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Methamphetamine (METH) is a highly addictive psychostimulant known for its profound impact on the nervous system. Chronic METH
use leads to neurotoxicity characterized by various molecular and structural alterations in the brain. This review article primarily
aims to elucidate the mechanisms underlying METH-induced neurotoxicity. METH's mechanism of action involves the inhibition of
dopamine, serotonin, and norepinephrine reuptake, resulting in altered synaptic function. Prolonged METH exposure triggers oxidative
stress, endoplasmic reticulum stress, mitochondrial dysfunction, impaired axonal transport, autophagy, and programmed cell death,
ultimately contributing to neurotoxicity. These neurotoxic effects manifest as increased neuronal firing rate, disruptions in intracellular
ion balance (Ca?+ and Na+), energy production imbalances, and excessive reactive oxygen species production. The blood-brain barrier
is compromised, leading to structural, functional, and neurochemical alterations, particularly in the fronto-striatal circuit. While our
comprehensive review addresses these intricate molecular and structural changes induced by METH, we also examined the latest
therapeutic strategies designed to mitigate neurotoxicity. Our investigation sheds light on the critical need to comprehend the complex
pathways underlying METH-induced neurotoxicity and develop effective treatment approaches.
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INTRODUCTION

Methamphetamine (METH) is a widely abused psy-
chostimulant known for its high potential for addiction
and neurotoxic effects (Azimzadeh et al., 2023; Yan et
al., 2023). METH ranks as the second most commonly
utilized illicit substance globally and exhibits the high-
est incidence rates in Asia, North America, and Ocea-
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nia (Sulzer and Zecca, 1999; Kalivas and Volkow, 2005;
Cruickshank and Dyer, 2009; Seo et al., 2020). Long-term
dependence on METH has severe repercussions on the
nervous system, leading to neuronal damage and im-
pairments in attention, cognitive functions, learning,
and memory (Moaveni et al., 2022; Salas-Gonzdlez et
al., 2022). Due to its lipophilic nature (Davidson et al.,
2022), METH efficiently crosses the blood-brain barri-
er (BBB) and significantly influences neurotransmitter
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release, including dopamine (DA), serotonin, norepi-
nephrine, and glutamate by binding to various recep-
tors such as dopamine transporter (DAT), serotonin
transporter (SERT), norepinephrine transporter (NET),
N-methyl-D-aspartate (NMDA) receptors, and vesicular
monoamine transporter-2 (VMAT-2). These receptors
are embedded in vesicular membranes and are integral
proteins situated on the cell surface (Faraone, 2018; Su
et al., 2022). METH is comprised of various derivatives,
with MDMA (3,4-methylenedioxymethamphetamine)
and MDE (3,4-methylenedioxyethylamphetamine) be-
ing prominent among them. While axonal loss and neu-
rodegeneration are well-documented, the exact mech-
anistic processes remain a subject of ongoing research,
Current hypotheses include the synthesis of harmful
MDMA metabolites, free radical production, oxidative
stress, excitotoxicity, apoptosis, and mitochondrial
dysfunction (Biittner, 2011). The biochemical effects of
METH rely on its ability to enter monoaminergic termi-
nals, interact with vesicular monoamine transporters,
displace monoamines into the terminals’ cytoplasm,
and subsequently release them into the synaptic clefts
(Cadet et al., 2007). Additionally, METH reduces mono-
amine metabolism by inhibiting monoamine oxidase
(Tatsuta et al., 2005). Research indicates that repeat-
ed METH administration to animals leads to reduced
DA concentrations and its metabolites in various brain
regions, including the striatum (Ricaurte et al., 1992;
Krasnova et al., 2010; Granado et al., 2011), METH pro-
duces various effects at low to moderate doses, includ-
ing increased increase in heart rate and blood pres-
sure, increase in body temperature, arousal, behavioral
disinhibition, increase in alertness, euphoria, reduced
fatigue, positive mood, decreased appetite, and pupil
dilation (Martin et al., 1971; Perez-Reyes et al., 1991;
Anglin et al., 2000; Harris et al., 2003; Mendelson et
al., 2006; Cruickshank and Dyer, 2009). Nonetheless,
increased plasma levels or higher doses of METH can
lead to symptoms such as nervousness, violent behav-
ior, paranoia, rapid or incoherent speech, euphoria, as
well as hypertension, rapid pulse, sweating, and motor
agitation. These signs and symptoms are indicative of
an overdose, which could be either fatal or non-fatal
(Logan, 1996). Fatalities associated with METH often
result from conditions such as hyperpyrexia, cerebro-
vascular hemorrhage (caused by hypertension), ven-
tricular fibrillation, pulmonary congestion and edema,
multiple organ failure, or acute cardiac failure (Jordan
and Hampson, 1960; Zalis and Parmley, 1963; Kojima et
al., 1984; Martin et al., 1971; Hong et al., 1991; Katsuma-
taetal., 1993; Perez Jr et al., 1999; Waksman et al., 2001;
Wijetunga et al., 2003; Ago et al., 2006). Withdrawal
symptoms may occur when METH use is abruptly dis-
continued, lasting for several days and characterized
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by anhedonia, intense cravings, irritability and agita-
tion (Oswald and Thacore, 1963; Watson et al., 1972;
Gossop et al., 1982; Srisurapanont et al., 1999; Kalech-
stein et al., 2003; London et al., 2005; McGregor et al.,
2005). Pharmacological approaches, including opioid
receptor antagonists and antidepressants, as well as
non-pharmacological methods like psychosocial be-
havioral therapy and contingency reward therapy, are
employed to manage withdrawal symptoms (Thrash et
al., 2009). METH exerts severe damage on the nervous
system, both in the short-term and long-term, primar-
ily through oxidative stress and alterations in energy
metabolism (Granado et al., 2013) (Fig. 1).

One of the notable changes induced by METH in the
nervous system is its profound impact on the DA system
which are accompanied by significant alterations in be-
havior and cognition (Nordahl et al., 2003; Shrestha et
al., 2022). METH’s high lipid solubility allows it to read-
ily traverse the BBB (Nordahl et al., 2003; Schep et al.,
2010) and its structural similarity to DA enables it to be
taken up by dopaminergic cells through binding to DAT
(Iversen, 2006). Normally, DAT functions to remove DA
from the synaptic cleft, terminating its neurotransmit-
ter effects (Wang et al., 2015). However, METH’s bind-
ing to DAT disrupts the reuptake of extracellular DA
and leads to the reverse transport of DA out of the cell,
resulting in an increase in DA concentration within the
synaptic cleft (Panenka et al., 2013) (Fig. 2). At high con-
centrations, METH can even diffuse through axons due
to its lipophilic properties, exacerbating the accumula-
tion of extracellular DA (Shin et al., 2018). Another crit-
ical factor in METH-induced DA release is the VMAT-2,
an integral membrane protein responsible for shuttling
DA from the cytosol into synaptic vesicles (Sulzer et al.,
2005; Fleckenstein et al., 2009). This transport process
is closely associated with a proton pump ATPase. Re-
search indicates that METH, acting as a “weak base,”
disrupts the proton gradient on both sides of the ves-
icle, which is essential for DA sequestration, causing
DA to leak from the vesicle into the cytosol (Schwartz
et al., 2006; Panenka et al., 2013). Furthermore, METH
may decrease the functionality and density of VMAT-2
on the cellular membrane (Eyerman and Yamamoto,
2005; McFadden et al., 2012) (Fig. 2). In tandem, these
interactions between METH, DAT, and VMAT-2 lead to
a surplus of DA in both intracellular and extracellular
environments. This review article examines the main
molecular mechanisms and brain structural changes
associated with METH-induced neurotoxicity. It also
summarizes recent findings on potential therapeutic
methods that target various pathways to mitigate the
negative impacts of METH in the central nervous sys-
tem. Despite the lack of an FDA-approved treatment for
METH-induced neurotoxicity, this paper provides valu-
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able insight for future research and the development
of more therapeutic interventions that are efficient in
safeguarding against the deleterious impacts of METH.

Molecular mechanisms underlying neurotoxicity
induced by METH exposure

The mechanisms of neurotoxicity induced by METH
consumption are complex and involve DA reduction,
oxidative stress, stress on the endoplasmic reticulum,
impairment of mitochondrial function, barriers of axo-
nal transport, activation of microglial cells, activation
of astrocytes, autophagy, and programmed cell death
(Fig. 1) (Hwang et al., 2020; Khoshsirat et al., 2020; Meng
et al., 2020; Mirakabad et al., 2021). Notwithstanding
extensive research, there is still an incomplete under-
standing of the molecular and cellular mechanisms re-
sponsible for neuronal toxicity induced by METH expo-
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sure. Studies suggest that oxidative stress induced by
METH exposure have a critical role in promoting cy-
totoxicity by producing ROS that destruct macromol-
ecules inside the cells (Wells et al., 2009; Ramkissoon
and Wells, 2015; Khoshsirat et al., 2019).

Oxidative stress

METH causes the production of various oxidative
species which results in lipid peroxidation, nuclear
damage, and protein misfolding (Ferrucci et al., 2017,
Jang et al., 2017). METH exposure induces oxidative
stress, a critical factor in neuronal damage. This oxi-
dative stress is a consequence of various mechanisms:
When METH enters the neurons, it releases DA into the
synaptic cleft, leading to high levels of DA that cause
auto oxidation and increased DA metabolism, produc-
ing hydrogen peroxide (H,0,) as a by-product. H,0, then
produces hydroxyl radicals that cause oxidative damage

Fig. 1. Long-term use of methamphetamine causes an increase in oxidative stress, dysfunction of brain mitochondria and excitotoxicity, which causes
a lot of damage to the brain structure and causes the destruction of the cell bodies of neurons, permeability of the BBB, and damage to nerve endings,
which eventually It causes severe problems in the brain and causes death. The figures included in this study were created using the BioRender website

(https://www.biorender.com/).
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(Stokes et al., 1999; Zhu et al., 2006). Thus, METH-in-
duced accumulation of DA in both the cytosol and syn-
aptic regions leads to the formation of quinone and
semi-quinone compounds through an autoxidation pro-
cess, generating significant quantities of reactive oxy-
gen species (ROS) (Fig. 2) (Stokes et al., 1999; Zhu et al.,
2006). These ROS include substances such as hydrogen
peroxide, hydroxyl radicals, and superoxide radicals.
Additionally, a portion of DA is involved in the creation
of hydrogen peroxide with the assistance of monoamine
oxidase (MAO) (Hermida-Ameijeiras et al., 2004; McDon-
nell-Dowling and Kelly, 2017; Yang et al., 2018). METH
also hinders the production of antioxidants, which
encompass compounds like glutathione, superoxide
dismutase (SOD), and catalase (Tata and Yamamoto,
2007; Huang et al., 2013). Consequently, the imbalance
between ROS and the free radical scavengers leads to
oxidative stress within dopaminergic terminals. This
excess of ROS can disrupt lipid and protein metabolism,
impair mitochondrial function, and cause damage to
nuclear DNA, elevating the vulnerability to neuronal
harm and cell death (Potashkin and Meredith, 2006).
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The destruction of dopaminergic neurons result-
ing from METH use is predominantly due to oxidative
stress (Rumpf et al., 2017). This leads to the release of
neuromelanin, aggravating the process of neuroinflam-
mation and neurodegeneration (Rumpf et al., 2017).
METH also causes disturbances in the redox balance,
leading to the oxidation of nucleic acids, lipids and pro-
teins. Additionally, METH blocks mitochondrial com-
plex II, which increases oxidative stress and mitochon-
drial dysfunction (Lazzeri et al., 2018). The increased
expression of alpha-synuclein (a-SYN) caused by METH
amplifies cellular oxidative stress. Inhibitors of the sy-
nuclein alpha gene (SNCA) can reduce this stress. Con-
versely, METH activates nitric oxide synthase (NOS),
which results in elevated a-SYN expression in vitro, as
well as in the mouse striatum and hippocampus (Wu et
al., 2014; Wang et al., 2017b; Gandelman et al., 2021).
Oxidation of proteins results in the formation of disul-
furic bridges through the binding of cysteinyl residues.
This process changes the shape of the protein and leads
to the creation of misfolded proteins like a-SYN, par-
kin, prion, and ubiquitin. Moreover, METH leads to lip-

Fig. 2. METH modulates the DA system and impacts the release of DA and thereby induces oxidative stress. The figures included in this study were created

using the BioRender website (https://www.biorender.com/).
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id oxidation, which produces 4-hydroxynonenal that is
highly reactive (Lazzeri et al., 2018).

Activation of microglial cells

METH is known to induce inflammation in regions
where the 5-HT as well as DA and terminals are im-
paired, primarily by activating microglia (Halpin et
al., 2014; valian et al., 2019). The microglia activation
in the hippocampus, cortex, and striatum is caused by
an unknown mechanism, although it is believed that
dopaquinones (DAQs), a DA metabolite, is the prima-
ry microglia activator via gene expression (Kuhn et
al., 2006). METH exposure can increase cytosolic DA
and oxidative stress, leading to the synthesis of DAQs,
which results in microglial activation. This leads to the
secretion of potentially neurotoxic agents such as ROS,
proteinases, and pro-inflammatory cytokines, trigger-
ing neuroinflammatory processes (Smith et al., 2012).

Excitotoxicity

Excitotoxicity, a damaging process stemming from
the overstimulation of neurons, is a significant conse-
quence of METH. METH’s impact on the neurotrans-
mitter system, particularly in relation to glutamate,
plays a crucial role in this phenomenon. Excitotoxici-
ty is implicated in various neurological conditions and
is a critical aspect of the neurotoxic effects associated
with METH abuse, including cognitive deficits, neu-
roinflammation, and other neurological impairments.
METH disrupts the balance of glutamate, a major ex-
citatory neurotransmitter in the brain, leading to ex-
cessive release and impaired reuptake. METH admin-
istration results in the release of excessive glutamate
into the extracellular space, leading to the activation
of glutamate receptors and an increase in intracellu-
lar calcium levels, initiating excitotoxicity (Ambrogini
et al.,, 2019). The resulting surge in glutamate over ac-
tivates NMDA receptors, which are glutamate recep-
tors, ultimately contributing to excitotoxicity. This
harmful process can lead to neuronal damage and cell
death. The activation of glutamate receptors, espe-
cially NMDA receptors, triggers pathways involving
the phosphorylation of protein kinase C (PKC) and
subsequent modulation of NMDA receptor activity,
leading to calcium influx and the generation of nitric
oxide (NO) and free radicals (Tseng et al. 2010; Mor-
atalla et al. 2017). Elevated calcium levels activate en-
zymes such as NOS, phosphatases, and protein kinas-
es, promoting NO production and ER stress. ER stress
activates transmembrane proteins such as ATF6, IRE1,
and PERK, which further downregulate specific genes
involved in protecting against proteotoxic stress (Sze-
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gezdi et al., 2006; Hetz, 2012). The activation of CHOP,
triggered by ER stress, initiates apoptosis through
death receptors and mitochondrial-dependent path-
ways (Bahar et al., 2016; Sano and Reed, 2013). METH
exposure has been shown to induce the expression of
ER stress genes such as ATF4, caspase-12, and CHOP
(Jayanthi et al., 2004; Sano and Reed 2013; Mirakabad
et al. 2021). Activation of dopamine receptor (D1) is
associated with dopaminergic toxicity and ER stress
induced by METH (Beauvais et al., 2011). Autophagy
activation through the D1-receptor is mediated by the
AMPK/FOXO03A signaling pathway following METH ad-
ministration (He et al., 2022).

Glutamate is a principal neurotransmitter exci-
tation and is considered to have a significant role in
promoting neuroinflammation. Following frequent
METH administration, glutamate receptor is activated
and glutamate is released, and subsequently of PI3/
Akt molecules is phosphorylated, which activates the
transcription factor NF-«B, finally activating neuroin-
flammation by producing pro-inflammatory cytokines
like interleukin-6 (IL-6), tumor necrosis factor-alpha
(TNF-a), and interleukin-1p (IL-1f) (Prakash et al.,
2017). A feed-forward loop can occur where these cy-
tokines stimulate the increase of extracellular gluta-
mate levels, which can hinder the absorption and in-
crease the release of glutamate from microglial cells,
ultimately leading to neurotoxicity (Yamamoto et al.,
2010).

The elevation of these inflammatory cytokines af-
ter METH administration has been shown to play a sig-
nificant role in causing brain damage, as evidenced by
several studies (Kobeissy et al., 2022). Excessive extra-
cellular glutamate is the most common cause of exci-
totoxicity in the human brain (Chamorro et al., 2016).
Excessive release of l-glutamate into the extracellular
space by neuron and glial cells activates glutamate re-
ceptors, resulting in an increase in calcium levels inside
the cells and subsequently calcium-dependent enzyme
activation. This, in turn, produces nitric oxide (NO)
and free radicals, causing neuronal damage or neural
death through excitotoxicity (Tseng et al., 2010). Exces-
sive glutamate accumulation results in the initiation of
subsequent signaling pathways such as the elevation
of intracellular calcium levels and metabotropic gluta-
mate receptors (mGluRs) or NMDA receptors activation
(Moratalla et al., 2017).

In addition to affecting the neurotransmitter gluta-
mate, METH disrupts the normal regulation and release
of catecholamines, including dopamine, adrenaline,
and noradrenaline (Fig. 3). METH enters neurons either
through uptake mechanisms or the DAT, displacing
noradrenaline (NA) and DA from their vesicles and rais-
ing their levels in the cytosol. METH further inhibits
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the breakdown of NA and DA by MAO, which would nor-
mally reduce their concentrations. As a result, NA and
DA are released into the synaptic cleft through uptake
and DAT, while METH takes their place inside the neu-
ron (Fig. 3). This recurring process maintains elevated
neurotransmitter levels, leading to the overstimulation
of postsynaptic neurons. This overstimulation is close-
ly linked to the behavioral and physiological effects of
amphetamine use, and the excessive activation of these
neurons contributes to the excitotoxicity associated
with METH abuse.

Endoplasmic reticulum (ER) dysfunction: a key player in
METH-induced neurotoxicity

Prolonged exposure to METH has profound conse-
quences on neuronal health, with one of the central
aspects being the disruption of the ER. The ER is a crit-
ical cellular organelle responsible for maintaining
cellular homeostasis by regulating calcium signaling.
METH-induced oxidative stress exacerbates this dys-
function, leading to detrimental effects on neurons.
METH triggers a cascade of events that disturb intra-
cellular calcium levels within the ER. The drug pro-
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motes excessive extracellular glutamate release, which
activates glutamate receptors, ultimately resulting in
increased intracellular calcium levels (Tseng et al.,,
2010; Moratalla et al., 2017). Elevated calcium levels
within the cell activate enzymes like nitric oxide syn-
thase (NOS), phosphatases, and protein kinases. This
activation leads to the generation of nitric oxide (NO)
and initiates ER stress (Tseng et al., 2010; Moratal-
la et al., 2017). ER-resident transmembrane proteins,
such as ATF6, IRE1, and PERK, respond to this stress
by downregulating specific gene expressions crucial
for defending against proteotoxic stress (Szegezdi et
al., 2006; Hetz, 2012). The ER, under stress, activates
a programmed cell death process known as apoptosis,
triggered through death receptors and mitochondri-
al-dependent pathways (Sano and Reed 2013; Bahar,
Kim, and Yoon 2016). High METH doses stimulate the
expression of ER stress-related genes, including ATF4,
caspase-12, and CHOP (Jayanthi et al., 2004; Sano and
Reed, 2013; Mirakabad et al., 2021). Moreover, the ac-
tivation of dopamine receptor D1 is associated with
dopaminergic toxicity, primarily driven by ER stress
induced by METH exposure (Beauvais et al., 2011). In-
triguingly, after METH administration, autophagy ac-

Fig. 3. METH-induced disruption of neurotransmitter release in the synaptic cleft. The figures included in this study were created using the BioRender

website (https://www.biorender.com/).
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tivation through the D1-receptor is mediated by the
AMPK/FOXO03A signaling pathway (He et al., 2022). In
response to METH doses leading to apoptosis, the cal-
cium-responsive cytosolic cysteine protease known as
calpain becomes activated. Calpain’s involvement in
ER-dependent cell death indicates a clear connection
between ER stress and calcium dysregulation, both
contributing to METH-induced neuronal cell death
(Cadet et al., 2007). The intricate interplay between
METH-induced ER stress and calcium dysregulation
significantly contributes to neuronal damage. While
the mechanisms are complex and multifaceted, these
processes collectively underlie the neurotoxicity asso-
ciated with METH exposure. The disruption of ER func-
tion, coupled with the induction of apoptosis within
the ER, underscores the severity of neuronal damage
caused by this psychostimulant. Understanding these
molecular and cellular events is essential for compre-
hending the comprehensive impact of METH on the
central nervous system. This knowledge provides crit-
ical insights into potential therapeutic interventions
aimed at mitigating the detrimental effects of METH.

Mitochondrial dysfunction

METH is a lipophilic substance that easily penetrates
the membranes of various organelles inside the cells,
including the mitochondria (Valian et al., 2017). Its im-
pact on the brain causes neurological damage by induc-
ing mitochondrial dysfunction, caspase activation, and
apoptosis (Valian, Ahmadiani, and Dargahi 2017; Huang
et al., 2019; Valian et al., 2019). METH reduces the activ-
ity of mitochondrial respiratory chain complexes and
elevates ROS production and proteins related to mi-
tochondrial fission, which causes mitochondrial frag-
mentation and apoptosis (Valian et al., 2019). METH
blocks mitochondrial complex II, which increases ox-
idative stress and mitochondrial dysfunction (Lazzeri
et al., 2018). As the amount of METH administered in-
creases, it causes a reduction in the production of new
mitochondria, but when the administration is stopped,
the body activates protective responses to compensate
for the damage. These include increased expression of
genes associated with mitochondrial biogenesis and
the release of glial cell line-derived neurotrophic fac-
tor (GDNF), which helps to promote the survival of neu-
rons (Beirami et al., 2018). Additionally, METH adminis-
tration disrupts mitochondrial biogenesis by reducing
the levels of mitochondrial biogenesis-related factors
such as PGCla, NRF1, and TFAM in the rat hippocam-
pus (Beirami et al., 2018). Furthermore, METH expo-
sure increases the expression of pro-apoptotic proteins
Bax and Bad, while reducing the expression of the an-
ti-apoptotic protein Bcl-2. This results in the release of
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cytochrome c from the mitochondria into the cytosol,
causing the subsequent activation of caspase-3, -6, and
-7, which ultimately trigger programmed cell death
(Huang et al., 2019). METH is harmful to different brain
regions, such as the hippocampus, cortex, and striatum
(Li et al., 2008). Proteomic analysis revealed that the
expression of specific proteins is altered in these re-
gions after METH administration, with oxidative stress,
programmed cell death, and mitochondrial metabolism
implicated in the underlying pathophysiology. Notably,
METH administration reduced Cu, Zn, SOD levels in the
hippocampus and striatum, while a-SYN was elevated
in the cortex hippocampus, and striatum. Additionally,
the decline in ATP synthesis-related mitochondrial en-
zymes in these areas may play a role in the neurotoxic
effects of METH.

Autophagy

Proteins undergo degradation primarily through
two key pathways: the autophagy pathway and the
ubiquitin-proteasomal pathway. Autophagy is a fun-
damental degradation process, and its regulation is
chiefly under the sway of the mammalian target of
rapamycin (mTOR), a pivotal autophagy suppressor
(Lazzeri et al., 2018). In the context of METH expo-
sure, it’s noteworthy that this substance disrupts
the ubiquitin-proteasomal system while significant-
ly escalating autophagic activity. This has profound
implications for proteins critical to the health of DA
neurons (Lazzeri et al., 2018). Following METH expo-
sure, an enzyme known as E2N, which participates
in the ubiquitination process, appears to emerge as
a cellular defense mechanism against the buildup of
aberrant proteins induced by METH. This defensive
response may be a compensatory effort aimed at
thwarting protein aggregation and the resultant cel-
lular damage caused by the drug (Li et al., 2008). METH
also disrupts proteostasis by impacting the autopha-
gy-lysosomal system, resulting in increased accumu-
lation of a-SYN (Li et al., 2018). Additionally, METH
induces alterations in the parkin protein, which is
an E3 ubiquitin ligase and possesses neuroprotective
characteristics (Flack et al., 2017). Both proteins are
found to aggregate in Parkinson’s disease (PD) brains
(Tahmasebinia and Emadi, 2016; Tahmasebinia and
Pourgholaminejad, 2017; Khoramgah et al., 2019; Mi-
toma and Manto, 2019; Pourgholaminejad and Tah-
masebinia, 2019). In the realm of METH-induced ef-
fects, there is a noteworthy increase in autophagic
vacuoles within neurons containing catecholamines.
Intriguingly, inhibiting autophagy exacerbates the
toxicity of METH in these cells (Lazzeri et al., 2018).
Conversely, studies have shown that the administra-
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tion of rapamycin, an mTOR inhibitor, can confer
protection against METH-induced toxicity. Moreover,
pre-exposure to asparagine or glutamine, compounds
known to impede the autophagic process, has been
observed to amplify METH’s toxicity, even at moder-
ate doses (Ferrucci et al., 2021). These findings collec-
tively suggest that when autophagy is compromised,
METH-induced cellular demise follows an apoptotic
pathway.

Programmed cell death

METH exerts its neurotoxic effects through
a mechanism involving neuronal programmed necro-
sis, triggered by the activation of signaling pathways
associated with receptor-interacting protein kinase
3 (RIP3) (Zhao et al., 2021). Within this process, the
formation of a necrotic protein complex orchestrated
by RIP3 assumes a pivotal role in the initiation of neu-
rodegeneration through programmed necrosis (Han
et al., 2011; Sun et al., 2012; Zhao et al., 2021). This
intricate cascade unfolds as RIP3 phosphorylation
occurs, subsequently triggering the phosphorylation
of mixed lineage kinase domain-like protein (MLKL).
MLKL activation leads to the creation of pores in the
cell membrane, culminating in necrotic cell death
(Sun et al., 2012). Under METH exposure, there is an
induction of a complex formation between RIP3 and
RIP1, culminating in RIP3 phosphorylation. Activat-
ed RIP3 then proceeds to activate MLKL, resulting in
the formation of oligomers that disrupt the cell mem-
brane. This disruption, in turn, leads to mitochondri-
al damage and ultimately contributes to neuronal ne-
crosis (Zhao et al., 2021). In summary, METH-induced
neurotoxicity involves the initiation of neuronal pro-
grammed necrosis, driven by intricate signaling path-
ways centered on RIP3 activation and the subsequent
downstream events that culminate in cell membrane
disruption and neuronal demise.

Axonal transport barrier

Impairments in axonal transport in the context of
METH use are influenced by several interconnected
factors that collectively create barriers to the normal
movement of cellular components along axons. METH
disrupts the stability of microtubules, which serve as
essential tracks for motor proteins responsible for
cargo transport. This destabilization, coupled with
METH-induced alterations in motor protein func-
tion, hinders the efficient movement of organelles
and other essential components. Additionally, METH
generates oxidative stress within neurons, leading to
damage of critical axonal transport elements. Mito-
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chondrial dysfunction induced by METH reduces the
energy supply required for axonal transport, further
compromising this process. Prolonged METH use can
result in neuronal damage and degeneration, impact-
ing the overall health and integrity of axons (Yu et
al., 2015). The disruption of proteostasis by METH,
which leads to the accumulation of abnormal proteins
like alpha-synuclein, can physically obstruct axonal
transport. Neuroinflammation, DA dysregulation,
synaptic dysfunction, and compromised cellular ho-
meostasis all contribute to the complex network of
factors that collectively impede axonal transport in
METH-induced neurotoxicity. These barriers to axo-
nal transport represent significant challenges in un-
derstanding and mitigating the neurological conse-
quences of METH use (Mavroeidi et al., 2021).

METH-induced brain structure changes

METH has a wide range of effects on the brain,
ranging from acute to long-term and affecting both
the CNS and PNS. METH has significant negative ef-
fects on the brain, including causing leakage BBB,
activating glial cells, storing water in brain tissue
(edema), and causing structural changes in brain
cells (Kiyatkin and Sharma, 2009). These effects vary
in severity in different regions of the brain (Kiyatkin
and Sharma, 2009). Clinical studies using various im-
aging techniques show that moderate to high doses
of METH cause sustained neurotoxicity, including
structural and metabolic changes (Barr et al., 2006).
METH directly affects BBB destruction and vascular
toxicity (Chiang et al., 2019). Research utilizing neu-
roimaging techniques has shown that changes in the
frontostriatal circuit and network dynamic systems
are involved in the pathophysiology of METH (MAP)
use. These changes can be attributed to structural,
functional, and neurochemical factors. Chronic METH
use has been found to damage DA function, especially
in the striatum and prefrontal cortex, in both animal
and human studies. Research has shown that individ-
uals who misuse METH exhibit structural irregulari-
ties in the nuclear gray matter, cerebral cortex, and
white matter, which can lead to tissue atrophy or
hypertrophy due to toxic damage in these brain re-
gions (Mahmoudiasl et al., 2019). When compared to
healthy controls, chronic METH users showed high-
er white matter volume, abnormal tract morphology,
lower N-acetyl-aspartate levels, higher levels of glial
associated sugar myoinositol, lower glucose metabo-
lism, and more white matter signal hyperintensities.
The corpus callosum, frontal, temporal, and occipi-
tal lobes were found to be involved in these changes
(Tobias et al., 2010). MRI studies have revealed ana-
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tomical abnormalities in the brains of METH users,
including lower amounts of gray matter and higher
volumes of parietal cortex. Volumetric changes in
the striatum have been linked to novelty seeking and
improved cognitive function, suggesting that these
changes may be compensatory adjustments made in
response to METH-induced neurotoxicity (Thanos et
al., 2016). METH users also had lower volumes of areas
associated with emotional regulation and impulsivity,
such as the anterior prefrontal/frontopolar, inferior
frontal, and superior temporal cortices, as well as
the amygdala and hippocampus. Gray matter chang-
es in these areas may contribute to MAP traits, such
as excessive emotional reactivity and dysregulated
impulsivity (Chen et al., 2019). Research has repeat-
edly shown that the hippocampus and amygdala are
involved in the pathophysiology of schizophrenia, af-
fective psychosis, and drug addiction. Decreased gray
matter volume in both the amygdala and hippocam-
pus was observed in individuals with METH psycho-
sis when compared to healthy controls (Orikabe et
al., 2011). However, exogenous METH psychosis was
associated with amygdala-dominant gray matter vol-
ume reduction. One study comparing the brain struc-
tures of current and former METH users found that
users had larger putamens than controls. However,
previous METH users had higher fractional anisot-
ropy and lower mean diffusivity in the putamen and
globus pallidus than current users and controls, pos-
sibly due to increased magnetic susceptibility linked
to higher iron concentration (Andres et al., 2016).
The toxic damage of METH on the brain can result in
a range of anatomical anomalies, including smaller
quantities of gray matter, higher volumes of parietal
cortex, reduced volumes of the anterior prefrontal/
frontopolar, inferior frontal, and superior temporal
cortices, amygdala, and hippocampus. Additionally,
inflammatory alterations, including microglial acti-
vation, are seen (Thanos et al., 2016). METH may also
have a role in the pathophysiology of schizophrenia,
affective psychosis, and drug addiction. In this dis-
ease, the magnitude of the reduction in gray matter
is much larger in the amygdala than the hippocam-
pus (Orikabe et al., 2011). Previous METH users had
larger putamen, and the putamen and globus pallidus
of previous users showed stronger fractional anisot-
ropy and lower mean diffusivity, potentially result-
ing from greater magnetic susceptibility, which was
linked to higher iron concentration (Andres et al.,
2016). Chronic misuse of METH is specifically asso-
ciated with DA function deficiencies and anatomical
abnormalities in the cerebral cortex, white matter,
and nuclear gray matter of humans (Table 1) (Tobias
et al., 2010).
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Therapeutic strategies

Various strategies have been developed to address
the neurotoxicity caused by METH in order to achieve
effective and efficient treatment. These strategies are
currently being investigated in both clinical and pre-
clinical studies. The approaches for treatment are root-
ed in the mechanisms that underlie the induction of
neurotoxicity. The goal of this section is to examined
therapeutic strategies for addressing METH-induced
neurotoxicity. We will first cover strategies aimed at di-
rectly managing neurotoxicity, followed by approaches
to prevent or reduce neurotoxicity.

Management of neurotoxicity

Oxidative stress is a prominent factor in METH-in-
duced neurotoxicity. METH increases ROS production,
depletes ATP levels, and interferes with DA reuptake,
leading to the generation of ROS and nitrogen radicals,
resulting in neuronal programmed cell death (Thrash
et al., 2009). Researchers have investigated various
pharmacotherapies for effective therapeutic strategies
to protect brain cells against METH-induced oxidative
stress.

Zinc: Zinc upregulates metallothionein expression,
inhibiting ROS production and ATP depletion (Thor-
nalley and Va$dk, 1985; Hanada et al., 1991; Hart et al.,
1995; Ajjimaporn et al., 2005; 2007). The administration
of zinc prior to METH resulted in an upregulation of
metallothionein expression and effectively inhibited
the production of ROS and depletion of ATP (Thornal-
ley and Vasédk, 1985; Hanada et al., 1991; Hart et al.,,
1995; Ajjimaporn et al., 2005; 2007).

Vitamin C: Activates the p38 MAPK pathway, induc-
ing HO-1 expression, reducing ROS generation (Rice,
2000; Hediger, 2002; Huang et al., 2012; Huang et al.,
2017). The p38 MAPK pathway is activated by vitamin
C, which induces HO-1 expression and reduces the gen-
eration of intracellular ROS, protecting neurons from
METH toxicity (Rice, 2000; Hediger, 2002; Huang et al.,
2012; 2017).

Flavonoids: Anthocyananine, baicalein, isoliquiriti-
genin, and cinnamaldehyde show neuroprotective ef-
fects (Wu et al., 2006; Ghosh et al., 2007; Lee and Jeong,
2021; Lee et al., 2021; Rashidi et al., 2021; Roohbakhsh
et al., 2021).

Tocopherol: Prevents oxidative stress due to lipid
peroxidation and ROS generation (Burton and Ingold,
1989; Peeters-Scholte et al., 2003; Park et al., 2006; Volti
et al., 2006; Shokrzadeh et al., 2015). Since tocopherol
and deferoxamine have been shown to prevent oxida-
tive stress due to lipid peroxidation and ROS genera-
tion, it has been proposed that compounds with fla-
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vonoid characteristics may have the possibility of be-
ing developed as treatment options for neurotoxicity
caused by METH.

Selenium: Enhances glutathione peroxidase (GPx)
activity, reducing neurotoxicity via antioxidant mech-
anisms (Kim et al., 1999). Selenium is a mineral and
antioxidant that occurs naturally in water, soil, and
food and is commonly used as a dietary supplement
(Wang et al., 2017a). Scientists have investigated how
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consuming selenium-rich diets can affect the toxicity
of dopaminergic neurons. So, based on their findings,
by supplementing mice with selenium, the activity of
glutathione peroxidase (GPx) was enhanced by sele-
nium, along with an increase in the ratio of reduced
glutathione GSH to oxidized glutathione GSSG in var-
ious brain regions in mice treated with a neurotox-
ic drug called METH (Kim et al., 1999). This suggests
that selenium may reduce neurotoxicity induced by

Table 1. The results of some studies on the effects of METH on the brain structure.

Study

Main Result

Kiyatkin E et al.
Cho AK et al.

Barr AM et al.

Prakash MD et al.

Morley KC et al.

Meredith CW et al.

Shaerzadeh F et al.

Halpin LE et al.

Chiang M et al.

Buchanan JB, NL Sparkman,

Berman S et al.

Tobias MC et al.

Thanos PK et al.

Orikabe L et al.

Andres T et al.

CNS effects: Significant BBB leakage, acute glial activation, water storage in brain tissue (edema) and structural
changes in brain cells.

Synaptic effects: Enhancing releasing DA in CNS and norepinephrine in PNS and then block their reuptake in
presynaptic nerve terminal.

Acute effects: Euphoria, feelings of wellbeing, and alertness, increase in libido and a decrease in hunger.
Immediate side effects in higher doses: Increased blood pressure, hyperthermia, stroke, cardiac arrhythmia,
stomach cramps, and muscle tremor.

Acutely harmful psychological side effects: Anxiety, insomnia, aggression, paranoia, and hallucinations.

Long-term use effects: Molecular abnormalities in the DA system result in reduced motor abilities, fast cognitive
decline, increased anxiety, psychotic ilinesses, aggressive conduct, hallucination, delusions, and depression.

Prolonged use of moderate to high dosages effects: Sustained neurotoxicity, including structural and metabolic
alterations.

Psychological withdrawal symptoms: Anhedonia, hypersomnia, anger, anxiety, violence, and extreme cravings for
methamphetamine (Because methamphetamine abuse is associated with neurotoxicity, a decrease in receptor
activity, and presynaptic monoamine depletion).

Reasons of methamphetamine ability to cause neurotoxicity: Increased neuronal firing rate, increased intracellular
Ca+2 and Na+ ions, dysregulation of mitochondrial activity, an imbalance in neuronal energy, and an excess
production of reactive oxygen species.

Striatonigral pathway effects: Extracellular glutamate levels in the rat striatum increase after binge doses of meth,
and reducing these levels shields the area’s DA terminals from its neurotoxic effects.

DA transmission effect: In CNS methamphetamine is inhibiting both the vesicular monoamine transporter

(VMAT2) and the DA transporter and cause rise of DA concentration. Also, the polysynaptic contacts of many
dopaminergic systems, including the mesolimbic, nigrostriatal, and mesocortical, are then influenced by elevated DA
concentrations, which lead to elevated glutamate and DA signaling.

Excessive DA signaling effect: Overpower GABAergic interneurons, DA systems dysregulated and perhaps
manifesting signs of psychosis.

Neurotoxicity effects: BBB damage, hyperthermia, seizures and vascular toxicity.

Brain effect of chronic misuse of methamphetamine: Specifically in the striatum and prefrontal cortex, DA function
deficiencies are associated with anatomical abnormalities in the cerebral cortex, nuclear gray matter, and white
matter of humans.

Toxic damage of brain: Brains of the chronic methamphetamine users (compared in vivo to those of healthy
controls) had more white matter volume, abnormal tract morphology, lower levels of the amino acid
N-acetyl-aspartate, higher levels of the glial-associated sugar myoinositol, lower glucose metabolism, and more
white matter signal hyperintensities. These results were observed in the corpus callosum, frontal, temporal, and
occipital lobes.

Changes of brain: Anatomical anomalies in the brains such as smaller quantities of gray matter (especially in
frontal and temporal cortices) and higher volumes of parietal cortex. Reduced volumes of the anterior prefrontal/
frontopolar, inferior frontal, and superior temporal cortices, amygdala and hippocampus, which are areas
associated with emotional regulation and impulsivity. Also, inflammatory alterations including microglial activation
is seen.

Psychological effect: Methamphetamine having a role in the pathophysiology of schizophrenia, affective psychosis,
and drug addiction. It is also said that the magnitude of the reduction in grey matter was much larger in the
amygdala than the hippocampus. The exogenous MA psychosis may be rather unique to the amygdala-dominant
gray matter volume decrease.

Previous users in contrast to current users: Methamphetamine users had larger putamen. Also, the putamen and
globus pallidus of previous MA users showed stronger fractional anisotropy (FA) and lower mean diffusivity (MD)
compared to current users and controls. This presumably resulted from greater magnetic susceptibility, which was
linked to higher iron concentration.
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METH through antioxidant mechanisms mediating by
GPx (Imam et al., 1999). According to Imam and col-
leagues (1999), administering selenium prevented the
loss of DA in the caudate nucleus and decreased the
DA relevant byproducts homovanillic acid and DOPAC
caused by METH treatment. Additionally, in SH-SY5Y
neuronal cells with selenium treatment, the increased
oxidative stress resulting from METH exposure was
reversed, which may be attributed to a reduction in
GPx levels (Barayuga et al., 2013). Additionally, the ad-
ministration of selenium prevented the reduction of
DA and its metabolites induced by METH treatment in
the brain. However, caution should be exercised when
supplementing with selenium due to its narrow thera-
peutic range (Ghosh et al., 2015; Kietczykowska et al.,
2018).

Additionally, antiparkinsonian agents like talipex-
ole and DA replacement therapy may help restore stri-
atal DA levels affected by METH (Kondo et al. 1998; Kish
et al. 2017).

Studies have found that METH abusers are at a great-
er risk of developing PD. Although the precise molecu-
lar mechanisms underlying PD remain to be completely
elucidated (Mirakabad et al., 2020). The antiparkinso-
nian agent talipexole was found to have a neuropro-
tective effect similar to METH-induced neurotoxicity.
Treatment with antiparkinsonian medications and
therapies targeting the brain regions may have the
potential to alleviate the effects of METH on the brain
by restoring striatal DA deficiency caused by the drug.
Furthermore, DA replacement therapy may also prove
effective in this regard (Mizuno et al., 1993; Kondo et
al., 1998; Kish et al., 2017).

Therapeutic approach to prevent or reduce
excitotoxicity

Excitotoxicity in METH abuse is characterized by in-
creased glutamate release which activates NMDA and
other glutamate receptors, leading to calcium influx
and activation of cellular activities. Therefore, the po-
tential role of NMDA receptors in METH-induced exci-
totoxicity has led to the exploration of targeted thera-
pies. Several therapeutic approaches target excitotox-
icity:

Melatonin: Melatonin, a pineal hormone with anti-
oxidant properties, has been studied for its ability to
protect against oxidative stress and regulate intracel-
lular calcium in the CNS (Suwanjang et al., 2016; Xu et
al., 2016). Studies have shown that melatonin can re-
duce the effects of METH on cell proliferation, NMDA
receptor subunits, Ca*+-dependent protein kinase, and
prevent memory and learning impairments resulting
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from METH exposure (Ekthuwapranee et al., 2015; Nop-
parat et al., 2022).

N-acetylcysteine (NAC): N-acetylcysteine (NAC),
a precursor of the antioxidant glutathione, has also
shown efficacy in reducing glutamate excitotoxicity,
improving mitochondrial dysfunction, and reducing
inflammation in models treated with METH (Berk et al.,
2008; 2014; Rapado-Castro et al., 2017).

Various NMDA antagonists (Baldwin et al., 1993) and
other drugs such as topiramate (Ma et al., 2013), neuro-
peptide Y (Baptista et al., 2012), and tetrahydropalma-
tine (THP) (Liu et al., 2021) have demonstrated neuro-
protective effects against METH-induced neurotoxicity.
Additionally, lithium, valproate, and nicotinamide have
been found to improve mitochondrial function and re-
verse METH-induced energy metabolism dysfunction.

Therapeutic approaches to reduce
neuroinflammation

Neuroinflammation plays a significant role in
METH-induced neurotoxicity, and strategies to reduce
it are vital. So, anti-neuroinflammation therapy is a po-
tential approach to reduce the neurotoxicity caused by
METH exposure (Northrop and Yamamoto, 2014).

Minocycline: METH-induced damage is mainly
caused by the proinflammatory response initiated by
activated microglia. To reduce this response, prevent-
ing microglial activation can be a promising strategy
(Sekine et al., 2008). Minocycline is a type of tetracy-
cline antibiotic that is highly effective in suppressing
microglial activation and the pathways leading to pro-
grammed cell death (Yong et al., 2004; Yu et al., 2015).
It has both anti-inflammatory and neuroprotective
effects and can be used to treat symptoms related to
METH exposure (Yong et al., 2004; Yu et al., 2015). Ac-
cording to Zhang and colleagues (2006), their research
demonstrated that minocycline considerably reduced
the rise of DA outside of cells and DAT immunoreactivi-
ty after frequent METH exposure. As a result, they pro-
posed that minocycline could potentially be utilized
to deactivate microglia and treat various symptoms
linked to METH exposure (Zhang et al., 2006).

Ibudilast, is another compound that can inhibits
microglial activation and cytokines responsible for
inflammation. Ibudilast is a phosphodiesterase inhib-
itor that is not selective, so it can increase the level of
glial-derived neurotrophic factor in the brain and de-
crease the activation of microglia and cytokines that
cause inflammation (Beardsley et al., 2010; Charntikov
et al., 2015).

Modafinil is a cognitive-enhancing medication that
may reduce the chance of neuroinflammation by pre-
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venting METH-induced microglial activation. Chronic
self-administration of METH can cause reactive micro-
gliosis in human METH abusers’ brains, and inhibiting
microglial activation could be a possible approach to
decrease METH-induced neurotoxicity (Raineri et al.,
2012).

Innovative approaches targeting METH-induced
neurotoxicity

Nanoparticles

When it comes to treating psychostimulant-in-
duced neurotoxicity, standard doses of conventional
drugs are not enough to provide adequate neuropro-
tection. As a result, increasing the dosage or frequen-
cy of these drugs is often necessary to obtain signifi-
cant neuroprotection (Sharma et al., 2009). However,
nanoparticle-based therapy is proposed as a more
promising than traditional drugs because nanoparti-
cles can easily penetrate the CNS and release thera-
peutic agents over an longer period of time (Sharma
et al., 2014). For example, liposomal delivery of mela-
tonin was found to be more effective than regular mel-
atonin in reducing oxidative burden in METH-induced
neurotoxicity in mice (Nguyen et al., 2015). Similarly,
delivering standard doses of H-290/51 or cerebrolysin
using TiO2 nanowires resulted in significant neuropro-
tection in rat models (Sharma et al., 2009; 2014). These
findings suggest that nanoparticle-based therapy
could be a more efficient approach for treating MA-in-
duced neurotoxicity and may also have applications in
imaging and detecting METH intoxication (Mao et al.,
2017).

Immunotherapy

Passive immunization through the use of mono-
clonal antibodies is a form of immunotherapy that
can be employed to reduce the amount of drugs en-
tering the central nervous system (Ballester et al.,
2017). This therapy works by stimulating the produc-
tion of antibodies that bind with the drugs following
systemic absorption. Several studies have been car-
ried out to investigate the efficacy of monoclonal an-
tibodies in treating METH addiction and toxicity, but
results have been inconsistent (Baracz and Cornish,
2016). One study performed on rats demonstrated that
an anti-METH vaccine led to increased levels of METH
in the serum and decreased METH level in the brain,
suggesting that the vaccine may offer neuroprotection
against neurotoxicity induced by METH. Based on an-
other study, an anti-METH/AMP monoclonal antibody
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administration showed that it protected rat brains
from METH-induced damage (Miller et al., 2013). A hu-
man monoclonal antibody to methylphenidate was also
shown to significantly reduce the concentration of
METH entering the brain (Gentry et al., 2006; White et
al., 2014; Hambuchen et al., 2015). Combining monoclo-
nal and polyclonal antibodies were more promising in
producing a higher anti-METH antibody response and
lowering METH levels inside the brain (Hambuchen et
al., 2015). However, there are limitations to this form of
therapy, including partial inhibition of the drug’s im-
pact, fluctuations in antibody levels, delay in antibody
production, and the incapacity to cross the BBB, mak-
ing it more costly. Despite these limitations, vaccine
immunotherapy is gaining attention as a promising ap-
proach to address METH addiction. (Chen et al., 2013;
Baracz and Cornish, 2016).

Gene therapy

The protein Rho-associated kinase 11 (ROCK2) has
shown promise as a gene therapy target because in-
hibition of ROCK2 can protect cells in various patho-
physiological conditions. In the case of neurotoxici-
ty induced by METH, studies have demonstrated that
ROCK2 plays a significant role and could be a poten-
tial therapeutic target for treating this condition. For
example, a study by Yang et al. (2013) found that in-
hibiting the expression of ROCK2 in P12 cells with the
help of Lipofectamine 2000 and a single interfering
ROCK2 molecule inhibited apoptosis caused by METH,
improved cell viability, and reversed the morpholog-
ical alterations induced by METH exposure. Another
potential therapeutic target for neurotoxicity induced
by METH is the pro-apoptotic gene PAG608, which has
been shown to be activated by p53 expression. Based on
recent findings, suppressing PAG608 expression could
decrease METH-induced toxicity (Yu et al., 1999). The
antioxidant enzyme glutathione peroxidase (GPx) is
considered a main factor in catalyzing H202 into wa-
ter and alcohol (Sharma et al., 2021a). The protective
role of selenium-dependent GPx-1 against METH-in-
duced neurotoxicity has been established, and an ad-
enoviral vector (Ad-GPx-1) containing the GPx-1 gene
was constructed to demonstrate its protective func-
tion. (Sharma et al., 2021b). According to the study,
GPx-1 plays a protective role against METH-induced
neurotoxicity, and an adenoviral vector containing
the GPx-1 gene (Ad-GPx-1) was created to demonstrate
this. Overexpression of GPx-1 through Ad-GPx-1 ther-
apy considerably decreased dopaminergic loss caused
by METH in mice, and the interaction between NF-«B
and GPx-1 is critical for its neuroprotective effects.
These findings suggest that Ad-GPx-1 therapy might
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be a potential treatment approach for preventing do-
paminergic toxicity resulting from METH abuse (Shar-
ma et al., 2021b).

CONCLUSIONS

METH is a highly addictive recreational drug that
acts as a potent central nervous system stimulant.
Long-term use of METH leads to neuronal damage,
along with negative effects on learning, memory, at-
tention, and cognitive function. This drug’s ability to
readily traverse the blood-brain barrier and interact
with various cell surface receptors underscores its po-
tential to induce neurotoxicity through mechanisms
such as DA depletion, oxidative stress, astrocyte and
microglial activation, axonal transport disruption, au-
tophagy, and apoptosis. Despite significant advance-
ments in understanding the intricacies of METH-in-
duced neurotoxicity, a comprehensive understanding
of the complete molecular and cellular pathways re-
mains elusive.

Although the complete molecular/cellular path-
ways underlying neurotoxicity induced by METH expo-
sure are still unknown, several studies have indicated
a correlation between METH abuse and an increased
risk of neurotoxic diseases, such as Parkinson’s dis-
ease and Alzheimer’s disease. The likelihood of PD is
heightened by METH due to its ability to enhance the
expression of a-Syn protein, leading to an increase in
oxidative stress. Additionally, METH abuse has been
associated with an increased probability of developing
neurodegenerative diseases such as AD. According to
research, METH may trigger the pathogenesis of AD by
altering the neurobiology of the hippocampal region,
disrupting the BBB, and inducing genetic and epigen-
etic modifications, METH addiction creates long-term
structural damage to the brain, leading to neuropsy-
chiatric deficits that make addiction difficult to over-
come. The chances of relapse after current treatments
for METH addiction are high, which is associated with
long-term damage to the brain and resulting neuro-
toxicity. Despite significant progress in understanding
the molecular mechanisms of neurotoxicity induced
by METH, effective therapeutic strategies have not yet
been developed and there is currently no FDA-approved
treatment for this condition. Nevertheless, a multitude
of ongoing research endeavors are dedicated to the de-
velopment of innovative therapeutic strategies. While
the majority of research has centered on the use of nat-
ural compounds to mitigate METH-induced neurotox-
icity, researchers are actively exploring targeted thera-
pies such as immunotherapy, nanoparticle-based ther-
apy, and gene therapy. These emerging approaches of-
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fer promising avenues for intervention, instilling hope
for individuals grappling with METH addiction and the
resultant neurological consequences. In the pursuit of
effective treatments for METH-induced neurotoxicity,
fostering interdisciplinary collaboration, sustaining
research efforts, and deepening our understanding of
the intricate mechanisms involved are paramount. By
harnessing the power of scientific innovation, we can
aspire to alleviate the suffering associated with METH
abuse and extend a brighter future to those affected by
this devastating addiction.
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