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associated with several serious cardiac 
complications, ranging from sudden 
cardiac death (2) to chronic heart failure. 
Myocarditis often results in the develop-
ment of dilated cardiomyopathy, which 
is one of the most important indications 
for cardiac transplantation (3,4). Different 
etiologies can lead to the development 
of myocarditis in humans, such as in-
fectious diseases, autoimmune  diseases, 
hypersensitivity or toxic reactions to 
drugs (3). The course of myocarditis 
can be separated into acute, subacute 
and chronic phases (5). The prognosis 
and outcome of  myocarditis vary from 

the De�nition and Classi�cation of Car-
diomyopathies (1) de�ned myocarditis as 
an in�ammatory heart disease associated 
with cardiac dysfunction. Myocarditis is 
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divided into four experimental groups, 
namely control (CTL) (vehicle treated; 
n = 11), CFA treated (CFA treated with 
vehicle; n = 10), experimental autoim-
mune myocarditis (EAM treated with 
vehicle; n = 16) and CBD-treated EAM 
(EAM + CBD; n = 12).

Drug Treatment
CBD was extracted as previously 

described (21) and was dissolved in 
physiological saline vehicle solution 
containing Tween-80 and dimethyl 
sulfoxide in a ratio of 1:1:18. Animals 
were treated daily either with vehicle 
or CBD (10 mg/kg) intraperitoneally. 
Drug treatment was initiated from 
d 1 to 46. Body weight of the animals 
were  recorded daily, and CBD doses 
were adjusted accordingly.

Hemodynamic Measurements
On d 46, left ventricular (LV) perfor-

mance was assessed under 1–2% iso�u-
rane by using a pressure-conductance 
microcatheter system (MPVS-Ultra,  Millar 
Instruments) coupled with PVR-1045 
P-V microcatheter (Millar Instruments) 
as  described previously (22). Ejection 
fraction, maximal slope of systolic pres-
sure increment (dP/dtmax) and cardiac 
output were assessed as systolic and 
left ventricular end-diastolic pressure 
(LVEDP), and time constant of LV relax-
ation (Tau; according to Weiss method) 
was calculated as diastolic parameters. 
The slope of the LV end-systolic pres-
sure-volume relationship (ESPVR) and 
the preload recruitable stroke work 
(PRSW) were used as load-independent 
LV contractility indices, and the slope 
of the LV end-diastolic pressure-volume 
relationship (EDPVR) was determined as 
an index of LV diastolic stiffness.

Gene Expression Analysis
After the hemodynamic measurements, 

heart was excised and snap- frozen in 
liquid nitrogen. Total RNA was isolated 
from homogenated LV myocardium using 
TRIzol reagent ( Invitrogen) according to 
the manufacturer’s instructions. To remove 
genomic DNA  contamination, RNase-free 

or  hypoxia-ischemia induced brain 
injury (18). Because of the success of the 
preclinical studies, CBD has become a 
widely investigated drug in different 
clinical settings. To date, 80 clinical trials 
investigating the effects of CBD in var-
ious autoimmune and neurological dis-
orders, and in graft versus host disease, 
have been cited on www.clinicaltrials.
gov. CBD is approved in 27 countries as 
an oromucosal spray (Sativex) to treat 
spasticity in multiple sclerosis and was 
granted Orphan Drug Designation by 
the U.S. Food and Drug Administration 
(FDA) (Epidiolex) for the treatment of 
Dravet and  Lennox-Gastaut syndromes.

 In this study, we investigated the 
effects of CBD on myocardial in�amma-
tion, remodeling and dysfunction in an 
animal model of experimental autoim-
mune myocarditis (EAM).

MATERIALS AND METHODS

Animals
The investigation was performed 

according to the Guide for the Care and Use 
of Laboratory Animals (National Research 
Council of the National Academies, 2011, 
8th edition, Washington, DC: National 
Academies Press) and was reviewed and 
approved by the Institutional Animal 
Care and Use Committee. Forty male A/J 
mice (The Jackson Laboratory) weighing 
18–22 g were housed in the animal fa-
cility of NIAAA and received standard 
laboratory diet and water ad libitum.

Induction of EAM and Experimental 
Groups

The myocarditogenic MyHCα334–352 
(amino acid sequence: DSAF DVLS FTAE 
EKAG VYK) (19) (Genscript) was used 
to induce EAM in our  animals, as de-
scribed previously (20). Brie�y, on d 
0 and 7, mice were treated subcuta-
neously (axillary region) with 100 μg 
MyHCα334–352 emulsi�ed in Freund’s 
complete adjuvant (CFA) (Sigma- Aldrich) 
supplemented with heat-killed Mycobacterium 
tuberculosis H37Ra. On d 0, mice were 
given 500 ng pertussis toxin intraperito-
neally (List Biologicals). Animals were 

fully recovering to death or chronic 
heart failure, depending on the clinical 
phase, signs and parameters and on the 
patient’s response to the applied med-
ical treatment (3). In the pathogenesis 
of chronic myocarditis, autoimmunity 
plays a crucial role. Lv et al. (6) showed 
that α myosin heavy chain (MyHCα) is 
not expressed in the thymus of mice and 
humans; thus, the CD4+ T-cell popula-
tion does not undergo negative selection 
regarding to MyHCα speci�city (6). In 
different pathologies where the heart 
is injured (microbial infections, toxins, 
ischemic infarction and so on), the den-
dritic cells residing in the cardiac drain-
ing lymph nodes become activated and 
start to present MyHCα to naive T cells 
speci�c for MyHCα. In the  pathogenesis 
of autoimmune myocarditis (in mice or 
humans), these T lymphocytes play a 
leading role either by their direct cytotoxic 
effects or by inducing B cells to  produce 
pathogenic antibodies (7), leading to 
necrosis, oxidative stress, �brotic remodel-
ing and myocardial dysfunction (8–10).

 Although, a wide range of speci�c 
and nonspeci�c drugs could be used to 
treat myocarditis on the basis of etiology, 
the conventional immunosuppressive 
and heart failure therapies often provide 
partial and/or unsatisfactory results. 
Because of the high tendency of toxicity 
and adverse effects of immunosuppres-
sive therapy and the lack of clinical trials 
focusing on the treatment of myocarditis, 
the medical treatment regimen is still 
limited and new treatment options are 
needed (3).

 Cannabidiol (CBD) is a nonpsychoac-
tive ingredient of marijuana (Cannabis 
sativa). Although CBD is considered a 
biologically inactive molecule (11,12), 
it was reported to exert cytoprotective 
effects in various preclinical models and 
was shown to be safe in patients (13). 
Several preclinical studies described 
the protective effect of CBD in diseases 
associated with increased oxidative 
stress, in�ammation and cell death such 
as in colitis (14), diabetic complications (15), 
drug-induced nephrotoxicity (16), 
alcohol-induced steatohepatosis (17) 
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remodeling. Fibrotic area was  quanti�ed 
using ImageJ software (NIH). 3-NT 
immunohistochemistry was performed 
as  described previously (15). Brie�y, 
5-μm thin sections were stained with 
3-NT (1:100, Nitrotyrosine Monoclonal 
Antibody, Cayman Chemical) overnight 
at 4°C. The sections were incubated with 
anti-mouse horseradish peroxidase reagent 
(Mouse on Mouse [M.O.M.™] Elite 
Peroxidase Kit, Vector  Laboratories) for 1 h 
at room temperature and  developed with 
a  peroxide-based substrate Vectastain DAB 
kit (Vector  Laboratories). Sections were 
counterstained with Nuclear Fast Red for 
3 min, dehydrated in ethanol and cleared 
in  xylene and mounted.

Statistics
Data are expressed as means ±  standard 

error of the mean. Normal distribution 
was examined by Shapiro-Wilk test. Sta-
tistical signi�cance among study groups 
was tested by ANOVA with Tukey post 
hoc test or Kruskal-Wallis ANOVA with 
Dunn post hoc test appropriately using 
GraphPad Prism 6 software. P <0.05 was 
considered statistically signi�cant.

RESULTS

CBD Attenuates Inflammation in EAM
First, we studied the effect of EAM 

and CBD treatment on the histological 
structure of the myocardium in our 
animals. Experimental autoimmune 

4- Hydroxynonenal (4-HNE) content 
was measured by the OxiSelect™ 
HNE Adduct Competitive ELISA 
Kit (Cell  Biolabs) as described in the 
manufacturer’s instruction. 3-NT and 
4-HNE values are presented as fold 
changes compared with CTL.

Histology and Immunohistochemistry
Hearts were excised and �xed in 

4% phosphate-buffered formalin and 
embedded in paraf�n. LV  myocardial 
sections (5 μm) were stained with he-
matoxylin and eosin (H&E) to  examine 
histological characteristics and in�am-
mation. Myocarditis severity was evalu-
ated as described previously (24) by 
two independent investigators blinded 
to the study groups. Masson trichrome 
and  Sirius red staining were performed 
on LV sections (5 μm) to assess �brotic 

DNase (Ambion, Thermo Fisher Scienti�c) 
was applied, and total RNA was reverse- 
transcribed by using a high- capacity cDNA 
Reverse Transcription Kit ( Applied Biosys-
tems). Real-time polymerase chain reaction 
(PCR) for target genes (Tables 1, 2) was 
performed by using Syber Green Master Mix 
(Applied Biosystems) and an HT7900 (Ap-
plied Biosystems) PCR system as described 
previously (23). Relative gene expression 
quanti�cation was calculated by the com-
parative CT method. Data were normalized 
to the housekeeping gene β-actin.

Determination of Myocardial 
3-Nitrotyrosine and 4-Hydroxynonenal 
Contents

3-Nitrotyrosine (3-NT) was mea-
sured by the Nitrotyrosine ELISA kit 
(Hycult Biotechnology)  according 
to the  manufacturer’s instruction. 

Table 1. Primers purchased from Qiagen.

Gene Full name Qiagen reference Gene ID

CD3e CD3 antigen, epsilon polypeptide QT01058764 NM_007648
CD3g CD3 antigen, γ polypeptide QT00173481 NM_009850
CD4 CD4 antigen QT00096166 NM_013488.2
CD8a CD8 antigen, α chain QT00244433 NM_001081110
Itgax Integrin α X (CD11c) QT00113715 NM_021334
EmR f4/80 Adgre1 adhesion G protein-coupled 

receptor E1
QT00099617 NM_010130

IL-6 Interleukin 6 QT00098875 NM_031168
IFN-γ Interferon γ QT01038821 NM_008337

Gene ID and Qiagen reference number for CD3e, CD3g, CD4, CD8a, Itgax, EmR f4/80, 
IL-6 and IFN-γ are shown.

Table 2. Primer sequences for IL1β, MCP1, p47phox, SERCA, Col1α and actin.

Gene Full name Forward primer Reverse primer Gene ID

IL1β Interleukin- 1β 5′-AAAAAAGCCTCGTGCTGTCG-3′ 5′-GTCGTTGCTTGGTTCTCCTTG-3′ NM_008361.3
MCP1 Chemokine (C-C motif) 

ligand 2 (Ccl2)
5′-TCAGCCAGATGCAGTTAACGC-3′ 5′-TCTGGACCCATTCCTTCTTGG-3′ NM_011333.3

p47phox Neutrophil cytosolic factor 1 
(Ncf1)

5′-GGAGGGCAGAGACAATCCATC-3′ 5′-AGCTTCCGTTTGGTGCTCTC-3′ NM_001286037.1

SERCA ATPase, Ca2+ transporting, 
cardiac muscle, slow 
twitch 2 (Atp2a2), transcript 
variant 1

5′-CATCCGGGTCATCATGATCAC-3′ 5′-TCGCCCTGTAAAAGCCTTTG3′ NM_001110140.3

Col1α Collagen, type I, α1 5′-TGGCCTTGGAGGAAACTTTG-3′ 5′-CTTGGAAACCTTGTGGACCAG-3′ NM_007742.3
Actin Actin, beta 5′-CACCCGCGAGCACAGCTTCTT-3′ 5′-TTTGCACATGCCGGAGCCGTT3′ NM_007396.3

Gene ID and forward and reverse primers for IL1β, MCP1, p47phox, SERCA, Col1α and actin are shown.
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CBD Protects against Fibrotic 
Remodeling of the Myocardium in EAM

The excessive in�ammation in EAM 
was associated with the extreme �brotic 
remodeling of the LV myocardium 

application of CBD (Figure 4A). 3-NT and 
4-HNE content of the LV was signi�cantly 
increased in the LV of EAM animals 
( Figures 4B, C), which was markedly 
reduced by CBD treatment (Figures 4B, C).

myocarditis induced by application 
of MyHCα334–352 was associated with 
in�ammation,  necrosis and mononu-
clear in�ltration of the LV myocardium 
evidenced by H&E staining (myocarditis 
score: CTL: 0.16 ± 0.06 versus EAM: 
3.6 ± 0.4, P < 0.05) ( Figures 1A, B). 
CBD treatment largely decreased the 
in�ammatory cell invasion and  necrosis 
in EAM  myocardium on d 46 on the 
H&E-stained sections (myocarditis 
score: EAM + CBD: 1.4 ± 0.2, P < 0.05) 
(Figures 1A, B). Second, we investi-
gated the gene  expression of different 
in�ammatory cell markers and proin-
�ammatory chemokines/cytokines in 
the LV. We observed increased gene 
expression levels of T-cell markers 
CD3a, CD3g, CD4, CD8a, mono-
cyte and dendritic cell marker Itgax 
( complement component 3 receptor) 
and macrophage marker EMR f4/80 
in the LV of EAM mice in comparison 
with the CTL  animals (Figure 2) that 
were markedly reduced by the CBD 
treatment (Figure 2). EAM was associ-
ated with elevated mRNA  expression 
values of several proin�ammatory 
markers,  including cytokines and 
chemokines (interleukin [IL]-6, inter-
feron [IFN]-γ, IL1β and monocyte chemo-
attractant protein 1 [MCP-1]) (Figure 3). 
CBD treatment signi�cantly attenuated 
mRNA expression of the proin�amma-
tory IL-6, IL1β and IFN-γ (Figure 3) and 
had the tendency to reduce the mRNA 
levels of MCP1 (Figure 3).

CBD Attenuates Inflammation-
Associated Oxidative Stress Markers 
in EAM

Secondary, as a consequence of 
in�ammation, we also investigated the 
presence of oxidative stress in the myo-
cardium of EAM animals. We observed 
signi�cant upregulation of NADPH oxi-
dase isoform p47phox in EAM compared 
with the CTL group (Figure 4A). CBD 
treatment reduced the mRNA expression 
of p47phox (Figure 4A). We also found 
signi�cant downregulation of sarco/en-
doplasmic reticulum ATPase2a2 (SERCA) 
(Figure 4A), which was reverted by the 

CTL

CFA

EAM + CBD

EAM

A B

Figure 1. Effect of CBD on inflammatory cell invasion of the left ventricular myocardium. 
(A) Representative images of H&E-stained  sections of the left ventricle. Magnification: 
100×. (B) Representative areas from H&E-stained section with 400× magnification.
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on d 46, shown by Masson trichrome 
staining ( Figure 5A) and Sirius red 
staining (Figure 5C). Quanti�cation of the 
Sirius red–stained sections (Figure 5D) 
(CTL: 1.4 ± 0.2 versus EAM: 7.6 ± 0.8, 
percent of �brotic area) and upregulation 
of the myocardial Col1a (Figure 5B) con-
�rmed the signi�cant �brotic remodeling 
in EAM compared controls. CBD treatment 
dramatically protected against �brotic 
remodeling of the heart (percent of �brotic 
area in EAM + CBD: 2.9 ± 1.4) (Figure 5).

Impact of CBD on Myocardial 
Dysfunction and Body Weight in EAM

In comparison with the CTL group, 
we observed a signi�cant decrease 
in ejection fraction, cardiac output 
and dP/dtmax suggesting impaired 
systolic function (Figure 6A). The 
load- independent cardiac parameters 
such as ESPVR and PRSW showed a 
signi�cantly impaired contractility in 
myocarditis (Figures 6A, B). In addi-
tion to impaired systolic function, we 
found markedly increased Tau and 
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Figure 2. Effects of CBD treatment on inflammatory cell markers in EAM. The graphs show the mRNA gene expression of CD3e, CD3g, 
CD4, CD8a, Itgax and EmR f4/80 in experimental autoimmune myocarditis. *P < 0.05 versus CTL; #P < 0.05 versus EAM.
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Figure 3. Effects of CBD on inflammatory cytokines in EAM. LV mRNA gene expression of 
proinflammatory cytokines (IL-6, IFN-γ, IL1β) and chemokines (MCP1) in experimental au-
toimmune myocarditis. *P < 0.05 versus CTL; #P < 0.05 versus EAM.
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DISCUSSION
Myocarditis is a major cause of dilated 

cardiomyopathy and subsequent chronic 
heart failure leading to arrhythmias, 
sudden cardiac death and cardiac trans-
plantation (3). Among several factors, 
autoimmunity plays an important role 
in the pathophysiology of myocarditis. 
As a result of different cardiac injuries 
(including microbial infection, isch-
emic and toxic injury), MyHCα can be 
released and become an antigen for the 
immune system (25), causing a complex 
autoimmune response that leads to car-
diac dysfunction and remodeling (26). 
Despite the growing number of studies 
investigating the pathology of auto-
immune myocarditis, the therapeutic 
options are limited, and new possible 
treatment options are needed (3). The 
nonpsychoactive CBD, a constituent of 
Cannabis sativa, has been reported to be 
antiin�ammatory, antioxidant and cyto-
protective independently of cannabinoid 1 
and 2 receptors (15,27,28).

 In the present study, we describe that 
CBD (a) inhibits T cell–mediated myo-
cardial in�ammation and consequent 
myocardial remodeling/�brosis and 
(b) improves myocardial dysfunction in 
the cardiac myosin-induced experimental 
autoimmune myocarditis model.

Consistent with previous investi-
gations (8,10,20,25), we found that 
immunization with the MyHCα334–352 
of mice resulted in severe in�amma-
tory cell  in�ltration and necrosis on 
H&E-stained myocardial sections. 
Autoimmune myocarditis is considered 
to be a disease primarily driven by 
T-cell  activation induced by cardiac 
myosin release (29). Consistent with this 
assumption, we detected signi�cantly 
increased mRNA expression levels of 
CD3e, CD3g, CD4 and CD8a, re�ecting 
the accumulation of the helper and 
cytotoxic T cells. A complex interplay 
between T cells and various proin-
�ammatory mediators (for example, 
TNF-α and IL12 [30]) leads to a com-
plex immunological response includ-
ing activation of macrophages (31,32) 
and dendritic cells (30). In agreement 

stiffness ( Figures 6A, B). After the 
induction of autoimmune myocarditis, 
we observed loss of body weight in 
our animals ( Figure 6C). Loss of body 
weight reached its peak during the 
acute in�ammatory phase, which was 
mostly recovered by the time of sacri�ce 
(Figure 6C).

LVEDP as the sign of diastolic dys-
function and markedly elevated slope 
of EDPVR as evidence of increased 
diastolic stiffness (Figures 6A, B). CBD 
treatment signi�cantly improved sys-
tolic function and LV myocardium con-
tractility and reverted EAM-associated 
diastolic dysfunction and myocardial 
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Figure 4. Effects of CBD on oxidative stress and inflammation in EAM. (A) Cardiac mRNA 
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cardiomyopathy in EAM (26). Consis-
tent with these �ndings, we showed 
that IL-6 is upregulated in our animals 
with the plausible upregulation of the 
complement system.

CBD was shown to protect in various 
diseases associated with  in�ammation. 
Rajesh et al. (35) demonstrated that 
CBD attenuated high glucose–induced 
monocyte transendothelial migration 
and adhesion to endothelium and 
restored endothelial barrier function 
in vitro (35). CBD also attenuated 

and 2 is critical for the induction of 
experimental autoimmune myocarditis 
in mice (33). Eriksson et al. (34) showed 
that IL-6 is necessary for the develop-
ment of EAM by using IL-6–/– mice. 
They found that IL-6 is required for 
the upregulation of the C3 complement 
factor during the immunization. The 
research group of Čiháková showed 
that IL-6 is upregulated both at 14 and 
21 d after immunization and that it 
could be a possible mechanism con-
tributing to the development of dilated 

with these, we observed signi�cantly 
increased gene expression of Itgax, 
EmR f4/80, MCP1 and IL1β markers, 
suggesting activation, chemotaxis and 
in�ltration of macrophages, monocytes 
and dendritic cells in the myocardium. 
Although T-cell activation has a critical 
role in the development of autoimmune 
myocarditis, other crucial processes 
have been identi�ed during the past 
decades. Kaya et al. (33) showed that 
the activation of the complement sys-
tem acting via complement receptors 1 
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Figure 5. Effects of CBD on myocardial fibrotic remodeling induced by EAM. (A) Representative images of Masson trichrome–stained 
LV myocardial sections. Magnification: 100×. (B) LV mRNA expression of collagen 1α (Col1a). (C) Representative images of Sirius red–
stained LV myocardium sections. Magnification: 100×. (D) Quantification of Sirius red positive area in LV myocardium. *P < 0.05 versus 
CTL; #P < 0.05 versus EAM.
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decreased mRNA expression levels of 
different T-cell markers (namely CD3e, 
CD3g, CD4 and CD8), likewise markers 
of  macrophage, monocyte and dendritic 
cell activation (Itgax, EmR f4/80, MCP1 
and IL1β). CBD also reduced the ele-
vated IL-6 mRNA levels. It was reported 
that CBD might inhibit speci�c immune 
response (B cells and CD4+ as well as 

(16,36). CBD has also been shown to 
attenuate  in�ammatory cell in�ltra-
tion in models of colitis, hepatitis and 
neuroin�ammation, among others (12). 
In agreement with these previous �nd-
ings, we observed tremendous inhibi-
tion of in�ammatory cell in�ltration on 
H&E-stained myocardium sections in 
the CBD-treated animals re�ected by 

neutrophil  in�ltration in a hepatic 
ischemia-reperfusion  injury model 
in vivo and TNF-α secretion by  hepatic 
Kupffer cells in vitro (28). CBD treatment 
protected against cisplatin- induced 
kidney injury in a mouse model, in 
which the complement system  activation 
plays an important role in mediat-
ing in�ammation and tissue injury 

Figure 6. Effects of CBD on EAM-associated myocardial dysfunction and loss of body weight. (A) Classic indices of left ventricular systolic 
(ejection fraction, cardiac output, dP/dtmax) and diastolic (left ventricular end-diastolic pressure [LVEDP], TauW) and load-independent 
contractility (ESPVR), PRSW and diastolic stiffness (slope of EDPVR) parameters. (B) Representative pressure-volume loops of CFA, EAM 
and EAM + CBD groups. (C) Graph of body weight changes during the study course. *P < 0.05 versus CTL; #P < 0.05 versus EAM.
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oxidase isoform p47phox associated with 
the autoimmune in�ammation, as well as 
improved the downregulation of SERCA 
mRNA.

 Fibrotic remodeling of the myocar-
dium is a well-known consequence of 
EAM (8,10). Consistent with previous 
studies, we observed marked �brotic 
remodeling in the heart of EAM mice. 
The activation of pro�brotic signaling 
and subsequent �brosis was shown to 
be associated with IL-6 overexpression 
(43) and overactivation of IL1 signaling 
(44), with the transition of CD133+ pro-
genitor cells into myo�broblasts (45) and 
with the subsequent excessive oxidative 

response and leads to a vicious cycle of 
oxidative stress and in�ammation. ROS/
RNS rapidly modulates the expression or 
activity of various key proteins  involved 
in Ca2+ handling (for example, SERCA) 
(39). One of the major sources of ROS 
in macrophages,  cardiomyocytes, �bro-
blasts and endothelial or smooth muscle 
cells is the NADPH oxidase system 
(40,41), which has been implicated in 
the pathophysiology of EAM (42). We 
found that CBD attenuated excessive 
oxidative/nitrative stress (evidenced by 
decreased myocardial 3-NT and 4-HNE 
levels in treated mice with myocarditis) 
and the increased expression of NADPH 

CD8+ T cell–associated responses)  
and the high risk of autoimmune re-
sponse (37). In agreement with this, we 
propose that CBD treatment may affect 
both helper and cytotoxic T-cell in�l-
tration, thus preventing EAM-related 
in�ammation.

 It is well known that in�ammation 
is associated with excessive oxidative/
nitrative stress. When the macrophages 
and monocytes become activated, they 
begin to produce various cytokines and 
reactive oxygen species (ROS) and reac-
tive nitrogen species (RNS) (38), which 
contributes to the detrimental  effects 
of the overactivation of the  immune 

Figure 7. Summary flowchart of the effects of CBD in EAM. The schematic diagram shows the pathophysiology of EAM and the potential 
sites of a beneficial intervention with CBD treatment.
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7. Lichtman AH. (2013) The heart of the matter: 
protection of the myocardium from T cells. 
J.  Autoimmun. 45:90–6.

8. Hirakawa H, et al. (2015) A DPP-4 inhibitor sup-
presses �brosis and in�ammation on experimen-
tal autoimmune myocarditis in mice. PLoS One. 
10:e0119360.
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rates experimental autoimmune myocarditis 
associated with inhibition of in�ammation and 
oxidative stress. Eur. J. Pharmacol. 652:126–35.

10. Ong S, et al. (2015) Natural killer cells limit car-
diac in�ammation and �brosis by halting eosino-
phil in�ltration. Am. J. Pathol. 185:847–61.

11. Pacher P, Batkai S, Kunos G. (2006) The endocan-
nabinoid system as an emerging target of phar-
macotherapy. Pharmacol. Rev. 58:389–462.

12. Izzo AA, Borrelli F, Capasso R, Di Marzo V, 
Mechoulam R. (2009) Non-psychotropic plant can-
nabinoids: new therapeutic opportunities from an 
ancient herb. Trends Pharmacol. Sci. 30:515–27.

13. Cunha JM, et al. (1980) Chronic administration of 
cannabidiol to healthy volunteers and epileptic 
patients. Pharmacology. 21:175–85.

14. Borrelli F, et al. (2009) Cannabidiol, a safe and 
non-psychotropic ingredient of the marijuana 
plant Cannabis sativa, is protective in a murine 
model of colitis. J. Mol. Med. (Berl). 87:1111–21.

15. Rajesh M, et al. (2010) Cannabidiol attenuates 
cardiac dysfunction, oxidative stress, �brosis, 
and in�ammatory and cell death signaling path-
ways in diabetic cardiomyopathy. J. Am. Coll. 
Cardiol. 56:2115–25.

16. Pan H, et al. (2009) Cannabidiol attenuates cis-
platin-induced nephrotoxicity by decreasing 
oxidative/nitrosative stress, in�ammation, and 
cell death. J. Pharmacol. Exp. Ther. 328:708–14.

17. Yang L, et al. (2014) Cannabidiol protects liver from 
binge alcohol-induced steatosis by mechanisms 
including inhibition of oxidative stress and increase 
in autophagy. Free Radic. Biol. Med. 68:260–7.

18. Pazos MR, et al. (2012) Cannabidiol adminis-
tration after hypoxia-ischemia to newborn rats 
reduces long-term brain injury and restores 
neurobehavioral function. Neuropharmacology. 
63:776–83.

19. Donermeyer DL, Beisel KW, Allen PM, Smith SC. 
(1995) Myocarditis-inducing epitope of  myosin 
binds constitutively and stably to I-Ak on 
antigen-presenting cells in the heart. J. Exp. Med. 
182:1291–300.

20. Cihakova D, Sharma RB, Fairweather D, 
Afanasyeva M, Rose NR. (2004) Animal models 
for autoimmune myocarditis and autoimmune 
thyroiditis. Methods Mol. Med. 102:175–93.

21. Gaoni Y, Mechoulam R. (1971) The isolation and 
structure of delta-1-tetrahydrocannabinol and 
other neutral cannabinoids from hashish. J. Am. 
Chem. Soc. 93:217–24.

22. Pacher P, Nagayama T, Mukhopadhyay P, Batkai S, 
Kass DA. (2008) Measurement of cardiac func-
tion using pressure-volume conductance catheter 
technique in mice and rats. Nat. Protoc. 3:1422–34.

that it has tremendous therapeutic potential 
in the therapy of myocarditis with differ-
ent etiologies and various autoimmune 
disorders. The latter is also supported by 
bene�cial effects of CBD in preventing 
graft versus host disease after allogeneic 
hematopoietic cell transplantation in a re-
cent phase II human study (50), as well as 
in mice with arthritis (51). Attenuation of 
the T  cell– mediated injury by CBD also 
suggests that it may have therapeutic 
utility in management of organ  
transplantation/rejection.
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