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Abstract: Almost two decades have passed since the last methamphetamine (METH) abuse epi-

demic. In recent years, METH abuse in the United States has been rapidly increasing and is current-

ly one of the leading causes of death in our country. Available statistical data indicates re-

emergence of METH popularity and suggest an impending third epidemic of METH abuse. Alarm-

ingly, there is no FDA-approved medication for METH use disorder (MUD). This disorder is cur-

rently treated with behavioral therapies; however, these therapies have limitations and would benefit 

from the addition of a MUD pharmacotherapy. Unfortunately, clinical trials have not yet found con-

sistently effective pharmacotherapy for MUD. This review outlines the history of METH use, pro-

vides information on current prevalence of METH abuse and MUD, describes medications that have 

been in clinical trials for MUD, and addresses current as well as potential new treatments for MUD. 
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1. INTRODUCTION 

1.1. Methamphetamine Use Disorder and Methamphet-
amine-induced Disorders 

The Diagnostic and Statistical Manual of Mental Disor-
ders, Fifth Edition (DSM-V) divides substance-related disor-
ders into two groups: substance use disorders and substance-
induced disorders. Substance use disorders (drug addictions) 
are chronic, relapsing disorders that have been characterized 
by compulsive seeking and escalated intake of legal or illegal 
drugs, despite negative consequences. Substance-induced 
disorders include intoxication, withdrawal, and substance-
induced mental disorders such as depression, anxiety or psy-
chosis.  

Methamphetamine (METH) is a highly addictive and pow-
erful central nervous system psychostimulant that induces a 
feeling of intense euphoria and well-being. Due to its strong 
pleasurable effects, METH is abused worldwide and METH use 
disorder (MUD) is a worldwide health problem. METH-
induced disorders include anxiety, depression, cognitive im-
pairments, insomnia and psychosis. In addition, chronic METH 
use is a risk factor for developing Parkinson’s disease.  

METH-induced depressive-anxious symptoms are usual-
ly treated with bupropion or a drive-increasing tricyclic anti-
depressant such as desipramine [1]. Sleep disturbances and 
agitation during METH withdrawal are treated with sedating 
antidepressants or low-potency sedating antipsychotic drugs. 
MUD patients with psychotic symptoms are medicated with  
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atypical antipsychotic drugs and, if needed and for a short  
time only, with benzodiazepines. MUD is currently treated 
using behavioral therapies. There is no FDA-approved medi-
cation for MUD. This review provides an overview of cur-
rent and emerging treatments for this disorder. 

1.2. History of Methamphetamine Use 

METH was synthesized from ephedrine by Japanese 
chemist Nagayoshi Nagai in 1893. In 1919, Japanese chemist 
Akira Ogata was the first to synthesize METH in a crystal-
lized form. METH was used early on as a medical treatment 
for narcolepsy, asthma, depression, and as a weight-loss drug 
[2, 3]. People soon discovered its euphoric, energizing side 
effects. During World War II, METH was used to keep 
troops awake, enhance endurance, and ward off fatigue on 
long campaigns [2, 4]. In the United States (US), many 
pharmaceutical companies manufactured METH to treat ex-
treme obesity in the 50s and 60s. Since the war, METH use 
increased dramatically, even after it was outlawed by the US 
in 1970, instigating the first METH epidemic (1940s through 
the 1960s). The second METH epidemic in the US occurred 
during the 1990s and early 2000s (https://rockinst.org). Most 
available METH was made near its users in small batches 
and small labs during this time. After the sales of ephedrine 
and pseudoephedrine were strictly limited in 2006 by the 
Combat Methamphetamine Epidemic Act of 2005 (CMEA), 
local production was cut substantially, and METH use plat-
eaued for a short while. Mexican Transnational Criminal 
Organizations (TCOs) have become the primary producer 
and supplier of low cost, high purity METH in the US, lead-
ing to an increase in METH use deaths from METH over-
dose. The US is on the verge of the third METH epidemic. In 
Australia and Southeast Asia, the third METH epidemic is 
already occurring [5]. The world's leading producer of crys-
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tal METH is the Golden Triangle (Southeast Asia), specifi-
cally Shan State, Myanmar.  

METH (N-methylated amphetamine) is currently a 
schedule-II controlled substance, which has two active optic 
isoforms, d-enantiomer and l-enantiomer [6]. Desoxyn, 
which is d-METH, is rarely medically prescribed due to its 
strong reinforcing properties. It can only be prescribed for 
attention deficit hyperactivity disorder (ADHD), extreme 
obesity, or narcolepsy. Therapeutic doses of Desoxyn are 20-
25 mg daily, taken every 12 hours, with dose not exceeding 
60 mg/day (reference.medscape.com/drugs). l-METH, a vas-
oconstrictor, is the active constituent of the Vicks Inhaler 
decongestant, an over-the-counter product containing about 
50 mg of the drug [7]. 

1.3. Prevalence of Methamphetamine Abuse 

According to the 2020 United Nations World Drug Re-
port, around 27 million people worldwide (corresponding to 
0.5% of the adult population) used amphetamines, including 
METH, amphetamine, and pharmaceutical stimulants, in the 
past year. Overall, there has been an approximately 40% 
increase in METH use in the United States between 2016 
and 2018 and a further increase between 2018 and 2019 [5]. 
In the US, 0.7% of the population aged 12 and older, or 1.9 
million people, reported the use of METH. METH use de-
clined among young adults (aged 18–25), but increased sig-
nificantly among adults aged 26 and older from 0.5% (or 1.1 
million people) in 2016 to 0.8% (or 1.7 million people) in 
2019 (Fig. 1A) [8]. A recent cross-sectional study among a 
million patients showed a 486.7% increase in METH posi-
tive urine from 2013 to 2019 in the US [9]. These data sug-
gest another impending METH epidemic.  

Not all people who abuse drugs develop substance use 
disorders. In 2019, about 50% of METH users suffered from 
MUD, including 19,000 adolescents and 125,000 young 
adults (Fig. 1A, B) [8]. Among people aged 12 to 25, the 
percentage with a past-year MUD remained relatively stable 
between 2015 and 2019. Among adults aged 26 or older, the 
percentage with a past-year MUD increased from 0.3% (or 
539,000 people) in 2016 to 0.4% (or 904,000 people) in 2019 
(Fig.1B) [8]. A recent study [10] reported that, since March 
2020, there has been a 23% increase in urine samples taken 
from various healthcare and clinical settings testing positive 
for METH nationwide, thus indicating an increase in METH 
abuse during the COVID19 pandemic. Similarly, Centers for 
Disease Control and Prevention reported a recent increase in 
METH-related overdose deaths during the pandemic [11]. 

METH use is linked to a range of serious health risks, in-
cluding overdose deaths. In the height of the opioid crisis in 
our country, deaths from METH overdose are rapidly rising 
[12, 13]. METH-related overdoses started rising markedly in 
2009, and they had increased 10-fold by 2019, to over 
16,500 [14]. In only 4 years (2013-2017), the rate of METH 
related overdose deaths more than doubled, and kept rising 
[12, 13]. Among those aged 26 years and above, deaths in-
volving METH quadrupled among non-Hispanic American 
Indians and Alaska Natives between 2011 and 2018 (from 
4.5 to 20.9 per 100,000 people) overall, with sharp increases 
for both men (from 5.6 to 26.4 per 100,000) and women 
(from 3.6 to 15.6 per 100,000) in that group (Fig. 1C, D) 

[15]. Regarding sex differences, during 2011-2018, age-
adjusted rates for METH-involved deaths increased from 1.8 
to 10.1 per 100,000 among men (average annual percentage 
change) and from 0.8 to 4.5 per 100,000 among women. This 
represents a more than 5-fold increase from 2011 to 2018. 
Within each sex, non-Hispanic American Indian and Alaska 
Native individuals had the highest rates, increasing from 5.6 
to 26.4 per 100,000 among men during 2011-2018 and from 
3.6 to 15.6 per 100,000 among women during 2012-2018. 
Non-Hispanic White individuals had the second highest 
rates, increasing from 2.2 to 12.6 per 100,000 among men 
and from 1.1 to 6.2 per 100,000 among women (Fig. 1C, D) 
[15].  

METH use has increased particularly among people with 
an existing opioid use disorder (OUD) [16]. People with 
OUD reported that they sought a synergistic high by combin-
ing the drugs or that they wanted to balance the effects of 
opioids with METH effects. Among treatment-seeking peo-
ple with OUD, reports of past-month METH use nearly dou-
bled from 18.8%–34.2% between 2011 and 2017 [16]. Syn-
thetic opioids (e.g., illicitly-manufactured fentanyl) have 
contributed to increases in stimulant-involved deaths [5]. 
Overall, METH is one of the leading causes of drug overdose 
deaths in the US. It accounted for 10.6% of deaths in 2016, 
49.8% of which involved concomitant use of another drug(s) 
with heroin (21.8%), fentanyl (11.1%), and cocaine (8.3%) 
being the top 3 concomitant drugs. It accounted for 15% of 
deaths in 2017 and 50% of those deaths also involved an 
opioid [17].  

1.4. Health Problems Associated with Methamphetamine 
Use Disorder 

METH overdose is not the only danger to health. METH 
is highly toxic and its use is associated with pulmonary and 
cardiovascular pathology, mood and mental problems such 
as depression, anxiety, insomnia, psychosis, and risk for de-
veloping Parkinson’s disease, as well as with cognitive im-
pairments and other health problems [19]. Its abuse frequent-
ly co-occurs with other substance use and mental disorders, 
which adds to the complexity of treating MUD. Furthermore, 
injecting METH using shared equipment can transmit infec-
tious diseases like HIV or hepatitis B and C. The use of 
METH by men who have sex with men has been found to be 
an important factor in the transmission of HIV in that popu-
lation [20]. Concomitant with the increase in METH use, the 
number of treatment admissions for amphetamine use disor-
ders increased by 45% between 2012–2016 [21]. According 
to the Drug Abuse Warning Network (DAWN), METH was 
the most common type of substance involved in substance 
use-related emergency room (ER) visits (~34%) in 2020 
(Fig. 1E) [18]. METH use-related ER visits varied according 
to age, sex and community type, being the highest in patients 
aged 26 to 45, males, and in urban areas, respectively. 
METH abuse morbidity and mortality risks are well estab-
lished and mostly associated with cardiovascular and central 
nervous system toxicity [19, 22].  

In general terms, people who abuse METH can be divid-
ed into light, moderate and heavy users of the drug. Thus, 
some people take METH a few times a month while some 
take the drug every day for extended periods of time, at 
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Fig. (1). Prevalence of methamphetamine (METH) use (A) and METH use disorder (B) between 2015 and 2019 in the US [8]. (C, D) In-

creases in deaths from METH overdose between 2011 and 2018 in the US divided by race and sex [15]. (E) As compared to other abused 

substances, METH was the most common type of drug involved in substance use-related ED visits in 2020 [18]. (A higher resolution/colour 
version of this figure is available in the electronic copy of the article). 
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doses ranging usually from light to moderate [23-25]. A sub-
group of individuals abusing METH binge on the drug. 
Binge use involves a rapid escalation of METH intake, fol-
lowed by a period of abstinence [25-27]. Humans can binge 
on METH from 3 to 14 days [27, 28] (over 4 days/week of 
use on average). The amount of METH consumed is ~1.5 
times greater with binge users than with chronic users of the 
drug.  

Heavy METH use has toxic effects on the brain, mainly 
on the nigrostriatal dopamine pathway, that are mediated by 
oxidative stress, inflammation and excitotoxicity [19]. Peo-
ple who abuse METH heavily suffer from a variety of neuro-
logical consequences of chronic abuse of the drug and have 
the hardest time quitting METH use [29-31]. Chronic METH 
users are at higher risk for developing Parkinson’s disease 
than non-users [32]. Conversely, Parkinson’s disease patients 
are more prone to addictions [33]. These findings implicate a 
compromised nigrostriatal pathway in individuals heavily 
dependent on METH. Animal studies showed that intermit-
tent and long access stimulant self-administration changes 
the brain in different ways to influence motivated behavior 
[34]. This data indicates that light, moderate, and heavy 
METH users represent subpopulations with different changes 
in the brain and likely need different pharmacotherapies. To 
date, there have been very few clinical trials involving peo-
ple who abuse METH heavily and only recent trials have 
shown promise for these individuals [35]. More clinical trials 
with people who abuse METH heavily and more studies in 
animal models of heavy METH use are warranted. 

2. ADDICTION CYCLE AND PATHWAYS 

Drug addiction is a chronically relapsing disorder charac-
terized by compulsion to seek and take the drug, loss of con-
trol in limiting intake, and emergence of a negative emotional 
state when the drug is not available [36]. The addiction  
cycle consists of three stages: ‘binge/intoxication', ‘withdraw-
al/ negative affect', and ‘preoccupation/anticipation' (craving) 
stage [36]. The preoccupation/anticipation stage of the addic-
tion cycle has long been hypothesized to be a key element of 
relapse in humans, and remains a focus for identifying the 
neurobiological mechanisms of relapse and the development 
of medications for treatment of substance use disorder. Conse-
quently, relapse is the biggest challenge to the efficient treat-
ment of MUD. METH relapse statistics indicate that ~61% of 
METH users will relapse within one year of completing treat-
ment for MUD and an additional 25% will relapse before 5 
years [37].  

The rewarding/reinforcing effects of drugs are mediated 
by the nucleus accumbens, whereas the dorsal striatum me-
diates inhibitory control, spatial learning, cognitive flexibil-
ity, stimulus-response learning, and habit [38]. Importantly, 
there is evidence for a shift in control over drug-seeking be-
havior from the nucleus accumbens to the dorsal striatum 
upon development of drug dependence (loss of control over 
drug taking) [39]. The mesolimbic dopamine pathway (from 
the ventral tegmental area to the nucleus accumbens) is criti-
cal for the acute rewarding effects of METH and other psy-
chostimulant drugs. The extended amygdala plays a central 
role during the withdrawal/negative affect stage. The preoc-
cupation/anticipation stage mobilizes multiple brain areas 

[36]. A major neurotransmitter involved in this stage is glu-
tamate. There are three types of instigating factors in relapse: 
cues, drugs, and stress. Although the neurocircuitries in-
volved in cue-, drug-, and stress-induced reinstatement of 
drug seeking contain several neurotransmitters and are dis-
tinct in a number of aspects, they converge on pathways in-
volving glutamatergic projection from the dorsomedial pre-
frontal cortex to the core of the nucleus accumbens [40]. In 
addition, the dopamine projection from the ventral tegmental 
area to the medial prefrontal cortex and the GABA projec-
tion from the nucleus accumbens to the ventral pallidum are 
involved in cue- and drug-induced relapse whereas stress-
induced relapse is also mediated by corticotropin-releasing 
factor and norepinephrine in amygdala [36]. Chronic drug 
abuse induces neuroadaptations within the nucleus accum-
bens and other addiction circuitry areas in experimental ani-
mals and humans and these neuroadaptations persist long 
into withdrawal and contribute to drug cravings and relapse 
[36, 41]. Fig. (2A) shows key neurotransmitter pathways, 
and brain areas they connect, involved in addiction and tar-
geted by medications tested for efficacy in MUD.  

3. PHARMACOLOGY OF METHAMPHETAMINE 

METH is an indirectly acting sympathomimetic amine 
that easily crosses the blood brain barrier and distributes 
throughout the brain [42]. It releases dopamine, serotonin, 
and noradrenaline from nerve terminals in the central and 
peripheral nervous system, thus increasing their neurotrans-
mission. METH increases monoaminergic neurotransmission 
via three primary mechanisms of action: releasing monoam-
ines to the cytosol from the storage vesicles, reversing mon-
oamine transporters, and attenuating monoamine metabolism 
via inhibition of monoamine oxidases [43-45]. Specifically, 
due to the chemical structure being similar to monoamines, 
METH is recognized as a substrate by dopamine, serotonin, 
and noradrenaline plasma membrane transporters in the brain 
and is transported into neurons and neuronal terminals [46-
49]. Once in the monoaminergic terminals, METH acts on 
the monoamine storage vesicles and depletes them of neuro-
transmitters by reversing vesicular monoamine transporter 2 
(VMAT2) function and collapsing the pH gradient across the 
vesicular membrane [50-52]. METH-mediated reversal of 
the monoamine transporters at the plasma membrane leads to 
massive release of monoamines into the synaptic cleft [46, 
47] (Fig. 2B). After release from terminals, monoamines 
bind to their receptors and then are metabolized or re-
uptaken to neuronal terminals. METH blocks, to some ex-
tent, presynaptic re-uptake of monoamines [53]. The net re-
sult of this METH action is overstimulation of the monoam-
inergic pathways in the central and peripheral nervous sys-
tem that can lead to severe dysfunction or even degeneration 
of dopaminergic and serotonergic terminals in several brain 
areas (well-documented in experimental animals), including 
the striatum, prefrontal cortex, and hippocampus [46, 47]. 
METH has minimal effect as an agonist at postsynaptic do-
pamine receptors and it activates them indirectly via released 
dopamine. In addition, acting via the striato-nigro-thalamo-
cortical loop, METH triggers an increase in glutamate in the 
striatum, which results in excitotoxicity at higher doses of 
the drug [54].  
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Fig. (2). (A) Major neurotransmitter pathways targeted by medications tested for efficacy in methamphetamine use disorder (MUD) and brain 

areas connected by these pathways. A key brain area mediating drug reward/reinforcement and drug cravings is the nucleus accumbens. This 

area receives dopaminergic innervations (red) from the ventral tegmental area. This area sends dopaminergic projections also to the prefrontal 

cortex, hippocampus and amygdala. The nucleus accumbens receives glutamatergic input (green) from the prefrontal cortex, hippocampus 

and amygdala. GABAergic (blue) interneurons within the ventral tegmental area regulate the activity of dopaminergic neurons projecting to 

the nucleus accumbens. (B) Methamphetamine (METH) action at the dopaminergic terminal. METH enters the dopaminergic terminal via the 

dopamine transporter (DAT) where it subsequently enters dopamine storage vesicles via vesicular monoamine transporter 2 (VMAT2) (black 

arrows). Dopamine is released from the storage vesicles to the cytoplasm and subsequently to the synaptic cleft via METH-induced reversal 

of the DAT and activates postsynaptic dopamine D1 and D2 receptors. (A higher resolution/colour version of this figure is available in the 
electronic copy of the article). 
 

The positive rewarding effects of METH are mediated 
mainly by increased dopaminergic neurotransmission, mak-
ing the dopamine system a favored target for pharmacother-
apy in MUD. Serotonin and noradrenaline modulate dopa-
minergic neurotransmission in the reward circuitry via stimu-
lation of serotonergic and adrenergic receptors in several 
brain areas [55, 56]. In addition to modulating dopaminergic 
neurotransmission, certain other properties make the seroto-
nin and noradrenaline system targets for pharmacotherapy 
for MUD. Serotonin stabilizes mood and regulates impul-
sivity as well as learning and memory [57] and thus has a 

role in the development and reinstatement of drug taking [56, 
58]. Noradrenaline serves multiple brain functions, including 
arousal, attention, mood, learning, memory, and the stress 
response and therefore, it is critically involved in mediating 
METH effects such as sensitization, drug discrimination, and 
reinstatement of drug seeking [55, 59].  

The rewarding effects of METH decrease in strength over 
time with chronic use of the drug due to the development of 
a variety of neuroadaptations [36]. Hypoactivity in the do-
paminergic system (decreased levels of dopamine and dopa-
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mine D2 receptor) and alterations in hypothalamic-pituitary-
adrenal axis functioning develops; irritability and dysphoria 
emerge in the absence of METH [60]. Regarding dopamine 
receptors’ roles in MUD, animal studies have shown that 
activation of dopamine D1 [61-63] and D2 [64-66] receptors 
mediate METH reward, METH self-administration and 
METH cravings in withdrawal, with D1 receptor being more 
strongly involved in these behaviors than D2 receptor. Hu-
man studies found an association between D2 receptor defi-
cit and METH seeking (e.g. [67, 68]); however, administra-
tion of D2 agonists in clinical trials did not produce the de-
sired effects. One of the reasons for the lack of dopamine-
based pharmacotherapies for MUD treatment is a decrease in 
dopamine D2 receptor levels in the nucleus accumbens and 
dorsal striatum in chronic METH users - which correlated 
with low efficacy of direct D2 receptor agonists and dopa-
mine uptake blockers in clinical trials [69-73].  

4. CURRENT TREATMENTS FOR METHAMPHET-
AMINE USE DISORDER 

4.1. Non-pharmacological Treatments for Methamphet-

amine Use Disorder 

For now, the best available treatments for MUD are be-
havioral therapies. They include contingency management 
(CM), cognitive-behavioral therapy (CBT), the Matrix Mod-
el, 12-step facilitation therapy, the mobile medical applica-
tion reSET

®
, and other behavioral interventions. Several sys-

tematic reviews provide detailed information on the design 
and the results from human studies on the efficacy of behav-
ioral therapies in MUD [74-77]. The treatments with the 
most supporting evidence of effectiveness in MUD are pre-
sented below. 

4.1.1. Contingency Management (CM) 

CM uses motivational incentives and tangible rewards to 
help a person dependent on METH to attain their treatment 
goals e.g., abstinence from METH. For example, CM partic-
ipants are provided monetary vouchers in exchange for con-
secutive urine samples documenting abstinence from METH. 
A person with METH-positive or missing urine sample is 
moved down the escalating schedule [78]. The studies that 
assessed CM efficacy in reducing METH abuse or depend-
ence showed positive outcomes when comparing MUD pa-
tients to control group participants or CM to other behavioral 
therapies [74, 76]. The benefits of CM intervention included 
reduced drug use, better treatment retention, reduction in 
psychiatric symptoms, higher utilization of other treatments 
and medical services, and reductions in risky sexual behav-
ior. Importantly, CM worked not only in research treatment 
settings but also in community programs for MUD [79, 80]. 
The studies employed CM varyingly using different rein-
forcement schedules (continuous reinforcement, intermittent 
predictable reinforcement, or intermittent, unpredictable re-
inforcement), different treatment durations (2-4 months), or 
in specific populations (e.g., men who have sex with men). 
Despite the differences in experimental design, of the 27 
studies on CM effectiveness in MUD, only one found that 
CM did not effectively reduce METH use [81]. Interestingly, 
evaluation of CM effectiveness in combination with another 
treatment (CBT e.g. [82, 83], nurse case management e.g. 
[84], pharmacotherapy [85], strengths-based case manage-

ment e.g. [86] or a positive affect intervention e.g. [87]) 
found no synergistic or additive effects. The sustainability of 
CM effects post-intervention has not been well-studied. 
Nevertheless, there is evidence for CM decreasing METH 
use months post-treatment [88]. 

Several factors appear to predict CM treatment outcome, 
including problem severity, race, HIV status, education, and 
income [76]. For example, CM therapy was the least effec-
tive for participants who reported a long history of drug use 
[89] or more METH use during baseline [86], and it was the 
most effective in Caucasian participants [88, 89]. 

4.1.2. Cognitive-behavioral Therapy (CBT) 

From the cognitive�behavioral perspective, substance use 
is considered the result of coping deficits and maladaptive 
thinking. CBT for a substance�use disorder assumes that drug 
use is a learned behavior and it emphasizes individual com-
mitment for recovery in order to learn new adaptive behav-
iors and ways of thinking [90]. Individuals in CBT learn to 
identify and correct addictive behaviors by applying a range 
of different skills that can be used to stop METH abuse and 
to address a range of co-occurring problems. CBT addresses 
relapse by modifying attitudes and personal core beliefs that 
might support cravings; it teaches to explore the positive and 
negative consequences of continued drug use, to recognize 
cravings early and identify situations in which the patients 
are vulnerable to using METH, and to develop coping skills 
to control cravings and avoid these high-risk situations. CBT 
for substance use disorders can be used in many formats, 
including individual therapy, group therapy and, more re-
cently, computer�based therapy that are usually delivered 
during weekly 60-min sessions lasting 12-20 weeks or as a 
brief CBT (4-8 sessions) [90, 91]. 

Application of CBT in lesbian, gay, bisexual, transgender 
and intersex (LGBTI) communitie consistently showed posi-
tive results. Thus, CBT either alone or combined with CM 
reduced METH use, cravings or relapse during treatment in 
this population [74, 92]. Similarly, CBT diminished relapse 
and/or cravings in other individuals with METH use disorder 
e.g. [91, 93-95]. Of note, although CM and CBT both 
demonstrated positive outcomes individually, no clear syner-
gism was observed when CM was combined together with 
CBT [96]; however, when compared, the CM outperformed 
the CBT, e.g. [82]. 

4.1.3. The Matrix Model Therapy 

The Matrix model therapy is a treatment approach that 
brings together many different components of addiction 
treatment, including relapse prevention, family therapy, 
group therapy, addiction education, and peer support groups, 
usually administered over the course of a 16-week period 
[97]. The model incorporates CBT, CM, 12-steps, and moti-
vational interviewing therapy. The program is highly struc-
tured and is largely made up of group therapy sessions. The 
Matrix Model therapy provides a framework for engaging 
people who abuse METH in treatment and helping them 
achieve abstinence. Patients learn about issues critical to the 
addiction, relapse, and recovery process. They receive advice 
from a trained therapist on how to avoid relapse and how to 
socialize in a drug-free environment. They are familiarized 
with self-help programs. As part of the Matrix Model thera-
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py, families are encouraged to actively participate in the re-
covery of their loved one. The Matrix model therapy has 
been effective in reducing METH use and craving during 
treatment and has shown somewhat better retention and ab-
stinence rates than other behavioral interventions [74]. Spe-
cifically, when investigated as an independent intervention, 
the Matrix model therapy reduced METH use and improved 
craving management and control [98]. When combined with 
drug court supervision, the therapy improved retention and 
abstinence rates in individuals with MUD [99]. Two studies 
that compared Matrix model with treatment-as-usual report-
ed a reduction in METH use, risky behaviors and more days 
of abstinence for 18 months [100, 101].  

4.1.4. Twelve-step Facilitation Therapy 

Twelve-step facilitation therapy consists of a structured 
and brief intervention to facilitate early recovery from alco-
hol and drug misuse [102]. It is based on cognitive, behav-
ioral and spiritual principles. The 12-step facilitation therapy 
actively engages people who abuse addictive substances in 
help groups, so they achieve abstinence from them. Three 
key ideas are (1) acceptance of one’s addiction, (2) surrender 
to/acceptance of fellowship and support structure, and (3) 
active involvement in 12-step meetings and related activities. 
This therapy has been proven effective in alcohol and co-
caine use disorder, but there is surprisingly little literature 
data on its effectiveness in MUD [103-105], despite the fact 
that programs treating people with MUD usually either re-
quire or recommend participation in 12�step self�help meet-
ings [106]. Matrix model therapy incorporates the 12-step 
program as one component of treatment for MUD and was 
shown to effectively reduce METH use and improved crav-
ing management [98]. 

4.1.5. reSET Mobile Application 

The FDA-approved reSET mobile application, produced 
by Pear Therapeutics, contains a patient application and cli-
nician dashboard and is designed to deliver CBT to people 
with MUD and other substance use disorders (with the ex-
ception of opioid use disorder). It teaches its users skills that 
help to achieve abstinence from substance abuse and to in-
crease retention to outpatient programs. This application is 
aimed to be used in conjunction with outpatient therapy and 
was shown to be effective in reducing METH use and crav-
ing during treatment [74].  

4.1.6. Repetitive Transcranial Magnetic Stimulation (rTMS) 
and Transcranial Direct Current Stimulations (tDCS) 

The rTMS is a non-invasive FDA-approved medical pro-
cedure for the treatment of depression in adults. This tech-
nique relies on the generation of brief magnetic fields using 
an insulated coil that is placed over the scalp. The tDCS uses 
a homogenous direct current field delivered at intensities of 
around 1 mA via two electrodes placed on the scalp. The 
rTMS acts as a neuro-stimulator and tDCS as a neuro-
modulator. The development and maintenance of drug addic-
tion is associated with decreased activity of prefrontal re-
gions, especially the dorsolateral prefrontal cortex (DLPFC) 
that regulates higher cognitive functions, such as switching 
attention, working memory, maintaining abstract rules, and 
inhibiting inappropriate responses (impulse control) [107]. 
For that reason, the target area for stimulation in rTMS and 

tDCS studies has been the DLPFC. To date, five randomized 
clinical studies compared rTMS with sham stimulation or 
with treatment-as-usual or compared MUD patients with 
healthy controls and showed a significant reduction in 
METH craving, executive functions, withdrawal symptoms 
and/or mood status [108-112]. The rTMS effects could last 
for 1 month post-intervention [110]. In four of these studies, 
male or female MUD patients were subjected to 5-20 tDCS 
sessions of high-frequency (10 Hz) repetitive rTMS over the 
left DLPFC (except [111] where low-frequency rTMS was 
used). Zhao and colleagues compared intermittent with con-
tinuous burst stimulation (50 Hz) over the left or right 
DLPFC and reported that decreased craving in male MUD 
patients was driven by intermittent stimulation of the left 
DLPFC and continuous stimulation of the right DLPFC, but 
not by continuous stimulation of the left DLPFC [112].  

Similar to rTMS, tDCS significantly reduced METH crav-
ing and increased executive functions compared to controls 
[113-115], lasting throughout the treatment and at least up to 
1-month post-treatment [114], despite differences in experi-
mental conditions. The differences included the number of 
sessions and subjects, sex of the subjects, stimulated side of 
the DLPFC (right anodal/left cathodal or vice versa), strength 
of the current, and type of controls (sham stimulation, treat-
ment-as-usual or computerized cognitive addiction therapy).  

4.1.7. Emerging Non-pharmacological Treatments for 
Methamphetamine Use Disorder 

Continued efforts to find MUD therapy have produced 
several interesting findings. Recently, exercise and music 
therapy were shown to help maintain METH cravings [74, 
116].  

4.1.8. Summary 

The primary interventions with evidence of efficacy in re-
ducing METH use are behavioral therapies. The CM method 
has been most widely studied in subjects with MUD and overall 
demonstrated better outcomes than other behavioral therapies. 
Despite its effectiveness as a therapy for MUD, CM is not wide-
ly used, stemming in part from a policy limiting the monetary 
value of incentives allowable as part of treatment. Utilization of 
other behavioral treatments is also limited because they require 
substantial investments in care delivery systems. In addition to 
not being widely available [117], a limitation of behavioral ther-
apies is the finding that they have moderate and variable effica-
cy in terms of abstinence and retention and still result in limited 
long-term recovery and subsequently relapse. This data under-
scores the need for additional efficacious therapies, such as 
pharmacotherapies, to help relieve withdrawal symptoms and 
support motivation for METH-dependent individuals to stay 
abstinent. Scientific evidence supports CM as the choice of non-
pharmacological treatment followed by CBT and then 
rTMS/tDCS.  

4.2. Pharmacological Treatments for Methamphetamine 
Use Disorder 

4.2.1. Ineffective Pharmacotherapies for Methampheta-
mine Use Disorder 

A few recent reviews of medications tested for MUD be-
tween 2000 and 2020 have provided exhaustive information 
on different classes of medications that have been examined 
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and the results of their clinical trials [117-120]. Pharma-
cotherapies evaluated for MUD aimed to decrease the rein-
forcing/rewarding effects of METH, decrease cravings and 
negative effects of withdrawal from METH, or ameliorate 
comorbid psychiatric conditions and METH abuse-related 
cognitive impairments. No medication provided sufficient 
evidence to promote its use in the routine clinical manage-
ment of MUD. Table 1 provides an alphabetical list of medi-
cations tested in randomized placebo-controlled clinical tri-
als for MUD based on the reviews and ClinicalTrials.gov 
website. 

The dopaminergic system has been a favored target for 
MUD pharmacotherapy, and several medications that target 
dopamine transporter or dopamine D2 receptor have been 
tested in clinical trials. Agonists for dopamine receptors 
mimic the action of monoamines to provide modest levels of 
METH reward/reinforcement. One of the reasons for the lack 
of efficacy of dopaminergic medications in MUD is a de-
crease in dopamine D2 receptor levels in the striatal sub-
regions in people chronically abusing METH [69-73]. 

Agonists for receptors for other monoamines (noradrena-
line, serotonin) have been tested in clinical trials as potential 
medications for MUD because they increase dopamine re-
lease in the nucleus accumbens and because they decrease 
negative affective symptoms. Monoamine transporter ligands 
have been tested for their inhibition of monoamine uptake. 
Both types of medications, agonists and uptake blockers, 
increase monoaminergic neurotransmission. Some medica-
tions tested in clinical trials had dual actions, e.g., as mono-
amine stimulators and antidepressants. They included medi-
cations targeting opioid, γ-aminobutyric acid (GABA) or the 
cholinergic system. As aforementioned, the glutamatergic 
system plays a key role in MUD; consequently, several glu-
tamatergic ligands have been evaluated for their efficacy to 
treat MUD as well.  

To our knowledge, only one clinical trial has addressed 
the treatment of MUD with comorbid opioid use disorder 
(OUD) [121].  

4.2.2. Emerging Pharmacotherapy for Methamphetamine 
Use Disorder 

A recent study by Trivedi and colleagues found that a 
combination of oral bupropion and injectable naltrexone was 
effective in treating adults with moderate or severe MUD in 
a double-blind, placebo-controlled Phase III clinical trial 
[35]. The combination was safe and successfully reduced 
METH use and cravings in a large sample of people with 
MUD, as compared to placebo. Bupropion is a commonly 
prescribed medication for depression and nicotine cessation, 
whereas naltrexone is an opioid antagonist widely prescribed 
for treating opioid and alcohol use disorders. The findings 
suggest that this combination therapy may treat METH de-
pendence in people who heavily abuse the drug, particularly 
if employed in combination with current behavioral treat-
ments, such as CM or CBT. Regarding the mechanism of 
action in the combination of these two medications, bupropi-
on may alleviate dysphoria associated with METH with-
drawal by acting on the dopamine and norepinephrine sys-
tems. Alleviating dysphoria may, in turn, reduce cravings 
and help prevent METH relapse. Naltrexone may reduce the 

rewarding effects and cravings associated with taking METH 
via blocking opioid receptors [122, 123]. Interestingly, bu-
propion or naltrexone administered alone showed limited, 
inconsistent efficacy combating MUD in previous clinical 
trials.  

4.2.3. Summary 

Despite multiple research studies and clinical trials per-
formed, there is no FDA-approved pharmacotherapy for 
MUD. Clinical trials testing other potential medications for 
MUD have largely been negative or did not show clear effec-
tiveness (modest at best) or a clear profile of being safe. The 
medications that have shown the most promise as pharma-
cotherapies for MUD are bupropion and naltrexone adminis-
tered together. 

4.3. Potential Future Treatments for Methamphetamine 
Use Disorder 

4.3.1 Methamphetamine Immunotherapy 

Apart from medications, another novel approach being 
tested for MUD treatment is the administration of METH 
antibodies (passive immunotherapy) or compounds that turn 
the body’s own immune system against METH (active im-
munotherapy). Passive METH immunotherapy involves vac-
cination with a pre-produced high affinity monoclonal anti-
body designed to bind to METH in a bloodstream following 
METH administration. Active METH immunotherapy in-
volves vaccination with an immunogenic METH-containing 
conjugate which is able to stimulating specific antibodies 
capable of sequestering METH in the periphery [124]. Re-
duction of METH entering the brain diminishes its reinforc-
ing effects, thus reducing METH use and relapse [125].  

METH and other drugs of abuse themselves are far too 
small to be immunogenic; therefore, the first step in active 
METH immunotherapies is creating a hapten molecule, a 
chemical derivative of METH, and linking it to immunogen-
ic carrier protein [124]. Subsequently, the conjugate is puri-
fied to remove free haptens and mixed with appropriate ad-
juvants, which help boost the innate immune response. Pro-
duction of monoclonal METH antibodies involves immun-
ization of mice with immunogenic METH hepten-protein 
carrier complex, isolation of polyclonal METH antibodies, 
and complex genetic engineering processes [126]. In both 
approaches, METH entry into the brain is reduced because 
immunoglobulins are too large to cross the blood-brain bar-
rier. To date, one monoclonal METH antibody (ch-mAb7F9) 
capable of effectively holding METH in the bloodstream and 
disabling its entry into the brain has been produced and test-
ed its safety and tolerability [127, 128]. The antibody is cur-
rently tested in Phase 2 trials [129] (ClinicalTrials.gov). No 
active METH vaccine has reached clinical trials (ClinicalTri-
als.gov) despite promising early results in preclinical stages 
[124].  

A major challenge in approving active vaccines for medi-
cal use is the fact that only a portion of subjects produce high 
enough titers for the vaccine to be effective. Passive immu-
notherapy provides better control over antibody dose 
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Table 1.  Alphabetical list of medications tested in randomized placebo-controlled clinical trials for methamphetamine-use disorder 

(reviewed in [117-120] and ClinicalTrials.gov). 

Drug Name Drug Actions 

aripiprazole partial dopamine D2 receptor agonist 

baclofen GABAB receptors agonist, muscle relaxant 

bupropion dopamine and norepinephrine transporter blocker 

buspirone 5-HT1 receptor agonist 

citicoline increases norepinephrine and dopamine levels, increases brain metabolism 

creatine participates in regenerating ATP 

dextro-amphetamine sympathomimetic; increases dopamine, serotonin and norepinephrine levels 

dextro-methamphetamine sympathomimetic; increases dopamine, serotonin and norepinephrine levels 

gabapentin exerts GABA-like action via Ca2+ channels 

ibudilast PDE4 inhibitor and TLR4 antagonist, anti-inflammatory drug 

methylphenidate dopamine and norepinephrine transporter blocker 

mirtazapine blocker of adrenergic α2 and serotonergic 5-HT2 and 5-HT3 receptors, antidepressant 

modafinil 
weak dopamine reuptake inhibitor and releaser of orexin neuropeptides and histamine, heightening 

arousal 

N-acetyl cysteine increases glutamate levels 

N-acetyl cysteine/naltrexone increases glutamate levels, anti-oxidant/opioid receptor blocker 

naltrexone blocker of opioid receptors 

naltrexone + bupropion  opioid receptor blocker/dopamine and noradrenaline transporter blocker 

ondansetron 5-HT3 receptor antagonist 

perindopril angiotensin receptor blocker 

pexacerfont corticotropin-releasing factor 1 antagonist, anti-anxiety drug and antidepressant  

prazosin inverse agonist at α1 adrenergic receptor 

PROMETA 
flumazenil/gabapentin/hydroxyzine, targeting histamine, 

acetylcholine and GABA function 

sertraline serotonin reuptake inhibitor 

risperidone acts on dopamine, serotonin and noradrenaline receptors 

risperidone/aripiprazole act on dopamine, serotonin and noradrenaline receptors 

risperidone/paliperidone act on dopamine, serotonin and noradrenaline receptors 

rivastigmine cholinesterase inhibitor (increases acetylcholine levels) 

topiramate GABAA receptor agonist, AMPA receptor antagonist 

varenicline α7 receptor agonist, partial agonist for other nicotinic receptors 

vigabatrin GABAA transferase inhibitor (increases GABA levels) 

vortioxetine (with MBRP) 
serotonin transporter blocker, 5-HT3 and 5-HT7 receptor antagonist, 5-HT1B partial agonist, and 5-

HT1A agonist 

Abbreviations: GABA, γ-aminobutyric acid; 5-HT, serotonin; MBRP, mindfulness-based relapse prevention; PDE4, phosphodiesterase 4; TLR4, toll-like receptor 4. 
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and, consequently, serum antibody concentration. However, 
monoclonal antibodies are hampered by a shorter half-life 
and a higher cost of production than vaccines. Immunothera-
py, both passive and active in the forms of monoclonal anti-
bodies and conjugate vaccines, is a promising pharmacologic 
strategy for combating MUD  

4.3.2. Currently Tested Medications for Methamphetamine 
Use Disorder 

Several new medications that bear promise as treatments 
for MUD are currently in different stages of clinical trials or 
open. Among those are oxytocin, doxazocin, lobeline, disul-
firam, acamprosate, atomoxetine, and entacapone (www. 
ClinicalTrials.gov). 

SUMMARY AND CONCLUSION 

Various non-pharmacological approaches have effective-
ly reduced METH use in study participants, with CM pro-
ducing the strongest effect. For now, psychotherapy is con-
sidered the first line of treatment for MUD even though it 
cannot serve as a standalone treatment of MUD due to poor 
compliance and high relapse rates once participants are out 
of a program. Apart from psychotherapy, other non-
pharmacological interventions such as rTMS/tDCS or im-
munotherapies targeting MUD have been studied over recent 
years and show promise. Active immunotherapy provides 
specificity, safety, and long-lasting effects whereas passive 
immunotherapy allows high serum antibody concentration 
and is suitable for occasions when an immediate effect is 
required (e.g. METH overdose). Combination of passive and 
active immunotherapy could produce a better effect than 
each one alone. MUD immunotherapies would have fewer 
off-target effects that are prevalent in pharmacotherapies 
because the blood-brain barrier is not permeable to immuno-
globulins. Furthermore, vaccines may increase patient com-
pliance since treatment would consist of a few injections 
over a long period of time. Combination of psychotherapy 
with active immunotherapy is likely to decrease METH in-
take as well as relapse once anti-METH vaccine is devel-
oped. 

Despite numerous clinical trials conducted to date, there 
is no consistently effective FDA-approved pharmacothera-
py for MUD. Clinical trials testing potential medications 
for MUD have largely been negative, or did not show clear 
effectiveness or profile of safety. The medications tested in 
clinical trials have shown low efficacy in people who use 
METH moderately and no effect in those who use METH 
heavily [130-132], with the exception of a very recent 
study of Trivedi and colleagues who showed the effective-
ness of bupropion/naltrexone combination in treating adults 
with moderate or severe MUD [35]. This is likely because 
heavy METH use is more damaging to the brain and body 
than light use of the drug and, therefore, light and heavy 
METH users respond differently to pharmacotherapies. 
New therapeutic approaches are needed, particularly for 
people who use METH heavily, as they suffer the most 
from METH abuse-related neuropsychological problems 
[29-31], are less likely to seek treatment than those using 
the drug moderately [133], and are at high risk of dying 
from METH overdose.  

The reasons for lack of efficacy of clinically tested medi-
cations include heterogeneity of METH-abusing population 
and comorbidity between METH and other psychiatric dis-
orders [19]. Future efforts to combat MUD should include 
more research on specific sub-populations within people who 
suffer from MUD, that is, research that would consider gen-
der, race, demographics, existing diseases/disorders, pattern 
of METH use, and other factors that contribute to the hetero-
geneity of the MUD-affected population. Furthermore, more 
clinical research is needed on the co-use of METH and opi-
oids as well as how their combination affects overdose risk. 
Moreover, to increase the efficacy of pharmaceuticals, par-
ticularly dopaminergic, future studies should develop a way 
to increase the levels of dopamine D2 receptor, which are 
decreased in individuals chronically abusing METH [69-73]. 
METH relapse remains the biggest problem in MUD and 
warrants more pre-clinical and clinical studies. 

Early intervention in METH abuse by lowering METH 
intake is essential not only for preventing METH overdose, 
but also for subsequent interventions, as greater treatment 
participation is achieved when METH use is low [133]. Con-
sequently, behavioral therapies should remain the first line of 
treatment for MUD. In the future, a combination of cognitive 
therapy(ies) with medication(s), followed by an anti-METH 
vaccine to maintain low METH intake long-term, will likely 
work the best against MUD. 
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