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1 The purpose of this study was to determine whether endocannabinoids can protect the heart
against ischaemia and reperfusion.

2 Rat isolated hearts were exposed to low-flow ischaemia (0.5–0.6mlmin�1) and reperfusion.
Functional recovery as well as CK and LDH overflow into the coronary effluent were monitored.
Infarct size was determined at the end of the experiments. Phosphorylation levels of p38, ERK1/2, and
JNK/SAPK kinases were measured by Western blots.

3 None of the untreated hearts recovered from ischaemia during the reperfusion period. Perfusion
with either 300 nm palmitoylethanolamide (PEA) or 300 nm 2-arachidonoylglycerol (2-AG), but not
anandamide (up to 1mm), 15min before and throughout the ischaemic period, improved myocardial
recovery and decreased the levels of coronary CK and LDH. PEA and 2-AG also reduced infarct size.

4 The CB2-receptor antagonist, SR144528, blocked completely the cardioprotective effect of both
PEA and 2-AG, whereas the CB1-receptor antagonist, SR141716A, blocked partially the effect of 2-
AG only. In contrast, both ACEA and JWH015, two selective agonists for CB1- and CB2- receptors,
respectively, reduced infarct size at a concentration of 50 nm.

5 PEA enhanced the phosphorylation level of p38 MAP kinase during ischaemia. PEA perfusion
doubled the baseline phosphorylation level of ERK1/2, and enhanced its increase upon reperfusion.
The cardioprotective effect of PEA was completely blocked by the p38 MAP kinase inhibitor,
SB203580, and significantly reduced by the ERK1/2 inhibitor, PD98059, and the PKC inhibitor,
chelerythrine.

6 In conclusion, endocannabinoids exert a strong cardioprotective effect in a rat model of
ischaemia–reperfusion that is mediated mainly through CB2-receptors, and involves p38, ERK1/2, as
well as PKC activation.
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Introduction

Arachidonoylethanolamide (anandamide) and sn-2 arachido-

noylglycerol (2-AG) are natural constituents of the plasma

membrane that act as CB1 and/or CB2 agonists and exhibit

pharmacological activity comparable to cannabinoids (Felder

& Glass, 1998). Palmitoylethanolamide (PEA), although

having low affinity for transfected CB1 and CB2 receptors,

exerts analgesic effects that are reversed by selective CB2-

receptor antagonists (Lambert & Di Marzo, 1999).

Cannabinoids exert complex cardiovascular effects in vivo,

some of which being mediated through the sympathetic

nervous system (Adams et al., 1976; Lake et al., 1997).

Messenger RNA coding for cannabinoid receptors has been

detected in human cardiac tissue (Galiegue et al., 1995), and

the presence of both CB1- and CB2-receptors has recently been

confirmed by Western blots in the rat heart (Bouchard et al.,

2003). Furthermore, PEA and 2-AG have been detected in rat

cardiac tissue (Schmid et al., 2000). However, little is known

about the role played by these endocannabinoids in the heart.

It has been reported that the ability of a prior exposure to

lipopolysaccharide to limit infarct size in rats is blocked by a

CB2-receptor antagonist (Lagneux & Lamontagne, 2001). A

similar contribution of CB2-receptors in the infarct size-

reducing effect of heat stress in rats has been recently
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demonstrated (Joyeux et al., 2002). However, until now, it was

not known whether cannabinoids exert direct cardioprotective

effects. Therefore, the first aim of the present study was to

evaluate the cardioprotective effect of endocannabinoids in the

rat isolated heart. Secondly, the contribution of protein kinase

C (PKC) and mitogen-activated protein kinases (MAP

kinases) in this cardioprotective effect was assessed.

Methods

Preparation of hearts

The investigation was performed in accordance with the

guidelines from the Canadian Council on Animal Care. The

detailed methodology has been described earlier (Bouchard &

Lamontagne, 1996; Lagneux & Lamontagne, 2001). Suc-

cinctly, male Sprague–Dawley rats (300–350 g) were narco-

tised by a gradual enrichment of the ambient atmosphere with

CO2 until a complete loss of consciousness and promptly

decapitated. Hearts were rapidly excised and mounted on the

Langendorff setup and perfused at constant flow by means of

a digital peristaltic pump. The flow rate was adjusted to obtain

a coronary perfusion pressure of approximately 75mmHg and

was held constant, with the exception of the ischaemic period

during which flow was reduced to a value between 0.5 and

0.6mlmin�1. The normal perfusion solution consisted of a

modified Krebs–Henseleit (K–H) buffer containing (in mm):

NaCl 118, KCl 4, CaCl2 2.5, KH2PO4 1.2, MgSO4 1, NaHCO3
24, d-glucose 5, and pyruvate 2, gassed with 95% O2–5% CO2
(pH 7.4, 371C). All drugs (a hundred times the desired final

concentration) were administered through a side port of the

aortic cannula with syringe pumps at one-hundredth of the

coronary flow rate. The turbulent flow created in the reversed-

drop-shaped cannula ensured proper mixing of the drugs

before entering the aorta. Isovolumetric left ventricular

pressure and its first derivative (dP/dt) were measured by a

fluid-filled latex balloon inserted into the left ventricle and

connected to a pressure transducer. The volume of the balloon

was adjusted once during the stabilisation period to obtain a

diastolic pressure between 5 and 10mmHg. The coronary

perfusion pressure (CPP) was measured with a pressure

transducer connected to another side port of the aortic

perfusion cannula. All these data were recorded on a

polygraph system (Grass Model 79 polygraph, Astro-Med

Inc., Boucherville, QC, Canada).

Experimental protocols

In a first series of experiments, the effect of cannabinoids on

functional recovery and biochemical markers of myocardial

injury following ischaemia and reperfusion was studied. The

hearts in all groups were first subjected to a 20-min

stabilisation period, followed by infusion with either

SR141716A, a selective CB1-receptor antagonist (Rinaldi-

Carmona et al., 1995), SR144528, a selective CB2-receptor

antagonist (Rinaldi-Carmona et al., 1998), or K–H buffer.

The concentration of SR141716A and SR144528 (1 mm) was
selected according to the literature (Randall & Kendall, 1997;

Ford et al., 2002). After 15min, infusion with endocannabi-

noids (PEA, 2-AG, or anandamide, at concentrations of 100,

300, or 1000 nm) or K–H buffer was then started and, 15min

later, hearts were exposed to 120min of low-flow ischaemia

and 20-min reperfusion at the preischaemic flow rate. All drug

perfusion lasted throughout the 120-min ischaemic period and

was stopped upon reperfusion. In these experiments, coronary

effluent samples were collected at the end of the 20-min

reperfusion period and stored at –801C until analysis.

Activities of creatine kinase (CK) and lactate dehydrogenase

(LDH), two biochemical markers of myocardial infarction,

were evaluated with Sigma diagnostic procedures (procedure

520 for CPK and procedure 228-UV for LDH, Sigma-Aldrich,

Mississauga, ON, Canada).

In a second experimental series, the effect of cannabinoids

on infarct size was studied. Hearts were exposed to a 90-min

low-flow ischaemia and 60-min reperfusion to allow the

evaluation of infarct size by a staining method. Perfusion with

either PEA, 2-AG, the selective CB1-receptor agonist, ACEA

(Hillard et al., 1999), the selective CB2-receptor agonist,

JWH015 (Huffman, 2000), or K–H buffer was initiated

15min before ischaemia, maintained during the entire ischae-

mic period, and stopped at reperfusion.

In a third experimental series, the contribution of PKC and

MAP kinases in the cardioprotective effect of PEA was

assessed. After the 20-min stabilisation period, hearts were

perfused with either 1 mm chelerythrine, a PKC inhibitor

(Herbert et al., 1990), 5mm SB203580, a p38 MAP kinase

inhibitor (Cuenda et al., 1995), 5 mm PD98059, an ERK1/2

inhibitor (Dudley et al., 1995), or K–H buffer. After an

additional 15min stabilisation period, perfusion with PEA was

started, following by a 120-min low-flow ischemia and 60-min

reperfusion. Additional hearts were treated with either

chelerythrine, SB203580, or PD98059 without PEA and

exposed to 120-min low-flow ischemia and 60-min reperfusion.

Physiological parameters were measured during ischemia and

the first 20min of reperfusion, while infarct size was measured

after 60min of reperfusion. All drug perfusions were stopped

upon reperfusion.

In a fourth series of experiments, activation of p38 MAP

kinase, ERK1/2, and JNK/SAPK during ischaemia and

reperfusion was evaluated by Western blots. After 35min of

stabilisation, hearts were perfused with either PEA or K–H

buffer, followed by 120-min low-flow ischaemia and 30-min

reperfusion. Hearts (three per group) were collected after

either 5, 15, 30, 60, or 120min of ischaemia, or after 5 or

30min of reperfusion. Additional hearts were collected during

either 15- or 120-min perfusion with PEA or K–H buffer

without having been exposed to any ischaemia.

Infarct size determination

Infarct size was determined after 60min of reperfusion. Atria

were removed and the heart was frozen at –801C for 10min. It

was then cut into 0.6–0.8mm transverse sections from apex to

base (six to seven slices/heart). Once thawed, the slices were

incubated at 371C with 1% triphenyltetrazolium chloride in

phosphate buffer (pH 7.4) for 10min and fixed in 10%

formaldehyde solution to distinguish the clearly stained viable

tissue from unstained necrotic tissue. Infarct size was

determined using a computerised planimetric technique

(Scions image for Windowss) and expressed as a percentage

of the total ventricular area which, in a global ischaemia, is

equal to the area at risk.
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Western blotting

Hearts used to perform Western blots were snap-frozen in

liquid nitrogen at the different aforementioned times and kept

at –801C until crushed in a mortar with dry ice in liquid

nitrogen. The samples were homogenised on ice with a

polytron for 10 s in a lysis buffer containing Tris (pH 7.5)

20mm, EDTA 1mm, EGTA 1mm, b-glycerophosphate 1mm,

NaCl 150mm, sodium vanadate 1mm, sodium pyrophosphate

2.5mm, MgCl2 4.5mm, 1,4 dithiothreitol (DTT) 0.5mm,

phenylmethylsulphonyl fluoride (PMSF) 1mm, Triton X-100

1%, and leupeptin 1mgml�1. They were then incubated on ice
for 30min and centrifuged at 12,000� g for 30min at 41C.

Protein extracts were aliquoted for further experiments and

kept at –801C. Protein quantification was determined by

bicinchoninic acid (BCA) assay (Pierce, Rockford, IL, U.S.A.).

Protein extracts (20 mg) were separated on a 10% SDS

polyacrylamide gel for 90min and transferred overnight at

41C to a supported nitrocellulose membrane. After the

membrane was blocked for 2 h at room temperature with 5%

nonfat dry milk solution in Tris-buffered saline containing

0.1% Tween 20 (TBST), it was probed overnight with either

phosphospecific p38 MAP kinase (Thr180/Tyr182) monoclo-

nal antibody 1 : 2000 in 5% nonfat dry milk solution in TBST

(New England Biolab #9216, Beverly, MA, U.S.A.), phos-

phospecific ERK1/2 (p44/42 MAP kinase; Thr202/Tyr204)

monoclonal antibody 1 : 2000 in BSA 5% solution in TBST

(New England Biolab #9106) or phosphospecific JNK/SAPK

(Thr183/Tyr185) monoclonal antibody 1 : 1000 in 5% nonfat

dry milk solution in TBST (New England Biolab #9255).

Membranes were washed in TBST. They were incubated with

anti-mouse IgG horseradish peroxidase-linked antibody

(1 : 1000 dilution in 5% nonfat dry milk solution) for 1 h,

washed and incubated with Amersham ECL Western blotting

detection reagent. Membranes were then stripped in SDS 2%,

Tris (pH 6.8) 62.5mm and 100mm 2-mercaptoethanol buffer at

601C for 30min and reprobed, respectively, with either non-

phospho-specific polyclonal p38 MAP kinase antibody 1 : 2000

in 5% nonfat dry milk solution in TBST (New England Biolab

#9212), non-phospho-specific polyclonal p44/42 MAP kinase

antibody 1 : 2000 in 5% BSA in TBST (New England Biolab

#9102), or non-phosphospecific polyclonal JNK/SAPK anti-

body 1 : 1000 in 5% nonfat dry milk solution in TBST (New

England Biolab #9252) for total MAP kinases. An anti-rabbit

IgG horseradish peroxidase-linked antibody was used as

secondary antibody. Either films or membranes were analysed

directly on a Chemilmager 5500 from Alpha Innotech

Corporation (San Leandro, CA, U.S.A.). Results were

expressed as the proportion of phosphorylated kinase over

total kinase, relative (in %) to a group of hearts submitted to

15-min normal K–H perfusion after the stabilisation period

(baseline value).

Statistical analysis

Values represent the mean7s.e.m. Statistical significance of
differences between means was evaluated by either one-way

(infarct size and biochemical markers) or two-way (functional

variables) analyses of variance with either Tukey or Dunnett

post hoc tests (Systats for Windowss version 9). Western blot

results were compared to the baseline value with one-sample

t-tests. Po0.05 was considered to be statistically significant.

Drugs

Stock solutions (10mm) of SR144528 and SR141716A (Sanofi

Recherche, Montpellier, France) were prepared in 1ml 100%

dimethylsulphoxide (DMSO), than diluted in water to obtain

the desired final concentrations. Anandamide (1mm, Sigma-

Aldrich, Mississauga, ON, Canada) was diluted in 1ml

propylene glycol and 9ml of K–H buffer. Stock solutions of

2-AG (13.2mm, Sigma-Aldrich), PEA (16.7mm, Sigma-Al-

drich), ACEA (arachidonyl-20-chloroethylamide, 5mgml�1,
Tocris, Ballwin, MO, U.S.A.) and JWH015 ([2-methyl-1-

propyl-1H-indol-3-yl]-1-naphthalenylmethanone, 5mgml�1,

Tocris) were prepared in anhydrous ethanol and diluted in

K–H buffer to obtain the desired final concentration.

PD98059 (20-amino-30-methoxyflavone, Calbiochem, La Jolla,
CA, U.S.A.) stock solutions were prepared in ethanol.

Chelerythrine (Sigma-Aldrich) and SB203580 (4-(4-fluorophe-

nyl)-2-(4-methylsulfinylphenyl)-5-(4-pyridil)1H-imidazole,

Calbiochem) stock solutions were prepared in H2O. All stock

solutions were further diluted in K–H buffer. Ethanol (0.02%)

and DMSO (0.02%), at the concentration obtained in the final

dilution, had no effect on any of the variables studied.

Results

Effect of endocannabinoids on functional recovery

The baseline values of coronary resistance, left ventricular end-

diastolic pressure (EDP), and maximum dP/dt, measured after

treatments but before ischaemia, are shown in Table 1. There

was no statistical difference in these values among all groups

studied. Maximum dP/dt decreased rapidly and markedly in

all groups of hearts during the ischaemic period (Figures 1

and 2). Left ventricular EDP increased by approximately

20mmHg after the 120-min low-flow ischaemia (Figures 1 and

2), with no statistical difference among groups. Following

reperfusion, maximum dP/dt remained low and EDP rose

rapidly up to 100mmHg after 2min of reperfusion in

untreated hearts (Figure 1). Treatment with 300 nm of PEA

or 2-AG allowed a full recovery of maximum dP/dt and

prevented the increase in EDP during reperfusion (Figures 1

and 2). In the presence of the CB1-receptor antagonist,

SR141716A (1 mm), treatment with PEA still allowed an

almost complete recovery of maximum dP/dt and prevented

the increase in EDP upon reperfusion (Figure 1). However, the

same CB1-receptor antagonist halved the beneficial effects of

2-AG on functional recovery (Figure 2). In contrast, treat-

ments with PEA or 2-AG in SR144528-pretreated hearts

(1 mm) were unable to prevent the deleterious effect of

ischaemia and reperfusion on maximum dP/dt and EDP

(Figures 1 and 2). When given alone (without endocannabi-

noids), neither SR141716A nor SR144528 had any significant

effect on postischaemic ventricular recovery (Figure 3).

In contrast to PEA and 2-AG, anandamide had no effect on

maximum dP/dt recovery and did not prevent the increase in

EDP upon reperfusion (Figure 3).

Effect of endocannabinoids on biochemical markers of
infarction

The overflow of LDH and CK into the coronary effluent

increased markedly in hearts exposed to 120-min low-flow
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Table 1 Baseline values measured after treatment, just before ischaemia, for the first series of experiments

Group n Coronary resistance
(mmHggminml�1)

EDP (mmHg) max dP/dt (mmHg s�1)

Untreated 6 12.170.7 10.872.3 1787757
PEA 5 15.571.6 12.072.0 1550777
PEA+SR141716A 5 12.571.2 11.972.1 1505753
PEA+SR144528 5 9.271.0 8.073.0 1540787
2-AG 6 13.871.3 12.972.2 18967239
2-AG+SR141716A 5 13.270.6 16.371.6 1700763
2-AG+SR144528 5 10.370.8 10.070.8 16507120
Anandamide 4 16.271.2 15.071.8 13757144
SR141716A 6 13.071.1 11.370.9 17757189
SR144528 6 13.071.9 10.571.8 1458761

EDP: left ventricular end-diastolic pressure.

Figure 1 Effects of 300 nm PEA in the absence or presence of the
CB1-receptor antagonist SR141716A or the CB2-receptor antagonist
SR144528 (both at 1mm) on maximum dP/dt (percentage of baseline
value, panel a) and left ventricular end-diastolic pressure (EDP, ~
from baseline value, panel b) during the 120-min ischaemia and 20-
min reperfusion. Panels (c) and (d) represent, respectively, the
coronary effluent activity of LDH and CK at the end of the 20-min
reperfusion period. *Po0.05 compared with untreated hearts for the
entire reperfusion period. wPo0.05 compared with sham hearts. The
n and baseline values are provided in Table 1.

Figure 2 Effects of 300 nm 2-AG in the absence or presence of the
CB1-receptor antagonist SR141716A or the CB2-receptor antagonist
SR144528 (both at 1 mm) on maximum dP/dt (percentage of baseline
value, panel a) and EDP (~ from baseline value, panel b) during the
120-min ischaemia and 20-min reperfusion. Panels (c) and (d),
represent, respectively the coronary effluent activity of LDH and
CK at the end of the 20-min reperfusion period. *Po0.05 compared
with untreated hearts for the entire reperfusion period. wPo0.05
compared with sham hearts. The n and baseline values are provided
in Table 1.

808 P. Lépicier et al Endocannabinoids and cardioprotection

British Journal of Pharmacology vol 139 (4)



ischaemia and 20-min reperfusion, compared with time-

matched perfused hearts without ischaemia (Figure 1). Treat-

ment with PEA (Figure 1) or 2-AG (Figure 2) significantly

reduced the overflow of both LDH and CK. Similarly to the

data on functional recovery, only the CB2-receptor antagonist,

SR144528, blocked the protective effect of PEA (Figure 1) and

2-AG (Figure 2) on LDH and CK leakage from cells, whereas

the CB1-receptor antagonist, SR141716A, had no clear effect.

Likewise, in contrast to PEA and 2-AG, anandamide had no

effect on LDH and CK overflow upon reperfusion (Figure 3).

Effect of cannabinoids on infarct size

The effect of PEA and 2-AG on infarct size was compared to

that of arachidonyl-20-chloethylamide (ACEA) and JWH015,

two selective agonists for CB1- and CB2-receptors, respectively.

There was no statistical difference in the baseline values of

coronary resistance, EDP, and maximum dP/dt, measured

after treatment with these cannabinoids (Table 2). In agree-

ment with the results obtained with biochemical markers of

infarction, both PEA and 2-AG (300 nm) reduced infarct size,

compared with untreated hearts (Figure 4). Two concentra-

tions of ACEA and JWH015 were tested. At the lowest

concentration (5 nm), only one-third of ACEA- and JWH015-

treated hearts had a small infarct, which widened the scattering

of the data and yielded mean values statistically comparable

with that of untreated hearts (Figure 4). In contrast, the vast

majority of hearts treated with ACEA or JWH015 at the

highest concentration (50 nm) had a small infarct, yielding a

significantly reduced mean infarct size (Figure 4).

Signalling pathways

The baseline values of coronary resistance, EDP, and

maximum dP/dt for this experimental series are shown in

Table 3. Similar to the first experimental series, reperfusion of

untreated hearts was accompanied by a poor recovery of

maximum dP/dt after 20min of reperfusion and a massive

increase in EDP (Figure 5, panels b and d). Likewise, PEA-

treated hearts (300 nm) showed a significantly improved

recovery of maximum dP/dt at the end of reperfusion and a

blunted EDP (Figure 5, panels a and c). Treatment of hearts

with the p38 MAP kinase inhibitor, SB203580, alone had no

effect on maximum dP/dt recovery, but reduced EDP

following reperfusion (Figure 5, panels b and d). However,

SB203580 prevented the protection afforded by PEA on both

maximum dP/dt and EDP (Figure 5, panels a and c). Similar

to SB203580, the PKC inhibitor, chelerythrine, and the ERK1/

2 inhibitor, PD98059, had no effect on maximum dP/dt

recovery and reduced EDP upon reperfusion (Figure 5, panels

b and d). Both chelerythrine and PD98059 halved the PEA-

induced protection on maximum dP/dt, the latter being just

short of reaching the statistical level of significance (Figure 5,

panel a). In contrast, they did not inhibit the effect of PEA on

EDP (Figure 5, panel c). None of these signalling pathway

inhibitors, administered alone or in combination with PEA,

affected the baseline values of coronary resistance, EDP, and

maximum dP/dt (Table 3).

Infarct size among the untreated group after 60min of

reperfusion equalled 4872% of total area (Figure 6). Similar

to the second series of experiments, treatment with PEA

(300 nm) significantly reduced this value. Infarct size in hearts

treated with PEA in the presence of either chelerythrine or

PD98059 displayed a wider scattering, with some hearts

protected and others not, resulting in mean values not different

from either untreated or PEA-treated hearts (Figure 6). In

contrast, SB203580 blocked significantly the infarct size

reducing effect of PEA (Figure 6). None of the antagonists

and inhibitors used in the present study had a significant effect

on infarct size when administered alone (Table 4).

Western blot analysis

Western blot was used to assess the phosphorylation level of

p38, ERK1/2, and JNK/SAPK (representative blots depicted

in Figure 7). The band intensity ratio of the phosphospecific

blots over the corresponding non-phosphospecific ones was

Figure 3 Effects of 1 mm anandamide on maximum dP/dt (percen-
tage of baseline value, panel a) and EDP (~ from baseline value,
panel b) during the 120-min ischaemia and 20-min reperfusion. The
effect of the CB1-receptor antagonist, SR141716A, and the CB2-
receptor antagonist, SR144528, both perfused at 1mm without
cannabinoid, is also depicted in the figure. Panels (c) and (d)
represent, respectively, the coronary effluent activity of LDH and
CK at the end of the 20-min reperfusion period. wPo0.05 compared
with sham hearts. The n and baseline values are provided in Table 1.
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expressed relative to the one measured in hearts frozen after

15min of normal K–H perfusion (defined as baseline values).

A 120-min perfusion with normal K–H buffer did not alter

the phosphorylation levels of p38, ERK1/2, and JNK/SAPK

(Table 5). A simple 120-min perfusion of PEA (300 nm)

without ischaemia–reperfusion induced an increase in

ERK1/2 phosphorylation compared to baseline, whereas no

effect on p38 or JNK/SAPK phosphorylation was observed

(Table 5).

Hearts collected after 5min of ischaemia showed no increase

in the phosphorylation level of either p38 or ERK1/2.

Phosphorylation levels of p38 increased slightly 15min after

the onset of ischaemia, and remained elevated for the rest of

the ischaemic period. Therefore, phosphorylation levels

measured from 15 to 120min of ischaemia were pooled to

yield a single representative value. P38 phosphorylation level

in untreated ischaemic hearts was short of being statistically

significant (P¼ 0.13 vs baseline). However, in the PEA-treated
group, there was a significant increase in p38 phosphorylation

level (Table 5). No significant change was found in ERK1/2

phosphorylation levels during ischaemia, either in the PEA-

treated or untreated hearts. Surprisingly, ERK1/2 was

significantly more phosphorylated during ischaemia in un-

treated hearts than in PEA-treated hearts (Po0.05). JNK/
SAPK showed a significant reduction of phosphorylation

levels in the PEA-treated group during ischaemia (Table 5).

Reperfusion was not accompanied by any change in p38

phosphorylation level (Table 5). In contrast, ERK1/2 became

strongly phosphorylated during reperfusion in untreated

hearts (Table 5). PEA-treated hearts also showed a strong

elevation of ERK1/2 phosphorylation level, which was higher

than in untreated hearts (Table 5). The JNK/SAPK phosphor-

ylation levels during reperfusion were not statistically different

from baseline in either groups (Table 5).

Discussion

In the present study, we have demonstrated that cannabinoids

can protect the rat heart from the deleterious effects of

ischaemia and reperfusion. Perfusion with 2-AG or PEA, but

not anandamide, improved myocardial recovery, decreased the

Table 3 Baseline values measured after treatment, just before ischaemia, for the third series of experiments

Group n Coronary resistance
(mmHggminml�1)

EDP (mmHg) max dP/dt
(mmHg s�1)

Untreated 12 11.370.9 16.871.3 20847144
PEA 12 11.170.4 11.873.9 20487146
PEA+chelerythrine 13 9.170.7 12.972.2 20547144
PEA+SB203580 8 9.770.7 15.575.2 23947130
PEA+PD98059 10 12.071.4 13.872.1 22737194
Chelerythrine 4 12.671.5 8.873.1 20387548
SB203580 4 11.570.7 10.075.8 22257307
PD98059 4 12.972.3 9.474.1 23257442

EDP: left ventricular end-diastolic pressure.

Table 2 Baseline values measured after treatment, just before ischaemia, for the second series of experiments

Group n Coronary resistance
(mmHggminml�1)

EDP (mmHg) max dP/dt
(mmHg s�1)

Untreated 6 11.871.0 12.073.0 1683799
ACEA 5nm 6 13.071.8 6.972.8 16677204
ACEA 50 nm 6 11.571.7 10.473.1 15007134
JWH015 5 nm 6 9.870.9 7.171.9 17087154
JWH015 50 nm 6 10.970.4 9.672.3 17257162
PEA 6 12.771.3 6.371.8 19107143
2-AG 6 12.171.7 10.072.7 19887343

EDP: left ventricular end-diastolic pressure.

Figure 4 Comparison of the effect of PEA and 2-AG (both at
300 nm) with that of ACEA (5 and 50 nm) and JWH015 (5 and
50 nm), two selective agonists for CB1- and CB2-receptors, respec-
tively, on infarct size. The open circles represent individual data,
with the corresponding mean7s.e.m. value presented by filled
circles. *Po0.05, compared with untreated hearts (n¼ 6 hearts per
group).
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levels of CK and LDH, two biochemical markers of ischaemic

injury, and reduced infarct size. Although the selective agonist

for CB1-receptors, ACEA, protected the hearts as well as the

selective CB2-receptor agonist, JWH015, the cardioprotective

effect of the endogenous cannabinoid, 2-AG, was blocked

completely by the CB2-antagonist and only partially by the

CB1-antagonist. In contrast to 2-AG, PEA acted as selective

CB2-agonist in this model. Involvement of p38, ERK1/2, JNK/

SAPK, and PKC in the cardioprotective effect of PEA was

also assessed. Using pharmacological tools, an almost total

inhibition of the protection on infarct size and functional

recovery with the p38 inhibitor, SB203580, was observed.

PD98059, the ERK1/2 inhibitor, and chelerythrine, the PKC

inhibitor, partially inhibited these effects. PEA was able to

activate of ERK1/2 by itself, enhanced the activation of

ERK1/2 upon reperfusion, enhanced the activation of p38

during ischaemia, while decreasing that of JNK/SAPK.

A model of low-flow ischaemia was used in the present

study. This model has the advantage of allowing a continuous

perfusion of cannabinoids in the ischaemic myocardium,

ensuring a constant concentration during the entire ischaemic

period. This would not have been possible in models of zero-

flow ischaemia or regional ischaemia following coronary

artery ligation. Some experimental procedures of the present

study may potentially influence postischaemic recovery and

infarct size. Although the unconscious rats were decapitated

before breathing stopped, one cannot rule out that hypoxia

following exposure to the CO2-enriched atmosphere could

precondition the hearts. However, alternative methods of

Figure 5 Effects of 300 nm PEA in the absence or presence of either
the PKC inhibitor, chelerythrine (1 mm), the p38 MAP kinase
inhibitor, SB203580 (5 mm), or the ERK1/2 inhibitor, PD98059
(5 mm) on maximum dP/dt (percentage of baseline value, panel a)
and EDP (~ from baseline value, panel c) during the 120-min
ischaemia and 20-min reperfusion. The effect of chelerythrine,
SB203580, and PD98059 alone on maximum dP/dt and EDP is
depicted in panels (b) and (d), respectively. *Po0.05, compared with
PEA-treated hearts. wPo0.05 compared with untreated hearts. The
n and baseline values are provided in Table 3.

Figure 6 Effects of 300 nm PEA in the absence or presence of either
the PKC inhibitor, chelerythrine (1 mm), the p38 MAP kinase
inhibitor, SB203580 (5 mm), or the ERK1/2 inhibitor, PD98059
(5 mm) on infarct size. The open circles represent individual data,
with the corresponding mean7s.e.m. value presented by filled
circles. *Po0.05, compared with untreated hearts. wPo0.05
compared with PEA-treated hearts.

Table 4 Effect of the different antagonists and
inhibitors on infarct size

Infarct size (%) n

Untreateda 4374 16
SR141716A 3272 6
SR144528 3173 6
Chelerythrine 3776 4
SB203580 5277 4
PD98059 5777 4

aPooled data from Figures 4 and 6.
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anaesthesia have limitations of their own, since several

anaesthetic agents including narcotics (Schultz et al., 1997),

barbiturates (Minatoguchi et al., 1997), ketamine-xylazine

(Walsh et al., 1994), and volatile anaesthetics (Cason et al.,

1997; Toller et al., 1999) can either reduce infarct size or

interfere with cardioprotective mechanisms. A clear disadvan-

tage of the isolated heart model is the unavoidable ischaemia

the heart is exposed to, from the excision to the time the

Langendorff perfusion is initiated, which could theoretically

induce a preconditioning. However, this period was limited to

30–60 s, which is probably too short to induce a measurable

preconditioning (Vegh et al., 1992).

Anandamide and 2-AG are both recognised as being

endogenous cannabinoids (Felder & Glass, 1998). Therefore,

it may appear surprising that anandamide was without effect

in the present study. Anandamide can be rapidly taken up by

transporters and degraded (Di Marzo, 1999; Piomelli et al.,

1999). Therefore, we cannot exclude that the perfused

anandamide under our experimental conditions is too rapidly

eliminated and, therefore, unable to protect the heart.

Interestingly, while both PEA and 2-AG are present in the

rat heart, anandamide is undetectable in the same tissue

(Schmid et al., 2000).

To assess the contribution of the two cannabinoid-receptor

subtypes in the cardioprotective effect of PEA and 2-AG,

selective antagonists were used. SR141716A is a potent and

highly selective antagonist for CB1-receptors, with a Ki value of

2 nm for CB1-receptors and well above 1 mm for CB2-receptors
(Rinaldi-Carmona et al., 1995). Likewise, SR144528 is highly

selective for CB2-receptors, with a Ki values of 0.3 and 437 nm

in cell lines expressing either human CB2- or CB1-receptors,

respectively (Rinaldi-Carmona et al., 1998). Therefore, at the

concentration used in the present study (1 mm), it is very likely
that both antagonists blocked completely their targeted

receptors. Although one cannot rule out a partial inhibition

of CB1-receptors with 1 mm SR144528, the contrasting effects
observed with the two cannabinoid-receptor antagonists

support a high degree of selectivity. Selective agonists for

both CB1- and CB2-receptors were used as well. ACEA

exhibits a Ki of 1.4 nm for CB1-receptors and over 3000 nm

for CB2-receptors (Hillard et al., 1999). The potency and

selectivity of JWH015 for CB2-receptors is slightly less, with Ki
values of 13.8 and 383 nm for CB2- and CB1-receptors,

respectively (Huffman, 2000). Both ACEA and JWH015

reduced infarct size at a concentration of 50 nm, but not

5 nm. This indicates that both CB1- and CB2-receptor activa-

tion can protect the heart against ischaemia. However, since

ACEA is 10 times more potent for its targeted receptor,

compared with JWH015, one should expect the former equally

effective as the latter at one-tenth the concentration. The fact

that both are effective at the same concentration suggests that

a higher number of CB1-receptors need to be activated to

produce a comparable protective effect, compared with CB2-

receptors. Alternatively, one cannot rule out the contribution

of cannabinoid receptors distinct from CB1 and CB2 (Jarai

et al., 1999; Ford et al., 2002) in the cardioprotective effect

observed in the present study.

In the present study, PEA was used to study the signalling

pathways involved in the cardioprotective effect of cannabi-

noids, since it was the only endocannabinoid acting through a

single CB-receptor subtype. The cardioprotective effects of

PEA were blocked by SB203580, which suggest a major role of

p38 MAP kinase in these effects. It has been reported that p38

phosphorylation of residue tyrosine 182 alone, as detected by

Figure 7 Representative Western blots of phosphorylated and corresponding (after stripping) total p38, p42/44 (ERK1/2), and
p46/54 (JNK/SAPK) kinases, either during simple perfusion (without ischaemia), low-flow ischaemia, or reperfusion, in the
presence (þ ) or absence (�) of 300 nm PEA.

Table 5 Phosphorylation level of p38, ERK1/2, and
JNK/SAPK kinases

120-min
perfusion

Ischaemia Reperfusion

p38 MAP kinase
Untreated 9775% 123714% 123712%
PEA-treated 110711% 139711%* 128711%

ERK1/2
Untreated 112721% 121713% 387754%*
PEA-treated 199720%* 76714% 9537248%*

JNK/SAPK
Untreated 10779% 8978% 143723%
PEA-treated 99712% 6576%* 142727%

*Po0.05, compared to the baseline value measured after
15min of normal K–H buffer perfusion and arbitrarily set to
100%.
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some antibodies, could not be used as an indicator of p38

activity since phosphorylation of both residues threonine 180

and tyrosine 182 are needed for p38 activation (Nagarkatti &

Sha’afi, 1998). Using a phosphospecific monoclonal antibody

for p38 phosphorylated on residues threonine 180 and tyrosine

182, we observed that PEA increases p38 phosphorylation only

under ischaemic conditions. These results are in agreement

with the report that another protective stimulus, ischaemic

preconditioning, is accompanied by phosphorylation of p38

after 10 and 20min of global ischaemia in the rabbit heart

(Weinbrenner et al., 1997), but not immediately after the

preconditioning (Gysembergh et al., 2001). In agreement with

these results, it has been demonstrated that SB203580 could

block the protective effect of ischaemic preconditioning if

perfused during ischaemia, whereas it had no effect if perfused

only during the preconditioning (Mocanu et al., 2000). These

results suggest that in the perfused heart, a protective stimulus

can trigger a series of events that will lead to p38

phosphorylation only during the subsequent ischaemia. The

events downstream of p38 activation leading to cardioprotec-

tion are not fully understood, but it is known that p38

activates MAPKAP2/3, which in turn activates HSP27, a key

player in cell protection (Landry & Huot, 1995).

Conflicting results on the role of p38 MAP kinase during

ischaemia–reperfusion have been reported. First, six isoforms

of p38 have been cloned in the human heart: a1, a2, b1, b2, g,
and d (Sugden & Clerk, 1998). In PC12 cell line, hypoxia

caused an increase in phosphorylation of p38 a- and g-isoforms
(Conrad et al., 1999). Schneider et al. (2001) could not block

the protective effect of ischaemic preconditioning with

SB202190, a different p38 inhibitor, which is thought to be

selective for a- and b-isoforms of p38. In addition, SB203580
has been reported to inhibit, at least partially, the JNK1 kinase

in the mouse heart if injected i.p. at a dose of 1mg kg�1 (Tekin

et al., 2001). Other studies confirm this inhibition in vitro

(Whitmarsh et al., 1997) and in vivo (Clerk & Sugden, 1998) at

a final concentration of 10 mm (twice the concentration used in
the present study). SB203580 was not able to inhibit p38g
activation by hypoxia in cell line (Conrad et al., 1999). It is

therefore possible that the lack of selectivity of the commer-

cially available antibodies and inhibitors toward the different

isoforms contributes to these conflicting results.

In the present study, no increase in JNK/SAPK phosphor-

ylation by either PEA or ischaemia has been observed.

Therefore, the inhibition of the cardioprotective effects of

PEA by SB203580 cannot be explained by inhibition of

JNK/SAPK. Instead, a decrease in JNK/SAPK phosphoryla-

tion was observed in PEA-treated heart during ischaemia.

Since JNK/SAPK is known to be activated following

ischaemic injury (Sato et al., 2000), a decrease in injury by

PEA could therefore explain this result. Interestingly,

TAN-67, a d1-opioid receptor agonist and known cardiopro-
tective agent, induced a slight nonsignificant decrease in

JNK/SAPK phosphorylation during ischaemia, whereas

ischaemic preconditioning showed a significant increase in

the same conditions (Fryer et al., 2001a). Different mechan-

isms are to be suspected.

Experiments in CB2-receptor transfected CHO cells showed

that incubation of cells with either CP-55940 or WIN 55212.2

induced an activation of MAP kinase, specifically ERK1/2,

through a CB2-receptor-mediated, Gi/G0-dependent pathway

(Bouaboula et al., 1996). These results support our observation

of an ERK1/2 phosphorylation in rat hearts perfused with

exogenous PEA without any ischaemia.

Activation of ERK1/2 during reperfusion has been reported

in numerous studies (Omura et al., 1999; Ping et al., 1999;

Fryer et al., 2001b). This activation is enhanced by protective

events such as preconditioning and opioid agonists (Fryer

et al., 2001b). In the present study, PEA enhanced the

activation of ERK1/2 during reperfusion. Furthermore,

inhibition of ERK1/2 with PD98059 reduced the protective

effect of PEA. Interestingly, PD98059 also reduced the

protective effect of preconditioning on infarct size (Strohm

et al., 2000; Fryer et al., 2001b). It is well established that PKC

is involved in the cardioprotective effect of ischaemic

preconditioning (Ping et al., 1997; Fryer et al., 1999). In the

present study, the protective effect of PEA was reduced by the

PKC inhibitor, chelerythrine. Therefore, our results show

several similarities in the signalling pathway involved in the

protective effect of PEA and ischaemic preconditioning.

In conclusion, the data suggest that endocannabinoids

afford protection to the rat heart against ischaemia and

reperfusion injury. This effect appears to be mediated mainly

by CB2-receptors, and involved PKC, p38, and ERK1/2

activation.
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