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Abstract. Due to the addictive qualities of tobacco products
and the compulsive craving and dependence associated with
their use, nicotine dependence continues to be a serious public
health concern on a global scale. Despite awareness of the asso-
ciated health risks, nicotine addiction contributes to numerous
acute and chronic medical conditions, including cardiovascular
disease, respiratory disorders and cancer. The nocturnal secretion
of pineal melatonin, known as the ‘hormone of darkness’, influ-
ences circadian rhythms and is implicated in addiction-related
behaviors. Melatonin receptors are found throughout the brain,
influencing dopaminergic neurotransmission and potentially
attenuating nicotine-seeking behavior. Additionally, the antioxi-
dant properties of melatonin may mitigate oxidative stress from
chronic nicotine exposure, reducing cellular damage and lowering
the risk of nicotine-related health issues. In addition to its effects
on circadian rhythmicity, melatonin acting via specific neural
receptors influences sleep and mood, and provides neuroprotec-
tion. Disruptions in melatonin signaling may contribute to sleep
disturbances and mood disorders, highlighting the potential ther-
apeutic role of melatonin in addiction and psychiatric conditions.
Melatonin may influence neurotransmitter systems involved in
addiction, such as the dopaminergic, glutamatergic, serotonergic
and endogenous opioid systems. Preclinical studies suggest the
potential of melatonin in modulating reward processing, attenu-
ating drug-induced hyperactivity and reducing opioid withdrawal
symptoms. Chronotherapeutic approaches targeting circadian
rhythms and melatonin signaling show promise in smoking cessa-
tion interventions. Melatonin supplementation during periods of
heightened nicotine cravings may alleviate withdrawal symptoms
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and reduce the reinforcing effects of nicotine. Further research
is required however, to examine the molecular mechanisms
underlying the melatonin-nicotine association and the optimiza-
tion of therapeutic interventions. Challenges include variability
in individual responses to melatonin, optimal dosing regimens
and identifying biomarkers of treatment response. Understanding
these complexities could lead to personalized treatment strategies
and improve smoking cessation outcomes.
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1. Introduction
Nicotine dependence, a pervasive and challenging addiction,

continues to exact a significant toll on public health globally (1).
Despite intensive research being made into the mechanisms
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underlying nicotine addiction and its associated health conse-
quences, effective strategies for its prevention and interruption
remain elusive (2). In recent years, emerging evidence has shed
light on the potential interplay between nicotine dependence
and the neuroendocrine hormone, melatonin (3).

The addictive qualities of tobacco products fuel the
complex condition known as nicotine dependence, which is
characterized by compulsive cravings and physiological or
psychological dependence on nicotine. The addictive nature
of nicotine stems from its ability to activate the brain's reward
pathways, particularly the mesolimbic dopaminergic system,
leading to feelings of pleasure and reinforcement of addic-
tive behavior (4). Despite widespread awareness of the health
risks associated with smoking, nicotine dependence remains a
formidable public health challenge, contributing to a myriad
of acute and chronic medical conditions, including cardiovas-
cular disease, respiratory disorders and cancer (5,6).

Melatonin, often referred to as the ‘hormone of darkness’,
is primarily synthesized nocturnally by the pineal gland and
plays a crucial role in regulating circadian rhythms (7). The
suprachiasmatic nucleus (SCN) of the hypothalamus responds
to environmental light-dark cycles by tightly controlling
melatonin secretion. Traditionally recognized for its role in
promoting sleep onset and regulating the sleep-wake cycle,
the influence of melatonin extends far beyond circadian
rhythms (8). Emerging research has highlighted the diverse
physiological roles of melatonin, including its antioxidant,
immunomodulatory and neuroprotective properties (9-12).

The potential association between melatonin and nicotine
dependence has attracted increasing attention in the scientific
community. Preclinical investigations have offered fascinating
revelations regarding the interplay of melatonin and nicotine
dependence (13,14). Melatonin receptors are widely distrib-
uted throughout the brain, including areas implicated in the
reward pathway and addiction-related behaviors. In animal
models, evidence suggests that melatonin may modulate
the reinforcing effects of nicotine by influencing dopami-
nergic neurotransmission and attenuating nicotine-seeking
behavior (15).

Additionally, the antioxidant properties of melatonin
may provide defense against the oxidative stress that chronic
nicotine exposure causes, minimizing cellular damage
and lowering the risk of nicotine-related health issues (16).
Moreover, the role of melatonin in regulating mood and stress
responses may influence susceptibility to nicotine addiction
and affect smoking behavior (17).

The present comprehensive review synthesizes the existing
literature on the association between melatonin and nicotine
dependence, provides a critical analysis of the current evidence
of this association, and identifies areas for future research.
By elucidating the intricate interplay between melatonin and
nicotine, the present review aims to provide guidelines for
an improved understanding of nicotine addiction and to pave
the way for innovative approaches to smoking cessation and
health consequences.

2. Melatonin and its diverse physiological roles

Melatonin, a molecule nocturnally produced and released
by the pineal gland and by numerous other cells, where its

synthesis is neither circadian nor released, has long fasci-
nated researchers due to its diverse physiological roles (18).
Initially recognized for its involvement in regulating circa-
dian rhythms, the influence of melatonin extends far beyond
sleep-wake cycles and other 24-h rhythms (19). The synthesis
of melatonin commences with the conversion of tryptophan
into serotonin, catalyzed by the enzyme, tryptophan hydroxy-
lase. Subsequently, serotonin undergoes two enzymatic
reactions, mediated by serotonin-N-acetyltransferase and
acetylserotonin-O-methyltransferase, to form melatonin. The
SCN located in the hypothalamus exerts precise control over
the synthesis and release of melatonin in accordance with
environmental light-dark cycles (20,21).

Melatonin plays a pivotal role in synchronizing the circa-
dian rhythms of the body. As darkness falls, the SCN signals
the pineal gland to increase melatonin production, promoting
sleep onset and regulating the sleep-wake cycle (22).
Conversely, exposure to light inhibits melatonin secretion,
promoting chronodisruption and wakefulness. Perturbations in
the melatonin rhythm, such as those experienced during shift
work or jet lag, can lead to sleep disturbances and impaired
cognitive function (23).

Beyond its role in circadian rhythms, melatonin exhibits
potent antioxidant properties. It scavenges free radicals,
neutralizes oxidative stress and protects cells from damage.
The ability of melatonin to traverse cellular membranes and
accumulate in various organelles underscores its effectiveness
as an antioxidant. Moreover, melatonin stimulates the activity
of antioxidant enzymes, further enhancing cellular defense
mechanisms against oxidative damage (24,25).

Emerging evidence suggests that melatonin plays a crucial
role in modulating the immune system. Melatonin receptors
are present on immune cells, enabling melatonin to regulate
immune responses. Melatonin enhances the production of
immune cells, such as natural killer cells and T-lymphocytes,
strengthening the defense of the body against pathogens.
Additionally, melatonin exhibits anti-inflammatory proper-
ties, mitigating excessive immune activation and tissue
damage (26-28).

Melatonin exerts neuroprotective effects, safeguarding
the brain against various insults. It regulates neurotrans-
mitter release, modulates neuronal excitability and promotes
neuronal survival. The antioxidant properties of mela-
tonin, many of which are receptor-independent, counteract
neurotoxicity induced by oxidative stress, reducing the
risk of developing neurodegenerative disorders, such as
Alzheimer's and Parkinson's disease. Moreover, melatonin
enhances neuroplasticity, facilitating learning and memory
processes (29-32).

In addition to these well-established roles, melatonin
affects reproductive function in both males and females. In
females, melatonin influences ovulation and protects the
placenta from molecular damage, while in males, it modulates
spermatogenesis and testosterone production. Melatonin
receptors are present in reproductive tissues, highlighting their
direct involvement in reproductive processes. Furthermore,
the antioxidant properties of melatonin protect the gametes
of both sexes from oxidative damage, ensuring reproductive
success (33-35). The diverse physiological roles of melatonin
are, in part, illustrated in Fig. 1.
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Figure 1. The diverse physiological roles of melatonin. Parts of this image were derived from the free medical site http://smart.servier.com/ (accessed on
April 5,2024) by Servier, licenced under a Creative Commons Attribution 3.0 Unported Licence.

3. Overview of nicotine dependence and its impact on
health

Nicotine addiction: Mechanisms and pathophysiology.
Nicotine addiction stems from the pharmacological effects of
nicotine on the reward pathways of the brain. Upon inhalation
or ingestion, nicotine swiftly penetrates the blood-brain barrier
and attaches to nicotinic acetylcholine receptors (nAChRs) in
the mesolimbic dopaminergic system (36). This engagement
prompts the discharge of neurotransmitters, predominantly
dopamine, fostering sensations of pleasure and reinforcing
addictive conduct. Chronic nicotine exposure leads to neuro-
adaptations, altering the reward circuitry of the brain and
perpetuating addiction (37).

Nicotine addiction: Behavioral and psychological factors.
Beyond its pharmacological effects, a number of behav-
ioral and psychological factors affect nicotine dependence.
Smoking behavior often becomes intertwined with daily
routines, social interactions, and coping mechanisms, rein-
forcing the habituation process. Additionally, individuals
may use tobacco products to alleviate stress, manage nega-
tive emotions, or enhance cognitive performance, further
solidifying nicotine dependence (38). Environmental cues
associated with smoking, such as seeing cigarette adver-
tisements or being in social settings where smoking is
prevalent, can trigger cravings and perpetuate addiction to
this dangerous molecule (39).

Health consequences of nicotine dependence. The inhala-
tion of tobacco smoke exposes the body to a toxic cocktail of

chemicals, including carcinogens and harmful gases, which
damage vital organs and systems. Smoking is a leading cause
of preventable mortality worldwide, accounting for a signifi-
cant burden of disease attributable to cardiovascular disease,
respiratory disorders, and various types of cancer. Moreover,
nicotine dependence increases the risk of developing comorbid
conditions, such as hypertension, diabetes and mental health
disorders (40-51).

Cardiovascular effects. Nicotine exerts profound cardio-
vascular effects, contributing to the development and
progression of cardiovascular disease. It stimulates the sympa-
thetic nervous system, leading to an increased heart rate, blood
pressure and vasoconstriction (40). Chronic nicotine exposure
promotes atherosclerosis, thrombosis and endothelial dysfunc-
tion, predisposing individuals to coronary artery disease,
myocardial infarction and stroke (41). Furthermore, the
pro-inflammatory and pro-thrombotic properties of nicotine
exacerbate vascular pathology, exacerbating cardiovascular
morbidity and mortality (42).

Respiratory complications. Tobacco smoke contains numerous
respiratory irritants and carcinogens that inflict extensive
damage on the respiratory system. The inhalation of tobacco
smoke damages airway epithelial cells, impairs mucociliary
clearance and induces inflammation, predisposing individuals
to chronic obstructive pulmonary disease, emphysema and
bronchitis (43). Moreover, nicotine dependence increases
the risk of developing respiratory infections and exacerbates
pre-existing respiratory conditions, leading to respiratory
failure and premature death (44).
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Figure 2. Overview of nicotine dependence and its impact on health. Parts of this image were derived from the free medical site http://smart.servier.com/
(accessed on April 5,2024) by Servier, licenced under a Creative Commons Attribution 3.0 Unported Licence.

Cancer risk. Perhaps the most well-known consequence
of nicotine dependence is its association with cancer (45).
Tobacco smoke comprises >7,000 compounds; these include
carcinogens, such as polycyclic aromatic hydrocarbons and
nitrosamines, which instigate and advance oncogenic path-
ways (46). Smoking stands as the primary cause behind lung
cancer, responsible for the majority of cases globally. Moreover,
tobacco consumption also escalates the likelihood of developing
cancers of the pharynx, oral cavity, larynx, bladder, esophagus,
cervix and pancreas (47). Additionally, exposure to secondhand
smoke poses a significant cancer risk to non-smokers (48).

Mental health effects. Nicotine dependence is closely intertwined
with mental health, exacerbating symptoms of anxiety, depression
and stress. While individuals may initially use tobacco products
as a coping mechanism for stress relief or mood enhancement,
chronic nicotine exposure disrupts neurotransmitter balance and
exacerbates psychiatric symptoms. Moreover, nicotine depen-
dence is highly prevalent among individuals with mental health
disorders, contributing to resistance to treatment and poorer
clinical outcomes (49-51). An overview of nicotine dependence
and its impact on health is illustrated in Fig. 2.

4. Melatonin receptors and their distribution in the brain
Likely central to numerous of the actions of melatonin are
its receptors, which are distributed throughout the brain and

peripheral tissues.

Types of melatonin receptors. Melatonin exerts its effects via
two main types of membrane receptors: Melatonin receptor

type 1 (MT1) and melatonin receptor type 2 (MT2), both
belonging to the G protein-coupled receptor family. MT1
receptors are predominantly coupled to inhibitory G proteins
(Gi/o), while MT?2 receptors can activate both inhibitory (Gi/o)
and stimulatory (Gs) G proteins. These receptors exhibit
distinct, yet overlapping expression patterns, mediating diverse
physiological responses to melatonin (52).

Distribution in the brain. Melatonin receptors are widely
distributed throughout the brain, encompassing various
regions involved in circadian regulation, sleep-wake cycles,
mood modulation and neuroendocrine function. In the
hypothalamus, MT1 and MT?2 receptors are localized in the
SCN, the master circadian pacemaker, where they regulate
the timing of melatonin secretion and synchronize biological
rhythms with the light-dark cycle. Additionally, melatonin
receptors are found in the hypothalamic-pituitary axis, where
they function in the modulation of pituitary hormone secretion
related to reproductive function (53).

Circadian regulation. The SCN serves as the central hub
for circadian regulation, integrating photic and non-photic
cues to entrain circadian central and peripheral clocks.
Melatonin receptors within the SCN play a crucial role in
transducing melatonin signals and modulating neuronal
activity, thereby influencing the timing of sleep onset,
body temperature and hormone secretion. Disruptions
in melatonin receptor signaling, such as those observed
in circadian rhythm disorders or shift work, can lead to
sleep disturbances and the desynchronization of biological
rhythms (54-56).
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Sleep-wake regulation. Beyond its role in circadian rhythms,
melatonin influences sleep-wake cycles by modulating the
activity of sleep-promoting and wake-promoting pathways
in the brain. Melatonin receptors are densely expressed in
the hypothalamic nuclei, such as the ventrolateral preoptic
nucleus (VLPO) and the orexinergic neurons in the lateral
hypothalamus, which regulate sleep onset and maintenance.
The activation of MT1 receptors in the VLPO promotes
sleep by inhibiting arousal systems, while MT2 receptors
modulate the sensitivity of orexin neurons to sleep-promoting
signals (57,58).

Mood modulation. Emerging evidence suggests a role for
melatonin receptors in mood modulation and affective
disorders. Melatonin receptors are distributed in limbic
structures implicated in emotional regulation, including the
hippocampus, amygdala and prefrontal cortex (PFC) (59).
The dysregulation of melatonin receptor signaling has been
implicated in mood disorders, such as depression and bipolar
disorder. The modulation of melatonin receptors may offer
a novel therapeutic approach for mood stabilization and the
management of mood disorders (60).

Neuroprotective effects. Melatonin exerts neuroprotective
effects against oxidative stress, inflammation and neurodegen-
eration, mediated in part by its receptors. Melatonin receptors
are expressed in neuronal populations vulnerable to oxidative
damage, such as the hippocampus and substantia nigra (61). The
activation of melatonin receptors enhances antioxidant defenses,
reduces neuronal apoptosis and promotes neurogenesis, thereby
mitigating the progression of neurodegenerative disorders, such
as Alzheimer's, Parkinson's and Huntington's diseases (62,63).

Therapeutic implications. The widespread distribution of
melatonin receptors in the brain as well as its receptor-indepen-
dent actions underscore the potential importance of melatonin
as a therapeutic treatment for a wide range of neurological and
psychiatric disorders. Agonists and antagonists targeting mela-
tonin receptors have been explored for their efficacy in sleep
disorders, mood disorders and neurodegenerative diseases.
The selective modulation of melatonin receptor subtypes may
offer personalized treatment strategies with improved efficacy
and reduced side-effects (64,65).

5. Potential influence of melatonin on neurotransmitter
systems related to addiction

Dopaminergic system. The dopaminergic system, particularly
that involved in the mesolimbic pathway, is integral to the
reinforcement of rewarding behaviors and the development of
addiction. Dopamine release in the nucleus accumbens (NAc)
mediates the pleasurable effects of drug abuse and reinforces
drug-seeking behavior (66). Melatonin receptors, particularly
MTI1 and MT2 receptors, are expressed in dopaminergic
neurons and modulate dopamine release in response to various
stimuli (67). Preclinical studies have demonstrated that the
administration of melatonin attenuates dopamine release
induced by psychostimulants, such as cocaine and amphet-
amines, suggesting a potential role in modulating reward
processing and addiction vulnerability (68,69).
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Glutamatergic system. The glutamatergic system plays a crucial
role in addiction, mediating synaptic plasticity and long-term
potentiation within the reward circuitry. Glutamate release in
the NAc and PFC contributes to drug-induced neuroadaptations
and craving behavior (70). Melatonin receptors are expressed in
glutamatergic neurons, where they modulate glutamate release
and synaptic transmission (71). Preclinical studies have shown
that melatonin attenuates glutamate-induced excitotoxicity
and reduces drug-seeking behavior in mouse HT22 hippo-
campal neurons and in mouse retinal ganglion cells (72,73).
Furthermore, melatonin may modulate glutamate receptor
expression and function, thereby influencing synaptic plasticity
and addiction-related behaviors (74).

GABAergic system. Gamma-aminobutyric acid (GABA),
the primary inhibitory neurotransmitter in the brain, plays a
critical role in addiction by modulating the activity of dopa-
minergic neurons and regulating reward-related behaviors.
GABAergic interneurons in the NAc and ventral tegmental
area exert inhibitory control over the mesolimbic dopami-
nergic pathway (75,76). Melatonin receptors are expressed
in GABAergic neurons, where they modulate GABA release
and neuronal excitability. Preclinical studies suggest that
melatonin administration enhances GABAergic transmission
and attenuates drug-induced hyperactivity in animal models
of addiction, highlighting its potential as a modulator of
GABAergic signaling in addiction (77).

Serotonergic system. The serotonergic system, is involved with
the raphe nuclei, modulates mood, impulsivity and reward
processing, rendering it a key target in addiction research.
Serotonin receptors are widely distributed throughout the
brain, including regions implicated in addiction such as the
NAc and PFC (78). Melatonin receptors are also expressed in
serotonergic neurons, where they modulate serotonin synthesis,
release and reuptake. Preclinical studies have suggested that
melatonin may influence serotonergic neurotransmission and
mood regulation, thereby affecting addiction vulnerability and
comorbid mood disorders (79,80).

Endogenous opioid system. The endogenous opioid system,
encompassing mu, delta and kappa opioid receptors, plays a
crucial role in mediating the rewarding effects of drugs and
natural reinforcers (81). Opioid receptors are densely expressed
in the mesolimbic system, where they modulate dopamine
release and reward processing (82). Melatonin receptors
interact with the endogenous opioid system to modulate opioid
receptor expression and opioid-induced analgesia. Preclinical
studies have suggested that melatonin may attenuate opioid
withdrawal symptoms and reduce opioid self-administration
in animal models of addiction, underscoring its potential as
a modulator of the opioid system in addiction (83,84). The
diverse actions of melatonin on neurotransmitter systems
related to addiction are summarized in Fig. 3.

6. Interplay between melatonin-regulated circadian
rhythms and nicotine cravings

Circadian regulation of nicotine cravings. Circadian rthythms,
orchestrated by melatonin in the SCN, play a central role
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a Creative Commons Attribution 3.0 Unported Licence.

in regulating various physiological processes, including
sleep-wake cycles, hormone secretion and metabolism (85).
Nicotine cravings and withdrawal symptoms often exhibit
diurnal variations, with heightened cravings observed during
periods of nicotine deprivation and reduced cravings during
smoking or nicotine administration (86). The circadian
regulation of nicotine cravings may be attributed, in part, to
the influence of melatonin on reward-related pathways and
neurotransmitter systems implicated in addiction (87).

Circadian disruptions and nicotine cravings. Disruptions to
circadian rhythms, such as those experienced during shift
work, jet lag, or chronic sleep disturbances, can exacerbate
nicotine cravings and increase vulnerability to nicotine addic-
tion (88). Shift workers, in particular, often exhibit alterations
in melatonin secretion and circadian rhythms, which may
contribute to heightened nicotine cravings and impaired
nicotine dependence treatment outcomes. Strategies aimed
at restoring circadian rhythmicity, such as light therapy or
melatonin supplementation, may mitigate nicotine cravings
and improve smoking cessation outcomes in individuals with
circadian disruptions (89).

Chronotherapeutic approaches to nicotine addiction.
Chronotherapeutic interventions targeting circadian rhythms
and melatonin signaling hold promise for the treatment of
nicotine addiction. Chronotherapy involves the timed admin-
istration of medications or behavioral interventions to align
treatment efficacy with endogenous circadian rhythms (90).
Melatonin supplementation or melatonin receptor agonists

may be useful if administered during periods of heightened
nicotine cravings to attenuate withdrawal symptoms and
reduce the reinforcing effects of nicotine (13). Additionally,
timed exposure to bright light or other circadian entrain-
ment strategies may help normalize circadian rhythms and
alleviate nicotine cravings in individuals with circadian
disruptions (87).

7. Association between disrupted circadian rhythms and
increased vulnerability to nicotine dependence

There is mounting evidence to suggest a compelling asso-
ciation between disrupted circadian rhythms and an increased
vulnerability to nicotine dependence. Studies have consistently
reported a higher prevalence of smoking among individuals
with irregular sleep patterns or those engaged in shift work,
indicating a potential interplay between circadian disruptions
and nicotine addiction (91,92).

One proposed mechanism for this potential interaction
involves the influence of circadian genes on nicotine metabo-
lism. Genes involved in regulating circadian rhythms also
modulate the metabolism of nicotine and other substances.
Genetic variations in these circadian genes may affect the
response of an individual to nicotine, potentially altering their
susceptibility to developing dependence (93,94).

Moreover, circadian disruptions can exert profound effects
on brain regions implicated in addiction, such as the meso-
limbic dopaminergic system. This neural circuitry underpins
reward processing and reinforcement learning which play
pivotal roles in addictive behaviors. By distrupting the normal
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functioning of this system, circadian disturbances may amplify
the rewarding effects of nicotine, thereby heightening the risk
of dependence (95).

8. Potential role of melatonin in mitigating withdrawal
symptoms during smoking cessation

Understanding nicotine withdrawal. Nicotine, the primary
psychoactive component in tobacco, exerts its addictive effects
through the activation of nAChRs. Prolonged exposure to
nicotine leads to neuroadaptations, resulting in dependence
and subsequent withdrawal symptoms upon cessation. These
symptoms can manifest as cravings, irritability, anxiety, a
depressed mood and sleep disturbances, posing significant
barriers to successful smoking cessation (96,97).

Exploring the effects of melatonin on nicotine withdrawal.
Published preclinical and clinical studies have shed light on
the potential therapeutic effects of melatonin in mitigating
nicotine withdrawal symptoms. Melatonin administration
attenuates nicotine withdrawal-induced anxiety-like behaviors
and craving-related responses, suggesting a modulatory role
in the reward circuitry of the brain (17). Furthermore, the
antioxidant properties of melatonin may mitigate the oxidative
stress associated with chronic exposure to nicotine, potentially
ameliorating neuroinflammatory processes implicated in
withdrawal symptoms (98). Additionally, the interactions of
melatonin with neurotransmitter systems, including dopamine
and GABA, could contribute to its anti-withdrawal effects by
modulating neurotransmission in key brain regions involved
in addiction (99).

9. Insights from studies on melatonin supplementation in
nicotine withdrawal protocols

Research on melatonin supplementation in nicotine with-
drawal protocols has yielded promising results. For example,
clinical trials on humans have also shown the potential benefits
of melatonin supplementation during smoking cessation.
A randomized controlled trial found that smokers receiving
melatonin supplementation experienced reduced withdrawal
symptoms compared to those given a placebo. Specifically,
melatonin-treated individuals reported lower levels of craving,
irritability and sleep disturbances, suggesting a therapeutic role
for melatonin in mitigating nicotine withdrawal symptoms (17).

Melatonin supplementation may also improve sleep
quality during smoking cessation, which addresses one of the
most commonly reported withdrawal symptoms (100). Sleep
disturbances often exacerbate other withdrawal symptoms
and increase the risk of relapse. By promoting improved sleep,
melatonin supplementation could enhance overall cessation
outcomes and reduce the likelihood of relapse (89).

The safety profile and tolerability of melatonin render it
an attractive adjunctive therapy for smoking cessation. Unlike
some pharmacotherapies, melatonin is a naturally occurring
molecule with few adverse effects, making it suitable for
long-term use (101,102). Additionally, melatonin supple-
ments are readily available over-the-counter and inexpensive,
providing convenient access to individuals seeking support
during smoking cessation (103).
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10. Consideration of potential therapeutic interventions
targeting melatonin for nicotine dependence

Potential therapeutic interventions targeting melatonin for
nicotine dependence offer promising avenues for enhancing
smoking cessation outcomes. Several approaches could be
explored.

Melatonin supplementation can reduce nicotine with-
drawal symptoms and improve sleep quality among smokers
attempting to quit (17). Further research is required however,
to optimize dosing regimens, treatment durations and the
timing of melatonin administration to maximize therapeutic
efficacy.

Developing selective agonists targeting melatonin recep-
tors may offer more specific and potent therapeutic effects
compared to melatonin supplementation alone. These
compounds could modulate neural circuits implicated in nico-
tine addiction and withdrawal, potentially reducing cravings
and reinforcing the effects of nicotine (104).

Combining melatonin-based interventions with existing
pharmacotherapies for smoking cessation, such as nicotine
replacement therapy (NRT) or bupropion, may produce
synergistic effects and improve treatment outcomes. These
combined approaches could target both the physiological
and behavioral aspects of nicotine dependence, providing a
comprehensive approach to smoking cessation (105).

Integrating melatonin-based interventions with behavioral
therapies, such as cognitive behavioral therapy (CBT) may
enhance the efficacy of smoking cessation interventions. CBT
addresses maladaptive behaviors and cognitive processes
associated with nicotine addiction, while melatonin supple-
mentation could target underlying neurobiological mechanisms
contributing to craving and withdrawal symptoms (106).

Light therapy, which usually involves exposure to bright
artificial light exposure at specific times of the day, modu-
lates circadian rhythms and melatonin secretion (107).
Incorporating light therapy as an adjunctive treatment for
nicotine dependence may help regulate sleep-wake cycles and
improve mood, potentially reducing nicotine cravings and
withdrawal symptoms.

Promoting healthy lifestyle habits that support optimal
circadian rhythms, such as regular sleep patterns, regular
exercise and avoiding exposure to artificial light at night, may
complement melatonin-based interventions for smoking cessa-
tion. These lifestyle modifications could enhance the efficacy
of melatonin supplementation and promote long-term smoking
abstinence (108).

Considering individual differences in melatonin secretion
patterns, circadian rhythms and genetic variations may inform
personalized treatment strategies for nicotine dependence (87).
Tailoring interventions based on biomarkers predictive of
treatment response could optimize therapeutic outcomes and
minimize adverse effects.

Developing strategies to sustain melatonin-based inter-
ventions beyond the initial phase of smoking cessation is
crucial for preventing relapse. Long-term maintenance
approaches, such as gradual tapering of melatonin supple-
mentation or intermittent dosing schedules, may help
maintain stable circadian rhythms and support sustained
smoking abstinence.


https://www.spandidos-publications.com/10.3892/ijmm.2024.5406

8 GEORGAKOPOULOU et al: MELATONIN AND NICOTINE DEPENDENCE

11. Identification of gaps in current knowledge

While research on the association between melatonin and
nicotine dependence has provided valuable insight, several
gaps in current knowledge warrant further investigation.
Although preclinical studies have suggested that melatonin
may modulate nicotine-seeking behavior and withdrawal
symptoms through its interactions with neurotransmitter syst
ems (68,69,72,73,77,79,80,83,84), the specific mechanisms
underlying these effects remain incompletely understood.
Further research is required to elucidate the molecular path-
ways and neural circuits involved in the effects of melatonin
on nicotine dependence. Additionally, longitudinal studies
tracking changes in melatonin secretion patterns over time,
particularly during nicotine withdrawal and smoking cessa-
tion attempts, are required in order to better understand the
temporal dynamics of melatonin dysregulation in relation to
nicotine addiction.

There is a lack of research examining individual differ-
ences in melatonin responsiveness and circadian rhythms in
relation to nicotine dependence. Investigating factors, such as
age, sex, genetic variations and comorbidities that may influ-
ence the effects of melatonin on smoking behavior could help
identify subgroups of smokers who may benefit most from
melatonin-based interventions.

Some challenges remain in the integration of mela-
tonin supplementation into nicotine withdrawal protocols.
Variability in individual responses to melatonin, optimal
dosing regimens and the potential for interactions with other
medications necessitate further research. Additionally, the
long-term efficacy of melatonin supplementation in main-
taining smoking abstinence requires investigation in larger,
longitudinal studies.

There is a need to identify biomarkers and predictors of
treatment response to melatonin supplementation in nico-
tine dependence. Biomarkers associated with melatonin
dysregulation or circadian disruption could serve as potential
targets for personalized treatment strategies and may help
stratify individuals based on their likelihood of responding to
melatonin-based interventions.

12. Considering individual differences in treatment effects

Genetic variations. Genetics play a crucial role in how indi-
viduals metabolize and respond to melatonin. Polymorphisms
in genes related to melatonin receptors (MT1 and MT2) and
circadian rhythm regulation can affect the efficacy of melatonin
in treating nicotine dependence. For instance, variations in the
genes encoding for melatonin receptors may influence receptor
sensitivity, thereby altering the effectiveness of melatonin in
modulating nicotine cravings and withdrawal symptoms (109).
Genetic testing can identify these polymorphisms, allowing for
the customization of melatonin doses and treatment regimens
to match the genetic profile of an individual (110). Personalized
approaches based on genetic testing could enhance treatment
efficacy and reduce the risk of adverse effects, offering a more
targeted and effective intervention for nicotine dependence.

Age. Age is another critical factor influencing the effective-
ness of melatonin in treating nicotine dependence. Melatonin

production decreases with age, which may necessitate adjust-
ments in dosage for older individuals to achieve therapeutic
effects. Moreover, age-related changes in circadian rhythms
and sleep patterns could affect how melatonin is metabolized
and utilized by the body (111). Younger individuals may
require different dosing schedules compared to older adults to
align treatment with their specific circadian patterns. Tailoring
melatonin supplementation according to age can optimize its
effectiveness, improving treatment outcomes across different
age groups.

Sex. Sex differences can also affect how individuals respond
to melatonin treatment. Hormonal variations between males
and females can influence circadian rhythms and melatonin
metabolism. For example, fluctuations in estrogen levels during
the menstrual cycle can affect melatonin levels, and its effects
on sleep and mood (112). Research suggests that women may
experience different nicotine withdrawal symptoms and crav-
ings compared to men, which could influence their response to
melatonin treatment (113). By considering these sex-specific
differences, clinicians could develop more effective treatment
protocols that address the unique needs of males and females,
potentially improving adherence and outcomes.

Comorbid conditions. The presence of comorbid conditions,
such as psychiatric disorders, cardiovascular diseases, or
metabolic syndromes, can influence the effectiveness and
safety of melatonin treatment for nicotine dependence. For
instance, individuals with depression or anxiety may have
altered melatonin signaling pathways, affecting the overall
treatment response (114). Tailoring melatonin supplementation
to account for these comorbid conditions involves a compre-
hensive assessment of the health status of a patient and the
careful monitoring of the treatment progress.

Lifestyle factors. Lifestyle factors, including sleep patterns,
diet and exposure to light, significantly affect the effective-
ness of melatonin treatment. For instance, individuals with
irregular sleep patterns or those exposed to high levels of
artificial light at night may experience disruptions in their
circadian rhythms, affecting the therapeutic potential of mela-
tonin (115). Lifestyle modifications, such as improving sleep
hygiene, reducing evening light exposure and maintaining a
regular sleep schedule, can enhance the effectiveness of mela-
tonin treatment.

13. Methodological challenges in studying the melatonin-
nicotine association

Studying the association between melatonin and nicotine
presents several methodological challenges, which researchers
have to consider to obtain robust and reliable findings.

Measurement of melatonin levels. Accurately measuring mela-
tonin levels presents a challenge due to its episodic release, its
short half-life in the blood and its unique nocturnal elevation
which requires darkness (116,117).

The majority of studies rely on indirect measures, such
as salivary melatonin or urinary melatonin metabolite
samples to monitor its circulating concentrations, which may
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not capture fluctuations accurately. Additionally, factors,
such as smoking-related changes in metabolism and excre-
tion rates may make measuring melatonin in smokers more
challenging (118,119).

Assessment of nicotine exposure. Quantifying nicotine expo-
sure in study participants can be challenging, particularly in
observational studies or clinical trials where self-reported
smoking status may be unreliable. Biomarkers, such as coti-
nine levels in blood or urine can provide objective measures of
nicotine exposure, but may not capture variations in nicotine
intake over time accurately (120).

Accounting for circadian rhythms. Melatonin secretion follows
a circadian rhythm, with levels peaking at night and minimal
during the day (121). Studies investigating the melatonin-nico-
tine association should account for these circadian variations
when assessing melatonin levels and nicotine effects. Failure
to consider circadian rhythms adequately could confound the
study results and obscure true associations between melatonin
and nicotine dependence.

Control of confounding variables. Numerous confounding
factors, such as age, sex, genetics, lifestyle factors (e.g.,
sleep patterns, diet) and comorbidities (such as psychiatric
disorders), may affect smoking behavior and melatonin
secretion (122,123). Failure to control for these confounders
adequately can introduce bias and limit the validity of study
findings.

Longitudinal study designs. Investigating the temporal asso-
ciation between melatonin levels and nicotine dependence
requires longitudinal study designs that follow participants
over time. However, longitudinal studies are resource-intensive
and may face challenges, such as participant attrition, loss of
follow-up and changes in smoking behavior during the study,
which complicates data analysis and interpretation (124).

Experimental manipulation. Conducting experimental studies
to investigate the effects of melatonin manipulation on nico-
tine dependence faces ethical and practical challenges. Ethical
considerations, such as ensuring informed consent may limit
the ability to administer melatonin or manipulate melatonin
levels in human participants, while animal models may not
fully recapitulate the complex neurobiological and behavioral
aspects of nicotine addiction in humans (125).

Generalizability of findings. Limited search examining
the melatonin-nicotine association has been conducted in
controlled laboratory settings or specific population groups,
which may limit the generalizability of findings to broader
populations of smokers (17). Ensuring the diversity and repre-
sentativeness of study samples is crucial for extrapolating
findings to real-world settings (126).

14. Detailed discussions on clinical trial designs and
practical challenges

Clinical trial designs. Randomized controlled trials are the gold
standard for evaluating the efficacy of melatonin in reducing
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nicotine dependence. Participants are randomly assigned to
receive melatonin or a placebo. Key considerations include
an adequate sample size, randomization, double-blinding and
clear outcome definitions, such as reduced nicotine cravings
and withdrawal symptoms, with long-term follow-up (127).

Crossover trials involve participants receiving both treat-
ment and placebo at different times, reducing variability by
serving as their own control. Key considerations are adequate
washout periods and randomized order of treatments (128).
Factorial designs test multiple interventions simultaneously,
such as melatonin with CBT or NRT, assessing interaction
effects and managing increased design complexity.

Practical challenges and solutions in real-world applications.
Ensuring participant adherence to the melatonin regimen and
study protocols is a significant challenge, particularly during
long-term follow-up. Solutions include thorough education on
adherence and study benefits, automated reminders via text
messages or phone calls, and support systems, such as peer
groups or regular check-ins.

Accurately measuring nicotine dependence and with-
drawal symptoms, along with capturing subjective outcomes
such as cravings and mood changes, presents another
challenge. Solutions involve using validated scales and ques-
tionnaires, incorporating biomarkers such as cotinine levels,
and requesting that participants keep daily diaries.

Variability in individual responses to melatonin, influenced
by genetics, age and circadian rhythms, necessitates a tailored
approach. Effective strategies include the development of
personalized treatment plans, conducting subgroup analyses
to identify populations that benefit most, and optional genetic
testing to explore correlations between genetic markers and
treatment response.

Addressing environmental and social factors that influence
smoking behavior, such as stress and exposure to smoking
cues, is critical. Integrating melatonin with holistic interven-
tions, combining it with behavioral therapies such as CBT, and
engaging community resources and support networks provide
a supportive environment for smoking cessation.

15. Future research directions and conclusions

Future research in the field of melatonin and nicotine depen-
dence is required to explore several promising directions as
outlined herein to advance our understanding and improve
treatment strategies.

Novel therapeutic targets. Identifying novel therapeutic
targets within the melatonergic system and circadian
clock machinery could lead to the development of more
specific and potent interventions for nicotine dependence.
Investigating the role of melatonin receptors, clock genes,
and other components of the circadian system in nicotine
addiction may uncover new avenues for pharmacological
intervention.

Digital health interventions. Leveraging digital health
technologies, such as mobile applications, wearable devices
and telemedicine platforms could enhance the delivery and
accessibility of melatonin-based interventions for smoking
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cessation. Further research is required to explore the feasibility
and effectiveness of digital interventions in supporting adher-
ence to melatonin supplementation and monitoring treatment
outcomes remotely.

In conclusion, the interplay between melatonin and
nicotine dependence involves complex neurobiological,
physiological and behavioral mechanisms. Understanding this
association could provide insight into novel therapeutic strate-
gies for managing nicotine addiction and associated sleep
disturbances. However, further research is warranted in order
to elucidate the precise mechanisms underlying this interac-
tion and to develop effective interventions for individuals with
nicotine dependence.
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