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Abstract Diabetes mellitus promotes accelerated
cardiovascular aging and inflammation, which in turn
facilitate the development of cardiomyopathy/heart
failure. High glucose-induced oxidative/nitrative
stress, activation of various pro-inflammatory, and
cell death pathways are critical in the initiation and
progression of the changes culminating in diabetic
cardiomyopathy. Cannabinoid 2 receptor (CB,R) acti-
vation in inflammatory cells and activated endothe-
lium attenuates the pathological changes associ-
ated with atherosclerosis, myocardial infarction,
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stroke, and hepatic cardiomyopathy. In this study, we
explored the role of CB,R signaling in myocardial
dysfunction, oxidative/nitrative stress, inflammation,
cell death, remodeling, and fibrosis associated with
diabetic cardiomyopathy in type 1 diabetic mice.
Control human heart left ventricles and atrial append-
ages, similarly to mouse hearts, had negligible CB,R
expression determine by RNA sequencing or real-
time RT-PCR. Diabetic cardiomyopathy was char-
acterized by impaired diastolic and systolic cardiac
function, enhanced myocardial CB,R expression, oxi-
dative/nitrative stress, and pro-inflammatory response
(tumor necrosis factor-a, interleukin-1f, intracel-
lular adhesion molecule 1, macrophage inflamma-
tory protein-1, monocyte chemoattractant protein-1),
macrophage infiltration, fibrosis, and cell death.
Pharmacological activation of CB,R with a selective
agonist attenuated diabetes-induced inflammation,
oxidative/nitrative stress, fibrosis and cell demise,
and consequent cardiac dysfunction without affect-
ing hyperglycemia. In contrast, genetic deletion of
CB,R aggravated myocardial pathology. Thus, selec-
tive activation of CB,R ameliorates diabetes-induced
myocardial tissue injury and preserves the functional
contractile capacity of the myocardium in the diabetic
milieu. This is particularly encouraging, since unlike
CB,R agonists, CB,R agonists do not elicit psycho-
active activity and cardiovascular side effects and are
potential clinical candidates in the treatment of dia-
betic cardiovascular and other complications.
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Introduction

It has long been recognized that diabetes mellitus pro-
motes accelerated aging [1-3]. Worldwide, the inci-
dence of diabetes mellitus is increasing at an alarming
rate, and it is predicted to accelerate further and reach
epidemic proportions [4]. Cardiovascular complications
are major contributors of the morbidity and mortality
associated with uncontrolled glycemic levels in subjects
with diabetes mellitus [4]. Since the initial description
of cardiomyopathy by histopathological studies from
the postmortem samples from subjects with diabe-
tes mellitus, nearly three decades ago, there has been
considerable progress made in defining diabetic car-
diomyopathy (DCMP) as distinct clinical cardiovascu-
lar complication in the diabetic setting [5, 6]. Clinical
epidemiological studies have revealed that development
of DCMP could occur independent of comorbid risk
factors such as hyperglycemia, hyperlipidemia, and/
or hypertension’, and diabetes-induced deterioration
in the cardiac function is also one of the major causes
for chronic heart failure. Although significant progress
has been made in the development of therapeutic agents
for the treatment of the above-mentioned underlying
risk factors, the pathogenesis of DCMP is still largely
elusive, and effective drugs to prevent and/or treat the
cardiac injury in the diabetic milieu are not available.
Therefore, it is important to delineate the pathological
mechanisms of DCMP and to identify novel potential
drug targets, which can be exploited for clinical utility
in the management of DCMP.

Several mechanisms have been postulated for the
development of DCMP; these include oxidative/
nitrative stress, overactivation of renin—angioten-
sin system, aldose reductase, xanthine oxidase, and
poly(ADP-ribose) polymerase (PARP) [7-10]. We
have previously reported that cannabinoid receptor 1
(CB,R) overactivation contributes to the development
of DCMP in a murine model of diabetes [11].

Cannabinoid 2 receptor (CB,R) activation in inflam-
matory cells and activated endothelium attenuates the
pathological changes associated with atherosclerosis
[12], myocardial infarction, stroke, and hepatic cardio-
myopathy [13, 14]. In this study, we explored the role
of CB,R on the development of pathological changes
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associated of DCMP. Herein, we report that activation
of CB,R with selective agonist ameliorates the develop-
ment of DCMP, via mitigating inflammation, oxidative/
nitrative stress, cell death, and fibrosis.

Methods
Animals and treatment

Animal protocols used in this study adhered to the
National Institutes of Health (NIH) guidelines and were
approved by the Institutional Animal Care and use
Committee of the National Institute on Alcohol Abuse
and Alcoholism. Diabetes was induced in 8-12 weeks
C57/BL6J(WT) (male, Jackson Laboratories, Bar Har-
bor, ME) or CBZ_/ ~(WT) and CB2~'~ mice (generated
at NIAAA/NIH) weighing 23-25 g via intra peritoneal
(i.p.) administration of streptozotocin (STZ, Sigma
chemicals, St Louis, MO) at the dose of 50 mg/kg dis-
solved in 100 mM citrate buffer pH 4.5 for 5 consecu-
tive days. After 5 days, the blood glucose levels were
measured using Ascensia Contour Glucometer (Bayer
health care, NY) by mandibular puncture blood sam-
pling. Mice which had blood sugar values >?250 mg/dl
were used for the study [11, 15]. Control animals were
administered with the same volume of citrate buffer,
and all mice had access to food and water ad libitum.
After diabetes was established, these mice were treated
with selective CB, agonist JWH-133 [16] (10 mg/kg),
i.p./day for 11 weeks (Fig. 1A, B). After 12 weeks, ani-
mals were sacrificed, and the hearts were excised and
snap frozen in liquid nitrogen for biochemical determi-
nations or fixed in formalin for histological evaluations.

Determination of cardiac function by pressure—
volume conductance analysis

Left ventricular contractile performance was ana-
lyzed in anesthetized mice (with 2% isoflurane). Pres-
sure—volume curves were analyzed, and maximal
slope/rate of systolic pressure increment (4 dP/dt),
diastolic decrement (—dP/dt), ejection fraction (EF),
cardiac output (CO), and stroke work (SW) were
computed. For the indicator of diastolic function,
the relaxation time constant (t) was also calculated.
Hemodynamic parameters were also determined
under conditions of changing preload by transiently
occluding the inferior vena cava (IVC) following
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thoracotomy. Additional preload-independent meas-
ures were evaluated including the dP/dt—end-diastolic
volume (EDV) relation (dP/d-EDV) and the preload-
recruitable stroke work (PRSW) [17].

Pancreatic insulin content

Pancreatic insulin content was determined using the
kit obtained from ALPCO diagnostics (Salem, NH),
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by following the extraction procedure described pre-
viously [11, 15].

Determination of glycosylated hemoglobin (HbA ;)
Glycosylated hemoglobin (HbA ) levels in EDTA-
treated whole blood samples were determined using

the commercially available reagents procured from
Stanbio laboratory (Boerne, TX) [11].
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Reverse transcription and real-time PCR

Heart tissues were homogenized, and total RNA was
isolated using Trizol LS reagent (Invitrogen, Carlsbad,
CA) according to manufacturer’s instruction. The RNA
was treated with RNase-free DNase (Ambion, TX) to
remove genomic DNA contamination. Total RNA was
then reverse-transcribed to cDNA using the SuperScript
II (Invitrogen), and the target genes were amplified using
the standard real-time PCR kit (Applied Biosystems, Fos-
ter city CA). The amplification was performed in real-time
PCR system (Applied Biosystems, CA) using the follow-
ing conditions: initial denaturation at 95 °C for 2 min,
followed by 35 cycles were performed at 95 °C for 30 s

and 60 °C for 30 s. The fold induction/repression in gene
expression by real-time RT-PCR was calculated after
adjusting for actin using the formula 24", CB,R expres-
sion was quantified using Qiagen primer in mouse brain,
spleen, and heart as described previously [14, 18]. For
other primer sequences, see prior publications [10, 11, 15].

Human RNA-seq data

Human RNA-seq data were obtained from the Gen-
otype-Tissue Expression (GTEx) Project Portal on
02/08/2022 and dbGaP accession number phs000424.
v8.p2 on 02/08/2022. TPM (transcript per-kilobase
million) data were filtered to include the selected
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tissues from subjects with no history of heart dis-
eases, i.e., myocardial infarction (variable ID: MHHR-
TATT), ischemic heart diseases (MHHRTDIS), other
heart diseases (MHHRTDISB), and non-heart-related
underlying cause of death (DTHFUCOD). Moreover,
we excluded samples with procedure time > 22 h after
time of death (TRISCH). The TPM values of each
sample were normalized by the mean TPM of the cor-
tex tissue to get the fold changes (Fig. 2). The signifi-
cance levels were determined by using post hoc Tuk-
ey’s test using the statsmodel package in Python 3.7.

Myocardial 4-hydroxynonenal (4-HNE) content

4-HNE in the myocardial tissues was determined
using the kit (Cell Biolabs, San Diego). In brief, BSA
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or myocardial tissue protein extracts (10 pg/mL) were
adsorbed on to a 96-well plate for 12 h at 4 °C. 4-HNE
adducts present in the sample or standard are probed
with anti-HNE antibody, followed by an HRP conju-
gated secondary antibody. The HNE—protein adduct
content in an unknown sample is determined by com-
paring with a standard curve [11].

PARP activity

PARP activities in the myocardial tissue homogen-
ates were performed using the universal colorimetric
assay kit (Trevigen Inc., Gaithersburg, MD). In brief,
the assay was based on determining the biotinylated
poly(ADP-ribose) incorporation on to the histone
proteins coated in ELISA wells [11].
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Caspase-3 activity

Caspase-3 activities in the myocardial tissue samples
were performed using the Caspase-3 Assay Kit from
BioVision (Mountain View, CA). In brief, the cas-
pase-3 substrate p-nitroanilide (pNA)-bis-(N-CBZ-
L-aspartyl-L-glutamyl-L-valyl-L-aspartic acid amide
(DEVD-pNA) was added to the sample in the assay
buffer provided and incubated in room temperature
(RT) for 4 h. The caspase-3 in the samples cleaves the
pNA from DEVD. The pNA light emission was quan-
tified using microplate spectrophotometer (Molecular
Devices, Sunnyvale, CA) [11].

DNA fragmentation

The quantitative determination of cytoplasmic histone-
associated DNA fragments (mono- and oligonucle-
osomes) due to in vivo cell death was measured using
the sandwich ELISA kit as per the protocol supplied by
the vendor (Roche Diagnostics GmbH) [11, 15].

Myocardial 3-nitrotyrosine (3-NT) accumulation

Quantification of 3-NT levels in the heart tissues was
performed using the sandwich ELISA kit as per the
manufacturer-supplied protocol (Hycult Biotechnol-
ogy, Uden, the Netherlands) [11, 15, 19].

Sirius red staining for collagen

Tissue sections were stained with picrosirius red stain
solution for 1 h at RT. Then slides were washed in
two changes of acidified water (0.5% acetic acid) for
2 min, and excess of water was removed by blotting.
Finally, the sections were dehydrated in 100% alcohol
and cleared in xylene and mounted with cover glass.
Quantification of fibrosis was performed as reported
by us previously [11].

Statistical analysis

All the values were represented as mean + SEM. Sta-
tistical significance of the data was determined by
ANOVA followed by Tukey’s post hoc test for multi-
ple comparison. The analysis was performed using the
statistical software package (GraphPad Prism-V, CA).
P <0.05 was accepted as significant.
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Results

Metabolic parameters

Induction of diabetes by multiple low doses of STZ leads
to marked reduction in the body weights with concomi-
tant increase in the blood glucose levels in the WT and
CB, ™~ mice, respectively (Fig. 1F), while blood glucose
levels were elevated and remained unchanged during
12 weeks study period in both wild-type and CBZ_/ ~ mice
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Fig. 4 Effect of diabetes and JWH-133 treatment on the myo-
cardial oxidative/nitrative stress markers in WT and CB27/~
mice. A Depicts the effect of JWH-133 treatment on the oxi-
dative/nitrative stress parameters, *P <0.05 vs. Veh; #P <0.05
vs. diabetes, n=6. B Genetic ablation of CB,R results in exag-
gerated oxidative/nitrative stress in the diabetic myocardial tis-
sues when compared with the WT diabetic animals *P <0.05
vs. WT- vehicle treated animals; #P <0.05 vs. WT diabetic
animals, n==6. Data are presented as means + SEM
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(Fig. 1D). Determination of glycosylated hemoglobin
(HbA () an index for glycemic control at the end of the
study showed marked elevation in the WT diabetic mice
(Fig. 1E). Similar trend was observed in CB2_/ ~ mice
(Fig. 1F). Induction of diabetes in WT and CB2_/ ~ mice
exhibited diminished pancreatic insulin content (Fig. 1F).
Treatment of WT mice with CB,R agonist JWH-133 did
not significantly affect blood glucose (Fig. 1C), HbA
or pancreas insulin content (Fig. 1E).

Very low CNR2/CB,R expression in normal human
and mouse hearts and slight increase in diabetic
myocardium

There was minimal expression of CNR2 gene in normal
human heart atrial appendages and left ventricles, like-
wise in normal mouse hearts (Fig. 2A, B). There was
slight increase in CB,R expression in diabetic hearts,
most likely originating from activated endothelium and
infiltrating immune cells.

Diabetes-induced myocardial contractile dysfunction
is attenuated in JWH-133-treated mice

Chronic diabetes (12 weeks after the induction by STZ)
leads to diminished contractile performance in WT

Fig. 5 Effect of diabetes
and JWH-133 treatment
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mice (Fig. 3). Among the steady-state load-dependent
contractile parameters assessed, there was a significant
reduction in left ventricular ejection fraction, myocar-
dial stroke work, cardiac output, and dP/dtmax (maxi-
mal rate of left ventricular pressure rise). This impaired
systolic function was also associated with decreased
diastolic performance indicated by a decrease of dP/
dtmin (maximal rate of ventricular pressure decline),
prolongation of the isovolumic relaxation constant (tau),
and increase of the slope of the end-diastolic pressure
volume relationship (EDPVR) in diabetes (Fig. 3A, B).
The load-independent parameters of myocardial con-
tractile function, such as the preload-recruitable stroke
work (PRSW) and linear slope of the dP/dtmax—EDV
relationship, were also impaired (Fig. 3B). Treatment
of WT diabetic mice with JWH-133 significantly
attenuated the diabetes-induced systolic and diastolic
dysfunction.

CB,R agonist JWH-133 attenuates diabetes-induced
myocardial oxidative and nitrative stress, which
is exacerbated in CB,™~ mice

Markers of oxidative/nitrative stress, such as
4-hydroxynonenal (4-HNE) (a stable product of lipid
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of nitrative stress), were markedly elevated in WT
diabetic myocardial tissues (Fig. 4), when compared
with corresponding non-diabetic animals. Treatment
of WT diabetic mice with JWH-133 attenuated the
oxidative stress in these animals (Fig. 4A). There was
a greater degree of elevation in the 3-NT and 4-HNE
levels in the samples from CB,™~ mice (Fig. 4B).
Induction of diabetes leads to marked increases in
the mRNA expression of NADPH oxidase subunits,
such as gp22phox, gp67phox and gp91phox, and
Agtrlo(angiotensin II receptor, type la) in WT dia-
betic hearts compared with WT non-diabetic animals
(Fig. 5). All these pathological effects were attenuated
by JWH-133 treatment of mice. There was enhanced
NADPH oxidase and AgtrlamRNA expression in dia-
betic CB, ™~ mice compared to WT diabetic animals
(Fig. 5A, B).

Fig. 6 Effect of diabetes A
and JWH-133 treatment on P TNF ¢ g
the myocardial inflamma- 2 £
tion in WT and CB2~/~ s 5
mice. A Depicts the mRNA : ) *# T
expression of pro-inflamma- o L
tory cytokines/chemokines, < <z"'
adhesion molecules, and E %
marker of macrophage E 0
infiltration upon JWH-133 6-
treatment in the myocardial & IL1-p* S
tissues. *P <0.05 vs. Veh/ E s
JWH-133; #P <0.05 vs. G4 S
diabetes, n=6. B Shows % *# %
the mRNA expression of <2 ot
respective inflammatory E E
markers in the myocardial £ [
tissues from the animal 0
groups. ¥*P<0.05 vs. WT-
vehicle treated animals; e 6 MIP"‘:} S
#P <0.05 vs. WT diabetic £ S
animals, n=6 S 4 S
o k)
o *# L
= 2]
< 2
o 14
€ ol £
53883
> T o
I % é
E a 2
0
2
o
2
8
o

@ Springer

H
H

N
L

o
i

N
h

o

N

o

CB,R agonist JWH-133 attenuates diabetes-induced
myocardial pro-inflammatory response

and macrophage infiltration, which is exacerbated
in CB,™~ mice

Earlier studies have demonstrated the pivotal role of inflam-
mation in the development of diabetic cardiomyopathy [11,
15]; therefore, the mRNA expression of inflammatory
cytokines and chemokines such as TNF-o, IL1-, MCP-1,
MIP-1a, adhesion molecule ICAM-1, and F4/80 (marker
of macrophage infiltration) was determined in the myo-
cardial samples as indicated in respective groups (Fig. 6).
TNF-o, IL1-p, MIP-1a, MCP-1, and F4/80 expressions
were markedly elevated in WT diabetic myocardial tissues
compared with WT non-diabetic mice (Fig. 6). Similarly,
ICAM-1 expression was elevated in the hearts of WT
diabetic mice compared with non-diabetic mice (Fig. 6).
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Treatment of WT diabetic mice with a selective CB,R
agonist JWH-133 for 11 weeks mitigated the inflammation
by diminishing the expression of pro-inflammatory mark-
ers (Fig. 6A). The changes in inflammatory cytokines and
ICAM-1 were exacerbated in diabetic CB,”~ mice com-
pared with WT diabetic mice (Fig. 6B).

CB,R agonist JWH-133 attenuates diabetes-induced
myocardial remodeling and fibrosis, which
is exacerbated in CB,™~ mice

Diabetes-induced increased expression of patho-
logical markers of myocardial remodeling (brain and
atrial natriuretic peptides (BNP and ANP), myosin
heavy chain (MHC) switch), which was attenuated by
JWH133 and enhanced in CBZ_/ ~ mice (Fig. 7A, B.)
Diabetes-induced myocardial fibrosis was first
evaluated in the myocardial paraffin sections by Sirius
red staining. There was significant collagen accumula-
tion in the myocardial tissues from WT diabetic mice
compared with WT non-diabetic animals (Figs. 8-9).

Fig. 7 Effect of diabetes
and JWH-133 treatment
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Treatment of WT diabetic mice with JWH-133 miti-
gated myocardial fibrosis as indicated by diminished
collagen accumulation (Fig. 8A) and the markers of
fibrosis (Fig. 8B). There was enhanced myocardial
fibrosis in CB, ™~ diabetic mice compared with WT
diabetic mice (Fig. 9). Similar results were observed
by evaluation of mRNA expression of multiple fibrosis
markers in the myocardial tissues (Figs. 8-9B).

Enhanced diabetes-induced myocardial cell
death in CB,™~ mice and CB,R agonist JWH-133
attenuates myocardial cell demise

The determination of cell death markers such as caspase-3/
caspase-7, PARP activities, and chromatin fragmentation
revealed significant elevations in the hearts of WT dia-
betic animals compared with their non-diabetic controls
(Fig. 10). JWH-133 treatment of WT diabetic animals
diminished myocardial apoptosis (Fig. 10A). The degree
of cell death was more pronounced in CB,™~ diabetic
mice, compared with WT diabetic animals (Fig. 10B).
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Discussion

Herein, we report that activation of CB,R blunts
diabetes-induced cardiac dysfunctions via amelio-
ration of inflammation, oxidative stress, cell death,
and fibrosis. Endocannabinoids are a group of bio-
active lipids derived from arachidonic acid [20].
Principle endocannabinoids are anandamide and
2-arachidonoylglycerol [2-AG], and they act as physi-
ological ligands for their cognate cannabinoid recep-
tors — CB|R and CB,R, respectively [20]. CB;R
and CB,R have been reported to be expressed in the
rodent and human myocardium [12, 21]. However,
often, these expression levels were based on the use
of non-specific antibodies and/or unvalidated primers.

Fig. 8 Effect of IWH-133
treatment on diabetes-
induced myocardial fibrosis
in mice. A Representative
images show Sirius red
staining of the myocardial
paraffin sections. The
adjacent panel shows the
quantification of fibrosis.
*P <0.05 vs. Veh/JWH-

A
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In line with our findings, recent evidence suggests
that in normal human and mouse heart, the expres-
sion of CB,R is very low, and under pathological
conditions, it predominantly originates from activated
endothelium and infiltrating immune cells such as
macrophages [13, 14, 22, 23]. CB,R agonist does not
exert direct cardiac or vascular effects under normal
conditions but, under pro-inflammatory conditions,
attenuates endothelial activation, chemotaxis, adhe-
sion to the activated endothelium, and transmigra-
tion/activation of immune cells. The attenuation of
vascular and general inflammation may contribute to
improved endothelial function/microcirculation and
to protective effects observed in animal models of
atherosclerosis, myocardial infarction, stroke, sepsis,
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and various cardiomyopathies [12, 13, 24]. In contrast
to CB,R, activation of CB;R by endocannabinoids or
synthetic ligands may directly or indirectly (through
effects on sympathetic and parasympathetic nerves
and central nervous system) modulate cardiovascular
function [13, 25, 26]. Synthetic CB R agonists both
in animals and humans may induce marked decrease
of blood pressure and myocardial contractility [13,
20, 27]. In normal human and mouse hearts, there is a
very low level of CB R expression in cardiomyocytes,
endothelial cells, vascular smooth muscle, and fibro-
blast, which may be upregulated in pathological con-
ditions (extreme obesity, various cardiomyopathies,
and heart failure) [11, 28, 29]. In human endothelial
cells and cardiomyocytes, CB;R activation induces
reactive oxygen species-dependent and species-inde-
pendent activation of p38 and other mitogen activated
protein kinases, facilitating cell death both in vitro
and in vivo [30-33]. CB,R activation in macrophages

Fig. 9 Effect of diabetes-
induced fibrosis in the
myocardial tissues of
CB,R™"~ mice. A Rep-
resentative images show
Sirius red staining of the
myocardial paraffin sec-
tions. The adjacent panel
shows the quantification

of fibrosis. *P <0.05 vs.
WT-vehicle treated animals;
#P <0.05 vs. diabetes,

n=06. B Depicts the mRNA
expression of fibrosis mark-
ers in the myocardial tissue
samples. *P <0.05 vs.
WT-vehicle treated animals;
#P <0.05 vs. WT diabetic
animals, n=6 6-
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may also induce pro-inflammatory response, promot-
ing atherosclerosis and other cardiovascular patholo-
gies [34-36].

CB,R activation has also been implicated in the
development of diabetic cardiovascular complica-
tions, nephropathy, and retinopathy [11, 27, 30, 31,
37-39]. In the present study, utilizing a well-estab-
lished model of diabetic cardiomyopathy [11, 15],
we aimed to investigate the role of CB,R in diabetic
myocardium by using CB,R agonist JWH133 and
CB,R knockout mice.

Previous studies have established that inflamma-
tion plays a key role in inducing cardiac dysfunction
in the diabetic milieu. Hyperglycemia-induced acti-
vation of NFkB and subsequent production of pro-
inflammatory cytokines (TNF-a, IL1-f)/chemokines
(MCP-1) and adhesion molecules (ICAM-1 and
VCAM-1) eventually culminates into the overproduc-
tion of reactive oxygen and nitrogen species (ROS/
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RNS) that profoundly affects cardiomyocyte con-
tractility [11, 40]. The inhibition of inflammation has
been documented to improve cardiac dysfunction in
the diabetic heart [41]. In agreement with these find-
ings, our results revealed increased expression of pro-
inflammatory cytokines, chemokines, and adhesion
molecules in the diabetic myocardial tissues and infil-
trating macrophages, and this was markedly mitigated
upon treatment with CB,R selective agonist JWH133.
Oxidative/nitrative stress has been well-estab-
lished in the development of diabetic cardiovascular
complications [6-8]. Cumulative evidence indicates
that mitochondria and NADPH oxidase are primary
sources of the ROS generating apparatus in diabetic
heart’. In our present study, we have also observed
significantly enhanced expression of various NADPH
oxidase isoforms in diabetic myocardial tissues,
which paralleled with enhanced lipid-peroxidation
and nitrative stress (4-HNE and 3-NT), respectively.
Increased oxidative/nitrative stress was significantly
attenuated by JWH133 treatment of diabetic mice.
Hyperglycemia-induced myocardial cell demise has
been recognized as major contributing factors in the
loss of cardiac structure and function which eventu-
ally leads to heart failure [42]. Consistently with
enhanced cardiomyocyte cell death in diabetes, we
found increased caspase and PARP activities and
chromatin fragmentation in diabetic hearts, which
was attenuated upon treatment with JWH133.
Enhanced inflammation and oxidative stress trig-
ger and perpetuate the development and progression
of myocardial remodeling in the hyperglycemic envi-
ronment via recruiting various pro-fibrotic mediators
such as TGF-p, CTGF, fibronectin, and collagen-1,
which result in extensive pathological extracellular
matrix remodeling (overt fibrosis). This eventually
further compromises myocardial contractile dynamics
and results in heart failure [43]. Herein, we show the
attenuation of myocardial fibrosis in the diabetic heart
upon CB,R activation with JWH133. Several previ-
ous studies have documented that activation of CB,R
resulted in the dampening of inflammation, oxida-
tive/nitrative stress, apoptosis, and fibrosis in various
pre-clinical models of cardiovascular diseases such
as myocardial ischemia/reperfusion, atherosclerosis
and restenosis [44-49], and hepatic cardiomyopathy
[14], among others. Infiltration of inflammatory cells
in the myocardium under hyperglycemic condition
plays a key role in the initiation and propagation of

@ Springer

oxidative stress, which promotes tissue damage [50,
51]. Several studies have previously reported that
selective activation of CB,R resulted in the repres-
sion of ROS generation via inhibition of NADPH oxi-
dase and NFkB activation and inflammatory cytokine
and adhesion molecule expression and blunted pro-
apoptotic MAPKSs in pre-clinical models of acute and
chronic inflammation [12, 15, 22, 24]

In the present study, we have observed that dia-
betic CB,R™~ mice exhibited aggravated oxidative
stress, inflammation, apoptosis, and fibrosis when
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Fig. 10 Effect of diabetes and JWH-133 treatment on the
myocardial markers of cell death in WT and CB2™~ mice.
A Denotes the effect of JWH-133 treatment on the cell death
markers in the myocardial tissues. *P <0.05 vs. Veh/JWH-133;
#P <0.05 vs. diabetes, n=6. B Shown are cell death markers
in the respective groups. *P <0.05 vs. WT-vehicle treated ani-
mals; #P <0.05 vs. WT diabetic animals, n=6
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compared with WT diabetic mice, suggesting an
important protective role of CB,R in preventing
diabetes-induced cardiac tissue injury. These results
are also consistent with protective effect of CB,R
activation in diabetic nephropathy and aggravated
kidney injury and fibrosis in diabetic CB2R_/ ~ mice
[52, 53]. Interestingly, recent human clinical stud-
ies revealed that CB,R expression and 2-AG levels
were increased in myocardial tissues obtained from
heart failure, suggesting the vital counter-regulatory
role of CB,R in mending the injured heart during
chronic myocardial stress conditions [54].

In summary, we report that selective activa-
tion of CB,R ameliorates diabetes-induced myo-
cardial inflammation, tissue injury, and fibrosis
and preserves the functional contractile capacity
of the heart in the diabetic milieu. This is particu-
larly encouraging, since unlike CB;R agonists,
CB,R agonists do not elicit psychoactive and car-
diodepressive side effects [13, 24]. Thus, targeting
CB,R with selective pharmacological agonists may
emerge as a promising novel modality in the treat-
ment of diabetic cardiomyopathy and other cardio-
vascular complications of diabetes.
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