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ABSTRACT

Melatonin, synthesized primarily in the pineal gland, acts as a biological
signal synchronized to the day-night cycle, influencing various
physiological processes through interactions with MT1 and MT2
receptors. By modulating clock gene expression in the Suprachiasmatic
Nucleus (SCN), melatonin plays a pivotal role in maintaining robust
circadian rhythms governing sleep-wake cycles, hormone secretion,
and metabolic functions. Beyond its chronobiotic effects, melatonin
enhances sleep quality by promoting sleep onset and optimizing sleep
architecture, including Rapid Eye Movement (REM) and Slow-Wave Sleep
(SWS) stages. Clinical applications of melatonin extend to managing sleep
disorders, circadian rhythm disturbances, and conditions associated with
oxidative stress and neurodegeneration. Understanding melatonin’s
mechanisms of action provides insights into its therapeutic potential and
underscores its role in optimizing sleep health and overall well-being.
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Introduction

Melatonin, a hormone primarily synthesized in the pineal
gland, plays a pivotal role in regulating circadian rhythms
and sleep-wake cycles in humans. Melatonin, a hormone
synthesized primarily in the pineal gland, plays a crucial
role in regulating the sleep-wake cycle. Its production is
stimulated by darkness and suppressed by light, thus acting
as a biological signal of nighttime and sleep readiness.
Melatonin levels typically rise in the evening, peaking
during the night, and decline in the early morning hours.
By interacting with melatonin receptors in the brain,
particularly MT1 and MT2 receptors, melatonin helps
synchronize circadian rhythms and promote sleep onset.
Supplementation with melatonin has been shown to reduce
the time it takes to fall asleep (sleep onset latency) and
improve sleep quality, making it a valuable option for
managing insomnia and other sleep disorders characterized
by circadian rhythm disturbances.!

Biosynthesis of Melatonin

Melatonin, a neurohormone primarily synthesized in the
pineal gland, follows a complex enzymatic pathway involving
several key steps. The process begins with the essential amino
acid tryptophan, which is taken up from the bloodstream
into pinealocytes, the cells of the pineal gland. Within these
cells, tryptophan undergoes hydroxylation by the enzyme
tryptophan hydroxylase to form 5-hydroxytryptophan (5-
HTP). This intermediate is then decarboxylated to produce
serotonin, a neurotransmitter involved in mood regulation
and numerous physiological functions.?

The conversion of serotonin to melatonin represents
the critical pathway specific to the pineal gland. This
transformation occurs in two enzymatic steps. First,
serotonin is acetylated by serotonin N-acetyltransferase
(SNAT), also known as arylalkylamine N-acetyltransferase
(AANAT), to form N-acetylserotonin. This enzyme is the
rate-limiting step in melatonin synthesis and is under
strict regulation by the circadian clock and light-dark
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cycles. The subsequent step involves the methylation of
N-acetylserotonin by acetylserotonin O-methyltransferase
(ASMT), also known as hydroxyindole-O-methyltransferase
(HIOMT), to yield melatonin.

The synthesis of melatonin is highly regulated by
environmental light cues received through the retina
and conveyed via the retinohypothalamic tract to the
Suprachiasmatic Nucleus (SCN) of the hypothalamus.
During periods of darkness, sympathetic input to the pineal
gland stimulates the production of melatonin, leading
to its release into the bloodstream and cerebrospinal
fluid. Conversely, exposure to light, particularly blue light,
inhibits melatonin synthesis through direct neural pathways
and indirectly via the SCN, thus coordinating melatonin
secretion with the day-night cycle.

Melatonin production exhibits a robust circadian rhythm,
with levels rising in the evening hours, peaking during
the night, and declining toward morning. This rhythmic
secretion is essential for the synchronization of biological
rhythms, including the sleep-wake cycle, hormone secretion,
and immune function. Disruptions in melatonin synthesis
or signaling, such as those occurring with aging, shift
work, or certain medical conditions, can lead to circadian
rhythm disorders and sleep disturbances, underscoring
the hormone’s critical role in maintaining physiological
homeostasis. The biosynthesis of melatonin involves a
series of enzymatic reactions starting with tryptophan and
culminating in the production of melatonin in the pineal
gland.> This process is tightly regulated by both circadian
and environmental cues, highlighting melatonin’s pivotal
role as a biological signal for the timing of sleep and other
physiological processes.

Mechanisms of Action

Melatonin exerts its effects through interactions with
specific receptors in the brain, notably MT1 and MT2
receptors located in the suprachiasmatic nucleus (SCN),
the master pacemaker of circadian rhythms. By binding
to these receptors, melatonin helps synchronize internal
biological clocks with the day-night cycle, promoting sleep
onset and regulating sleep duration. Additionally, melatonin
acts as a potent antioxidant, scavenging free radicals and
protecting cells from oxidative stress, which can disrupt
circadian rhythms and impair sleep quality.

Melatonin exerts its biological effects through interaction
with specific receptors and signaling pathways distributed
throughout the body. These mechanisms underpin its role
in regulating circadian rhythms, sleep-wake cycles, and
various physiological processes.®

Receptor-Mediated Actions

Melatonin primarily acts through two high-affinity
G-protein-coupled receptors: MT1 and MT2. These

receptors are widely distributed in the central nervous
system (CNS), peripheral tissues, and immune cells. In
the brain, MT1 receptors are predominant in the SCN,
the master pacemaker of circadian rhythms, while MT2
receptors are more abundant in other brain regions and
peripheral tissues. Activation of MT1 and MT2 receptors
modulates intracellular signaling pathways, including
inhibition of adenylyl cyclase and regulation of cyclic AMP
(cAMP) levels, calcium signaling, and protein kinase activity.”

Regulation of Circadian Rhythms

In the SCN, melatonin binding to MT1 receptors helps
synchronize the central biological clock with external light-
dark cycles. This synchronization occurs through phase-
shifting effects, where melatonin administration during
the biological night advances or delays circadian rhythms,
depending on the timing of administration relative to the
endogenous melatonin peak. By influencing clock gene
expression (e.g., CLOCK, BMAL1) and their regulators (e.g.,
PER, CRY), melatonin contributes to the maintenance
of robust circadian rhythms governing sleep, hormone
secretion, metabolism, and other physiological processes.

Sleep Modulation

Melatonin plays a crucial role in sleep regulation by
promoting sleep onset and enhancing sleep quality. In the
brain, MT1 receptors located in sleep-promoting areas such
as the SCN and the ventrolateral preoptic nucleus (VLPO)
mediate melatonin’s sedative effects. By reducing neuronal
excitability and enhancing inhibitory neurotransmission
(e.g., gamma-aminobutyric acid, GABA), melatonin helps
induce physiological changes conducive to sleep, including
decreased body temperature and increased REM sleep
duration.®®

Antioxidant and Cytoprotective Effects

Beyond its role in circadian rhythms and sleep, melatonin
exhibits potent antioxidant properties. As a direct scavenger
of free radicals, melatonin neutralizes reactive oxygen
species (ROS) and reactive nitrogen species (RNS), thereby
protecting cellular components such as lipids, proteins,
and DNA from oxidative damage. Additionally, melatonin
stimulates the expression and activity of antioxidant
enzymes, including superoxide dismutase (SOD), glutathione
peroxidase (GPx), and catalase, further enhancing cellular
antioxidant defenses.

Immunomodulatory Actions

Melatonin influences immune function by interacting with
immune cells and modulating cytokine production. MT1
and MT2 receptors are expressed on various immune cells,
where melatonin can inhibit pro-inflammatory cytokines
(e.g., TNF-alpha, IL-1beta) and promote anti-inflammatory
cytokines (e.g., IL-10). This immunomodulatory effect helps
regulate immune responses and mitigate inflammatory
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processes associated with autoimmune disorders, infection,
and chronic inflammation.**

Neuroprotective and Neurotrophic Effects

In the central nervous system, melatonin exerts
neuroprotective effects against neurodegenerative
diseases, ischemic injury, and oxidative stress-induced
neuronal damage. It enhances neuronal survival, promotes
neurogenesis, and supports synaptic plasticity through
multiple mechanisms, including inhibition of apoptosis,
modulation of neurotransmitter systems (e.g., dopamine,
serotonin), and reduction of excitotoxicity.

In conclusion, melatonin’s diverse mechanisms of action
encompass receptor-mediated signaling, regulation of
circadian rhythms, modulation of sleep architecture,
antioxidant and cytoprotective effects, immunomodulation,
and neuroprotection. These mechanisms underscore
its therapeutic potential in managing sleep disorders,
circadian rhythm disturbances, and various conditions
associated with oxidative stress and inflammation. Further
research into melatonin’s molecular pathways and clinical
applications continues to uncover new insights into its
multifaceted roles in health and disease.?
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Influence on Circadian Rhythms

Melatonin plays a crucial role in the regulation and
synchronization of circadian rhythms, which are intrinsic
biological cycles that govern various physiological processes
over a 24-hour period. The primary site of melatonin action
in circadian rhythm regulation is the suprachiasmatic
nucleus (SCN) of the hypothalamus, often referred to as
the body’s master clock. In response to environmental light
cues received through the retina, the SCN coordinates the
timing of melatonin synthesis and secretion from the pineal
gland. During periods of darkness, sympathetic input to
the pineal gland stimulates the conversion of serotonin
to melatonin, leading to its release into the bloodstream
and cerebrospinal fluid. Melatonin levels typically rise in
the evening, peak during the night, and decline toward
morning, reflecting the body’s internal representation of
night-time and day-time.

The rhythmic secretion of melatonin serves to signal
the onset of darkness and facilitate the transition to a
physiological state conducive to sleep. Melatonin acts
on MT1 and MT2 receptors located in the SCN, where
it influences clock gene expression, including circadian
locomotor output cycles kaput (CLOCK) and brain and




Agung et al.
J. Adv. Res. Biochem. Pharma. 2024; 7(1)

muscle ARNT-like 1 (BMAL1), as well as their regulators

Melatonin
period (PER) and cryptochrome (CRY). These interactions administration Helps adapt to
modulate the timing and amplitude of circadian rhythms, can advance or new time zones
ensuring their alignment with the external light-dark delay circadian (jet lag), shift work
cycle. By phase-shifting the SCN clock and promoting Phase rhythms schedules. and
synchronization of peripheral oscillators in tissues Shifting depending on the | other disruptions
throughout the body, mt.elatonm helps maintain robust timing relative to to normal sleep
circadian rhythms governing sleep-wake cycles, hormone the endogenous patterns.
secretion, metabolism, immune function, and other melatonin peak
physiological processes. 31415 -
Synchronizes
Disruptions in melatonin signaling, such as those caused by physiological
shift work, jet lag, aging, or certain medical conditions, can processes
: : . ; Affects circadian
lead to circadian rhythm disorders characterized by sleep Perivheral ) throughout the
disturbances, impaired cognitive function, and metabolic eriphera 'rhythms'ln body, including
dysregulation. The administration of exogenous melatonin | Oscillators | peripheral tissues liver metabolism,
or melatonin agonists can help realign circadian rhythms and organs. cardiovascular
and mitigate the adverse effects of circadian disruption. function, and
Understanding melatonin’s influence on circadian rhythms immune responses.
not only underscores its role as a chronobiotic agent but -
o . . . ) . Facilitates sleep
also highlights its therapeutic potential in managing Melatonin
: oo . Sleep- . onset, reduces
sleep disorders and optimizing health outcomes linked to P signals the onset
. . L sleep onset latency,
circadian misalignment. Wake of darkness, and enhances
Table |.Presenting the Mechanism of action and the Cycle promoting sleep sleep quality and
key Effects readiness. duration.
Aspect Description Impact Leads to sleep
Age-related .
; o disturbances and
Melatonin . . decline in
o Synchronizes Aging and ) impaired daytime
secretion Is - 1o ; . melatonin o :
lated b internal biological Circadian i functioning, which
regulated by clocks with production can b et d
Regulation environmental Rhythms disrupt circadian can be mitigate
. . the eXterna| by melatonin
by Light- light cues environment, risin rhythms. '
Dark Cycle | received through . ’ & supplementation.
. during darkness
the retina and . .
q h and falling during . .
CO”VG;’EN to the daylight. Impact on Sleep Quality and Duration
: Melatonin plays a critical role in regulating sleep-wake
Modulates clock cycles and enhancing both the quality and duration of
Melatonin binds gene expression sleep. The hormone’s secretion is tightly controlled by
Receptor to MT1 and MT2 and phase-shifts the circadian rhythm, with levels typically rising in the
. p. receptors in the circadian rhythms, evening and peaking during the night, coinciding with
Activation . ) . .
SCN and other promoting the body’s natural transition to sleep. Melatonin acts on
brain regions. alignment with the several mechanisms to facilitate sleep onset and promote
day-night cycle. restorative sleep.®
Firstly, melatonin interacts with MT1 and MT2 receptors
Ensures the , . . . . .
.. located in the brain, particularly in regions involved in sleep
proper timing and . . .
Influences the coordination of regulation such as the suprachiasmatic nucleus (SCN) and
expression of key . . the ventrolateral preoptic nucleus (VLPO). Activation of
Gene circadian rhythms, .
. clock genes such ) these receptors reduces neuronal activity and promotes
Expression affecting sleep-wake o . .
as CLOCK, BMAL1, inhibitory neurotransmission, particularly through gamma-
cycles, hormone . . . . .
PER, and CRY. cecretion and aminobutyric acid (GABA) signaling pathways. This process
’ helps calm the central nervous system, lower alertness
metabolism.
levels, and prepare the body for sleep.




Agung et al.
J. Adv. Res. Biochem. Pharma. 2024; 7(1)

Secondly, melatonin influences the timing and structure of
sleep stages. It promotes the onset of rapid eye movement
(REM) sleep and enhances the duration of non-REM sleep
stages, including slow-wave sleep (SWS). These sleep stages
are essential for physical restoration, memory consolidation,
and cognitive function. By optimizing sleep architecture,
melatonin contributes to deeper, more restorative sleep
experiences.”

Thirdly, melatonin’s antioxidant properties play a role in
supporting sleep quality. As a potent scavenger of free
radicals, melatonin protects neurons and other cells from
oxidative stress that can disrupt sleep patterns and impair
sleep quality. By reducing oxidative damage, melatonin
helps maintain cellular health and function, supporting
optimal sleep physiology.

Clinical studies have consistently demonstrated the
efficacy of melatonin supplementation in improving sleep
parameters among individuals with sleep disorders, such
as insomnia, delayed sleep phase disorder, and jet lag.
Melatonin administration has been shown to reduce sleep
onset latency (the time it takes to fall asleep), increase total
sleep time, and enhance subjective sleep quality ratings.
These effects are particularly beneficial in populations
experiencing circadian rhythm disruptions or age-related
changes in melatonin production. Melatonin’s ability to
regulate sleep quality and duration stems from its influence
on neuronal activity, sleep stage modulation, and antioxidant
defenses. Understanding these mechanisms underscores
melatonin’s role as a chronobiotic and sleep-promoting
agent, offering therapeutic potential for managing sleep
disorders and optimizing sleep health across different
populations. Further research continues to explore novel
applications and formulations of melatonin to enhance its
clinical utility in sleep medicine.®

Therapeutic Applications

Melatonin has diverse therapeutic applications beyond its
role in regulating sleep-wake cycles. Its pharmacological
properties and physiological effects make it a valuable agent
in managing various medical conditions and improving
overall health.

Sleep Disorders

Melatonin is widely used in the treatment of sleep
disorders, including insomnia, delayed sleep phase
disorder (DSPD), and jet lag. By promoting sleep onset and
enhancing sleep quality, melatonin supplementation helps
individuals with difficulty falling asleep or staying asleep
due to circadian rhythm disturbances or other underlying
factors. Controlled-release formulations of melatonin are
particularly effective in maintaining sleep continuity and
improving sleep architecture without causing next-day
sedation.®®

Circadian Rhythm Disorders

Disruptions in circadian rhythms, such as those seen in
shift work disorder or irregular sleep-wake patterns, can
benefit from melatonin therapy. The hormone’s ability
to synchronize biological clocks and adjust the timing of
sleep and wakefulness aids in realigning circadian rhythms
with external light-dark cycles. This application is crucial
for individuals whose work schedules or lifestyle habits
lead to chronic sleep deprivation and impaired daytime
functioning.

Jet Lag and Travel-Related Sleep Disturbances

Melatonin is effective in mitigating the symptoms of jet
lag, a transient sleep disorder caused by rapid travel across
multiple time zones. By administering melatonin at specific
times relative to the traveler’s destination, such as before
bedtime in the new time zone, disruptions to the internal
body clock can be minimized. This approach helps expedite
the adjustment to local time, reducing the duration and
severity of jet lag symptoms like daytime sleepiness, fatigue,
and difficulty concentrating.

Neuroprotection and Aging

Melatonin exhibits neuroprotective properties that are
beneficial in combating age-related cognitive decline,
neurodegenerative diseases, and oxidative stress-induced
neuronal damage. As an antioxidant, melatonin scavenges
free radicals and reduces oxidative damage to brain cells,
thereby preserving cognitive function and promoting brain
health. Emerging research suggests potential applications
of melatonin in Alzheimer’s disease, Parkinson’s disease,
and other neurodegenerative disorders where oxidative
stress plays a significant role in disease progression.?

Mood Disorders and Psychological Health

Melatonin’s role extends to mood regulation and
psychological well-being. It has been investigated for its
potential antidepressant effects, particularly in individuals
with seasonal affective disorder (SAD) or mood disorders
linked to disruptions in circadian rhythms. Melatonin’s
influence on serotonin and other neurotransmitter systems
may contribute to its mood-stabilizing properties, offering
a complementary approach to conventional antidepressant
therapies.

Antioxidant and Anti-inflammatory Effects

Beyond its role in sleep and circadian rhythm regulation,
melatonin acts as a potent antioxidant and anti-
inflammatory agent throughout the body. By neutralizing
free radicals and reducing inflammation, melatonin supports
immune function, cardiovascular health, and overall cellular
integrity. These effects are beneficial in mitigating chronic
inflammatory conditions, enhancing immune responses,
and protecting against oxidative stress-related diseases.®
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Melatonin’s therapeutic applications encompass a wide
range of health conditions, emphasizing its versatility as
a chronobiotic agent, neuroprotectant, antioxidant, and
mood regulator. Ongoing research continues to explore new
therapeutic avenues and optimize melatonin formulations
for enhanced efficacy and safety in clinical practice.
Integrating melatonin into comprehensive treatment
strategies offers promise in improving sleep quality,
managing circadian rhythm disorders, and promoting overall
health and well-being across diverse patient populations.?®

Conclusion

In conclusion, melatonin serves as a critical mediator of
circadian rhythms and sleep-wake cycles, exerting profound
effects on physiological processes and overall health.
Understanding its biosynthesis, mechanisms of action,
and therapeutic applications enhances its clinical utility in
treating sleep disorders and circadian rhythm disturbances.
Future research should further elucidate melatonin’s role in
health and disease, exploring novel therapeutic strategies
and optimizing its use to promote sleep health and improve
quality of life.
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