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Abstract The cannabinoid receptors, CB1 and CB2, are
expressed in the heart, but their role under pathological
conditions remains controversial. This study examined the
effect of CB1 receptor blockade on cardiovascular functions
after experimental MI and in experimental metabolic syn-
drome. MI was induced in Wistar rats by permanent ligation
of the left coronary artery. Treatment with the CB1 receptor
antagonist rimonabant (10 mg/kg i.p. daily) started 7 days
before or 6 h after MI and continued for 6 weeks.
Haemodynamic parameters were measured via echocardi-
ography and intracardiac Samba catheter. CB1 blockade
improved systolic and diastolic heart function, decreased
cardiac collagen and hydroxyproline content and down-
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regulated TGF-31. Additionally, rimonabant decreased
arterial stiffness, normalised QRS complex duration and
reduced brain natriuretic peptide levels in serum. In primary
cardiac fibroblasts, rimonabant decreased MMP-9 activity
and TGF-f1 expression. Furthermore, rimonabant im-
proved depressed systolic function of spontaneously hyper-
tensive obese rats and reduced weight gain. Blocking of
CBI receptor with rimonabant improves cardiac functions
in the early and late stages after MI, decreases arterial
stiffness and reduces cardiac remodelling. Rimonabant also
has cardioprotective actions in rats characterised by the
metabolic syndrome. Inhibition of proteolysis and TGF-{31
expression and reduced collagen content by rimonabant may
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attenuate destruction of the extracellular matrix and decrease
fibrosis after MI.

Keywords Cannabinoid receptor - Myocardial infarction -
Fibrosis - Arterial stiffness - Rimonabant

Introduction

Myocardial infarction (MI) and heart failure (HF) are
among the leading causes of hospitalisation, morbidity
and mortality worldwide. Although advances in the ther-
apy improved survival rate after acute coronary ischae-
mia, the number of patients diagnosed with HF increased
during the last decade [1]. Therefore, there is a compel-
ling need to develop novel strategies for the prevention
and treatment of coronary heart disease.

The endocannabinoid system comprises the endo-
cannabinoids (arachidonoylethanolamide and 2-arachi
donoylglycerol), two cannabinoid receptors (CB1 and
CB2) and the enzymes involved in endocannabinoid syn-
thesis and degradation [2, 3]. In addition to its actions in the
control of the central nervous system, the endocannabinoid
system may play a pivotal role in cardiovascular regulation
[4] and has been linked to obesity and cardiometabolic
risk [5].

CBI1 and CB?2 receptors are seven-transmembrane Gi/o-
coupled receptors. By coupling to Gi/o proteins, CB1 re-
ceptor regulates the activity of various membrane proteins
and signal transduction pathways including ion channels [2].

The mechanisms of the cardiovascular effects of canna-
binoids are complex and may involve modulation of auto-
nomic outflow in the central and peripheral nervous systems
as well as direct effects on the myocardium and vasculature.
It has been confirmed that both endocannabinoids and their
receptors are present in the heart [6, 7] and vessels [8, 9].
Signalling through the CB1 receptor elicits hypotension, bra-
dycardia and negative inotropy, whereas CB2 receptor acti-
vation exerts positive inotropic effects on the heart [4, 10].

The role of the cannabinoid receptors in the heart under
pathological conditions remains controversial. In some ex-
perimental models, such as acute ischaemia/reperfusion in-
jury [11] and doxorubicin-induced cardiotoxicity [12], the
CBI1 receptor blockade with rimonabant has been demon-
strated to be cardioprotective. On the other hand, the CB1
receptor antagonist AM-251 promoted left ventricular (LV)
remodelling and dilatation after cardiac ischaemia [13].

The selective CB1 receptor antagonist rimonabant, which
has been proposed for the treatment of obesity, has also been
shown to improve cardiovascular risk factors including se-
rum lipid profiles and to increase circulating levels of
adiponectin [5, 14, 15]. Rimonabant also improved vascular
function in a mouse atherosclerotic model [16]. No study so
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far investigated the effect of chronic, long-term CB1 recep-
tor blockade with rimonabant on cardiac function after MI.
In the present study, we investigated whether chronic
CBI1 receptor inhibition with rimonabant exerts cardio-
protective effects in rats with metabolic syndrome. We also
hypothesised that CB1 receptor antagonism might produce
beneficial effects independent from metabolic changes and
investigated its cardiovascular effects in acute (7 days) and
chronic (6 weeks) models of myocardial ischaemia. In
addition, we studied the potential underlying mechanisms
of rimonabant action on the heart by exploring the
remodelling processes of post-ischaemic myocardium.

Material and methods
Ethics statement

All animal experiments were conducted with approval by
the ethics commission of the regulatory authorities of the
city of Berlin, Germany, the “Landesamt fiir Gesundheit und
Soziales” (registration number G 0307/06) and complied
with national and European guidelines for animal experi-
ments (EU RL 2010/63/EU).

Animals

Male normotensive Wistar rats (6 weeks old; weight,
200 to 220 g; Harlan Winkelmann, Borchen, Germany)
and male obese spontaneously hypertensive Koletsky
rats (SHROB; weight, 300 to 320 g; Charles River
Laboratories, Sulzfeld, Germany) were kept in a specific
pathogen-free barrier under standardised conditions with
respect to temperature and humidity and were housed
on a 12-h light/12-h dark cycle in groups of five ani-
mals with food and water ad libitum.

Experimental protocol

Male Wistar rats were randomly assigned to the follow-
ing groups: rimonabant pre-treatment—treatment started
7 days before MI and was continued until end of the
protocol; rimonabant treatment—treatment started 3 h
after MI induction and continued until end of the pro-
tocol; and two vehicle groups accordingly.

MI was induced in Wistar rats as previously es-
tablished [17]. Briefly, under anaesthesia with keta-
mine/xylazine (80/10 mg/kg i.p.) and intubation, a left
lateral thoracotomy was performed and a suture was
tightened around the proximal left anterior descending
coronary artery. Sham-operated rats underwent the same
surgical procedure with the exception of coronary liga-
ture. Assignment of animals to the respective treatment
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groups was performed by an investigator who was
strictly blinded to the outcome of MI operation. Thor-
ough inclusion and exclusion criteria, based on func-
tional evaluation 24 h after MI, were applied to clearly
narrow groups with equal infarct size for further inter-
vention and monitoring. Animals with severe impair-
ment of ejection fraction (EF<35 %) were excluded
(vehicle group: one animal in each 1- and 6-week
study; rimonabant pre-treatment and treatment groups
6-week study: one and three animals, respectively). Ad-
ditionally, animals with EF>73 % after MI were also
excluded. Together in the 1- and 6-week studies, seven
animals from the vehicle group and four animals in
each rimonabant pre-treatment and treatment group were
excluded. The final number of animals per group was
7-12 at the time of euthanasia.

Rimonabant (Sanofi Aventis GmbH, Frankfurt, Germany)
was administered 10 mg/kg/day i.p., a dose which was assessed
in preliminary experiments (treatment with rimonabant in a
dose of 10 mg/kg/day i.p., but not 3 mg/kg/day for 14 days
lead to significant weight loss in SHROB rats and improved
systolic cardiac function).

Additionally, the acute effect of rimonabant (10 mg/kg, in
0.5 ml NaCl, i.a. in the arteria femoralis) on LV pressure
was examined in sham-operated and vehicle-treated animals
with MI under 1.5-2 % isoflurane.

To investigate the effect of CBI1 receptor blockade on
cardiac function in the rats with metabolic syndrome,
spontancously hypertensive obese rats (SHROB, Koletsky
rats) were treated with rimonabant or vehicle for 2 weeks
(10 mg/kg/day, i.p.). Cardiac function was evaluated
using echocardiography. Lean age-matched Wistar rats
were used as controls.

Locomotor activity

Animals were housed individually, and spontaneous
movements were recorded by an infrared monitoring
system (Supermex, Muromachi, Tokyo, Japan) before
MI and 4 weeks after MI, over a 24-h period.

Transthoracic Doppler echocardiography

Transthoracic Doppler echocardiography (M-mode and
Doppler measurements) was performed 1, 3 and 6 weeks
after MI under 1.5-2 % isoflurane anaesthesia. Images were
obtained by using a high-resolution imaging system Vevo
770 (VisualSonics Inc., Toronto, Canada).

Haemodynamic parameters

Haemodynamic assessment was performed at the end of the
study, using a fibre-optic pressure transducer Samba catheter

(Samba Sensors, Vistra Frolunda, Sweden) and Chart 5 soft-
ware for analysis. After anaesthesia with isoflurane (2 %), the
catheter was inserted into the right carotid artery in the normal-
breathing animal. After blood pressure (BP) recording in the
ascending aorta, the catheter was advanced into the LV and the
pressure time indices (dP/dt,;, and dP/dt,,.x) were recorded.

Pulse wave analysis

Pulse wave analysis (PWA) was performed as shown in
Supplemental Fig. 1. Diastolic pressure (Pd), pressure of
the inflection point (Pi) and systolic pressure (Ps) were
determined and averaged on the central aortic pressure
waveforms from at least 20 cardiac cycles.

Electrocardiogram

A three-lead electrocardiogram (ECG; ADIstruments, Chart
5 software, Spechbach, Germany) was recorded in all ani-
mals at the end of the study under isoflurane (2 %) and
analysed using the eMOUSE software (Mouse Specifics,
Quincy, MA, USA). Duration of the QRS complex was
analysed in at least four cardiac cycles.

Enzyme-linked immunosorbent assay

Brain natriuretic peptide (BNP) levels were determined
in rat serum collected 6 weeks after MI using a com-
mercially available enzyme-linked immunosorbent assay
kit (Assaypro, St. Charles, MO, USA) according to the
manufacturer’s protocol.

mRNA analysis

Total RNA from LV tissue was isolated by TRIzol reagent
(Invitrogen). qRT-PCR was performed with MX3005p
QPCR System (Stratagene) using SYBR green reaction
mix and different primers (Supplemental material). All sam-
ples were measured in triplicate and expression values were
normalised to 18S rRNA. Data analysis was done using the
MxPro™ ET QPCR software (Stratagene) and AACt
method.

Western blotting

Protocols and antibodies are specified in the Supplementary
material.

Histology
Paraffin-embedded heart samples were sectioned at 5 pum.

Fibrosis was visualised by Sirius Red stain, according to
standard protocols.
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Fig. 1 Effect of intra-arterial rimonabant administration on a maximal
peak rate of LV pressure and b minimal peak rate of LV pressure in
sham rats (open circles) and 6 weeks after MI (solid circles). Injection
of NaCl in the same volume served as a control (open upward

Hydroxyproline content in the heart and aorta

Amount of collagen in the thoracic aorta and cardiac septum
was analysed by quantification of the tissue hydroxyproline
content using the modified method based on alkaline hydro-
lysis as previously described [18].

Cell culture experiments

Primary rat cardiac fibroblasts were isolated as described
previously [19]. Cells were cultured in Dulbecco’s modified
Eagle’s medium containing sodium pyruvate, D-glucose
(4.5 g/L) and 10 % foetal bovine serum and supplemented
with 2 ng/ml IL-1f3 (Sigma) to induce the secretion of
matrix metalloproteinases (MMPs). Incubation was
preformed with or without co-incubation with rimonabant
(1,0.75, 0.5 and 0.25 uM). Activities of MMP-2 and MMP-
9 were analysed with gelatine zymography as previously
described [20].

Statistical analysis

Results were expressed as the mean+SEM. Multiple com-
parisons were analysed with one-way analysis of variance
(ANOVA) followed by the Bonferroni post hoc test. Two-
group comparisons were analysed by the two-tailed Student
unpaired ¢ test for independent samples. Differences were
considered statistically significant at the value of p<0.05.
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triangles). ¢ Representative LV pressure traces directly after NaCl/
rimonabant administration. *p<0.05 vs. basal value (time point 0);
one-way ANOVA

Results

CBI1 receptor blockade improves cardiac function in rats
with metabolic syndrome

To investigate the effect of CB1 receptor blockade on car-
diac function in rats with metabolic syndrome, spontaneous-
ly hypertensive obese rats (SHROB, Koletsky rats) were
treated with rimonabant or vehicle for 2 weeks. Age-
matched lean Wistar rats served as controls. Vehicle-
treated SHROB rats had depressed systolic LV function, as
evidenced by reduced EF and fractional shortening (FS),
compared with lean Wistar rats (p<0.05) (Table 1).
Rimonabant significantly reduced weight gain (p<0.01)
and improved systolic cardiac function in SHROB rats,
raising FS and EF by 5.7 and 7.5 %, respectively, compared
with the vehicle-treated group. Heart rate and BP were not
influenced by rimonabant administration and changes in LV
diameters between groups were not significant (Supplemen-
tal Table 1).

CBI1 receptor blockade enhances heart inotropy

An acute effect of rimonabant administration (10 mg/kg,
i.a.) on cardiac function was studied in Wistar rats
6 weeks post MI. As shown in Fig. la, maximal peak
rate of developed LV pressure (dP/dt,x) immediately
increased after rimonabant injection and remained
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significantly higher 10 min after administration com-
pared with vehicle. This response was constant over a
40-min period (not shown). Minimal peak rate of de-
veloped LV pressure (dP/dtn;,) decreased slightly
(Fig. 1b). In sham rats, CB1 receptor blockade did not
modify dP/dt,.x or dP/dt;, (Fig. la, b).

Basal parameters 6 weeks after myocardial infarction

Mortality was only evident within the first 24 h after MI.
The mortality rate was 32 %. Treatment with rimonabant did
not influence this early mortality. Furthermore, no animal
died during the further course of the study.

The dynamics of the most important physiological
parameters which were studied 6 weeks after MI in
Wistar rats are presented in Table 2. Significantly lower
weight gain, decreased motility, increased heart and lung
weight/body weight ratio were observed in the vehicle
group compared to sham group. Rimonabant in the pre-
treatment and post-treatment regimes significantly in-
creased weight gain and motility of the animals as well
as decreased serum levels of BNP compared with the
vehicle group.

Additionally, rimonabant pre-treatment reduced heart
weight to body weight ratio and prevented the occur-
rence of lung oedema. Moreover, rimonabant pre-
treatment also normalised prolonged QRS complex dura-
tion, which was revealed by ECG in animals post MI.

Transthoracic Doppler echocardiography

The effect of CB1 receptor blockade on cardiac function was
studied by transthoracic Doppler echocardiography at 7 days,
3 weeks and 6 weeks after ischaemia. A similar tendency
among treatment regimens was observed at all measured time
points. The outcomes obtained 7 days and 6 weeks after MI

Table 1 Haemodynamic variables in SHROB rats measured by trans-
thoracic Doppler echocardiography

Wistar control ~ SHROB vehicle =~ SHROB rim

(n=5) (n=10) (n=10)
LVIDd (mm) 7.8+0.13 7.1+0.14 6.7£0.3
LVIDs (mm) 4.37+0.05 43+0.18 3.840.2
FS (%) 43.93+0.95 37+1.4%* 42.7+1.7%*
EF (%) 73.37+1 63.5+2 T1£2%%
Heart rate 352.2+19.7 334+9 332+7
Body weight (g) 328.6+3.74 372+6% 331 4] 2%k

LVIDd left ventricle internal dimensions in diastole, LVIDs left ventri-
cle internal dimensions in systole), FS fractional shortening, EF ejec-
tion fraction

*p<0.05 vs. Wistar control; **p<0.05 vs. SHROB vehicle, ***p<0.01
vs. SHROB vehicle

and representative echocardiographic images are presented in
Fig. 2. MI induced a significant increase in end-systolic left
ventricular (LVIDs) and end-diastolic left ventricular (LVIDd)
diameters as well as a decrease in LV EF and FS. MI also
impaired LV diastolic function, evidenced by an increased
E/A ratio and shortened E-wave deceleration time (EDT).
Seven days post M1, rimonabant pre-treatment reduced LVIDs
from 5.6+£0.17 mm in vehicle to 4.8+0.13 mm (p<0.01).
Rimonabant pre-treatment also reduced LVIDd from 8.2+
0.1 mm in vehicle to 7.6£0.09 mm (p<0.001), raising EF
and FS by 6.4 % (p<0.05) and 4.6 % (p<0.05), respectively,
compared to vehicle.

Six weeks post MI, rimonabant pre-treatment reduced
LVIDs from 6.1+0.13 mm in vehicle to 5.1+0.23 mm
(p<0.01) and LVIDd from 8.74+0.14 to 7.9+£0.2 mm
(»<0.05). EF and FS were increased after rimonabant pre-
treatment by 10.0 % (»p<0.05) and 7.1 % (p<0.05), respec-
tively, compared to vehicle. Post-ischaemic treatment reduced
LVIDd 7 days after MI (p<0.01), but this effect was not
significant 6 weeks after MI. Effect of treatment regimens
on EF in individual animals during the course of the study
are presented in Supplemental Fig. 2. In the pre-treatment
group, EF was improved 7 days after MI compared to vehicle
and preserved until 6 weeks after MI, whereas progressive
deterioration of EF could be observed in the vehicle group.

Haemodynamic measurements

Haemodynamic parameters measured 6 weeks after MI
using the Samba catheter are presented in Table 3. Heart
rate and LV systolic and end-diastolic pressure did not differ
among the groups. dP/dt,,,x, contractility index and dP/dz,;,
were significantly reduced 6 weeks after MI compared to
sham-operated animals. Rimonabant in both treatment re-
gimes significantly increased dP/dt.,., and dP/d¢y,, as
well as prevented a decrease of contractility compared to
vehicle. Aortic systolic and diastolic BP, which were slightly
decreased post MI, were normalised after rimonabant
treatment.

Arterial stiffness

To assess cardiac afterload, we measured indirect pa-
rameters of arterial stiffness by performing PWA on
pressure curves obtained from the ascending aorta 7 days
(data not shown) and 6 weeks after MI/sham operation.
MI deteriorated PWA variables and led to progressive
increase in augmentation pressure (AugP) which conse-
quently increased the augmentation index (Alx) for
6.9 % 7 days post MI (not shown) and 12.6 % 6 weeks
post MI, compared with the sham group (Fig. 3a, b).
Rimonabant, both in pre-treatment and treatment regi-
men, significantly improved PWA variables. Favourable
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Table 2 Basal parameters in sham and 6 weeks after MI (n=6-12)

Sham Vehicle Rim pre-treatment Rim
Weight gain (g) 202.2+6.0 151.2+7.9* 211.646.7#%*** 193.8+£14.9%**
Hw/Bw ratio (g/kg) 2.705+0.02 2.960+0.06* 2.685+0.04**** 2.84+0.08
Lw/Bw ratio (g/kg) 2.98+0.12 3.59+0.08** 3.315+£0.07*** 3.52£0.10%*
Activity (movements/24 h) 76,000+4,632 59,000+3,448* 81,000+3,647**** 83,000+5,240%***
BNP serum level (pg/ml) 449+13.3 175.1+£33.8** 92.7£7 . 5%** 93.9£1.6%**
QRS duration (ps) 12.3£0.7 21.6£2.2%%* 15.6£0.9%** 18.5£1.5%

Hw/Bw heart weight to body weight ratio, Lw/Bw lung weight to body weight ratio, BNP brain natriuretic peptide
*p<0.05 vs. sham; **p<0.01 vs. sham; ***p<0.05 vs. vehicle; ****p<0.01; *****p<0.001 vs. vehicle

effect on AugP and Alx was observed 7 days post
MI/sham, which was more pronounced 6 weeks post
MlI/sham (Fig. 3a, b). Pulse pressure and heart rate did
not differ between the groups (Table 3). dP/dt.,.x
showed a significant and inverse correlation with Alx
(R*=0.22, p<0.01) (Fig. 3d).

Collagen content and expression of TGF-31 in the heart and
cardiac fibroblasts

To further test whether rimonabant may prevent post-
infarct remodelling, we studied collagen content in the
heart by measuring tissue hydroxyproline concentration
in the septum. Six weeks post MI, heart hydroxyproline
in vehicle-treated animals was increased twofold com-
pared with sham-operated rats, whereas rimonabant pre-
treatment significantly attenuated this increase (Fig. 4b).
Interestingly, rimonabant also reduced hydroxyproline
concentration in the ascending aorta (Fig. 3e). Consis-
tently, less collagen accumulation was found in the heart
after rimonabant treatment as demonstrated by staining
with the collagen-specific dye Sirius red (Fig. 4a).

Since fibrosis is thought to be partially mediated by
transforming growth factor-31 (TGF-f31), a potent stimulator
of collagen-producing cardiac fibroblasts, the expression of
this factor was investigated in the peri-infarcted LV tissues.
Six weeks post MI, TGF-1 expression in the LV was up-
regulated both at the mRNA (15-fold) and protein (7.1-fold)
levels in the vehicle compared with the sham group.
Rimonabant significantly attenuated both mRNA and protein
TGF-f31 increase (Fig. 4c, d). In primary cardiac fibroblasts,
rimonabant also strongly down-regulated the IL-1 o-stimulated
increase of mRNA TGF-31 (Fig. 4e).

Regulation of MMP-9 by rimonabant in the heart and car-
diac fibroblasts

Six weeks after MI, the mRNA levels of MMP-9 were up-

regulated in the vehicle group compared to the sham group
(Fig. 5a). Rimonabant pre-treatment and treatment reduced

@ Springer

the MMP-9 levels by trend. Therefore, we further investi-
gated the effect of rimonabant on the MMP-9 activity in
isolated rat cardiac fibroblasts and cardiomyocytes.

As shown in Fig. 5b, ¢, stimulation of cardiac fibroblasts
with IL-1oc significantly increased the activity of secreted
MMP-9 (p<0.01) as measured by gelatine zymography.
An increase of MMP-2 activity was not significant. Co-
stimulation with rimonabant reduced the MMP-9 activity
in a dose-dependent manner, whereas MMP-2 activity was
reduced only by trend. Again, at mRNA levels, rimonabant
dose-dependently down-regulated the IL-1x-stimulated in-
crease of MMP-9, although an increase of MMP-2 was
attenuated only at a concentration 1 uM (Fig. 5d). More-
over, in rat primary cardiomyocytes, rimonabant similarly
reduced MMP-9 activity, but not MMP-2 activity (data not
shown).

Among other investigated proteins, including markers
of apoptosis (Fas ligand, caspase 3), inflammation (IL1,
IL6, MCP1) and calcium-regulated proteins (SERCA2a,
Na“/Ca®" exchanger, phospholamban), we found that
rimonabant in both treatment regimens significantly in-
creased protein content of SERCA2a in the LV 7 days after
MI (Supplemental Fig. 3).

Discussion

This study describes the protective effects of the CB1 re-
ceptor antagonist rimonabant on cardiac remodelling in a rat
model of metabolic syndrome and MI. Pre-treatment with
rimonabant prevented LV dilatation and dysfunction both
7 days and 6 weeks after MI which were evidenced by an
improvement of LVIDd, LVIDs, EF and FS as well as
dP/dty.x and dP/dty;,. In addition, pre-treatment with
rimonabant prevented ECG abnormalities, decreased serum
levels of BNP, increased cardiac protein expression of
SERCA2a and improved pulse wave reflection.
Cardioprotective properties of rimonabant have been
previously demonstrated in acute ischaemia/reperfusion
injury [11], a model, where infarct size is influenced by
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Fig. 2 Haemodynamic variables measured by echocardiography
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LV internal diameter; b systolic LV internal diameter; ¢ LV EF; d
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@ Springer



818

J Mol Med (2013) 91:811-823

Table 3 Haemodynamic vari-
ables measured by Samba cath-
eter 6 weeks after MI (n=7-12)

LVSP left ventricular systolic
pressure, LV EDP left ventricular
end-diastolic pressure, SBPao
aortic systolic blood pressure,
DBPao aortic diastolic blood
pressure

*p<0.05 vs. vehicle; **p<0.01
vs. vehicle; ***p<0.01 vs. sham

the destructive actions of reperfusion due to mitochon-
drial Ca®" overload, increased ROS, development of
cardiomyocyte contracture, inflammation and vascular
failure [21]. Differing from an ischaemia/reperfusion
model, in the current study, permanent ligation of the
left coronary artery was performed. In this model, the

Fig. 3 Parameters of arterial
stiffness, AugP (a) and Alx (b),
evaluated by PWA of pressure
waveforms in the ascending
aorta 6 weeks after MI/sham
(sham n=7, vehicle n=10,
rimonabant pre-treatment (Rim
pre-tr.) n=11, rimonabant
treatment (Rim) n=10); ¢
representative pressure
waveforms obtained from
ascending aorta in vehicle (leff)
and rimonabant (right) groups;
d inverse correlation between
Alx and maximal first
derivative of developed LV
pressure (n=38); e
hydroxyproline concentration
in ascending aorta 6 weeks after
MI/sham (n=3-4); *p<0.01
vs. sham; *p<0.05 vs. vehicle;
**p<0.01 vs. vehicle
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Sham Vehicle Rim pre-treatment Rim
LVSP (mmHg) 126.3+7.2 111.5+2.3 125.9+5 121.2+4.4
LV EDP (mmHg) 13.1+0.5 12.4+0.9 12.4+0.8 13.0+1.3
dP/dt ey (mmHg/s) 10,160+457 7,305+241%** 9,481+580** 9,472+470*
Contractility index (1/s) 157.943.3 113.744.5%%* 139.6+10.7* 137.2+8.7*
dP/dty,;, (mmHg/s) —9,750+414 —7,398+410%** —11,089+1,111** —9,694+630%**
Tau (ms) 12.8+0.9 15.2+0.8 12.6+0.9 15.1+1.3
SBPao (mmHg) 124.0+6.8 110.1£2.3 125.6+4.6 117.6+4.7
DBPao (mmHg) 86.1+4.4 75.4+2.7 02.9+3.5%* 87.5+3.2
Pulse pressure 343+1.6 36.0+1.1 32.0+1.7 30.1+2.1
Heart rate (bpm) 345.9+6.8 318.0+4.0 3429114 331.1+£19.3
SBP tail-cuff (mmHg) 112.7+6.8 106.7£9.9 100.9+6.4 88.9+5.1

degree of impairment of LV function is directly related to
the extent of myocardial loss [22]. The results obtained
7 days after MI are in agreement with demonstrated
cardioprotective actions of rimonabant obtained in other
models such as acute ischaemia/reperfusion injury [11]
and doxorubicin-induced cardiotoxicity [12].
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Fig. 4 Cardiac fibrosis and
TGF-f1 expression in the LV
6 weeks post MI. a
Microphotographs of LV
myocardium stained with the
collagen-specific dye Sirius red.
Collagen fibres appear as red
structures, and myocytes are
yellow (magnification, x20). A
diffuse interstitial fibrosis is

evident in vehicle-treated rats. b Sh MI
Hydroxyproline content in heart am Vehicle Rim pre-tr. Rim
septum 6 weeks post MI (n=3).
¢ Relative expression of TGF-
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Increased production of endocannabinoids has previously
been reported in acute MI [23], end-stage HF [24] and
doxorubicin-induced cardiotoxicity [12]. Increased levels
of endocannabinoids decreased myocardial inotropy directly
through cannabinoid-binding receptors expressed in the
heart, as shown in vivo and in isolated hearts [7, 23, 25].
In line with these studies, we found general induction of

CB1 and CB2 receptor gene expression due to experimental
MI 6 weeks after operation (219-fold and 279-fold, respec-
tively), while no significant impact on receptor gene expres-
sion was evident due to additional pretreatment or treatment
with rimonabant (data not shown). Moreover, inhibition of
CBI receptors with rimonabant rapidly increased heart
inotropy in rats 6 weeks after MI but not in healthy rats,

@ Springer



820 J Mol Med (2013) 91:811-823
Fig. 5 Influence of rimonabant A MMP9 B
on the expression and activity S 61
of MMPs. a Expression of £
MMP-9 mRNA in LV tissue >
6 weeks post MI analysed by 3 4-
real-time PCR (n=4). b 2
Representative gelatine ® MMP-9
zymogram loaded with 2 5 J—
conditioned media from cardiac g MMP-2
fibroblasts. ¢ Semi-quantitative Cg I'_'I
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produced by cardiac fibroblasts Sham  Vehicle Rim plre-tr. Rim Rim -~ TuM 0.75:M 0.5uM 0.25uM
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implying chronic activation of the endocannabinoid system
after ischaemic heart injury.

Importantly, preventive treatment was even more effective
compared to post-ischaemic treatment regime. This fact is in
agreement with the recent study with rimonabant administra-
tion for 7 days, but not shortly before ischaemia reduced
infarct size by a CB1-related mechanism [11]. It is also known
that positive effects of LPS or heat stress-induced
preconditioning against ischaemia/reperfusion injury are me-
diated by endocannabinoids, acting through the CB2 receptor
[26, 27]. Future studies should unravel the importance of
different signalling pathways, activated by physiological
levels of endogenous cannabinoids after CB1 receptor inhibi-
tion, in preconditioning the heart against ischaemic injury.

An over-activated endocannabinoid system is known to
contribute to obesity through central and peripheral mecha-
nisms [28]. In this study, spontaneously hypertensive obese
rats (SHROB or Koletsky rats) were used to investigate the
effects of rimonabant on cardiac function in a model that
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closely resembles human metabolic syndrome. Despite the
regular diet, SHROB rats are characterised by obesity, hyper-
tension, hyperinsulinaemia, hyperlipidaemia and nephropa-
thy. Here, we demonstrated that SHROB rats also had
depressed systolic function in comparison to age-matched
lean Wistar rats, as evidenced by decreased EF and FS. In
fact, treatment with rimonabant for 2 weeks improved systolic
function and, in parallel, significantly reduced weight gains.
Thus, the CB1 receptor blockade in metabolic syndrome may
improve cardiac performance in two ways: via direct cardiac
protection and via improvement of metabolic status.

We further investigated whether chronic treatment with
rimonabant ameliorated adverse post-ischaemic cardiac
remodelling. We focused on the post-ischaemic cardiac fi-
brosis because it may preclude deterioration of cardiac func-
tion and progression to HF through increased cardiac
stiffness. Additionally, we investigated the effect of
rimonabant on TGF-31 expression, a pro-fibrotic cytokine
that stimulates the production of extracellular matrix
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proteins. TGF-31 is extensively expressed after ischaemia
and associated with post-ischaemic fibrosis that affects not
only infarcted but also remote myocardium [29]. This study,
to our knowledge, is the first to demonstrate that blockade of
CBI1 receptors by rimonabant prevented the up-regulation of
both mRNA and protein levels of TGF-31 in the left ven-
tricle after MI. Our in vitro experiment in cardiac fibroblasts
demonstrated that rimonabant attenuated the increase of
TGF-31 mRNA, in a dose-dependent manner, suggesting
that signalling through CB1 receptors regulate TGF-31 at
the transcriptional level. Consequently, rimonabant de-
creased collagen accumulation in the remote myocardium
after ischaemia as demonstrated histologically and by mea-
suring the concentration of hydroxyproline. These data are
also in agreement with a previous report demonstrating an
anti-fibrotic effect of CB1 receptor blockade in hepatic
fibroblasts [30]. On the other hand, genetic deletion of
CB2 receptors lead to activation of cardiac fibroblasts and
increased TGF-31 and collagen production [31], indicating
that CB1 and CB2 receptors have opposing effects on fi-
brotic processes. Thus, the anti-fibrotic effects observed in
our study may be a result of both CB1 receptor inhibition
and indirect stimulation of unopposed CB2 receptors by
increased post-ischaemic levels of endocannabinoids.

Furthermore, it has been recognised that MMPs and the
tissue inhibitors of MMPs play an important role in matrix
remodelling in cardiac disease [32]. We focused to investi-
gate the expression and activity of the gelatinases MMP-2
and MMP-9 because they are known to possess substrate
affinity for denatured fibrillar collagen as well as to exhibit
proteolytic activity against elastin and proteoglycans. In-
deed, MI led to an up-regulation in mRNA expression of
MMP-2 and MMP-9 in the left ventricle 7 days post ML
Although rimonabant did not significantly prevent the in-
crease of mRNA transcripts of MMPs in the myocardium,
our in vitro experiments in cardiac fibroblasts clearly dem-
onstrated that rimonabant dose-dependently reduced the
activity of MMP-9 but not MMP-2. Further studies should
unravel the molecular mechanisms driven by CB1 signalling
which are involved in the regulation of MMP activity. In
addition, CB1/2 receptors are present in immune cells [33]
through which they could modulate cytokine secretion and
influence matrix remodelling, but addressing this issue was
beyond the scope of the current investigations.

Increased pulse wave reflection is known to deteriorate
cardiac output by increasing the LV afterload. Endothelial
dysfunction and augmented collagen accumulation are im-
portant pathophysiological mechanisms which contribute to
increased wave reflection in patients with HF [34, 35]. It
was initially suggested that inhibition of CB1 receptor de-
teriorates endothelial function after MI [13]. In contrast, a
recent study provided evidence that inhibition of CBI re-
ceptor improves endothelium-dependent relaxation of aortic

rings by mechanism that involves down-regulation of AT1
receptor expression [16]. To our knowledge, current study
provides the first in vivo experimental evidence that pulse
wave reflection and probably arterial stiffness progressively
increases after MI. Additionally, we demonstrated that inhi-
bition of CB1 receptor by rimonabant ameliorated pulse
wave reflection after MI in vivo. Reduced deposition of
collagen in the ascending aorta might alter arterial stiffness,
though pulse wave velocity as a direct measure of arterial
stiffness was not measured. We observed that dP/df.y
inversely correlated with Alx. Additionally, the beneficial
effect of rimonabant on wave reflections is mirrored by a
raise in aortic diastolic pressure compared to vehicle. There-
fore, it is likely that reduced Alx partly contributed to the
improvement in cardiac function by reducing afterload in
systole and preserving myocardial perfusion during diastole.

Rimonabant was the first selective inhibitor of cannabi-
noid receptor to be used for treating obesity. Despite its side
effects resulting from the actions at CB1 receptors in the
brain, the effects of CB1 receptor blockade, as shown by
rimonabant in our study, might show the potential of
endocannabinoid receptor blockers as a pharmacological
tool in the cardiovascular system. In the light of current
investigations, the CB1 receptor inhibitors, which do not
penetrate the blood—brain barrier, could be of clinical rele-
vance in cardiology. Indeed, AM6545, another CB1 recep-
tor antagonist, was earlier shown to lack central nervous
system side effects [36]. Nonetheless, this neutral antagonist
induced weight-independent improvements in glucose ho-
meostasis and plasma lipid profiles in mice. While we did
not detect a significant impact on IL-1x-stimulated MMP
secretion in primary cardiac fibroblasts (data not shown),
which was in contrast to the inverse antagonist rimonabant,
other effects on cardiovascular cells or disorders might exist.
Furthermore, additional approaches interfering with the CB
receptor system might pave the way to develop newer
compounds with beneficial impact on cardiovascular and
metabolic disorders, while the central nervous system re-
mains less affected than by rimonabant.

In summary, this study demonstrated that long-term inhi-
bition of CB1 receptors with rimonabant improved post-
ischaemic cardiac function by preventing the adverse myo-
cardial remodelling and reducing the pulse wave reflections.
Furthermore, rimonabant improved depressed systolic func-
tion in animals with metabolic syndrome. This study is of
clinical relevance because it supports the hypothesis that the
endocannabinoid system could represent a novel pharmaco-
logical target in post-ischaemic HF treatment.

Study limitation

MI could be reliably induced only in previously healthy
Wistar rats but not in SHROB rats due to high operation-
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associated mortality rate of SHROB rats. Importantly,
chronicle conditions including hypertension, hypertrophy
or diabetes could interfere with or even completely abrogate
treatment effects [37]. This limitation should be addressed
by future studies.
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