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Anandamide enhances expression of heat shock protein 72
to protect against ischemia–reperfusion injury in rat heart
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Abstract Anandamide (AEA), one of endocannabinoids,

has been reported to exhibit a cardioprotective ability to

limit the damage produced by ischemia–reperfusion injury.

AEA reportedly enhanced heat shock protein 72 (HSP72)

and HSP25 expression in lungs to protect against lung

inflammation. This study tested the hypothesis that intrave-

nously injected AEA would induce HSP72 in the heart and

thus render cardioprotection against ischemia–reperfusion

injury in rats. Cardiac expression of HSPs was quantitatively

evaluated in rats by Western blot analysis. That intrave-

nously injected AEA 1 mg/kg in vivo induced expression of

HSP72, which peaked at 24 h after administration. The

enhancement of HSP72 by AEA was blocked by cannabi-

noid 2 (CB2) receptor antagonist AM630, but not cannabi-

noid 1 (CB1) receptor antagonist AM251. Therefore, the rats

were induced with a 30-min coronary occlusion followed by

a 120-min reperfusion in vivo at 24 h after administration of

drugs or vehicle, and then the infarct size was measured.

AEA reduced myocardial infarct size compared to control

group. Pretreatment with AM630 but not AM251 abolished

the infarct size-limiting effect of AEA. Further study dem-

onstrated pretreatment with phosphatidylinositol 3-kinase

(PI3K) inhibitor wortmannin, Akt inhibitor MK-2206 and

AM630 attenuated phosphorylation of Akt and AEA-

induced HSP72 expression. The results suggest that AEA is

cardioprotective against ischemia–reperfusion insult through

its induction of HSP72, which might be mediated by the

PI3K/Akt signaling pathway. These effects were mediated

by CB2 but not CB1 receptors.

Keywords Anandamide � Heat shock protein 72 �
Ischemia–reperfusion � Heart �
Phosphatidylinositol 3-kinase � Akt

Introduction

The heat shock proteins (HSPs) are an important family of

endogenous protective proteins that increase in response to

a wide variety of stresses, such as heat shock, hypoxia,

hydrogen peroxide, inflammation and ischemia [1]. Among

the various sizes of HSPs, HSP72 is reportedly involved

predominantly in cardioprotection; several studies have

demonstrated that whole-body hyperthermia 24 h before

the onset of myocardial ischemia is protective against

ischemia–reperfusion injury and is associated with pro-

portional induction of HSP72 expression [2]. Furthermore,

recent studies revealed that both the myogenic cells and

hearts of transgenic mice overexpressing HSP72 protein

are resistant to ischemic injury [3].

Anandamide (AEA) is one of the endocannabinoids,

which are involved in many physiological and pathophys-

iological processes, such as neurobehavior, gastrointestinal

function, stress and anxiety, and cardiovascular functions

[4]. At least two types of cannabinoid (CB) receptors, the

CB1and CB2, have been found, and these two receptors are

widespread in many tissues, including cardiac myocyte [5].

It has been shown that AEA protects the heart from
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arrhythmias induced by ischemia–reperfusion [6]. Simi-

larly, AEA can limit the damage induced by ischemia–

reperfusion in rat isolated hearts [7]. Is the mechanism of

protection related to enhancement of HSP72? Recently,

AEA administration was reported to enhance HSP72 and

HSP25 expression in lungs [8]. However, there is no report

on whether AEA can enhance HSP72 expression in hearts.

The present experiments were designed to test the

hypothesis that AEA, as a cardioprotective substance [9],

can enhance the expression of cytoprotective HSP72, a

protein highly inducible in hearts following exposure to a

variety of stressors [10], and provide protection against

ischemia–reperfusion injury.

Materials and methods

Animals and drugs

Experiments were carried out in adult male Sprague-Dawley

rats (weighing 230–280 g) obtained from the Experimental

Animal Center of Hebei Province. This study was performed

conforming to Guide for the Care and Use of Laboratory

Animals described by Directive 2010/63/EU of the Euro-

pean Parliament. Animal work was approved by the Ethics

Committee for Animal Experiments of Hebei Medical

University, in compliance with the NIH, and carried out in

compliance with China government guidelines.

AEA (Cayman Chemical Corp., USA) was injected

intravenously (i.v.) into experimental rats at a dose of

1 mg/kg, based on previously published methods [11]. The

rats were anesthetized with ketamine and xylazine (80 and

4 mg/kg i.p., respectively) before cannulation surgery. The

right femoral vein was cannulated for administration of

drugs. The stock solution of AEA was in 96 % ethanol.

Prior to use, dilutions were made with saline in order to

minimize the effect of the solvent and to obtain the final

9.6 % concentration of ethanol containing the proper dose

of the drug. The drugs were administered at intervals of at

least 30 min to avoid any accumulation effect. Injections

were completed within 2 s. All injections had a volume of

0.2 ml and were followed by a flush of 0.1 ml saline.

Ethanol (9.6 %) in saline was used as a control for AEA.

To determine the receptor subtypes that mediated the

effect of AEA, rats received CB1 receptor antagonist

AM251 (1 mg/kg, Cayman Chemical Corp., USA) or CB2

receptor antagonist AM630 (1 mg/kg, Cayman Chemical

Corp., USA) intravenously together with AEA (1 mg/kg).

To examine the time-dependent expression of HSP72, rats

were killed by deep anesthesia with pentobarbital (150 mg/

kg i.v.) 6, 12, 24 and 48 h after administration of AEA or

vehicle. The heart was rapidly removed and frozen in

liquid nitrogen.

To determine the involvement of the PI3K/Akt pathway

that mediated the effect of AEA, rats received the PI3K

inhibitor wortmannin (15 lg/kg, Sigma Corp., USA) or

Akt inhibitor MK-2206 [12] (300 lg/kg, Selleck Chemis-

try, USA) intravenously together with AEA (1 mg/kg).

Western blotting

Western blotting was performed as previously described

[13]. The frozen heart preparations were homogenized with

SDS sample buffer, centrifuged and boiled. The total pro-

tein concentration of the myocardium was quantified by the

Bradford method. The preparations were diluted in disso-

ciation buffer. An equal amount of total protein in each

fraction was conducted on 8.5 % SDS-PAGE and trans-

ferred electrophoretically to a polyvinylidine difluoride

membrane. After transferral and blocking with 0.5 %

nonfat milk, the membranes were incubated with antibod-

ies. Membranes were assessed for the presence of HSP72

using primary antibodies: mouse monoclonal against

HSP72 (1:100, Stressgen, Stressgen Bioreagents Corp.,

USA); for the presence of Akt and phospho-Akt using

antibodies: rabbit multiclonal Akt and phospho-Akt

(1:1000, Cell Signaling Technology, USA). In the next step

membranes were incubated with secondary horseradish

peroxidase linked antibodies: goat antimouse or mouse

antirabbit (1:1000, BioRad, BioRad Laboratories, Inc.,

USA). Protein bands were visualized with peroxidase

substrate kit Vector SG (Vector Laboratories Inc., USA).

Such prepared membranes were captured, and the optical

density of stained bands was quantified using the Scion

Image Program (Scion Corp., USA).

Determination of myocardial infarct size

Twenty-four hours after administration of drugs or vehicle,

rats were anesthetized with pentobarbital (150 mg/kg, i.p.),

and the body temperature was maintained at

37.0 ± 0.5 �C. Animals were ventilated with a rodent

ventilator (HX-300S, Chengdu TME Technology Co., Ltd.,

China) at 60 to 70 breaths per minute with tidal volume of

about 15 ml/kg. The electrocardiogram (ECG) in lead II

together with the blood pressure of the carotid artery was

continuously monitored and recorded using a data acqui-

sition system (PowerLab/8 s, AD Instrument, Australia).

Left thoracotomy was performed in the third or fourth in-

tercostals space, and the pericardium was opened to expose

the heart. A 5/0 silk suture was passed around the left

descending artery (LDA). After stabilization of cardiac

function for 15 min, myocardial ischemia was produced by

ligating the LDA, and reperfusion was produced by loos-

ening the ligation [14]. The classical ischemic sign fol-

lowing coronary arterial occlusion was indicated by a

48 J Physiol Sci (2013) 63:47–53

123



significant ST segment elevation on the ECG immediately

after LDA ligation together with a slight blood pressure

reduction (Fig. 1).

The coronary artery was occluded for 30 min, followed

by 120-min reperfusion; 1000 U of sodium heparin was

given intravenously before coronary artery occlusion. At

the end of reperfusion, after the rat LDAs were ligated

completely, the aorta was also ligated, and 2 % Evans

blue (1 ml) was injected to the heart via the left free

ventricular wall to delineate the in vivo area at risk; then,

the heart was removed quickly and frozen. After removal

of the atrium and right ventricular wall, the left ventric-

ular wall was sectioned into 2-mm transverse sections

from the apex to base (5 slices/heart). Following

defrosting, the slices were incubated at 37 �C with 1 %

triphenyltetrazolium chloride (TTC) in phosphate buffer

(pH 7.4) for 15 min, fixed in 10 % formaldehyde solution

and photographed with a digital camera (Cannon, Japa-

nese) to distinguish clearly red-stained viable tissue and

unstained necrotic tissue. Normal myocardium stained by

Evans blue and TTC looked blue, ischemic myocardium

that was not infarcted stained by TTC looked red, and

infarct myocardium unstained by either Evans blue or

TTC looked pale. The area at risk included a red and a

pale area. The different zones were determined using an

image processing system (JIE DA-108, Jiangsu, China).

The area at risk and left ventricular infarct zone were

expressed as percentage of ventricle surface (area at risk/

ventricle surface) and area at risk (left ventricular infarct

zone/area at risk), respectively.

Statistics

Data were expressed as mean ± SEM. The differences of

the parameters between prior and posterior to drug appli-

cation were analyzed by paired Student’s t test. Differences

between groups were evaluated by one-way ANOVA fol-

lowed by Dunnet’s post hoc test. Statistical significance

was accepted at P \ 0.05.

Result

Cardiac expression of HSP72

HSP72 in the AEA group was observed from 6 h and

peaked at 24 h after AEA administration, but the expres-

sion level at 48 h after administration decreased compared

with that at 24 h (Fig. 2a). No time-dependent change in

the expression of HSP72 was observed in the control group

(Fig. 2b). Pretreatment with AEA for 24 h resulted in a

high content of HSP72 in myocardium, which was blocked

by the CB2 receptor antagonist AM630 but not the CB1

receptor antagonist AM251 (Fig. 2c, d). However, AM630

or AM251 alone had no effect on HSP72 expression.

Infarct size

The infarct size in AEA group hearts at 120 min after

reperfusion was 24.6 ± 3.7 %, much smaller than

46.7 ± 7.6 % in control rat hearts (P \ 0.05). There was

no significant difference in the area at risk between the two

groups. CB1 receptor antagonist AM251 or CB2 receptor

antagonist AM630 alone had no significant effect on the

infarct size. However, pretreatment with AM630 but not

AM251 abolished the reducing effects of AEA on the

infarct size (Fig. 3).

PI3K/Akt signaling pathway is involved in AEA-

induced HSP72 expression

Phospho-Akt and total Akt were observed before and 1 and

24 h after AEA administration. A robust increase in phospho-

Akt was observed 1 h after AEA treatment, which was

inhibited by pretreatment with AM630, PI3K inhibitor wort-

mannin and Akt inhibitor MK-2206, respectively (Fig. 4).

A high content of HSP72 in myocardium was observed

24 h after AEA treatment, which was also blocked by

pretreatment with AM630 (Fig. 2c, d), wortmannin and

MK-2206 (Fig. 5).
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Fig. 1 Arterial Blood pressure

(ABP) and electrocardiogram

(ECG) results before and after

ligation of the left descending

coronary artery. a ABP and

ECG results before ligation of

the left descending coronary

artery. b ABP and ECG results

after ligation of the left

descending coronary artery
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Discussion

The major findings in this study are that intravenous

injection of 1 mg/kg AEA evoked a significant increase in

HSP72 expression through the PI3K/Akt signaling pathway

in the hearts of rats and that the infarct size of hearts treated

with AEA were reduced when suffering ischemia–reper-

fusion. These effects were mediated by CB2 but not CB1

receptors.

It is reported that AEA can limit the damage induced by

ischemia–reperfusion in rat isolated hearts [7]. In our

study, AEA also reduced the infarct size in hearts suffering

ischemia–reperfusion. Therefore, without doubt, AEA can

protect the heart from ischemia–reperfusion injury. HSP72,

a cytosolic AEA-binding protein, uses a nonvesicular

mechanism to transport AEA intracellularly [15]. During

cell stress responses, transportation of the AEA-HSP72

complex could decrease the amount of free HSP72 in the

cytosol, while inducing HSP72 expression to obtain intra-

cellular homeostasis. Some authors believe that the pool of

free (unbound) cytosolic HSPs is very small and that the

further reduction in HSP levels is a signal to induce HSP

expression in response to proteotoxic stress [16]. Recent

experiments described that AEA administration enhanced

HSP72 and HSP25 expression in lungs [8]. Pasquariello

et al. [17] also proved that AEA administration induces the

overexpression of BiP, an important member of the HSP72

family, in cultured human neuroblastoma cells. Therefore,

these results are similar to our finding that AEA increased

HSP72 expression in the hearts of rats.

We determined the receptor subtypes responsible for the

effect of AEA on HSP72 and the infarct size of hearts

suffered ischemia–reperfusion. Two types of cannabinoid

receptors, CB1 and CB2, have been cloned [18] and widely

expressed in the cardiovascular system, such as blood

vessels and cardiac tissue [19]. AEA is a natural constituent

of the plasma membrane and considered to be a CB1 and

CB2 receptor agonist because it exhibits pharmacological

activities comparable to cannabinoids [20]. In this study,

we found that blockade of CB2 receptors with the selective

antagonist AM630 completely blocked the elevation of

AEA-induced HSP72. Also, AM630 abolished the protec-

tive effects of AEA on hearts during ischemia–reperfusion.

However, the CB1 receptor antagonist AM251 failed to

change the effects of AEA on HSP72 and myocardial

infarct size during ischemia–reperfusion in hearts. The

results indicated that the increase of AEA-induced HSP72

expression and protective effects of AEA against ische-

mia–reperfusion injury were mediated by the CB2 receptor

but not the CB1 receptor. Many studies have emphasized

the role of CB2 receptors in cardioprotection. It has been

shown that blockade of CB2 receptors eliminates the
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Fig. 2 Expression of heat shock protein 72 (HSP72) after adminis-

tration of anandamide (AEA) analyzed by Western blot. a Represen-

tative bands of HSP72 at baseline (BL), 6, 12, 24 and 48 h after

administration of AEA (1 mg/kg). b Plots of relative density of

HSP72 protein to BL against time after administration of AEA (AEA

group) and vehicle (control group). Representative bands of HSP72

protein (c) and bars of relative density of HSP72 protein (d) at 24 h

derived from control, experimental AEA-treated rats, CB1 receptor

antagonist AM251-treated rats, AM251- and AEA-treated rats, CB2

receptor antagonist AM630-treated rats, and AM630- and AEA-

treated rats. Data are relative density compared to that in the control

group (n = 6). Data are mean ± SEM. *P \ 0.05 versus control

group
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size induced by ischemia–
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hearts after ischemia–
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rats. Data are relative density compared to that in the control group
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cardiac protective effect of endocannabioinds in rat iso-

lated hearts exposed to low-flow ischemia and reperfusion

[21]. To further strengthen the cardioprotective role of CB2

receptor, a recent study demonstrated that a single dose of

the CB2 receptor agonist JWH-133 reduced infarct size

[22]. Selective CB2 receptor agonists have antiinflamma-

tory effects in various other models of ischemic–reperfu-

sion injury [23]. These results are consistent with our

finding that CB2 receptors are involved in cardioprotection.

Both the myogenic cells and hearts of transgenic mice

found to overexpress HSP72 protein are resistant to

ischemic injury [3]; in other words, increased HSP72 levels

per se provide protection against ischemia-related insult.

The above data showed two phenomena: (1) AEA caused

elevation of HSP72, and (2) AEA caused cardiac protec-

tion. These two phenomena seemed parallel and consistent,

but whether or not HSP72 ‘‘per se’’ contributes to the AEA-

induced cardiac protection is not known. In our study,

blockade of CB2 receptors completely blocked the eleva-

tion of AEA-induced HSP72 and moreover abolished the

protective effects of AEA during ischemia–reperfusion.

That is, the elevation of AEA-induced HSP72 by the CB2

receptor inhibits the ischemia–reperfusion-induced cardiac

infarction. Taking these data into account, HSP72 per se is

indeed ‘‘involved and responsible’’ in the AEA-induced

protection from ischemia–reperfusion-induced cardiac

damage.

Further mechanisms of HSP72 induction by AEA were

examined. It was reported that phosphatidylinositol

3-kinase (PI3K)-dependent activation of Akt was demon-

strated to be essential for the expression of cardiac HSP72

induced by hyperthermia [24]. That stimulation of the CB2

receptor by endocannabinoids has a neuroprotective effect

that is achieved through PI3K/Akt signaling [25] was also

reported. Is the PI3K/Akt signaling pathway involved in

the elevation of AEA-induced HSP72? In our study, AEA

could increase phospho-Akt expression; pretreatment with

the PI3K inhibitor wortmannin and Akt inhibitor MK-2206

both inhibited the elevation of AEA-induced phospho-Akt.

Furthermore, pretreatment with wortmannin and MK-2206

also inhibited the elevation of AEA-induced HSP72.

Therefore, we presume that AEA active Akt functions in a

PI3K dependent manner, and AEA increased HSP72

though the PI3K/Akt signaling pathway. In addition, these

effects were all mediated by the CB2 receptor.

The present experiments are the first to describe the

influence of intravenously administered endocannabinoid

AEA on HSP expression in hearts. We conclude that AEA

administration enhanced HSP72 expression through the

PI3K/Akt signaling pathway in hearts. Therefore, AEA-HSP

interactions could be involved in mechanisms protecting

hearts against ischemia–reperfusion injury. These effects

were mediated by CB2 but not CB1 receptors. However, the

underlying mechanisms need further investigation.
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