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Background and Purpose: Clozapine is an atypical antipsychotic drug that is very

efficacious in treating psychosis, but the risk of severe cardiotoxicity limits its clinical

use. The present study investigated the harmful effects of clozapine on myocardium

and assessed the involvement of cannabinoid receptors in its cardiotoxicity.

Experimental Approach: Clozapine alone or in combination with selective cannabi-

noid receptor antagonists or agonists were used to treat mice and cardiomyocytes.

Key Results: Clozapine induced myocardial inflammation and infiltration 7 days

after i.p. injection. Mice survival rate and myocardial infiltration, and fibrotic lesions

were dose‐dependently worsened by clozapine. Clozapine decreased major

endocannabinoid levels in sera and cultured cardiomyocytes. Cannabinoid CB1 recep-

tors decreased in clozapine‐treated hearts and were translocated from cytomem-

branes to cytoplasm and nuclei, whereas CB2 receptors increased in clozapine‐

treated hearts and inversely translocated from nuclei to the cytomembrane. Selective

antagonists of CB1 receptors, rimonabant and AM281, but not its selective agonist

arachidonyl‐2′‐chloroethylamide, ameliorated clozapine‐induced myocardial inflam-

matory infiltration and fibrotic lesions. In contrast, selective agonists of CB2 recep-

tors, AM1241 and JWH‐133, but not its selective antagonist AM630, blunted

clozapine‐mediated cardiotoxicity in mice. In cultured cardiomyocytes, clozapine

increased the pro‐inflammatory factor IL‐1β and the concentrations of myocardial

injury markers (LDH and aspartate aminotransferase); these effects were reversed

by either a CB1 antagonist or CB2 agonist and further prevented by combined

pretreatments.

Conclusions and Implications: Our data provide evidence that cannabinoid CB1

and CB2 receptors have opposite effects and selective antagonists of CB1 or agonists

of CB2 receptors might confer protective effects against clozapine in myocardium.
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What is already known

• Clozapine is an efficacious antipsychotic for treating

psychosis.

• Clozapine has severe cardiotoxicity.

What this study adds

• Clozapine imbalanced the endocannabinoid system when

causing cardiotoxicity.

• CB1 receptor antagonists or CB2 receptor agonists

protected against clozapine cardiotoxicity.

What is the cl inical s ignif icance

• Cannabinoid CB1 and CB2 receptors had opposite

effects, and selective antagonists of CB1 receptors or

agonists of CB2 receptors might confer protective

effects against clozapine.
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1 | INTRODUCTION

Clozapine piperazinyl‐dibenzo‐[1, 4]‐diazepine, a tricyclic

dibenzodiazepine, is an atypical antipsychotic drug that is very effica-

cious in treating psychosis, particularly in patients refractory to other

agents (Green et al., 2000). Clozapine appears to be particularly bene-

ficial in patients with positive symptoms (Kelly et al., 2009) and sub-

stance use disorder (Kilian, Kerr, Lawrence, & Celermajer, 1999). The

use of clozapine reduces the risk of suicidal behaviour in schizophrenic

patients (Aguilar & Siris, 2007; Hennen & Baldessarini, 2005) and has

also been shown to improve cognitive deficits (Li, Wu, & Li, 2007).

However, some adverse effects of clozapine have limited its clinical

use (Curto et al., 2016), which is due in large proportion to its

cardiotoxicity (Merrill, Dec, & Goff, 2005).

Clozapine has been associated with tachycardia (in at least 10% of

clozapine treated patients), hypertension or hypotension, syncope,

and electrocardiographical abnormalities (at an incidence of at least

1%; Curto et al., 2016). Other severe or life‐threatening adverse car-

diac effects stem from reports of myocarditis in patients treated with

this drug (Ronaldson, Fitzgerald, & McNeil, 2015). We have also dem-

onstrated that clozapine is the most common drug associated with

antipsychotic‐induced sudden unexpected death (Li, Ye, Zhao, Gao,

& Jiang, 2018). Health professionals have warned of the risk of poten-

tially fatal myocarditis, cardiomyopathy, and heart failure (Kilian et al.,

1999; La Grenade, Graham, & Trontell, 2001) in association with clo-

zapine therapy. The severe cardiotoxicity of clozapine has even been

drawn to the attention of the Food and Drug Administration of the

United States (La Grenade et al., 2001), Switzerland (Hagg, Spigset,

Bate, & Soderstrom, 2001), and Australia (Haas et al., 2007; Kilian

et al., 1999).

The onset of severe cardiotoxicity may develop as early as 8 days

after clozapine starting, and most of the patients were less than

50 years of age (Kilian et al., 1999). The mechanism of clozapine‐

induced cardiotoxicity is not yet clearly understood. Previous studies

showed the presence of cardiac and peripheral blood eosinophilia

associated with clozapine cardiotoxicity, indicating a possible IgE‐

mediated hypersensitivity reaction (Patel, Lisi, Lathara, & Lipchik,

2012). In addition, numerous reports have shown an increase in the

level of ROS and pro‐inflammatory factors following clozapine

cardiotoxicity (Abdel‐Wahab & Metwally, 2015; Abdel‐Wahab,

Metwally, El‐khawanki, & Hashim, 2014). A recent study also found

hypercatecholaminergic states associated with clozapine use, and a

β‐adrenoceptor blocking agent may be effective in reducing the inci-

dence and severity of clozapine‐induced myocarditis (Wang et al.,

2008). However, blockade of β‐adrenoceptors (one type of GPCR)

only caused a partial reduction in TNF‐α levels, postulating that there

might be other receptor‐dependent mechanisms driving clozapine‐

induced cardiotoxicity (Wang et al., 2008).

The endocannabinoid system is a ubiquitous lipid signalling system

involving various physiological processes and comprises cannabinoid

receptors (CB receptors), their endogenous ligands (endocannabinoids)

and enzymes serving to biosynthesize and degrade endocannabinoids.

Major endocannabinoids, such as anandamide (AEA) and
2‐arachidonoylglycerol (2‐AG) elicit tetrahydrocannabinol‐like subjec-

tive effects by binding to CB receptors (CB1 or CB2 receptors), and

this effect could be reversed after catalysing AEA and 2‐AG by their

respective enzyme fatty acid amide hydrolase (FAAH) and

monoacylglycerol lipase (MAGL; O'Sullivan, 2015). The CB2 receptor,

expressed peripherally, has been suggested to be cardioprotective

after myocardial infarction (Montecucco et al., 2009; Wang et al.,

2012); blockade of CB2 receptors using pharmacological antagonists

exacerbated ischaemic injury in the rat isolated heart (Lepicier,

Bouchard, Lagneux, & Lamontagne, 2003). Cannabinoid CB2 receptors

also seem to modulate immunoreactions (Turcotte, Blanchet,

Laviolette, & Flamand, 2016) and have an antifibrotic effect in liver

fibrosis (Julien et al., 2005) and during skin wound‐healing processes

(Wang et al., 2016). The CB1 receptor, in contrast, is considered the

most abundant receptor in the mammalian brain since its identifica-

tion; whereas there have been few relevant studies on its effects in

peripheral tissues. Interestingly, it has recently been reported that

pharmacological inhibition of the CB1 receptor protects against

doxorubicin‐induced cardiotoxicity (Mukhopadhyay et al., 2007) and

the cannabinoid CB1 receptor antagonist, rimonabant, protects against

acute myocardial infarction (Lim, Davidson, Yellon, & Smith, 2009).

Cannabinoid CB1 receptor antagonists seemed to be antifibrotic and

this has provided a new strategy for the treatment of liver fibrosis

(Teixeira‐Clerc et al., 2006); this suggests that CB1 and CB2 receptors

may have opposing effects in peripheral tissues. However, the detailed

function of CB receptors in clozapine‐induced cardiotoxicity awaits to

be documented.

In the present study we aimed to assess the cardiotoxicity of cloza-

pine in a murine model and investigate the functional role of CB

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=38
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receptors in clozapine‐induced myocardial injury in vivo and in vitro.

To determine whether the CB receptors have distinct effects on cloza-

pine cardiotoxicity, dual CB receptor antagonists or agonists were not

adopted. Instead, we used a selective antagonist/agonist of each

receptor alone or in combination with clozapine treatment. Our data

suggest that the CB receptors have opposing effects on the

cardiotoxicity induced by the antipsychotic clozapine and indicate that

pharmacological therapeutics against drug‐induced cardiotoxicity

might need to be receptor specific with regarding to CB receptors.
2 | METHODS

2.1 | Animal experiments

The experiments were performed using male BALB/cByJSlac mice

(~6 weeks old, MGI: 6272006), which were introduced from the

Jackson Laboratory to Shanghai Laboratory Animal Centre (Shanghai,

China). Animals were housed in cages in a climate‐controlled environ-

ment consisting of a 12‐hr light and dark cycle and had continuous

access to standardized chow and tap water. Animal studies are

reported in compliance with the ARRIVE guidelines (Kilkenny et al.,

2010) and with the recommendations made by the British Journal of

Pharmacology. All experimental procedures were conducted with the

protocols for animal experiments approved by the Institutional Animal

Care Committee at the School of Basic Medical Sciences, Fudan Uni-

versity. In particular, humane endpoints were implemented in this

study involving animals based on the National Guideline for Replace-

ment, Refinement and Reduction of Animals in Research in China

(GB/T 27416‐2014). Generally, for the detail of animal experiments

in this study, humane endpoints were based on different categorizing

indicators including (a) clinical and behavioural signs (i.e., dullness or

no movement in response to handling) and (b) pathophysiological

changes (i.e., dramatic drop in body temperature and weak respiration

rate and heart beat).

For evaluation of mice survival under clozapine treatment, animals

were grouped as vehicle‐treated, clozapine (25 mg·kg−1)‐treated, and

clozapine (35 mg·kg−1)‐treated (n = 10 per group). For each group, an

aliquot of 0.1 ml clozapine solution was i.p. injected at 1:00 p.m. each

day. The number of dropout mice was recorded on a daily basis.

To evaluate the effects of CB receptor activation/inactivation on

the histopathological changes and heart function of mice, treatments

with the CB1 agonist arachidonyl‐2‐chloroethylamide (ACEA;

5 mg·kg−1), CB1 antagonists rimonabant (4 mg·kg−1) and AM281

(2.5 mg·kg−1), CB2 agonists AM1241 (50 mg·kg−1) and JWH‐133

(2 mg·kg−1), or CB2 antagonist AM630 (5 mg·kg−1) were started

1.5 hr (0.1 ml per mouse) before the clozapine injection and continued

i.p. each day until the haemodynamic measurements. Mice were killed

after 7 or 14 consecutive days of treatments as indicated. After exci-

sion of hearts, heart weight was measured to calculate the ratio of

heart weight to body weight on freshly excised hearts. Hearts were

dried on a paper towel for 1 min before they were weighed. All efforts

were made to minimize suffering of the mice. The doses for CB
receptor antagonists/agonists were basically similar to or less than

those used previously, as reported in the literature (Mukhopadhyay

et al., 2007). For rimonabant, a dose of 10 mg·kg−1 i.p. was reported

to cause significant weight loss of obese mice at (Bennetzen, Nielsen,

Richelsen, & Pedersen, 2008). We tested the lower dose of 4 mg·kg−1

and found this lower dose caused no significant weight change but

tended to improve mice survival (Figure S1a). For AM1241, a previous

study used the dose of 20 mg·kg−1 in an infarcted mouse model (Wang

et al., 2014). We initially tested this dose and found that the beneficial

effects of AM1241 at this dose were not significant. Therefore, we

used the dose of 50 mg·kg−1 in concurrent with the clozapine treat-

ments in vivo.
2.2 | Echocardiography measurements

Echocardiography was performed on the 10th day after daily injection.

Prior to the measurements, mice were anaesthetized with 2%

isoflurane. The left ventricle was imaged in the short‐axis view at

the midpapillary muscle level, and M‐mode measurements of left ven-

tricular end‐diastolic diameter (LVEDd) and left ventricular end‐

systolic diameter (LVESd) were recorded and transferred online to a

computer for analysis. Ejection fraction (EF) was measured offline by

the Teichholz method (Andren et al., 1995).
2.3 | Histopathological examination

Hearts were dissected and cut into two halves in a coronal plane, with

one half immediately snap‐frozen for subsequent assays. Ventricles of

the second half were used for histological and immunohistochemistry

(IHC) studies. The Immuno‐related procedures used comply with the

recommendations made by the British Journal of Pharmacology.

Heart tissues were initially fixed in a 10% neutral formalin solution,

then embedded in paraffin, sectioned at a thickness of 4 μm, and

stained with haematoxylin and eosin (HE) to examine inflammatory

infiltrates. For the purpose of this study, myocarditis was defined as

≥1 collection of inflammatory cells with each collection a minimum

of 10 cells. The inflammatory infiltrates were classified in terms of

the degree of cellular infiltration and graded on a 5‐point scale ranging

from 0 to 4+ (Matsumori, Wang, Abelmann, & Crumpacker, 1985) with

minor modifications. A zero score indicated no or the questionable

presence of lesions in each category. A 1+ score described a limited

focal distribution of myocardial lesions. A 2+ to 3+ score described

intermediate severity with multifocal lesions, whereas a 4+ score

described the presence of coalescent and extensive lesions over the

entire heart tissue examined. In circumstances of sparse infiltration,

the lesion was scored as 4+. Inflammation was scored in a blinded

manner by two independent pathologists and measured as the num-

bers of lesions tabulated. The intensity of the inflammatory infiltration

was quantitatively assessed using an infiltration index, which was cal-

culated as the infiltration score without controversy.

Fibrotic lesions were examined by Sirius Red staining. After Sirius

Red staining, the fibrosis area was automatically calculated in

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=738
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=743
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=741
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3316
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=747
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=750


LI ET AL. 893BJP
proportion to the area of the slice by ImageJ software (National Insti-

tutes of Health, Bethesda, MD, USA). Five fields were randomly

selected for each slide, and the fibrotic lesions in each group were

then averaged.

IHC analysis was performed using formalin‐fixed and paraffin‐

embedded mice hearts. Briefly, slides were initially subjected to anti-

gen retrieval by heating them in a microwave at 100°C for 10 min in

0.1 M citric acid buffer (pH = 6.0) and they were then incubated with

corresponding antibodies at 4°C overnight. After secondary antibody

incubation at room temperature for 1 hr, the slides were developed

in 0.05% diaminobenzidine containing 0.01% hydrogen peroxidase.
2.4 | Enzyme‐linked immunosorbent assay

Plasma samples from animal experiments were subject to detection of

IL‐1β and cardiac troponin I (cTnI) using ELISA. The concentrations of

IL‐1β were measured using the mouse IL‐1β ELISA kit (Catalogue No.

MEC1010, Anogen Biotech., Mississauga, Ontario, Canada), and cTnI

was determined using mouse troponin I ELISA kit (Catalogue No.

CTNI‐1‐HSP, Life Diagnostics Inc., West Chester, PA, USA). The pro-

tocol for each ELISA test was in accordance with the manufacturers'

instructions.
2.5 | Determination of activities of myocardial injury
markers

The activities of major myocardial injury markers, creatine kinase (CK),

LDH, and aspartic transaminase (AST), were estimated in supernatants

of cultured cardiomyocytes using a diagnostic kit (Nanjing Jiancheng

Bioengineering Institute, Nanjing, China). Supernatants were har-

vested 24 hr after drug treatments. The absorbance at 660 nm was

measured spectrophotometrically to calculate CK levels (Catalogue

No. A032). The absorbance was detected for LDH (Catalogue No.

A020) and AST (Catalogue No. C010), respectively, on the basis of

microplate tests.
2.6 | Immunofluorescence analysis

Mouse HL‐1 cardiomyocytes were cultured in 24‐well plates and

received clozapine treatments at a final concentration of 40 μM. After

a 24‐hr incubation, cells were fixed with acetone for 10 min and

washed with cold PBS three times. After being blocked with goat

serum for 1 hr, cells were co‐incubated with primary antibodies at

4°C overnight. An Alexa Fluor goat anti‐rabbit IgG was included as

the secondary antibody. DAPI was used as a counterstain at a dilution

of 1:1,000 for 10 min at room temperature. As negative controls, the

primary antibodies were changed into the nonimmune serum from the

same species.
2.7 | Western blot analysis

Total proteins were extracted from cells or tissue homogenates using

RIPA containing protease inhibitor and phosphatase inhibitor cocktail

(Calbiochem, EMD Biosciences, San Diego, CA, USA). The protocol

used for Western blot analysis was in accordance with our previous

study (Li et al., 2016). Briefly, protein was measured by a BCA kit

(Pierce, San Francisco, CA, USA), and an equal amount of protein

(40 ng) was loaded on 10% SDS‐PAGE gel and transferred onto a

PVDF membrane (pore size 0.45 μm, Bio‐Rad, Hercules, CA, USA)

using a semidry transfer apparatus (BioRad). The blots were blocked

with freshly prepared 5% skimmed milk for 1 hr and incubated with

primary antibodies overnight at 4°C. For each primary antibody, this

study used tris‐buffered saline containing 0.1% Tween 20 as the dilut-

ing solution. The final dilution was 1:1,000 for the primary CB1 anti-

body and was 1:500 for the CB2 antibody. Membranes were then

incubated with corresponding secondary antibodies (1:2,000 dilution

in tris‐buffered saline containing 0.1% Tween 20), and the immunore-

activity was detected using enhanced chemiluminescent autoradiogra-

phy (ECL kit, Amersham, Pittsburgh, PA, USA). GAPDH was

synchronously developed as a loading control.
2.8 | Quantitative real‐time PCR

Total RNAs from cells or heart tissue homogenates were extracted

using TRIzol solution (Invitrogen). After assessment of RNA quality

and concentration, an equal amount of RNA (500 ng) was reverse

transcribed into cDNA using the HiScript II Q RT SuperMix (Vazyme,

Nanjing, China). Quantitative real‐time PCR was performed in an ABI

PRISM 7500 Real‐Time System using the AceQ qPCR SYBR Green

Master Mix (Vazyme, Nanjing, China). Primers used are listed in

Table 1.
2.9 | Measurement of endocannabinoid levels by
LC/MS/MS

HL‐1 cells were incubated in six‐well plates in CO2 incubator and

treated with clozapine at the doses indicated for 12 hr when cells

were ~80% confluence per well. Following lipid extraction of cultured

cells or whole‐blood samples, the levels of AEA and 2‐AG were quan-

tified by LC/MS/MS as described previously (Dong, Li, Ye, Zheng, &

Jiang, 2016).
2.10 | Statistical analysis

The data and statistical analysis comply with the recommendations of

the British Journal of Pharmacology on experimental design and analysis

in pharmacology. Data are expressed as mean ± SEM. Student's t‐test

or one‐way ANOVA was used to compare means of continuous vari-

ables where appropriate by SPSS version 16.0 (RRID:SCR_002865;

Chicago, IL, USA). If any statistically significant difference was

detected, post hoc comparisons were performed using the least

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4974
https://doi.org/info:x-wiley/rrid/RRID:SCR_002865


TABLE 1 Primers used in the qRT‐PCR analysis

Gene name Forward (5′–3′) Reverse (5′–3′)

Faah GAGGCTCCCCTCTGGGTTTA GCCAGGCTATCCACATCCC

Magl CTTGCCCGTAACCCATCAA CAACGGGTGGGATTACCTTAC

Il‐1β GAAATGCCACCTTTTGACAGTG TGGATGCTCTCATCAGGACAG

Tnf‐α CCCTCACACTCAGATCATCTTCT GCTACGACGTGGGCTACAG

Il‐6 CCAAGAGGTGAGTGCTTCCC CTGTTGTTCAGACTCTCTCCCT

Il‐10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG

Gapdh AGGTCGGTGTGAACGGATTTG TGTAGACCATGTAGTTGAGGTCA

Note. qRT‐PCR: quantitative real‐time PCR.
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significant difference test. The survival analysis was performed by the

Kaplan–Meier method and evaluated by means of log‐rank (Mantel–

Cox) test. Results yielding two‐tailed values of P < 0.05 were consid-

ered statistically significant.
2.11 | Materials

Primary rabbit monoclonal antibody against CB1 receptor (RRID:

AB_2756361) was purchased from Cell Signaling Technology (Cata-

logue No. 93815, Boston, MA, USA). Primary rabbit polyclonal anti‐

CB2 receptor antibody (RRID:AB_374359) was purchased from Gene

Tex Inc. (Catalogue No. GTX23561, Irvine, CA, USA). An HRP‐linked

secondary antibody (RRID:AB_628497) was purchased from Santa

Cruz Biotechnology (Santa Cruz, CA, USA). Goat anti‐rabbit secondary

antibody Alexa Fluor 555 (Catalogue No. A‐21428, RRID:

AB_2535849) and Alexa Fluor 488 (Catalogue No. A‐11008, RRID:

AB_143165) were purchased from Invitrogen Inc. (Carlsbad, CA, USA).

Mouse cardiac muscle HL‐1 cells (RRID:CVCL_0303) that derived

from mouse atria and contract and retain phenotypic characteristics

of the adult cardiomyocyte were obtained from Millipore (Burlington,

MA, USA). Cells were cultured in DMEM (Gibco, Invitrogen) containing

10% FBS (Invitrogen), 100 U·ml−1 penicillin, and 100 μg·ml−1 strepto-

mycin at 37°C in a humidified atmosphere of 5% CO2 as we previously

described (Li et al., 2014).
2.12 | Solutions and chemicals

Antipsychotic clozapine (PubChem CID: 2818) was purchased from

Sigma‐Aldrich (St. Louis, MO, USA). Clozapine was dissolved in

0.1 M HCl and pH balanced in PBS to make a stock solution of cloza-

pine (80 mM). The stock solution was then diluted on the basis of use

dosage. A selective CB1 antagonist rimonabant (PubChem CID:

104850) and selective CB2 antagonist AM630 (PubChem CID:

4302963) were commercially obtained from Sigma‐Aldrich. A selective

CB1 antagonist AM281 (PubChem CID: 4302962) and selective ago-

nist arachidonyl‐2′‐chloroethylamide (ACEA; PubChem CID:

5311007) were purchased from APExBio Technology (Boston, MA,

USA) and Tocris Bioscience (Abingdon, Oxfordshire, UK) respectively.

Another CB2 agonist JWH‐133 (PubChem CID: 6918505) was
purchased from MedChemExpress (Monmouth Junction, NJ, USA).

ACEA, rimonabant, and AM630 were prepared as 1, 0.6, and

1 mg·ml−1 working solutions, respectively, in solvents consisting of

DMSO, Tween 20, and PBS. A selective CB2 agonist AM1241

(PubChem CID: 10141893) was purchased from Selleck Chemicals

(Houston, TX, USA) and prepared as 10 mg·ml−1 working solution in

solvents consisting of DMSO and PBS. The highest final concentration

of DMSO in external solution was ≤1%, a concentration that had no

effect on the survival of mice.
2.13 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al.,

2017).
3 | RESULTS

3.1 | Clozapine induced myocardial injury in a
dose‐dependent manner

The maintenance dose of clozapine is approximately 200 mg·day−1 for

adults with a clinical prescription. It has also been reported that the

dose of clozapine in clinical cases with cardiovascular complications

ranges from 100 to 725 mg daily (Kilian et al., 1999). The present study,

therefore, adopted two doses of clozapine (25 and 35 mg·kg−1), which

were comparable with clinical dosage after conversion from human

beings to mice. Initially, we also used another dose of 15 mg·kg−1

together with 25 and 35 mg·kg−1 for respective i.p. injection and found

that the dose of 15 mg·kg−1 did not evoke any marked histopatholog-

ical and functional changes as compared with vehicle‐treated mice

(data not shown). Hence, only 25 and 35 mg·kg−1 of clozapine were

used in the present study.

We initially assessed the effects of clozapine dosage on mice sur-

vival over a 28‐day period. It was found that mice death occurred only

in the initial 14 days after starting clozapine. Mice died as early as

https://doi.org/info:x-wiley/rrid/RRID:AB_2756361
https://doi.org/info:x-wiley/rrid/RRID:AB_2756361
https://doi.org/info:x-wiley/rrid/RRID:AB_374359
https://doi.org/info:x-wiley/rrid/RRID:AB_628497
https://doi.org/info:x-wiley/rrid/RRID:AB_2535849
https://doi.org/info:x-wiley/rrid/RRID:AB_2535849
https://doi.org/info:x-wiley/rrid/RRID:AB_143165
https://doi.org/info:x-wiley/rrid/RRID:AB_143165
https://doi.org/info:x-wiley/rrid/RRID:CVCL_0303
http://www.guidetopharmacology.org


LI ET AL. 895BJP
3 days after clozapine initiation (35 mg·kg−1), reflecting an acute drug

reaction. Compared with vehicle‐injected mice, the loweer dose of

clozapine (25 mg·kg−1) caused one dropout on Day 10 (10% dropout

rate). The high dose of clozapine (35 mg·kg−1) caused remarkable

mortality, four deaths on Day 4 and one each on Days 6, 8, and 11,

respectively (Figure 1a). The ratio of heart weight to body weight

(HW/BW) was dose‐dependently increased regardless of dosing dura-

tion (Figure 1b). Determination of cTnI, a sensitive serum biomarker

of myocyte injury, showed that clozapine injection significantly ele-

vated the levels of cTnI, particularly after 14 days of dosing of

35 mg·kg−1, which made up a 45.4% increase as compared with con-

trol mice (Figure 1c). Detection of serum pro‐inflammatory factor IL‐

1β showed that the treatment with clozapine resulted in an initial

decrease in IL‐1β levels, which mirrored the endogenous anti‐

inflammatory reaction seen early on after exposure to clozapine.

However, the higher dose of clozapine (35 mg·kg−1) significantly

increased the serum level of IL‐1β as compared with 25 mg·kg−1 after

14 days (Figure 1d). Moreover, total RNAs were extracted from heart

tissues, and qRT‐PCR analysis showed that the transcriptional levels

of pro‐inflammatory factors (TNF‐α, IL‐6, and IL‐1β) were enhanced

by the clozapine treatments (Figure 1e–g), whereas that of the anti‐

inflammatory factor (IL‐10) was decreased significantly by clozapine

regardless of low or high dose (Figure 1h). These data suggest that

clozapine caused the mice to die and heart dysfunction in a dose‐

dependent manner.
3.2 | Effects of clozapine treatment on myocardial
histopathology

It was observed that mouse hearts presented abnormal histopatholog-

ical features after daily treatment with clozapine for 7 days, when

inflammation was focally distributed (HE staining) and fibrotic prolifer-

ation was observed in the perivascular area or in the myocardial inter-

stitium (Sirius Red staining; Figure 2a). By Day 14, inflammatory

infiltrates were intensive and distributed to both subepicardial and

endocardial areas. Fibrotic lesions surrounding the inflammation areas

were also apparent (Figure 2b). The infiltration index of clozapine‐

treated hearts was significantly higher than that of the control hearts

on Day 7 and Day 14. Higher dose of clozapine tended to induce

severer infiltration on both Day 7 and Day 14 (Figure 2c). Although

the fibrotic lesion area was minimal, it was significantly increased in

clozapine‐treated hearts regardless of duration (Figure 2d). These

observations suggest that clozapine treatment induces changes in

myocardial histopathology.
3.3 | Effects of clozapine on the endocannabinoid
system

LC/MS/MS detection showed that the mouse serum levels of AEA

and 2‐AG, two major components of endocannabinoids, were dose‐

dependently decreased on both Day 7 and Day 14 (Figure 3a,b). In
the cultured cardiomyocytes, it was also confirmed that the myocar-

dial level of 2‐AG decreased in parallel with the increased dose of clo-

zapine (Figure 3c). Interestingly, cannabinoid CB1 receptors were

mainly distributed in the cytomembrane before the initiation of the

clozapine treatment, whereas CB2 receptors were largely distributed

in the nuclei and cytoplasm of intact cardiomyocytes. After 24‐hr

exposure to clozapine, CB1 receptors translocated to nuclei and cyto-

plasm, and CB2 receptors, intriguingly, translocated to the cytomem-

brane (Figure 3d). It was also noted that the cardiomyocytes

seemed to be undergoing cell apoptosis after 24‐hr of clozapine

exposure, as demonstrated by chromatin consolidation in DAPI

counterstaining (Figure 3d, upper panel at 24 hr). To confirm the

inverse translocation of CB receptors, we performed IHC analysis of

CB1 and CB2 receptors in the mouse heart tissues. It was observed

that the CB1 receptor was present at the myocardial membrane (blue

arrow) in control heart and was located mainly in nuclei and cyto-

plasm in clozapine‐treated heart (red arrow, Figure 3e, 400×). In con-

trast, the CB2 receptor was mostly distributed in the cytoplasm and

nuclei in control heart (red arrow), whereas it was intensively stained

in the cytomembrane in clozapine‐treated hearts (blue arrow,

Figure 3e, 400×). Of note, the overall staining intensity of CB1 recep-

tors was markedly decreased, whereas that of CB2 receptors increased

after continuous clozapine treatments (Figure 3e, 20×). Immunoblot-

ting also showed that the protein level of myocardial CB1 receptors

was gradually decreased with extended clozapine treatment, whereas

that of CB2 receptors was time‐dependently increased (Figure 3f,

upper panel). The protein level of CB1 receptors was further decreased

by the higher dose of clozapine, which contrasted with that of CB2

receptors that was increased in response to the higher dose of cloza-

pine (Figure 3f, lower panel). qPCR analysis of myocardial FAAH and

MAGL, two genes that encode enzymes that catalyse the hydrolysis

of AEA and 2‐AG, respectively, showed that the transcriptional levels

of FAAH and MAGL were consistently enhanced by the clozapine

treatments (Figure 3g). These data suggest that clozapine imbalances

the endocannabinoid system and causes opposite effects on myocar-

dial CB receptors.
3.4 | CB1 receptor antagonists or CB2 receptor
agonists protected against clozapine‐induced
myocardial injury

In the clozapine‐treated mice (35 mg·kg−1), it was observed that pre-

treatment with rimonabant, a selective antagonist of CB1 receptors,

attenuated the histopathological changes on both Day 7 (Figure 4a)

and Day 14 (Figure 4b). In particular, the myocardial infiltration index

was decreased after 7 days of rimonabant pretreatment, and this pro-

tective effect continued on Day 14 (Figure 4c). The area of fibrotic

lesion was also decreased significantly on each monitored time point

(Figure 4d). Accordingly, the serum levels of cTnI (Figure 4e) and IL‐1β

(Figure 4f) were decreased by rimonabant pretreatments, consistent

with an ameliorative effect on myocardial impairment. The protective

effects of rimonabant were comparable between Day 14 and Day 7,

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4998
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1400
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1399


FIGURE 1 Clozapine (CLZ) induced myocardial injury in a dose‐dependent manner. (a) Mice survival curve was established after 14 days of
injection of vehicle (PBS, for control), 25 mg·kg−1 CLZ, and 35 mg·kg−1 CLZ (n = 10 per group). The P value after Kaplan–Meier analysis of
survival proportion is indicated. (b) Effects of CLZ treatment on the ratio of heart weight to body weight (HW/BW). (c, d) The serum levels of
myocyte injury marker cardiac troponin I (cTnI) and pro‐inflammatory factor IL‐1β were determined using ELISA kits. (e–h) Mice hearts were
dissected, and total RNAs were extracted for qPCR analysis. The transcriptional activities of pro‐inflammatory factors TNF‐α, IL‐6, and IL‐1β and
anti‐inflammatory factor IL‐10 were examined in mice hearts with distinct treatments. n = 5 per group unless otherwise stated. *P < 0.05 versus
control; #P < 0.05, 35 versus 25 mg·kg−1
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FIGURE 2 Clozapine (CLZ) treatment induced myocardial histopathological changes. (a, b) Hearts with distinct doses of CLZ were harvested on
Day 7 and Day 14, respectively, and subject to haematoxylin and eosin (HE) staining (inflammation infiltration) and Sirius Red staining (fibrotic
lesion). Magnification: 200×. (c) Infiltration index of inflammation in each group of mice is shown (n = 6–7 per group). (d) The fraction of fibrotic
lesion (%) was calculated using ImageJ software (n = 5 per group). *P < 0.05 versus control; #P < 0.05, 35 versus 25 mg·kg−1
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implicating no time‐dependence of this effect. Likewise, AM1241, a

selective agonist of CB2 receptors, markedly attenuated the

clozapine‐induced histopathological changes on both Day 7

(Figure 4g) and Day 14 (Figure 4h). The infiltration index was signifi-

cantly decreased after activation of CB2 receptors by AM1241 on

Day 14 (Figure 4i). Fibrotic lesions were significantly attenuated by

AM1241 pretreatments on both Day 7 and Day 14 (Figure 4j). Con-

sistent with the histopathological examination, serum levels of cTnI

(Figure 4k) and IL‐1β (Figure 4l) were accordingly decreased to differ-

ent extents, mirroring the milder heart dysfunction after activation of

CB2 receptors. Of note, pretreatments with either rimonabant or

AM1241 tended to decrease the clozapine‐induced mortality

(Figure S1a), although these differences did not reach statistical sig-

nificance. AM1241, but not rimonabant pretreatment, significantly

lowered the HW/BW values as compared with clozapine‐treated

mice (Figure S1b).

To determine whether the above beneficial effects were ligand‐

specific, another selective CB1 receptor antagonist (AM281) and CB2

receptor agonist (JWH‐133) was additionally used. It was observed

that pretreatment with either AM281 or JWH‐133 markedly attenu-

ated the clozapine‐mediated pathological lesions as evidenced by the

HE staining and Sirius staining (Figure 5a). The infiltration index was

also significantly decreased by either additional ligand (Figure 5b). Fur-

thermore, pretreatment with AM281 or JWH‐133 attenuated the

clozapine‐mediated fibrogenesis (Figure 5c). As a reflection of myocar-

dial injury, serum cTnI levels were significantly decreased by both

AM281 and JWH‐133 (Figure 5d). Together with the histology and

biochemical results, all these observations suggest that selective CB1
antagonists or CB2 receptor agonists protect against clozapine‐

induced myocardial injury.
3.5 | CB1 receptor agonist or CB2 receptor
antagonist worsened clozapine‐induced myocardial
injury

In a second experiment, clozapine‐treated mice were pretreated

with a selective CB1 receptor agonist (ACEA) or CB2 receptor

antagonist (AM630). We pre‐injected ACEA (a selective agonist of

CB1 receptor) into mice, which subsequently received clozapine

(25 mg·kg−1) and found that the histopathological changes were

exacerbated after 14 days (Figure 6a). The infiltration index and fibrotic

lesions were progressively increased by the ACEA pretreatment

(Figure 6b,c). Also the ACEA pretreatment caused significantly

increased mortality (Figure S1c), although it did not affect the

HW/BW ratios (Figure S1d). As biomarkers reflecting myocardial

injury, the serum levels of cTnI and IL‐1β were accordingly enhanced

in ACEA‐pretreated mice (Figure 6d,e). Likewise, AM630, a selective

CB2 receptor antagonist, markedly exacerbated the clozapine‐induced

myocardial pathology on Day 14 (Figure 6f). The histopathological

results were further confirmed by quantitative analysis of infiltration

index (Figure 6g) and fibrotic lesions (Figure 6h) in each group of mice.

In particular, co‐treatments of AM630 and clozapine even caused a

dramatic increase in fibrotic lesion area to approximate 15%, which

represented a seven to eightfold change as compared with single cloza-

pine treatment on Day 14 (Figure 6h). As a consequence, the serum



FIGURE 3 Clozapine (CLZ) imbalanced the endocannabinoid system and caused opposite effects on myocardial cannabinoid receptors. (a, b) The
serum levels of anandamide (AEA) and 2‐arachidonoylglycerol (2‐AG), the two main components of endocannabinoids, were determined for each
group of mice (n = 5 per group) by LC/MS/MS analysis. (c) Mouse cardiomyocyte HL‐1 cells were cultured with (CLZ group) or without CLZ
treatment (control group), and the contents of 2‐AG in each group of cells were determined by LC/MS/MS analysis. The low, medium, and high
doses of CLZ were 10, 40, and 160 μM respectively. (d) Immunofluorescence assay was performed to detect the location of CB1 receptors (red)
and CB2 receptors (green) in both intact (0 hr) and CLZ‐exposed cardiomyocytes (24 hr). DAPI (blue) was used as a counterstain to show cell nuclei.
Scale bar = 20 μm. (e) Immunohistochemistry analysis of cannabinoid receptors in mice hearts with or without CLZ treatments. Low magnification
images (20×) showed the overall staining intensity of each marker (CB1 or CB2 receptor), and the green box‐marked regions were further
magnified (400×) to show the subcellular location of each marker under control or CLZ treatments. Blue and red arrows indicated membrane and
cytoplasm location respectively. (f) Western blot analysis of CB1R and CB2R in the myocardial tissues. Upper panels demonstrated the protein
levels of CB1R and CB2R in control hearts, 7‐day CLZ‐treated hearts, and 14‐day CLZ‐treated hearts. The lower panels demonstrate the protein
levels of CB1 and CB2 receptors in control heats, low dose (25 mg·kg−1) CLZ‐treated heats, and high dose (35 mg·kg−1) CLZ‐treated hearts. (g)
qPCR analysis of myocardial FAAH and MAGL in distinct group of mice (n = 6 per group). *P < 0.05 versus control; #P < 0.05, 35 versus 25 mg·kg−1
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FIGURE 4 Selective CB1 antagonist (rimonabant) or CB2 agonist (AM1241) protected against clozapine (CLZ)‐induced myocardial injury. (a, b)
Mice were pretreated with rimonabant (Rimo, 4 mg·kg−1) prior to daily injection of CLZ (35 mg·kg−1). Hearts were harvested on Day 7 and Day
14 for histopathological examination. Magnification: 200×. (c, d) Infiltration index and area fraction of fibrotic lesions are quantitatively shown in
mice with or without rimonabant (Rimo) pretreatment (n = 5–6 per group). (e, f) The serum levels of cTnI and IL‐1β were detected in Rimo‐
pretreated mice using ELISA kits (n = 5 per group). (g, h) Mice were pretreated with AM1241 (50 mg·kg−1) prior to daily injection of CLZ (35 mg·kg−1).
Hearts were harvested on Day 7 and Day 14 for histopathological examination. Magnification: 200×. (i, j) Infiltration index and area fraction of
fibrotic lesions were quantitatively shown in mice with or without AM1241 pretreatment (n = 5–10 per group). (k, l) The serum levels of cTnI and
IL‐1β were detected in AM1241‐pretreated mice using ELISA kits (n = 5 per group). Representative images for haematoxylin and eosin (HE) staining
and Sirius Red staining were from serial slices. Mice with vehicle (Veh) PBS pretreatments served as control in each experiment. *P < 0.05 versus
Veh group in each category
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levels of cTnI (Figure 6i) and IL‐1β (Figure 6j) were dramatically ele-

vated by AM630 pretreatments. The effect of AM630 pretreatments

on mortality of the mice seemed to be similar to that of clozapine

(Figure S1c), and the HW/BW ratio was not significantly affected by

AM630 either (Figure S1d). All these findings suggest that activation

of CB1 receptors exacerbate, whereas activation of CB2 receptors

attenuate myocardial injury.
3.6 | CB1 receptor antagonists or CB2 receptor
agonists attenuated clozapine‐induced cardiac
dysfunction in vivo

We also analysed left ventricle function on Day 10 after drug initia-

tion. Clozapine treatments were observed to induce significant

changes in left ventricle function with higher doses leading to severe

heart dysfunction. More importantly, rimonabant and AM281 could

significantly attenuate clozapine‐induced changes in LVEDd, LVESd,

and EF. The selective CB1 agonist, ACEA, in contrast, aggravated

clozapine‐induced left ventricle dysfunction (Figure 7a–c). It was

further observed that the CB2 receptor agonists AM1241 and

JWH‐133 also blunted clozapine‐induced left ventricle dysfunction
as measured by LVEDd, LVESd, and EF parameters (Figure 7d–f).

Whereas the CB2 receptor antagonist AM630 significantly worsened

the measurements of LVESd (Figure 7e) and EF (Figure 7f). All these

in vivo results suggest that CB1 receptor antagonists and CB2 receptor

agonists might be protective against clozapine‐induced cardiac

dysfunction.
3.7 | Pharmacological modulation of cannabinoid
receptors protected against clozapine‐induced
cardiomyocyte injury in vitro

As shown in Figure S2, single treatments with clozapine significantly

decreased the level of 2‐AG, consistent with the observation in

Figure 3c. More importantly, pretreatments with either selective CB1

receptor antagonists or CB2 receptor agonists significantly blunted

clozapine‐mediated decrease in 2‐AG. Combined pretreatments with

a CB1 receptor antagonist and CB2 receptor agonist further increased

the 2‐AG contents in HL‐1 cells, confirming the beneficial effects of

CB1 receptor antagonists or CB2 receptor agonists on cardiomyocytes.

In addition, HL‐1 cardiomyocytes were pretreated with rimonabant

and/or AM1241 for 30 min prior to clozapine exposure for 24 hr. Cell



FIGURE 5 The addition of a CB1 antagonist (AM281) or CB2 agonist (JWH‐133) exerted beneficial effects on clozapine‐medaited cardiotoxicity.
(a) Mice were pretreated with AM281 (2.5 mg·kg−1) or JWH‐133 (2 mg·kg−1) prior to daily injection of clozapine (35 mg·kg−1). Hearts were
harvested on Day 14 for histopathological examination. Magnification: 200×. (b, c) Infiltration index and fraction of fibrotic lesions were
quantitatively calculated in each group (n = 6 per group). (d) The serum levels of cTnI were detected in each group of mice using ELISA kits (n = 5 per
group). Mice with vehicle (PBS) pretreatments served as control in each experiment. Representative images for haematoxylin and eosin (HE)
staining and Sirius Red staining were from serial slices. *P < 0.05 versus vehicle
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supernatants were harvested for biochemical detection. It was found

that clozapine exposure caused significant increases in IL‐1β levels.

Pretreatment with either rimonabant or AM1241 blocked partially

the clozapine‐mediated effects on IL‐1β levels, and a combination of

rimonabant and AM1241 further decreased the IL‐1β levels

(Figure 8a). In addition, determination of cardiomyocyte injury markers

also suggested that single clozapine treatment increased significantly

the levels of LDH and AST, two biomarkers of cardiomyocyte injury,

but this effect was blocked by either rimonabant or AM1241 pretreat-

ment and further blunted by combined pretreatments (Figure 8b,c).

Combined pretreatments of rimonabant and AM1241 even decreased

the LDH levels to the basal level (Figure 8b). Similarly, the levels of CK

in rimonabant pretreatment alone or together with AM1241 were

comparable with the basal level (Figure 8d). These data suggest that
pharmacological inhibition of CB1 receptors and/or activation of CB2

receptors ameliorate the inflammatory injury of cardiomyocytes medi-

ated by clozapine.
4 | DISCUSSION

The present study investigated clozapine cardiotoxicity and the CB

receptor‐dependent mechanisms. Clozapine, the earliest atypical anti-

psychotic, is very efficacious in treating psychosis, particularly in

patients refractory to other agents (Green et al., 2000). However, one

serious health safety concern regarding clozapine stems from its severe

cardiotoxicity, which limits its clinical use (Kilian et al., 1999; La Gre-

nade et al., 2001). The present study used doses that were comparable



FIGURE 6 A selective CB1 agonist (ACEA) or CB2 antagonist (AM630) exacerbated clozapine‐induced myocardial injury. (a) Mice were
pretreated with ACEA (5 mg·kg−1) prior to daily injection of clozapine (25 mg·kg−1). Hearts were harvested on Day 14 for histopathological
examination. Magnification: 200×. (b, c) Infiltration index and fraction of fibrotic lesions were quantitatively compared in mice with or without
ACEA pretreatments (n = 6 per group). (d, e) The serum levels of cTnI and IL‐1β were detected in ACEA‐pretreated mice using ELISA kits (n = 5 per
group). (f) Mice were pretreated with AM630 (5 mg·kg−1) prior to daily injection of clozapine (25 mg·kg−1). Hearts were harvested on Day 14 for
histopathological examination. Magnification: 200×. (g, h) Infiltration index and fraction of fibrotic lesions were quantitatively analysed in mice
with or without AM630 pretreatments (n = 5–8 per group). (i, j) The serum levels of cTnI and IL‐1β were detected in AM630‐pretreated mice using
ELISA kits (n = 5 per group). Mice with vehicle (Veh, PBS) pretreatments served as control in each experiment. Representative images for HE

staining and Sirius Red staining were from serial slices. *P < 0.05 versus Veh group in each category
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with those prescribed clinically and found that myocarditis could be

present as early as 7 days after clozapine administration, which was

consistent with a clinical observation reporting clozapine‐induced myo-

carditis 8 days after starting clozapine (Kilian et al., 1999). The higher

dose of clozapine reduced the survival rate of mice and was associated

with a worse heart function. Histopathological examination also con-

firmed that clozapine induced dose‐dependent myocardial inflamma-

tion and perivascular or interstitial fibrosis, as evidenced by HE

staining and Sirius Red staining. Our observations confirm that cloza-

pine induces cardiotoxicity in a dose‐dependent manner.
Clozapine has unique effects on a variety of receptors in the CNS

(Schwieler, Linderholm, Nilsson‐Todd, Erhardt, & Engberg, 2008). It

has a strong affinity for D4‐dopamine receptors and is a potent inhib-

itor of 5‐HT, adrenoceptors, histamine, and choline M2 receptors but

with weak D2 receptor activity. Although multiple pathophysiological

processes such as oxidative stress (Abdel‐Wahab & Metwally, 2015),

pro‐inflammatory cytokines, and DNA damage (Abdel‐Wahab et al.,

2014) are implicated in clozapine toxicity, no receptor‐dependent

mechanisms that transduce extracellular stress into cellular signalling

have been revealed. A recent report has found that blockade of β‐



FIGURE 8 Pharmacological modulation of
CB1/CB2 receptors protected against
clozapine‐induced cardiomyocyte injury
in vitro. Cardiomyocytes were pretreated with
rimonabant (2 μM) and/or AM1241 (5 μM) for

30 min before being treated with clozapine for
24 hr and the supernatants were collected. (a)
ELISA detection of IL‐1β content in
supernatants of each group. (b–d) Activities of
cardiomyocyte injury markers LDH, aspartate
aminotransferase (AST), and creatine kinase
(CK) were estimated in supernatants using
diagnostic kits. *P < 0.05 as indicated

FIGURE 7 CB1 antagonists or CB2 agonists improved clozapine (CLZ)‐induced cardiac dysfunction in vivo. (a–c) Echocardiography measurements
of left ventricle end‐diastolic diameter (LVEDd), left ventricle end‐systolic diameter (LVESd), and ejection fraction (EF) in mice pretreated with CB1

antagonists (rimonabant [Rimo] and AM281) or agonist (ACEA). (d–f) Echocardiography measurements of LVEDd, LVESd, and EF in mice
pretreated with CB2 antagonists (AM630) or agonists (AM1241 and JWH‐133). Mice were grouped as indicated. n = 5 per group unless otherwise
stated. Veh, vehicle (PBS). *P < 0.05 versus Veh group as indicated

902 LI ET AL.BJP
adrenoceptors (one type of GPCR) in myocardium could attenuate

clozapine‐induced inflammation in mice (Wang et al., 2008), indicat-

ing that a GPCR may underlie the cellular receptor mechanisms of

clozapine cardiotoxicity. Interestingly, the authors also found that

blockade of β‐adrenoceptors produced only a partial reduction in

TNF‐α levels, postulating that there might be other GPCRs that

drive the clozapine‐induced pro‐inflammatory state in treated sub-

jects (Wang et al., 2008). Hence, one great novelty of this study is

the identification of cannabinoid CB1 and CB2 receptors, a
subfamily of GPCRs, as critical mediators of clozapine side cardiac

effects both in vivo and in vitro.

Receptors that mediate clozapine toxicity in areas outside of the

CNS are rarely reported. The present study observed that clozapine

treatment decreased the serum levels of major endocannabinoids in

mice and in cultured cardiomyocytes. The majority of evidence sug-

gests that the increases in endocannabinoid levels in cardiac disorders

are protective (O'Sullivan, 2015). Therefore, the decreases in

endocannabinoid levels by clozapine treatment in the present study
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confirmed the compromised heart function after clozapine treatment.

In addition, the protein levels of CB1 receptor were decreased,

whereas that of CB2 receptor increased in response to clozapine treat-

ment in mice myocardium. In the cultured cardiomyocytes, the CB1

receptor was observed to translocate from the cytomembrane in

intact cells to cytoplasm and nuclei in clozapine‐treated cells, whereas

CB2 receptors translocated from the cytoplasm and nuclei in intact

cells to the cytomembrane in clozapine‐treated cells. IHC analysis of

heart tissues also confirmed the inverse translocation of CB receptors

after clozapine treatment. These observations suggest that clozapine

imbalanced the endocannabinoid system.

The majority of evidence indicates that endocannabinoids exert

cardioprotective effects through CB2 activation but with a role also

for CB1 activation. CB2 receptor activation‐mediated cytoprotective

effects were consistent across studies. However, the role of CB1

receptors is controversial because in some situations, CB1 receptor

activation may be detrimental in the heart (O'Sullivan, 2015). CB1

receptor knockout mice are more susceptible to a chronic heart failure

(Liao et al., 2013). A genetic deficiency of CB1 receptors worsened

acute heart failure induced by pressure overload in mice (Liao et al.,

2012). Blockade of CB1 receptor by its selective antagonist blocked

partially the cardioprotective effect of 2‐AG (Lepicier et al., 2003).

The above cardioprotective effects of CB1 receptors were challenged

by other findings. For examples, pharmacological inhibition or genetic

deletion of CB1 receptors attenuated the diabetes‐induced

cardiac dysfunction, oxidative stress, inflammation, and fibrosis

(receptorajesh et al., 2012). Inhibition of CB1 receptors improved car-

diac function and remodelling after myocardial infarction in experi-

mental model of metabolic syndrome (Slavic et al., 2013). In murine

models of doxorubicin‐induced cardiotoxicity, activation of CB1

receptors promoted oxidative stress and cardiomyocyte death

(Mukhopadhyay et al., 2010), and pharmacological inhibition of CB1

receptors using its selective antagonists protected against

doxorubicin‐induced cardiotoxicity (Mukhopadhyay et al., 2007).

These conflicting findings suggest that the role of CB1 receptor activa-

tion differs across studies and depends on heart disease models.

The present study found that activation of CB2 receptors by its

selective agonists (AM1241 or JWH‐133) significantly improved heart

function and attenuated myocardial inflammatory infiltrates and

fibrotic lesions, whereas inactivation of CB2 receptors by its selective

antagonist AM630 worsened clozapine‐mediated inflammation infil-

trates and fibrotic processes. The cardioprotective effects of CB1

antagonists/CB2 agonists seemed to be not ligand‐specific, because

both CB1 antagonists (rimonabant and AM281) and CB2 agonists

(AM1241 and JWH‐133) induced comparable effects in the in vivo

functional assays. In addition, activation of CB2 receptors tended to

attenuate clozapine‐mediated deaths and significantly decreased the

HW/BW ratios. These observations confirmed the cardioprotective

effect of CB2 receptors in heart diseases. The CB1 receptor, however,

had opposite effects mediated by CB2 receptor. After activation of

CB1 receptors by its selective agonist ACEA, clozapine‐mediated

mouse mortality was significantly aggravated. Activation of CB1 recep-

tors caused severer myocardial inflammation and fibrotic lesions,
whereas inhibition of CB1 receptors protected cardiomyocytes from

clozapine‐induced injury. The cardiodepressive effects of CB1 recep-

tors in clozapine‐induced cardiotoxicity were basically similar to those

found in two relevant studies, which investigated the role of CB1

receptors in doxotubicin‐induced cardiotoxicity (Mukhopadhyay

et al., 2007; Mukhopadhyay et al., 2010). Moreover, pharmacological

inhibition of CB1 receptors combined with activation of CB2 receptors

exerted stronger protective effects than a single treatment in cultured

cardiomyocytes, as evidenced by the 2‐AG contents and also the bio-

markers reflecting myocardial injury. These in vitro data suggest the

functional contribution of each CB receptor. Taken together, it is

concluded that activation of CB2 receptors and inhibition of CB1

receptors protect against the cardiac side effects of clozapine. CB

receptors exert opposite effects in clozapine‐induced cardiotoxicity.

Identification of CB receptors and their opposite effects in

drug‐induced cardiotoxicity is of great importance. On the one hand,

it confirms a previous speculation that other GPCRs are likely to be

associated with clozapine‐induced cardiotoxicity (Wang et al., 2008)

and might implicate a wider involvement of CB receptors in drug‐

induced cardiotoxicity. On the other hand, the opposite effects of CB

receptors in drug‐induced cardiotoxicity might suggest that CB recep-

tor dual agonists or antagonists are not necessarily efficacious, and the

treatment of drug‐induced cardiotoxicity can be only beneficial when

based on specific CB receptor activation or inhibition. It is noteworthy

that the use of CB1 antagonists seems to be double edged, on the one

hand being marketed for weight loss but on the other hand being

tested for improving cardiovascular outcomes (Mukhopadhyay et al.,

2007; Topol et al., 2010). The use of rimonabant was also reported to

cause serious psychiatric disorders (Christensen, Kristensen, Bartels,

Bliddal, & Astrup, 2007). It is therefore mandated to carefully monitor

patients' side effects or use a relatively lower but effective dose for

clinical intervention of drug cardiotoxicity. In this setting, the use of

CB2 agonists might be both beneficial and safer than CB1 antagonists

for improving clozapine cardiotoxicity.

Taken together, the results of the present study established a

murine model of clozapine‐induced cardiotoxicity and investigated

the possible roles of CB receptors in this process. Our data suggest

that CB receptors exerted opposite effects on clozapine‐induced myo-

cardial injury. Pharmacological activation of CB2 receptors and inhibi-

tion of CB1 receptors were beneficial to clozapine‐induced

cardiotoxicity. CB receptor dual agonists or antagonists may not be

effective as a treatment for the cardiac side effects of clozapine.

Instead, clozapine cardiotoxicity may only be rescued when using spe-

cific CB receptor activators or inhibitors.
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