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ABSTRACT

Exercise conducted at an optimum training load is usually beneficial for the overall
health of an individual. However, an unaccustomed intense exercise carried out by untrained
individuals or elite athletes during over-training and/or competition-related stress often bear
inevitable cardiovascular risks. Although many alterations occurring in the cardiovascular
system during exercise are the results of training adaptations, sudden cardiovascular deaths
reported in competitive athletes is a matter of grave concern. Several oxidative biomarkers
that depict the underlying structural and functional impairment of the myocardial tissue have
been identified in the individuals subjected to extensive exercise. The exercise-mediated
cardiomyopathy is free radical related and also associated with pro-inflammatory response. In
this review we will highlight the possible role of melatonin in obviating irrevocable oxidative
cardiovascular injury triggered by extensive exercise stress. Melatonin effectively reduces
exercise-induced lipid peroxidation, restores natural cellular antioxidant pool and supresses
the innate immune cascade reaction that, otherwise, jeopardize cardiovascular integrity.
Melatonin blocks the IKK/IkB/NFkB signaling as well as suppress iNOS and COX-2
mediated inflammation in cardiac tissue. In addition, melatonin reduces blood lactate
accumulation and accelerates glucose utilization, thereby, promoting energy metabolism in
athletes during their training and competition. Physical exertion associated overheating and
the resultant sympathetic outflow impede cardiovascular homeostasis. Melatonin not only
attenuates the sympathomedullary stimulation but also protects the cardiac cells from the
cytotoxic effect of catecholamines. The available information regarding the efficacy of
melatonin in amelioration of exercise-driven oxidative insult in cardiac tissue has been
discussed and summarized.

Key words: exercise, oxidative stress, cardiovascular system, inflammatory response, cardiac
injury, antioxidants, melatonin.

1. INTRODUCTION

The evolution of aerobic organism and the beginning of oxygen-dependent metabolism
came up with a high cost to life. Although, aerobic metabolism is a rich source of ATP, its
oxygen by-products, i.e., reactive oxygen species (ROS)/reactive nitrogen species (RNS),
bear a huge physiological threat due to oxidative stress (1). Fortunately, organisms have
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developed an antioxidant defence system equipped with small molecular antioxidants and
antioxidant enzymes to scavenge or neutralize these ROS/RNS. However, “disturbance of the
oxidation-reduction balance in favour of oxidants” can lead to oxidative stress and severe
tissue damage in many vital organs of organisms (2).

Exercise, when conducted regularly at optimum training intensity and duration elevates
the antioxidant levels in blood, muscles, liver and heart and thus, prevents free radical
induced damages (3-5). In contrast, a sedentary lifestyle leads to the development of chronic
diseases. It has been reported that proper exercises prevent the onset of metabolic syndrome,
obesity, non-alcoholic fatty liver disease, coronary heart disease, stroke, etc. (6). The benefits
of exercise on the overall health and fitness of individuals are obvious. However, exercise
seems as a double-edged sword since several studies have reported that both acute aerobic
and anaerobic exercise cause oxidative damage to lipids (7-8), proteins (9) and DNA (10).
Exercise-induced oxidative stress has been extensively studied over the past few decades.
Dillard et al. were the first to come up with the idea that muscular exercise could induce lipid
peroxidation in animals and humans in 1978 (11). Since then, many studies have reported that
endurance exercise or short term high-intensity workout elevate oxidative stress biomarkers
in blood and other tissues of the body (12).

Habitual physical activity lowers the risk of sudden death caused by exercise-related
cardiac arrest. However, vigorous exertion can increase the risk of such cardiovascular events
(13). Sports classified as static exercise including weight lifting, power-lifting, body-building
poses a greater risk of cardiac muscle damage, due to their high potential for ROS generation
(14). Dynamic exercises including running, cycling, swimming, when performed at an
intense level with anaerobic metabolism also lead to free radical production (15). Therefore,
research in the protective effects of antioxidants on exercise-stress induced cardiac injury has
become a field of interest for the sportsman, coaches, exercise physiologists and free radical
biologists. Several studies have indicated the potential benefits of antioxidant consumption
either through diet or supplementation in preventing exercise associated oxidative damage
(11, 16,17). Melatonin is a molecule synthesized by the pineal gland and other tissues (18). It
plays important roles in circadian rhythm, immune system and reproduction. Melatonin is
also a potent antioxidant (19). Its activities have been investigated in the field of sports
science and medicine. Although there are conflicting data regarding the ergogenic effect of
melatonin, the antioxidant property of this compound has certainly contributed to its
protective effects against exercise-induced oxidative stress (20-22). Numerous studies have
clearly shown that melatonin has an ameliorative role in myocardial oxidative damage (23).
Melatonin was found to reduce acute-intense exercise stress related cardiac injury (24) and
acute exercise induced elevation of pro-inflammatory markers (25). However, the underlying
protective mechanisms of melatonin on exercise induced cardiopathy is yet to unfold.

2. PHYSIOLOGICAL ALTERATION IN CARDIOVASCULAR HOMEOSTASIS
DURING EXERCISE

Changes in cardiovascular parameters to meet the metabolic demand of muscles during
exercise is a natural response (26). These changes include increased heart rate and stroke
volume with the consequent increase in cardiac output (27). Exercise, is also associated with
decreased maximal heart rate in trained athletes. Therefore, the augmentation of stroke
volume is a major contributor to enhanced cardiac output during exercise (28, 29). An
increased stroke volume, on the other hand, is an outcome of multiple adaptive changes in the
heart including alterations in morphological and functional aspects. Early in nineteenth
century, Henschen et al., reported training-induced cardiac hypertrophy in cross country
skiers (30). Although they used the simple method of chest percussion, the advent of
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radiographical techniques allowed researchers to confirm this study (30,31). This ultimately
led to the development of a new concept called “athlete’s heart”. Echocardiography, magnetic
resonance imaging and necropsy studies have demonstrated the exercise related increases in
left ventricular (LV) mass, its end-diastolic volume, end diastolic diameter, right ventricular
(RV) mass, its end-diastolic volume and left atrial volume (29,32). These structural
modifications are, in turn, responsible for functional adjustments characterized by
electrocardiographic abnormalities (33). Though such changes associated with “athlete’s
heart” are not considered as pathological signs, several studies reporting mortality caused by
sudden cardiac arrest in athletes have raised concern (34-36).

Activation of renin-angiotensin-aldosterone system in response to exercise-induced
hyperosmolality due to enhanced metabolism, sweating and hyperalbuminemia leads to water
retention and increased plasma volume (37-38). Exercise also instigates androgen-mediated
erythropoietin stimulation and erythrocyte generation (39). All these along with sympathetic
stimulation increases cardiac output and cause elevated systolic blood pressure. When the rise
in blood pressure exceeds a certain limit [(i.e., a 60mmHg (in male) or 50mmHg (in female)
difference between peak and resting blood pressure in response to exercise], it is referred to
as “hypertensive response to exercise” (HRE). A study has highlighted the fatal consequences
of HRE caused due to hypertensive load on the left ventricle (40).

3. SPORTS, COMPETITION AND STRESS IN GENERAL

Highly competitive sporting events demand the athletes to constantly perform at a peak
level which often pushes the limits of their individual capacity. Apart from the professional
athletes, many novice individuals, in order to cope with the growing aesthetic standards, often
emulate themselves and practice heavy exercise recklessly, which cause tissue damage and
jeopardize their health (41). During sporting events or competition, athletes experience a
number of physical, emotional and psychosocial demands that evoke a complex set of
physiological stress reactions (42). Cardiovascular performance is modulated by the
physiological responses of the body to various stressful conditions that an athlete encounters
during the competition period. At the initial phase of successful control over the challenge,
there is an increased release of testosterone, with optimum levels of gonadotrophins and
oxytocin hormones which are known to maintain a state of stability in species (43). With
constant challenge, the testosterone, oxytocin and gonadotrophin levels eventually fall
(43-44). In this situation, the fight hormone, norepinephrine, comes into play and supports the
individual who struggles to cope with the constantly increased stress (43). As anxiety,
uncertainty and perception of probable defeat grow, epinephrine secretion increases as a
manifestation of flight response (45). Such activation of the adreno-medullary system
initiates the adreno-cortical response as the athlete suffers pronounced distress, helplessness,
and over-exhaustion (46). On the other hand, daytime extensive endurance exercise or even a
moderate exertion under hypoxic conditions will enhance melatonin secretion to serve as a
defence mechanism against oxygen deficiency related free radical attack (47-48). A
prolonged over-exhaustive exercise bout or competition can overload body’s hormonal
defence including activation of adrenal gland, testicles and pineal gland. Over activities of
these organs finally will fall off drastically, leading to loss of endocrine harmony (47).

Physiological stress is often manifested at molecular level as oxidative stress as
unbalance between the generation and detoxification of ROS (2). ROS are by-products of
mitochondrial respiration or xanthine oxidase, arachidonate cascade, nitric oxide synthase,
and NADH/NADPH oxidase (49). For example, superoxide anion is dismutated to hydrogen
peroxide (H202) under the action of superoxide dismutase. When the transition metals are
available H>O; is catalysed to most active hydroxyl radical (-OH) by Fenton reaction, or by
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Haber-Weiss reaction, in which, superoxide anion is the catalyser. ‘OH has the ability to alter
the structural integrity of membrane lipids and proteins, and even damages the ultrastructure
of DNA (1). A consensus about the involvement of ROS/RNS in the pathogenesis of a
myriad of disorders has been well documented in the scientific literature (50).

4. BIOMARKERS OF EXERCISE INDUCED OXIDATIVE CARDIAC INJURY

During exercise, increased aerobic demand promotes a huge flow of oxygen to the
active tissues, which subsequently favours generation of ROS (51). After the first evidence
on exercise mediated elevation of oxidative stress was published in the late 1970s (11), more
and more studies have confirmed this early observation. Brady et al., in 1979 reported that
swimming exercise was associated with significant increase in hepatic and muscular lipid
peroxidation (LPO) and declined erythrocyte glutathione reductase as well as
glucose-6-phosphate dehydrogenase activities (16). In a clinical study, patients with chronic
heart failure (CHF) were asked to participate in a 30 minutes exercise regime of
moderate-intensity and this resulted in their post-workout increase in plasma
malondialdehyde which continued for an hour even after the exercise session. In addition,
their plasma pro-inflammatory markers were also elevated immediately after exercise (52).
Although the authors concluded that such alterations in blood parameters could be a result of
adaptation in CHF patients (52), the irreversible damage caused by lipid peroxidation in these
subjects must be taken into consideration. One of the serum indicators for cardiac stress is
heart-specific troponin protein. Troponin complex comprises of three loosely attached
subunits: troponin | (Tnl), troponin C (TnC), and troponin T (TnT), each having discrete
functions. Tnl associates with actin, TnT with tropomyosin, and TnC has a binding affinity
for calcium. This protein complex plays a critical role in calcium driven muscle contraction
via actin-myosin interaction (53). Cardiac specific troponin | (cTnl) and troponin T (cTnT)
are released into the blood from cardiomyocytes when cardiac tissue is subjected to extensive
stress, including exercise stress (54-55). An increase in cTnl and cTnT above 99" percentile
of the blood concentrations of control individuals is  a marker of myocardial injury (56-57).
Cardiac troponins can remain elevated in blood for 24 hours to 5 days or more depending on
the severity of myocardial damage (58). Two possible mechanisms for exercise-induced
cardiac troponin release have been proposed. One is that when the exercise-induced damage
is less severe, the membrane leakage of cardiac myocyte leads to the release of cTnl (3%)
and cTnT (6%) from cytosolic troponin pool. The other is that an intense exercise can cause
disruption of contractile machinery in cardiomyocytes, thus resulting in erosion of
structurally bound cardiac troponin into the circulation (53). In addition, functional
impairment is also a result of exercise-induced myocardial stress. the biomarkers including
brain natriuretic peptide (BNP) (or B-type natriuretic peptide) and N-terminal prohormone of
brain natriuretic peptide (NT-proBNP) are reflected in myocardial dysfunction since both are
released from atrium and ventricle of heart caused by increased intravascular pressure (59-61).
The endurance exercise can cause the release of NT-proBNP in an age-dependent manner
(62-63). Animal studies and clinical investigations have revealed the role of free radicals in
exercise associated elevation of plasma NT-proBNP (53). There are still disputes regarding
whether the increases in circulatory cardiac troponin and BNP attribute to cardiac damage or
they are the protective mechanisms. This issue deserves further investigation. Circulatory
creatine kinase and its cardiac specific isozyme, CK-MB, are the additional markers of
cardiac tissue damage (64). A rise in CK-MB level and/or activity during acute exercises
such as intermittent training and marathon running indicate a significant cardiac stress
(65-66). Ischaemia-modified aloumin (IMA), a biomarker for myocardial ischaemia, has been
implemented for testing exercise-driven cardiac ischaemia and systemic acidosis (67). This
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novel marker detects the binding affinity of albumin with cobalt, which is particularly
diminished in ischaemic condition, leading to an increasing IMA concentration (68). In
athletes, prolonged exercise causes an elevation of mean IMA concentration during 24-48
hours post-exercise (69-70). However, albumin concentration also increases during an acute
bout of exercise and ischaemia in tissues other than the cardiac muscles. This will influence
the determination whether this increase of IMA is dedicated to cardiac damage (67), thus, this
biomarker has its limitation in its use in detecting the impact of exercise on cardiac injury.

5. INFLAMMATORY BIOMARKERS OF CARDIAC TISSUE INDUCED BY
EXTENSIVE EXERCISE

There is a strong association between oxidative stress and circulatory inflammatory
cytokines and adhesion molecules. This is also the case following an intense exercise session
(25). For the readers’ convenience, we illustrate these associations in Figure 1.
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Fig. 1. Summarization of the potential outcomes of strenuous exercise associated
oxidative and inflammatory responses in cardiac cells.

PG: Prostaglandin; NO: Nitric oxide; BNP: B-type natriuretic peptide; CK-MB:
Cardiac specific isozyme of creatine kinase; COX-2: Cyclooxygenase-2; cTNI: Cardiac
specific troponin |; cTNT: Cardiac specific troponin T; IKK: | kappa B kinases; IL:
Interleukin; IMA: Ischaemia-modified albumin, iNOS: Inducible nitric oxide synthase; IkB: I
kappa B; LPO: Lipid peroxidation; MPO: Myeloperoxidase; NFxB: Nuclear factor
kappa-light-chain-enhancer of activated B cells; NT-proBNP: N-terminal prohormone of
brain natriuretic peptide; proBNP: Prohormone of brain natriuretic peptide; ROS: Reactive
oxygen species; TNF-a: Tumour necrosis factor alpha.

Increased serum malondialdehyde level along with a rise in plasma pro-inflammatory
cytokines are observed in patients with cardiac morbidity performing moderate exercise (52).
Prolonged exercises cause impairment in cardiac function with left systolic and diastolic
dysfunction (71). Exercise-induced pro-inflammatory response is directly associated with
right ventricular dysfunction (72). High-intensity exercise for long duration leads to the
release of pro-inflammatory cytokines including tumour necrosis factor alpha (TNF-a),
interleukin  12p70 (IL-12p70) and interleukin 1B (IL-1B) in athletes performing
ultra-endurance triathion (72). A significant number of trained ultra-endurance athletes have
myocardial dysfunction with elevated BNP and cTnl levels following completion of
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ultra-endurance activities (72). The results definitely raised a vital question as to whether
these changes are indications for underlying inflammatory and necrotic damage in cardiac
tissue. A correlation between raised circulatory troponin and BNP levels with an escalation of
plasma myeloperoxidase (MPO) concentration has been observed in marathon runners (73).
A high plasma MPO level is often considered as a prodrome of possible cardiac arrest and
death following a myocardial infarction (74). Oxidative stress orchestrates a series of
signalling events leading to generation of Nuclear Factor kappa-light-chain-enhancer of
activated B cells (NFkB) which up-regulates inflammatory cytokines, adhesion molecules as
well as enzymes participating in inflammatory cascades such as inducible nitric oxide
synthase (iNOS) and cyclooxygenase-2 (COX-2) (75). Exercise also activates | kappa B
kinases (IKK) which promotes degradation of IxB, an inhibitor of NFkB (76). In mice, acute
exercise activates NFkB in skeletal and cardiac muscles (25, 77). A significant increase in
both COX-2 and iNOS transcription and translation was observed in myocardial tissue of rat
after acute bouts of exercise (25).

6. APPLICATION OF ANTIOXIDANTS IN EXERCISE AND SPORTS

The recommendation of antioxidants to athletes should be individualized, based on
exercise intensity, duration, the type of sports and training regime. Micronutrients, viz.,
vitamins and minerals play a vital role in maintaining the natural antioxidant defence function
to avoid oxidative stress (78).

Vitamin C is very effective in mitigating tissue oxidative damage impelled by exhaustive
exercise (79). Muscular damage, fatigue, and immune dysfunction (80) are common in
athletes who play intense sports, perform in harsh weather conditions and have to travel
across time zones. Vitamin C consumed in an adequate amount through diet has beneficial
effects in protecting against these disturbances (79). However, some studies found that
vitamin C consumed in doses higher than 1 gram a day has impaired training adaptations and
athletic performance by possible disruption of mitochondrial biogenesis (81,82).

Vitamin E, another well-known antioxidant, enhances sport performance upon acute
parenteral administration (83). Nevertheless, long term use of vitamin E has been found to
have a negative impact on performance as documented in a number of surveys related to elite
athletes (84-86). Studies conducted on mountain climbers; however, have indicated that
vitamin E might have a promisingly ameliorative effect against oxidative damage of
erythrocytes that otherwise would have led to a deterioration in performance (79, 87-88).

Quercetin is a natural flavonoid found in many fruits and vegetables and it exhibits a
plethora of biological functions including the antioxidant, anti-inflammatory and
cardioprotective activities among others (89). Quercetin not only promotes mitochondrial
biogenesis and exercise tolerance marked by enhanced endurance capacity (90), but it also
regulates the immune response in individuals under loaded training regime (91). These results
indicate that quercetin can be a protective molecule against exercise-induced oxidative stress
in animals, but the data in human subjects are scanty.

Resveratrol, a phytochemical present in the Mediterranean diet, is also known to have
antioxidant activities (92). This compound has been found to protect against oxidative stress
generated by strenuous treadmill running in rats. Elevated levels of malondialdehyde,
4-hydroxy-2-nonenal,  8-hydroxy-2'-deoxyguanosine, creatine kinase, and lactate
dehydrogenase were reduced after resveratrol administration (93). Other studies have
revealed that resveratrol can induce mitochondrial growth and increase endurance capacity in
actively exercising animals (94). However, resveratrol has shown potential deleterious effect
in inactive rodents and sedentary elderly humans (79, 95). Thus, its use as a sport supplement
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seems to depend on the activity status of the individuals and one should take precautions
before using it as a sport supplement agent.

Curcumin is a popular spice, a natural food colouring and flavouring agent (96). At
moderate concentrations, it displays significant antioxidant and anti-inflammatory property
(97, 98). Studies have demonstrated that curcumin potentially reduces serum lipid
peroxidation level and restore normal serum reduced glutathione (GSH) content in subjects
participating in intense running (99). Curcumin reduces inflammatory reaction in mice
performing full-body exercise (100), improves the antioxidant status in humans participating
in exercise (101) and decreases muscle soreness and damage in participants performing
moderate to high-intensity aerobic exercises (102).

Other substances may also have beneficial effects on the sport related oxidative injuries.
For example, N-acetyl cysteine (NAC) that acts as a cysteine donor is known to replenish the
GSH pool in the body. Hence the supplementation of NAC delays free radical-mediated
muscular fatigue and enhances performance in endurance athletes (102-104). Besides, the use
of coenzyme Qio, B carotene, and several polyphenols as sport supplements for reducing
exercise-induced oxidative stress has been reported in the literature (105).

7. MELATONIN

Melatonin was first isolated from the bovine pineal gland in 1958, and its chemical
identity was revealed as N-acetyl-5methoxytryptamine (106, 107). Melatonin is consistently
reported to be a pineal hormone associated with the regulation of circadian rhythm (108).
However, extensive research over the past few decades have explored the diverse
physiological roles of this tryptamine derivative. These include the metabolic (109),
reproductive (110), gastro-protective (111-112), cardioprotective (113), neuropsychiatric
(114), immuno-stimulatory (115), oncostatic (116), antioxidant (19,117-118) and
anti-inflammatory functions. In addition to its pleiotropic effects, melatonin is known to be
synthesized in a number of extra-pineal sites, including the cardiac tissue (23), therefore, it
can produce its autacoid and paracoid actions.

7.1. Melatonin as a protector against oxidative damage.

The excessively long-lasting biochemical reactions or the exposure of exogenous stressors
lead to the obligatory production of ROS in biological system. In the absence of adequate
antioxidant defense, the ROS attack the bio-molecules that mark the onset of several
pathological mechanisms. Melatonin is a potent antioxidant and free radical scavenger that
can effectively protect against these detrimental outcomes (1). Melatonin exhibits its
antioxidant ability by either its direct free radical scavenging property or indirectly by acting
on its receptors (117). Owing to its amphiphilic nature, melatonin can efficiently cross the
cellular membrane and present itself in the site of ROS generation, to detoxify ROS (119).
This on-site detoxifying action can annihilate up to ten ROS with a single melatonin molecule
(120). Melatonin also interacts with transition metals to abolish the formation of hydroxyl
radicals (121). In addition, its receptor mediated action can boost up the body’s inherent
antioxidant capacity to alleviate the oxidative stress. Melatonin receptorl (MT1) and
melatonin receptor2 (MT2) are G-protein coupled receptors abundantly distributed in
different regions of the central nervous system as well as the peripheral organs including the
cardiac and vascular tissues, where these receptors synergistically operate to regulate the
phosphoinositol, cGMP and cAMP signalings (119). Melatonin receptor3 (MT3) is an
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enzyme (quinone reductase-2) having antioxidant activity too and is also involved in
promoting the efficacy of chemotherapy (122). Additionally, melatonin has been reported to
act as a ligand for retinoic acid-related orphan receptors (RORo/RZR), although such
interaction of melatonin is still a matter of debate (119). Melatonin can promote both gene
expression and activity of a number of cellular antioxidant enzymes including superoxide
dismutase, catalase, and glutathione peroxidase (117).

7.2. Melatonin and its effect on cardiovascular functions.

The potent beneficial effect of endogenous and exogenous melatonin for optimum
cardiovascular functions has been well established by both animal and clinical studies (23).
Melatonin exerts its physiological effect in the cardiovascular system either by its
receptor-independent or receptor mediated actions (123). Both MT1 and MT2 are present in
the cardiac tissue and blood vessels, particularly in the cardiomyocytes and coronary arteries
(124,125). Activation of MT-1 is associated with arterial vasoconstriction, while vasodilation
is mediated by MT-2 type receptor (126). Plasma melatonin concentration is elevated at the
night, which is responsible for the alleviation of nocturnal hypertension and rapid heart rate
(127). Melatonin reduces blood pressure either by central action or by antagonizing the effect
of catecholamines and by relaxation of vascular smooth muscle via inhibition of
aladrenoceptor, endothelial nitric oxide production and/or antioxidant and anti-inflammatory
mechanism (23, 128, 129). All of these activities of melatonin contribute to the prevention of
hypertensive effect of nitric oxide synthase inhibitor (viz., NLG-nitro-L-arginine methylester)
in a renin-angiotensin-aldosterone system (RAAS) independent manner (130). Mitochondrial
stability takes a crucial part in preserving vascular health and restoring a normotensive state.
Melatonin potentially inhibits mitochondrial ROS generation and intrinsic apoptotic pathway
thereby, preventing mitochondrial permeability transition pore opening (mPTP). Further,
melatonin promotes mitofusin-2 driven protection of mitochondria Such protective functions
of melatonin in mitochondria are not only involved in reducing hypertension but are also
associated with metabolic stability (129). RAAS activation usually causes mitochondrial
dysfunction and pro-inflammatory response via NFkB signalling and inflammasome
activation. Thus, RAAS activation has been associated with impaired glucose homeostasis,
insulin resistance, and obesity, which in turn disrupts cardiovascular harmony. Melatonin
effectively protects against such metabolic disturbances and the concomitant cardiovascular
abnormalities (129).

Numerous animal and human studies have demonstrated the potential therapeutic effects
of melatonin in a wide range of cardiovascular conditions (126). Melatonin treatment
alleviates conduction disorders and lethal arrhythmic changes in the heart under different
circumstances (131).This activity is mediated by antioxidant and anti-adrenergic action of
melatonin, its ability to stimulate the expression of connexin-43 that facilitates cell-cell
transmission of electrical impulse and up-regulation of the cardioprotective protein kinase C
expression in cardiac tissue (132-134). Patients with coronary heart disease and myocardial
ischaemia has lower night-time plasma melatonin than that in control subjects (127).
Melatonin administration exhibits cardioprotective effect and reduces infarct size in patients
with ST-segment elevation and myocardial infarction, depending upon the time of
intervention, age-group, and disease severity, or whether the individuals receive percutaneous
coronary intervention (135, 136). Biotransformation of melatonin into 6-sulfatoxymelatonin
promotes its urinary excretion (137). Patients with coronary artery disease, stable and
unstable angina pectoris, as well as those with acute and chronic congestive heart failure,
have markedly lower levels of urinary 6-sulfatoxymelatonin (126, 138, 139). Furthermore,
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with the dramatic fall in melatonin concentration in the early morning from its night time
peak, the highest occurrence of myocardial infarction and cardiac stroke has been noted (127).
Day-time serum melatonin concentration has been implicated in cardiac re-synchronization
therapy for patients with congestive heart failure and associated ventricular de-synchrony.
This therapy improves morphological integrity and functional capacity of the left ventricle
(140). Melatonin inhibits platelet aggregation and oxidative modification of low-density
lipoprotein (LDL), thus probably having an anti-atherogenic property. In addition to that, the
melatonin level was found to be significantly low in patients with high blood cholesterol or
LDL levels (113). Due to the potent antioxidant, anti-inflammatory, and anti-apoptotic
property, melatonin has been frequently suggested as a possible therapeutic agent in cardiac
ischaemia-reperfusion injury and the other cardiovascular disorders.

7.3. Melatonin as a molecule of interest in the field of exercise physiology.

Evolutionary biologists speculated that melatonin had originated in nature when the
early forms of life came into existence. The original and primary function of melatonin is to
detoxify harmful free radicals generated in the aerobic metabolism of organisms (141). Such
a detoxification function is crucial for the survival of species under the selective pressure of
nature (142). In higher organisms, exercise mimics this natural stress condition that
challenges the organism at the level of cell, tissue, organ, and system, particularly the
cardiopulmonary system (143). Intriguingly, melatonin has been found to mitigate
exercise-induced oxidative stress-mediated cellular damages (20-22).

Unlike the classical antioxidants such as glutathione, vitamin C and vitamin E, melatonin
does not undergo redox reaction, but rather participates in additive reaction with ROS or RNS
to generate stable water-soluble compounds that can be easily excreted (1). Considering the
fact that melatonin lacks obvious toxic effect even at a considerably high dose and is
available as a food supplement (144-145), these features have fascinated many melatonin
researchers and exercise physiologists to explore the possible beneficial effect of melatonin
against exercise stress. Melatonin supplementation decreases the lactate levels in rats with
swimming exercise and also promotes their energy retention for a longer time, probably by
regulating the circulatory zinc levels (146). Moreover, a study showed that the pre-exercise
melatonin administration in the active individuals effectively induced early shift towards
utilization of carbohydrates as an energy source during exercise (147). This might be
beneficial for type-Il diabetic patients, since it promotes glucose mobilization at an early
stage during aerobic exercise. Melatonin ingestion caused a notable reduction in muscle pain
which is attributable to the decline in blood lactate dehydrogenase and creatine kinase levels
in soccer players participating in “intensive training camp” (148), suggesting a vital role of
melatonin in muscle healing process. This is consistent with the studies on rodents where
exogenous melatonin promoted post-injury skeletal muscle repair and regeneration (149, 150).
Melatonin administration effectively prevented oxidative stress and the associated iNOS and
NF«B up-regulation in rat skeletal muscles caused by intense exercise. The mode of action of
melatonin follows the trajectory of IKK/IkB/NF«B signal abolition pathway to avert muscle
damage caused by the master pro-inflammatory mediator, NF«xB (75). Melatonin
pre-treatment was able to alleviate swimming-induced lipid peroxidation and the decreased
GSH/GSSG ratio in liver, muscle and brain in the swimming animals (151). In a recent work,
melatonin was not only able to reduce circulatory malondialdehyde levels, but also stimulated
the activity of superoxide dismutase, the enzyme serving as a frontline fighter against
oxidative assault of superoxide anion (148). Melatonin was also reported to prevent oxidative
stress-mediated bone damage in diabetic rats performing swimming exercise (152).
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7.4. Melatonin as a prophylactic agent against oxidative cardiac injury actuated by
strenuous exercise.

Heart being a highly metabolic organ, demands massive oxygenation leading to the
excessive generation of ROS and RNS, which overwhelms the natural antioxidant defence
machinery of the myocardium during strenuous exercise (153). This jeopardizes the heart to a
diverse array of disease conditions greatly increasing the possibility of cardiovascular
mortality (154). Vigorous exercise, both static and dynamic, exposes one to a huge risk of
sudden cardiac event attributed by the generation of large amount of toxic free radicals and
the consequent oxidative cardiovascular damage (14,15). In this scenario, it is important to
find an efficient cardioprotective antioxidant that would not only scavenge the highly reactive
free radicals, but would also restore the cardiovascular homeostasis. Although much research
has been conducted on the beneficial roles of classical antioxidants in the enhancement of
sports performance (79, 105), the pro-oxidant activity exhibited by these antioxidants
questions their acceptability. Melatonin is considered to be a safe antioxidant molecule with
strong therapeutic efficacy in cardiovascular disorders (23) without pro-oxidant activity (117).
Interestingly, melatonin exhibits cardiovascular protection against exercise stress by
regulating multiple physiological and biochemical pathways.

7.4.1. Melatonin protects against exercise induced cardiovascular damage by targeting
the sympathomedullary pathway.

Physical exertion characterized by overheating and panting increases the chance of
myocardial infarction by up to six-fold (155). Further, exercise and exercise-induced heat
stress can enhance the sympathetic outflow which, in turn, increases heart rate and cardiac
output that can overstress the cardiovascular system beyond its ability of regulation (156).
Emotional stress and exertion during physical training and sport competition are also
associated with the activation of the sympathetic nervous system and adrenal-medullary
response. This triggers the accumulation of catecholamines in the blood (42). Indeed, plasma
levels of both epinephrine and norepinephrine are elevated during aerobic and anaerobic
exercises of varied intensities (157-159). Exercise-induced sympathetic activation possesses
severe cardiovascular challenge due to the [-adrenergic receptor mediated positive
dromotropic, ionotropic and chronotropic effects (160). Melatonin helps to attenuate
sympathetic activity and considerably curtails norepinephrine turnover in cardiac tissue (161),
thereby ameliorating -adrenergic stimulated cardiac dysfunction. Besides, administration of
a single dose of melatonin has been demonstrated to cause decreased rectal temperature in
athletes performing intermittent exercise under hot climatic condition.

Catecholamines metabolism produces enormous amounts of reactive intermediates due to
their auto-oxidant and pro-oxidant property (162). Administration of norepinephrine in
ratspromotes lipid peroxidation, alters the activities of antioxidant enzymes, reduces
GSH/GSSG ratio, as well as evokes a pro-inflammatory and apoptotic response in the cardiac
tissue (162). Several studies substantiated the cardio-toxic role of adrenaline and pointed out
to the fact that oxidative metabolites of epinephrine such as adrenochrome, adrenolutin and
quinoproteins are the initiators of the biochemical pathway leading to cardiac damage (162,
164, 165). Melatonin protects against adrenaline induced cardio-toxicity (165). This indicates
a plausible role of melatonin in amelioration of cardiac injury caused by catecholamine
release and oxidative stress in heart tissue.
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7.4.2. Melatonin, a powerful anti-inflammatory molecule, protects against acute exercise
evoked inflammation in cardiac tissue.

Moderate to high-intensity exercise can induce myocardial stress and inflammatory
reaction (52, 53). For example, rats undergoing acute swimming exercise had elevated levels
of MDA and 3-nitrotyrosine in the cardiac tissue which was prevented by the administration
of melatonin prior to exercise and melatonin also reduced impairment of antioxidant activities
in the heart (24). Oxidative modification of tissue lipids and proteins are often associated
with increased inflammatory response. In fact, pro-inflammatory cytokine levels were
positively related to oxidative stress biomarkers in CHF patients under moderate workout
(52). These inflammatory mediators of IL-1, IL-6, and TNF-a are responsible for aggravation
of the existing cardiovascular condition (166, 167). Melatonin was able to significantly
decrease elevated levels of TNF-a, IL-1 and IL-6 in rats under treadmill running (25). The
cardiac damage markers, CK, and CK-MB increased upon acute exercise but was suppressed
with melatonin treatment (25). Further cardiac damage is marked by neutrophil invasion in
heart tissue with consequent myeloperoxidase (MPO) release (25,168). A rise in cardiac
MPO activity was observed in rats upon prolonged running (167), which was prevented by
pre-exercise melatonin treatment (25). Prostaglandins and nitric oxide are common mediators
of tissue inflammatory response and are often reported to disrupt the integrity of
cardiomyocytes. Therefore, the magnitude of tissue damage is often depicted by the levels of
COX-2 and iNOS, which are the enzymes for prostaglandin and nitric oxide synthesis,
respectively (169-170). Acute exercise mediated stimulation of both iINOS and COX-2 was
proficiently suppressed with melatonin treatment by a mechanism of inhibiting NFkB
activation in the myocardium of rats (25).

7.4.3. Melatonin as a possible therapeutic solution for exercise mediated
cardiomyopathy.

A total or partial occlusion of the coronary artery may compromise the blood supply to
heart leading to hypoxia/anoxia mediated injury to cardiomyocytes. Ironically, restoration of
blood flow and re-oxygenation to cardiac tissue (reperfusion) cause a massive amount of
ROS generation which is responsible for further detrimental effect on the heart (113). Besides
inducing oxidative stress, the ischaemia reperfusion (I/R) injury also initiates inflammatory
and apoptotic responses. All these events result in myocardial infarction and the associated
cardiac dysfunction such as fibrillation and bradycardia (171). Acute hypoxic exercise is
often associated with over-generation of ROS (172, 173). The heart is considered as the first
organ to be the victim of hypoxia or anoxia caused by maximal exercise. Continuation of
exercise beyond that point might put the subject at risk of developing myocardial ischaemia
and angina pectoris (173). Although numerous studies have reported that exercise
preconditioning is associated with increasing tolerance to I/R injury (174-178), the maximal
hypoxic exercise often disrupts the prooxidant-antioxidant balance in myocardial tissue and
potentially jeopardizes cardiac functions. Additionally, heavy exercise causes ischaemia
associated ventricular arrhythmias (179). Tan and his team first reported the protective effects
of melatonin on cardiac arrhythmia caused by I/R injury in isolated rat heart (171), which was
confirmed by others in many studies (180-182). The protective role of melatonin against
chronic intermittent hypoxic stress-induced cardiac insult has also been evidenced in rats
(183). Athletes in competitive sports often experience anticipatory stress and anxiety which
lead to an increase in circulatory epinephrine and other catecholamines (45). These molecules
exert cardio-toxic effects (162,164). Melatonin administration provides protection against
myocardial injury and cardiac arrhythmia caused by epinephrine (165, 184) or other
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B-adrenergic receptor agonists viz., isoproterenol (182, 185). Exercise in moderate-intensity
also exacerbates the pathological state of patients suffering from CHF (52). Melatonin, being
a strong antioxidant and anti-inflammatory molecule has been argued as a promising
treatment for CHF (186, 187). All evidence suggests a possible therapeutic potency of
melatonin in exercise-induced cardiovascular damage either caused by heavily loaded
strenuous exercise or in the intermittent hypoxic exercise in CHF patients.
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Fig. 2. Role of melatonin (i.e., inhibitory, stimulatory, neutralizing and regulatory
actions) in combating strenuous exercise mediated cardiac dysfunction.

COX-2: Cyclooxygenase-2; I/R: Ischaemia reperfusion; IL: Interleukin; iNOS:
Inducible nitric oxide synthase;, LPO: Lipid peroxidation, MPO: Myeloperoxidase; NFkB:
Nuclear factor kappa-light-chain-enhancer of activated B cells; NO: Nitric oxide; PG:
Prostaglandin; ROS: Reactive oxygen species; TNF-a. Tumour necrosis factor alpha.

8. CONCLUSION AND PERSPECTIVES

Sports and exercise are a vital facet of life and are essential for one’s character
development and overall fitness. However, competitive sports and unaccustomed exercises
often evoke severe oxidative and inflammatory responses that may cause fatal cardiovascular
events. Researchers therefore seek the effective prophylactic and therapeutic remedies to
prevent the cardiac events occurring in athletes during vigorous exercise and over-training
activity. Several antioxidants have been tested for these purposes in animals and in human
subjects. Unexpectedly, most of them have either failed in providing effective protection
against such damage or have been abandoned for their high pro-oxidant capacity. Melatonin,
a potent antioxidant and a free radical scavenger, has profound cardio-protective effect. In
this review, we have thoroughly discussed the possible pathways by which melatonin
prevents cardiovascular injury triggered by acute physical exertion. Although several animal
and human studies have been conducted in the concerned area, mechanistic details of the
signaling processes are still lacking, and demands further investigations. Considering the
great safety margin of melatonin, we strongly encourage melatonin to be tested as soon as
possible regarding its protective effects on cardiopathy occurring in elite athletes during their
sport competition or their strenuous training process.
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