: 

https://doi.org/10.1007/0-306-46814-X_32. 

14. Girotti L, Lago M, Ianovsky O, Carbajales J, Elizari MV, Brusco LI, Cardinali DP (2000) 

Low urinary 6‐sulphatoxymelatonin levels in patients with coronary artery disease. J. 

Pineal Res. 29: 138-142. DOI: 10.1034/j.1600-079x.2000.290302.x. 

15. Ritterhoff J, Tian R (2017) Metabolism in cardiomyopathy: every substrate matters. 

Cardiovasc. Res. 113: 411-421. DOI:10.1093/cvr/cvx017. 

16. Scolletta S, Biagioli B (2010) Energetic myocardial metabolism and oxidative stress: 

let's make them our friends in the fight against heart failure. Biomed. Pharmacother. 64: 

203-207. DOI:10.1016/j.biopha.2009.10.002. 

17. Pascual F, Coleman RA (2016) Fuel availability and fate in cardiac metabolism: A tale 

of two substrates. Biochim. Biophys. Acta. 1861: 1425-1433. 

DOI:10.1016/j.bbalip.2016.03.014. 

18. Patterson AJ, Zhang L (2010) Hypoxia and fetal heart development. Curr. Mol. Med. 10: 

653-666. DOI:10.2174/156652410792630643. 

19. Semenza GL (2014) Hypoxia-inducible factor 1 and cardiovascular disease. Annu. Rev. 

Physiol. 76: 39–56. 

20. Pederson BA, Chen H, Schroeder JM, Shou W, DePaoli-Roach AA, Roach PJ (2004) 

Abnormal cardiacdevelopment in the absence of heart glycogen. Mol. Cell. Biol. 24: 

7179–7187. 

21. Laird-Meeter K, van de Ley G, Bom TH, Wladimiroff JW, Roelandt J (1979) 

Cardiocirculatory adjustments during pregnancy― an echocardiographic study. Clin. 

Cardiol. 2: 328–332. 

22. Hunter S, Robson SC (1992) Adaptation of the maternal heart in pregnancy. Br. Heart J. 

68: 540–543. 

23. Umar S, Nadadur R, Iorga A, Amjedi M, Matori H, Eghbali M(2012) Cardiac structural 

and hemodynamic changes associated with physiological heart hypertrophy of pregnancy 

are reversed postpartum. J. Appl. Physiol. 113: 1253–1259. DOI: 

10.1152/japplphysiol.00549.2012. 

24. Sugden MC, Changani KK, Bentley J, Holness MJ (1992) Cardiac glucose metabolism 

during pregnancy. Biochem. Soc. Trans. 20: 195S. 

25. Metzger BE, Hare JW, Freinkel N (1971) Carbohydrate metabolism in pregnancyIX. 

Plasma levels of gluconeogenic fuels during fasting in the rat. J. Clin. Endocrinol. Metab. 

33: 869–872. DOI: 10.1210/jcem-33-5-869. 

26. Pinto J, Barros AS, Domingues MR, Goodfellow BJ, Galhano E, Pita C, Almeida Mdo C, 

Carreira IM, Gil AM (2015) Following healthy pregnancy by NMR metabolomics of 

plasma and correlation to urine. J. Proteome Res. 14: 1263–1274. DOI: 

10.1021/pr5011982. 



 

Melatonin Research (Melatonin Res.)               http://www.melatonin-research.net 

Melatonin Res. 2021, Vol 4 (2) 316-335; doi: 10.32794/mr11250097                329        
 

27. Liu LX, Rowe GC, Yang S, Li J, Damilano F, Chan MC, Lu W, Jang C, Wada S, Morley 

M, Hesse M (2017) PDK4 inhibits cardiac pyruvate oxidation in late pregnancy. Circ. 

Res. 121: 1370–1378. DOI: 10.1161/CIRCRESAHA.117.311456. 

28. Goodwin GW, Taylor CS, Taegtmeyer H (1998) Regulation of energy metabolism of the 

heart during acute increase in heart work. J. Biol. Chem. 273: 29530–29539. 

29. Goodwin GW, Taegtmeyer H (2000) Improved energy homeostasis of the heart in the 

metabolic state of exercise. Am. J. Physiol. Heart Circ. Physiol. 279: H1490–H1501. 

DOI: 10.1152/ajpheart.2000.279.4.H1490. 

30. Gousios A, Felts JM, Havel RJ (1965) Effect of catecholamines, glucose, insulin, and 

changes of flow on the metabolism of free fatty acids by the myocardium. Metabolism 14: 

826–831. 

31. Buse MG, Biggers JF, Drier C, Buse JF (1973) The effect of epinephrine, glucagon, and 

the nutritional state on the oxidation of branched chain amino acids and pyruvate by 

isolated hearts and diaphragms of the rat. J. Biol. Chem. 248: 697–706. 

32. Crass MF III, Shipp JC, Pieper GM (1975) Effects of catecholamines on myocardial 

endogenous substrates and contractility. Am. J. Physiol. 228: 618–627. DOI: 

10.1152/ajplegacy.1975.228.2.618. 

33. Collins-Nakai RL, Noseworthy D, Lopaschuk GD (1994) Epinephrine increases ATP 

production in hearts by preferentially increasing glucose metabolism. Am. J. Physiol. 267: 

H1862–H1871. DOI: 10.1152/ajpheart.1994.267.5.H1862. 

34. Clark MG, Patten GS (1981) Adrenaline activation of phosphofructokinase in rat heart 

mediated by alpha-receptor mechanism independent of cyclic AMP. Nature 292: 

461–463. 

35. Lassers BW, Kaijser L, Wahlqvist M, Carlson LA (1971) Effect of prolonged exercise on 

myocardial metabolism in man. Br. Heart J. 33: 609. 

36. Donath MY, Jenni R, Brunner HP, Anrig M, Kohli S, Glatz Y, Froesch ER (1996) 

Cardiovascular and metabolic effects of insulin-like growth factor I at rest and during 

exercise in humans. J. Clin. Endocrinol. Metab. 81: 4089–4094. DOI: 

10.1210/jcem.81.11.8923865. 

37. Deprez J, Vertommen D, Alessi DR, Hue L, Rider MH (1997) Phosphorylation and 

activation of heart 6-phosphofructo-2-kinase by protein kinase B and other protein 

kinases of the insulin signaling cascades. J. Biol. Chem. 272: 17269–17275. 

38. Pentassuglia L, Heim P, Lebboukh S, Morandi C, Xu L, Brink M (2016) Neuregulin-1β 

promotes glucose uptake via PI3K/Akt in neonatal rat cardiomyocytes. Am. J. Physiol. 

Endocrinol. Metab. 310: E782–E794. DOI: 10.1152/ajpendo.00259.2015. 

39. Dolinsky VW, Dyck JR (2006) Role of AMP-activated protein kinase in healthy and 

diseased hearts. Am. J. Physiol. Heart Circ. Physiol. 291: H2557–H2569. DOI: 

10.1152/ajpheart.00329.2006. 

40. Yavari A, Bellahcene M, Bucchi A, Sirenko S, Pinter K, Herring N, Jung JJ, Tarasov KV, 

Sharpe EJ, Wolfien M, Czibik G, Steeples V, Ghaffari S, Nguyen C, Stockenhuber A, 

Clair JRS, Rimmbach C, Okamoto Y, Yang D, Wang M, Ziman BD, Moen JM, Riordon 

DR, Ramirez C, Paina M, Lee J, Zhang J, Ahmet I, Matt MG, Tarasova YS, Baban D, 

Sahgal N, Lockstone H, Puliyadi R, de Bono J, Siggs OM, Gomes J, Muskett H, Maguire 

ML, Beglov Y, Kelly M, Dos Santos PPN, Bright NJ, Woods A, Gehmlich K, Isackson 

H, Douglas G, Ferguson DJP, Schneider JE, Tinker A, Wolkenhauer O, Channon KM, 

Cornall RJ, Sternick EB, Paterson DJ, Redwood CS, Carling D, Proenza C, David R, 

Baruscotti M, DiFrancesco D, Lakatta EG, Watkins H, Ashrafian H (2017) Mammalian 

γ2 AMPK regulates intrinsic heart rate. Nat. Commun. 8: 1258. DOI: 

10.1038/s41467-017-01342-5. 



 

Melatonin Research (Melatonin Res.)               http://www.melatonin-research.net 

Melatonin Res. 2021, Vol 4 (2) 316-335; doi: 10.32794/mr11250097                330        
 

41. Sen S, Kundu BK, Wu HC, Hashmi SS, Guthrie P, Locke LW, Roy RJ, Matherne GP, 

Berr SS, Terwelp M, Scott B, Carranza S, Frazier OH, Glover DK, Dillmann WH, 

Gambello MJ, Entman ML, Taegtmeyer H (2013) Glucose regulation of load-induced 

mTOR signaling and ER stress in mammalian heart. J. Am. Heart Assoc. 2: e004796. 

DOI: 10.1161/JAHA.113.004796. 

42. Lesnefsky EJ, Chen Q, Hoppel CL (2016) Mitochondrial metabolism in aging heart. Circ. 

Res. 118: 1593-1611. DOI:10.1161/CIRCRESAHA.116.307505. 

43. Hyyti OM, Ledee D, Ning XH, Ge M, Portman MA (2010) Aging impairs myocardial 

fatty acid and ketone oxidation and modifies cardiac functional and metabolic responses 

to insulin in mice. Am. J. Physiol. Heart Circ. Physiol. 299: H868–875. 

44. Moreau R, Heath SH, Doneanu CE, Harris RA, Hagen TM (2004) Age-related 

compensatory activation of pyruvate dehydrogenase complex in rat heart. Biochem. 

Biophys. Res. Commun. 325: 48–58. 

45. Koonen DP, Febbraio M, Bonnet S, Nagendran J, Young ME, Michelakis ED, Dyck JR 

(2007) Cd36 expression contributes to age-induced cardiomyopathy in mice. Circulation. 

116: 2139–2147. 

46. Allard MF. Energy substrate metabolism in cardiac hypertrophy (2004) Curr. Hypertens. 

Rep. 6: 430-435. DOI:10.1007/s11906-004-0036-2. 

47. Swyngedhauw B (1999) Molecular mechanisms of myocardial remodeling. Physiol. Rev. 

79: 215–262. 

48. Gaasch WH, Zile MR, Hoshino PK, Weinberg EO, Rhodes DR, Apstein CS (1990) 

Tolerance of the hypertrophic heart to ischemia. Studies in compensated and failing dog 

hearts with pressure overload hypertrophy. Circulation 81: 1644-1653. 

DOI:10.1161/01.cir.81.5.1644. 

49. Stanley WC, Lopaschuk GD, Hall JL, McCormack JG (1997) Regulation of myocardial 

carbohydrate metabolism under normal and ischaemic conditions. Potential for 

pharmacological interventions. Cardiovasc. Res. 33: 243-257. 

DOI:10.1016/s0008-6363(96)00245-3. 

50. Sambandam N, Lopaschuk GD, Brownsey RW, Allard MF (2002) Energy metabolism in 

the hypertrophied heart. Heart Fail. Rev. 7: 161-173. DOI:10.1023/a:1015380609464. 

51. Siddiqi N, Singh S, Beadle R, Dawson D, Frenneaux M (2013) Cardiac metabolism in 

hypertrophy and heart failure: implications for therapy. Heart Fail. Rev. 18: 595-606. 

DOI:10.1007/s10741-012-9359-2. 

52. Lopaschuk GD (2016) Metabolic changes in the acutely ischemic heart. Heart Metab. 70: 

32-35. 

53. Rosano GM, Fini M, Caminiti G, Barbaro G (2008) Cardiac metabolism in myocardial 

ischemia. Curr. Pharm. Des. 14: 2551-2562. DOI:10.2174/138161208786071317. 

54. Halestrap AP (2009) What is the mitochondrial permeability transition pore?. J. Mol. 

Cell Cardiol. 46: 821-831. DOI:10.1016/j.yjmcc.2009.02.021. 

55. Neely JR, Rovetto MJ, Whitmer JT, Morgan HE (1973) Effects of ischemia on function 

and metabolism of the isolated working rat heart. Am. J. Physiol. 225: 651-658. 

56. Hochachka PW, Mommsen TP (1983) Protons and anaerobiosis. Science 219: 

1391-1397. 

57. Hendrickson SC, St Louis JD, Lowe JE, Abdel-aleem S (1997) Free fatty acid 

metabolism during myocardial ischemia and reperfusion. Mol. Cell. Biochem. 166: 85-94. 

DOI:10.1023/a:1006886601825. 

58. An D, Rodrigues B (2006) Role of changes in cardiac metabolism in development of 

diabetic cardiomyopathy. Am. J. Physiol. Heart Circ. Physiol. 291: H1489-H1506. 

DOI:10.1152/ajpheart.00278.2006. 



 

Melatonin Research (Melatonin Res.)               http://www.melatonin-research.net 

Melatonin Res. 2021, Vol 4 (2) 316-335; doi: 10.32794/mr11250097                331        
 

59. Heather LC, Clarke K (2011) Metabolism, hypoxia and the diabetic heart. J. Mol. Cell 

Cardiol. 50: 598–605. 

60. Young ME, Guthrie PH, Razeghi P, Leighton B, Abbasi S, Patil S,Youker KA,  

Taegtmeyer H (2002) Impaired long-chain fatty acid oxidation and contractile 

dysfunction in the obese Zucker rat heart. Diabetes 51: 2587–2595. 

61. Gulick T, Cresci S, Caira T, Moore DD, Kelly DP (1994) The peroxisome 

proliferator-activated receptor regulates mitochondrial fatty acid oxidative enzyme gene 

expression. Proc. Natl. Acad. Sci. 91: 11012–11016. 

62. Zhou YT, Grayburn P, Karim A, Shimabukuro M, Higa M, BaetensD, Orci L, and Unger 

RH (2000) Lipotoxic heart disease in obese rats:implications for human obesity. Proc. 

Natl. Acad. Sci. 97: 1784–1789. 

63. Aasum E, Hafstad AD, Severson DL, and Larsen TS (2003) Age-dependentchanges in 

metabolism, contractile function, and ischemic sensitivity inhearts from db/db mice. 

Diabetes 52: 434–441. 

64. Buchanan J, Mazumder PK, Hu P, Chakrabarti G, Roberts MW,Yun UJ, Cooksey RC, 

Litwin SE, and Abel ED (2005) Reduced cardiac efficiency and altered substrate 

metabolism precedes the onset of hyperglycemia and contractile dysfunction in two 

mouse models of insulin resistance and obesity. Endocrinology 146: 5341–5349. 

65. Chong CR, Clarke K, Levelt E (2017) Metabolic remodeling in diabetic cardiomyopathy. 

Cardiovasc. Res. 113: 422-430. DOI:10.1093/cvr/cvx018. 

66. Entman ML, Bornet EP, Van Winkle WB, Goldstein MA, andSchwartz A (1977) 

Association of glycogenolysis with cardiac sarcoplasmicreticulum: I. Effect of glycogen 

depletion, deoxycholate solubilizationand cardiac ischemia: evidence for a phorphorylase 

kinase membranecomplex. J. Mol. Cell. Cardiol. 9: 515–528. 

67. Lebeche D, Davidoff AJ, Hajjar RJ (2008) Interplay between impaired calciumregulation 

and insulin signaling abnormalities in diabetic cardiomyopathy. Nat. Clin. Pract. 

Cardiovasc. Med. 5: 715–724. 

68. Zhou H, Yue Y, Wang J, Ma Q, Chen Y (2018) Melatonin therapy for diabetic 

cardiomyopathy: a mechanism involving Syk-mitochondrial complex I-SERCA pathway. 

Cell. Signal 47:  88-100. DOI: 10.1016/j.cellsig.2018.03.012. 

69. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JG, Coats AJ, Falk V, 

Gonzalez-Juanatey JR, Harjola VP, Jankowska EA, Jessup M (2016) ESC guidelines for 

the diagnosis and treatment of acute and chronic heart failure. Eur. Heart J. 37: 

2129–2200. 

70. Nabben M, Luiken JJFP, Glatz JFC (2018) Metabolic remodelling in heart failure 

revisited. Nat. Rev. Cardiol. 15: 780. DOI:10.1038/s41569-018-0115-8. 

71. Karwi QG, Uddin GM, Ho KL, Lopaschuk GD (2018) Loss of metabolic flexibility in 

the failing heart. Front. Cardiovasc. Med. 5: 68. DOI:10.3389/fcvm.2018.00068. 

72. Wende AR, Brahma MK, McGinnis GR, Young ME (2017) Metabolic origins of heart 

failure. JACC Basic Transl. Sci. 2: 297-310. DOI:10.1016/j.jacbts.2016.11.009. 

73. Glatz, J. F. C. & Luiken, J. J. F. P (2018) Dynamic role of the transmembrane 

glycoprotein CD36 (SR-B2) in cellular fatty acid uptake and utilization. J. Lipid Res. 59: 

1084–1093. 

74. Serviddio G, Bellanti F, Romano AD, Tamborra R, Rollo T, Altomare E, Vendemiale G 

(2007) Bioenergetics in aging: mitochondrial proton leak in aging rat liver, kidney and 

heart. Redox. Rep. 12: 91-95. DOI:  10.1179/135100007X162112. 

75. Verma SK, Garikipati VNS, Kishore R (2017) Mitochondrial dysfunction and its impact 

on diabetic heart. Biochim. Biophys. Acta Mol. Basis Dis. 1863: 1098-1105. DOI: 

10.1016/j.bbadis.2016.08.021. 



 

Melatonin Research (Melatonin Res.)               http://www.melatonin-research.net 

Melatonin Res. 2021, Vol 4 (2) 316-335; doi: 10.32794/mr11250097                332        
 

76. Hardeland R, Cardinali DP, Srinivasan V, Spence DW, Brown GM, Pandi-Perumal SR 

(2011) Melatonin— a pleiotropic, orchestrating regulator molecule. Prog. Neurobiol. 93: 

350-84. DOI: 10.1016/j.pneurobio.2010.12.004. 

77. Zhao D, Yu Y, Shen Y, Liu Q, Zhao Z, Sharma R, Reiter RJ (2019) Melatonin synthesis 

and function: evolutionary history in animals and plants. Front. Endocrinol. 10: 249. 

DOI: 10.3389/fendo.2019.00249. 

78. Reiter RJ, Tan DX, Paredes SD, Fuentes-Broto L (2010) Beneficial effects of melatonin 

in cardiovascular disease. Ann. Med. 42: 276-285. DOI: 10.3109/07853890903485748. 

79. de Oliveira AC, Andreotti S, Farias Tda S, Torres-Leal FL, de Proença AR, Campaña 

AB, de Souza AH, Sertié RA, Carpinelli AR, Cipolla-Neto J, Lima FB (2012) Metabolic 

disorders and adipose tissue insulin responsiveness in neonatally STZ-induced diabetic 

rats are improved by longterm melatonin treatment. Endocrinology 153: 2178–2188. 

DOI: 10.1210/en.2011-1675. 

80. Li Y, Li S, Zhou Y, Meng X, Zhang JJ, Xu DP, Li HB (2017) Melatonin for the 

prevention and treatment of cancer. Oncotarget 8: 39896-39921. DOI: 

10.18632/oncotarget.16379. 

81. Reiter RJ (1991) Melatonin: the chemical expression of darkness. Mol. Cell. Endocrinol. 

79: C153-C158. DOI:10.1016/0303-7207(91)90087-9. 

82. Dawson D, Armstrong SM (1996) Chronobiotics―drugs that shift rhythms. Pharmacol. 

Ther. 69: 15-36. DOI:10.1016/0163-7258(95)02020-9. 

83. Laposky AD, Bass J, Kohsaka A, Turek FW (2008) Sleep and circadian rhythms: key 

components in the regulation of energy metabolism. FEBS Lett. 582: 142-151. 

DOI:10.1016/j.febslet.2007.06.079. 

84. Zanquetta MM, Seraphim PM, Sumida DH, Cipolla-Neto J, Machado UF (2003) Calorie 

restriction reduces pinealectomy-induced insulin resistance by improving GLUT4 gene 

expression and its translocation to the plasma membrane. J. Pineal Res. 35: 141-148. 

DOI:10.1034/j.1600-079x.2003.00067.x. 

85. Cipolla-Neto J, Amaral FG, Afeche SC, Tan DX, Reiter RJ (2014) Melatonin, energy 

metabolism, and obesity: a review. J. Pineal Res. 56: 371-381. DOI:10.1111/jpi.12137. 

86. Acuña-Castroviejo D, Martín M, Macías M, Escames G, León J, Khaldy H, Reiter RJ 

(2001) Melatonin, mitochondria, and cellular bioenergetics. J. Pineal Res. 30: 65-74. 

DOI:10.1034/j.1600-079x.2001.300201.x. 

87. Zhang J, Wang X, Vikash V, Ye Q, Wu D, Liu Y, Dong W (2016) ROS and 

ROS-mediated cellular signaling. Oxid. Med. Cell. Longev. 2016: 4350965. DOI: 

https://doi.org/10.1155/2016/4350965. 

88. Tan DX, Reiter RJ, Manchester LC, Yan MT, El-Sawi M, Sainz RM, Mayo JC, Kohen R, 

Allegra MC, Hardeland R (2002) Chemical and physical properties and potential 

mechanisms: melatonin as a broad spectrum antioxidant and free radical scavenger. Curr. 

Top. Med. Chem. 2: 181-197. DOI: 10.2174/1568026023394443. 

89. Sarkar S, Chattopadhyay A, Bandyopadhyay D (2020) Melatonin, the advance-guard in 

oxidative myocardial assault instigated by exercise stress: a physiological and 

biochemical insight. Melatonin Res. 3: 451-475. 

DOI:https://doi.org/https://doi.org/10.32794/mr11250072. 

90. Itani N, Skeffington KL, Beck C, Niu Y, Giussani DA (2016) Melatonin rescues 

cardiovascular dysfunction during hypoxic development in the chick embryo. J. Pineal 

Res. 60: 16-26. DOI: 10.1111/jpi.12283. 

91. Tan DX, Reiter RJ (2019) Mitochondria: the birth place, battle ground and the site of 

melatonin metabolism in cells. Melatonin Res. 2: 44-66. 



 

Melatonin Research (Melatonin Res.)               http://www.melatonin-research.net 

Melatonin Res. 2021, Vol 4 (2) 316-335; doi: 10.32794/mr11250097                333        
 

92. Prado NJ, Ferder L, Manucha W, Diez ER (2018) Anti-inflammatory effects of 

melatonin in obesity and hypertension. Curr. Hypertens. Rep. 20: 45. DOI: 

10.1007/s11906-018-0842-6. 

93. Martín M, Macías M, Escames G, León J, Acuña-Castroviejo D (2000) Melatonin but 

not vitamins C and E maintains glutathione homeostasis in t-butyl 

hydroperoxide-induced mitochondrial oxidative stress. FASEB J. 14: 1677-1679. 

DOI:10.1096/fj.99-0865fje. 

94. Jiki Z, Lecour S, Nduhirabandi F (2018) Cardiovascular benefits of dietary melatonin: a 

myth or a reality?. Front. Physiol. 9: 528. DOI: 10.3389/fphys.2018.00528. 

95. Mauriz JL, Collado PS, Veneroso C, Reiter RJ, González‐Gallego J (2013) A review of 

the molecular aspects of melatonin’s anti‐inflammatory actions: recent insights and new 

perspectives. J. Pineal Res. 54: 1-4. DOI:10.1111/j.1600-079X.2012.01014.x. 

96. Nabavi SM, Nabavi SF, Sureda A, Xiao J, Dehpour AR, Shirooie S, Silva AS, Baldi A, 

Khan H, Daglia M (2019) Anti-inflammatory effects of Melatonin: A mechanistic review. 

Crit. Rev. Food Sci. Nutr. 59: S4-S16. DOI: 10.1080/10408398.2018.1487927. 

97. Sarkar S, Chattopadhyay A, Bandyopadhyay D (2021) Multiple strategies of melatonin 

protecting against cardiovascular injury related to inflammation: a comprehensive 

overview. Melatonin Res. 4: 1-29. 

DOI:https://doi.org/https://doi.org/10.32794/mr11250080. 

98. Ekmekcioglu C, Thalhammer T, Humpeler S, Mehrabi MR, Glogar HD, Hölzenbein T, 

Markovic O, Leibetseder VJ, Strauss‐Blasche G, Marktl W (2003) The melatonin 

receptor subtype MT2 is present in the human cardiovascular system. J. Pineal Res. 35: 

40-44. DOI: 10.1034/j.1600-079x.2003.00051.x. 

99. Dominguez-Rodriguez A, Abreu-Gonzalez P, Reiter RJ (2012) Melatonin and 

cardiovascular disease: myth or reality?. Rev. Esp. Cardiol. (English Edition) 65: 

215-218. DOI: 10.1016/j.recesp.2011.10.009. 

100. Zhao T, Zhang H, Jin C, Qiu F, Wu Y, Shi L (2017) Melatonin mediates vasodilation 

through both direct and indirect activation of BKCa channels. J Mol Endocrinol. 59: 

219-233. DOI: 10.1530/JME-17-0028. 

101. Reiter RJ, Tan DX & Korkmaz A (2009) The circadian melatonin rhythm and its 

modulation: possible impact on hypertension. J. Hypertens. 27: S17–S20. 

DOI:10.1097/01.hjh.0000358832.41181.bf. 

102. Tunstall RR, Shukla P, Grazul-Bilska A, Sun C, O'Rourke ST (2011) MT2 receptors 

mediate the inhibitory effects of melatonin on nitric oxide-induced relaxation of porcine 

isolated coronary arteries. J. Pharmacol. Exp. Ther. 336: 127-133. 

DOI:10.1124/jpet.110.174482. 

103. Escames G, López LC, Ortiz F, López A, García JA, Ros E, Acuña-Castroviejo D (2007) 

Attenuation of cardiac mitochondrial dysfunction by melatonin in septic mice. FEBS J. 

274: 2135-2147. DOI:10.1111/j.1742-4658.2007.05755.x. 

104. Reiter RJ, Tan DX, Kim SJ, Qi W (1998) Melatonin as a pharmacological agent against 

oxidative damage to lipids and DNA. Proc. West Pharmacol. Soc. 41: 229–236. 

105. Hu ZP, Fang XL, Fang N, Wang XB, Qian HY, Cao Z, Cheng Y, Wang BN, Wang Y 

(2013) Melatonin ameliorates vascular endothelial dysfunction, inflammation, and 

atherosclerosis by suppressing the TLR 4/NF‐κB system in high‐fat‐fed rabbits. J. Pineal 

Res. 55: 388-398. DOI: 10.1111/jpi.12085. 

106. Lagneux C, Joyeux M, Demenge P, Ribuot C, Godin-Ribuot D (2000) Protective effects 

of melatonin against ischemia-reperfusion injury in the isolated rat heart. Life Sci. 66: 

503-509. DOI: 10.1016/s0024-3205(99)00620-7. 

107. Sahna E, Olmez E, Acet A (2002) Effects of physiological and pharmacological 

concentrations of melatonin on ischemia–reperfusion arrhythmias in rats: can the 



 

Melatonin Research (Melatonin Res.)               http://www.melatonin-research.net 

Melatonin Res. 2021, Vol 4 (2) 316-335; doi: 10.32794/mr11250097                334        
 

incidence of sudden cardiac death be reduced?. J. Pineal Res. 32: 194-198. DOI: 

10.1034/j.1600-079x.2002.1o853.x. 

108. Fu Z, Jiao Y, Wang J, Zhang Y, Shen M, Reiter RJ, Xi Q, Chen Y (2020) 

Cardioprotective Role of melatonin in acute myocardial infarction. Front. Physiol. 11: 

366. DOI: 10.3389/fphys.2020.00366. PMID: 32411013; PMCID: PMC7201093. 

109. Reiter RJ, Tan DX, Korkmaz A, Rosales-Corral SA (2014) Melatonin and stable 

circadian rhythms optimize maternal, placental and fetal physiology. Hum. Reprod. 

Update. 20: 293-307. DOI: 10.1093/humupd/dmt054. 

110. Valenzuela FJ, Vera J, Venegas C, Pino F, Lagunas C (2015) Circadian system and 

melatonin hormone: risk factors for complications during pregnancy. Obstet. Gynecol. 

Int. 2015: 825802. DOI: 10.1155/2015/825802. 

111. Soliman A, Lacasse AA, Lanoix D, Sagrillo-Fagundes L, Boulard V, Vaillancourt C 

(2015) Placental melatonin system is present throughout pregnancy and regulates villous 

trophoblast differentiation. J. Pineal Res. 59: 38-46. DOI: 10.1111/jpi.12236. 

112. Ghosh G, De K, Maity S, Bandyopadhyay D, Bhattacharya S, Reiter RJ, Bandyopadhyay 

A (2007) Melatonin protects against oxidative damage and restores expression of 

GLUT4 gene in the hyperthyroid rat heart. J. Pineal Res. 42: 71-82. 

113. Rosano GM, Vitale C (2018) Metabolic modulation of cardiac metabolism in heart 

failure. Card. Fail. Rev. 4: 99-103. DOI:10.15420/cfr.2018.18.2. 

114. Oz E, Erbaş D, Sürücü HS, Düzgün E (2006) Prevention of doxorubicin-induced 

cardiotoxicity by melatonin. Mol. Cell. Biochem. 282: 31-37. 

DOI:10.1007/s11010-006-1153-9. 

115. Mukherjee D, Roy SG, Bandyopadhyay A, Chattopadhyay A, Basu A, Mitra E, Ghosh 

AK, Reiter RJ, Bandyopadhyay D (2010) Melatonin protects against 

isoproterenol‐induced myocardial injury in the rat: antioxidative mechanisms. J. Pineal 

Res. 48: 251-262. DOI: 10.1111/j.1600-079X.2010.00749.x. 

116. Reiter RJ, Tan DX, Manchester LC, Terron MP, Flores LJ, Koppisepi S (2007) Medical 

implications of melatonin: receptor-mediated and receptor-independent actions. Adv. 

Med. Sci. 52: 11-28. 

117. Tan DX, Manchester LC, Terron MP, Flores LJ, Reiter RJ (2007) One molecule, many 

derivatives: a never‐ending interaction of melatonin with reactive oxygen and nitrogen 

species?. J. Pineal Res. 42: 28-42. DOI: 10.1111/j.1600-079X.2006.00407.x. 

118. Sallam N, Laher I (2016) Exercise modulates oxidative stress and inflammation in aging 

and cardiovascular diseases. Oxid. Med. Cell. Longev. 2016: 7239639. DOI: 

https://doi.org/10.1155/2016/7239639. 

119. Lochner A, Marais E, Huisamen B (2018) Melatonin and cardioprotection against 

ischaemia/reperfusion injury: what's new? a review. J. Pineal Res. 65: e12490. 

DOI:10.1111/jpi.12490. 

120. Taegtmeyer H, Sen S, Vela D (2010) Return to the fetal gene program: a suggested 

metabolic link to gene expression in the heart. Ann. NY Acad. Sci. 1188: 191–198. DOI: 

10.1111/j.1749-6632.2009.05100.x. 

121. Tomec RJ, Hoppel CL (1975) Carnitine palmitoyltransferase in bovine fetal heart 

mitochondria. Arch. Biochem. Biophys. 170: 716-723. 

DOI:10.1016/0003-9861(75)90169-1. 

122. Hoppel CL, Kerner J, Turkaly P, Turkaly J, Tandler B (1998) The 

malonyl-CoA-sensitive form of carnitine palmitoyltransferase is not localized 

exclusively in the outer membrane of rat liver mitochondria. J. Biol. Chem. 273: 

23495-23503. DOI:10.1074/jbc.273.36.23495. 

123. Lopaschuk GD, Folmes CD, Stanley WC (2007) Cardiac energy metabolism in obesity. 

Circ. Res. 101: 335-347. DOI:10.1161/CIRCRESAHA.107.150417. 



 

Melatonin Research (Melatonin Res.)               http://www.melatonin-research.net 

Melatonin Res. 2021, Vol 4 (2) 316-335; doi: 10.32794/mr11250097                335        
 

124. Song S, Attia RR, Connaughton S, Niesen MI, Ness GC, Elam MB, Hori RT, Cook GA, 

Park EA (2010) Peroxisome proliferator activated receptor alpha (PPARalpha) and 

PPAR gamma coactivator (PGC-1alpha) induce carnitine palmitoyltransferase IA 

(CPT-1A) via independent gene elements. Mol. Cell. Endocrinol. 325: 54-63. 

DOI:10.1016/j.mce.2010.05.019. 

125. Timm KN, Tyler DJ (2020) The role of AMPK activation for cardioprotection in 

doxorubicin-induced cardiotoxicity. Cardiovasc. Drugs Ther. 34: 255-269. 

DOI:10.1007/s10557-020-06941-x. 

126. Mi Y, Tan D, He Y, Zhou X, Zhou Q, Ji S (2018) Melatonin modulates lipid metabolism 

in HepG2 cells cultured in high concentrations of oleic acid: AMPK pathway activation 

may play an important role. Cell. Biochem. Biophys. 76: 463-470. 

DOI:10.1007/s12013-018-0859-0. 

127. Wu S, Zou MH (2020) AMPK, mitochondrial function, and cardiovascular disease. Int. J. 

Mol. Sci. 21: 4987. DOI:10.3390/ijms21144987. 

128. Shao D, Tian R (2015) Glucose Transporters in Cardiac Metabolism and Hypertrophy. 

Compr. Physiol. 6: 331-351. DOI:10.1002/cphy.c150016. 

129. Chen Z, Liu M, Li L, Chen L (2018) Involvement of the Warburg effect in non-tumor 

diseases processes. J. Cell. Physiol. 233: 2839-2849. DOI:10.1002/jcp.25998. 

130. Reiter RJ, Sharma R, Ma Q (2020) Switching diseased cells from cytosolic aerobic 

glycolysis to mitochondrial oxidative phosphorylation: A metabolic rhythm regulated by 

melatonin?. J. Pineal Res. 70: e12677. DOI:10.1111/jpi.12677. 

131. Reiter RJ, Sharma R, Ma Q, Rosales-Corral S, Acuna-Castroviejo D, Escames G (2019) 

Inhibition of mitochondrial pyruvate dehydrogenase kinase: a proposed mechanism by 

which melatonin causes cancer cells to overcome cytosolic glycolysis, reduce tumor 

biomass and reverse insensitivity to chemotherapy. Melatonin Res. 2: 105-119. DOI: 

https://doi.org/10.32794/mr11250033. 

132. Yeung HM, Hung MW, Lau CF, Fung ML (2015) Cardioprotective effects of melatonin 

against myocardial injuries induced by chronic intermittent hypoxia in rats. J. Pineal Res. 

58: 12-25. DOI: 10.1111/jpi.12190. 

133. van der Velden J, Tocchetti CG, Varricchi G, Bianco A, Sequeira V, Hilfiker-Kleiner D, 

Hamdani N, Leite-Moreira AF, Mayr M, Falcão-Pires I, Thum T, Dawson DK, Balligand 

JL, Heymans S (2018) Metabolic changes in hypertrophic cardiomyopathies: scientific 

update from the Working Group of Myocardial Function of the European Society of 

Cardiology. Cardiovasc. Res. 114: 1273-1280. DOI:10.1093/cvr/cvy147. 

134. Sinésio-Jr J, Bargi-Souza P, Matos RA, Leite EA, Buonfiglio DC, Andrade-Silva J, 

Motta-Teixeira L, Curi R, Young M, Cipolla-Neto J, Peliciari-Garcia RA (2019) 

Melatonin and the heart circadian clock of euglycemic and type 2 diabetic male rats: a 

transcriptional evaluation. Melatonin Res. 2: 139-151. DOI: 

https://doi.org/https://doi.org/10.32794/11250035. 

 

 
Please cite this paper as: 

Sarkar, S., Chattopadhyay, A. and Bandyopadhyay, D. 2021. Melatonin as a prospective 

metabolic regulator in pathologically altered cardiac energy homeostasis. Melatonin 

Research. 4, 2 (Apr. 2021), 316-335. 

DOI:https://doi.org/https://doi.org/10.32794/mr11250097. 


