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Abstract
Introduction: Methamphetamine (METH) abuse affects 34 million individuals globally, causing 
severe neurotoxicity through multiple programmed cell death (PCD) pathways. No approved 
pharmacotherapies exist. We comprehensively examined melatonin’s neuroprotective 
mechanisms against METH-induced apoptosis, pyroptosis, necroptosis, and ferroptosis. 
Methods: A comprehensive review of preclinical studies examining METH neurotoxicity 
mechanisms and melatonin’s protective effects across all PCD pathways. This study 
summarized molecular targets, signaling cascades, and their translational potential. Results: 
METH activates four distinct PCD pathways: (1) apoptosis via mitochondrial dysfunction and 
ER stress (increased CHOP, caspase-12 and cytochrome c release); (2) pyroptosis via NLRP3/
NLRP1 inflammasome assembly (increased caspase-1 and IL-1β/IL-18); (3) necroptosis via 
RIPK1/RIPK3/MLKL signaling; and (4) ferroptosis via GPX4 downregulation, iron dysregulation, 
and lipid peroxidation. Melatonin simultaneously inhibits all pathways through antioxidant 
activity, mitochondrial protection, anti-inflammatory effects, and direct pathway targeting. 
Critically, we identified the concept of circadian-ferroptosis axis: METH disrupts circadian 
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rhythms, enhancing ferroptosis through clockophagy (selective autophagy-mediated ARNTL/
BMAL1 degradation). Melatonin provides dual protection through circadian restoration and 
direct ferroptosis inhibition. Studies demonstrate ARNTL-dependent anti-ferroptotic effects, 
as ARNTL knockdown abolishes melatonin’s protection, revealing mechanistic integration 
between chronobiotic and neuroprotective actions. Conclusions: Melatonin exhibits 
exceptional multi-target neuroprotection against METH toxicity. The circadian-ferroptosis-
METH-melatonin nexus represents an emerging conceptual framework with implications for 
neurodegenerative diseases and substance use disorders. Clinical trials are urgently warranted 
given excellent safety profile and critical unmet need.

Emerging Concept

Accumulating evidence reveals a previously underappreciated link between circadian 
rhythm disruption and ferroptosis-mediated cell death. Melatonin, through its regulation 
of core clock genes including ARNTL/BMAL1, REV-ERB, and Period, modulates ferroptosis 
susceptibility in a time-dependent manner. This circadian-ferroptosis axis may represent a 
promising therapeutic target for METH–induced neurotoxicity.

Introduction

Programmed cell death (PCD) is a genetically natural mechanism that plays a crucial 
role in the development of multicellular organism in order to allow normal formation of 
the organ systems including mammalian neural structures and in tissue homeostasis. 
However, PCD can also be observed in the pathogenesis of various neurological diseases 
where PCD signaling cascades are abnormally regulated [1-3]. Methamphetamine (METH) 
is the most common psychostimulant with highly addictive properties. Because of its wide 
use and associated health concerns, its neurotoxic effects are the focus of several research 
efforts to develop effective treatments. METH is a strong stimulant that can impact behaviors 
and cognitive functions of abusers, such as sleep disorders and neurodegeneration [4, 
5]. The neurotoxic effects of METH are mediated via several mechanisms, including the 
direct damage to various brain areas, mitochondrial dysfunction, increased oxidative and 
endoplasmic reticulum (ER) stress, induced neuronal excitability, and neuroinflammation, 
resulting in PCD. The molecular mechanisms responsible for brain damage caused by METH 
involve many different processes, and there is now extensive evidence that melatonin can 
reverse these harmful effects [3].  In this review, we summarize the deleterious effects of 
METH on PCD processes, and the beneficial role of melatonin in counteracting those effects.

Method

A comprehensive literature search was conducted in MEDLINE/PubMed, Scopus, and Google Scholar 
for studies published between 2021 and 2026, using the keywords ‘methamphetamine,’ ‘melatonin,’ 
‘programmed cell death,’ ‘neurodegeneration,’ ‘apoptosis,’ ‘pyroptosis,’ ‘necroptosis,’ ‘ferroptosis,’ 
‘panoptosis,’ and ‘circadian rhythm. Studies were included if they examined the neuroprotective effects 
of melatonin against METH-induced neurotoxicity or cell death, particularly those providing mechanistic 
insights into pathways such as circadian regulation, oxidative stress, mitochondrial dysfunction, apoptosis, 
and ferroptosis. Eligible studies were limited to original and peer-reviewed experimental research (in 
vitro, in vivo, or ex vivo) published in English. Studies were excluded if they did not involve METH-induced 
toxicity or melatonin intervention, lacked mechanistic data, focused on non-neuronal systems without clear 
neuroprotective relevance, or were non-original articles (e.g., reviews, editorials, or conference abstracts) 
or non-English publications.

© 2026 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG
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Methamphetamine (METH)-Induced Neuronal Damage
Chronic use of METH has been associated with numerous adverse effects on the brain, including 

neurotoxicity, neuroinflammation, and cognitive dysfunction [6-8] (Fig. 1). Neurotoxicity refers to the 
damage caused to brain cells, which can lead to impairment in various cognitive and behavioral functions. 
The impact of METH-induced neurotoxicity is particularly evident in several regions such as the striatum 
and prefrontal cortex, causing degeneration of dopamine-producing neurons in the striatum [9].  These can 
result in impaired motor function, altered reward processing, and potential addiction-related behaviors. 
METH-induced neurotoxicity in the prefrontal cortex can disrupt the balance of neurotransmitters and 
impair the communication between neurons. Elucidation of the mechanisms underlying METH-induced 
neurotoxicity is imperative for the development of effective therapeutic strategies for METH addiction, 
which is strongly associated with neurological dysfunction.

Growing evidence indicates that METH neurotoxicity is mediated through several mechanisms, 
including oxidative stress, mitochondrial dysfunction, excitotoxicity, neuroinflammation, and activation of 
PCD [10]. METH is a potent releaser of monoamines, including dopamine, serotonin, and norepinephrine, 
resulting in a surge in the levels of these neurotransmitters. Prolonged exposure to METH reduces dopamine 
levels and its associated metabolites and induces persistent damage to dopaminergic and serotonergic 
axon terminals in key brain regions, including the striatum, hippocampus, and prefrontal cortex. Besides 
monoaminergic disruption, METH neurotoxicity also affects other neurotransmitter systems, particularly 
serotonin and glutamate [11-15]. These widespread neurochemical alterations contribute to the complex 
symptom profile of METH toxicity and highlight the profound and long-lasting impact of this substance on 
both the structural and functional integrity of the brain.

Moreover, METH neurotoxicity promotes the production of reactive oxygen species (ROS), reduces 
antioxidant capacity, and impairs mitochondrial function, thereby initiating and exacerbating oxidative 
stress [16-23]. Furthermore, METH induces excitotoxicity by increasing glutamate release, leading to 
excessive stimulation of postsynaptic receptors and subsequent neuronal cell death [24]. METH exposure 
has also been strongly associated with neuroinflammation, which further contributes to oxidative stress, 
promotes excitotoxicity, and disrupts neuroplasticity [25-27] (Fig. 1).

Melatonin Against Meth-Induced PCD
Melatonin has been widely recognized for its protective effects against METH-induced neurotoxicity. 

Its neuroprotective actions are mediated through multiple mechanisms, including direct scavenging of ROS, 
enhancement of endogenous antioxidant defenses, suppression of inflammatory responses, and modulation 
of PCD pathways. In addition, melatonin preserves mitochondrial integrity, thereby mitigating mitochondrial 
dysfunction associated with METH exposure [28].

Fig. 1. Molecular mechanisms methamphetamine (METH)-induced neurotoxicity. METH triggers multiple 
interconnected pathways leading to neuronal programmed cell death (PCD). Oxidative stress, mitochondrial 
dysfunction, excitotoxicity, and neuroinflammation converge to activate apoptosis, pyroptosis, necroptosis, 
and ferroptosis. These processes ultimately result in neuronal loss and cognitive impairment. Abbreviations: 
COMT, Catechol-O-Methyltransferase; DAT,  dopamine transporter; MOA, monoamine oxidase; PFC, 
prefrontal cortex; ROS, reactive oxygen species; VMAT, vesicular monoamine transporter.
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Among these mechanisms, the antioxidant activity of melatonin represents a key protective property 
against METH neurotoxicity. METH exposure leads to excessive production of ROS and reactive nitrogen 
species. Pretreatment with melatonin has been shown to attenuate METH-induced ROS and reactive nitrogen 
species generation and modulate the TLR4/MyD88/NF-κB signaling pathway [26]. Interestingly, recent 
evidence further suggests that melatonin may exert neuroprotective effects by modulating ferroptosis, 
a form of iron-dependent lipid peroxidation-driven PCD that has been increasingly implicated in METH-
induced neurotoxicity [29].

Molecular Crosstalk Between METH-Induced PCD Pahways and Melatonin-Mediated 
Neuroprotection

Apoptosis
METH has been shown to induce apoptosis in various cell types [30-33]. The mechanisms 

of METH-induced apoptosis involve multiple interconnected processes including increased 
oxidative stress, mitochondrial dysfunction, and ER stress. In particular, METH-induced 
oxidative stress plays a critical role in promoting apoptotic cell death. The excessive 
accumulation of ROS subsequently activates pro-apoptotic signaling pathways, disrupts 
mitochondrial integrity and function, and promotes the release of cytochrome c from 
mitochondria into the cytosol. This process ultimately triggers the activation of caspase-3 
and other downstream apoptotic mediators, leading to PCD [16, 17, 34] (Fig. 2).

Mitochondrial dysfunction is a key contributor to apoptosis [21, 35]. METH disrupts 
mitochondrial integrity by altering mitochondrial structure [22, 36] and inhibiting 
mitochondrial fusion [37]. In addition, METH induces mitochondrial stress by increasing 
monoamine oxidase and L-type calcium channel activity [5, 38], while simultaneously 
reducing the activity of electron transport chain complexes [39]. These damaging factors 
influences to a decrease in ATP production, thereby releasing pro-apoptotic factors. 
Collectively, these alterations impair mitochondrial function, resulting in reduced ATP 
production and the release of pro-apoptotic factors that promote apoptosis (Fig. 2).

Moreover, ER stress also contributes to METH-induced apoptosis [40-42]. METH 
disrupts ER homeostasis by promoting oxidative stress and calcium dysregulation, leading 
to the accumulation of misfolded proteins and activation of the unfolded protein response 
(UPR) [41, 43, 44]. These disturbances activate ER stress signaling pathways, including 
increased expression of PERK and caspase-12 [43]. In addition, C/EBP homologous protein 
(CHOP), a key regulator of ER stress responses, has been identified as a critical mediator of 
METH-induced apoptotic signaling [31, 40, 45] (Fig. 2).

Regarding interplay between apoptosis and autophagy, METH can either activate or 
inhibit autophagy, depending on the experimental conditions [10, 21, 46]. Excessive or 
prolonged autophagy induced by METH may lead to the degradation of mitochondria [18, 21, 
22, 47] and lysosomes [48-51]. Furthermore, METH has been reported to decrease Beclin-1 
expression while increasing LC3 levels in the brain [31-33, 52-54], suggesting dysregulation 
of the autophagy pathway.

Melatonin has been shown to protect neuronal cells from METH-induced apoptosis by 
modulating both ER stress and mitochondrial apoptotic signaling pathways. Pretreatment 
with melatonin attenuates the overexpression of ER stress–related genes and reduces the 
cleavage of caspase-12 and caspase-3 [55]. Moreover, prior administration of melatonin can 
reverse the effect of METH-induced apoptosis by increasing the Bcl-XL/Bax ratio, reducing 
cytochrome c release, and decreasing the cleavage of caspase-9 and caspase-3 [56].

Melatonin can reduce METH-induced neurotoxicity by regulating autophagy [57]. 
Specifically, melatonin enhances mTOR signaling and promotes the phosphorylation of 
the eukaryotic initiation factor 4E-binding protein 1 (4EBP1), thereby suppressing LC3-
II formation [58]. Furthermore, melatonin inhibits autophagy-related cell death through 
modulation of the Bcl-2/Beclin-1 pathway, partly by suppressing JNK1 activation [59]. 
Altogether, these findings indicate that melatonin exerts neuroprotective effects by regulating 
both apoptotic and autophagic pathways involved in METH-induced neuronal injury (Fig. 2).
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Pyroptosis
Pyroptosis is an inflammatory form of PCD characterized by the formation of membrane 

pores, release of pro-inflammatory cytokines, and activation of the inflammasome. 
Substantial evidence indicates that METH induces pyroptosis primarily through activation 
of the NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome, which 
mediates the cleavage and release of pro-inflammatory cytokines such as interleukin-1β (IL-
1β) and interleukin-18 (IL-18) [60, 61]. METH has also been reported to induce Gasdermin 
E (GSDME) expression in the mouse hippocampus, a process associated with ER stress 
signaling [43, 62]. The toxicity METH may involve the NLRP1–caspase-1–GSDMD signaling 
pathway, and inhibition of NLRP1 has been shown to attenuate METH-induced dysfunction 
[63]. Other molecular pathways, including Toll-like receptor 4 (TLR4) signaling [54, 64-68] 
and the caspase-11 pathway [63] have also been implicated. These pathways ultimately 
converge on the activation of gasdermin proteins, particularly GSDMD, leading to pyroptotic 
cell death (Fig. 2).

Accumulating evidence indicates that melatonin can counteract pyroptosis primarily by 
inhibiting activation of the NLRP3 inflammasome [69, 70]. For example, melatonin attenuates 
lipopolysaccharide (LPS)-induced depressive-like behavior in mice by suppressing ATP-
mediated NLRP3 activation in microglia. This protective effect is associated with activation 
of nuclear factor erythroid 2–related factor 2 (Nrf2) and silent information regulator 
2 homolog 1 (SIRT1) signaling pathways [71]. Furthermore, melatonin significantly 
diminished neuronal injury in streptozotocin-induced diabetic mice and in neuronal tissue 
exposed to high glucose levels by inhibiting pyroptosis and excessive autophagy activation 
[72]. Through suppression of the NF-κB/NLRP3 signaling axis, melatonin also alleviates 
inflammatory responses in multiple tissues, including the aortic endothelium [73], retinal 
neurons [74, 75], liver [76, 77], cardiomyocyte [78-80], spinal nerve [81], and kidney [82]. 
These protective effects are further supported by several regulatory pathways involving 
SIRT1, microRNAs, long non-coding RNAs, and Wnt/β-catenin signaling [69, 71, 83] (Fig. 2).

Necroptosis
Necroptosis is a lytic form of PCD characterized by loss of plasma membrane integrity, 

organelle swelling, and release of intracellular contents.  This process is mediated by 
activation of receptor-interacting protein kinase 1 (RIPK1) and RIPK3, which form a 
necrosome complex. The necrosome subsequently activates mixed lineage kinase domain-
like (MLKL), leading to membrane permeabilization and necroptotic cell death [84]. 
Necroptosis and its molecular mediators have been implicated in several central nervous 
system disorders, including amyloid-β–associated pathology in Alzheimer’s disease [85, 86], 
Parkinson’s disease [87], viral infections of the CNS [88, 89], cerebral ischemia [90, 91], and 
glutamate-induced retinal ganglion cell loss in glaucoma models [92] (Fig. 2).

Evidence also suggests that METH exposure can trigger necroptosis. METH has been 
reported to increase the expression of RIPK1 [93] and RIPK3 [94, 95]. Inhibition of RIPK1 
with necrostatin-1 has been shown to protect against METH-induced neurotoxicity, as 
demonstrated by improved behavioral performance and reduced neuronal damage in the 
striatum of mice [93]. Additionally, METH exposure increases MLKL expression and induces 
necroptosis in microglial cells [94, 96]. These findings indicate that necroptosis contribute 
to METH-induced neurotoxicity. Therefore, targeting the necroptosis signaling pathway may 
represent a potential therapeutic strategy for mitigating METH-induced neuronal damage, 
although further studies are required to clarify the underlying mechanisms.

Melatonin has been reported to suppress necroptotic signaling in various experimental 
models. For instance, melatonin alleviates chronic lung inflammation while reducing the 
expression of RIPK1, RIPK3, and MLKL [97, 98]. It also inhibits RIPK3-mediated necroptosis 
through regulation of the deubiquitinating enzyme A20, also known as tumor necrosis factor 
alpha–induced protein 3, TNFAIP3 [98, 99]. Furthermore, melatonin attenuates oxidative 
stress and inflammation, thereby preventing formation of the RIPK1–RIPK3 complex in 
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liver fibrosis models [98, 100]. In concert, the anti-necroptotic effects of melatonin involve 
suppression of the RIPK1/RIPK3/MLKL signaling axis, modulation of A20, and inhibition of 
inflammatory DAMP–TLR4–HMGB1 pathways (Fig. 2).

Crosstalk Among Apoptosis, Pyroptosis, And Necroptosis in Panoptosis
PANoptosis is an inflammatory PCD pathway that integrates the features of apoptosis, 

pyroptosis, and necroptosis into a coordinated process. It is uniquely characterized by the 
assembly of a multi-protein complex known as the PANoptosome, which acts as a molecular 
scaffold to initiate these three pathways [101]. Unlike traditional cell death models that 
view these processes as isolated events, PANoptosis highlights their functional redundancy 
and crosstalk, allowing cell death to proceed even if one pathway is inhibited (e.g., by viral 
inhibitors). The mechanism is primarily driven by specific sensors like ZBP1 or AIM2, which 
recruit adaptors like ASC and FADD to activate catalytic effectors including caspases-1, -8, and 
RIPK1/3 [102, 103]. When PANoptosis is overactivated, it triggers a massive release of pro-
inflammatory cytokines leading to extensive tissue damage and cytokine storms observed 
in conditions like COVID-19 [104-106], sepsis [107], and neurodegenerative disorders [101, 
108-111].

Melatonin and METH exert opposed effects on PANoptosis. METH acts as a potent 
inducer of PANoptotic signaling, as evidenced by its ability to trigger apoptosis, activate 
pyroptosis, and promote necroptosis. In contrast, melatonin functions as a cytoprotective 
agent, attenuating apoptosis and necroptosis while counteracting PANoptosome activation 
through suppression of the melatonin receptor 2 (MT2)/sirtuin 1 (SIRT1)/E26 oncogene 
homolog 1 (ETS1)/NLRP3 signaling axis [112, 113].

Ferroptosis
Ferroptosis is a form of regulated cell death driven by iron-dependent lipid peroxidation, 

resulting in lethal accumulation of lipid peroxides and subsequent cellular damage. This 
process is typically associated with depletion of intracellular glutathione (GSH), inhibition 
of cystine transport through the system Xc⁻ transporter, and inactivation of glutathione 
peroxidase 4 (GPX4), leading to excessive lipid peroxidation (Fig. 2).

Recent studies have suggested a potential link between METH exposure and ferroptosis. 
Although the precise mechanisms remain unclear, previous evidence indicates that METH 
can induce ferroptotic processes in the brain. In vitro studies demonstrate that METH 
promotes lipid peroxidation, a hallmark of ferroptosis [3, 34, 114-116]. Additionally, METH 
has been reported to reduce the expression of GPX4, a key antioxidant enzyme that protects 
cells from lipid peroxidation and ferroptotic cell death [3, 117, 118]. Taken together, these 
findings suggest that ferroptosis may contribute to METH-induced neurotoxicity, although 
further studies are needed to clarify the underlying molecular mechanisms.

Several studies suggest that melatonin may serve as a promising anti-ferroptotic agent. 
Melatonin can inhibit ferroptosis by enhancing antioxidant defense systems, particularly 
through activation of the Nrf2 and GPX4 pathways. In addition, melatonin regulates iron 
homeostasis, thereby limiting the accumulation of excess intracellular iron that promotes 
lipid peroxidation. Experimental evidence supports the protective role of melatonin against 
ferroptosis in the nervous system. For instance, melatonin suppresses ferroptosis in a mouse 
model of acute sleep deprivation [119] and prevents hypoxic–ischemic hippocampal injury 
in rats [120]. These studies suggest that melatonin exerts its anti-ferroptotic effects largely 
through activation of the Akt/Nrf2/GPX4 signaling pathway. Beyond the nervous system, 
melatonin has also been shown to inhibit ferroptosis in several pathological conditions by 
regulating Nrf2-related pathways. These include models of osteoporosis [121-123], PM2.5-
induced lung injury [124], COVID-19–associated disruption of iron–redox homeostasis 
[125], and acute kidney injury [122, 126]. In sum, these findings highlight the potential of 
melatonin as a broad-spectrum inhibitor of ferroptosis (Fig. 2).
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In addition to its direct free radical scavenging activity, melatonin also acts as an iron 
chelator and can inhibit lipid peroxidation induced by iron overload [127]. Melatonin has 
been reported to suppress the expression of transferrin receptor 1 (TfR1), a key protein 
involved in iron uptake, while promoting the expression of ferritin, which is responsible 
for iron storage. These actions reduce intracellular iron levels, thereby limiting lipid 
peroxidation and ferroptosis [119]. In a murine model of age-related cataract, melatonin 
suppressed ferroptosis by modulating the SIRT6/phosphorylated-Nrf2/GPX4 and SIRT6/
NCOA4/ferritin heavy chain 1 pathways [128]. Moreover, melatonin exerts neuroprotective 
effects in traumatic brain injury by inhibiting neuronal ferritin heavy chain–mediated 
ferroptosis. Similarly, N-acetylserotonin, the immediate precursor of melatonin, has been 
reported to alleviate traumatic brain injury through activation of the Nrf2/ferritin heavy 
chain 1 pathway [129]. Although these findings highlight the anti-ferroptotic potential of 
melatonin, its role in METH-induced ferroptosis remains largely unexplored and warrants 
further investigation. 

Meth, Melatonin, And Ferroptosis: A Circadian Perspective on Neurotoxicity and 
Neuroprotection

Circadian rhythms are endogenous biological oscillations that regulate numerous 
physiological processes, including metabolism, redox balance, and neuronal function. These 
rhythms are controlled by molecular clock genes such as CLOCK, PER, CRY, and ARNTL 
(BMAL1), which coordinate cellular homeostasis across the 24-hour cycle. Disruption of 
circadian regulation has been increasingly recognized as an important factor contributing 
to oxidative stress, neuroinflammation, and neuronal vulnerability in various neurological 
disorders. Both METH and melatonin are capable of entraining circadian rhythms in the 
nervous system [130].

Fig. 2. PCD signaling pathways in METH-induced neurotoxicity and the multifaceted neuroprotective 
mechanisms of melatonin. Clockophagy refers to a specific type of selective autophagy that targets and 
degrades core proteins of the circadian clock.
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The circadian clock may serve as an important mediator through which METH or 
melatonin regulates cell death pathways. Molecular interactions between circadian clock 
components and ferroptosis are increasingly recognized as bidirectional and closely 
intertwined. A specialized form of selective autophagy, termed clockophagy, promotes 
ferroptosis by targeting the core circadian regulator BMAL1 for degradation via the cargo 
receptor SQSTM1/p62, thereby enhancing lipid peroxidation and ferroptotic cell death, 
particularly in cancer cells [131, 132] [133]. In addition, BMAL1 directly regulates the 
expression of GPX4, a key suppressor of ferroptosis. Disruption of BMAL1 in renal cells 
exposed to toxic stimuli abolishes the normal rhythmic expression of GPX4, resulting in 
increased lipid peroxidation and heightened susceptibility to ferroptotic cell death [134]. 
Furthermore, in models of kidney ischemia–reperfusion injury, BMAL1 regulates ferroptosis 
via the NRF2 antioxidant pathway, and loss of BMAL1 reduces NRF2 activity, thereby 
exacerbating oxidative stress and promoting ferroptotic tissue damage [135]. Similarly, in 
sepsis-induced myocardial injury, decreased BMAL1 expression alters AKT/p53 signaling, 
shifting the balance toward cell death and promoting ferroptosis [136]. These findings 
highlight the critical role of circadian clock components in regulating redox homeostasis and 
temporally controlling ferroptosis.

In human hepatocellular carcinoma cells (HepG2) and mouse primary hepatocytes, 
melatonin has been shown to protect against ethanol-induced ferroptosis by promoting 
nuclear translocation of NRF2 and activating downstream anti-ferroptotic targets, including 
ferritin heavy chain (FTH), ferroportin (FPN), heme oxygenase-1 (HO-1), and SLC7A1. 
However, knockdown of BMAL1, which disrupts the NRF2–ARE signaling pathway, abolishes 
the anti-ferroptotic effects of melatonin in the liver. These findings indicate that the integrity 
of the circadian clock is essential for melatonin-mediated resistance to ferroptosis [137].

Other circadian clock genes also participate in the regulation of ferroptosis. The nuclear 
receptor subfamily 1 group D member 1 (REV-ERB) is another clock component implicated in 
ferroptosis control. Loss of REV-ERBα or REV-ERBβ has been shown to reduce susceptibility 
to folic acid–induced acute kidney injury in mice. Mechanistically, these transcription factors 
promote ferroptosis by repressing the transcription of anti-ferroptotic genes, including 
SLC7A11 and HO-1, through direct binding to the Rev-ERB response element (RORE) in 
their promoter regions [138]. Conversely, pharmacological activation of REV-ERB with the 
agonist SR9009 has been reported to alleviate ischemia–reperfusion injury by suppressing 
ferroptosis in cardiomyocytes of diabetic rats [139].

In addition to REV-ERB, Period (PER) proteins, which are core components of the 
circadian clock, has been associated with the regulation of ferroptosis as well as the 
progression of several malignancies. For instance, Yang et al. (2022) reported that PER1 
expression was negatively correlated with GPX4 and hypoxia-inducible factor-1α (HIF-1α) 
levels in oral squamous cell carcinoma tissues [140]. Furthermore, in a model of nonalcoholic 
steatohepatitis, PER2 knockout suppressed ferroptosis by reducing lipid peroxidation, 
downregulating ferroptosis-related genes, and improving mitochondrial morphology in 
hepatocytes. These findings suggest that PER2 contributes to the regulation and promotion 
of ferroptotic processes [141].

METH exposure is known to disrupt circadian rhythms and alter the expression of 
core clock genes in the brain. Such circadian disturbances can exacerbate oxidative stress, 
mitochondrial dysfunction, and iron dysregulation, which is key processes involved in 
ferroptotic cell death. Experimental evidence indicates that reduced BMAL1 expression 
increases neuronal susceptibility to ferroptotic injury, whereas restoration of circadian 
signaling can confer neuroprotection [142]. Conversely, melatonin has emerged as a potent 
inhibitor of ferroptosis with potential therapeutic implications for neurodegenerative 
conditions, including post-COVID-19 neurological complications [143]. Melatonin exerts 
neuroprotective effects through multiple mechanisms, including direct scavenging of reactive 
oxygen species, regulation of iron metabolism, and activation of antioxidant pathways 
such as Nrf2 and GPX4, which are critical regulators of ferroptosis (Fig. 3). Melatonin can 
also suppress inflammatory signaling and improve mitochondrial function. In sum, these 
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pleiotropic actions suggest that melatonin may counteract ferroptosis-associated neuronal 
injury and neurodegeneration, highlighting its therapeutic potential in mitigating long-term 
neurological damage. Emerging evidence indicates that the circadian clock–melatonin–
ferroptosis axis represents an important regulatory network in neurodegeneration. In the 
context of METH exposure, circadian disruption may exacerbate ferroptotic processes, 
whereas melatonin may attenuate these effects by restoring circadian homeostasis and 
enhancing antioxidant defenses. Elucidating this circadian–ferroptosis interplay may 
provide new insights into the mechanisms of METH-induced neurotoxicity and reveal novel 
targets for neuroprotective interventions (Fig. 3).

Fig. 3. Circadian clock-ferroptosis-melatonin-METH axis in neuroprotection. METH exposure disrupts 
circadian rhythm regulation in the brain by altering the expression of core clock genes, particularly BMAL1, 
leading to circadian misalignment. Circadian disruption enhances oxidative stress, mitochondrial dysfunction, 
and iron accumulation, which together promote lipid peroxidation and trigger ferroptotic neuronal cell 
death. Impairment of antioxidant systems, including GPX4, further increases neuronal susceptibility to 
ferroptosis. Melatonin, the primary circadian hormone secreted by the pineal gland, counteracts these 
pathological processes through multiple protective mechanisms. Melatonin restores circadian homeostasis 
by regulating BMAL1 signaling, activates the Nrf2 antioxidant pathway, enhances GPX4 activity, reduces ROS 
generation, and limits iron-dependent lipid peroxidation. Through these coordinated actions, melatonin 
suppresses ferroptotic signaling and protects neurons from METH-induced neurotoxicity. This circadian 
clock–melatonin–ferroptosis regulatory axis highlights a potential therapeutic target for mitigating METH-
related neuronal injury and neurodegeneration.
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Limitations And Future Perspective

Despite compelling evidence supporting the neuroprotective effects of melatonin against 
METH-induced neurotoxicity, several important limitations remain. First, the majority 
of available data are derived from preclinical models, predominantly rodents and in vitro 
systems, which may not fully recapitulate the complexity of human METH abuse, including 
variability in dosing patterns, duration of exposure, and comorbid conditions. Second, while 
melatonin’s ability to modulate multiple PCD pathways is well documented, the precise 
temporal hierarchy and causal relationships among apoptosis, pyroptosis, necroptosis, 
and ferroptosis during METH-induced neurodegeneration remain insufficiently defined. 
In particular, the emerging circadian–ferroptosis axis, though conceptually compelling, is 
supported by limited mechanistic evidence in the context of METH neurotoxicity, and direct 
causal links between circadian disruption, ferroptosis activation, and melatonin-mediated 
protection require further validation. Additionally, optimal dosing regimens, treatment 
duration, and timing of melatonin administration relative to METH exposure are poorly 
characterized, and long-term efficacy and safety in the context of chronic METH use remains 
largely unexplored.

Future research should focus on translating these preclinical findings into clinically 
relevant frameworks. Controlled human clinical trials are urgently needed to evaluate 
melatonin supplementation during METH withdrawal and recovery, with attention to 
cognitive, behavioral, and neurobiological outcomes. Time-resolved studies integrating 
circadian biology with PCD pathway activation will be essential to clarify whether circadian 
misalignment serves as a driver or amplifier of ferroptosis and other death mechanisms in 
METH-induced neurotoxicity. The development of reliable biomarkers reflecting oxidative 
stress, ferroptosis activity, and circadian disruption could facilitate treatment stratification 
and therapeutic monitoring. Furthermore, investigation of melatonin analogs or formulations 
with improved blood–brain barrier penetration may enhance therapeutic efficacy. Finally, 
aligning melatonin administration with endogenous circadian rhythms may maximize 
neuroprotection and improve clinical outcomes. A physiological-dose formulation (0.3–1.0 
mg), designed to mimic the natural dim-light melatonin profile together with appropriately 
timed and sustained administration may restore circadian homeostasis [144-146], thereby 
enhancing antioxidant capacity and reducing susceptibility to ferroptosis, supporting 
its potential as a chronotherapeutic intervention. Addressing current limitations will be 
essential to advance melatonin from a promising neuroprotective agent to an evidence-
based therapy for mitigating the neurological consequences of METH abuse.

Conclusion

This comprehensive review highlights the robust neuroprotective potential of melatonin 
against METH-induced neurotoxicity through the modulation of multiple PCD pathways. 
Evidence indicates that melatonin attenuates apoptosis, pyroptosis, necroptosis, and 
ferroptosis through interconnected mechanisms, mainly by suppressing oxidative stress, 
mitochondrial dysfunction, and neuroinflammation, which are key upstream drivers of 
neuronal injury. Emerging findings also suggest a concept of circadian–ferroptosis axis, in 
which circadian clock regulation may link the chronobiotic and neuroprotective actions of 
melatonin. Given its well-established safety profile and multi-target protective properties, 
melatonin represents a promising candidate for therapeutic intervention in METH-related 
neurological damage. These findings underscore the imperative for rigorously designed 
clinical studies to translate preclinical evidence into effective therapeutic strategies aimed 
at attenuating the neurobiological sequelae of METH exposure.
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