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Abstract

Background—Despite cannabis being the most widely used illicit substance in the United
States, individuals diagnosed with cannabis use disorder have few well-researched, affordable
treatment options available to them. Though found to be effective for improving treatment
outcomes in other drug populations, exercise is an affordable and highly accessible treatment
approach that has not been routinely investigated in cannabis users.

Objectives—The aim of this paper is to inform the topic regarding exercise’s potential as an
adjunctive treatment for individuals with cannabis use disorder.

Methods—We reviewed the evidence surrounding cannabis use and its current treatment in the
United States, explored the rationale for including exercise in the treatment of substance use
disorders, and in particular, proposed a biological mechanism (i.e., endocannabinoids) that should
be examined when utilizing exercise for the treatment of cannabis use disorder.

Results—Cannabis use is widespread and increasing in the United States. Chronic, heavy
cannabis use may dysregulate the endogenous cannabinoid system, which has implications for
several psychobiological processes that interact with the endocannabinoid system such as reward
processing and the stress response. Given that exercise is a potent activator of the endocannabinoid
system, it is mechanistically plausible that exercise could be an optimal method to supplement
cessation efforts by reducing psychophysical withdrawal, managing stress, and attenuating drug
cravings.

Conclusion—We suggest there is a strong behavioral and physiological rationale to design
studies which specifically assess the efficacy of exercise, in combination with other therapies, in
treating cannabis use disorder. Moreover, it will be especially important to include the
investigation of psychobiological mechanisms (e.g., endocannabinoids, hippocampal volume)
which have been associated with both exercise and substance use disorders to examine the broader
impact of exercise on behavioral and physiological responses to treatment.

1. Cannabis Use in the United States

At present, cannabis is the most commonly used illicit drug in the United States (1). Unlike
many other illicit substances, its use is rapidly increasing, which has contributed to cannabis
use disorder (CUD) diagnoses doubling in the past decade (2). This may be a result of
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relaxing public opinion surrounding cannabis, increased legalization, or the greater
availability and relatively low cost of synthetic cannabis derivatives (e.g., K2, “Spice”) (3).
Since synthetic cannabinoids are fairly new and frequently evolving drugs, their long-term
effects on the brain have yet to be established; however, some preliminary reports indicate
that their psychoactive potency and potential for abuse is much greater than that of naturally
grown cannabis (3). Keeping these trends in mind, it is likely that there will be a further
increase in individuals who develop CUD in the future.

In 2014, an estimated 4.2 million people had CUD, but less than a quarter of these
individuals received treatment for their condition (1). Reasons for not receiving treatment
include an unwillingness to give up cannabis use, inadequate healthcare cost coverage, fear
of stigmatization, loss of reputation, perceived criminal and socioeconomic consequences,
and limited access to treatment facilities (1). Of the small percentage of individuals who do
receive treatment, the most effective approaches (e.g., behavioral and motivational therapy)
yield a modest 50 percent 2-week abstinence rate, and less than half of patients will continue
to remain abstinent by 12 months (4). Thus, there is a need for efficacious treatment options
which have the potential to promote both immediate and long-term abstinence.

The National Institute on Drug Abuse (NIDA) states that in order to be effective, substance
use treatment needs to be readily accessible, attend to multiple needs of the individual,
address comorbid psychological concerns (e.g., stress reactivity, depression), and be multi-
faceted, including group and individual therapy in combination with other approaches such
as pharmacotherapy (5). Because it is low cost, readily accessible, and does not come with a
surrounding stigma or adverse side effects, exercise could be a promising adjunctive
treatment approach to promote sustained abstinence among CUD patients.

2. General Benefits of Exercise

Because there are several physical and psychological benefits associated with regular
physical activity participation, there is a strong rationale for including exercise in substance
use treatment programs. Individuals with substance use disorders (SUDs) report that a major
contributor to their protracted drug use is avoidance of withdrawal (6), which is
characterized by a cluster of physical and psychological symptoms including craving,
negative affect, anhedonia, irritability, difficulty sleeping, headaches, appetite changes,
nausea, and sweating (7,8). SUD patients also report that a combination of stress, anxiety,
drug-relevant cues, boredom, and lack of positive engagement in relationships and the work
environment are additional factors contributing to relapse (9-11). In non-substance use
populations, exercise has been shown to address many of the aforementioned psychological,
physical, and behavioral factors that contribute to relapse without introducing unwanted side
effects, so it is possible that exercise could have positive effects on treatment outcomes for
SUD patients (12).

For instance, exercise has been shown to mitigate many of the psychiatric disorders, such as
clinical depression and anxiety, which are comorbid with continued drug use as well as drug
abstinence (13). Exercise can also improve sleep quality (14), reduce drug craving (15), and
manage physical (e.g., cortisol and catecholamines) and psychological (e.g., tension and
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anxiety) manifestations of stress (16). Behaviorally, regular exercise participation has also
been shown to increase self-efficacy (17), increase social engagement (18), and may serve as
a behavioral replacement, reducing exposure to former environmental and drug-related cues
(12).

3. Exercise in the Treatment of Cannabis Use Disorder

To date, most of the research investigating exercise as a treatment for SUDs has been
conducted in alcohol and tobacco use populations. Though there is substantial variability in
the types of studies (e.g., survey, cross-sectional, randomized controlled trials (RCTs)) and
populations (e.g., adolescents, overweight or obese individuals, women only) investigated in
this area, there is a broad general consensus that physical activity participation and/or
exercise interventions are associated with reduced rates of substance use, attenuated
withdrawal symptoms, enhanced mood outcomes, improved treatment retention, and
increased rates of short- and long-term abstinence (for reviews, see (12,19-22)). However,
investigations that have included or specifically recruited CUD patients have been notably
sparse, which is unfortunate because CUD comprises 17% of inpatient admissions, third
behind alcohol (41%) and opiate (20%) admissions (23). Only four studies, just one of
which was an RCT, have included (or reported on) individuals with CUD. Flemmen et al.
(2014) found that depressive symptoms decreased in a small sample of SUD inpatients (75
percent of the sample reported smoking cannabis as either their primary or secondary use
disorder) after 8 weeks of high intensity interval training compared to a usual care control
group (24). Other than this initial study, no other RCTs have included or reported on the
results regarding CUD patients in their studies. There are, however, a handful of non-RCTs
that include CUD patients, and their preliminary results suggest that exercise can enhance
treatment outcomes for this population.

Roessler (2010) conducted a 2-month long exercise training pilot study on 38 outpatient
SUD patients. The participants reported using a variety of drugs, and 51 percent of the
sample reported cannabis use. Participants exercised in small groups under the supervision
of a trainer for two hours, three times per week. Exact adherence rates were not reported, but
only 20 of the initial 38 participants (52 percent) completed the 2 months of training. At the
end of the program, the remaining 20 participants reported decreases in craving, decreases in
feeling a lack of control over substance use, reduced drug tolerance, and fewer depressive
periods (25).

Brown et al. (2010) also conducted a pilot study to determine the feasibility of a 12-week
moderate intensity aerobic exercise program in an outpatient setting among individuals with
SUDs (31 percent cannabis). A total of 16 participants, who were currently inactive and in
ongoing substance use treatment, were required to attend once weekly, moderate intensity
group exercise sessions, and were prescribed 2-3 additional moderate intensity sessions to
be completed at home. Participants attended approximately 9 of the 12 supervised sessions
and averaged 4 days of exercise per week. Overall, there was a significant increase in
percent days abstinent by the end of the trial, and they also found that non-attenders (people
who completed less than 75 percent of the supervised sessions) were 80 percent likely to
relapse by the 3-month follow-up compared to a 20 percent relapse rate among attenders
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(>75 percent attendance) (26). Though pilot studies, both Roessler (2010) and Brown et al.
(2010) lacked control groups and substance-specific analyses (e.g., assessed outcomes
specific to cannabis), so it is impossible to estimate the treatment potential of exercise
among CUD patients in these trials.

Finally, only one small study has investigated the effects of a brief aerobic exercise trial
among individuals who consumed solely cannabis. Buchowski and colleagues (2011) found
that 10 days of moderate intensity aerobic exercise for 30 minutes resulted in significantly
reduced levels of cannabis consumption and daily cravings in 12 non-treatment-seeking
individuals (15). Furthermore, cannabis use remained significantly lower at a 2-week follow-
up compared to baseline use. Without a control group, it is impossible to attribute the results
to exercise alone, but this study provides a basis for further investigation of exercise’s effects
in this population.

In sum, there is accumulating evidence that exercise may be an effective adjunctive approach
when treating CUD; however, much more research is needed to match the level and the
scientific degree of the work that has been conducted in tobacco and alcohol use
populations. Based on the data provided by numerous RCTs in the SUD area, a recent meta-
analysis found that exercise was effective in increasing abstinence rates and attenuating
anxiety and depression symptoms in tobacco, alcohol, and illicit substance use (mostly
heroin/opioid) populations. Notably, exercise’s effects on abstinence were significantly
greater in the opioid studies compared to the alcohol and tobacco studies. The authors
speculated that activation of the endogenous opioid system by exercise may have alleviated
withdrawal and provided a superior psychaobiological substitute for those who used heroin
compared to those who used tobacco or alcohol, which primarily affect non-opioid (e.g.,
acetylcholinergic and GABAergic) pathways (19). Along a similar vein, exercise
interventions conducted with CUD patients and which include investigation of a
psychobiological mechanism are an appropriate and intriguing next area of research, as
exercise has been shown to repeatedly and robustly activate the endocannabinoid (eCB)
system in healthy individuals (27-32).

4. The Endocannabinoid System

The endocannabinoid (eCB) system is an expansive heuromodulatory network found
throughout the central and peripheral nervous systems as well as other tissues (e.g., adipose,
skeletal muscle). It derives its name from Cannabis sativa (marijuana) because cannabis’s
main psychoactive constituent, A%-tetrahydrocannabinol (THC), led to the discovery of the
cannabinoid-1 receptor (CB1) (33). In addition, scientists have isolated and routinely
investigated two main eCBs, N-arachidonoylethanolamine (anandamide, AEA) and 2-
arachidonoylglycerol (2-AG) (34,35). ECBs and CB1 receptors are heavily expressed in
areas that have been implicated in reward processing, behavioral reinforcement, and
emotional regulation (e.g., the limbic system including the striatum) (36). In particular, CB1
receptors are densely populated on GABAergic neurons that are co-localized with dopamine
neurons in these brain regions (37). In general, eCB transmission suppresses synaptic
activity, but the net effects of eCB signaling can either be inhibitory or excitatory due to its
actions on either glutamatergic (excitatory) or GABAergic (inhibitory) neurons (38). For
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instance, CB1 agonism either by AEA, 2-AG, or THC (a partial agonist) reduces inhibitory
GABAergic output to dopamine neurons in the ventral tegmental area and substantia nigra
pars compacta, thereby acutely increasing dopaminergic activity in reward-related pathways
(37).

In animals, the eCB system has been found to regulate voluntary wheel running, which
many researchers consider to be a reinforcing behavior in rodents (39-41). Rodents that are
lacking CBL1 receptors or have their CB1 receptors blocked engage in 30-40% less wheel
running than control animals (42). This reduction has been found to be specifically related to
the motivational aspects of wheel running (43) and is likely mediated through eCB-induced
inhibition of GABA, which, in turn, permits a net increase of dopamine transmission in
reward-processing brain regions (44). In addition, blocking or genetically mutating CB1
receptors located on GABAergic neurons in mice also appears to negate the anxiolytic
effects of an acute bout of exercise, suggesting that the eCB system could also affect running
behaviors by influencing the psychological rewards that accompany exercise (45).

Initial evidence indicates that the eCB system also responds to exercise in humans. In
particular, just 30-45 minutes of aerobic exercise performed at 70-80% of one’s maximum,
which is a commonly prescribed dose for a single exercise bout, has been found to increase
circulating plasma eCB concentrations, particularly AEA, anywhere from two- to threefold
from baseline levels (27-29). Moreover, increases in plasma AEA after exercise have been
found to correlate with improvements in positive affect in a small sample of recreationally fit
humans, though more research needs to be conducted on mood outcomes associated with
eCB increases during and after exercise (28). To date, no acute aerobic exercise studies have
reported significant increases in 2-AG. However, Koltyn and colleagues (2014) found that 3
minutes of submaximal, isometric exercise resulted in significant elevations of both plasma
AEA and 2-AG, suggesting that the type of exercise stimulus may have differential impacts
on eCB signaling (32).

Almost no research has been conducted to directly examine the effects of chronic exercise
training on the eCB system in humans, and the few studies that have examined eCB levels as
a secondary aim of their projects have found conflicting results (46-49). Relevant to its
presence in reward-processing brain regions, though, one study found that plasma AEA
concentrations were significantly lower at baseline, after acute exercise, and after 2 weeks of
inactivity in runners categorized as “exercise dependent” (based on the Exercise Dependence
Scale, which incorporates the DSM-1V criteria for substance abuse and dependence)
compared to runners who did not meet the criteria for exercise dependence (50). Similarly,
individuals with substance use disorders have been found to have lower baseline levels of
AEA than healthy controls (51,52).

In addition to its presence in reward-processing brain regions, the eCB system has also been
located on the hippocampus, amygdala, and the hypothalamic-pituitary-adrenal (HPA) axis,
implicating its involvement in the stress response. Multiple lines of evidence suggest that the
eCB system is involved in acute stress responses and chronic stress adaptations (53).
Acutely, diminished concentrations of AEA or administration of a CB1 antagonist increases
downstream HPA axis activity and cortisol concentrations; i.e., the suppression of eCB

Am J Drug Alcohol Abuse. Author manuscript; available in PMC 2017 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brellenthin and Koltyn Page 6

activity releases the inhibitory restraint on the HPA axis (54-56). Conversely, increasing
AEA levels or administering a CB1 agonist generally suppresses HPA axis activity and
reduces cortisol concentrations (57). Unlike the fast actions of AEA in regulating the stress
response, 2-AG may have a larger role in long-term stress responses and adaptations. For
example, chronic, unpredictable stress increases 2-AG tissue content in the amygdala
(55,58) and reduces 2-AG content and CB1 expression in the hippocampus (59), both of
which are associated with blunted corticosterone responses to acute stress (58). Because the
amygdala typically excites the HPA axis while the hippocampus suppresses it, both of these
2-AG adaptations would serve to dampen the HPA axis in response to chronic stress.

In humans, maladaptive stress responses are observed in several stress-related psychological
disorders such as depression, anxiety, and post-traumatic stress disorder (PTSD). Likewise,
eCB dysfunction has also been observed in many of these patient populations (60). Another
patient population which experiences considerable amounts of stress are individuals going
through drug withdrawal and sustained drug abstinence, and they cite stress as a major cause
of relapse (9,61).

5. The Endocannabinoid System in CUD

CUD is a chronic, recurring disorder, with more than half of patients relapsing within a year
of achieving initial abstinence (4). Koob and LeMoal (2008) posit that drug relapse is the
result of both a decline in normal reward functioning, leading to depression and anhedonia,
and an increase in “anti-reward” processes, leading to heightened stress, anxiety, and
physical symptoms. In particular, they suggest that dysregulation of the hypothalamic-
pituitary-adrenal (HPA) axis is partially responsible for aversive and prolonged withdrawal
states (8). In alignment with this theory, it is commonly reported that heightened levels of
perceived stress and anxiety contribute to relapse (9,61). Newly-abstaining individuals have
higher basal levels of adrenocorticotropic hormone (ACTH) and cortisol as well as blunted
ACTH/cortisol responses to stress-inducing laboratory procedures compared to controls
(62). While the main contributors to HPA axis dysfunction among SUD patients remain
elusive, an impaired eCB system in these individuals is a possible candidate mechanism due
to its influence over the stress response.

With long-term, heavy cannabis use, the eCB system becomes dysregulated in both animals
and humans. In animals, it has been found repeatedly that chronic exposure to cannabis
downregulates CB1 receptors (63); however, only a handful of studies have investigated the
effects of substance use on the eCB system in humans. One investigation found that basal
plasma concentrations of AEA were significantly reduced in alcohol use disorder (AUD)
patients compared to moderate, social drinkers and that higher AEA concentrations were
associated with less alcohol craving (51). Similarly, Morgan et al. (2013) found that AEA
levels were significantly reduced in the cerebrospinal fluid of heavy cannabis users (approx.
27 times per month) compared to light users (approx. 4 times per month) (52). Muhl et al.
(2014) found that AEA was increased in the serum of individuals who had used cannabis at
least 20 times in their lifetimes compared to those who had consumed it less than 5 times;
however, all of the study participants were abstinent from cannabis use for at least 6 months,
and the cannabis use grouping cutoffs (> 20 times or < 5 times) were based on the increased
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likelihood of developing schizophrenia with heavier cannabis use. Other than lifetime
occurrences, no other details concerning the amount of cannabis consumption prior to
abstinence were provided, so it is not clear whether this group division represents a
clinically meaningful difference in cannabis use (outside of examining its relation to
schizophrenia), especially after extended abstinence (64). Finally, Goodwin et al. (2012)
found that in individuals with heavy cannabis use there was a positive correlation between
SR141716 (a CBL1 inverse agonist) plasma concentrations and increases in plasma cortisol
from baseline levels. There was also a significant negative correlation between plasma
cortisol and plasma THC (an exogenous CB1 partial agonist) levels (65). Collectively, these
studies suggest that the eCB system may be downregulated with substance use which may
explain, in part, the findings of elevated ACTH and/or blunted cortisol reactivity in those
with SUDs (62).

Outside of measuring circulating eCB levels, brain-imaging studies suggest that CB1
receptors are also affected by long-term drug use. Both post-mortem (66) and in-vivo studies
(67,68) have found that there are significant decreases in the density and binding potential of
CB1 receptors in the hippocampus, ventral tegmental area, and the substantia nigra among
chronic consumers of cannabis compared to age-matched controls. It has also been found
that four weeks of inpatient abstinence results in CB1 receptor density returning to control
levels in all areas except the hippocampus (68). In AUD patients, Hirvonen et al. (2013) and
Ceccarini et al. (2014) also found that CB1 receptors were downregulated in several brain
regions (e.g., hippocampus, ventral striatum, caudate, putamen, hypothalamus) (69,70).
Thus, brain imaging studies suggest that CB1 receptors are aberrant in SUD patients in
several brain regions associated with reward processing and the stress response. The
consistent finding of altered CB1 receptors in the hippocampus is of particular concern
because of its input to the HPA axis. There is evidence that chronic stress conditions and
SUD:s are associated with decreased hippocampal volume, sometimes in an additive manner
(71-73). Aerobic exercise is one stimulus that has been shown to promote CBL1 receptor-
mediated neurogenesis in the hippocampus of animals (74,75); however, this is only one
potential mechanism out of many purported mechanisms (e.g., brain-derived neurotrophic
factor changes, histological changes [increase in DCX newborn neurons, glial cells]), for
exercise’s effects on the maintenance of hippocampal gray matter volume (30,76). It is
unknown whether these findings will eventually translate to human SUD patients, and if so,
whether any observed changes in the hippocampus will meaningfully contribute to relevant
behavioral outcomes such as long-term stress management and relapse prevention.

Through its activation of the eCB system, exercise may also aid cessation efforts by acting
as a form of agonist therapy. Agonist therapies, such as methadone or buprenorphine therapy
for opioid use disorder or nicotine-replacement therapy for tobacco use disorder, aid SUD
patients through the withdrawal period so that other forms of treatment (e.g., CBT) can be
more effective. Compared to a placebo, CB1 agonists have been found to dose-dependently
reduce cannabis withdrawal symptoms in the laboratory in small samples of non-treatment
seeking cannabis consumers (77,78). Extending these laboratory findings, RCTs have
investigated the effects of CB1 agonist therapy on treatment outcomes for cannabis and have
found that CB1 agonists result in higher treatment retention rates and reduced severity and
duration of cannabis withdrawal symptoms (79,80).
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Outside of exogenous therapies, no human studies have examined the effects of endogenous
cannabinoid (i.e., AEA, 2-AG) enhancement on substance use outcomes. The results from
animal studies, though, provide evidence to suggest that eCB augmentation may be useful.
These studies typically use a fatty acid amide hydrolase (FAAH) inhibitor, which
metabolizes AEA, to increase circulating AEA concentrations. Chauvet et al. (2014) found
that in rats experiencing withdrawal, administration of an FAAH inhibitor significantly
reduced drug-seeking behaviors and cue-induced reinstatement (a laboratory measure of
relapse) compared to a vehicle solution. It was also reported that stress-induced
reinstatement through administration of yohimbine, a pharmacological substance which is
anxiogenic in rodents, was significantly lower in the FAAH inhibitor-treated animals
compared to the vehicle-treated animals (81). Justinova et al. (2015) observed similar results
in non-human primates in that an FAAH inhibitor reduced levels of drug-primed and cue-
primed reinstatement after an extinction period (82). Conversely, Cippitelli et al. (2008)
found that an FAAH inhibitor had no effects compared to a vehicle on cue or stress-induced
(yohimbine) ethanol reinstatement. However, they did find that the FAAH inhibitor
eliminated the anxiogenic effects of acute ethanol administration during the withdrawal
period, suggesting that FAAH inhibitors may still confer positive psychological outcomes
during abstinence despite having no effect on reinstatement (83). In sum, emerging animal
evidence indicates that endogenous cannabinoid enhancement may reduce cue- and stress-
induced reinstatement, which is an animal model for relapse in humans. Therefore,
augmenting AEA levels through exercise in humans, wherein the pharmacological
manipulation of endogenous cannabinoids is not currently possible, could have similar
benefits on preventing relapse in newly-abstaining SUD patients. See Figure 1 for a
schematic of the hypothetical relationships between the eCB system, CUD, and exercise.

6. Conclusion

Cannabis use is rapidly increasing in the United States, and treatment options for the
growing number of individuals who will go on to develop CUD are severely understudied.
The results from several RCTs suggest that regular exercise may be efficacious in
combination with other treatment approaches to promote sustained abstinence in tobacco
and alcohol use populations. Unfortunately, very few studies have investigated the effects of
exercise in other prominent SUD populations, such as CUD patients. Along with its low
cost, low stigma, and high accessibility, exercise may be a useful treatment option for
cannabis users due to its effects on the eCB system. The eCB system appears to be impaired
in CUD patients, and this may contribute to their heightened experience of stress, aberrant
cortisol patterns, and prolonged relapse vulnerability. ECBs released during exercise may
not only help restore eCB function in brain regions that regulate reward and stress processes
but also act as a form of agonist therapy which could dampen residual withdrawal
symptoms, increase treatment retention, and promote long-term abstinence.
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Figure 1. Schematic of the relationships between the endocannabinoid system, chronic cannabis
use, and exercise

It is proposed that chronic, heavy cannabis use dysregulates the endocannabinoid (eCB)
system, which is highlighted by a downregulation of CB1 receptors (CB1r) in several brain
regions including the hippocampus, substantia nigra, and ventral striatum, which are regions
implicated in reward and stress processing. Changes in eCB physiology as a result of
cannabis use could contribute to psychological outcomes including heightened anxiety,
depression, stress reactivity, and craving. Conversely, acute exercise in humans has been
shown to increase circulating levels of anandamide (AEA) and 2-arachidonoylglycerol (2-
AG), and chronic exercise in animals has been found to upregulate CB1 receptors, most
notably in the hippocampus. ECB changes have been associated with beneficial
psychological outcomes including reductions in anxiety and increases in positive affect.
Exercise has also been shown to relieve anxiety, depression, and craving in a variety of
substance use populations. More research needs to be conducted to further develop these
proposed relationships.
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