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Background: Methamphetamine (MA) abuse is a major global public health problem. However, it is not 
yet known whether cannabidiol (CBD) has protective effects on MA-induced cardiotoxicity. The present 
study investigated whether CBD has protective effects on MA-induced cardiac damage in rats via the protein 
kinase A/cyclic adenosine monophosphate (cAMP)-response element-binding protein (PKA/CREB) pathway.
Methods: A total of 30 rats were randomly divided into 5 groups. The rats were administered MA (10 mg/kg)  
by intraperitoneal (IP) injection once a day for 4 weeks, and with CBD (40 or 80 mg/kg, IP) treatment  
1 h before the MA injections. Morphological changes were determined using hematoxylin and eosin and 
Masson’s trichrome staining. The serum levels of interleukin (IL)-6 and IL-10 were detected using enzyme-
linked immunoassay kits. The protein expression levels of cardiac troponin I (cTnI), PKA, phospho-PKA 
(p-PKA), CREB, and phospho-CREB (p-CREB) in the myocardium were detected by Western blot analysis.
Results: There was no significant difference in body weight among the groups. Heart weight and the 
heart-to-body weight ratio were higher in the MA group than the control group, while CBD (80 mg/kg) 
pretreatment (CBD80 + MA group) reduced the heart weight and the heart-to-body weight ratio compared 
to the MA group. The chronic administration of MA resulted in a cardiac inflammatory response, the 
progressive development of fibrosis, and necrosis, while CBD treatment attenuated these lesions. The 
protein expression levels of PKA, p-PKA, CREB, and p-CREB increased following MA administration, but 
significantly decreased with CBD treatment. These results indicate that chronic MA administration leads to 
cardiotoxicity, but these effects can be attenuated by CBD pretreatment.
Conclusions: This study was the first to examine the protective effects of CBD on cardiotoxicity elicited 
by chronic MA exposure in rats. Our research suggests that CBD attenuates the cardiac inflammatory 
response induced by MA through the PKA/CREB pathway, and CBD may have potential clinical application 
in the treatment of MA-induced cardiotoxicity.
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Introduction

Methamphetamine (MA) is a highly addictive class of 
synthetic stimulant and one of the most popular drugs of 
abuse worldwide (1). Thus, MA abuse is a major global 
public health problem (2). The molecular structure of MA 
consists of a methyl group added to the base structure 
of amphetamine (see Figure 1A), and MA can affect the 
central nervous system by increasing catecholamine 
expression via multiple mechanisms (3,4). However, MA is 
a sympathomimetic amine substance, and can have a series 
of side effects on multiple organs following overdose and 
chronic administration (5,6). Notably, cardiovascular injury 
caused by MA use has gained recent attention.

A recent retrospective study showed that MA use 
promotes the early onset of cardiovascular diseases (CVDs) 
and induces its complications, especially in young adults (7). 
Changes in cardiovascular pathology have been reported 
in 68% of MA poisoning-related deaths (8), and CVD is 
the 2nd leading cause of death among MA abusers, after 
accidental drug toxicity (9). Inflammation is an important 
risk factor for CVD, and plays a key role in MA-induced 
cardiac injury. Reactive oxygen species generation, 
mitochondrial dysfunction, apoptosis, and intracellular 
calcium homeostasis defects induced by MA may potentiate 
the cardiac inflammatory process (10). However, the 
molecular mechanism of myocardial inflammation induced 
by MA exposure has not yet been fully elucidated. The 
cyclic adenosine monophosphate (cAMP)/protein kinase 
A (PKA)/cAMP response element-binding (CREB) 
signal transduction pathway is involved in a variety of 
physiological and pathological processes and has been 
shown to remarkably increase interleukin (IL)-6 in cardiac 
fibroblasts (11). However, it is not yet known whether the 
cAMP/PKA/CREB signaling pathway is involved in MA-
induced myocardial inflammation.

Many studies have found compelling evidence of 
cardiovascular dysfunction; however, the Food and Drug 
Administration has not approved any specific treatments or 
drugs for cardiac complications caused by MA. Cannabidiol 
(CBD) (see Figure 1B) is a non-psychoactive component of 
Cannabis sativa, which is considered safe and well tolerated 
in high doses and chronic use (12). CBD produces multiple 
effects, including immunosuppression, anti-inflammation 
and anti-fibrosis (13,14), and has been applied in the 
treatment of epilepsy, schizophrenia, addiction, and 
anxiety (15,16). However, it is unclear whether CBD has a 
protective effect on MA-induced cardiac inflammation.

In the present study, we evaluated the protective effects 
of CBD on cardiac inflammation induced by MA and the 
expression of key factors of the PKA/CREB pathway in the 
myocardium of rats, which may provide a novel strategy 
for the treatment of cardiotoxicity induced by MA abuse. 
We present the following article in accordance with the 
ARRIVE reporting checklist (available at https://atm.
amegroups.com/article/view/10.21037/atm-22-4082/rc).

Methods

Reagents and chemicals

We legally obtained MA (with a purity >98%) from the 
Yunnan Provincial Public Security Department. The MA 
was dissolved in saline to 10 mg/mL and administered at 
a dose of 10 mg/kg via intraperitoneal (IP) injection. The 
dose of MA was based on a previous study, with a slight 
adjustment (17). The CBD was purchased from Hebei Fan 
Zhang Tang Commercial and Animal Husbandry Co., Ltd. 
(Cat. #: 13956-29-1, Hebei, China). CBD was dissolved 
to 40 mg/mL in a saline vehicle solution of 5% dimethyl 
sulfoxide (DMSO) and 5% polysorbate 80 (Tween-80) 
and then intraperitoneally administered at doses of 40 and  
80 mg/kg. The CBD dosages were selected according to the 
results of our previous study (18).

Animals and experimental design

A total of 30 male Sprague-Dawley rats (aged: 6 weeks old, 
weighing: 180–220 g) were purchased from the Laboratory 
Animal Center of Kunming Medical University (KMU). All 
the animal studies were performed in accordance with the 
Guidelines for the Care and Use of Laboratory Animals of 
KMU, and all the experimental procedures were approved 
by the Ethics Committee on Animal Care and Use of 
KMU (approval code: kmmu2020403). A protocol was 
prepared before the study without registration. The rats 
were housed together (6 rats per cage) and provided with 
free access to food and water under standard conditions 
(room temperature of 22±1 ℃, humidity of 50–60%, and 
12-h:12-h light: dark cycle). All the rats were acclimatized 
to the new environment for 3 days before the start of the 
experiments.

The rats were randomly divided into the following 5 
experimental groups (n=6/group): (I) the solvent control 
group (saline solution containing 5% DMSO +5% 
Tween-80, 10 mL/kg, IP); (II) the CBD80 group (CBD,  

https://atm.amegroups.com/article/view/10.21037/atm-22-4082/rc
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Figure 1 Experimental design for CBD and MA treatments in rats. (A) Chemical structure of MA. (B) Chemical structure of CBD. (C) 
Experimental protocols. Acclimation phase (days 1–3). Drug administration was once a day over 4 weeks (days 4–31). Rats in the MA group 
received MA (10 mg/kg) by IP injection. The CBD40 + MA group and the CBD80 + MA group rats received MA (10 mg/kg) following 1 h 
of CBD treatment (40 or 80 mg/kg, IP). The control group rats received saline solution (containing 5% DMSO +5% Tween-80, 10 mL/kg, 
IP). The rats in CBD80 group received CBD only (80 mg/kg, IP). On day 32, all the rats were sacrificed for the collection of hearts and blood 
for further analysis. CBD, cannabidiol; MA, methamphetamine; IP, intraperitoneal; DMSO, dimethyl sulfoxide; Tween-80, polysorbate 80.

80 mg/kg, IP); (III) the MA group (MA, 10 mg/kg, IP); 
(IV) the CBD40 (40 mg/kg) + MA group; and (V) the CBD80  
(80 mg/kg) + MA group. The rats received MA or CBD 
once a day (at 09:00 am) for 4 weeks, and the MA (10 mg/kg)  
injections were administered 1 h after CBD treatment (40 
or 80 mg/kg, IP). The rats were weighed weekly for dose 
adjustment.

All the rats were euthanized by 10% chloral hydrate 
(3 mL/kg) 24 h after the last injection. Blood (for serum) 
was collected by cardiac puncture, and the hearts were also 
collected. Some hearts were fixed in 4% paraformaldehyde 
solution, and some hearts were stored at −80 ℃ awaiting 
further analysis. The experimental protocols are shown in 
Figure 1C.

Histopathological examination

The hearts were fixed in 4% paraformaldehyde solution, 
dehydrated, embedded in paraffin wax, and sliced into 5-μm 
thick sections (RM2235, Leica, Germany). The sections 
were then stained with hematoxylin and eosin (H&E) to 
assess the inflammatory changes in the tissue and with 
Masson’s trichrome to assess the fibrotic changes. The heart 
tissue sections were examined using a digital pathological 
section scanning system (KF-PRO-005-EX, KFBIO, 
Ningbo, China) (19).

Enzyme linked immunosorbent assay (ELISA)

The serum levels of pro-inflammatory cytokine IL-6 and 
anti-inflammatory cytokine IL-10 were measured using rat 
ELISA kits (Mlbio, Shanghai, China) in accordance with 
the manufacturer’s protocols. Absorbance was recorded at 
450 nm.

Western blot analysis

The left ventricles of the hearts were dissected and lysed 
in enhanced radioimmunoprecipitation assay lysis buffer 
containing 1% protease inhibitor and 1% phosphatase 
inhibitor on ice for 30 min, and then centrifuged at  
12,000 rpm for 15 min at 4 ℃. The protein concentrations 
were measured using an enhanced bicinchoninic acid 
protein assay kit. Equal amounts of protein (50 μg) were 
separated via 12% sodium dodecyl sulfate-polyacrylamide 
gel and transferred with a constant current onto 0.45-μm 
polyvinylidene fluoride membranes. The membranes were 
sealed with non-fat dry milk for 2 h at room temperature, 
and then incubated overnight at 4 ℃ with primary 
antibodies: rabbit anti-PKA (Proteintech, IL, USA, 1:1,000), 
rabbit anti-p-PKA (Abcam, Cambridge, UK, 1:1,000), 
rabbit anti-CREB (Proteintech, IL, USA, 1:1,000), rabbit 
anti-p-CREB (CST, Massachusetts, USA, 1:1,000), rabbit 
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anti-cardiac troponin I (cTnI) (Proteintech, IL, USA, 
1:2,000), and rabbit anti-glyceraldehyde 3-phosphate 
dehydrogenase (anti-GAPDH) (Servicebio, Wuhan, China, 
1:2,000). The membranes were incubated with horseradish 
peroxidase-linked anti-rabbit immunoglobulin G (IgG) 
secondary antibody (Abbkine, Wuhan, China, 1:5,000) for 
1.5 h at room temperature. The membranes were detected 
using an ultra-high sensitivity electrochemiluminescence kit 
(Biosharp, Beijing, China), and images were captured by the 
Bio-Rad imaging system (Bio-Rad, Hercules, California, 
USA). Protein bands were determined by Image J software 
and the intensities of each band were normalized to 
GAPDH.

Statistical analysis

All the data are expressed as the mean ± standard deviation 
(SD). The statistical analyses were performed with SPSS 
v21.0 (IBM SPSS, Chicago, USA), and graphs were 
constructed using GraphPad Prism v6.0 (GraphPad 
Software, USA). A one-way analysis of variance was used 
to analyze the experimental data, followed by Tukey’s post-
hoc tests to compare individual groups. A P value <0.05 was 
considered statistically significant.

Results

Effects of CBD on MA-induced body and heart weight 
changes in rats

There was no significant difference between the general 
status of the rats in each group before and 4 weeks 

after modeling. Body weight was measured before drug 
injection and at 1 to 4 weeks after drug administration, 
but no significant difference was found among the groups 
after 4 weeks of drug administration (see Figure 2A; 
control: 339.25±8.10 g, CBD80: 321.50±11.03 g, MA: 
329.75±2.63 g, CBD40 + MA: 305.25±44.25 g, CBD80 
+ MA: 304.00±38.44 g, P>0.05). The heart weight 
of the MA group increased compared to that of the 
control group (see Figure 2B; control: 1.28±0.08 g, MA:  
1.52±0.09 g, P<0.05). Notably, 1-h pretreatment with 
80 mg/kg of CBD significantly reduced MA-induced 
cardiomegaly compared to the MA group (see Figure 2B;  
CBD80 + MA: 1.13±0.08 g, P<0.001). The heart-to-
body weight ratio of the MA group increased compared 
to that of the control group (see Figure 2C; control:  
3.78±0.24 mg/g, MA: 4.61±0.27 mg/g, P<0.05), while 
CBD (80 mg/kg) pretreatment for 1 h reduced the ratio 
compared to the MA group (see Figure 2C; CBD80 + 
MA: 3.74±0.33 mg/g, P<0.01). These results suggest 
that chronic exposure to MA for 4 weeks can induce 
cardiomegaly in rats to some extent, which can be 
inhibited by the administration of CBD (80 mg/kg).

CBD attenuates MA-induced cardiac inflammatory 
response

Three methods were measured to assess the cardiac 
inflammatory response in rats induced by MA. The 
infiltration of inflammatory cells in myocardium was 
observed by H&E staining. Myocardial fibrosis, a 
progressive pathological process of chronic inflammation, 
was observed by Masson’s trichrome staining. The levels 
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Figure 2 Effects of CBD on MA-induced body and heart weight changes in rats. (A) Effects of CBD on MA-induced body weight changes. (B) 
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Figure 3 Effects of CBD on MA-induced cardiac histopathological changes, cytokine, and cTnI expression. (A) Images represent H&E 
and Masson’s trichrome staining, respectively. Scale bar: 50 μm. The control (a, f) and CBD80 (b, g) groups showed normal myocardial 
tissue structure. The MA group (c, h) showed myocardial fiber disorder, myocyte vacuolization, mononuclear inflammatory infiltration 
(blue arrow), and blue-stained collagen fibrils in perivascular and interstitial spaces. Compared to the MA group, the CBD40 + MA group  
(d, i) still exhibited mononuclear inflammatory infiltration in interstitial spaces or around the blood vessels (blue arrow) and showed less 
perivascular and interstitial fibrosis. The CBD80 + MA group (e, j) showed cardiac myocyte degeneration, and almost no collagen fibrils in 
the perivascular and interstitial spaces. (B) The content of myocardium fibrosis. The serum levels of IL-6 (C) and IL-10 (D) were detected 
by ELISAs. (E) cTnI expression in the left ventricle was measured by Western blot analysis. The data are expressed as the mean ± SD. **, 
P<0.01; ***, P<0.001 vs. control group. #, P<0.05; ##, P<0.01; ###, P<0.001 vs. MA group. CBD, cannabidiol; MA, methamphetamine; H&E, 
hematoxylin and eosin; IL, interleukin; ELISA, enzyme linked immunosorbent assay; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; 
cTnI, cardiac troponin I; SD, standard deviation.

of IL-6 and IL-10 in serum were detected by ELISA. The 
H&E-stained heart tissues in the control and CBD80 groups 
were almost normal (see Figure 3A-a and -b). MA can 
induce myocardial fiber disorder, mild vacuolization, and 
karyolysis, as well as distinct mononuclear inflammatory 
infiltration in interstitial spaces or around blood vessels. 
Focal mononuclear inflammatory infiltration (see  
Figure 3A-c) in the perivascular or interstitial spaces was 
observed in the MA group. However, pretreatment with 
40 or 80 mg/kg CBD for 1 h before MA administration 
resulted in the gradual and effective suppression of 
cardiac lesions. Only slight mononuclear inflammatory 
infiltration (see Figure 3A-d) in the interstitial spaces or 
around the blood vessels was observed in the CBD40 + 

MA group. Further, CBD80 + MA group had myocardial 
cell degeneration (see Figure 3A-e). Masson’s trichrome 
staining was used to evaluate fibrosis in the myocardium, 
resulting in blue-brown-stained nuclei, red-stained 
cytoplasm and myofiber, and blue-stained collagen fibers. 
There was almost no myocardial fibrosis in the control 
and CBD80 groups (see Figure 3A-f and -g). Blue-stained 
collagen fibrils (see Figure 3A-h) in the perivascular and 
interstitial spaces was observed in the MA group. Only 
slight fibrosis (see Figure 3A-i) in the interstitial spaces 
or around the blood vessels was observed in the CBD40 
+ MA group. Further, CBD80 + MA group had almost no 
fibrosis (see Figure 3A-j). As Figure 3B shows, the fibrosis 
content (percent fibrosis area) was significantly increased 
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Figure 4 Effects of CBD on PKA, p-PKA, CREB, and p-CREB in the left ventricle of the MA-induced rats. The expression levels of PKA 
and p-PKA (A), CREB, and p-CREB (B) were measured by Western blot analysis. The data are expressed as the mean ± SD. *, P<0.05; **, 
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SD, standard deviation.

in the MA group (4.03±0.82, P<0.001) than the control 
group (0.61±0.04). However, pretreatment with 40 or  
80 mg/kg CBD reduced the fibrosis content compared 
to that of the MA group (CBD40 + MA: 2.83±0.41, 
P<0.05, CBD80 + MA: 1.06±0.07, P<0.001). The IL-6 
serum level of the MA group was significantly increased 
compared to that of the control group (see Figure 3C; 
control: 10.36±0.73 pg/mL, MA: 17.72±0.84 pg/mL, 
P<0.001). However, IL-6 expression decreased following 
CBD pretreatment (see Figure  3C ;  CBD40 + MA:  
13.66±2.95 pg/mL, P<0.05; CBD80 + MA: 11.27±1.39 pg/mL, 
P<0.01). Additionally, MA significantly reduced the expression 
of IL-10 compared to that of the control group (see Figure 3D; 
control: 5.29±0.40 pg/mL, MA: 2.76±0.13 pg/mL, P<0.001), 
while CBD pretreatment increased the level of IL-10 (see 
Figure 3D; CBD40 + MA: 4.25±0.68 pg/mL, P<0.01; CBD80 + 
MA: 4.85±0.21 pg/mL, P<0.001). 

To assess the protective effects of CBD on MA-induced 
myocardial damage, we evaluated the left ventricle level of 
cTnI, an important biomarker of myocardial necrosis. MA 
significantly increased the expression of cTnI compared to 
that of the control group (see Figure 3E; control: 1.89±0.41, 
MA: 4.15±0.60, P<0.01), while pretreatment with 80 mg/kg 
CBD attenuated the level of cTnI compared to that of the 
MA group (see Figure 3E; CBD80 + MA: 2.41±0.73, P<0.05), 
but no effect was observed under 40 mg/kg CBD. 

CBD downregulates PKA, p-PKA, CREB, and p-CREB 
expression in the left ventricle following MA-induced 
cardiotoxicity

As Figure 4A shows, the expression levels of PKA (1.29±0.09, 
P<0.01) and p-PKA (1.64±0.13, P<0.05) were significantly 
higher in the MA group than the control group (PKA: 
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0.57±0.06, p-PKA: 1.18±0.10). However, pretreatment 
with 40 or 80 mg/kg CBD reduced the expression levels of 
PKA and p-PKA compared to that of the MA group, and  
80 mg/kg of CBD was the most effective dose (PKA: CBD40 
+ MA: 0.81±0.25, P<0.05, CBD80 + MA: 0.68±0.14, P<0.01; 
p-PKA: CBD40 + MA: 1.06±0.22, P<0.01, CBD80 + MA: 
0.85±0.07, P<0.001). As Figure 4B shows, the expression 
levels of CREB (2.76±0.18, P<0.01) and p-CREB (2.76±0.15, 
P<0.05) were significantly higher in the MA group than 
the control group (CREB: 1.42±0.48, p-CREB: 1.77±0.18). 
However, pretreatment with 40 or 80 mg/kg CBD reduced 
the expression levels of CREB and p-CREB compared to 
that of the MA group (CREB: CBD40 + MA: 1.52±0.09, 
P<0.01, CBD80 + MA: 1.24±0.29, P<0.01; p-CREB: CBD40 
+ MA: 1.70±0.40, P<0.05, CBD80 + MA: 1.58±0.48, P<0.01). 

Discussion

Body mass index and heart weight are significantly higher 
in MA abusers than non-MA users (20). In the current 
study, the heart weight and relative heart weight of the MA 
group were higher than those of the control group, which 
is consistent with findings for mice (i.e., the relative heart 
weight was increased, and the dose of MA was gradually 
increased 4–5 mg/week for 8 weeks to 35 mg/kg or  
2 mg/week for 20 weeks to 40 mg/kg) (21). Conversely, 
other research has reported no significant differences 
in the relative heart weight in rats after an acute dose of  
50 mg/kg MA (22). These discrepancies could be explained 
by the different concentrations and treatment times of MA 
administration, the animal species tested, and the specific 
experimental protocols used. The current study is also the 
first to report on the protective effects of CBD (80 mg/kg) 

against MA-induced cardiomegaly in rats.
Myocyte hypertrophy, myocarditis, endocarditis, 

pericarditis, perivascular and interstitial fibrosis, fiber 
necrosis,  collagen deposition, and subendocardial 
myocardial infarction are involved in many MA-toxicity 
deaths (9,20). The non-specific cardiac histopathology 
observed in our study following MA exposure is similar to 
that observed in previous studies (20,21). However, CBD 
pretreatment alleviated these lesions to a certain extent.

A study of human samples showed that the serum levels 
of IL-6, IL-18, and tumor necrosis factor alpha (TNF-α) 
were significantly more increased in chronic MA users than 
control subjects, and these pro-inflammatory cytokines 
may play a key role in the psychopathological symptoms 
induced by MA (23). Long-term MA administration in 

ApoE−/− mice led to a significant increase in the levels of 
plasma C-reactive protein, inflammatory cytokines, and 
neuropeptide Y in the aortic root and myocardial tissue, 
which promoted inflammation and atherosclerosis (24). 
Acute exposure to MA in mice (30 mg/kg for 6 h) also 
resulted in a significant increase in serum IL-6, TNF-α, 
and IL-10 (25). These studies indicate that inflammation 
plays a key role in myocardial damage induced by MA. In 
the present study, IL-6 increased and IL-10 decreased, after 
MA administration, but these changes were reversed by 
CBD (40 or 80 mg/kg), which suggests that CBD may have 
anti-inflammatory protective effects on myocardial damage 
induced by MA.

Previous research has indicated that CBD treatment  
(2 μg/μL) inhibits the increase in IL-1β mRNA expression 
in the prefrontal cortex of rats following MA exposure (26).  
Further, CBD treatment (1.5 mg/kg, IP, 10 weeks) 
can significantly decrease pro-inflammatory cytokine  
IL-23, its receptor, CXC ligand 9 (CXCL-9), and CXCL-11  
in mice with spinal cord injury, but not IL-6 or interferon 
(INF)-γ (27). In rats with myocardial ischemic reperfusion 
injury, CBD (5 mg/kg, IP, 7 days) was shown to reduce 
infract size, myocardial inflammation, and serum IL-6 (28).  
Myocarditis, focal and diffuse myocardial fibrosis, and 
myocardial dysfunction have been reported in patients with 
pheochromocytoma, indicating that catecholamine toxicity 
may lead to myocarditis and myocardial fibrosis (29). This 
was supported by our findings that MA induced a cardiac 
inflammatory response and myocardial fibrosis, but these 
effects were attenuated by CBD. Thus, CBD exhibited 
considerable preventive effects against cardiac damage 
induced by MA exposure, which may be mediated by a 
reduced inflammatory response.

Autopsy studies have shown high cTnI expression in fatal 
MA abusers, with creatine kinase myocardial band (CK-MB) 
levels also increased in the cardiac and peripheral blood (30)  
and pericardial and cerebrospinal fluids of MA abusers (31).  
Elevated levels of cTnI and CK-MB are indicative of 
increased myocardial necrosis, as found in our study 
following MA administration. However, we also found 
that CBD (80 mg/kg) pretreatment decreased cTnI levels 
compared to the MA group, which suggests that a high dose 
of CBD may have a protective effect on cardiac damage. 
Similar findings have been reported in rabbits with acute 
myocardial infraction. Specifically, CBD administration  
(100 μg/kg) was shown to significantly decrease the 
plasma levels of cTnI and reduce ischemic injury in the 
myocardium (32).
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The distribution of MA in the major organs of MA-
sensitized rats is reported to be higher in the brain and 
heart than in the kidney, blood, and abdominal muscle, and 
the delayed efflux of MA in the heart may be associated 
with cardiac toxicity (33). Various pathological mechanisms 
have been investigated; however, the mechanism underlying 
myocardial injury caused by MA remains unclear. Our 
data showed that the PKA/CREB signaling pathway 
was activated and p-PKA and p-CREB increased in rats 
receiving chronic MA administration. These findings 
suggest that the PKA/CREB pathway participated in MA-
induced myocardial inflammation and myocardial pathology. 
PKA is the key kinase for CREB phosphorylation, and 
CREB plays an important role in drug addiction (34). 
PKA, p-PKA, CREB, and p-CREB are highly expressed in 
different brain regions of MA-induced conditioned place 
preference rats and in SH-SY5Y cells but can be inhibited 
by gastrodin (35). The cAMP/PKA/CREB pathway is also 
involved in the apoptosis of cortical neurons induced by 
MA, but can be regulated by the neuroprotective effects of 
gastrodin (36). In this study, the expression levels of PKA, 
p-PKA, CREB, and p-CREB decreased following CBD 
pretreatment, which suggests that CBD may attenuate 
cardiotoxicity by mediating the PKA/CREB signaling 
pathway.

This study is the first to report on the protective effects 
of CBD, which included the inhibition of cardiomegaly, and 
the attenuation of the inflammatory response, myocardium 
fibrosis and necrosis, on cardiotoxicity elicited by chronic 
MA exposure in rats. The results showed that CBD at 
40 and 80 mg/kg had a protective effect on MA-induced 
cardiac damage, but the effect was strongest at 80 mg/kg. 
These findings are similar to a previous study that showed 
that CBD at 80 mg/kg, but not 40 mg/kg, reduced the 
motivation to self-administered MA and drug-seeking 
behavior after extinction (37). 

In summary, our study demonstrated that chronic MA 
administration induced cardiotoxicity in rats, with a notable 
increase in the inflammatory response. Interestingly, CBD 
pretreatment significantly reduced the inflammatory 
response and myocardial necrosis via the PKA/CREB 
pathway. These results indicate that CBD may have 
potential clinical application for the treatment of MA-
induced cardiotoxicity. However, the specific molecular 
mechanism of MA-induced cardiotoxicity and the protective 
effects of CBD need to be further investigated. Meanwhile, 
to explore the therapeutic effects of CBD with a protocol of 
CBD administration after MA injection is our future work.
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