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Abstract
Methamphetamine (METH) is the primary drug within amphetamine-type stimulants 
which are the second most abused group of drugs worldwide. There is no pharmaco-
logical treatment addressed specifically to METH addiction, and behavioral therapy is 
shadowed by poor long-term recovery and relapse. Therefore, novel approaches to 
manage METH addiction are an urgent need. This review aims to describe the current 
state of physical exercise use on methamphetamine addiction management. The fol-
lowing searching terms in PubMed were used: (“physical exercise” OR “exercise”) AND 
“methamphetamine.” Relevant references from key publications and gray literature 
were also reviewed to identify additional citations for inclusion. Original investigation 
regarding physical exercise and methamphetamine addiction (clinical data) or neuro-
biological mechanisms of physical exercise in animal models of methamphetamine ad-
ministration (preclinical data) was included. Overall, METH users demonstrated 
improvements, including better fitness and emotional measures, lower relapse rates, 
and sustained abstinence when compared to nonexercised individuals. The neurobio-
logical mechanisms of physical exercise in METH users seem to reflect an interplay of 
several agents, including neurochemicals, oxidative stress, neurogenesis, gliogenesis, 
and blood-brain barrier as disclosed by preclinical data. Exercise-based interventions 
alone or as a conjoint therapy may be a useful tool for managing METH addiction.
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1  | INTRODUCTION

The most recent report from United Nations Office on Drugs and 
Crime indicates that amphetamine-type stimulants (ATS) are the sec-
ond most abused group of drugs worldwide.1 After 3 years of relative 
stability, ATS seizures reached a new peak of more than 170 tons in 
2014.1 For the past few years, methamphetamine (METH) seizures 
have accounted for the largest share of global ATS seizures annually 
(Figure 1), but, although METH is a feature of ATS markets world-
wide, it is particularly dominant in East and South-East Asia and North 

America.1 It is estimated that 29 million people suffer from drug use 
disorders, but only 1 in 6 is in treatment.1 Importantly, the number of 
people requiring treatment for ATS use is increasing.1 METH use, in 
particular, accounts for a large share of people receiving drug treat-
ment in large parts of East and South-East Asia.1 METH users seeking 
treatment is also increasing in certain parts of the United States, as 
well as deaths related to METH misuse2-4 (Figure 2). Therefore, METH 
use is a serious worldwide public health problem with major psychi-
atric and medical consequences, including psychosis, dependence, 
overdose/death, cognitive, socioeconomic, and legal consequences.3 
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However, no medication has been approved by the regulatory author-
ities for the treatment of METH addiction. Finding effective treatment 
for this clinical problem is certainly an urgent unmet need. The aim 
of this review was to summarize the evidence of the employment of 
physical exercise in METH addiction management.

2  | METHODOLOGY

2.1 | Search, information source, and selection 
studies

A search in the online database PubMed was carried out updated until 
April 5, 2017, using the following search terms (“methamphetamine”) 
AND ((“physical exercise”) OR (“exercise”)). A total of 101 full-text 
articles were obtained on which inclusion and exclusion criteria were 
applied. Publications were included if (i) controlled clinical studies 
evaluating exercise as a therapeutic intervention for METH addiction 
were reported or if (ii) preclinical studies using METH-administration 

models subjected to physical exercise were reported and if (iii) papers 
were written in English. Publications were excluded if (i) the study 
design was a review or (ii) METH was used only once or (iii) physi-
cal activity was used as a readout of METH neurotoxicity. Twenty 
studies were included after applying the inclusion and exclusion cri-
teria. Gray literature retrieved from U.S. Department of Justice Drug 
Enforcement Administration and from United Nations was also con-
sidered. Finally, relevant references from key publications obtained 
from the PubMed search were also included.

3  | METH CLINICAL FEATURES

3.1 | METH pharmacokinetics

METH can be smoked, injected, ingested, dissolved sublingually, 
or solubilized and when consumed as a liquid, inserted rectally or 
into the urethra.3 Smoking (inhaling the fumes after heating the 
hydrochloride form) is the most common route of administration 
and has the highest bioavailability following injection (dissolving the 
hydrochloride form in water prior to injection).5-7 When smoked or 
injected intravenously, METH rapidly reaches the cerebral circula-
tion (6-15 seconds), and a rapid onset of euphoria ensues, which 
typically lasts for several minutes.8 Therefore, these two routes 
carry higher potential for acute toxicity, addiction and overdose.8 
Moreover, the risk of infectious diseases, such as human immuno-
deficiency virus (HIV) and viral hepatitis, through unsafe injecting 
practices, is noteworthy.9 In opposition, when “snorted” or ingested 
in powder form, METH takes approximately 5 and 20 minutes, re-
spectively, to reach a peak of euphoric state.10 However, this effect 
can last from 8 to 12 hours.

The metabolism of METH occurs largely in the liver via phase 
I reactions catalyzed by cytochrome CYP2D6, which produces 
amphetamine, 4-hydroxymethamphetamine and norephed-
rine, among other metabolites unlikely to influence the clinical 
spectrum.11 Approximately 70% of the drug is then excreted by 
the kidneys, mainly as nonmetabolized METH (30%-50%), fol-
lowed by up to 15% as 4-hydroxymethamphetamine and 10% as  
amphetamine.7,12

F IGURE  1 Global seizures of ATS 
including methamphetamine, amphetamine, 
and “ecstasy” in 2014. This figure was 
adapted from United Nations Office on 
Drugs and Crime (UNODC), 2016—World 
Drug Report 2016

F IGURE  2 Drugs involved in U.S. overdose deaths, 2000-2016. 
Figure adapted from https://www.drugabuse.gov/related-topics/
trends-statistics/overdose-death-rates

https://www.drugabuse.gov/related-topics/trends-statistics/overdose-death-rates
https://www.drugabuse.gov/related-topics/trends-statistics/overdose-death-rates
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3.2 | METH toxicodynamics

METH is a cationic lipophilic molecule, being the most potent ATS 
drug.13 METH primarily causes the release of the monoamines 
dopamine (DA), serotonin (5-HT), and norepinephrine (NA). NA is 
released most efficiently, followed by DA and then 5-HT.14,15 A 
wealth of studies has focused on METH impact on DA release, due 
to this monoamine’s crucial role in reward and reinforcement pro-
cesses.11,16 This psychostimulant triggers an aberrant release of DA 
from the presynaptic terminal into the synaptic cleft as the outcome 
of the complex interplay of the primary mechanisms of action of 
METH: the redistribution of DA from synaptic vesicles to the cy-
tosol through the inhibition of vesicular monoamine transporter-
2 (VMAT-2) and the reverse transport of DA via DA transporter 
(DAT).11,14 METH also competitively inhibits DA uptake and mono-
amine oxidase.14,17

When taken at low-to-moderate doses (5-30 mg), METH induces 
short-term symptoms that are related with a sympathetic response by 
the autonomous nervous system (tachycardia, tachypnea, hyperten-
sion, pupil dilation, hyperthermia, reduced fatigue) and include a state 
of euphoria and social ease of relating with other people, increased 
attention, behavioral disinhibition, reduced appetite, and sense of 
increased energy, sex drive, and self-confidence.3,8 Repeated METH 
abuse results in central nervous system (CNS) disturbances that can 
range from insomnia, aggression, and mood/anxiety symptoms to se-
vere neuropsychiatric changes.18 Chronic METH users generally pres-
ent a decline in cognition associated with impaired episodic memory, 
executive functions, complex information processing speed, and psy-
chomotor functions19 that can persist during early20 and prolonged 
abstinence.21 METH users may also present psychosis, comparable to 
acute episodes of schizophrenia, in which users report delusions, hal-
lucinations, and odd speech.3,8

There has been much effort put in elucidating the structural, neu-
rochemical, and metabolic substrate for this well-characterized METH 
neurotoxicity. Functional neuroimaging studies have documented sev-
eral alterations in brain activation patterns induced by METH.22 For 
example, METH users who showed impaired attention and impaired 
cognitive control exhibited abnormalities in cingulate gyrus and in-
sula. Additionally, high-resolution MRI and surface-based computa-
tional image analyses generated cortical maps that revealed severe 
gray matter deficits in the cingulate, limbic, and paralimbic cortices of 
MA abusers, smaller hippocampal volumes than control subjects, and 
significant white matter hypertrophy.23 Tobias et al24 further showed 
METH abuse produces microstructural abnormalities in white matter 
underlying and interconnecting prefrontal cortices and hippocampal 
formation. Furthermore, decreased frontal activation associated with 
impaired decision making and cognitive control was also disclosed in 
METH users.22,25 Maladaptive decision making by METH users may 
reflect circuit-level dysfunction, underlying deficits in task-based ac-
tivation: Increased resting-state connectivity within the mesocortico-
limbic system coupled with reduced prefrontal cortical connectivity 
may create a bias toward reward-driven behavior over cognitive con-
trol in methamphetamine users.26

Additionally, METH abusers have abnormalities in brain regions 
implicated in mood disorders. In fact, self-reports of depressive symp-
toms covaried positively with relative glucose metabolism in limbic 
regions (eg, perigenual anterior cingulate gyrus and amygdala) and 
ratings of state and trait anxiety covaried negatively with relative ac-
tivity in the anterior cingulate cortex, orbitofrontal cortex, and left 
insula, and positively with amygdala activity.27 Functional magnetic 
resonance imaging (fMRI) studies disclosed cortical abnormalities 
that could underlie the socially inappropriate behaviors including vio-
lence and aggression often shown by individuals who abuse METH.28 
London et al29 reviewed clinical studies indicating chronic metham-
phetamine users often display several signs of corticostriatal dysfunc-
tion, including abnormal gray and white matter integrity, monoamine 
neurotransmitter system deficiencies, neuroinflammation, poor neuro-
nal integrity, and aberrant patterns of brain connectivity and function, 
both when engaged in cognitive tasks and at rest.

Regarding neurochemical data, clinical studies indicated the pres-
ence of a marked monoaminergic dysfunction as reflected by a down-
regulation of VMAT-2, 5-HT transporter (SERT), DA D2 receptor and 
DAT in the striatum (nucleus accumbens, caudate and putamen),21,30,31 
and orbitofrontal and dorsolateral prefrontal cortex32 of METH abus-
ers. It was shown that low striatal D(2)/D(3) receptor availability may 
mediate impulsive temperament and thereby influence addiction in 
METH-dependent subjects.33 Moreover, this low striatal DA receptor 
availability was linked to caloric intake during abstinence from chronic 
methamphetamine abuse.34 Postmortem studies also provided evi-
dence of low levels of DA, tyrosine hydroxylase (TH), and DAT in the 
striatum35-37 and SERT in orbitofrontal and occipital cortices.38

Oxidative stress is another culprit of METH-induced neurotoxicity. 
In fact, studies in humans demonstrated that prolonged use of METH 
exerted oxidative stress and enhanced lipid peroxidation, as METH 
abusers had significantly higher levels of plasmatic malondialdehyde 
(MDA, a lipid peroxidation product), when compared to healthy con-
trols.39 Moreover, METH abusers have persistently higher systemic 
oxidative stress throughout early abstinence as levered by higher plas-
matic levels of MDA, which were accompanied by lower activity of 
superoxide dismutase (SOD), and higher activity of catalase and levels 
of glutathione relatively to healthy controls.

New and emergent aspects of METH toxicity involve blood-brain 
barrier (BBB), neurogenesis, and gliogenesis dysfunction. The majority 
of evidence regarding BBB disruption is provided by preclinical stud-
ies.40-43 There is scarce human literature corroborating these preclinical 
evidences. For example, Ago et al44 reported that a man, who intrave-
nously injected METH, showed brain edema. Additionally, preclinical 
data suggest that METH can also affect neurogenesis and gliogenesis. 
For example, Mandyam et al45 showed that self-administration with 
daily short or extended access to METH (which mimics a human rec-
reational use) generated a dependence-like syndrome and decreased 
gliogenesis in medial prefrontal cortex from rats. Mice that were sub-
jected to METH administration for 5 days with an escalating dose reg-
imen showed a reduction in the number of differentiating neural cells 
in the hippocampal dentate gyrus (DG).46 In rats self-administering 
METH for 28 days, the number of proliferating neural progenitor cells 
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in the hippocampal DGs was significantly increased by METH expo-
sure for 1 hour twice weekly, not changed by daily self-administration 
for 1 hour, and significantly decreased by daily exposure for 6 hours.47 
Importantly, a robust rebound in neurogenesis was associated with 
enhanced propensity for reinstatement during METH abstinence in 
METH self-administered rats.47 Moreover, forced abstinence from 
higher preferred levels of METH intake enhanced neurogenesis and 
neuronal activation of granule cell neurons (GCNs) in the DG and pro-
duced compulsive-like drug reinstatement in rats.48 Furthermore, sys-
temic treatment with the drug isoxazole-9 (a synthetic small molecule 
known to modulate neurogenesis in the adult rodent brain) during ab-
stinence blocked compulsive-like context-driven methamphetamine 
reinstatement.48 These results suggest that adult neurogenesis during 
abstinence play a role in compulsive-like METH reinstatement.

METH use produces also serious complications in multiple organs, 
beyond the brain.49,50 In fact, hyperthermia, hypertension, cardiac ar-
rhythmia, seizures, cerebral hemorrhage, ischemic infarct, renal fail-
ure, liver damage, rhabdomyolysis, and wakefulness to the point of 
collapse and temporary blindness, coma, or death may ensue when 
METH overdose is in place.51-55

Similarly to other drugs of abuse, sudden cessation of METH con-
sumption causes a withdrawal syndrome presenting as anhedonia, 
irritable or aggressive mood, anxiety, craving, sleep disturbance, di-
minished cognitive functions, and musculoskeletal pain, among other 
signs and symptoms, with a prevalence of depressive symptoms.3,56 
This withdrawal syndrome may be a consequence of overall METH 
neurotoxicity.11 The neuropsychological consequences of this intri-
cate and complex METH neurotoxicity render management of METH  
addiction a challenging task.

4  | BIOLOGICAL SEX AND 
METH ADDICTION

There is scarce information about gender differences in (METH)-
dependent users. However, women and men reported regular METH 
use at a similar age, but, women reported experiencing problems as 
a result of METH use at an earlier age than men, suggesting a more 
rapid progression from initial drug use to chronic METH use, and 
then to problem use.57,58 A recent epidemiological survey suggested 
that the proportions of female and male admissions reporting meth-
amphetamine/amphetamines as their primary substance of abuse 
were similar across all age groups with the exception of those aged 
18-24. Specifically, among admissions aged 18-24, 8.9 percent of fe-
male admissions reported primary methamphetamine/amphetamine 
abuse compared with 3.7% of male admissions.59 Regarding reasons 
for using METH, women reported “increased energy” and “losing 
weight”, whereas men reported using METH to “complete more work” 
or to “try something new”.60 A recent study disclosed that METH-
dependent women had greater psychological burden, reported more 
use of an emotional-coping strategy, and had greater childhood emo-
tional and sexual trauma.61 Kogachi et al62 investigated the relation-
ships between impulsivity, brain structures, and possible sex-specific 

differences between METH users and non–drug-using controls. There 
was no difference in impulsivity between the male and female METH 
users. However, the female METH users who started using METH 
at an earlier age had higher impulsivity scores. Contrary to the male 
METH users, female METH users had smaller and thinner frontal cor-
tices. Moreover, cortical changes in both sexes were associated with 
greater cognitive impulsivity. These data suggest that sex may modu-
late the effects of METH on brain morphometry. Overall, the need 
for gender-tailored METH use treatment programs as suggested by 
Simpson et al61 is seemingly warranted.

5  | CURRENT MANAGEMENT AND 
TREATMENT OF METH ADDICTION

Treatment of METH addiction is a major problem, with elevated over-
all expenditures due to the requirement of specialized personnel and 
infrastructures, along with the constant monitoring and follow-up of 
these patients.63 Currently, there are limited therapeutic options, with 
low efficacy and high relapsing rates. Treatment can be directed to 
acute syndromes or chronic METH abuse. The purpose of this review 
is to focus on the chronic form of METH addiction.

Methamphetamine user patterns need to be taken into account, 
when managing METH abusers. Low-, moderate-, and high-use pat-
terns relate with treatment trajectories, as greater treatment participa-
tion was achieved when METH use frequency was lower.64 In addition, 
individuals who initiated METH consumption at a later age tended to 
look for treatment at an earlier stage and are less inclined to inject 
themselves than those who started earlier. Besides, polydrug abuse, 
often seen on early set use, contributes to low-treatment compliance. 
An early intervention in all patterns of abuse is essential to decrease 
METH intake. Gender may also influence treatment outcomes. A fol-
low-up study noticed that, although women were faced with more 
challenges during treatment, such as unemployment or psychiatric 
symptoms, compared to men, they were capable of a greater im-
provement in several areas, including family relationships and medical 
problems.57

In addition, METH withdrawal syndrome is another determinant 
factor for the treatment process. In fact, the neuropsychiatric impair-
ments (eg, cognitive deficits, depression, and anxiety) that persist fol-
lowing abstinence are associated with poorer treatment outcomes, 
as follows: increased relapse rates, lower treatment retention rates, 
and reduced daily functioning.65 Brecht and Herbeck66 evaluated the 
relapsing rates for periods averaging 5 years postdischarge from treat-
ment for METH use. These authors found that, in a sample of 350 
subjects, only 13% remained abstinent in the whole 5-year period, 
and 61% relapsed within the first-year posttreatment, with half the 
sample relapsing within 6 months. Treatment modality was residential 
for 62% and outpatient for 38% of METH abusers. Relapsing rates 
decreased as abstinence period increased. Having experienced seri-
ous METH-related psychiatric/behavioral problems and longer dura-
tion of treatment worked as protective factors against relapse, while 
risk factors included having a drug addicted parent and involvement 
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in METH trade. Initial abstinence should be addressed with support-
ive measures, such as healthy eating, resting, and exercising, with this 
one adding a promising new approach.67 These measures may aid 
pharmacotherapy, which is mostly unsuccessful, and psychosocial/
behavioral treatment, the main, yet flawed, strategy regarding METH 
dependence.3

5.1 | Pharmacotherapy

So far, there is no specific pharmacological treatment for METH addic-
tion.3,68 Guidelines on this subject regard former and current experi-
ence with other stimulant’s dependence and they lack proven efficacy 
studies.8

Pharmacological approaches evaluated for METH addiction may 
interfere with the dopaminergic reward pathways, attenuate negative 
reinforcing effects of withdrawal, or improve psychiatric symptoms 
that impair chances of remaining abstinent.69 This leads to several 
types of medications that were tested in human laboratory para-
digms and in Phase II clinical trials with different outcomes as follows: 
dexamphetamine, methylphenidate, modafinil (DA indirectly-acting 
agonists), bupropion, mirtazapine (antidepressants), aripiprazole (an-
tipsychotics), varenicline (nicotinic receptor partial agonist), rivastig-
mine (cholinesterase inhibitor), perindopril (angiotensin-converting 
enzyme inhibitor IECA), ibudilast (a phosphodiesterase inhibitor; glial 
modulator), baclofen, gabapentin (GABAergic agents), topiramate 
(GABAergic/glutamatergic agent), naltrexone (opioid antagonist), n-
acetylcysteine (NAC, antioxidant), ondansetron (5-HT3 receptor an-
tagonist), passive immunization with monoclonal antibodies against 
METH (ie, vaccines).69-86 Worley et al71 highlighted that mirtazapine, 
bupropion, and methylphenidate have shown some beneficial effect 
in phase II clinical trials, whereas mirtazapine and bupropion increased 
METH abstinence, and methylphenidate reduced METH craving and 
use and improved depressive symptoms. However, the overall efficacy 
is low. We argue that the physical exercise could augment the efficacy 
of pharmacotherapy, thus providing a broader and stronger effect in 
the METH-dependent population. In fact, it was already shown that 
the combination of PE and sertraline could improve the management 
of late-life depression, especially when customized for individuals 
with specific clinical features.72 The combination of physical exercise 
and pharmacotherapy in the context of METH addiction needs to be 
tested in clinical trials.

5.2 | Psychosocial Therapy

Cognitive and behavioral treatments consist essentially in cognitive-
behavioral therapy (CBT) and contingency management (CM) and 
generated good clinical outcomes in METH users.87 CBT comprises 
several structure sessions led by a therapist which intends to raise 
self-awareness to negative actions or particular situations. Although 
CBT decreases stimulant use, this decrease is not as significant as in 
CM. The matrix model, a derivative of CBT, was created in the early 
1980s to treat cocaine dependence and has suffered several changes 
since then.88 Their overall goals consist in the following: interrupting 

drug abuse, understanding the issues behind relapse and addiction, 
providing support and education to family members, familiarizing with 
self-help programs, and monitoring the follow-up status by, for exam-
ple, collecting urine samples.63 The program lasts for a preestablished 
period of 16 weeks and it has, generally, successful outcomes.

Contingency management was originally used in opiate abusers, 
and it works by strengthening positive behaviors by rewarding the pa-
tient, thus leading to sustained abstinence. Rewards include vouchers 
that can be exchanged for food or any other item or service and even 
cash incentives. When compared to a counseling-only strategy, CM 
yielded less positive urine samples and longer periods of abstinence.67

Behavioral therapies can be part of a drug court treatment, with the 
verdict of remain “clean” for at least 1 year and according to a number 
of norms. Indeed, users who attended drug court treatment fulfilled 
greater rates of abstinence, retention, and completion.89 However, 
Courtney and Ray3 suggested that caveats must be considered when 
interpreting conclusions regarding positive outcomes from these psy-
chosocial approaches. For example, the durability of treatment effects 
(especially with respect to CM programs) was highlighted. Additionally, 
the effectiveness of psychosocial interventions may be shadowed 
by poor rates of treatment induction and retention.90 Furthermore, 
METH-related cognitive deficits related to inhibitory control may po-
tentially hamper the efficacy of heavily cognitive-based treatments.3,91

6  | CLINICAL EVIDENCE FOR PHYSICAL 
EXERCISE ON METH ADDICTION

Physical exercise has been proposed as a potential treatment for 
METH addiction. Indeed, exercise was shown to attenuate symptoms 
of depression and anxiety, prevent addictive behaviors, and improve 
sleep and cognitive impairments, features often observed in current 
and former METH users.92,93 Clinical positive outcomes were ob-
served for several substances, both legal, as tobacco94 and alcohol,95 
and illegal, as cannabis96 and heroin.97

Newly abstinent METH users submitted to an 8-week endur-
ance training (3 days/week for 3 weeks of jogging and/or walking 
on a treadmill for 30 minutes at an intensity based on heart rate plus 
5 weeks of increasing intensity) followed by a resistance program 
(progressive, circuit-type program using selectorized machines, and/
or dumbbell training that included all the major muscle groups of the 
upper and lower body) showed substantial improvements in aerobic 
exercise performance, muscle strength and endurance, body com-
position, and increased heart rate variability as an index of a healthy 
autonomic nervous system, which together could enhance recovery 
from drug dependency.98,99 However, these authors did not assess 
endpoints directly associated with METH addiction. Robertson et al100 
aimed to evaluate whether adding an exercise training program to an 
inpatient behavioral intervention for METH addiction reversed defi-
cits in striatal D2-type receptors. Participants remained abstinent 
from drugs and received behavioral therapy for their addiction plus 
1 h of supervised exercise training, 3 days/week for 8 weeks as imple-
mented by Dolezal et al98,99 Control participants received equal-time 
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health education training. D2/D3 receptor availability [measured as 
nondisplaceable binding potential (BPND)] was monitored by positron 
emission tomography (PET) using [(18)F]fallypride. Structured exercise 
training was able to increase striatal D2/D3 receptor availability in 
comparison to equal time of health education training. These authors 
suggested further evaluation of physical exercise as an adjunctive 
treatment for stimulant dependence is warranted.

Other studies also subjected METH-dependent adults to a 8-week 
period moderate exercise program [5 minutes of warm-up, 30 minutes 
of aerobic activity on a treadmill (endurance), 15 minutes of resistance 
training with weightlifting in major muscle groups, and 5 minutes of 
cooldown and stretching; 3 days/week]. Treadmill speed and resis-
tance weight were progressively increased. The exercised participants 
showed less depression and anxiety symptoms and returned less to 
METH use postdischarge, compared to health education partici-
pants.93,101,102 Health education sessions comprised wellness multi-
media classes, including nutrition, sleep hygiene, time management, or 
health screening recommendations. Haglund et al102 further stressed 
that participants who attended the greatest number of exercise ses-
sions derived the greatest benefit. Furthermore, exercise appeared to 
be particularly beneficial to individuals who suffered from severe med-
ical, psychiatric, and addictive disorders.102

While physical exercise has shown efficacy in correcting emo-
tional deficits in METH users, METH craving is also a tempting tar-
get. Notably, Wang et al103 expanded Wang et al104 observations and 
further showed that acute aerobic exercise (5 minutes warm-up, a 
20-minute main exercise on a stationary cycle ergometer at 50 RPMs, 
and a 5-minute cooldown) may provide benefits for METH-associated 
cravings and inhibitory control (which is referred as the ability to con-
trol inadequate behavior), as revealed by behavioral and neuroelectric 
measures. Moderate-intensity exercise (heart rate within 65%-75% of 
the participant’s estimated maximum value) may be associated with 
more positive effects when compared with estimated maximum value 
and may be associated with more positive effects when compared with 
light and vigorous intensity. Wang et al105 extended these observa-
tions by demonstrating that aerobic exercise training [a 12-week pro-
gram: 5-minute warm-up; 30-minute sessions of moderate-intensity 
exercise (ie, cycling, jogging, or jump rope; heart rate within 65%-75% 
of the participant’s estimated maximum value); 5-minute cooldown] 
may be also efficacious for METH-associated cravings and inhibitory 
control among METH-dependent individuals. These authors argued 
that these evidences may contribute to the development of specific 
exercise prescriptions for special populations. Table 1 summarizes the 
clinical studies showing evidence of physical exercise usefulness in 
managing METH addiction.

Regarding the growing number of studies for the last few years, 
we argue that exercise-based interventions for managing METH 
abuse are indeed highly auspicious. Many forms of exercise (eg, run-
ning and swimming) may be conducted independently, either at home 
or outdoors and have the potential to be cost-effective, flexible, and 
accessible.106

However, three cautionary notes should be added. Firstly, there 
could be various challenges in participant recruitment, enrollment, and Re
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motivation, as highlighted by Brown et al106 For example, patients having 
certain medical and psychiatric conditions are generally excluded from 
the moderate-intensity exercise programs. Moreover, incentives, such as 
cash, or lack of side effects compared to pharmacotherapy can be used to 
increase participants’ motivation. Secondly, some researchers warn that 
the advantages of exercise practice are overstated and sport may itself 
disturb brain function (eg, compromising mental health), especially when 
intensively performed.97,107 Thirdly, Lynch et al108 and Barha et al109 re-
viewed clinical as well as preclinical data suggesting that physical activity 
efficacy may depend upon the following parameters: (i) individuals (ie, 
by age and sex), (ii) drug classes (ie, alcohol vs nicotine and cocaine), (iii) 
stage of the addiction process, and (iv) the exercise conditions tested.

Regarding biological sex, it was argued that women benefited 
more than men in cognitive outcomes.109 For example, Colcombe and 
Kramer110 presented a meta-analysis of 18 RCTs showing that the effect 
of exercise with an aerobic component on cognition was statistically big-
ger in samples comprising more than 50% women compared with sam-
ples of more than 50% men. Additionally, a 12-month aerobic training 
resulted in improved attention and memory in older women with MCI, 
whereas in men, only memory was improved.111 Finally, Baker et al112 
found that 6 months of high-intensity aerobic exercise had sex bias in 
cognitive response toward women in the context of mild cognitive im-
pairment. Considering that most of the participants in the studies we 
reviewed herein were men, it is tempting to speculate that the positive 
effects of physical exercise would also extend to female METH addicts.

These authors also reviewed METH data, including preclinical stud-
ies. For example, Miller et al113 found that although wheel running 
(1-hour/day) reduced METH self-administration in rats when it was 
concurrently available during the acquisition period, it was not effective 
at decreasing self-administration when it occurred after the acquisi-
tion period, indicating that its efficacy may vary with level of exposure 
or stage of the addiction process. Interestingly, Aarde et al114 demon-
strated that 1-day access to a running wheel at the home cage, prior to 
self-administration sessions, reduced METH intake in rats. Furthermore, 
Engelmann et al115 showed that although access to a running wheel prior 
to each self-administration session decreased the acquisition of METH 
self-administration in rats, a history of unlimited access to a wheel with-
out continued availability enhanced rather than attenuated subsequent 
acquisition. The impact of physical exercise was also assessed in the with-
drawal period in animal models. Recently, Damghani et al116 showed that 
regular swimming exercise (45 minutes/day, 5 days/week, for 14 days), 
reduced voluntary METH consumption, and anxiety-like and depression-
like behaviors in METH withdrawn rats [rats were exposed to bi-daily 
doses of METH (2 mg/kg, subcutaneous) over a period of 14 days].

7  | NEUROBIOLOGY OF EXERCISE ON 
METH ADDICTION MANAGEMENT

The mechanisms of action of physical exercise on the human brain are 
still poorly known and mostly based on animal studies. Nonetheless, 
several hypotheses have been proposed to explain the wide variety of 
beneficial effects attributed to exercise.108,117

One possible neurobiological mechanism mediating the effects 
of exercise is the modulation of CNS neurochemicals, which play a 
role in drug addiction and are impaired by METH consumption.108,118 
In fact, O’Dell et al118 showed that when rats engaged in voluntary 
aerobic exercise (running wheels) for 3 weeks before and 3 weeks 
after a binge regimen of METH, exercise significantly ameliorated 
METH-induced decreases in striatal dopaminergic markers including 
DAT and TH as well as frontoparietal SERT. This animal dopaminer-
gic data correlate with increased striatal D2/D3 receptor availability 
in exercised METH abstinence. The apparent correction of striatal 
dopaminergic deficits operated by physical exercise in METH users 
in both preclinical and clinical settings seemingly offers better treat-
ment outcomes to METH addicts, namely possible correction of the 
impulsive temperament which is associated with impaired inhibitory 
control (please see Section METH toxicodynamics). However, prior 
exercise in running wheels provided no protection against METH-
induced damage to striatal DA terminals in male rats.119 Changes 
in BDNF levels are also associated to reward-seeking behavior.120 
Hilburn et al121 newly found that serum BDNF levels in METH-
dependent humans were related to the number of abstinent days 
since last abuse, but not related to craving and substance use his-
tory. More recently, Chen et al122 registered constant low BDNF lev-
els in METH abusers, during early withdrawal, when levels of drug 
seeking are low, when compared to those of the healthy controls. 
Voluntary aerobic exercise (wheel running) increases BDNF exon IV 
transcription in rat hippocampus.123 However, METH exposure prior 
to initiation of aerobic exercise (6 weeks of voluntary wheel running) 
prevented the increases in both cortical and striatal BDNF seen in 
saline-treated animals that exercised.120 The impact of physical exer-
cise on BDNF levels in METH addicts warrants further evaluation be-
cause it was recently demonstrated that patients with serum BDNF 
levels ≤1251.0 pg/mL had higher risk of depression symptoms during 
METH withdrawal.124 We argue that BDNF modifications may con-
tribute to the mood corrections seen in METH addicts that undergo 
a physical exercise program.

Inoue et al125 showed that long-term mild (6-week treadmill run-
ning training) rather than intense exercise stimulated adult hippocam-
pal neurogenesis in rats, which was correlated with spatial memory 
improvement. However, there is limited information regarding the ef-
fect of exercise on METH-induced neurogenesis impairment. Recently, 
Sobieraj et al126 provided immunohistochemical analysis of rat brain 
tissue demonstrating that wheel running during METH withdrawal 
did not regulate markers of METH neurotoxicity, including neurogen-
esis, in brain regions involved in relapse to drug seeking. However, 
reduced METH seeking was associated with running-induced reduc-
tion (and normalization) of the number of TH immunoreactive neurons 
in the periaqueductal gray (PAG). These authors further suggested 
that wheel running may be preventing certain allostatic changes in 
the brain reward and stress systems contributing to the negative re-
inforcement and perpetuation of the addiction cycle. These authors 
have previously shown that exercise enhanced medial prefrontal cor-
tex gliogenesis (newly generated astrocytes and oligodendrocytes), 
which was reduced in METH self-administered rats.45 On the other 
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hand, Park et al46 demonstrated that METH-induced BBB disruption 
was concurrent with aberrant adult hippocampal neurogenesis in the 
DG. Importantly, these authors demonstrated that exercise (wheel 
running activity) that was introduced post-METH exposure in absti-
nent mice stabilized the BBB and protected against METH-induced al-
terations in neurogenesis. These authors highlighted the translational 
value of their work because exercise is frequently being implemented 
in dependency treatment of substance-abuse patients.127 Further 
investigations on the potential role of physical exercise in reversing 
METH-induced gliogenesis, neurogenesis, and BBB impairment are 
warranted.

Antioxidant effects have also been observed in individuals who 
perform regular aerobic exercise.128 This is consistent with physical 
exercise ameliorating the reduction-oxidation (redox) balance in the 
CNS through improvements in the defensive mechanisms of antioxi-
dants.129,130 Additionally, Speck et al131 showed that an adequate fre-
quency of moderate-intensity exercise (treadmill) caused antioxidant 
changes in the hippocampi of mice. Importantly, voluntary exercise 
attenuated METH-induced oxidative stress in brain microvessels by 
raising antioxidant capacity of these capillaries, and protected against 
BBB disruption, in mice.132 Scheme 1 summarizes the proposed neu-
robiological mechanisms of physical exercise in methamphetamine 
users.

8  | CONCLUDING REMARKS

To this date, there is no pharmacological treatment directed specifically 
to METH dependence; thus, it relies on general drugs used in other 
dependence treatments and on behavioral therapies, with modest 
outcomes. Physical exercise has been studied as a conjoint therapy in 
other substance dependences for some time now, with overall positive 
feedback on sustained abstinence, as seen with tobacco, alcohol, and 
cannabis use. Only in the past few years, pertinent clinical studies have 
been conducted addressing specifically METH. METH users that en-
gaged in a physical exercise program exhibited better fitness measures 
(which were gauged by substantial improvements in aerobic capac-
ity, muscle strength and endurance, body composition, and increased 
heart rate variability) and showed less depression and anxiety symp-
toms, lower relapse rates, and sustained abstinence when compared 
to nonexercised individuals. The neurobiology of physical exercise 

in METH users is not fully elucidated and is essentially derived from 
animal studies. However, positive effects of physical exercise seem to 
reflect an intricate combination of different players and mechanisms, 
including neurochemicals, oxidative stress, neurogenesis, gliogenesis, 
and BBB. Further clinical studies are profoundly needed to confirm 
reproducibility of previous findings in humans and to dissect the neu-
robiological basis of physical exercise benefits. We argue that imaging 
studies (positron emission tomography (PET) and magnetic resonance 
imaging (MRI) will be instrumental to characterize the impact of PE 
on oxidative stress (this is a classical METH neurotoxicity hallmark), 
BBB integrity, and neurogenesis (two recent and exciting hallmarks) in 
METH addicts.133-136 Preclinical studies and clinical trials should use 
physical exercise conjointly with some promising drugs such as mir-
tazapine, bupropion, and methylphenidate. It is plausible that physical 
exercise would augment the efficacy of pharmacotherapy. When de-
signing further clinical trials to confirm reproducibility of these benefi-
cial effects of physical exercise on METH addiction, one should attend 
the following parameters that may help in establishing the most effi-
cient exercise programs: 1—age, 2—sex, 3—neuropsychological conse-
quences of chronic METH use (including cognitive deficits, irritability, 
agitation, depression, and anxiety symptoms), 4—stage of addiction 
process (eg, initiation vs relapse), 5—exercise type (anaerobic exercise 
vs aerobic), duration, and intensity, 5—the need for supervision (struc-
tured programs under supervision apparently have better outcomes 
and most clinical studies happen under residential treatment includ-
ing psychosocial therapy). As already pinpointed in sections “Biological 
sex and METH addiction” and “Clinical evidence for physical exercise 
on METH addiction,” men and women may be affected differently by 
METH use and by physical exercise. Moreover, it was suggested that 
physical performance decline similarly in men and women at all ages, 
and the 1-year age-related declines in performance were about twice 
as great at 40-year-olds than at 20-year-olds.137 Regarding the stages 
of the addiction process, exercise typically decreases the reinforcing 
effects of several drugs of abuse, thus preventing drug use initiation, 
as was shown for alcohol, cigarette, and marijuana use.108 Therefore, 
epidemiological studies evaluating the efficacy of physical exercise 
in METH initiation are warranted. On the other hand, physical exer-
cise may prevent relapse in METH addicts, as suggested by clinical 
data reviewed herein. The issue of a structured exercise intervention 
is seemingly relevant. For example, Brown et al106 outlined two be-
havioral axes that accompany a moderate-intensity aerobic exercise: 

SCHEME  1 Proposed neurobiological 
mechanisms of physical exercise in 
methamphetamine users. Physical exercise 
reverses the neurochemical imbalance, 
decreases oxidative stress, stabilizes 
blood-brain barrier, and corrects alterations 
in neurogenesis and gliogenesis in METH 
users
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(i) group behavioral training component and (ii) an incentive system. 
In fact, exercise physiologist and psychologist offered to drug addict 
cognitive and behavioral techniques aiming to increase overall mo-
tivation resulting in improved exercise adherence and maintenance. 
Moreover, participants earned monetary incentives for various levels 
of adherence to the exercise program. The ultimate goal was to further 
increase motivation for participation in the physical activity program 
across the treatment period. For example, Dolezal et al98 also referred 
to a monetary compensation to the METH-dependent individuals in 
residential treatment during the 12 weeks of study. Regarding exer-
cise type, it has been categorized into aerobic (swimming, running, 
bicycling) and anaerobic (resistance training, toning) types.138 While 
both types singly improve brain function, the combination of the two 
types of exercise results in markedly better improvements in cognition 
than aerobic exercise alone.138 Interestingly, clinical data reviewed 
herein showed that all physical programs employed a combination of 
aerobic training (jogging and/or waking on a treadmill and cycling) and 
resistance training. However, Wang et al103 used only an aerobic pro-
tocol. Nonetheless, it would be interesting to compare the efficacy of 
both exercise types in the management of METH addicts. Duration 
and intensity of physical exercise need also to be addressed. In fact, 
moderate-intensity exercise seems to be associated with more posi-
tive effects as highlighted in the Section “Clinical evidence for physi-
cal exercise on METH addiction.” This is consistent with too much or 
too little exercise not being advantageous as argued by Alkadhi.138 
Although the exercise programs reviewed in this manuscript had an 
8-week duration, it is reasonable to expect that METH users would re-
trieve sustained benefits should they continue to exercise beyond the 
scheduled exercise program. Overall, we propose that exercise-based 
interventions alone or as a conjoint therapy may be a useful tool for 
managing METH addiction.

ACKNOWLEDGMENTS

This work was supported by Fundação para a Ciência e Tecnologia 
(FCT, Portugal) (Strategic Project 2015-  UID/NEU/04539/2013), 
COMPETE-FEDER (POCI-01-0145-FEDER-007400), Centro 2020 
Regional Operational Programmes (CENTRO-01-0145-FEDER-000012: 
HealthyAging2020 and CENTRO-01-0145-FEDER-000008: BrainHealth 
2020).

CONFLICT OF INTEREST

The authors declare no conflict of interest.

ORCID

Frederico Costa Pereira   http://orcid.org/0000-0002-9381-3320 

REFERENCES

	 1.	 United Nations Office on Drugs and Crime. World Drug Report-2016. 
New York, NY: United Nations publication; 2016.

	 2.	 U.S. Department of Justice, Drug Enforcement Administration. 2015 
National Drug Threat Assessment Summary. United States: Drug 
Enforcement Administration; 2015; DEA-DCT-DIR-008-16.

	 3.	 Courtney KE, Ray LA. Methamphetamine: an update on epidemiol-
ogy, pharmacology, clinical phenomenology, and treatment litera-
ture. Drug Alcohol Depend. 2014;143:11‐21.

	 4.	 Warner M, Trinidad JP, Bastian BA, Minimo AM, Hedegaard H. Drugs 
most frequently involved in drug overdose deaths: United States, 
2010-2014. Natl Vital Stat Rep. 2016;65:1‐15.

	 5.	 Cho AK, Melega WP. Patterns of methamphetamine abuse and their 
consequences. J Addict Dis. 2002;21:21‐34.

	 6.	 Schifano F, Corkery JM, Cuffolo G. Smokable (“ice”, “crystal meth”) 
and non smokable amphetamine-type stimulants: clinical pharmaco-
logical and epidemiological issues, with special reference to the UK. 
Ann Ist Super Sanita. 2007;43:110‐115.

	 7.	 Cook CE, Jeffcoat AR, Hill JM, et  al. Pharmacokinetics of meth-
amphetamine self-administered to human subjects by smok-
ing S-(+)-methamphetamine hydrochloride. Drug Metab Dispos. 
1993;21:717‐723.

	 8.	 Rawson RA. Current research on the epidemiology, medical and psy-
chiatric effects, and treatment of methamphetamine use. J Food Drug 
Anal. 2013;21:S77‐S81.

	 9.	 Degenhardt L, Mathers B, Guarinieri M, et al. Methamphetamine use 
and associated HIV: implications for global policy and public health. 
Int J Drug Policy. 2010;21:347‐358.

	 10.	 Meredith CW, Jaffe C, Ang-Lee K, Saxon AJ. Implications of chronic 
methamphetamine use: a literature review. Harv Rev Psychiatry. 
2005;13:141‐154.

	 11.	 Cruickshank CC, Dyer KR. A review of the clinical pharmacology of 
methamphetamine. Addiction. 2009;104:1085‐1099.

	 12.	 Kim I, Oyler JM, Moolchan ET, Cone EJ, Huestis MA. Urinary phar-
macokinetics of methamphetamine and its metabolite, amphetamine 
following controlled oral administration to humans. Ther Drug Monit. 
2004;26:664‐672.

	 13.	 Homer BD, Solomon TM, Moeller RW, Mascia A, DeRaleau L, 
Halkitis PN. Methamphetamine abuse and impairment of so-
cial functioning: a review of the underlying neurophysiologi-
cal causes and behavioral implications. Psychol Bull. 2008;134: 
301‐310.

	 14.	 Panenka WJ, Procyshyn RM, Lecomte T, et  al. Methamphetamine 
use: a comprehensive review of molecular, preclinical and clinical 
findings. Drug Alcohol Depend. 2013;129:167‐179.

	 15.	 Rothman RB, Baumann MH. Monoamine transporters and psycho-
stimulant drugs. Eur J Pharmacol. 2003;479:23‐40.

	 16.	 Calipari ES, Ferris MJ. Amphetamine mechanisms and actions at the 
dopamine terminal revisited. J Neurosci. 2013;33:8923‐8925.

	 17.	 Han DD, Gu HH. Comparison of the monoamine transporters from 
human and mouse in their sensitivities to psychostimulant drugs. 
BMC Pharmacol. 2006;6:6.

	 18.	 Halpin LE, Collins SA, Yamamoto BK. Neurotoxicity of metham-
phetamine and 3,4-methylenedioxymethamphetamine. Life Sci. 
2014;97:37‐44.

	 19.	 Dean AC, Groman SM, Morales AM, London ED. An evaluation of the 
evidence that methamphetamine abuse causes cognitive decline in 
humans. Neuropsychopharmacology. 2013;38:259‐274.

	 20.	 Simon SL, Dean AC, Cordova X, Monterosso JR, London ED. 
Methamphetamine dependence and neuropsychological function-
ing: evaluating change during early abstinence. J Stud Alcohol Drugs. 
2010;71:335‐344.

	 21.	 Volkow ND, Chang L, Wang GJ, et al. Association of dopamine trans-
porter reduction with psychomotor impairment in methamphet-
amine abusers. Am J Psychiatry. 2001;158:377‐382.

	 22.	 Cadet JL, Bisagno V. Neuropsychological consequences of chronic 
drug use: relevance to treatment approaches. Front Psychiatry. 
2015;6:189.

http://orcid.org/0000-0002-9381-3320
http://orcid.org/0000-0002-9381-3320


     |  95MORAIS et al.

	 23.	 Thompson PM, Hayashi KM, Simon SL, et al. Structural abnormali-
ties in the brains of human subjects who use methamphetamine. J 
Neurosci. 2004;24:6028‐6036.

	 24.	 Tobias MC, O’Neill J, Hudkins M, Bartzokis G, Dean AC, London ED. 
White-matter abnormalities in brain during early abstinence from 
methamphetamine abuse. Psychopharmacology. 2010;209:13‐24.

	 25.	 Nestor LJ, Ghahremani DG, Monterosso J, London ED. 
Prefrontal hypoactivation during cognitive control in early ab-
stinent methamphetamine-dependent subjects. Psychiatry Res. 
2011;194:287‐295.

	 26.	 Kohno M, Morales AM, Ghahremani DG, Hellemann G, London ED. 
Risky decision making, prefrontal cortex, and mesocorticolimbic 
functional connectivity in methamphetamine dependence. JAMA 
Psychiatry. 2014;71:812‐820.

	 27.	 London ED, Simon SL, Berman SM, et al. Mood disturbances and re-
gional cerebral metabolic abnormalities in recently abstinent meth-
amphetamine abusers. Arch Gen Psychiatry. 2004;61:73‐84.

	 28.	 Payer DE, Lieberman MD, Monterosso JR, Xu J, Fong TW, London 
ED. Differences in cortical activity between methamphetamine-
dependent and healthy individuals performing a facial affect match-
ing task. Drug Alcohol Depend. 2008;93:93‐102.

	 29.	 London ED, Kohno M, Morales AM, Ballard ME. Chronic metham-
phetamine abuse and corticostriatal deficits revealed by neuroimag-
ing. Brain Res. 2015;1628:174‐185.

	 30.	 McCann UD, Wong DF, Yokoi F, Villemagne V, Dannals RF, Ricaurte 
GA. Reduced striatal dopamine transporter density in abstinent 
methamphetamine and methcathinone users: evidence from pos-
itron emission tomography studies with [11C]WIN-35,428. J 
Neurosci. 1998;18:8417‐8422.

	 31.	 McCann UD, Kuwabara H, Kumar A, et al. Persistent cognitive and 
dopamine transporter deficits in abstinent methamphetamine users. 
Synapse. 2008;62:91‐100.

	 32.	 Sekine Y, Minabe Y, Ouchi Y, et al. Association of dopamine trans-
porter loss in the orbitofrontal and dorsolateral prefrontal corti-
ces with methamphetamine-related psychiatric symptoms. Am J 
Psychiatry. 2003;160:1699‐1701.

	 33.	 Lee B, London ED, Poldrack RA, et al. Striatal dopamine D2/D3 re-
ceptor availability is reduced in methamphetamine dependence and 
is linked to impulsivity. J Neurosci. 2009;29:14734‐14740.

	 34.	 Zorick T, Lee B, Mandelkern MA, et  al. Low striatal dopamine re-
ceptor availability linked to caloric intake during abstinence 
from chronic methamphetamine abuse. Mol Psychiatry. 2011;17: 
569‐571.

	 35.	 Kitamura O, Tokunaga I, Gotohda T, Kubo S. Immunohistochemical 
investigation of dopaminergic terminal markers and caspase-3 acti-
vation in the striatum of human methamphetamine users. Int J Legal 
Med. 2007;121:163‐168.

	 36.	 Moszczynska A, Fitzmaurice P, Ang L, et  al. Why is parkinson-
ism not a feature of human methamphetamine users? Brain. 
2004;127:363‐370.

	 37.	 Wilson JM, Kalasinsky KS, Levey AI, et al. Striatal dopamine nerve 
terminal markers in human, chronic methamphetamine users. Nat 
Med. 1996;2:699‐703.

	 38.	 Kish SJ, Fitzmaurice PS, Boileau I, et  al. Brain serotonin trans-
porter in human methamphetamine users. Psychopharmacology. 
2009;202:649‐661.

	 39.	 Solhi H, Malekirad A, Kazemifar AM, Sharifi F. Oxidative stress and 
lipid peroxidation in prolonged users of methamphetamine. Drug 
Metab Lett. 2014;7:79‐82.

	 40.	 Northrop NA, Yamamoto BK. Persistent neuroinflammatory effects 
of serial exposure to stress and methamphetamine on the blood–
brain barrier. J Neuroimmune Pharmacol. 2012;7:951‐968.

	 41.	 Park M, Hennig B, Toborek M. Methamphetamine alters occludin 
expression via NADPH oxidase-induced oxidative insult and intact 
caveolae. J Cell Mol Med. 2012;16:362‐375.

	 42.	 Ramirez SH, Potula R, Fan S, et  al. Methamphetamine disrupts 
blood–brain barrier function by induction of oxidative stress in brain 
endothelial cells. J Cereb Blood Flow Metab. 2009;29:1933‐1945.

	 43.	 Sharma HS, Kiyatkin EA. Rapid morphological brain abnormalities 
during acute methamphetamine intoxication in the rat: an experi-
mental study using light and electron microscopy. J Chem Neuroanat. 
2009;37:18‐32.

	 44.	 Ago M, Ago K, Hara K, Kashimura S, Ogata M. Toxicological and his-
topathological analysis of a patient who died nine days after a sin-
gle intravenous dose of methamphetamine: a case report. Leg Med. 
2006;8:235‐239.

	 45.	 Mandyam CD, Wee S, Eisch AJ, Richardson HN, Koob GF. 
Methamphetamine self-administration and voluntary exercise have 
opposing effects on medial prefrontal cortex gliogenesis. J Neurosci. 
2007;27:11442‐11450.

	 46.	 Park M, Levine H, Toborek M. Exercise protects against 
methamphetamine-induced aberrant neurogenesis. Sci Rep. 
2016;6:34111.

	 47.	 Recinto P, Samant AR, Chavez G, et  al. Levels of neural pro-
genitors in the hippocampus predict memory impairment and 
relapse to drug seeking as a function of excessive methamphet-
amine self-administration. Neuropsychopharmacology. 2012;37: 
1275‐1287.

	 48.	 Galinato MH, Lockner JW, Fannon-Pavlich MJ, et  al. A synthetic 
small-molecule Isoxazole-9 protects against methamphetamine re-
lapse. Mol Psychiatry. 2017;20:4226‐4235.

	 49.	 Mooney LJ, Glasner-Edwards S, Rawson RA, Ling W. Medical effects 
of methamphetamine use. In: Roll JM, Rawson RA, Ling W, Shoptaw 
S, eds. Methamphetamine Addiction: From Basic Science to Treatment. 
New York, NY: Guilford Press; 2009:117‐142.

	 50.	 Moszczynska A, Callan SP. Molecular, behavioral, and physiological 
consequences of methamphetamine neurotoxicity: implications for 
Treatment. J Pharmacol Exp Ther. 2017;362:474‐488.

	 51.	 Richards JR, Bretz SW, Johnson EB, Turnipseed SD, Brofeldt BT, 
Derlet RW. Methamphetamine abuse and emergency department 
utilization. West J Med. 1999a;170:198‐202.

	 52.	 Richards JR, Johnson EB, Stark RW, Derlet RW. Methamphetamine 
abuse and rhabdomyolysis in the ED: a 5-year study. Am J Emerg 
Med. 1999b;17:681‐685.

	 53.	 Mendelson J, Uemura N, Harris D, et  al. Human pharmacology 
of the methamphetamine stereoisomers. Clin Pharmacol Ther. 
2006;80:403‐420.

	 54.	 Jones ES, Rayner BL. Hypertension, end-stage renal disease and me-
sangiocapillary glomerulonephritis in methamphetamine users. S Afr 
Med J. 2015;105:199‐201.

	 55.	 Bowyer JF, Hanig JP. Amphetamine- and methamphetamine-induced 
hyperthermia: implications of the effects produced in brain vascula-
ture and peripheral organs to forebrain neurotoxicity. Temperature. 
2014;1:172‐182.

	 56.	 Cantwell B, McBride AJ. Self detoxication by amphetamine de-
pendent patients: a pilot study. Drug Alcohol Depend. 1998;49: 
157‐163.

	 57.	 Hser YI, Evans E, Huang YC. Treatment outcomes among women and 
men methamphetamine abusers in California. J Subst Abuse Treat. 
2005;28:77‐85.

	 58.	 Rawson RA, Marinelli-Casey P, Anglin MD, et al. A multi-site compar-
ison of psychosocial approaches for the treatment of methamphet-
amine dependence. Addiction. 2004;99:708‐717.

	 59.	 Smith K. The CBHSQ Report. Rockville, MD: Substance Abuse and 
Mental Health Services Administration (US); 2013-2014.

	 60.	 Cohen JB, Greenberg R, Uri J, Halpin M, Zweben JE. Women with 
methamphetamine dependence: research on etiology and treat-
ment. J Psychoactive Drugs. 2007;39(Suppl 4):347‐351.

	 61.	 Simpson JL, Grant KM, Daly PM, Kelley SG, Carlo G, 
Bevins RA. Psychological burden and gender differences in 



96  |     MORAIS et al.

methamphetamine-dependent individuals in treatment. J Psychoactive 
Drugs. 2016;48:261‐269.

	 62.	 Kogachi S, Chang L, Alicata D, Cunningham E, Ernst T. Sex differ-
ences in impulsivity and brain morphometry in methamphetamine 
users. Brain Struct Funct. 2017;222:215‐227.

	 63.	 Rawson RA, Huber A, Brethen P, et  al. Status of methamphet-
amine users 2-5  years after outpatient treatment. J Addict Dis. 
2002;21:107‐119.

	 64.	 Brecht ML, Lovinger K, Herbeck DM, Urada D. Patterns of treatment 
utilization and methamphetamine use during first 10  years after 
methamphetamine initiation. J Subst Abuse Treat. 2013;44:548‐556.

	 65.	 Downey LA, Loftis JM. Altered energy production, lowered antiox-
idant potential, and inflammatory processes mediate CNS damage 
associated with abuse of the psychostimulants MDMA and metham-
phetamine. Eur J Pharmacol. 2014;727:125‐129.

	 66.	 Brecht ML, Herbeck D. Time to relapse following treatment for 
methamphetamine use: a long-term perspective on patterns and 
predictors. Drug Alcohol Depend. 2014;139:18‐25.

	 67.	 Ling W, Rawson R, Shoptaw S, Ling W. Management of methamphet-
amine abuse and dependence. Curr Psychiatry Rep. 2006;8:345‐354.

	 68.	 Ciccarone D. Stimulant abuse: pharmacology, cocaine, metham-
phetamine, treatment, attempts at pharmacotherapy. Prim Care. 
2011;38:41‐58.

	 69.	 Brensilver M, Heinzerling KG, Shoptaw S. Pharmacotherapy of 
amphetamine-type stimulant dependence: an update. Drug Alcohol 
Rev. 2013;32:449‐460.

	 70.	 Karila L, Weinstein A, Aubin HJ, Benyamina A, Reynaud M, Batki SL. 
Pharmacological approaches to methamphetamine dependence: a 
focused review. Br J Clin Pharmacol. 2010;69:578‐592.

	 71.	 Worley MJ, Heinzerling KG, Roche DJ, Shoptaw S. Ibudilast attenu-
ates subjective effects of methamphetamine in a placebo-controlled 
inpatient study. Drug Alcohol Depend. 2016;162:245‐250.

	 72.	 Zanetidou S, Belvederi Murri M, Menchetti M, et al. Physical exer-
cise for late-life depression: customizing an intervention for primary 
care. J Am Geriatr Soc. 2017;65:348‐355.

	 73.	 Colfax GN, Santos GM, Das M, et al. Mirtazapine to reduce meth-
amphetamine use: a randomized controlled trial. Arch Gen Psychiatry. 
2011;68:1168‐1175.

	 74.	 De La Garza R 2nd, Newton TF, Haile CN, et al. Rivastigmine reduces 
“likely to use methamphetamine” in methamphetamine-dependent vol-
unteers. Prog Neuropsychopharmacol Biol Psychiatry 2012;37:141‐146.

	 75.	 Elkashef AM, Rawson RA, Anderson AL, et al. Bupropion for the treat-
ment of methamphetamine dependence. Neuropsychopharmacology. 
2008;33:1162‐1170.

	 76.	 Elkashef A, Kahn R, Yu E, et  al. Topiramate for the treatment of 
methamphetamine addiction: a multi-center placebo-controlled trial. 
Addiction. 2012;107:1297‐1306.

	 77.	 Galloway GP, Buscemi R, Coyle JR, et  al. A randomized, place-
bocontrolled trial of sustained-release dextroamphetamine for 
treatment of methamphetamine addiction. Clin Pharmacol Ther. 
2011;89:276‐282.

	 78.	 Grant JE, Odlaug BL, Kim SW. A double-blind, placebo-controlled 
study of n-acetyl cysteine plus naltrexone for methamphetamine de-
pendence. Eur Neuropsychopharmacol. 2010;20:823‐828.

	 79.	 Heinzerling KG, Shoptaw S, Peck JA, et al. Randomized, placebocon-
trolled trial of baclofen and gabapentin for the treatment of metham-
phetamine dependence. Drug Alcohol Depend. 2006;85:177‐184.

	 80.	 Heinzerling KG, Swanson AN, Kim S, et al. Randomized, double-blind, 
placebo-controlled trial of modafinil for the treatment of metham-
phetamine dependence. Drug Alcohol Depend. 2010;109:20‐29.

	 81.	 Morley KC, Cornish JL, Faingold A, Wood K, Haber PS. 
Pharmacotherapeutic agents in the treatment of methamphetamine 
dependence. Expert Opin Investig Drugs. 2017;26:563‐578.

	 82.	 Mousavi SG, Sharbafchi MR, Salehi M, Peykanpour M, Karimian 
Sichani N, Maracy M. The efficacy of n-acetylcysteine in the 

treatment of methamphetamine dependence: a double-blind con-
trolled, crossover study. Arch Iran Med. 2015;18:28‐33.

	 83.	 Rezaei F, Emami M, Zahed S, Morabbi MJ, Farahzadi M, Akhondzadeh S. 
Sustained-release methylphenidate in methamphetamine dependence 
treatment: a double-blind and placebo-controlled trial. Daru. 2015;23:2.

	 84.	 Sulaiman AH, Gill JS, Said MA, Zainal NZ, Hussein HM, Guan NC. 
A randomized, placebo-controlled trial of aripiprazole for the treat-
ment of methamphetamine dependence and associated psychosis. 
Int J Psychiatry Clin Pract. 2013;17:131‐138.

	 85.	 Verrico CD, Mahoney JJ 3rd, Thompson-Lake DG, Bennett RS, 
Newton TF, De La Garza R 2nd. Safety and efficacy of vareni-
cline to reduce positive subjective effects produced by meth-
amphetamine in methamphetamine-dependent volunteers. Int J 
Neuropsychopharmacol. 2014;17:223‐233.

	 86.	 Verrico CD, Haile CN, De La Garza R 2nd, Grasing K, Kosten TR, 
Newton TF. Subjective and cardiovascular effects of intravenous 
methamphetamine during perindopril maintenance: a random-
ized, double-blind, placebocontrolled human laboratory study. Int J 
Neuropsychopharmacol 2016;19:pyw029.

	 87.	 Lee NK, Rawson RA. A systematic review of cognitive and be-
havioural therapies for methamphetamine dependence. Drug Alcohol 
Rev. 2008;27:309‐317.

	 88.	 Rawson RA, Shoptaw SJ, Obert JL, et al. An intensive outpatient ap-
proach for cocaine abuse treatment. The Matrix model. J Subst Abuse 
Treat. 1995;12:117‐127.

	 89.	 Marinelli-Casey P, Gonzales R, Hillhouse M, et al. Drug court treat-
ment for methamphetamine dependence: treatment response and 
posttreatment outcomes. J Subst Abuse Treat. 2008;34:242‐248.

	 90.	 Shearer J. Psychosocial approaches to psychostimulant dependence: 
a systematic review. Psychosocial approaches to psychostimulant de-
pendence: a systematic review. J Subst Abuse Treat. 2007;32:41‐52.

	 91.	 Baicy K, London ED. Corticolimbic dysregulation and chronic meth-
amphetamine abuse. Addiction. 2007;102(Suppl 1):5‐15.

	 92.	 Mooney LJ, Cooper C, London ED, et al. Exercise for methamphet-
amine dependence: rationale, design, and methodology. Contemp 
Clin Trials. 2014;37:139‐147.

	 93.	 Rawson RA, Chudzynski J, Gonzales R, et  al. The impact of ex-
ercise on depression and anxiety symptoms among abstinent 
methamphetamine-dependent individuals in a residential treatment 
setting. J Subst Abuse Treat. 2015a;57:36‐40.

	 94.	 Pekmezi DW, Carr LJ, Barbera B, Marcus BH. The role of physical ac-
tivity in treatment of substance use disorders. In: Meyer AL, Gullotta 
TP, eds. Physical Activity Across the Lifespan. New York, NY: Springer; 
2012:171‐191.

	 95.	 Linke SE, Ussher M. Exercise-based treatments for substance use 
disorders: evidence, theory, and practicality. Am J Drug Alcohol 
Abuse. 2015;41:7‐15.

	 96.	 Buchowski MS, Meade NN, Charboneau E, et  al. Aerobic exercise 
training reduces cannabis craving and use in non-treatment seeking 
cannabis-dependent adults. PLoS One. 2011;6:e17465.

	 97.	 Neale J, Nettleton S, Pickering L. Heroin users’ views and experi-
ences of physical activity, sport and exercise. Int J Drug Policy. 
2012;23:120‐127.

	 98.	 Dolezal BA, Chudzynski J, Storer TW, et al. Eight weeks of exercise 
training improves fitness measures in methamphetamine-dependent 
individuals in residential treatment. J Addict Med. 2013;7:122‐128.

	 99.	 Dolezal BA, Chudzynski J, Dickerson D, et al. Exercise training im-
proves heart rate variability after methamphetamine dependency. 
Med Sci Sports Exerc. 2014;46:1057‐1066.

	100.	 Robertson CL, Ishibashi K, Chudzynski J, et al. Effect of exercise training 
on striatal dopamine D2/D3 receptors in methamphetamine users during 
behavioral treatment. Neuropsychopharmacology. 2016;41:1629‐1636.

	101.	 Rawson RA, Chudzynski J, Mooney L, et  al. Impact of an exercise 
intervention on methamphetamine use outcomes post-residential 
treatment care. Drug Alcohol Depend. 2015b;156:21‐28.



     |  97MORAIS et al.

	102.	 Haglund M, Ang A, Mooney L, et al. Predictors of depression out-
comes among abstinent methamphetamine-dependent individuals 
exposed to an exercise intervention. Am J Addict. 2015;24:246‐251.

	103.	 Wang D, Zhou C, Zhao M, Wu X, Chang YK. Dose-response rela-
tionships between exercise intensity, cravings, and inhibitory con-
trol in methamphetamine dependence: an ERPs study. Drug Alcohol 
Depend. 2016;161:331‐339.

	104.	 Wang D, Wang C, Zhou YK, Chang YK. Acute exercise ameliorates 
craving and inhibitory deficits in methamphetamine: an ERP study. 
Physiol Behav. 2015;147:38‐46.

	105.	 Wang D, Zhu T, Zhou C, Chang YK. Aerobic exercise training amelio-
rates craving and inhibitory control in methamphetamine dependen-
cies: a randomized controlled trial and event-related potential study. 
Psychol Sport Exerc. 2017;30:82‐90.

	106.	 Brown RA, Abrantes AM, Read JP, et al. A Pilot study of aerobic ex-
ercise as an adjunctive treatment for drug dependence. Ment Health 
Phys Act. 2010;3:27‐34.

	107.	 Armstrong LE, VanHeest JL. The unknown mechanism of the over-
training syndrome: clues from depression and psychoneuroimmu-
nology. Sports Med. 2002;32:185‐209.

	108.	 Lynch WJ, Peterson AB, Sanchez V, Abel J, Smith MA. Exercise 
as a novel treatment for drug addiction: a neurobiological and 
stage-dependent hypothesis. Neurosci Biobehav Rev. 2013;37: 
1622‐1644.

	109.	 Barha CK, Davis JC, Falck RS, Nagamatsu LS, Liu-Ambrose T. Sex 
differences in exercise efficacy to improve cognition: a systematic 
review and meta-analysis of randomized controlled trials in older hu-
mans. Front Neuroendocrinol. 2017;46:71‐85.

	110.	 Colcombe S, Kramer AF. Fitness effects on the cognitive function of 
older adults: a meta-analytic study. Psychol Sci. 2003;14:125‐130.

	111.	 van Uffelen JG, Chinapaw MJ, van Mechelen W, Hopman-Rock M. 
Walking or vitamin B for cognition in older adults with mild cogni-
tive impairment? A randomised controlled trial. Br J Sports Med. 
2008;42:344‐351.

	112.	 Baker LD, Frank LL, Foster-Schubert K, et al. Effects of aerobic ex-
ercise on mild cognitive impairment: a controlled trial. Arch Neurol. 
2010;67:71‐79.

	113.	 Miller ML, Vaillancourt BD, Wright MJ Jr, et al. Reciprocal inhibitory 
effects of intravenous d-methamphetamine self-administration and 
wheel activity in rats. Drug Alcohol Depen. 2012;121:90‐96.

	114.	 Aarde SM, Miller ML, Creehan KM, Vandewater SA, Taffe MA. One 
day access to a running wheel reduces self-administration of D-
methamphetamine, MDMA and methylone. Drug Alcohol Depend 
2015;151:151‐158.

	115.	 Engelmann AJ, Aparicio MB, Kim A, et al. Chronic wheel running re-
duces maladaptive patterns of methamphetamine intake: regulation 
by attenuation of methamphetamine-induced neuronal nitric oxide 
synthase. Brain Struct Funct. 2014;219:657‐672.

	116.	 Damghani F, Bigdeli I, Miladi-Gorji H, Fadaei A. Swimming exercise 
attenuates psychological dependence and voluntary methamphet-
amine consumption in methamphetamine withdrawn rats. Iran J 
Basic Med Sci. 2016;19:594‐600.

	117.	 Fontes-Ribeiro CA, Marques E, Pereira FC, Silva AP, Macedo TR. 
May exercise prevent addiction? Curr Neuropharmacol. 2011;9: 
45‐48.

	118.	 O’Dell SJ, Galvez BA, Ball AJ, Marshall JF. Running wheel exercise 
ameliorates methamphetamine-induced damage to dopamine and 
serotonin terminals. Synapse. 2012;66:71‐80.

	119.	 O’Dell SJ, Marshall JF. Running wheel exercise before a binge regi-
men of methamphetamine does not protect against striatal dopami-
nergic damage. Synapse. 2014;68:419‐425.

	120.	 Thompson AB, Stolyarova A, Ying Z, Zhuang Y, Gómez-Pinilla 
F, Izquierdo A. Methamphetamine blocks exercise effects on 
Bdnf and Drd2 gene expression in frontal cortex and striatum. 
Neuropharmacology. 2015;99:658‐664.

	121.	 Hilburn C, Nejtek VA, Underwood WA, et al. Is serum brain-derived 
neurotrophic factor related to craving for or use of alcohol, cocaine, 
or methamphetamine? Neuropsychiatr Dis Treat. 2011;7:357‐364.

	122.	 Chen PH, Huang MC, Lai YC, Chen PY, Liu HC. Serum brain-derived 
neurotrophic factor levels were reduced during methamphetamine 
early withdrawal. Addict Biol. 2014;19:482‐485.

	123.	 Gomez-Pinilla F, Zhuang Y, Feng J, Ying Z, Fan G. Exercise impacts 
brain-derived neurotrophic factor plasticity by engaging mechanisms 
of epigenetic regulation. Eur J Neurosci. 2011;33:383‐390.

	124.	 Ren W, Luan X, Zhang J, et  al. Brain-derived neurotrophic factor 
levels and depression during methamphetamine withdrawal. Affect 
Disord. 2017;221:165‐171.

	125.	 Inoue K, Okamoto M, Shibato J, et al. Long-term mild, rather than 
intense, exercise enhances adult hippocampal neurogenesis and 
greatly changes the transcriptomic profile of the hippocampus. PLoS 
One. 2015;10:e0128720.

	126.	 Sobieraj JC, Kim A, Fannon MJ, Mandyam CD. Chronic wheel 
running-induced reduction of extinction and reinstatement of 
methamphetamine seeking in methamphetamine dependent rats is 
associated with reduced number of periaqueductal gray dopamine 
neurons. Brain Struct Funct. 2016;221:261‐276.

	127.	 Wang D, Wang Y, Wang Y, Li R, Zhou C. Impact of physical ex-
ercise on substance use disorders: a meta-analysis. PLoS One. 
2014;9:e110728.

	128.	 Radak Z, Chung HY, Goto S. Systemic adaptation to oxida-
tive challenge induced by regular exercise. Free Radic Biol Med. 
2008;44:153‐159.

	129.	 Aguiar AS Jr, Tuon T, Soares FS, da Rocha LG, Silveira PC, Pinho 
RA. The effect of n-acetylcysteine and deferoxamine on exercise-
induced oxidative damage in striatum and hippocampus of mice. 
Neurochem Res. 2008;33:729‐736.

	130.	 Camiletti-Moiron D, Aparicio VA, Aranda P, Radak Z. Does exercise 
reduce brain oxidative stress? A systematic review. Scand J Med Sci 
Sports. 2013;23:e202‐e212.

	131.	 Speck AE, Tromm CB, Pozzi BG, et  al. The dose-dependent an-
tioxidant effects of physical exercise in the hippocampus of mice. 
Neurochem Res. 2014;39:1496‐1501.

	132.	 Toborek M, Seelbach MJ, Rashid CS, et al. Voluntary exercise pro-
tects against methamphetamine-induced oxidative stress in brain 
microvasculature and disruption of the blood-brain barrier. Mol 
Neurodegener. 2013;8:22.

	133.	 Tamura Y, Kataoka Y. PET imaging of neurogenic activity in the adult 
brain: toward in vivo imaging of human neurogenesis. Neurogenesis. 
2017;4:e1281861.

	134.	 Neishi H, Ikawa M, Okazawa H, et al. Precise evaluation of striatal 
oxidative stress corrected for severity of dopaminergic neuronal de-
generation in patients with Parkinson’s disease: a study with 62Cu-
ATSM PET and 123I-FP-CIT SPECT. Eur Neurol. 2017;78:161‐168.

	135.	 Pollak TA, Drndarski S, Stone JM, David AS, McGuire P, Abbott NJ. 
The blood-brain barrier in psychosis. Lancet Psychiatry. 2017; [Epub 
ahead of print]. https://doi.org/10.1016/s2215-0366(17)30293-6.

	136.	 Veksler R, Shelef I, Friedman A. Blood-brain barrier imaging in human 
neuropathologies. Arch Med Res. 2014;45:646‐652.

	137.	 Bongard V, McDermott AY, Dallal GE, Schaefer EJ. Effects of age and 
gender on physical performance. Age. 2007;29:77‐85.

	138.	 Alkadhi KA. Exercise as a positive modulator of brain function. Mol 
Neurobiol. 2017;6(Suppl 3):765‐783.

How to cite this article: Morais APD, Pita IR, Fontes-Ribeiro 
CA, Pereira FC. The neurobiological mechanisms of physical 
exercise in methamphetamine addiction. CNS Neurosci Ther. 
2018;24:85–97. https://doi.org/10.1111/cns.12788

https://doi.org/10.1016/s2215-0366(17)30293-6
https://doi.org/10.1111/cns.12788

