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Abstract
Melatonin (N-acetyl-5-methoxytryptamine) is an indoleamine primarily secreted by the pineal gland in response to the dark-light cycle. It plays a pivotal role in the regulation of circadian rhythms and sleep-wake cycles. In recent decades, extensive research has revealed melatonin’s multifaceted physiological and therapeutic effects extending far beyond sleep regulation. It exhibits potent antioxidant and anti-inflammatory properties, modulates immune responses, and supports mitochondrial function, making it a promising candidate for managing a broad spectrum of health conditions. This review provides a comprehensive examination of recent advances in understanding melatonin’s mechanisms of action and its clinical relevance. The hormone influences cellular pathways through both receptor-dependent (MT1 and MT2 receptors) and receptor-independent mechanisms, affecting neuroendocrine signalling, redox balance, and cellular homeostasis. Emerging evidence supports melatonin’s role in the prevention and adjunctive treatment of neurodegenerative diseases such as Alzheimer’s and Parkinson’s, cardiovascular disorders including hypertension and ischemia-reperfusion injury, metabolic diseases like obesity and type 2 diabetes, and various cancers where it exhibits antiproliferative, antiangiogenic, and pro-apoptotic effects. Furthermore, the review explores pharmaceutical advancements in melatonin delivery systems, its safety profile, pharmacokinetics, and regulatory considerations across different countries. Given its low toxicity, wide therapeutic index, and synergistic potential with conventional therapies, melatonin is increasingly recognized as a valuable component in integrative medical strategies. Overall, the paper emphasizes the importance of continued research into melatonin’s diverse biological roles and its optimization as a therapeutic agent in clinical practice.
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1. Introduction
Over the past few years, maintaining optimal health has become increasingly dependent on a healthy lifestyle, including sleep and diet. Consequently, there has been an increase in demand for foods that have beneficial effects on the human body, leading to the rapid development of new food products, known as nutraceuticals (Tufteland et al., 2022; Kamfar et al., 2024). Melatonin (N-acetyl-5-methoxytryptamine) is an indoleamine neurohormone synthesized mainly by the pineal gland in the brain. It was first isolated in 1958 by Aaron Lerner, who identified it as a compound capable of lightening frog skin by suppressing melanocyte activity. Since then, melatonin has become the subject of extensive biomedical research due to its diverse physiological and pharmacological effects (Cipolla-Neto & Amaral, 2018). Its production follows a circadian rhythm, increasing during the night and decreasing during the day, a pattern regulated by the suprachiasmatic nucleus (SCN) of the hypothalamus, which acts as the master circadian clock (Ahmad, et al., 2023). Melatonin is an essential component in the regulation of circadian rhythm in humans, specifically the sleep cycle. Several studies initially demonstrated that Melatonin has a sleep-regulating effect due to its production during the night; it is therefore widely used as a supplement for the treatment of sleep disorders such as insomnia, anxiety, and jet lag.  Several forms of Melatonin are available over-the-counter, including capsules, tablets, and liquids that contain a complex mixture of vitamins and minerals (Salehi et al., 2019; Nerone et al., 2025).

Traditionally, melatonin has been primarily associated with the regulation of sleep-wake cycles and circadian rhythms, acting as a chronobiotic agent. However, recent research has considerably broadened our understanding of its physiological significance. Melatonin is now recognized as a multifunctional molecule with systemic effects extending to neuroprotection, cardiovascular health, immune modulation, metabolic regulation, and even cancer inhibition (Martín Giménez, et al., 2022; Reiter, et al., 2016; Reiter, et al., 2017; Hardeland, 2019). Its presence has also been confirmed in various peripheral tissues, including the gastrointestinal tract, retina, skin, bone marrow, and immune cells, suggesting the existence of both endocrine and paracrine/autocrine modes of action (Martín Giménez, et al., 2022; Reiter, et al., 2016).

The molecular mechanisms underlying melatonin’s action involve both receptor-mediated and receptor-independent pathways. It binds to high-affinity G-protein-coupled receptors, MT1 and MT2, which are widely distributed in both central and peripheral tissues. In addition, its lipophilic nature allows it to freely cross cell membranes and exert direct antioxidant effects at the mitochondrial and cellular levels (Tan et al., 2015). As a result, melatonin plays a vital role in maintaining cellular homeostasis, reducing oxidative stress, and modulating immune responses.

Melatonin has garnered considerable interest for its therapeutic potential across a wide spectrum of diseases, especially given its favorable safety profile, low toxicity, and over-the-counter availability in many countries. The growing body of preclinical and clinical studies has suggested potential efficacy not only in managing sleep-related disorders but also in mitigating chronic inflammatory conditions, neurodegeneration, metabolic syndromes, and even certain cancers (Cardinali, 2019; Akbari et al., 2020).

In light of these recent findings, this review aims to present a comprehensive overview of melatonin's effects on human health, exploring the molecular mechanisms, physiological actions, and therapeutic applications as documented in current literature. Special attention is given to the recent advances that reinforce the emerging role of melatonin as a versatile agent in clinical medicine.
2. Mechanisms of Action
Melatonin's multifaceted physiological and pharmacological effects stem from a combination of receptor-mediated pathways and receptor-independent actions. These mechanisms allow it to influence a wide array of biological processes, including circadian regulation, redox balance, immune modulation, and cellular signaling cascades. Understanding these mechanisms is crucial for exploring melatonin’s therapeutic potential across various medical domains.
2.1 Melatonin Receptors and Signal Transduction
Melatonin exerts many of its biological effects through binding to specific G-protein-coupled receptors, primarily MT1 and MT2, which are encoded by the MTNR1A and MTNR1B genes, respectively. These receptors are broadly distributed throughout the body, including in the brain (e.g., suprachiasmatic nucleus), cardiovascular system, liver, kidneys, retina, and immune cells (Nikolaev, et al., 2021; Feng, et al., 2023; Okamoto et al., 2024).
Activation of MT1 and MT2 receptors initiates several downstream signaling cascades, including the inhibition of adenylate cyclase, which reduces cyclic AMP (cAMP) levels, and the activation of phospholipase C pathways, which elevate intracellular calcium concentrations (Tordjman et al., 2017). These effects modulate neuronal excitability, circadian clock gene expression, and hormone secretion. The MT1 receptor is primarily involved in promoting sleep onset, while MT2 plays a role in circadian phase shifting and light/dark cycle synchronization (Hardeland, 2019).
Additionally, melatonin also interacts with nuclear receptors such as ROR/RZR (retinoic acid-related orphan receptors), which contribute to transcriptional regulation and immunomodulation. These nuclear interactions highlight the hormone’s genomic influence beyond its immediate receptor-mediated effects (Slominski et al., 2012).
2.2 Antioxidant and Free Radical Scavenging Properties
One of the most potent and well-characterized actions of melatonin is its role as a direct and indirect antioxidant. Melatonin is capable of neutralizing a broad spectrum of reactive oxygen species (ROS) and reactive nitrogen species (RNS), including hydroxyl radicals (•OH), hydrogen peroxide (H₂O₂), peroxynitrite (ONOO⁻), and nitric oxide (NO) (Tan et al., 2015). Unlike classical antioxidants such as vitamins C and E, melatonin does not undergo redox cycling, thereby preventing the generation of additional free radicals during the detoxification process.
Furthermore, melatonin stimulates the expression and activity of endogenous antioxidant enzymes, including superoxide dismutase (SOD), catalase, glutathione peroxidase (GPx), and glutathione reductase. It also elevates levels of intracellular glutathione (GSH), a critical cellular antioxidant (Martín Giménez, et al., 2022; Reiter, et al., 2016; Reiter, et al., 2017). These effects help mitigate oxidative damage in mitochondria and protect DNA, lipids, and proteins from oxidative stress-related injury.
2.3 Mitochondrial Protection and Energy Homeostasis
Melatonin’s lipophilic nature enables it to easily cross cellular and mitochondrial membranes, where it exerts cytoprotective effects. Mitochondria are the primary sites of ROS production during aerobic respiration, and melatonin localizes to these organelles to counteract oxidative damage. It stabilizes mitochondrial membrane potential, enhances electron transport chain efficiency, and inhibits mitochondrial permeability transition pore (mPTP) opening, which is critical in preventing apoptotic cell death (Martín Giménez, et al., 2022; Reiter, et al., 2016; Reiter, et al., 2017).
Additionally, melatonin supports mitochondrial biogenesis by upregulating PGC-1α (peroxisome proliferator-activated receptor gamma coactivator 1-alpha), a master regulator of mitochondrial function (Cardinali, 2019). This contributes to improved cellular energy metabolism and resilience under stress conditions.
2.4 Anti-Inflammatory and Immunomodulatory Actions
[bookmark: _Hlk199519566]Melatonin exhibits potent anti-inflammatory properties by modulating key inflammatory pathways. It downregulates the expression of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6, and inhibits activation of NF-κB, a major transcription factor involved in the inflammatory response. Concurrently, it promotes the expression of anti-inflammatory cytokines like IL-10, supporting immune homeostasis. Melatonin also affects immune cell function, enhancing T-helper (Th) cell activity, improving natural killer (NK) cell cytotoxicity, and modulating dendritic cell maturation (Srinivasan et al., 2011). These effects position melatonin as a promising adjunct in treating autoimmune diseases and systemic inflammatory disorders (Muñoz-Jurado, et al., 2022; Moslehi, et al., 2022, Najafi, et al., 2017; Zhang, et al., 1997).
2.5 Chronobiotic Function
Melatonin’s most recognized physiological role is its influence on circadian rhythms. The suprachiasmatic nucleus (SCN) of the hypothalamus, often referred to as the "master clock," governs the timing of melatonin secretion. Melatonin, in turn, feeds back on the SCN to fine-tune the internal circadian rhythm, particularly in sleep-wake regulation. Exogenous melatonin is used to shift circadian phase in individuals with delayed sleep phase syndrome (DSPS), jet lag, or shift work sleep disorder. The timing of administration is critical, as melatonin can either advance or delay the circadian phase depending on when it is administered relative to endogenous melatonin onset (Cruz-Sanabria, et al., 2023; Pérez-Lloret & Cardinali, 2021; Cipolla-Neto & Amaral, 2018; Arendt & Skene, 2005).

3. Melatonin in Sleep and Circadian Regulation
Melatonin’s role in sleep and circadian regulation is its most well-documented and clinically utilized function. Secreted in a circadian rhythm with peak plasma levels occurring during the night, melatonin conveys essential time-of-day information to the body, coordinating biological processes with the external light-dark cycle (Cipolla-Neto & Amaral, 2018). Its synthesis is stimulated by darkness and suppressed by exposure to light, particularly blue wavelengths, through signals transmitted from the retina to the suprachiasmatic nucleus (SCN) of the hypothalamus—the central circadian pacemaker (Nikolaev, et al., 2021; Feng, et al., 2023; Okamoto et al., 2024).
3.1 Role in Sleep Onset and Maintenance
Melatonin promotes sleep onset by reducing core body temperature, modulating neurotransmitter activity, and synchronizing circadian rhythms. It acts on MT1 receptors to facilitate rapid sleep induction, and on MT2 receptors to adjust the circadian phase (Hardeland, 2019). In individuals with normal sleep-wake cycles, endogenous melatonin levels rise 1–2 hours before habitual bedtime, a phase known as the "dim-light melatonin onset" (DLMO), which is a reliable biomarker of circadian phase (Lemoine et al., 2007).
Exogenous melatonin supplementation has been extensively evaluated in sleep disorders. It is particularly effective in sleep onset insomnia, where it shortens sleep latency and modestly improves sleep efficiency and total sleep time, especially in older adults and individuals with low endogenous melatonin levels (Brzezinski et al., 2005; Tordjman et al., 2017).
3.2 Circadian Rhythm Sleep Disorders
Melatonin is beneficial in treating circadian rhythm sleep-wake disorders, which result from misalignment between the internal biological clock and the external environment. These include:
3.2.1 Delayed Sleep-Wake Phase Disorder (DSWPD)
DSWPD is characterized by a significant delay in sleep onset and wake times. Melatonin administration in the early evening, combined with morning bright light exposure, can advance the sleep-wake cycle, promoting earlier sleep onset and morning alertness (Geijlswijk, et al., 2010; Dolsen & Harvey, 2018; Charoenthammanon & Gooley, 2025).
3.2.2 Non-24-Hour Sleep-Wake Disorder (Non-24)
Non-24 is most commonly observed in blind individuals lacking light perception, leading to a circadian rhythm that is longer than 24 hours. Melatonin and melatonin receptor agonists like tasimelteon help entrain the biological clock to a 24-hour rhythm, significantly improving sleep timing and quality (Sack et al., 2007; Johnsa & Neville, 2014).
3.2.3 Jet Lag
Jet lag occurs following rapid transmeridian travel, which desynchronizes the internal circadian clock with the local time zone. Short-term melatonin use (0.5–5 mg) administered near bedtime in the destination time zone has been shown to accelerate resynchronization and improve sleep quality and daytime alertness (Herxheimer & Petrie, 2002; Srinivasan, et al., 2008; Brown, et al., 2009)
3.2.4 Shift Work Sleep Disorder
Shift workers often experience insomnia and excessive sleepiness due to circadian misalignment. Melatonin supplementation before daytime sleep can improve sleep duration and efficiency, although the benefits may be modest unless combined with light therapy and behavioral adjustments (Carriedo-Diez, et al., 2022; Xie, et al., 2017).
3.3 Pediatric Applications
Melatonin is widely used in children with neurodevelopmental disorders such as autism spectrum disorder (ASD), attention deficit hyperactivity disorder (ADHD), and intellectual disabilities. Several randomized controlled trials have demonstrated that melatonin improves sleep onset latency and total sleep time in these populations, with minimal adverse effects. Prolonged-release melatonin formulations are particularly effective in sustaining sleep through the night (Bruni, et al., 2015; Esposito, et al., 2019; Shenoy, et al., 2024).
3.4 Aging and Endogenous Melatonin Decline
With aging, the amplitude of melatonin secretion diminishes, which correlates with increased prevalence of sleep disturbances in older adults. Reduced melatonin levels have been implicated in fragmented sleep, advanced sleep phase syndrome, and early morning awakenings. Controlled-release melatonin supplementation can restore circadian rhythm integrity and improve sleep architecture in the elderly (Lemoine et al., 2007).
3.5 Melatonin and Sleep Architecture
In addition to affecting sleep latency, melatonin has modest influences on sleep architecture. It primarily increases non-REM stage 2 sleep and may slightly reduce REM sleep latency without significantly altering overall REM duration. These effects contribute to subjective improvements in sleep quality and morning alertness (Chaudhry, et al., 2021).
4. Neuroprotective Effects
Melatonin has garnered significant attention in neuroscience due to its wide-ranging neuroprotective properties. Acting through both receptor-mediated pathways and its potent free-radical scavenging ability, melatonin exerts critical effects in preserving neuronal integrity, regulating neuroinflammation, and supporting mitochondrial function. These features make melatonin a promising candidate in the prevention and management of numerous neurodegenerative and neurological disorders.
4.1 Mechanisms of Neuroprotection
The neuroprotective effects of melatonin stem from a combination of mechanisms, including the suppression of oxidative stress, inhibition of excitotoxicity, anti-inflammatory action, and stabilization of the blood-brain barrier (BBB) (Hardeland, 2019). It modulates intracellular signaling cascades such as the PI3K/Akt, MAPK, and NF-κB pathways, promoting neuronal survival and reducing apoptosis. Melatonin’s lipophilicity enables it to cross the BBB easily, allowing direct action on neural tissues (Cardinali, 2019).
Mitochondria, the energy centers of neurons, are key targets of melatonin. It helps maintain mitochondrial membrane potential, reduces the opening of mitochondrial permeability transition pores (mPTP), and enhances ATP production while mitigating oxidative mitochondrial injury (Martín Giménez, et al., 2022; Reiter, et al., 2016; Reiter, et al., 2017). These functions are crucial in aging and neurodegenerative diseases where mitochondrial dysfunction is prominent.
4.2 Alzheimer’s Disease
Alzheimer’s disease (AD) is characterized by progressive cognitive decline, accumulation of amyloid-beta (Aβ) plaques, and hyperphosphorylation of tau protein. Melatonin has been shown to interfere with both the formation and aggregation of Aβ peptides and to inhibit tau hyperphosphorylation, thereby preventing neurofibrillary tangle formation. Preclinical models demonstrate that melatonin reduces Aβ burden, improves synaptic plasticity, and enhances memory function. Human trials also show that melatonin improves sleep disturbances in AD patients and may slow cognitive decline, especially when administered in the early stages of the disease. Its antioxidant activity further protects neuronal membranes from lipid peroxidation, which is implicated in AD pathogenesis (Cardinali et al., 2012; Lin et al., 2013, Sumsuzzman et al., 2021).
4.3 Parkinson’s Disease
In Parkinson’s disease (PD), the progressive degeneration of dopaminergic neurons in the substantia nigra leads to motor and cognitive impairments. Melatonin confers neuroprotection in PD models by reducing oxidative damage, preserving dopaminergic neuron integrity, and modulating neuroinflammatory markers. It inhibits α-synuclein aggregation, a hallmark of PD pathology, and enhances mitochondrial respiration. Sleep disturbances are also common in PD, and melatonin administration has been found to improve sleep quality and reduce symptoms of REM sleep behavior disorder (RBD), which frequently co-occurs in these patients (Iftikhar et al., 2023; Ma et al., 2022; Hu et al., 2023)
4.4 Stroke and Ischemic Brain Injury
Melatonin has shown protective effects against cerebral ischemia-reperfusion injury, a major cause of neuronal death following stroke. It reduces infarct volume, neuronal loss, and neurological deficits by attenuating excitotoxicity, oxidative stress, and inflammation. Melatonin’s ability to stabilize mitochondrial function is especially beneficial during ischemic events, where energy failure leads to cell death cascades. Studies in animal models have demonstrated that pre-treatment with melatonin significantly improves outcomes after stroke, suggesting its use as a neuroprotective adjunct in clinical settings. However, clinical trials in human stroke populations are still limited (Zhang et al., 2024; Wang et al., 2022; Xu et al., 2022).
4.5 Multiple Sclerosis and Neuroinflammation
Multiple sclerosis (MS) is an autoimmune demyelinating disease of the central nervous system characterized by inflammation and neurodegeneration. Melatonin’s immunomodulatory and antioxidant effects may help regulate T-cell-mediated autoimmunity and protect myelin sheaths (Farez et al., 2015). Experimental models show that melatonin reduces disease severity and preserves neurological function in MS-like conditions. Interestingly, melatonin levels have been found to fluctuate seasonally and inversely correlate with MS relapses, suggesting a potential physiological link between melatonin signaling and MS progression ((Shin, 2023; Muñoz-Jurado, et al., 2022; Moslehi, et al., 2022; Farez et al., 2015).
4.6 Epilepsy
Melatonin has anticonvulsant effects in several experimental models of epilepsy. It modulates GABAergic neurotransmission, reduces glutamate excitotoxicity, and lowers oxidative stress—all of which contribute to seizure threshold modulation. While human studies are mixed, some suggest melatonin can reduce seizure frequency and improve sleep quality in individuals with epilepsy (Liu et al., 2024).
4.7 Mood Disorders and Cognitive Function
Melatonin also plays a role in mood regulation and cognitive processing. Altered melatonin secretion has been associated with mood disorders such as depression, bipolar disorder, and seasonal affective disorder (SAD). Agomelatine, a melatonin receptor agonist and 5-HT2C antagonist, has been approved in some countries for the treatment of major depressive disorder, highlighting the therapeutic potential of melatonergic pathways. Clinical studies show that melatonin improves cognitive performance in elderly patients with mild cognitive impairment and enhances memory consolidation during sleep (Wei et al., 2022; Duan et al., 2021).
5. Cardiovascular Benefits
Cardiovascular diseases (CVDs) are the leading cause of mortality worldwide, and increasing attention has been given to the role of melatonin in cardiovascular physiology and disease management. Melatonin's cardioprotective effects arise from its antioxidative, anti-inflammatory, antihypertensive, and anti-atherogenic properties. These effects are mediated both through direct interactions with cardiovascular tissues and through systemic regulation of neurohumoral and metabolic pathways.
5.1 Regulation of Blood Pressure
Melatonin influences blood pressure via several mechanisms, including modulation of sympathetic nervous system activity, improvement of endothelial function, and direct vasodilation through nitric oxide (NO) pathways. Melatonin receptors are expressed in blood vessels, where MT1 receptor activation leads to vasoconstriction, and MT2 activation results in vasodilation. The net effect is often a reduction in nocturnal blood pressure, contributing to restored physiological circadian blood pressure dipping patterns, especially in hypertensive patients with non-dipping profiles. Clinical studies and meta-analyses have shown that prolonged-release melatonin reduces nighttime systolic and diastolic blood pressure without adverse effects on heart rate or daytime blood pressure (Grossman et al., 2011; Pechanova et al., 2014; Akbari et al., 2020). These findings suggest melatonin’s potential as an adjunct treatment in managing essential hypertension, particularly in elderly or high-risk populations.
5.2 Antioxidant Defense in Cardiac Tissues
Cardiovascular tissues are highly susceptible to oxidative stress, which contributes to endothelial dysfunction, inflammation, and atherosclerosis. Melatonin reduces the formation of reactive oxygen species (ROS) and enhances antioxidant enzyme activity, thereby preserving vascular integrity and reducing lipid peroxidation (Martín Giménez, et al., 2022; Reiter, et al., 2016; Reiter, et al., 2017).
In animal models of myocardial infarction, melatonin pre-treatment reduces infarct size, improves cardiac function, and attenuates ischemia-reperfusion injury (Dominguez-Rodriguez et al., 2010). These effects are mediated by mitochondrial protection, modulation of the Nrf2-antioxidant response pathway, and inhibition of apoptotic signalling in cardiomyocytes.
5.3 Anti-Inflammatory and Endothelial Protective Effects
Chronic inflammation plays a central role in the pathogenesis of atherosclerosis and heart failure. Melatonin suppresses inflammatory pathways by inhibiting nuclear factor-kappa B (NF-κB) activation and downregulating pro-inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-alpha (TNF-α) (Dominguez-Rodriguez et al., 2010). This anti-inflammatory action reduces endothelial damage and promotes vascular repair.
Furthermore, melatonin enhances nitric oxide availability and improves endothelial-dependent vasodilation, which is critical for maintaining vascular tone and preventing thrombosis (Zhang et al., 2023; Wang et al., 2023).
5.4 Atherosclerosis and Lipid Metabolism
Melatonin has demonstrated anti-atherogenic properties by modulating lipid metabolism and preventing foam cell formation. Studies have shown that melatonin reduces total cholesterol, low-density lipoprotein (LDL), and triglyceride levels while increasing high-density lipoprotein (HDL) concentrations. It also inhibits the oxidation of LDL, a key process in the initiation of atherosclerosis. Animal studies have reported that melatonin supplementation reduces plaque formation and enhances arterial wall elasticity in models of diet-induced atherosclerosis, supporting its role in cardiovascular risk reduction (Mayo et al., 2017; Reiter et al., 2024; Zhang et al., 2021).
5.5 Clinical Applications in Cardiovascular Disease
In clinical settings, melatonin has been investigated as a cardioprotective agent in conditions such as acute coronary syndrome, heart failure, and coronary artery bypass surgery. For instance, melatonin administered perioperatively during cardiac surgery has been associated with reduced oxidative injury and improved postoperative cardiac function. Moreover, low nocturnal melatonin levels have been linked to increased risk of coronary heart disease and myocardial infarction, suggesting a prognostic significance (Dominguez-Rodriguez et al., 2006).
6. Immune System and Inflammation
Melatonin serves as a potent immunomodulatory agent, capable of influencing both innate and adaptive immune responses. Its effects on the immune system are bidirectional—stimulatory under immunosuppressive conditions and inhibitory during excessive immune activation—thus maintaining immune homeostasis. These properties make melatonin a potential therapeutic tool for treating autoimmune diseases, inflammatory disorders, and infectious diseases.
6.1 Melatonin as an Immunological Modulator
Melatonin receptors (MT1 and MT2) are expressed on various immune cells including lymphocytes, monocytes, natural killer (NK) cells, and dendritic cells, suggesting that melatonin can act directly on these cells to modulate immune responses (Carrillo-Vico et al., 2005). In the innate immune system, melatonin enhances the chemotactic activity of neutrophils and macrophages and increases the phagocytic function of monocytes, which aids in the early elimination of pathogens. In the adaptive immune system, melatonin promotes the proliferation and differentiation of T and B lymphocytes. It enhances Th1 cytokine production (e.g., IL-2, IFN-γ), which supports cellular immunity while suppressing Th2 cytokine responses when excessive. This immunomodulatory balance is vital for preventing chronic inflammation or autoimmunity (Muñoz-Jurado, et al., 2022; Moslehi, et al., 2022).
6.2 Anti-Inflammatory Effects
Melatonin plays a critical role in dampening pro-inflammatory responses by reducing the expression of cytokines such as interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α). It also inhibits cyclooxygenase-2 (COX-2) and inducible nitric oxide synthase (iNOS), enzymes associated with inflammation and tissue damage (Martín Giménez, et al., 2022; Reiter, et al., 2016; Reiter, et al., 2017). These effects are mediated through inhibition of nuclear factor-kappa B (NF-κB) and activation of antioxidant response elements like Nrf2. Animal studies have demonstrated that melatonin administration reduces inflammation in models of sepsis, colitis, arthritis, and acute lung injury. In these models, melatonin alleviated tissue damage and improved survival by controlling the inflammatory cascade (Cho et al., 2021).
6.3 Role in Autoimmune Diseases
In autoimmune disorders such as multiple sclerosis (MS), rheumatoid arthritis (RA), and systemic lupus erythematosus (SLE), immune dysregulation leads to chronic inflammation and tissue destruction. Melatonin's immunoregulatory actions—balancing Th1/Th2 and Th17/Treg responses—may help reduce disease severity and progression (Farez et al., 2015). In experimental autoimmune encephalomyelitis (EAE), a model of MS, melatonin reduced inflammation, demyelination, and motor deficits. In RA models, melatonin has shown a dual role: while its anti-inflammatory and antioxidant effects may reduce joint inflammation, excessive melatonin levels at night could exacerbate symptoms in some cases. Thus, timing and dosage may be critical for clinical application (Naghilou et al., 2024).
6.4 Melatonin in Infectious Diseases
Melatonin also shows promise in mitigating infectious diseases, particularly those with an exaggerated inflammatory response such as bacterial sepsis or viral infections. It reduces systemic inflammation, oxidative stress, and multi-organ failure in septic models. Its application in viral diseases has gained attention, especially during the COVID-19 pandemic, where its potential to modulate the immune response and mitigate cytokine storm was explored (Tan et al., 2020; Maestroni, 2024).
6.5 Melatonin and Immunosenescence
Immunosenescence, the gradual decline of immune function with age, contributes to increased susceptibility to infections, chronic inflammation, and poor vaccine responses in the elderly. Melatonin levels naturally decline with age, potentially exacerbating this immune deterioration. Supplementation in older individuals may help restore immune competence and reduce inflammation—a chronic, low-grade inflammation linked to aging and disease (Hardeland, 2019).
7. Cancer Prevention and Therapy
Melatonin has emerged as a promising adjunct in oncology due to its broad-spectrum anticancer properties. It influences several hallmarks of cancer, including proliferation, apoptosis, angiogenesis, metastasis, and immune evasion. As a naturally occurring molecule with a favorable safety profile, melatonin offers a unique advantage in supporting conventional cancer therapies while potentially mitigating their side effects.
7.1 Antiproliferative and Pro-apoptotic Actions
One of the key anticancer effects of melatonin lies in its ability to inhibit tumor cell proliferation and induce apoptosis. It acts on cell cycle regulators such as cyclin D1 and p21, resulting in cell cycle arrest at G0/G1 or G2/M phases depending on the tumor type (Mayo et al., 2017). Melatonin also activates intrinsic apoptotic pathways by modulating the expression of pro-apoptotic proteins (e.g., Bax) and downregulating anti-apoptotic proteins (e.g., Bcl-2) (Martín Giménez, et al., 2022; Reiter, et al., 2016; Reiter, et al., 2017).
Furthermore, melatonin inhibits the activity of telomerase, an enzyme critical for the indefinite replication of cancer cells, thereby limiting their lifespan (Korkmaz et al., 2009).
7.2 Antioxidant and Anti-inflammatory Effects in Cancer Microenvironment
Chronic oxidative stress and inflammation contribute to DNA damage, oncogene activation, and tumor progression. Melatonin acts as a powerful antioxidant, protecting cells from mutagenic insults by reducing reactive oxygen and nitrogen species. It also inhibits the activation of inflammatory pathways such as NF-κB and suppresses pro-inflammatory cytokines, creating a less favorable microenvironment for tumor development (Tan et al., 2015).
These effects are particularly important in inflammation-associated cancers, such as colorectal and hepatic cancers, where melatonin may interfere with inflammation-driven carcinogenesis (Tamtaji et al., 2019).
7.3 Anti-angiogenic and Anti-metastatic Properties
Tumor growth and metastasis are dependent on angiogenesis, the formation of new blood vessels. Melatonin exerts anti-angiogenic effects by downregulating vascular endothelial growth factor (VEGF) and hypoxia-inducible factor-1 alpha (HIF-1α), both of which are central to angiogenesis under hypoxic conditions (Mayo et al., 2017). In addition, melatonin inhibits matrix metalloproteinases (MMP-2 and MMP-9), enzymes that degrade the extracellular matrix and facilitate tumor invasion and metastasis. Studies in breast, prostate, and colorectal cancer models have shown that melatonin reduces the metastatic spread and preserves epithelial integrity, possibly by modulating epithelial–mesenchymal transition (EMT) (Sadoughi et al., 2022).
7.4 Synergism with Chemotherapy and Radiotherapy
Melatonin enhances the efficacy of conventional cancer treatments such as chemotherapy and radiotherapy. It sensitizes cancer cells to cytotoxic agents while protecting normal cells from treatment-induced oxidative damage and apoptosis (Seely et al., 2012). For instance, in patients receiving chemotherapy for solid tumors, melatonin supplementation has been associated with improved treatment response rates, reduced side effects (e.g., fatigue, leukopenia), and better overall survival (Lissoni et al., 2005). Furthermore, melatonin protects against radiotherapy-induced toxicity in healthy tissues such as the bone marrow, gastrointestinal tract, and oral mucosa, thereby improving patient compliance and quality of life during treatment.
7.5 Cancer Types Studied
Breast cancer: Melatonin inhibits estrogen receptor-positive breast cancer cell growth by downregulating aromatase and estrogen receptor expression, suggesting its use as a natural selective estrogen receptor modulator (SERM) (Hill et al., 2015; Laborda-Illanes, et al., 2021).
Prostate cancer: Melatonin suppresses androgen-sensitive and -insensitive prostate cancer cells, reduces PSA levels, and inhibits tumor angiogenesis in preclinical models (Megerian et al., 2023).
Colorectal cancer: By targeting inflammatory and Wnt/β-catenin pathways, melatonin suppresses colorectal carcinogenesis in animal and cell culture models (Jurjus et al., 2024; Chok et al., 2021).
Lung and pancreatic cancers: Emerging data suggest that melatonin may inhibit lung and pancreatic tumor growth by interfering with signaling pathways such as PI3K/Akt and STAT3 (Tamtaji et al., 2019).
7.6 Clinical Studies and Limitations
Several clinical trials support the adjunctive use of melatonin in cancer treatment. In meta-analyses, patients who received melatonin alongside chemotherapy showed improved one-year survival and reduced incidence of treatment-related side effects (Seely et al., 2012). However, heterogeneity in study designs, melatonin dosages, and cancer types necessitates further research through large-scale, randomized controlled trials.
8. Melatonin in Metabolic Disorders
Melatonin plays a significant role in metabolic regulation, including glucose homeostasis, insulin sensitivity, lipid metabolism, and energy balance. Its circadian control of metabolic processes is increasingly recognized as a crucial factor in the pathophysiology of obesity, type 2 diabetes mellitus (T2DM), and metabolic syndrome. Recent studies have revealed that disturbances in melatonin secretion or signaling can predispose individuals to various metabolic disorders.
8.1 Circadian Rhythm and Metabolism
Metabolic processes, including insulin secretion and glucose utilization, are under circadian regulation. Disruption of circadian rhythms, such as in shift work or jet lag, is associated with increased risk of obesity and diabetes. Melatonin, through its action on MT1 and MT2 receptors in pancreatic islets, adipose tissue, and the liver, helps maintain synchrony between central and peripheral clocks (Cipolla-Neto & Amaral, 2018).
Melatonin regulates the expression of clock genes such as BMAL1 and PER2, which in turn control glucose transporter expression, insulin secretion, and lipid metabolism (Hardeland, 2019). This highlights the hormone’s role in maintaining metabolic homeostasis in a time-dependent manner.
8.2 Melatonin and Glucose Metabolism
Melatonin affects insulin secretion from pancreatic β-cells by binding to MT1 and MT2 receptors, influencing cyclic AMP (cAMP) signaling pathways. Its effects appear to be dual: low physiological doses at night support insulin secretion, while elevated or mistimed levels may inhibit it (Peschke et al., 2013). This has implications for individuals taking exogenous melatonin at non-optimal times.
Genetic studies have identified polymorphisms in the MTNR1B gene (encoding the MT2 receptor) associated with impaired insulin secretion and an increased risk of T2DM (McMullan et al., 2013). These findings suggest that melatonin signaling plays a causal role in glucose dysregulation and that personalized medicine approaches may be necessary when using melatonin therapeutically in metabolic disorders.
8.3 Obesity and Energy Homeostasis
Melatonin influences energy balance by regulating appetite, thermogenesis, and fat storage. It affects hypothalamic neuropeptides such as neuropeptide Y (NPY) and leptin, which are central to appetite control (Tan et al., 2011). In animal models, melatonin supplementation leads to reduced body weight gain, enhanced brown adipose tissue activation, and increased mitochondrial efficiency in skeletal muscle.
Melatonin also improves sleep quality, which in turn affects appetite-regulating hormones such as ghrelin and leptin. Poor sleep is strongly associated with obesity, and melatonin may play a mediating role by improving sleep architecture and aligning circadian rhythms with feeding cycles.
8.4 Lipid Metabolism
Melatonin reduces plasma levels of triglycerides, total cholesterol, and low-density lipoprotein (LDL) cholesterol, while increasing high-density lipoprotein (HDL) cholesterol. These effects are mediated by its antioxidant properties and its regulatory influence on hepatic lipid metabolism enzymes. In diet-induced obesity models, melatonin supplementation reduces hepatic steatosis and improves liver function markers, supporting its role in the management of non-alcoholic fatty liver disease (NAFLD) (Guan et al., 2022; Wang et al., 2021).
8.5 Insulin Resistance and Type 2 Diabetes
In both preclinical and clinical studies, melatonin has been shown to enhance insulin sensitivity and reduce markers of insulin resistance such as HOMA-IR. These effects may be partly mediated by the reduction of inflammation and oxidative stress in insulin-sensitive tissues like muscle, liver, and adipose tissue (Wolden-Hanson et al., 2000). Randomized controlled trials have reported mixed results in humans. While some studies show improved glycemic control and reduced fasting glucose levels, others report no significant changes, possibly due to differences in melatonin timing, dose, and patient genotype (Hong et al., 2024). These findings underscore the complexity of melatonin’s role in metabolic health.

9. Pharmaceutical Implications
Melatonin’s pleiotropic roles in human health have led to significant interest in its development as a therapeutic agent. While traditionally used as an over-the-counter supplement for sleep disorders, advances in pharmaceutical science have expanded its potential applications. The pharmacokinetics, formulations, safety profile, and regulatory status of melatonin are key considerations in maximizing its clinical benefits.
9.1 Pharmacokinetics and Bioavailability
Melatonin is rapidly absorbed following oral administration, with peak plasma concentrations occurring within 30–60 minutes. However, it has a short half-life of approximately 30–50 minutes, leading to rapid elimination primarily via hepatic metabolism by cytochrome P450 enzymes (especially CYP1A2) (Tordjman et al., 2017). Oral bioavailability is relatively low (10–15%) due to first-pass metabolism.
New delivery strategies have been developed to improve its pharmacokinetic profile. These include prolonged-release formulations that mimic physiological melatonin secretion, transdermal patches, sublingual tablets, and intranasal sprays. Such advancements ensure sustained melatonin levels, making them more effective for treating chronic conditions like insomnia or circadian rhythm disorders.
9.2 Formulations and Dosing Strategies
Melatonin is available in various formulations tailored to specific therapeutic needs:
· Immediate-release formulations are ideal for sleep-onset insomnia.
· Prolonged-release (PR) formulations provide a steady release throughout the night, beneficial for sleep maintenance (Lemoine et al., 2007).
· Transdermal and sublingual forms bypass first-pass metabolism, leading to higher bioavailability and more predictable plasma concentrations.
Doses vary widely depending on indication and patient characteristics. Common therapeutic doses range from 0.3 mg to 10 mg per day. Lower doses (0.3–2 mg) often suffice for sleep phase adjustment, while higher doses (5–10 mg) may be required for neuroprotective or anticancer effects. However, more research is needed to define optimal dosing regimens for different conditions and age groups.
9.3 Safety and Tolerability
Melatonin is generally well-tolerated, with a low incidence of adverse effects. Reported side effects are usually mild and include daytime drowsiness, headache, dizziness, and nausea. It is not associated with tolerance, dependence, or withdrawal symptoms, making it a safer alternative to conventional hypnotics (Brzezinski et al., 2005).
Nevertheless, certain populations—such as pregnant or breastfeeding women, children with underlying neurological conditions, or patients on CYP1A2-interacting drugs—should use melatonin under medical supervision. Long-term safety data, although limited, remain reassuring, particularly in older adults and pediatric populations with neurodevelopmental disorders.
9.4 Drug Interactions and Contraindications
Melatonin may interact with medications that affect CYP enzymes, including fluvoxamine, cimetidine, and some antiepileptics, which can increase melatonin blood levels. It may also potentiate the sedative effects of CNS depressants such as benzodiazepines, alcohol, and opioids. Caution is advised when combining melatonin with anticoagulants, antihypertensives, and immunosuppressants, as melatonin can influence coagulation and immune function (Claustrat & Leston, 2015).
Melatonin should be used cautiously in individuals with autoimmune diseases due to its immunostimulatory properties, unless supervised by a clinician familiar with its immunomodulatory actions.
9.5 Regulatory Considerations
The regulatory status of melatonin varies internationally:
· In the United States, melatonin is classified as a dietary supplement and is available over the counter. This limits regulation of its purity, dosage consistency, and labeling.
· In Europe, melatonin is classified as a prescription medication in many countries, particularly in doses above 2 mg. Prolonged-release melatonin (e.g., Circadin®) is approved for primary insomnia in adults aged 55 years and older.
· In Australia and Canada, melatonin may be restricted or require a prescription depending on the formulation and use.
The lack of standardization in melatonin supplements raises concerns regarding quality control. Analytical studies have shown wide variability in melatonin content among commercial products, highlighting the need for tighter regulatory oversight and better consumer guidance (Erland & Saxena, 2017).
9.6 Future Directions in Pharmaceutical Development
Advances in nanotechnology, drug delivery systems, and synthetic melatonergic analogs offer exciting prospects. Liposomal melatonin, melatonin-loaded nanoparticles, and polymer-based delivery platforms are under investigation for targeted and sustained drug release. Synthetic analogues such as ramelteon and agomelatine, which act on melatonin receptors with greater selectivity and longer half-lives, are already in clinical use for insomnia and depression, respectively.
Furthermore, research into personalized melatonin therapy based on chronotype, genetic polymorphisms (e.g., MTNR1B variants), and circadian profiling may lead to more individualized and effective treatments.
10. Conclusion
Melatonin, once primarily recognized as a regulator of circadian rhythms and sleep, has now established itself as a multifaceted molecule with widespread physiological and therapeutic implications. Accumulating evidence from both preclinical and clinical research highlights its roles in antioxidation, neuroprotection, immunomodulation, metabolic regulation, cardiovascular health, and cancer therapy.
The neurohormone's ability to interact with specific membrane receptors (MT1 and MT2), penetrate cellular compartments, and modulate gene expression makes it uniquely positioned to influence a variety of cellular and systemic processes. Its antioxidant potency, both direct and indirect, underpins many of its protective effects against chronic inflammation, mitochondrial dysfunction, and oxidative damage—factors central to numerous non-communicable diseases.
In sleep medicine, melatonin remains a mainstay therapy for circadian rhythm sleep disorders, including delayed sleep phase syndrome, non-24-hour sleep-wake disorder, and jet lag. Its effectiveness in older adults and pediatric populations, especially in neurodevelopmental conditions, further cements its clinical value. Meanwhile, its emerging role in managing metabolic diseases, such as obesity and type 2 diabetes, reflects the intricate relationship between circadian regulation and metabolic health.
In oncology, melatonin demonstrates oncostatic effects across several cancer types, with promising results in enhancing the efficacy and tolerability of chemotherapy and radiotherapy. Its safety profile and synergistic potential support its use as an adjunctive agent, although more robust, large-scale trials are warranted to validate its integration into standard oncological care.
Despite its broad therapeutic potential, challenges remain. These include variability in bioavailability among different formulations, lack of standardization in over-the-counter supplements, and limited regulatory oversight in some regions. Additionally, melatonin’s effects can be highly context-dependent, influenced by dose, timing, patient age, and comorbidities. Personalized approaches to melatonin therapy, guided by genetic and chronobiological profiling, represent a promising frontier.
In conclusion, melatonin stands at the intersection of chronobiology, endocrinology, immunology, and pharmacology. Its pleiotropic actions offer a versatile and largely underutilized tool in modern medicine. As research continues to unravel its complexities and refine its clinical applications, melatonin is poised to take a more prominent role in integrated therapeutic strategies aimed at promoting human health and resilience.
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