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Abstract Cannabidiol (CBD), a non-psychoactive cannabinoid, shows great promise in treating meth-

amphetamine (METH) addiction. Nonetheless, the molecular target and the mechanism through which 

CBD treats METH addiction remain unexplored. Herein, CBD was shown to counteract METH-

induced locomotor sensitization and conditioned place preference. Additionally, CBD mitigated the
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adverse effects of METH, such as cristae loss, a decline in ATP content, and a reduction in membrane 

potential. Employing an activity-based protein profiling approach, a target fishing strategy was used to 

uncover CBD’s direct target. ATP5A1, a subunit of ATP synthase, was identified and validated as a 

CBD target. Moreover, CBD demonstrated the ability to ameliorate METH-induced ubiquitination of 

ATP5A1 via the D376 residue, thereby reversing the METH-induced reduction of ATP5A1 and promot-

ing the assembly of ATP synthase. Pharmacological inhibition of the ATP efflux channel pannexin 1, 

blockade of ATP hydrolysis by a CD39 inhibitor, and blocking the adenosine A1 receptor (A1R) all atten-

uated the therapeutic benefits of CBD in mitigating METH-induced behavioral sensitization and CPP. 

Moreover, the RNA interference of ATP5A1 in the ventral tegmental area resulted in the reversal of 

CBD’s therapeutic efficacy against METH addiction. Collectively, these data show that ATP5A1 is a 

target for CBD to inhibit METH-induced addiction behaviors through the ADO—A1R signaling pathway.

© 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and 

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under 

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Methamphetamine (METH), a synthetic psychostimulant, causes 
use disorders 1,2 and overdose-related fatalities 3 , imposing signif-

icant societal economic and mental health burdens. METH 
exposure leads to significant dopamine accumulation at synaptic 
clefts 4 , producing reactive oxygen species via oxidation 5 , resulting 
in mitochondrial dysfunction 6-8 . This dysfunction is increasingly 
understood to be pivotal in the progression of METH addic-

tion 9,10 . Adenosine triphosphate (ATP), while mainly recognized 
as an intracellular energy molecule, also has extracellular func-

tions, acting as neurotransmitters when in the form of ATP or its 
metabolite adenosine (ADO), affecting psychiatric conditions and 
drug addiction 11-14 . The ATP synthase F1 subunit alpha (ATP5A1) 
protein, a component of the ATP synthesizing machinery, has 
shown reduced expression in various addiction models, positing it 
as a potential addiction biomarker 15,16 , suggesting it might be a 
valuable target for addressing METH addiction.

Cannabidiol (CBD), a primary active compound in cannabis, 
has been explored for its potential therapeutic properties in several 
neuropsychiatric conditions, including substance use disorders 
caused by various psychostimulants 17,18 . The potential therapeutic 
effects of CBD on METH addiction have garnered attention in 
recent years. CBD can reduce METH-induced hyperactivity and 
conditioned place preference (CPP), suggesting its potential in

reducing METH-seeking behavior and the risk of relapse 19,20 .

Recent studies reveal CBD’s influence on ATP, a pivotal molecule 
in cellular energy metabolism and in the regulation of mito-

chondrial function. CBD effectively restores mitochondrial func-

tion and reduces oxidative stress, thereby treating pulmonary 
arterial hypertension 21 . In Alzheimer’s disease, CBD activates 
TRPV2 channels, enhancing microglial clearance of amyloid-ß

and boosting ATP production to reduce neuroinflammation 22 .

Additionally, CBD protects against oxidative stress and inflam-

mation by optimizing astrocytic mitochondrial function, suggest-

ing its potential in treating metabolic and neuroinflammatory 
disorders 23 . Nonetheless, the possible mechanisms underlying the 
therapeutic potential of CBD in METH use disorders through 
mitochondrial function-related pathways remain to be fully 
elucidated. In this study, ATP5A1 was identified as the direct 
target of CBD. CBD enhanced ATP synthesis by improving 
ATP5A1 expression and assembly, leading to increased ATP

production, especially in the ventral tegmental area (VTA). The 
subsequent release and metabolism of this ATP into ADO 
potentially disrupted METH-induced behavioral sensitization and 
CPP through the adenosine A1 receptor (A1R) signaling pathway. 
These results suggest that ATP5A1 is a promising therapeutic 
target for METH addiction.

2. Materials and methods

2.1. Materials

Chemicals and reagents were purchased from Energy Chemical 
(Supporting Information Table S1) unless otherwise stated. CBD 
was dissolved in 5% DMSO, 7% Tween 80, and 88% saline. The 
antibodies with the indicated dilutions were as follows: ATP5A1 
(Proteintech, Wuhan, China, 66037-1-Ig, 1:10,000; Affinity, Suz-

hou, China, DF3806, 1:100; Invitrogen, Carlsbad, CA, USA, 
7H10BD4F9, 1:100); ATP5B (Proteintech, 66600-1-Ig, 1:10,000); 
ATP5C1 (Proteintech, 10910-1-AP, 1:2000); Ubiquitin (P37) (Cell 
Signaling Technology, Danvers, MA, USA, 58395, 1:2000); ß- 
actin (Proteintech, 66009-1-Ig, 1:10,000); Mouse IgG (Bioworld, 
Beijing, China, BD0050); GluA1 (Cell Signaling Technology, 
13185, 1:2000); Phospho-GluA1 (Cell Signaling Technology, 
8084, 1:1000); Flag (Proteintech, 66008-4-Ig, 1:5000); HA (Pro-

teintech, 66006-2-Ig, 1:5000); HRP-conjugated Goat Anti-Mouse 
IgG (H + L) (Proteintech, SA00001-1, 1:2000), HRP-conjugated 
Goat Anti-Rabbit IgG (H + L) (Proteintech, SA00001-2, 1:2000); 
Alexa Fluor 488 Goat Anti-Mouse IgG H&L (Abcam, Cambridge, 
UK, ab150113, 1:200); Alexa Fluor 647 Goat Anti-Mouse IgG 
H&L (Abcam, ab150115, 1:200).

2.2. Animals

BABL/c male mice (6—8 weeks, 20—28 g) were purchased from 
Liaoning Changsheng Biotechnology Co., Ltd. Mice were main-

tained at animal facility with temperature of 21—25 ◦ C, humidity 
of 40%—60% and light-controlled (12 h light: dark cycle; lights on 
at 8:00). Mice were fed with standard rodent food and water and 
allowed to eat and drink freely. Mice were allowed to habituate to 
the environment for at least 1 week before experimentation. All
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the animal experiments were approved by the Institutional Animal 
Care and Use Committee (Protocol No. CIAC2022-0055).

2.3. Behavioral sensitization experiment

The behavioral sensitization experiment was conducted according 
to previous literature with some modifications 24 . Mice were placed 
into the open field (40 cm × 40 cm × 40 cm) for 1 h to habituate 
the devices during the first 3 days. Behavioral sensitization tests 
were carried out for 7 consecutive days. Mice were placed into the 
open field for 1 h after daily injections of METH (1 mg/kg, i.p.), 
CBD (i.p.), or the combination of METH (1 mg/kg) with CBD, 
and the moving traces were recorded. After a 7-day withdrawal 
period, mice were challenged by METH (0.5 mg/kg, i.p.) to assess 
behavioral sensitization. The subsequent recordings of the moving 
traces were used to evaluate the sustained therapeutic effects of 
CBD.

2.4. Conditional place preference procedures (CPP)

CPP was performed on a 12-day protocol 25 . Briefly, mice were 
placed separately in the CPP apparatus for 15 min on the first two 
days to habituate the devices. On the 3rd day (preconditioning), 
mice were allowed to explore freely in the device for 15 min, and 
the moving traces were recorded. The time spent in each 
compartment was analyzed to determine the preference of the 
mice. The compartment where mice spent less time is the paired 
compartment for METH treatment. The preconditioning data were 
shown in Supporting Information Tables S2—S4. Mice were 
divided into six groups: vehicle group, CBD (50 mg/kg) group, 
METH (2 mg/kg) group, METH (2 mg/kg) + CBD (2 mg/kg) 
group, METH (2 mg/kg) + CBD (20 mg/kg) group and METH 
(2 mg/kg) + CBD (50 mg/kg) group. The CPP training lasted 8 
days and had a total of 4 cycles. Mice were separately isolated in 
the compartment for 30 min after daily treatment. Mice were 
administrated with METH (2 mg/kg, i.p.) on Days 3, 5, 7, 9, and 
administrated with vehicle (5 mL/kg saline, i.p.) on Days 4, 6, 8, 
10. The indicated doses of CBD were given daily along the 
administration with METH or vehicle. The CPP test was per-

formed 24 h after the last training. Mice were allowed to explore 
freely in the device, and the moving traces were recorded for 
15 min. The CPP scores (s) were calculated by the time spent in 
the METH-paired compartment minus the time spent in the 
vehicle-paired compartment.

2.5. Electron microscopy

Mice were sacrificed, and the brains were collected and blocked 
with 2.5% glutaraldehyde for 1 day. Tissues were fixed with 2.5% 
(v/v) glutaraldehyde and 2% paraformaldehyde (v/v) in Phosphate 
Buffer (PB) (0.1 mol/L, pH 7.4), washed twice in PB and twice in 
ultrapure water. Then, the samples were first immersed in an 
aqueous solution of 1% (w/v) OsO 4 and 1.5% (w/v) potassium 
ferricyanide at 4 ◦ C for 2 h. After washing, tissues were dehy-

drated through a graded series of alcohols (30%, 50%, 70%, 80%, 
90%, 100%, 10 min each) and then into pure acetone 
(2 × 10 min). Samples were infiltrated in a graded mixture (3:1, 
1:1, 1:3) of acetone and SPI-PON812 resin (19.6 mL SPI-

PON812, 6.6 mL DDSA, and 13.8 mL NMA), then changed to 
pure resin. Finally, tissues were embedded in pure resin with 1.5% 
BDMA and polymerized for 12 h at 45 ◦ C, 48 h at 60 ◦ C. The 
ultrathin sections (70 nm thick) were sectioned with a microtome

(Leica EM UC6), double-stained with uranyl acetate and lead 
citrate, and examined by a transmission electron microscope (FEI 
Tecnai Spirit120 kV) with the EMSIS CCD camera (VELETA)

2.6. Measurement of mitochondrial membrane potential

The mitochondrial membrane potential (Δψ m ) was assessed using 
the JC-1 assay kit (Beyotime Biotechnology Co., Ltd., C2006, 
China). Mice were subjected to daily administrations of METH 
(2 mg/kg), CBD (50 mg/kg), or a combination of METH (2 mg/kg)

+ CBD (50 mg/kg). Following 14 days of treatment, the mice 
were sacrificed, and the VTA regions were collected and ho-

mogenized. Mitochondria were isolated using a commercial 
mitochondria isolation kit (Beyotime, Shanghai, China, C3606) 
and incubated with JC-1 dye according to the standard protocol. 
Δψ m was measured by a SYNERGY H1 Microplate Reader 
(BioTek Instruments, Carlsbad, CA, USA).

2.7. ATP measurement

ATP was measured by an enhanced ATP assay kit (Beyotime, 
S0027-4). Mice were subjected to daily administrations of METH 
(2 mg/kg), CBD (50 mg/kg), or a combination of METH (2 mg/kg)

+ CBD (50 mg/kg) over 14 days. Mice were sacrificed 24 h after 
the last injection. The medial prefrontal cortex (mPFC), nucleus 
accumbens (NAc), and VTA regions were collected, and the ho-

mogenates were prepared with ATP lysate added to 2% perchloric 
acid. Protein concentration was measured using a bicinchoninic 
acid (BCA) protein quantification kit (20201ES86, YEASEN, 
Shanghai, China).

2.8. In situ pull-down analysis for the identification of the target 
protein

BV-2 cells were treated with the probe CP1 (10 μmol/L) in the 
presence or absence of 60 μmol/L CBD for 2 h at 37 ◦ C. Cells 
were treated with the probe CP2 (10 μmol/L) for 2 h at 37 ◦ C as a 
control. Subsequently, the cells were placed on ice and irradiated 
with 365-nm UV light for 30 min. After washing twice with 3 mL 
of PBS (137 mmol/L NaCl, 2.7 mmol/L KCl, 10 mmol/L 
Na 2 HPO 4 , 1.8 mmol/L KH 2 PO 4 , pH � 7.4), cells were lysed 
using a buffer containing 25 mmol/L HEPES (pH � 8.0), 
150 mmol/L KCl, 5 mmol/L EDTA, 0.5% NP-40, and 1% protease 
inhibitor cocktail. The lysates were centrifuged at 4 ◦ C for 10 min 
at 12,000 × g, and the protein concentration was adjusted to

1 mg/mL using the BCA assay kit. The click reaction was carried 
out using 80 μmol/L biotin-N 3 , 100 μmol/L TBTA, 1 mmol/L 
TCEP, 1 mmol/L CuSO 4 , and 5% t-BuOH at room temperature for

1 h. The proteins were captured with 20 μL streptavidin magnetic 
beads (Invitrogen, 11206D) and mixed with 50 μL of

2 × Laemmli buffer, then incubated at 100 ◦ C for 8 min. The 
samples were separated using SDS-PAGE and subjected to silver 
staining (Beyotime, P0017S). Bands were cut, and the proteins 
were then identified using LC—MS/MS analysis.

2.9. Immunoblotting

The protein samples underwent separation by SDS-PAGE and 
were then transferred onto PVDF membranes (IPVH00010, Merck 
Millipore, Darmstadt, Germany). The membranes were blocked 
with 5% nonfat dry milk for 1 h. Next, membranes were incubated 
with the specific primary antibody at 4 ◦ C overnight. After
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primary antibody incubation, membranes were washed 3 times in 
Tris-buffered saline containing 0.1% Tween 20 (TBST) for 5 min 
each time. Membranes were finally incubated with the secondary 
HRP-conjugated antibody for at least 1 h at room temperature. 
After washing with TBST, proteins were detected using the Super 
ECL Detection Reagent (36208ES76, YEASEN) and were imaged 
using the Tanon-5200 Multi system. Densitometric analysis was 
performed using ImageJ.

2.10. Cellular thermal shift assay (CETSA)

BV-2 cells were initially seeded at a density of 4 × 10 5 cells/mL in 
the 10 cm dish. After incubation for 24 h, the medium was 
removed and the cells were washed three times with cold PBS. 
Subsequently, cells were harvested through scraping and isolated 
by centrifugation (1000 × g, 5 min, 4 ◦ C). The cell pellet was 
resuspended in cell lysis buffer (P0013, Beyotime) containing 1% 
protease inhibitor cocktail and lysed on ice for 10 min. The lysates 
were centrifuged at 12,000 × g for 15 min at 4 ◦ C to collect the 
supernatants. The lysate supernatants were incubated with either 
100 μmol/L CBD or vehicle control (DMSO) for 2 h at 20 ◦ C. The 
lysate supernatants were divided into 60 μL in each microtube, 
and then heated to different temperatures (ranging from 48 to 
60 ◦ C) for 5 min using an A200 thermal cycler (Long Gene, 
Shanghai, China) and cooled down to 25 ◦ C for another 3 min. 
The samples were centrifuged at 20,000 × g for 20 min at 4 ◦ C to 
remove precipitates. The supernatant samples were denatured in
2 × Laemmli sample buffer at 100 ◦ C for 8 min for Western 
blotting analysis with the ATP5A1 antibody.

2.11. Protein expression and purification

Full-length wild-type ATP5A1 and ATP5A1 D376A mutant 
mouse protein were expressed as a 6 × His-tagged fusion protein 
in E. coli strain BL21, induced with 1 mmol/L IPTG for 4 h at 
30 ◦ C, and subsequently purified using High Affinity Ni-Charged 
Resin (L00250-100, GenScript, Nanjing, China) according to the 
manufacturer’s instructions.

2.12. Protein thermal shift assay

The protein thermal shift assay was performed using 0.1 μmol/L 
of purified ATP5A1 or ATP5A1 D376A protein, following the 
same protocol described above for CESTA.

2.13. Fluorescence titration

Fluorescence titration assay was measured by a previously re-

ported method 26 . The ATP5A1 protein (0.5 μmol/L) was titrated 
with increasing concentrations of CBD (0.5—80 μmol/L), and the 
fluorescence intensity (λ ex � 280 nm; λ em � 337 nm) was 
recorded using a Cary Eclipse spectrophotometer (Agilent Tech-

nologies, Santa Clara, CA, USA). The fluorescence intensity was 
plotted against CBD concentrations for fitting the dissociation 
constant.

2.14. ATP synthetase activity measurement

The ATP synthetase activity was determined using a MitoTox 
Complex V OXPHOS activity assay kit (Abcam, ab109907) ac-

cording to standard procedures. Briefly, various concentrations of 
CBD or METH (0.001 to 200 μmol/L) were incubated with pre-

coated bovine heart mitochondria in a 96-well plate for 45 min at 
37 ◦ C. Following the incubation, complex V activity buffer was 
added, and the absorption at 340 nm was measured every minute 
for 60 min. The ATP synthetase activity was then calculated using 
the following Eqs. (1) and (2):

Complex V activity � Rate sample — Rate background (1)

Reaction Rate (OD = min) � (OD 2 — OD 1 ) = (T 2 — T 1 ) (2)

OD represents the absorption at 340 nm, and T represents the 
test time.

2.15. Molecular docking

The ATP synthase protein was extracted from the crystal structure 
of the bovine F1-c8 sub-complex of ATP synthase (PDB: 
2XND) 27 . Missing residues and hydrogen atoms were repaired at 
pH 7.0 using Maestro 28 . The molecular structure of CBD was 
obtained from PubChem. Semiflexible molecular docking was

carried out using AutoDock Vina 1.2.3 29,30 .

2.16. Immunofluorescence staining

Mice were anesthetized with 0.6 mL 2% tribromoethanol 
following the 14-day administration and then intracardially 
perfused with 7 mL of saline and 7 mL 4% paraformaldehyde (4% 
PFA) to remove blood. The brains were subsequently collected 
and soaked in 4% PFA overnight, and then transferred to 30% 
sucrose solution. After 36 h, coronal brain sections (40 μm thick) 
were obtained using a cryostat. Coronal brain sections were then 
placed in 0.01 mol/L citrate buffer (pH 6.0) and subjected to an-

tigen retrieval by heating in a microwave oven. Following incu-

bation with 3% bovine serum protein at 37 ◦ C for 2 h, the sections 
were incubated overnight at 4 ◦ C with primary antibodies. After 
washing three times with PBS, the sections were incubated with 
secondary antibodies in the dark for 1 h. Finally, the sections were 
washed twice with PBS for 5 min each time, counterstained with 
DAPI, and examined using a laser confocal microscope (Zeiss, 
Oberkochen, GER).

2.17. qRT-PCR

Total RNA was extracted from the VTA of mice via the TRIzol 
reagent (15596026, Invitrogen). Isolated RNA was reverse-

transcribed into cDNA using a reverse transcription kit (22106, 
TOLOBIO, Shanghai, China) following the standard procedure. 
Subsequently, the cDNA was subjected to PCR amplification using 
synthetic primers and SYBR Green (11201ES03, YEASEN) on a 
TOptical Real-Time qPCR Thermal Cycler (Analytik Jena, 
Thuringia, Germany). The resulting data were analyzed utilizing 
the ΔΔCt method with Rpl7l1 serving as the internal control. 
Primer sequences used for RT-qPCR was showed in Supporting 
Information Table S5.

2.18. Co-immunoprecipitation

The VTA of mice was collected using a brain matrix (68713, 
RWD, Shenzhen, China). The VTA was homogenized and then 
lysed in 0.2 mL of lysate buffer containing 25 mmol/L Tris-HCl 
(pH � 8.0), 150 mmol/L KCl, 5 mmol/L EDTA, 0.5% NP-40, and 
1% protease inhibitor cocktail on ice for 30 min. The supernatant 
was collected by centrifuging at 12,000 × g for 15 min at 4 ◦ C and
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adjusting the protein concentration to 0.5 mg/mL using a BCA kit 
(20201ES86, YEASEN). Next, 1 mL of the supernatant was added 
to either 3 μg of the anti-ATP5A1 antibody or the anti-IgG anti-

body and incubated overnight at 4 ◦ C. After incubation, the su-

pernatant was mixed with 20 μL of protein A/G magnetic beads 
(HY-K0202, MedChemExpress, Monmouth Junction, USA). 
Following a 1.5 h incubation, the beads were washed three times 
with PBS, and then denatured in 40 μL 2 × Laemmli sample 
buffer at 100 ◦ C for 8 min for Western blotting.

2.19. Cycloheximide (CHX) chase assay for determining protein

half-life

HEK293T cells with a confluence rate about 50% in 10 cm dishes 
were co-transfected with 10 μg of Flag-ATP5A1 or Flag-ATP5A1 
D376A, 10 μg of HA-ubiquitin plasmids, and 10 μg of poly-

ethylenimine (PEI), followed by 8 h of incubation. The medium 
was then replaced with DMEM (10% FBS, 1% PS) and the cells 
were cultured for 48 h. Subsequently, the transfected HEK293T 
cells were sub-cultured at a ratio of 1:4. After 24 h, the cells were 
treated with 50 μg/mL CHX (MedChemExpress, HY-12320) and 
10 μmol/L CBD. After a period of incubation, the cells were 
harvested using a cell scraper and lysed with cell lysis buffer 
(Beyotime, P0013) containing 1% protease inhibitor cocktail. 
Immunoblotting was carried out.

2.20. Determination of ATP5A1 ubiquitination levels

Transfected HEK293T cells were treated with 10 μmol/L MG132 
(MedChemExpress, HY-13259) and 10 μmol/L CBD for 8 h, then 
harvested using a cell scraper. Co-immunoprecipitation proced-

ures were performed according to the protocol established for 
brain tissue samples, using a Flag antibody.

2.21. Blue native electrophoresis and immunoblotting

Mitochondria were isolated using a tissue mitochondria isolation 
kit (C3606, Beyotime) according to the standard procedure. 
Mitochondria from mice were resuspended in 40 μL lysate buffer 
(50 mmol/L NaCl, 50 mmol/L imidazole, 2 mmol/L 6-

aminoheptanoic acid, pH � 7.0, 5% digitonin) per 400 μg pro-

tein, and then lysed for 10 min on ice. The supernatant was 
collected by centrifuging at 20,000 × g for 20 min at 4 ◦ C. 1 μL of 
5% Coomassie Brilliant Blue G-250, 5 μL of 50% glycerol, and 
15 μL of BN-PAGE loading buffer (PL114, Real-Times, Beijing, 
China) were added per 400 μg of protein. The final mixtures (10 
μL/well for silver staining, 5 μL/well for immunoblotting) were 
subjected to electrophoresis using a native 3%—12% Bis-tris gel 
(RTD6138-0312, Real-Times). The gel was then subjected to 
silver staining using a fast silver stain kit (Beyotime, P0017S) 
after electrophoresis. The proteins in the gel could also be trans-

ferred by electroblotting onto a PVDF membrane after electro-

phoresis, and then detected by anti-ATP5A1 antibody.

2.22. Adeno-associated virus (AAV) injection

AAV9-shATP5A1-CMV-EGFP-WPRE and AAV9-CMV-EGFP-

WPRE were obtained from OBiO Technology (Shanghai, 
China); rAAV-EF1α-ATP1.0 was purchased from Brain Case 
(Shenzhen, China). Stereotaxic injections into the VTA were 
performed at coordinates: antero-posterior − 3.16 mm, medio-

lateral ±0.50 mm, dorso-ventral − 4.50 mm relative to bregma.

A microsyringe pump system (RWD, R480) delivered viral vec-

tors at 200 nL/min, with the needle retained for 10 min post-

injection. For RNA interference experiments, 500 nL of AAV9 
was administered (250 nL per hemisphere). Unilateral injections 
of 100 nL were used for ATP content assays.

2.23. Statistical analysis

Data are expressed as mean ± standard error of mean (SEM). 
Statistical analysis was done by the GraphPad Prism version 9.5 
(GraphPad Software). Behavioral sensitization data were analyzed 
by paired t-test, and other data were analyzed by one-way 
ANOVA. Gene ontology analysis was performed using the 
DAVID bioinformatics database, and all proteins were clustered 
based on cellular components.

3. Results

3.1. CBD alleviates METH-induced addiction behaviors and

mitochondrial damage

METH is a potent central nervous system (CNS) stimulant and has 
a high potential for misuse and addiction 31 . The potential thera-

peutic effects of CBD on METH addiction have garnered attention 
in recent years 32 . To confirm the therapeutic effect of CBD on 
METH-induced behavior, the locomotor sensitization assay was 
first performed (Supporting Information Fig. S1A). Following 
daily repeated METH exposure, the mice showed progressively 
increasing locomotor activity from Day 1 to Day 7 when 
compared to the saline-treated vehicle group (Fig. 1A). CBD 
attenuated METH-induced locomotor activity increase during the 
first 7 days in a dose-dependent manner (Fig. 1A), while CBD 
(50 mg/kg) alone did not produce any effect on locomotor activity. 
Following 1 week of withdrawal (Days 8—14), mice were chal-

lenged with 1 mg/kg METH on Day 15. METH challenge 
significantly induced the expression of behavioral sensitization in 
METH-pretreated mice (Fig. 1A). CBD decreased the behavioral 
sensitization to the METH challenge in a dose-dependent manner 
(Fig. 1A). These results show that CBD suppresses the develop-

ment and expression of METH-induced behavioral sensitization. 
CPP is a standard behavioral model for measuring the rewarding 
effect of drugs (Fig. S1B). Mice exhibited a preference, as re-

flected by spending more time in the environment paired with 
METH after an 8-day training (Fig. 1B). Administration of CBD 
decreased the mice preference for METH in a dose-dependent 
manner (Fig. 1B). Together, these data show CBD alleviates 
METH-induced locomotor sensitization and CPP, suggesting its 
potential in reducing METH-seeking behavior.

Chronic METH use leads to persistent feelings of fatigue and 
exhaustion 33 . Given the crucial role in cellular energy production, 
mitochondria are considered an essential organelle in the context 
of cellular damage induced by METH. Therefore, the relationship 
between METH and mitochondrial dysfunction provides a po-

tential avenue for therapeutic intervention to counteract some of 
the deleterious effects of METH. Mice received a daily dose of 
either METH (2 mg/kg), CBD (50 mg/kg), or a combined treat-

ment of METH (2 mg/kg) + CBD (50 mg/kg). Over 14 days, mice 
were sacrificed, and the mPFC, NAc, and VTA regions, which 
play a pivotal role in METH-induced reward circuitry in the CNS, 
were dissected. The morphology of mitochondria in mPFC, NAc, 
and VTA was assessed using transmission electron microscopy.
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Figure 1 Cannabidiol (CBD) attenuates methamphetamine (METH)-induced addiction behaviors and reverses mitochondrial damage. (A) The 

effect of CBD on METH-induced behavioral sensitization (n � 5). (B) The effect of CBD on METH-induced conditioned place preference (CPP) 

(n � 6). (C—F) Mice were subjected to daily administrations of METH (2 mg/kg), CBD (50 mg/kg), or a combination of METH 

(2 mg/kg) + CBD (50 mg/kg) over a period of 14 days. (C) Representative transmission electron microscopy images illustrating the mitochondria 

in the medial prefrontal cortex (mPFC), nucleus accumbens (NAc), and ventral tegmental area (VTA) of mice across different treatment groups: 

vehicle group, METH group, CBD group, and METH + CBD group. Blue arrows: mitochondria with disrupted membrane and cristae structure; 

red arrows: swollen mitochondria. The scale bar corresponds to 500 nm (n � 6). (D) Effects of METH and CBD on mitochondrial length. No 

fewer than 200 mitochondria sourced from 6 distinct mice were analyzed for each group. (E, F) The effect of CBD on METH-induced decline of 

relative mitochondrial membrane potential (ΔΨm) (E) and adenosine triphosphate (ATP) (F) in the VTA of mice (n � 5). Data are expressed as
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Chronic METH exposure led to damage of the inner mitochondrial 
membrane and a loss of cristae, and these METH-induced changes 
in mitochondrial morphology were effectively reversed by CBD 
(Fig. 1C). Similarly, CBD significantly reduced the number of 
swollen mitochondria (mitochondrial length>1.5 μm) induced by 
METH (Fig. 1D). Fresh mitochondria were isolated from the 
mPFC, NAc, and VTA, and the relative membrane potential 
(ΔΨ m ) was measured. METH treatment resulted in the reduction 
of ΔΨ m , and CBD treatment effectively inhibited the METH-

induced ΔΨ m reduction (Fig. 1E). This mitochondrial damage 
impaired the ability of mitochondria to produce ATP efficiently, 
and CBD successfully counteracted the decrease in ATP caused by 
METH (Fig. 1F). These findings demonstrate that CBD prevents 
METH-induced mitochondrial damage and reverses METH-

induced reduction in ATP.

3.2. Target fishing and the verification of ATP5A1 as a direct 
target for CBD

To identify the molecular target responsible for CBD’s ability to 
prevent METH-induced mitochondrial damage, the photoaffinity 
CBD probe CP1 was synthesized (Supporting Information Scheme 
S1). This probe contains both a photoreactive benzophenone 
moiety and a terminal alkynyl group within the same molecule. 
The bioequivalence of CP1 relative to CBD was evaluated via a 
CPP assay. Although CP1 showed slightly attenuated efficacy 
compared to CBD in reducing METH-induced CPP, it retained 
substantial therapeutic effects and displayed comparable bio-

equivalence (Supporting Information Fig. S2). The workflow di-

agram for protein target identification was shown in Fig. 2A. Cells 
were subjected to CP1 either by itself or in combination with CBD 
acting as a competitive binding agent. Upon exposure to 365 nm 
UV light, the benzophenone moiety of CP1 underwent photo-

activation, forming covalent links with the target proteins. 
Following cell lysis, biotin was attached to CP1 via the copper-

catalyzed click reaction, where biotin azide reacted with the 
alkynyl group in CP1. Subsequently, proteins captured by CP1 
were isolated using streptavidin-coated magnetic beads. CP2 
(Scheme S1), which lacks the CBD moiety, was used as a control 
probe. The pull-downed proteins were subsequently subjected to 
SDS-PAGE and analyzed by silver staining. The bands enriched 
by CP1 were competitively inhibited by CBD (Fig. 2B). The 
bands specifically captured by CP1 were cut for proteolysis into 
peptides, followed by proteomic analysis by LC—MS/MS. The 
proteins that were captured by CP1 are shown in Supporting 
Information Table S6.

The proteins were clustered by gene ontology analysis based 
on their cellular component (Fig. 2C). Among the captured pro-

teins, ATP5A1, a subunit of ATP synthase (complex V), garnered 
significant attention due to its high database search scores 
(Table S6) and CBD’s involvement in preventing mitochondria 
and ATP metabolic processes. Moreover, ATP5A1 has been re-

ported to be associated with drug addiction 15 . Therefore, ATP5A1 
was selected for subsequent target verification. As shown in 
Fig. 2D, the binding of CP1 to ATP5A1 was competitively 
inhibited by CBD, which indicates the specific binding between 
CBD and ATP5A1. Furthermore, a CETSA was conducted to 
verify whether ATP5A1 served as the specific binding partner for

CBD. The results of the CETSA demonstrated that CBD binding 
had the effect of enhancing the thermal stability of ATP5A1, as 
evidenced by the alteration in its melting temperature (Fig. 2E). 
To quantitively characterize the interaction of CBD with ATP5A1, 
fluorescence titration of the purified ATP5A1 by CBD was per-

formed (Fig. 2F). The binding of CBD resulted in the quenching 
of ATP5A1 intrinsic fluorescence. A dissociation constant of 
4.9 ± 1.2 μmol/L was derived for CBD—ATP5A1 interaction 
(Fig. 2F). The enzymatic activity assay revealed that CBD 
enhanced ATP synthase activity, achieving an EC 50 value 
of 2.8 ± 1.0 μmol/L (Fig. 2G). Collectively, these results 
strongly suggest that ATP5A1 serves as a direct molecular target 
of CBD.

3.3. D376 of ATP5A1 is a critical residue mediating CBD’s 
inhibition of METH-induced ubiquitination and degradation of 
ATP5A1

To assess the effect of CBD on the expression of ATP5A1, the 
tissues corresponding to the mPFC, NAc and VTA regions were 
collected following daily administrations of either METH (2 mg/ 
kg), CBD (50 mg/kg), or a combined treatment of METH (2 mg/ 
kg) + CBD (50 mg/kg) for 14 days and subjected to ATP5A1 
immunofluorescence staining (Fig. 3A, Supporting Information 
Figs. S3 and S4). Chronic METH treatment reduced ATP5A1 
protein expression in the VTA and CBD ameliorated METH-

induced reduction of ATP5A1 protein (Fig. 3A and B).

However, no such changes were observed in the NAc and 
mPFC brain regions (Figs. S3 and S4). ATP5A1 was co-labeled 
with the neuronal marker neuronal nuclei antigen (NeuN), the 
microglial marker ionized calcium binding adapter molecule 1 
(IBA1), and the astrocyte marker glial fibrillary acidic protein 
(GFAP) in Supporting Information Figs. S5—S7. METH-induced 
reductions of ATP5A1 in the VTA region occurred across multi-

ple cell types, including neurons, microglia, and astrocytes, and 
CBD treatment effectively inhibited these reductions (Supporting 
Information Fig. S8). Further Western blot analysis of ATP5A1 in 
the VTA independently confirmed that the VTA plays a critical 
role in mediating the effects of CBD on METH-induced alter-

ations in mitochondrial function and ATP5A1 expression 
(Fig. 3C). In addition to ATP5A1, the ATP synthase subunits 
ATP5B and ATP5C1 were explored, that the three of them are 
closely associated to form the F1 subunit of ATP synthase. The 
administration of METH, CBD, or their combination had no 
discernible impact on the levels of ATP5B and ATP5C1 expres-

sion, whether assessed at the protein level (Fig. 3C) or the mRNA 
level (Supporting Information Fig. S9). Subsequently, the ubiq-

uitination of ATP5A1 was measured. Chronic METH treatment 
induced the excessive ubiquitination of ATP5A1, therefore 
resulting in the reduction of ATP5A1 protein (Fig. 3D). CBD was 
found to inhibit METH-induced ubiquitination of ATP5A1, thus 
preventing METH-induced reduction of ATP5A1 protein 
(Fig. 3D).

To further explore the consequences of the increased ATP5A1 
levels on the assembly of ATP synthase, the VTA homogenates 
were subjected to immunoprecipitation with ATP5A1 antibody 
and immuno-detection by ATP synthase subunit beta (ATP5B) and 
ATP synthase subunit gamma (ATP5C1) antibodies (Fig. 3E).

mean ± SEM. Data of Fig. 1A were analyzed by paired t-test. Data of Fig. 1B—F were analyzed by one-way ANOVA. NS P > 0.05, *P < 0.05, 

**P < 0.01, ***P < 0.001 versus the vehicle group; ns P > 0.05, # P < 0.05, ## P < 0.01, ### P < 0.001 versus the METH-treated group.
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ATP5B and ATP5C1 were co-immunoprecipitated with ATP5A1. 
Chronic METH treatment led to a decrease in the recruitment of 
ATP5C1 with ATP5A1, yet it did not affect the association be-

tween ATP5B and ATP5A1. Conversely, CBD effectively reversed 
the decline in ATP5C1 recruitment caused by METH, suggesting 
that CBD may have the capacity to enhance ATP synthase levels, 
CBD reversed METH-induced decline of mitochondrial com-

plexes as revealed by blue native PAGE (BN-PAGE) analysis 
(Fig. 3F). The band, which was primarily comprised of subunits of 
ATP synthase (Supporting Information Table S7), was verified as 
Complex V. Further immunoblotting for BN-PAGE by ATP5A1 
antibody revealed that CBD attenuated METH-induced reduc-

tion in both monomeric and dimeric forms of ATP synthases 
(Fig. 3G). In summary, these findings collectively show that CBD 
mitigates the ubiquitination of ATP5A1 induced by METH and 
counteracts the METH-induced decrease in ATP5A1 protein, 
thereby facilitating the assembly of ATP synthase.

To identify the critical amino acid residues mediating CBD 
interaction with ATP5A1, in silico docking was conducted to 
pinpoint the binding location within the box, which contained the 
ATP5A1, ATP5B, and ATP5C1 subunits of ATP synthase 
(Supporting Information Fig. S10). The results indicated that CBD 
bound at the interface between ATP5A1, ATP5B, and ATP5C1 
subunits. Within this interface, the hydroxyl groups of CBD 
established hydrogen bonds with D376 in ATP5A1 and Q280 in 
ATP5C1 (Fig. 4A and B), which is consistent with the observation 
that ATP synthase subunit ATP5C1 was found in the proteins 
captured by CP1 probe activity-based protein profiling approach. 
The wild-type ATP5A1 and the ATP5A1 D376A mutant was 
expressed and purified, followed by a protein thermal shift assay. 
CBD significantly enhanced the thermal stability of wild-type 
ATP5A1 as reflected by the shift of its melting temperature (T m ) 
with ΔT m of 4.7 ± 0.4 ◦ C. However, CBD did not affect the 
thermal stability of the mutant protein after incubation with

Figure 2 ATP synthase F1 subunit alpha (ATP5A1) was the target of CBD. (A) Schematic illustration for the pull-down experiment of the CBD 

probe. (B) Silver staining SDS-PAGE of enriched proteins by pull-down probes. (C) Clustering of the proteins from the CBD pull-down assay on 

the basis of the cellular component. (D) Pull-down/Western blotting for target validation of ATP5A1 with CBD pull-down probes. (E) CETSA for 

characterizing the interaction of endogenous ATP5A1 with CBD. (F) Fluorescence titration curve of ATP5A1 with CBD. K D � 4.9 ± 1.2 μmol/L 

was obtained. (G) CBD exhibited enhancement of ATP synthetase activity, with an EC 50 value of 2.8 ± 1.0 μmol/L. Data are expressed as 

mean ± SEM of three independent experiments and were analyzed by one-way ANOVA. ***P < 0.001 versus the vehicle group; ## P < 0.01 

versus the group with CP1 probe and click reaction.
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Figure 3 CBD restores METH-induced ATP5A1 decline and promotes ATP synthase assembly by inhibiting ATP5A1 ubiquitination. (A—H). 

Mice were subjected to daily administrations of METH (2 mg/kg), CBD (50 mg/kg), or a combination of METH (2 mg/kg) + CBD (50 mg/kg) 

over a period of 14 days. (A) Representative immunofluorescence images of ATP5A1 in the VTA (scale: 40 μm). (B) The quantification of the 

expression of ATP5A1 in the mPFC, NAc, and VTA regions shown in panel (A) and Supporting Information Figs. S and S4 (n � 5). (C) ATP5A1, 

ATP5B, and ATP5C1 protein levels in the VTA region were detected by immunoblotting (n � 3). (D) Following co-immunoprecipitation by anti-

ATP5A1 antibody, the ubiquitination of ATP5A1 in the VTA region was also measured (n � 3). Furthermore, the interaction between ATP5A1,
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ATP5A1 D376A (Fig. 4C). Similarly, CBD failed to suppress the 
intrinsic fluorescence of ATP5A1 D376A, indicating that the D376 
of ATP5A1 is a critical residue for CBD binding (Supporting 
Information Fig. S11). To further explore the influence of the 
D376 in ATP5A1 on the regulation of its ubiquitination level by 
CBD, Flag-tagged ATP5A1 or ATP5A1 D376A was co-transfected 
with HA-ubiquitin into HEK293T cells. The synthesis of ATP5A1 
was blocked with 50 μg/mL CHX, and the cells were then treated 
with 10 μmol/L CBD. The effect of CBD on the degradation rate 
of ATP5A1 was examined via immunoblotting. After CHX 
treatment, the level of wild-type ATP5A1 decreased by approxi-

mately 50% within 8 h, while the ATP5A1 content remained at 
about 70% after CBD treatment (Fig. 4D). Thus, CBD signifi-

cantly extended the half-life of ATP5A1 from 6.6 ± 1.4 to 
8.1 ± 1.7 h. However, CBD failed to inhibit the degradation of 
ATP5A1 D376A. Subsequently, 10 μmol/L MG132 was used to 
inhibit proteasomal degradation in HEK293T cells to investigate 
the mechanism underlying CBD-mediated inhibition of ATP5A1

degradation. After 8 h of CBD treatment, wild-type ATP5A1 
ubiquitination was significantly reduced, whereas that of 
ATP5A1 D376A showed no significant change (Fig. 4E). 
Collectively, these results suggest that D376 of ATP5A1 is a key 
residue through which CBD modulates METH-induced ubiquiti-

nation and degradation in the VTA region.

3.4. CBD inhibits METH-induced behavioral addiction via 
ATP5A1—ATP—ADO—A1R signaling pathway

Beyond its role as an energy molecule, ATP has gained recogni-

tion as a signaling molecule in recent years 34,35 . The elevated ATP 
was released extracellularly and transformed into adenosine, 
which activates the A 1 R. This adenosine-A 1 R interaction leads to 
the dampening of neuronal excitability 36 , offering a promising 
avenue for mitigating METH-induced addictive behaviors. The 
therapeutic effects of CBD in reducing METH-induced behavioral 
sensitization (Fig. 5A and B) and CPP (Fig. 5C) were diminished

Figure 4 The D376 mutation in ATP5A1 disrupts both the interaction with CBD and the inhibition of ATP5A1 ubiquitination. (A) The best 

docking pose of CBD with tetrameric ATP synthetase (PDB: 2XND). (B) Key interaction residues between ATP synthetase and CBD. ATP5A1, 

ATP5B, and ATP5C1 were represented cartoon with cyan, white, and orange, respectively. CBD was represented with green sticks. (C) Protein 

thermal shift assay for characterizing the interaction of recombinant ATP5A1 or ATP5A1 D376A with CBD (n � 3). (D) Degradation rates of 

ATP5A1 and ATP5A1 D376A were evaluated in HEK293T cells treated with 50 μg/mL cycloheximide (CHX) and 10 μmol/L CBD (n � 3). (E) 

Ubiquitination levels of ATP5A1 and ATP5A1 D376A were analyzed in HEK293T cells treated with 10 μmol/L MG132 and 10 μmol/L CBD for

8 h, followed by co-immunoprecipitation assay (n � 3). Data are expressed as mean ± SEM and were analyzed by one-way ANOVA. ns P > 0.05; 

**P < 0.01 versus the vehicle group versus the METH group.

ATP5B, and ATP5C1 in the VTA region was measured by co-immunoprecipitation (n � 3) (E). Following the isolation of mitochondria from the 

VTA region, blue native PAGE (BN-PAGE, F) was performed to quantify the composition of the mitochondrial respiratory chain complexes 

(n � 3). After BN-PAGE, the mitochondrial lysates were also subjected to ATP5A1 immunoblotting (n � 3, G). Data are expressed as 

mean ± SEM and were analyzed by one-way ANOVA. NS P > 0.05, *P < 0.05, **P < 0.05, ***P < 0.001 versus the vehicle group; ns P > 0.05, 
## P < 0.01, ### P < 0.001 versus the METH group.
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Figure 5 CBD inhibits METH-induced behavioral sensitization and CPP via ATP5A1—ATP—ADO—A1R signaling pathway. (A—C) The 

effects of pannexin 1 (PANX1) antagonist (Probenecid, 50 mg/kg, i.p.), ectonucleoside triphosphate diphosphohydrolase-1 (CD39) antagonist 

(ARL67156, 0.1 mg/kg, i.p.) and adenosine A1R antagonist (DPCPX, 1 mg/kg, i.p.) on the therapeutic effects of CBD (50 mg/kg) in METH 

(2 mg/kg)-induced behavioral sensitization (A, B, n � 5) and CPP (C, n � 6). (D) Adenosine triphosphate (ATP) ΔF/F ratios measured in the 

VTA region of mice following 7-day administration of 2 mg/kg METH and 50 mg/kg CBD (n � 6). (E, F) Ionotropic glutamate receptors 

(GluA1) and p-GluA1 protein levels in the VTA region were detected by immunoblotting (n � 3). (G, H) Fos proto-oncogene (c-Fos) expression 

in the VTA brain region (n � 4). Mice were subjected to daily administrations of METH (2 mg/kg), CBD (50 mg/kg), or a combination of METH 

(2 mg/kg) + CBD (50 mg/kg) over a period of 14 days. 90 min after the final administration, the mice were sacrificed to assess c-Fos expression. 

The scale represents 40 μm. Data are expressed as mean ± SEM. Data of Fig. 5A were analyzed by paired t-test. Data of Fig. 5B—H were 

analyzed by one-way ANOVA. *P < 0.05, ***P < 0.001 versus the vehicle group; ns P > 0.05, # P < 0.05, ## P < 0.01, ### P < 0.001 versus the 

METH group; $ P < 0.05, $$ P < 0.01, $$$ P < 0.001 versus the METH + CBD group.
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when the ATP efflux channel PANX1 was pharmacologically 
inhibited with probenecid. This suggests that CBD’s ability to 
prevent METH-induced behavioral addiction must involve the 
release of ATP into the extracellular space to produce its func-

tional effects. Ectonucleoside triphosphate diphosphohydrolase 1 
(CD39), the rate-limiting enzyme involved in transforming ATP 
into adenosine monophosphate (AMP), functions as an enzyme 
facilitating the conversion of ATP into AMP, which is subse-

quently metabolized into ADO by cluster of differentiation 73 
(CD73) 34,37 . ARL67156, a CD39 inhibitor, was used to block the 
hydrolysis of ATP and the formation of adenosine. The adminis-

tration of ARL67156 or A1R antagonist DPCPX attenuated the 
therapeutic effects of CBD on METH-induced behavioral sensi-

tization (Fig. 5A and B) and CPP (Fig. 5C).

To investigate the effects of CBD administration on extra-

cellular ATP levels, the AAV9-EF1α-ATP viral vector was ste-

reotaxically expressed in the VTA of mice (Supporting 
Information Fig. S12). Following 7 consecutive days of METH 
and CBD administration, extracellular ATP levels were moni-

tored before and after METH challenge. Acute METH challenge 
induced a rapid, time-dependent decrease in extracellular ATP 
levels within 30 min (Fig. 5D). Notably, CBD treatment fully 
restored ATP concentrations to baseline levels comparable to 
vehicle controls. Extracellular ATP is metabolized to ADO, 
which directly activates G i -coupled A1R. This activation sup-

presses phosphorylation of the ionotropic glutamate receptors 
(GluA1), thereby inhibiting dopamine D1 receptor activation and 
subsequent neuronal excitation 38,39 . Immunoblotting analysis 
revealed that CBD treatment significantly attenuated A1R acti-

vation and markedly reduced METH-induced phosphorylation of

the GluA1 (Fig. 5E and F). Furthermore, CBD treatment 
significantly inhibited the METH-induced increase in the im-

mediate early gene protein, fos proto-oncogene (c-Fos) in the 
VTA brain region (Fig. 5G and H). These findings suggest that 
the interaction between adenosine and A1R plays a significant 
role in the context of METH addiction. By targeting ATP5A1, 
CBD regulates the ADO-A1R signaling pathway (Supporting 
Information Fig. S13), presenting a promising avenue for thera-

peutic intervention in METH addiction.

CBD promoted the assembly of ATP synthase via ATP5A1, 
improving mitochondrial function, and thereby activating the 
ADO—A1R signaling pathway. To directly verify whether 
ATP5A1 is the specific target of CBD in the treatment of METH 
addiction, Adeno Associated Virus 9 (AAV9)-based shRNA 
silencing was performed to investigate the therapeutic potential of 
ATP5A1 (Fig. 6A). The virus was mainly expressed in theVTA 
brain region (Fig. 6B). The expression of ATP5A1 in the VTA 
region exhibited a significant reduction two weeks after the 
administration of AAV9-shRNA targeting ATP5A1 (Fig. 6C, 
Supporting Information Fig. S14). There were no significant 
changes in caspase-3 and cleaved caspase-3 levels after 
shATP5A1 virus injection, indicating that ATP5A1 interference 
did not induce apoptosis (Fig. 6C). METH treatment elicited 
comparable behavioral sensitization (Fig. 6D and E) and CPP 
(Fig. 6F) responses in both the ATP5A1 shRNA-treated and mock 
shRNA-treated groups. CBD treatment effectively suppressed 
METH-induced locomotor sensitization (Fig. 6D and E) and CPP 
(Fig. 6F) in mock shRNA-treated mice. The RNA interference 
targeting ATP5A1 in the VTA region led to the reversal of CBD’s 
therapeutic effectiveness in mitigating METH-induced behavioral

Figure 6 The therapeutic effect of CBD on METH addiction is hindered by ATP5A1 RNA interference. (A) Schematic illustration outlining the 

ATP5A1 RNA interference process in the VTA of mice (Quoted from Allen Brain Atlas). (B) EGFP-labeled fluorescent images of the viral 

injection site (scale: 300 μm). (C) ATP5A1 interference efficiency was detected by immunoblotting (n � 3). (D—F) Behavioral sensitization (D, 

E) and CPP. (F) assessments conducted in mock shRNA or ATP5A1 shRNA treated mice (n � 5). The doses of METH used for behavioral 

sensitization and CPP assays were 1 and 2 mg/kg, respectively. The dose of CBD was 50 mg/kg. Data are expressed as mean ± SEM. Data of 

Fig. 6D were analyzed by paired t-test. Data of Fig. 6E and F were analyzed by one-way ANOVA. **P < 0.01, ***P < 0.001 versus the vehicle 

group; ns P > 0.05, ## P < 0.01, ### P < 0.001 versus the METH-treated group.
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sensitization (Fig. 6D and E) and CPP (Fig. 6F). Collectively, 
these findings suggest that ATP5A1 serves as a target for CBD to 
suppress METH-induced addictive behaviors via modulation of 
the ADO—A1R signaling pathway.

4. Discussion

METH is a powerful CNS stimulant known for its addictive po-

tential. Mitochondria, the cell’s energy factories that produce the 
majority of ATP, are herein recognized as being susceptible to the 
harmful effects of METH. Chronic METH use inhibits dopamine

transporters, leading to increased extracellular dopamine levels 40 .

The elevated dopamine undergoes oxidation, producing reactive 
oxygen species, which impair mitochondrial ATP production and 
function, exacerbating neurotoxicity and contributing to neuro-

degenerative diseases 41 . Chronic METH exposure led to damage 
of the inner mitochondrial membrane and a loss of cristae, 
resulting in a lowered mitochondrial membrane potential and 
decreased ATP generation. CBD is one of the most extensively 
investigated non-psychotrophic cannabinoids derived from the 
Cannabis sativa plant 42 . Recent studies indicate that CBD interacts 
with mitochondria, potentially safeguarding their function in sit-

uations of stress or injury 43,44 . Since mitochondrial dysfunction 
contributes to the neural adaptations and behavioral changes seen 
in substance abuse disorders 45,46 , CBD holds therapeutic promise 
for METH addiction. Indeed, CBD alleviated METH-induced 
locomotor sensitization and CPP. CBD was found to protect 
against the mitochondrial harm caused by METH and reversed 
METH-induced reduction in ATP. With regard to the potential 
toxic effects of METH, our behavioral assessments indicate that 
the tested doses reliably induce addiction-relevant phenotypes 
without eliciting overt signs of neurotoxicity. However, we 
acknowledge that distinguishing mitochondrial alterations that are 
specifically associated with addiction-related neuroadaptations 
from those resulting from low-grade cellular stress remains a 
complex challenge. Given the dual role of mitochondria in both 
cellular energy production and stress signaling, some of the 
observed mitochondrial changes may reflect early subtoxic stress 
responses rather than frank neurotoxicity. Therefore, future studies 
incorporating a broader panel of mitochondrial and cellular 
toxicity markers will be critical for delineating the threshold be-

tween adaptive neuroplasticity involved in addiction and the onset 
of mitochondrial dysfunction that could compromise neuronal 
integrity.

It has been suggested that the cannabinoid receptor type 1 
(CB1) and cannabinoid receptor type 2 (CB2) play a role in 
substance use disorders 47,48 . Yet, CBD shows a poor binding af-

finity to CB1 and CB2 receptors 49 . Nevertheless, the molecular 
target and the underlying mechanism through which CBD treats 
METH addiction remain largely unexplored. Herein, ATP5A1, a 
subunit of ATP synthase, was identified as a target for CBD by the 
activity-based protein profiling approach. This finding was further 
corroborated through a combination of wet-lab techniques and in 
silico biophysical analyses. CBD was predicted to bind at the 
interface between ATP5A1, ATP5B, and ATP5C1 subunits, 
therefore promoting the assembly of ATP synthetase and reversing 
METH-induced ATP reduction. CBD inhibited the ubiquitination 
of ATP5A1 induced by METH and prevented the METH-caused 
decrease in ATP5A1 protein level. The upregulation of ATP5A1 
increases the availability of core subunits essential for ATP syn-

thase assembly, thereby enhancing mitochondrial ATP production

and restoring energy balance disrupted by METH exposure. 
However, it is important to acknowledge that small molecules like 
CBD often display promiscuity characterized by interactions with 
other molecular targets. CBD is known to interact with several 
molecular targets, including transient receptor potential vanilloid

1 (TRPV1) 50 , voltage-gated sodium channel 1.7 (Nav1.7) 51 , G 
protein-coupled receptor 55 (GPR55) 52 , and peroxisome 
proliferator-activated receptor gamma (PPARγ) 53 . While the 
present study identifies ATP5A1 as a key mediator of CBD’s 
protective effects against METH-induced mitochondrial dysfunc-

tion, the extent to which these additional targets contribute to 
CBD’s therapeutic efficacy in METH addiction remains unclear. 
Elucidating their roles will require further mechanistic studies, 
which may uncover complementary or synergistic pathways 
involved in CBD’s multifaceted actions.

Microglia and astrocytes are two key cell types involved in the 
secretion of extracellular ATP 54,55 . The ATP discharged by these 
cells further regulates neurons 56,57 , indicating potential effects in 
METH addiction. The elevated ATP is released into the extra-

cellular space and metabolized into ADO, which then activates 
A1R 58 . This adenosine—A1R interaction leads to the suppression 
of the release of glutamate 59 and dopamine 60 , neurotransmitters 
often implicated in the reward and addiction pathways. Blocking 
the ATP efflux channel PANX1, inhibiting ATP hydrolysis with 
the CD39 inhibitor, and obstructing the A1R reduced CBD’s ef-

fects against METH-induced behavioral sensitization and CPP. 
METH increases dopamine levels in the synaptic cleft by blocking 
dopamine transporters, leading to the activation of dopamine D1 
receptors 61 . A1R negatively interacts with dopamine D1 re-

ceptors 38,62 . Activation of A1R inhibits dopamine receptors, 
reducing dopamine release and neuronal activation 58 . This study 
shows that CBD targets ATP5A1, leading to increased ATP pro-

duction. The overproduction of ATP results in elevated extracel-

lular adenosine levels and activation of the A1R signaling 
pathway. Therefore, it is not surprising that CBD treatment re-

duces cFos expression in the VTA, inhibits METH-induced 
neuronal activation, and consequently suppresses METH addic-

tion. Additionally, RNA interference of ATP5A1 in the VTA 
diminished CBD’s therapeutic efficacy against METH addiction. 
In sum, these data show that ATP5A1 is a target for CBD, 
countering METH addiction via the ADO—A1R signaling 
pathway.

While the present study focused on the global modulatory ef-

fects of CBD on ATP5A1 across neural populations, it is critical to 
recognize the cellular heterogeneity of the central nervous system. 
Neurons, microglia, and astrocytes not only fulfill distinct physi-

ological roles but also exhibit divergent metabolic demands and 
regulatory mechanisms for mitochondrial function. Given the 
central role of neurons in addiction-related circuitry and the 
relatively high expression of ATP5A1 in neuronal populations, 
future investigations should employ cell-type-specific viral vectors 
(e.g., using neuron- or glia-specific promoters) to dissect the 
cellular origins of CBD’s effects. Such an approach will be 
essential to clarify the contribution of individual cell types to 
CBD’s anti-addictive mechanisms, enabling a more nuanced un-

derstanding of the circuit-level dynamics through which mito-

chondrial modulation translates into behavioral outcomes.

Beyond addiction, numerous neurological and psychiatric

disorders, including Alzheimer’s disease 63 , Parkinson’s disease 64 ,

and depression 65 are characterized by mitochondrial dysfunction 
or impaired energy metabolism, highlighting the broader thera-

peutic potential of CBD in these conditions. Despite its promising
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effects, CBD’s clinical application is hindered by poor bioavail-

ability, which necessitates high dosing and increases the risk of 
adverse effects, thereby limiting its therapeutic window. Structural 
optimization of CBD offers a compelling approach to overcome 
these limitations by enhancing its potency and target specificity, 
ultimately improving both efficacy and safety in clinical settings.

5. Conclusions

This study verifies that ATP5A1 directly binds with CBD both 
in vitro and in vivo, counteracting METH-triggered ATP5A1 
ubiquitination and enhancing the assembly of ATP synthase, 
thereby preventing METH-induced mitochondrial damage. Addi-

tionally, CBD inhibits METH-induced addictive behaviors 
through the ADO—A1R signaling pathway. The results indicate 
that CBD alleviates methamphetamine addiction by targeting 
ATP5A1. Besides METH, CBD has shown potential therapeutic 
effects on addiction to opioids 18 and THC 66 . This implies that 
CBD has therapeutic potential for various forms of substance 
abuse. Consequently, ATP5A1 may serve as a target in the treat-

ment of polysubstance use disorders, which warrants further 
exploration.
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