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Alcohol use disorder (AUD) is a chronic condition with a staggering global burden and yet limited pharmacological treatments.
Convergent evidence implicates the endocannabinoid system (ECS) as a potential therapeutic target due to its broad regulatory
role across reward, stress, and affective processes. We conducted a systematic review and meta-analysis of 63 preclinical and
human studies evaluating ECS modulators for AUD. Preclinical studies were synthesized by mechanism of action, and meta-
analyses were conducted for cannabinoid receptor (CB-1R) antagonists and inverse agonists, CB-1R agonists, and cannabidiol (CBD).
Human studies were narratively synthesized due to methodological heterogeneity. Preclinical data meta-analyses demonstrated
that CB-1R inverse agonists (SMD = -1.21) and CBD (SMD = -0.70) reduced alcohol intake, while CB-1R agonists increased
consumption (SMD = +0.66). Dose-response analyses identified non-linear effects for CB-1R inverse agonists and CBD. In contrast,
human studies showed inconsistent and generally null effects, with limited studies examining newer ECS modulators beyond
rimonabant or CBD. While preclinical evidence supports ECS modulation, particularly CB-1R antagonism and CBD, as promising
strategies for reducing alcohol use behaviors, clinical translation has been limited by safety concerns, methodological
inconsistencies, and under-investigation of novel compounds. Mechanistically informed trials of novel compounds, including next-
generation CB-1R antagonists and CBD, are needed to bridge this translational gap and yield new treatments for AUD.
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INTRODUCTION
Alcohol use disorder (AUD) is characterized by compulsive alcohol
consumption, diminished control over alcohol intake, and
negative emotional states during withdrawal [1], leading to
significant public health, social, and economic consequences.
AUD is a prevalent and debilitating condition, affecting approxi-
mately 27.9 million adults in the United States alone in 2024 [2, 3].
Currently, there are only three U.S. Food and Drug Administra-
tion (FDA)-approved pharmacological treatments for AUD: nal-
trexone, acamprosate, and disulfiram. Each drug primarily targets
a distinct aspect of AUD and demonstrates clinically meaningful
benefits, though response varies substantially across patients
[4-6]. Naltrexone reduces craving and heavy drinking but not
withdrawal symptoms [7]. Acamprosate supports abstinence
maintenance but is less effective for suppressing craving or
reducing drinking behavior [7, 8]. Disulfiram relies heavily on
patient adherence and does not address the core motivational or
withdrawal-related symptoms of AUD [9]. Most importantly,
treatment response is heterogeneous. These medications appear
to benefit only a subset of patients, and population-level
reductions in alcohol consumption remain modest [4, 10].

Together, the heterogeneity of response and the limited number
of treatment options—with no new medication approved for AUD
since acamprosate in 2004 —underscore the urgent need for
more effective and personalized therapeutic strategies.

Emerging research suggests that the endocannabinoid system
(ECS), which includes cannabinoid receptors (primarily CB-1 and
CB-2), endogenous ligands such as 2-arachidonoylglycerol (2-AG)
and anandamide (AEA), and metabolic enzymes, including fatty
acid amide hydrolase (FAAH) and monoacylglycerol lipase (MAGL)
[11], may represent a therapeutic target for AUD. CB-1 receptors
(CB-1R)—the most abundant G-protein coupled receptors in the
brain [12]—function as presynaptic inhibitory modulator that
dynamically regulate neurotransmitter release across limbic and
cortical circuits [11].

Convergent evidence links ECS dysregulation to AUD: while
endocannabinoid signaling boosts alcohol reward initially, chronic
exposure induces adaptive changes—such as reduced CB-1R
availability and lower FAAH levels during early abstinence—that
correlate with consumption severity. Moreover, Cannabinoid
Receptor 1 (CNR1)/FAAH polymorphisms are associated with
AUD risk [13-20]. Because the ECS simultaneously modulates
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reward, stress, and affect circuits [21], all of which are disrupted in
AUD, pharmacological interventions targeting the ECS could
address multiple dimensions of the disorder.

Although interest in alternative treatments for AUD is growing,
ECS-targeted strategies require rigorous translational evaluation to
bridge preclinical findings and therapeutic applications. This
review synthesizes evidence from both experimental preclinical
models and human studies to evaluate the ECS as a potential
therapeutic target for AUD. We examine how ECS modulators
influence clinically relevant outcomes, such as alcohol consump-
tion, abstinence duration, withdrawal symptoms, relapse risk,
treatment retention, craving, and cue reactivity. This translational
approach aims to optimize clinical trial design and guide the
development of novel therapeutics by identifying ECS mechan-
isms with the greatest translational potential.

MATERIALS AND METHODS

This systematic review protocol was registered with PROSPERO
(CRD42024593040) and adhered to Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) 2020 guidelines
[22].

Search strategy and information sources

We searched Ovid MEDLINE (PubMed), Embase, PsycINFO, Web of
Science Core Collection, Scopus, and the Cochrane Library in
September 2024 and updated it in July 2025. Reference lists of
relevant articles and reviews were manually checked. Full search
strategies are available in Supplementary eMethods.

Eligibility criteria

Preclinical studies were eligible if they were controlled laboratory
experiments using animal models of alcohol-related behaviors
with prior alcohol exposure and designed to assess alcohol
preference or self-administration.

Human studies were eligible if they were either controlled trials
or experimental studies involving adults (=18 years), including
healthy volunteers, heavy drinkers, or individuals diagnosed with
AUD. Primary outcomes were alcohol consumption (amount,
frequency), pharmacokinetic interactions, subjective effects, per-
formance/behavioral effects, and physiological measures.

Study selection process

Search results were pooled in EndNote 21 and deduplicated using
the Reference Deduplicator tool [23]. Two reviewers (G.C., M.C.M.)
independently screened titles and abstracts. Similarly, full texts of
potentially eligible studies were subsequently retrieved and
assessed. Discrepancies at any stage were resolved through
discussion with a third reviewer (J.D.A). A list of reasons for
exclusion at this stage is available in Supplementary Table S1.

Data extraction

Data extraction was performed by two independent reviewers
(G.C, M.CM.) using standardized, pre-piloted forms tailored
separately for preclinical and human studies.

Data synthesis
Data synthesis was organized by cannabinoid mechanism of
action, separating preclinical and clinical evidence.

Preclinical studies. For preclinical studies measuring alcohol
intake proxies (voluntary drinking or operant responding), meta-
analyses were conducted, allowing us to statistically pool results
from multiple studies to estimate an overall effect. Studies were
grouped by mechanism (CB-1R antagonists/inverse agonists, CB-
1R agonists, CBD). We calculated the standardized mean
difference (SMD), an effect size measure that expresses the
magnitude of a treatment effect in standard deviation units,
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allowing comparison across studies using different scales, for each
experiment and estimated pooled effects using random-effects
models due to expected heterogeneity. Dose-response relation-
ships for compounds tested at multiple doses were assessed using
linear and non-linear (quadratic) meta-regression models. Hetero-
geneity was assessed using standard statistics (Cochran’s Q, tau?,
and ). Detailed statistical procedures are provided in Supplemen-
tary eMethods.

Human studies. Quantitative meta-analysis of human studies was
precluded by substantial heterogeneity in study design (e.g.
laboratory-based administration, therapeutic trials, naturalistic
observation), intervention type, dosing, administration route,
population (from healthy volunteers to AUD), and outcome
measures (pharmacokinetics, subjective effects, alcohol use
metrics). The limited number of studies per specific intervention-
outcome pairing further precluded quantitative synthesis. As such,
clinical evidence was synthesized narratively, categorized by
mechanism of action and structured around key outcome
domains: pharmacokinetic effects, performance/behavioral out-
comes, and subjective effects.

Quality assessment
For preclinical studies, we extracted key methodological details but
did not apply formal risk-of-bias ratings due to the lack of a widely
accepted tool applicable across heterogeneous animal models.
For human studies, risk of bias was assessed using the Cochrane
Risk of Bias 2 (RoB 2) tool for randomized controlled trials and the
Risk of Bias in Non-randomized Studies of Interventions (ROBINS-I
V2) [24] for observational [25] (Supplementary Table S2).

RESULTS

Our initial search in September 2024 yielded 7,879 potentially
relevant records. An updated search in July 2025 identified an
additional 963 records, of which 939 were unique and added to
screening. One additional record [26] was identified through
manual searching of recently published literature. After deduplica-
tion, a total of 4,002 unique records were screened for eligibility.
Of these, 3,869 were deemed irrelevant based on title and abstract
screening. The remaining 133 studies underwent full-text assess-
ment, resulting in 63 studies meeting inclusion criteria for the
review [7, 26-87], such that 44 were preclinical studies and 19
were human (Fig. 1).

Preclinical studies

All preclinical studies utilized rodent models (mice and rats)
(n=44) [7,
27-30, 35-37, 39-43, 45-49, 52-58, 60-70, 72, 74-77, 80, 81, 83].
Among them, CB-1R antagonists and inverse agonists were the
most studied (n =23) candidate intervention, primarily utilizing
SR141716A (Rimonabant) (n=16 studies), which acts as an
inverse agonist at CB-1R [88]. Newer compounds including
AM4113 (n=2), AM6527 (n=1), and SR147778 (n=2) also
featured in investigations. Other candidate interventions studied
included: CB-1R agonists (n=13 studies total), such as WIN
55,212-2 (n = 6) and CP55,940 (n = 3); A9-THC (n = 4 studies); CBD
(n =9 studies); and alternative cannabinoid modulators targeting
FAAH, diacylglycerol lipase (DAGL), and CB-2 receptors (CB-2R)
(n =4 studies in this category) (Table 1)

CB-1R antagonists/inverse agonists. Twenty-three studies exam-
ined CB-1R antagonists/inverse agonists on alcohol intake and
related behaviors in rodent models. Most experiments utilized
SR141716A (Rimonabant) [29, 36, 37, 41, 55, 61, 67, 68, 70], while
others employed newer compounds including the CB-1R neutral
antagonists AM4113 [30, 40] and AM6527 [66], SR147778 [45, 53],
and RTICBM-74 [58].
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- MEDLINE ALL (Ovid): 1,533
- Embase (Ovid): 1,402
- APA Psyclnfo (Ovid): 512

- Scopus (Elsevier): 2,271
- CDSR (Wiley): 1
- CENTRAL (Wiley): 260

Records identified from initial search (Sep 2024): 7,879

- Web of Science Core Collection (Clarivate): 1,900

Records removed: 4,817
» Automated: 4,704
» Manually: 113

Additional records identified from
updated search (Jul 2025): 939

v
Records screened:
4,002

Reports sought for retrieval:

133
!

Full-text articles assessed for
eligibility: 133

v

= SN

= _ SN

Studies included in review: 63
- Preclinical: 44
- Clinical: 19

Fig. 1

Record manually identified: 1

Records excluded
3,869

Reports not retrieved
(n=0)

Reports excluded: 70

* 26 Wrong preclinical model
* 18 Wrong study design

* 16 Study protocol

* 4 Wrong intervention

+ 3 Wrong outcomes

* 2 Poster abstract

* 1 Wrong patient population

PRISMA Flowchart illustrating the systematic search and selection process for studies included in this systematic review and meta-

analysis. The flowchart details the number of records identified, screened, excluded, and included, along with reasons for exclusion at the full-

text assessment stage.

Across 37 experiments in 13 studies, SR141716A significantly
reduced alcohol intake (SMD = -1.21; 95% Cl: -1.59 to -0.83,
Fig. 2). A dose-response analysis (Supplementary Figure S1)
indicated a non-linear (quadratic) relationship between
SR141716A (Rimonabant) dose and effect size (p=0.002),
suggesting biphasic effects with potential optimal efficacy at
intermediate doses (2-5 mg/kg).

CB-1R antagonists/inverse agonists consistently reduced volun-
tary alcohol intake in 20 of 23 studies (Table 1), with dose-
dependent efficacy typically ranging from 30-60% reduction
compared to vehicle treatment. One study observed complete
abolition of the alcohol deprivation effect across all tested doses
of SR141716A (0.3-3 mg/kg) [70]. Newer neutral CB-1R antagonists,
such as AM4113 and AM6527, showed comparable efficacy to
SR141716A while potentially avoiding adverse effects associated
with inverse agonism [30, 66]. Specifically, two preclinical studies
[30, 66] reported that these neutral antagonists did not induce
nausea-related behaviors, depressive-like symptoms, or anxio-
genic effects.

Beyond reducing alcohol intake, CB-1R antagonists mitigated
motivational aspects of alcohol seeking, with several studies
demonstrating reductions in cue-induced reinstatement of alcohol
seeking [36, 39, 41], though effects on stress-induced reinstate-
ment were less consistent [41].

CB-1R agonists. Studies investigating CB-1R agonists (n=13)

predominantly demonstrated facilitative effects on alcohol intake
(Table 1). Our meta-analysis of nine experiments from five studies
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using the agonist WIN 55,212-2 showed a significant overall effect,
indicating increased alcohol intake compared to controls (SMD =
0.66, 95% Cl [0.30, 1.02]) (Fig. 3). Dose-response analysis
(Supplementary Figure S2) suggested no significant dose-
dependent effects (p = 0.202).

Among included studies, WIN 55,212-2 was shown to signifi-
cantly increase alcohol relapse during deprivation periods [56, 571,
with higher doses producing stronger and more persistent effects.

Some studies suggested potential dose-dependent biphasic
effects. Low doses of WIN55,212-2 (0.5-1 mg/kg) increased alcohol
intake while higher doses produced mixed effects [62]. Similarly,
lower doses of CP 55,940 (10-50 pg/kg) increased alcohol-seeking
during relapse and alcohol preference [46, 74], while higher doses
sometimes decreased responding, potentially due to non-specific
motor suppression. One study showed that CP55,940 (10, 30 and
50ug/kg doses) significantly increased motivation for beer intake,
and this effect was reversed by CB-1R inverse agonist SR 141716
[42].

Delta-9-Tetrahydrocannabinol (A9-THC). A9-THC demonstrated
distinct temporal effects compared to synthetic CB-1R agonists.
Acute A9-THC administration reduced alcohol drinking dose-
dependently (3-30 mg/kg), but intake increased significantly after
cessation of A9-THC treatment [63], suggesting development of
compensatory neuroadaptations following chronic cannabinoid
exposure. A9-THC exacerbated the severity and prolonged the
recovery period of alcohol withdrawal seizures [52]. It also
increased alcohol preference on non-exposure days in a two-
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bottle choice paradigm [49]. At high doses (5.6 mg/kg), A9-THC
significantly reduced responding for both food and alcohol [47],
likely reflecting non-specific behavioral suppression rather than
selective effects on alcohol reinforcement (Table 1).

Cannabidiol (CBD). Nine preclinical studies administrating CBD
consistently demonstrated reductions in alcohol intake across
various paradigms (Table 1). Our meta-analysis, which incorpo-
rated 20 experiments from seven studies, showed a significant
overall effect of CBD on reducing alcohol intake (SMD = -0.70, 95%
Cl [-1.07, —0.34] (Fig. 4). Examination of the dose-response
relationship (Supplementary Figure S3), including data from 11
unique doses, suggested a potential non-linear pattern
(p = 0.085), following an inverted U-shaped curve with optimal
efficacy at intermediate doses.

Dose-dependent reductions in alcohol intake, preference, and
operant responding were observed at CBD doses ranging from 30-
120 mg/kg [75-77], with specificity for alcohol versus water
reinforcement as evidenced by reduced breaking points (i.e., the
maximum reinforcement threshold at which effort expenditure is
discontinued due to diminished reward valuation) specifically for
alcohol.

CBD (15 mg/kg) significantly reduced context-induced reinstate-
ment (the return of drug-seeking behavior triggered by environ-
mental cues), with effects persisting up to 138 days post-
treatment [48]. In addition, important data showed sex and dose
related differences with male mice responding to moderate CBD
doses (30-60 mg/kg), while females required higher doses (90 mg/
kg) to achieve comparable reductions in binge-like drinking [76].

Other cannabinoid compounds. Several studies targeting alter-
native components of the endocannabinoid system vyielded
promising results. URB597, a FAAH inhibitor that increases the
endogenous cannabinoid anandamide, reduced alcohol intake
and preference by 40-60% through CB-1R-dependent mechan-
isms [81]. DO34, a DAGL inhibitor reducing 2-arachidonoylglycerol
synthesis, decreased intake in chronic alcohol use models and
attenuated reinstatement [80].

CB-2R modulation produced bidirectional effects, with antag-
onism (AM630) increasing and agonism (JWH133) decreasing
alcohol intake and reinforced responses [65]. The anandamide
transport inhibitor AM404 (0.4-10 mg/kg) dose-dependently
reduced alcohol self-administration in rats by up to 60% while
preserving responding for natural rewards like saccharin
responses [35]. Notably, this effect appeared independent of
classical cannabinoid receptors, as CB-1R, CB-2R, and vanilloid
receptor antagonists failed to block AM404's actions, suggesting a
novel mechanism for selectively targeting alcohol reinforcement.

Human studies

Human studies (n=19) employed varied methodological
approaches including controlled laboratory administration para-
digms in individuals without AUD and therapeutic trials in persons
who drink heavily or individuals with AUD. Experimental designs
ranged from acute placebo-controlled crossover administration
studies to longitudinal interventions lasting up to 12 weeks.
Interventions investigated included CB-1R inverse agonists (rimo-
nabant, n=2), A9-THC through various administration routes
(n =10), CBD at multiple dosages (n = 8), and limited exploration
of minor cannabinoids like cannabinol (CBN) (n = 1) (Table 2).

CB-1R antagonists/inverse agonists. Two placebo-controlled clin-
ical trials administered rimonabant (20 mg/day) to individuals who
consume alcohol but found limited efficacy despite promising
preclinical results. A 14-day double-blind, placebo-controlled
design included persons with heavy alcohol use (n=39), which
were monitored via daily call-ins to report alcohol consumption
and subsequently underwent a laboratory alcohol self-

SPRINGER NATURE

administration paradigm. Despite confirmed medication adher-
ence through blood rimonabant levels, no significant differences
were observed in alcohol consumption compared to placebo
(p = 0.17), with similar rates of drinking days (5.7% vs. 6.0%) and
drinks per drinking day (3.2 vs. 3.6) [44]. Similarly, a 12-week
double-blind, placebo-controlled study among individuals
recently completing alcohol detoxification (n=258) found no
significant differences between rimonabant and placebo in
relapse to any drinking (41.5% vs. 47.7%) or heavy drinking
episodes (27.7% vs. 35.6%, p =0.13) [71]. Although safety was
generally acceptable, the rimonabant group showed slightly
higher rates of depression-related events compared to placebo
(3.8% vs. 1.6%).

A9-THC. Ten human studies investigating A9-THC-alcohol inter-
actions employed various methodological approaches, from
controlled laboratory administration to naturalistic designs.

Experimental laboratory studies examining the interaction
between cannabis and alcohol showed inconsistent findings
regarding blood alcohol concentration. In one study [59] involving
15 healthy male volunteers consuming standardized alcohol doses
(0.7 g/kg), cannabis smoking significantly reduced peak BAC by
approximately 30% and delayed time to peak by 55 min. However,
subsequent controlled investigations have produced mixed results.
One study found no significant effect of oral cannabinoids on BAC
[32], while others reported contradictory outcomes [33, 34] also
reported contradictory findings—with A9-THC co-administration
either elevating BAC® or exerting no measurable effect.

Performance assessments consistently showed additive impair-
ments when A9-THC and alcohol were combined. Multiple
investigations documented significant deficits in psychomotor
performance, standing steadiness (p < 0.01), and manual dexterity
(p <0.05) [32, 33]. Verbal memory was particularly vulnerable to
combined effects, with delayed recall showing strong impairment
(p < 0.001) [79].

Studies of consumption patterns and subjective effects yielded
mixed results. Laboratory investigations found that low-dose oral
A9-THC (2.5 mg) reduced desire for alcohol [31], with a significant
negative correlation between wanting alcohol and A9-THC
(r=-046, p=0.02) [78]. However, naturalistic studies found no
evidence that A9-THC-dominant cannabis significantly altered
alcohol consumption patterns [51] or cross-substance craving [73].
Further evidence emerged from a recent within-subject placebo-
controlled randomized trial designed to assess acute cannabis
effects on alcohol consumption among 138 heavy drinkers who
used cannabis regularly [26]. Smoked cannabis (7.2% and 3.1% THC
with trace CBD [<0.22%]) acutely reduced alcohol self-
administration relative to placebo in a dose-dependent manner:
reductions of 27% (p < 0.001) and 19% (p = 0.001), respectively, as
measured by percentage of total available alcohol consumed during
a choice task. The 7.2% THC dose also increased latency to drinking
initiation by 48% (p=0.005). These behavioral effects occurred
without consistent changes in craving measures, leading the authors
to hypothesize that intoxication-related satiation—rather than
craving suppression—may underlie the observed findings.

CBD. Eight human studies examining CBD effects on alcohol-use
related outcomes revealed mixed results, with neuroimaging and
psychophysiological measures showing more consistent effects
than behavioral outcomes.

Recent neuroimaging evidence demonstrates CBD's impact on
neural circuits underlying AUD. The ICONIC (“Investigation of the
effects of Cannabidiol ON cue-InduCed alcohol craving and
nucleus accumbens activation”) trial first showed that 800 mg
CBD significantly reduced nucleus accumbens activation to
alcohol cues (p <0.001) and attenuated craving in 28 adults with
AUD [82]. A crossover RCT found that an acute 600 mg dose of
CBD had no effect on neurometabolic markers, specifically
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Effect of CB-1R Inverse Agonists on Alcohol Intake

Study (Dose mg/kg)

Standardized Mean Difference

SMD [95% CI]

Arnone 1997 (3 mg/kg)
Arnone 1997 (1 mg/kg)
Arnone 1997 (0.3 mg/kg)
Arnone 1997 (0.1 mg/kg)

-1.57 [-2.78, -0.36]
-1.39[-2.58, -0.21]
-1.04 [-2.18, 0.09]
-0.87 [-1.99, 0.25]

I :
: i
| ;
I :
=
Colombo 1998 (2.5 mg/kg) <t -2.30 [-4.20, -0.41]
Colombo 1998 (5 mg/kg) < -1.32[-3.00, 0.37]
Colombo 1998 (10 mg/kg) < -2.04 [-3.66, -0.42]
Santos—Molina 2021 (10 mg/kg) <4 w -2.25[-3.46, -1.03]
Rodriguez de Fonseca 1999 (0.03 mg/kg) I | 0.05[-1.26, 1.36]
Rodriguez de Fonseca 1999 (0.3 mg/kg) I -0.27 [-1.58, 1.04]
Rodriguez de Fonseca 1999 (3 mg/kg) <4— -4.33[-6.51, -2.16]
Maccioni 2009 (0.3 mg/kg) | -0.97 [-2.15, 0.21]
Maccioni 2009 (1 mg/kg) | -1.60 [-2.86, -0.34]
Maccioni 2009 (3 mg/kg) 4+— -2.90 [-4.42, -1.39]
Economidou 2006 (0.3 mg/kg) I -1.10 [-2.48, 0.28]
Economidou 2006 (1 mg/kg) | -0.90 [-2.26, 0.45]
Economidou 2006 (3 mg/kg) < -1.58 [-3.03, -0.13]
Lallemand 2004 (3 mg/kg) |—-—| 0.37 [-0.59, 1.33]
Lallemand 2004 (10 mg/kg) |——-—| 0.17 [-0.67, 1.01]
Getachew 2011 (0.3 mg/kg) [ -0.07 [-1.36, 1.22]
Getachew 2011 (1 mg/kg) | -0.10[-1.39, 1.19]
Getachew 2011 (2 mg/kg) | -0.31[-1.48, 0.85]
Vinod 2008 (1 mg/kg) < -1.68 [-3.12, -0.23]
Vinod 2008 (3 mg/kg) 4+— -3.25[-5.05, -1.46]
Vinod 2008 (5 mg/kg) 4 -5.10 [-7.31, -2.88]
Cippitelli 2005 (0.3 mg/kg) | : | 0.11[-1.44, 1.66]
Cippitelli 2005 (1 mg/kg) | -0.89 [-2.27, 0.48]
Cippitelli 2005 (3 mg/kg) 4= -2.69 [-4.43, -0.95]
Lallemand 2001 (3 mg/kg) [ -0.29 [-1.39, 0.80]
Lallemand 2001 (10 mg/kg) |——-—| 0.70[-0.25, 1.66]
Ginsburg 2006 (0.3 mg/kg) < 5 | -0.92 [-3.12, 1.29]
Ginsburg 2006 (1 mg/kg) | | -0.51[-2.67, 1.66]
Ginsburg 2006 (3 mg/kg) <t | -0.90 [-3.11, 1.30]
Ginsburg 2006 (5.6 mg/kg) [ -0.83[-2.59, 0.93]
Gessa 2005 (0.3 mg/kg) < -2.17 [-3.70, -0.63]
Gessa 2005 (1 mg/kg) < -2.12 [-3.64, -0.59]
Gessa 2005 (3 mg/kg) 4+— -3.08 [-4.71, -1.46]
Random-Effects Model <2 -1.21[-1.59, -0.83]
Heterogeneity: I? = 64.0%, t* = 0.85 I I I
Arrows indicate Cls extending beyond the plotted axis limits. -3 -15 0 15 3
Favors Intervention Favors Control

Fig. 2 Forest plot illustrating the effect of CB-1R inverse agonists, primarily SR141716A (Rimonabant), on alcohol intake in preclinical
studies. It displays standardized mean differences (SMD) with 95% confidence intervals across 37 experiments. The overall pooled effect
(SMD = —1.21, 95% Cl [—1.59, —0.83]) shows a significant reduction in alcohol intake with CB-1R antagonist treatment compared to control
conditions, with moderate heterogeneity (1> = 64.0%).
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Effect of CB1 Agonist on Alcohol Intake

Study (Dose mg/kg)

Standardized Mean Difference

SMD [95% CI]

Loépez—Moreno 2004 (0.4 mg/kg)
Lépez—-Moreno 2004 (2 mg/kg)
Loépez—Moreno 2004 (10 mg/kg)
Lopez—-Moreno 2010 (2 mg/kg)
Alén 2008 (WIN) (2 mg/kg)

Alén 2009 (2 mg/kg)

Malinen 2008 (0.5 mg/kg)
Malinen 2008 (1 mg/kg)

Malinen 2008 (2 mg/kg)

0.38 [-0.76, 1.52]
0.64 [-0.51, 1.80]
0.72 [-0.44, 1.87]
0.23[-0.65, 1.11]
1.21[0.26, 2.16]
0.34 [-0.55, 1.22]

1.74[0.29, 3.20]

. 1.32[-0.07, 2.70]

0.22 [-0.94, 1.38]

Random-Effects Model

0.66 [ 0.30, 1.02]

[ T
-15

Heterogeneity: 2= 0.0%, 2=0.00

Arrows indicate Cls extending beyond the plotted axis limits. -3

Favors Intervention

T T 1

0 1.5 3
Favors Control

Fig. 3 Forest plot illustrating the effect of CB-1R agonists, primarily WIN 55,212-2, on alcohol intake in preclinical studies. It includes
standardized mean differences (SMD) with 95% confidence intervals from 9 experiments testing various doses. The overall pooled effect
(SMD = 0.66, 95% Cl [0.30, 1.02]) indicates a significant increase in alcohol intake with CB-1R agonist treatment compared to control

conditions, with no observed heterogeneity (12 = 0.0%).

glutamate and glutamine (Glx) and GABA levels in the dorsal
anterior cingulate cortex, or on cue-reactivity in 36 youth with
AUD [85]. Another crossover trial found that 800 mg CBD for three
days modulated precuneus activation in 18 individuals with AUD,
though without affecting subjective craving [84]. This study also
examined CBD’s psychophysiological effects during alcohol cue
exposure [86]. It demonstrated that CBD increased parasympa-
thetic activity (elevated high-frequency heart rate variability) and
reduced anxiety during cue exposure, while improving post-cue
craving recovery without cognitive impairment [86]. These
findings suggest CBD modulates both physiological and emo-
tional responses to alcohol cues.

A preliminary clinical treatment study explored longer-term
CBD administration with different formulations [87]. This 8-week
RCT comparing full-spectrum CBD (containing <0.3% A9-THCQ),
broad-spectrum CBD (A9-THC-free), and placebo in 44 individuals
with moderate-severe AUD found that only full-spectrum CBD
reduced craving at weeks 8 and 16 (p < 0.001), though drinks per
drinking day remained unchanged [87]. Similarly, a 5-day
naturalistic study of 120 cannabis-alcohol co-users found that
CBD-dominant cannabis (23% CBD, 1% A9-THC) significantly
reduced drinks per day (-40%), drinking days, and co-use days
compared to A9-THC-dominant or balanced CBD/A9-THC strains
[51]. These findings suggest CBD’s therapeutic effects may be
enhanced by minimal A9-THC content.

Earlier acute administration studies yielded inconsistent phar-
macokinetic findings. While one crossover study reported that
200 mg CBD reduced blood alcohol levels (0.85 vs 0.95 g/I) without
affecting psychomotor impairment in 10 healthy volunteers [38],
another study in 36 heavy drinkers found no effect of 30 mg or
200 mg CBD on blood alcohol or subjective intoxication [50].

Collectively, these studies suggest CBD’s therapeutic potential
in AUD may be mediated through neural and autonomic
modulation rather than alcohol pharmacokinetic interactions.
The most consistent effects emerged with higher doses (600-
800 mg) and longer administration periods. All studies reported
excellent safety profiles with no serious adverse events.

Other cannabinoid compounds. Limited evidence exists for other
cannabinoids, with one study examining the effects of CBN in a

SPRINGER NATURE

counterbalanced, double-dummy design with 15 healthy volun-
teers [32]. This methodology, which systematically varied treat-
ment sequence while maintaining blinding through matched
placebos for each active substance, found no significant effects of
CBN on alcohol-use related performance measures compared to
alcohol alone across multiple psychomotor assessments, including
standing steadiness, reaction time, and pursuit rotor performance.

DISCUSSION

This translational systematic review and meta-analysis synthesizes
preclinical and human evidence on cannabinoid system mod-
ulators for AUD, identifying mechanistic insights, translational
gaps, and future pharmacotherapeutic opportunities. Preclinical
data robustly demonstrates that ECS modulation, particularly
through CB-1R inverse agonism and CBD, effectively reduces
alcohol use behaviors in animal models. Meta-analytical findings
quantified these effects, with large reductions in alcohol intake
observed for CB-1R inverse agonists (SMD = -1.21), moderate
increases with CB-1R agonists (SMD = 0.66), and moderate-to-
large reductions for CBD (SMD = -0.70). However, human findings
have yet to translate these results, emphasizing critical barriers
that must be addressed to advance therapeutic development.

Preclinical evidence: Mechanistic insights

Preclinical studies provided robust evidence for the therapeutic
potential of ECS modulation in AUD. Most notably, across diverse
animal models, CB-1R antagonists and inverse agonists consis-
tently reduced alcohol intake, operant responding, and relapse-
like behaviors [41, 70]. The mechanisms underlying the efficacy of
CB-1R antagonists/inverse agonists involve disruption of meso-
limbic dopamine signaling: CB-1Rs located on GABAergic inter-
neurons in the ventral tegmental area (VTA) normally disinhibit
dopamine neurons upon endocannabinoid release, thereby
facilitating reward signaling [89]. By blocking this pathway, CB-
1R inverse agonists attenuate alcohol-induced dopamine release
and reduce the reinforcing properties of alcohol [83, 84, 90l.
Consistent with this, direct administration of CB-1R inverse agonist
into the VTA reduced sign tracking in appetitive behavior [91].
Conversely, CB-1R agonists increased alcohol seeking, reinforcing

Molecular Psychiatry (2026) 31:3849 - 3871
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Effect of Cannabidiol (CBD) on Alcohol Intake
Study (Dose mg/kg) Standardized Mean Difference SMD [95% Cl]
Viudez-Martinez 2018a (20 mg/kg) — -0.29 [-1.13, 0.55]
Viudez-Martinez 2018b (60 mg/kg) e —-1.42 [-2.40, -0.44]
Viudez-Martinez 2020 — Male (90 mg/kg) S | -1.11[-2.05, -0.16]
Viudez-Martinez 2020 — Female (90 mg/kg) —_—e -1.84 [-2.89, -0.80]
Viudez-Martinez 2020 — Male (15 mg/kg) —_— 0.38 [-0.70, 1.47]
Viudez-Martinez 2020 — Male (30 mg/kg) —_— 0.32 [-0.76, 1.40]
Viudez-Martinez 2020 - Female (15 mg/kg) e -0.80 [-1.91, 0.31]
Viudez-Martinez 2020 — Female (30 mg/kg) L —— 0.18 [-0.89, 1.26]
Viudez-Martinez 2020 — Male (60 mg/kg) —e 0.58 [-0.31, 1.48]
Viudez-Martinez 2020 — Female (60 mg/kg) e 0.51[-0.38, 1.40]
Tringali 2023 (40 mg/kg) i -1.44 [-2.62, -0.27]
Gonzalez—Cuevas 2018 (15 mg/kg) P -1.45 [-2.35, -0.55]
MacCioni 2022 (6.25 mg/kg) ' { -0.66 [-1.98, 0.65]
MacCioni 2022 (12.5 mg/kg) —0.47 [-1.77, 0.83]
MacCioni 2022 (25 mg/kg).1 b } -0.71 [-1.90, 0.47]
MacCioni 2022 (25 mg/kg).2 -1.21[-2.58, 0.16]
MacCioni 2022 (50 mg/kg) b » i -1.57 [-3.00, -0.15]
MacCioni 2022 (100 mg/kg) < -1.77 [-3.10, -0.44]
Dirik 2025 (30 mg/kg) —_ -0.91[-1.94, 0.12]
Dirik 2025 (60 mg/kg) — . -1.19[-2.25, -0.12]
Random-Effects Model - —-0.70 [-1.07, -0.34]
I T T T 1
Heterogeneity: I? = 55.3%, 12=0.37, Q_E p = 0.001 15 0 15 3

Arrows indicate Cls extending beyond the plotted axis limits.

Favors Intervention

Favors Control

Fig. 4 Forest plot illustrating the effect of cannabidiol (CBD) on alcohol intake in preclinical studies. It presents standardized mean
differences (SMD) with 95% confidence intervals from 20 experiments testing various doses across multiple studies. The overall pooled effect
(SMD = —0.70, 95% CI [—1.07, —0.34]) shows a significant reduction in alcohol intake with CBD treatment compared to control conditions,

with moderate heterogeneity (12 = 55.3%).

the role of the ECS in modulating alcohol reward [36, 41, 67, 701.
CBD demonstrated efficacy in reducing alcohol consumption and
reinstatement behaviors, while attenuating withdrawal-induced
anxiety and preventing reinstatement of alcohol-seeking beha-
viors for up to 138 days post-treatment [43, 48, 60, 76]. CBD
demonstrates a pleiotropic pharmacological profile [92]. Proposed
mechanisms include negative allosteric modulation of CB-1R,
agonism at serotonin 5-HT1A receptors, modulation of dopami-
nergic and glutamatergic transmission, and activation of transient
receptor potential vanilloid 1 (TRPV1) channels [93-96]. This
diverse receptor profile may explain CBD’s potential anxiolytic and
anti-relapse properties observed in preclinical AUD models.
However, sex-specific findings were underreported, with only
one study noting dose-related differences between males and
females [76].

Translational gaps: Bridging preclinical promise and clinical
outcomes

Despite compelling preclinical evidence and strong construct
validity (e.g., neurobiological rationale), successful clinical applica-
tion of endocannabinoid modulators for AUD has proven
challenging, revealing significant limitations in face validity (e.g.
the extent to which animal models resemble the human
condition), and predictive validity (e.g. their capacity to forecast
clinical efficacy) [97, 98]. This translational gap arises from multiple
factors. Species-specific differences in CB-1R density, regional

Molecular Psychiatry (2026) 31:3849 - 3871

distribution, endocannabinoid tone, and receptor signaling
efficiency may alter dose-response relationships and diminish
predictive validity across species [99-101]. Although animal
models have been invaluable for delineating mechanisms, they
cannot fully capture the psychosocial complexity of human AUD,
and experimental designs often differ between preclinical and
clinical paradigms. The paucity of clinical investigations further
limits translational conclusions: only two placebo-controlled trials
have examined rimonabant [44, 71], and CBD investigations in
AUD populations remain preliminary [85, 86].

Clinical trials administrating 20 mg of rimonabant to individuals
with AUD failed to demonstrate efficacy in reducing alcohol
consumption, despite achieving plasma drug concentrations
[44, 71]. This limited efficacy likely reflects suboptimal target
engagement, as the 20 mg clinical dose achieved only partial CB-
1R occupancy [102], whereas effective preclinical studies often
achieved near-complete blockade. However, higher doses to
improve receptor engagement are impractical, given that the
current dose has been associated with serious psychiatric adverse
effects, including depression and suicidality [103]. Mechanistically,
these adverse effects likely stem from rimonabant’s pharmacolo-
gical profile as an inverse agonist, rather than a neutral antagonist.
Unlike neutral antagonists that simply block receptor activation by
endocannabinoids, inverse agonists suppress the constitutive
(ligand-independent) activity of CB-1R [104-106]. Because tonic
endocannabinoid signaling plays a critical role in regulating mood,
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response assessments. Patient stratification utilizing FAAH poly-
morphisms, drinking phenotypes, and comorbidity profiles may
identify treatment-responsive subgroups. Critically, there is a
pressing need for adequately powered, multi-site trials testing
promising ECS modulators in patients with AUD to establish
definitive efficacy signals. Extended psychiatric monitoring
(=6 months) remains crucial for detecting delayed adverse
effects. These methodological refinements—emphasizing stan-
dardization, demographic diversity, mechanistic clarity, and
biomarker integration— along with adequately powered, multi-
site trials represent essential steps toward developing precision
therapeutics that surpass current pharmacological limitations.

Although this review focuses on AUD, the translational challenges
extended beyond AUD, cutting across endocannabinoid-based
therapeutic development. Convergent evidence indicates that
endocannabinoid signaling shapes cue reactivity, stress responsiv-
ity, and relapse risk across other substance classes, including
opioids, nicotine, and psychostimulants. Additionally, the endocan-
nabinoid system shows convergent alterations across stress-related
neuropsychiatric disorders [111, 112]. Individuals with anxiety
disorders, depression, and PTSD exhibit elevated baseline concen-
trations of both AEA and 2-AG [111], yet display blunted
endocannabinoid mobilization in response to acute psychosocial
stress [112]. This pattern of dysregulation becomes particularly
relevant given that AUD shows high comorbidity with these stress-
related disorders [113]. Consequently, endocannabinoid-directed
interventions may provide dual therapeutic benefits in specific
patient subgroups, simultaneously addressing alcohol use beha-
viors and comorbid psychiatric symptoms through restoration of
endocannabinoid tone.

This comorbidity framework should guide precision medicine
approaches rather than broadening treatment scope indiscrimi-
nately. Clinical trials should prospectively stratify patients based
on stress-reactive versus reward-driven drinking phenotypes and
comorbid anxiety or PTSD diagnoses. Outcome assessments
should pair primary alcohol endpoints with endocannabinoid
biomarkers and validated stress response measures. Secondary
psychiatric improvements should be interpreted as mechanisti-
cally linked effects rather than independent therapeutic actions.
This targeted approach further addresses the heterogeneity that
has diluted treatment effects in prior trials.

Emerging pharmacotherapies: Towards safer, targeted
approaches

A key next step in broadening clinical investigation is to explore
the diverse pharmacotherapies suggested by preclinical research.
Currently, however, a striking disparity exists between the
diversity of cannabinoid pharmacotherapies examined preclini-
cally and the limited scope of clinical investigations. While
preclinical studies evaluated a broad spectrum of compounds
(CBD, CB-2R agonists, neutral CB-1R antagonists, enzyme inhibi-
tors, allosteric modulators), clinical research has focused narrowly
on rimonabant and preliminary CBD studies. This translational
bottleneck likely reflects multiple factors: industry hesitation after
rimonabant’s failure, regulatory hurdles, inadequate funding for
early-phase trials, and challenges in designing appropriate proof-
of-concept studies.

Peripherally restricted CB-1R antagonists (e.g., JD5037) reduced
alcohol intake in preclinical models without significant CNS
penetration [69]. This strategy may retain efficacy while avoiding
central psychiatric side effects. Neutral CB-1R antagonists, such as
AM4113 and AM6527, block receptors without suppressing
constitutive activity [69]. They showed efficacy [30, 40, 66] with
potentially better safety profiles. A preclinical nicotine depen-
dence model provided a direct comparison: the neutral antagonist
AM4113 matched rimonabant’s efficacy in reducing nicotine self-
administration and blocking cue-, priming-, and stress-induced
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reinstatement; critically, however, chronic AM4113 exhibited
antidepressant-like effects and did not induce anxiety-like
behavior, whereas rimonabant produced pro-depressant and
anxiogenic effects [105]. This dissociation suggests that rimona-
bant’s adverse effects may stem from its inverse agonism rather
than simple CB-1R blockade [106].

Given its safety profile and CBD effects on multiple targets, CBD
remains a candidate pharmacotherapy for AUD. Beyond its effects
on the ECS, CBD exerts modulatory actions on serotonergic,
dopaminergic, and glutamatergic systems [114]. The relatively high
doses of CBD required for efficacy in both preclinical (30-120 mg/kg)
and human studies (600-800 mg) provide insights into its mechan-
ism of action. The high doses required suggest that these effects
may not be mediated through high-affinity targets like 5-HT1A
receptors, but rather through lower-affinity mechanisms such as CB-
1R negative allosteric modulation, TRPV1 activation, or potentially
through the combined action of multiple targets [96, 115]. Our
favorable findings for CBD support its use in larger, longer-duration
controlled clinical trials among people with AUD.

Preliminary human evidence also supports THC's potential to
reduce alcohol consumption acutely, though the high prevalence
of cannabis use disorder among responders (76%) and incon-
sistent craving effects warrant caution [26]. Long-term co-use
patterns and risks of cannabis use escalation require evaluation
before therapeutic recommendations.

By modulating endogenous cannabinoid levels, inhibitors of
enzymes like FAAH and MAGL reduced alcohol intake in
preclinical studies [80, 81] and may offer a safer alternative to
direct CB-1R inverse agonism. Allosteric modulators (e.g., RTICBM-
74 [58]) are another promising avenue; they bind to sites distinct
from the orthosteric cannabinoid binding site, modulating
receptor response to endogenous ligands rather than directly
activating or blocking the receptor. This mechanism improves
selectivity and reduces off-target effects. Additionally, CB-2R
agonists showed efficacy in mice [65] with minimal psychoactivity
due to the predominantly peripheral expression of CB-2R.
Systematic evaluation of these diverse strategies is warranted to
identify viable clinical candidates for AUD treatment.

CONCLUSION

The endocannabinoid system remains a biologically plausible and
mechanistically rich target for AUD pharmacotherapy, supported
by robust preclinical evidence. However, clinical translation has
been hindered by adverse effects, narrow pharmacologic focus,
and methodological limitations. Promising alternatives—such as
CBD, THC, peripherally restricted and neutral CB1 antagonists,
enzyme inhibitors, and CB2 agonists—address many of these
barriers and merit systematic evaluation. Future studies should
integrate biomarkers for patient stratification, employ adaptive
trial designs for dose optimization, extend treatment durations to
capture neuroadaptive changes, and maintain comprehensive
psychiatric monitoring. Priority endpoints should include neuroi-
maging markers of ECS activity, peripheral endocannabinoid
levels, and validated stress response assessments. Only through
such methodologically rigorous, mechanism-informed approaches
can we determine whether endocannabinoid modulation repre-
sents a viable therapeutic strategy for the heterogeneous
population of individuals with AUD.
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