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b2-adrenoceptor agonist clenbuterol reduces infarct
size and myocardial apoptosis after myocardial
ischaemia/reperfusion in anaesthetized ratsbph_813 1561..1572
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Background and purpose: Considerable evidence indicates that the b2-adrenoceptor agonist clenbuterol decreases apoptosis
in a rodent model of ischaemic cardiomyopathy. In this study, we investigated the effects of clenbuterol on infarct size caused
by myocardial ischaemia/reperfusion (I/R) in anaesthetized rats.
Experimental approach: Rats were randomly assigned to the following groups: (i) sham (ii) I/R (iii) clenbuterol + I/R (iv) ICI
118551 + clenbuterol + I/R (v) metoprolol + clenbuterol + I/R (vi) metoprolol + I/R (vii) pertussis toxin + clenbuterol + I/R.
Under anaesthesia, left anterior descending coronary artery was occluded for 30 min followed by reperfusion for 2 h.
Key results: Compared with the control I/R group,the clenbuterol (0.5 mg·kg-1, i.p.) group had reduced infarct size, improved
diastolic function and sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA) activity, increased superoxide dismutase
activity, and decreased malondialdehyde (MDA) level and LDH, CK release. Clenbuterol increased the phosphorylation of
ERK1/2, which resulted in inhibition of myocardial apoptosis as indicated by the reduction of terminal deoxynucleotidyltrans-
ferase end labelling-positive staining, Bax/Bcl-2 mRNA and caspase-3 protein expression. The Gi-protein inhibitor pertussis
toxin blocked the clenbuterol-induced improvement in cardiac function and infarct size. Pretreatment with ICI 118551(a
selective b2-adrenoceptor antagonist) inhibited the effects of clenbuterol mentioned above. The b1-adrenoceptor agonist
metoprolol had similar effects to clenbuterol but failed to reduce MDA and improve SERCA activity. When administered
together, metoprolol and clenbuterol did not induce synergistic effects.
Conclusions and implications: Clenbuterol pretreatment provides significant cardioprotection against ischaemia/reperfusion
injury and this is mediated by the b2-adrenoceptor–Gi-protein signalling. A combination of the b2-adrenoceptor agonist
clenbuterol and the b1-antagonist metoprolol did not lead to a synergistic anti-apoptotic effect.
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Introduction

Ischaemic heart disease is one of the most common causes of
death in developed countries. In the ischaemic heart,

restoration of the antegrade coronary flow in the infarct-
related coronary artery is imperative to limit myocardial
ischaemic necrosis (Yellon and Hausenloy, 2007); however, it
can also lead to irreversible myocardial damage. This is caused
by reperfusion itself which induces the generation of reactive
oxygen species, intracellular calcium overload and inflamma-
tion, and these changes eventually interact to accelerate myo-
cardial apoptosis (Lin et al., 2005; Timmers et al., 2009).

Clenbuterol is a b2-adrenoceptor agonist which was first
used in the mid-1970s to treat asthma, and has been approved
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for this indication in Europe (Salorinne et al., 1975). Recently,
clenbuterol has been regarded as a potential treatment for
cardiac diseases, especially for the dilated cardiomyopathy of
patients who have had a left ventricular assist device
implanted (Ahmet et al., 2008; Soppa et al., 2008).

However, clenbuterol has been reported to induce cardi-
omyocyte apoptosis in normal healthy animals (Burniston
et al., 2005a, b; 2006). Whereas, clenbuterol (Xydas et al.,
2006) and another b2-adrenoceptor agonist, fenoterol (Ahmet
et al., 2004), have each been shown to have beneficial effects
on the myocardium of animals subjected to coronary artery
ligation. Also, clenbuterol decreased apoptosis and improve
calcium homeostasis in a rodent model of ischaemic cardi-
omyopathy (Xydas et al., 2006). In addition, clenbuterol
elevated Bcl-2 and Bcl-xl protein levels in the rat hippocam-
pus after transient forebrain ischaemia in vivo (Zhu et al.,
1999). We previously reported that the b2-adrenoceptor
agonist clenbuterol reduced myocardial ischaemia/
reperfusion (MI/R)-induced cardiomyocyte apoptosis in rat
isolated hearts (Liu et al., 2008). In rat ventricular cardiomyo-
cytes, there is accumulating evidence showing that
b2-adrenoceptor agonists can activate Gs- and Gi-protein. Cou-
pling to the Gs protein elicits a pro-apoptotic effect, whereas
coupling to the Gi protein elicits an anti-apoptotic effect.
Thus, the cardioprotection induced by clenbuterol stimula-
tion is likely to be mediated by the b2-adrenoceptor through
coupling to the Gi protein.

The toxic effect induced by stimulation of b-adrenoceptors
is mediated primarily by b1-adrenoceptors, whereas
b2-adrenoceptor stimulation has antiapoptotic and cardiopro-
tective effects. This raises the possibility that combination
therapy with a b2- agonist such as clenbuterol and a
b1-adrenoceptor antagonist such as metoprolol may produce
synergistic effects on myocardial ischaemia/reperfusion
injury.

Therefore, the aims of the present study were (i) to deter-
mine the potential effects of clenbuterol in limiting infarct
size and in reducing cardiomyocyte apoptosis after myocar-
dial ischaemia/reperfusion in anaesthetized rats both alone
and in combination with metoprolol; (ii) to investigate the
role of Gi protein in the cardioprotective effect of clenbuterol;
and (iii) to investigate the underlying effects of clenbuterol on
haemodynamics and oxidative stress. In addition, we studied
the effects of clenbuterol on sarcoplasmic reticulum Ca2+-
ATPase activity and the phosphorylation of ERK1/2.

Methods

Experimental animals
Male Sprague-Dawley rats (Grade II, Certificate no. 2004-
0007) weighing 250–300 g were purchased from the Experi-
mental Animal Center of Tongji Medical College (Wuhan,
China). All animals were treated in accordance with the guide
for the Care and Use of Laboratory Animals published by the
US National Institutes of Health.

Experimental protocol
Rats were randomly divided into seven groups, each consist-
ing of eight animals (i) sham group (sham), sham-operated

rats in which no tightening of the left anterior descending
(LAD) coronary artery sutures was performed; (ii) MI/R
group (0.9% saline + MI/R); (iii) clenbuterol group
(clenbuterol + MI/R), rats were given clenbuterol (0.5 mg·kg-1)
by i.p. injection 1 h before ischaemia; (iv) ICI 118551 group
(ICI l18551 + clenbuterol + MI/R), rats were pretreated with
ICI 118551 (5 mg·kg-1) by i.p. injection 30 min before injec-
tion of clenbuterol (0.5 mg·kg-1); (v) metoprolol + clenbuterol
group (metoprolol + clenbuterol + MI/R), rats were given
metoprolol (5 mg·kg-1) and clenbuterol (0.5 mg·kg-1) by i.p.
injection 1 h before ischaemia; (vi) metoprolol group
(metoprolol + MI/R), rats were given metoprolol (5 mg·kg-1)
by i.p. injection 1 h before ischaemia; (vii) PTX + clenbuterol
group (PTX + clenbuterol + MI/R), rats were given an i.p.
injection of pertussis toxin (20 mg·kg-1) 48 h before the study
and clenbuterol (0.5 mg·kg-1) was administered as above. All
drug concentrations were chosen based on previous publica-
tions that investigated b-adrenoceptor-mediated signalling in
apoptosis and our preliminary experiments.

Surgical preparation
Rats were anaesthetized with 20% urethane (0.5 mL·100g-1,
i.p.). The neck was opened with a ventral midline incision,
and a tracheotomy was performed. The rats were ventilated
with room air from a positive pressure ventilator (Zhe Jiang
university DH-140, 65strokes·min-1, 10 mL·kg-1). The right
carotid artery was advanced with PE-50 tubing (Becton Dick-
inson) into the left ventricle (LV) to measure LV systolic pres-
sure (LVSP) and end-diastolic pressure (LVEDP), and maximal
rate of rise and decline of LV pressure (� dP/dtmax). A left
thoracotomy was performed at the fifth intercostal space and
the pericardium was opened to expose the heart. A 5-0 silk
suture was passed around the LAD and the ends were pulled
through a small vinyl tube to form a snare and then tight-
ened. Coronary artery occlusion was confirmed by
ST-segment elevation in the electrocardiogram (ECG) and the
presence of regional cyanosis in the myocardium. After
30 min period of ischaemia, the myocardium was reperfused
by releasing the snare gently for 2 h (M I/R) (Jin et al., 2008).
A lead II electrocardiogram and haemodynamic parameters
were monitored throughout the duration of the experiment.
At the end of the reperfusion period, rats were killed for
biochemical studies and other analysis.

Infarct size assessment
Myocardial infarct size was assessed with Evans Blue dye
(Sigma) and triphenyl tetrazolium chloride (TTC, Amresco).
Briefly, after reperfusion, LAD was re-occluded at the same
location, and Evans Blue was infused into the abdominal
aorta to determinate the area-at-risk (AAR). After excision of
the heart, the LV was cut into 2-mm transverse slices from
apex to base. The slices were incubated in 1% TTC (pH 7.4) at
37°C for 20 min and then placed in 4% formaldehyde for 1
day. After TTC staining, infarcted areas are clearly visible as
TTC-negative (pale) while viable myocardial areas are stained
brick red.

Histopathological analysis
At the end of reperfusion, myocardial tissues were immedi-
ately fixed in 10% formalin solution and embedded in paraf-
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fin. The paraffin-embedded tissues were sectioned and stained
with haematoxylin-eosin and analysed by light microscopy
(Olympus BX40, Tokyo, Japan). The following morphological
criteria (Mohanty et al., 2008) were used to determine the
histopathological damage: score 0, no damage; score 1 (mild),
interstitial oedema and focal necrosis; score 2 (moderate),
diffuse myocardial cell swelling and necrosis; score 3 (severe),
confluent areas of inflammation, oedema and necrosis; and
score 4 (highly severe), massive area of inflammation, oedema
and necrosis.

Measurement of plasma LDH and CK activities and
malondialdehyde (MDA), and superoxide dismutase (SOD) in
cardiac tissue
The blood samples drawn from the abdominal artery at the
end of reperfusion were collected in heparin-treated tubes.
These samples were centrifuged at 250¥ g for 15 min. The
plasma was used for determination of LDH and CK activities
with commercial kits (An et al., 2006). The frozen cardiac
tissue samples were weighed and homogenized (1:10, w/v) in
50 mmol·L-1 phosphate buffer (pH 7.4) and kept in an ice-
bath. The MDA level and SOD activity were measured by
colourimetric analysis using a spectrophotometer with
the associated detection kits (Jiancheng, Nanjing, China)
respectively.

Preparation of sarcoplasmic reticulum and measurement
of sarcoplasmic/endoplasmic reticulum Ca2+-ATPase
(SERCA) activity
The sarcoplasmic reticulum membrane was prepared accord-
ing to the methods of Osada et al. (1998). Briefly, the LV was
homogenized in 10 mL ice-cold lysis buffer (50 mM Na2HPO4,
10 mM Na2EDTA and 25 mM NaF, pH 7.4). The homogenate
was centrifuged at 14 000¥ g for 20 min at 4°C, and the
supernatant obtained was further centrifuged at 45 000¥ g for
30 min. The pellet obtained was resuspended in storage buffer
(30 mM histidine, 0.25 mM sucrose, 10 mM EDTA and
10 mM NaF at pH 7.4), and stored at -80°C. The concentra-
tion of protein was determined by a modified Bradford assay.

The activity of Ca2+-ATPase was determined with a kit
(Jiancheng, Nanjing, China) by measuring the inorganic
phosphate (Pi) liberated from ATP hydrolysis (Henkel et al.,
1988). Sarcoplasmic reticulum Ca2+-ATPase activity was
assayed in a medium (50 mM histidine, 3 mM MgCl2,
100 mM KCl, 5 mM sodium azide, 3 mM ATP and 0.05 mM
CaCl2, pH 7.0). Cardiac sarcoplasmic reticulum membranes
were added to the reaction mixture at a final concentration of
15–20 mg of protein·mL-1, pre-incubated for 10 min at 37°C.
The reaction was initiated by the addition of ATP. Mitochon-
drial contamination was excluded by determining the activity
of azide-sensitive ATPase.

Reverse transcription PCR(RT-PCR) analysis
Total RNA was prepared from rat myocardial tissue samples
using Trizol reagent (Gibco BRL, USA) following the manu-
facturer’s protocol. Complementary DNA was generated by
SuperScript First-Strand Synthesis System for RT-PCR using
oligo(dT) as primer.

The sense and anti-sense primer sequences used were: Bax:
5’-AAGAAGCTGAGCGAGTGTCT -3’; 5’-CAAAGATGGTCAC
TGTCTGC-3’; Bcl-2: 5’-CTGGTGGACAACATCGCTCTG-3’; 5’-
GGTCTGCTGACCTCACTTGTG-3’; b-actin: 5’-CGTAAAGAC
CTCTATGCCAA-3; 5’-AGCCA TGCCAAATGTGTCAT-3. These
primer sets yielded PCR products of 360bp, 228bp and 314bp
for Bax, Bcl-2 and b-actin respectively. PCR (35 cycles for Bax
and Bcl-2, 25cycles for b-actin cDNA) was performed using the
GeneAmp PCR System 2400 (PA). The PCR products were
electrophoresed through a 1.5% agarose gel and visualized by
ethidium bromide staining and UV irradiation. The gel pho-
tographs were scanned with a computerized densitometer
(SYNGENE, London, UK).

Terminal deoxynucleotidyl transferase-mediated dUTP nick
end-labelling (TUNEL) assay
After the reperfusion, the hearts were isolated from each
group for the TUNEL assay with a commercial in situ apoptosis
detection kit (Dead End Colorimetri, TUNEL system,
Promega). The TUNEL staining technique labels broken
strands of DNA which arise mainly from apoptosis but also
from necrosis(Scarabelli et al., 1999). The tissues were embed-
ded in paraffin, cut into 4-mm sections. The paraffin was
removed from the sections with xylene, they were rehydrated
as described previously, and incubated with 20 mg·mL-1 pro-
teinase K for 10 min, then rinsed in distilled water. Endog-
enous peroxidase was blocked by incubating the tissue
sections in 3% hydrogen peroxide in methanol for 30 min at
room temperature. The sections were then washed several
times in PBS and then incubated with equilibration buffer for
10–15 s and TdT-enzyme for 60 min in a humidified atmo-
sphere at 37°C. The sections were subsequently placed in
pre-warmed working-dilution stop/wash buffer at room tem-
perature for 10 min and then incubated with streptavidin–
peroxidase for 45 min. PBS was used to wash the tissue
sections carefully between each step. Diaminobenzidine was
used as a chromogen and counterstaining was performed
using Mayer’s haematoxylin. All steps were performed accord-
ing to the instructions of the kit. Three sections from each
myocardial sample were randomly selected and ten micro-
scopic fields per section were evaluated. In each field, the
percentage of TUNEL-positive nuclei was calculated (number
of apoptotic myocytes/the total number of myocytes
counted ¥ 100). Heart tissue samples for TUNEL analysis were
obtained from the margins of noninfarcted but ischaemic
areas.

Western blotting
Total protein was extracted with cell lysis buffer (20 mM Tris-
HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1%
Triton, 3% SDS, 1 mM phenylmethylsulphonyl fluoride and
5 mg·mL-1 protease inhibitor cocktail) from area at risk zones
of the heart. In total, 50–80 mg of total proteins was loaded
onto 10% gradient SDS-polyacrylamide gels. Following elec-
trophoresis, the proteins were transferred to an immobilon-
polyvinyliding fluoride (PVDF) membrane. After the non-
specific binding sites on the membrane were blocked with 5%
non-fat dry milk in TBS-T for 1 h, the membrane was incu-
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bated with mouse monoclonal antibody p-ERK1/2 (Santa
Cruz Biotechnology), anti-ERK2 antibody (Cell Signaling
Technology), or anti-caspase-3 antibody (Santa Cruz Biotech-
nology), or anti-b-actin antibody (Santa Cruz Biotechnology).
Bound antibody was detected by horseradish peroxidase
(HRP) conjugated anti-mouse IgG or anti-rabbit IgG. Finally,
Immunoreactive bands were visualized with an ECL reagent.
The intensity of bands was quantified by densitometry.

Statistical analysis
All data are expressed as means� SEM. Statistical significance
of differences between means was analysed by one-way ANOVA

followed by Student-Newman-Keuls test. A P-value < 0.05 was
considered to be significant.

Materials
Clenbuterol (a b2-adrenoceptor agonist) and metoprolol (a
b1-adrenoceptor-selective antagonist) were purchased from
Sigma (St Louis, MO, USA); ICI 118551 (a b2-AR-selective
antagonist) was from Zeneca Pharmaceuticals (Cheshire, UK);
pertussis toxin (PTX, a Gi-protein inhibitor) was from
Calbiochem-Novabiochem Co (La Jolla, CA). Nomenclature
for receptors and compounds is in accordance with the British
Journal of Pharmacology’s Guide to Receptors and Channels
(Alexander et al., 2008).

Results

Effect on myocardial infarct size
To evaluate the effect of clenbuterol on myocardial infarct
size, we measured area at risk and infarct size (Figure 1). AAR
size was not significantly different among groups. Treatment
with clenbuterol, metoprolol + clenbuterol and metoprolol
had a smaller infarct size compared with the MI/R group, and

there were no differences among the three groups. However,
the clenbuterol-induced infarct-limiting protection was com-
pletely abolished by the b2-adrenoceptor blocker, ICI l 18551.

Role of Gi-protein-coupled receptors in
clenbuterol-mediated cardioprotection
Rats were treated with PTX 48 h before ischaemia. Figure 2
shows that pretreatment with PTX blocked the clenbuterol-
induced improvement in cardiac function (+dP/dtmax and
LVSP) after ischaemia–reperfusion injury. We also examined
the effect of PTX pretreatment on infarct size. As shown in
Figure 1, the clenbuterol group had a significantly smaller
infarct size than the MI/R group. Pretreatment with PTX
blocked the clenbuterol-induced reduction in infarct size.

Haemodynamic data
Pretreatment with clenbuterol decreased the LVEDP com-
pared with the control I/R group during the course of
ischaemia and reperfusion (P < 0.05), whereas the metoprolol
group had lower heart rate (HR) and LVEDP than the control
I/R group (Figure 2). Compared with the clenbuterol group,
the ICI 118551 + clenbuterol group had a significantly
decreased +dP/dtmax at 80, 100 and 120 min of reperfusion
(P < 0.05). There were no differences in LVSP or +dP/dtmax

among clenbuterol, metoprolol and metoprolol + clenbuterol
groups.

Histopathological results
Microscopic histology revealed that the non-infarcted myo-
cardium in the sham group is characterized by an organized
pattern and shows normal architecture of the myocardium. In
contrast, the myocardium of the control I/R group presented
marked oedema, confluent areas of myonecrosis, myofibre
loss as compared with those in the sham group. In the clen-
buterol, metoprolol and metoprolol + clenbuterol pretreated
rats subjected to ischaemia and reperfusion, occasional focal
myofibre loss, necrosis and oedema were observed but these
were significantly less compared with the control I/R group.
The degree of oedema and necrosis was more severe in the ICI
118551 + clenbuterol group than in the clenbuterol group
(Figure 3).

Biochemical results
The biochemical indicators of myocardial damage were evalu-
ated after the MI/R injury. A significant increase in LDH, CK
levels were observed in the control I/R group as compared
with the sham group (P < 0.01). In addition, in the control I/R
group, a higher level of MDA and lower level of SOD
(P < 0.01) in comparison with the sham group were observed.

Clenbuterol and metoprolol treatment both alone and in
combination led to decreased levels of the LDH and CK activi-
ties as compared with the control I/R group (P < 0.05).
Figure 4 shows that clenbuterol, metoprolol + clenbuterol
prevented the increase in I/R-augmented MDA levels. Meto-
prolol alone tended to reduce the MDA levels but this was not
statistically significant. The SOD activities were significantly

Figure 1 Myocardial infarct size quantified as a percentage of the
total left ventricle myocardial infarction. Sham-operated rats or rats
with different pretreatments were subjected to 30 min of ischaemia
and 2 h of reperfusion. ##P < 0.01 versus sham; **P < 0.01 versus I/R
group; &&P < 0.05 versus clenbuterol. Clen, clenbuterol; ICI, ICI
118551; I/R, ischaemia/reperfusion; meto, metoprolol.
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increased in the clenbuterol, metoprolol and
metoprolol + clenbuterol groups versus the control I/R group,
and there were no differences among the three groups
(P > 0.05). Moreover, pretreatment with ICI 118551 led to an
increase in CK, LDH and MDA, and a decrease in SOD com-
pared with the clenbuterol group (P < 0.05).

Effect on Ca2+-ATPase activity
The fact that calcium homeostasis plays an important role in
the ischaemia/reperfusion-induced myocardial cell injury has
been well-documented, and because the re-uptake of Ca2+ by
the sarcoplasmic reticulum is mainly via sarcoplasmic/

endoplasmic reticulum Ca2+-ATPase (>90% Ca2+ in cytoplasm),
we used an optical assay to examine the activity of Ca2+-
ATPase. As depicted in Figure 5, the Ca2+-ATPase activity in
control I/R hearts was significantly reduced compared with
the sham group (12.47 � 1.40 mmol Pi·h–1·mg–1 protein vs.
50.29 � 6.42 mmol Pi·h–1·mg–1 protein, P < 0.01). Interest-
ingly, the activity of Ca2+-ATPase was higher in the clen-
buterol, metoprolol and metoprolol + clenbuterol groups
(27.86 � 5.27 mmol Pi·h–1·mg–1 protein, 23.01 � 1.51 mmol
Pi·h–1·mg–1 protein, 20.15 � 1.15 mmol Pi·h–1·mg–1 protein
respectively) compared with the control I/R group. However,
the increase reached statistical significance only for clen-
buterol (P < 0.05, versus the control I/R group) and this

Figure 2 Effect of clenbuterol and metoprolol on haemodynamic variables. Time courses of LVSP(A), LVEDP (B), HR (C) and +dP/dtmax (D)
were continuously recorded throughout the experiment(0–30 min: ischaemia, 30–150 min: reperfusion). Each point represents the
mean � SEM of eight separate rats. +dP/dtmax, maximum left ventricular dP/dt; HR, heart rate; LVEDP, left ventricular end-diastolic pressure;
LVSP, left ventricular systolic pressure.
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clenbuterol-induced increase in Ca2+-ATPase activity could be
prevented by ICI 118551 (12.25 � 5.68 mmol Pi·h–1·mg–1

protein).

Effect on myocardium apoptosis
An increased number of TUNEL-positive cells in the I/R heart
indicated that apoptotic death occurred in these animals. The
staining of TUNEL was increased in all the LAD ligation
groups versus the sham rats, indicating that there was
increased apoptosis after surgery in these rats. Clenbuterol
and metoprolol treatment both alone and in combination led
to decreased levels of TUNEL staining compared with the
control I/R group (Figure 6). In contrast, the ICI
118551 + clenbuterol group had an increased number of
TUNEL-positive cells compared with the clenbuterol alone
group.

Effect of the different treatments on the expression of Bcl-2
and Bax
As shown in Figure 7, clenbuterol and metoprolol pretreat-
ment both alone and in combination significantly increased
the expression of Bcl-2 and decreased that of Bax as compared

with the control I/R group. The ICI 118551 group revealed a
decrease of Bcl-2 and an increase of Bax mRNA levels com-
pared with the clenbuterol group. These results suggested that
clenbuterol and metoprolol alone and in combination inhib-
ited myocardial apoptosis, but there was no synergy noted in
the effect of metoprolol plus clenbuterol therapy.

Effect of clenbuterol on the expression of caspase-3 protein
We investigated the active p17 subunit of caspase-3, which
indicates the proteolytic activation of caspase-3. As illustrated
in Figure 8A, an obvious increase of p17 was detectable after
myocardial I/R. Clenbuterol and metoprolol pretreatment
both alone and in combination reduced the expression of
caspase-3 as compared with that in the I/R group, synergy was
not seen with the combination therapy. However, ICI 118551
enhanced the activity of caspase-3 compared with the clen-
buterol group.

Effect on ERK1/2 activation
Activation of ERK1/2 is associated with cytoprotection in
cardiomyocytes and directly mediates the up-regulation of
Bcl-2 (Wang et al., 2006). ERK1/2 activity was measured using
phospho-antibodies. The control I/R group had a decreased
level of ERK1/2 activity, the level was up-regulated in the
clenbuterol, metoprolol and metoprolol + clenbuterol groups
(P < 0.01, Figure 8B). ICI 118551 prevented the activation of
ERK1/2 induced by clenbuterol.

Discussion

There are four major findings in this study. First, we demon-
strated that b2-adrenoceptor stimulation by clenbuterol leads
to a marked reduction of myocardial infarct size in a rat model
of myocardial ischaemia/reperfusion. The plausible mecha-
nisms for the reduction of infarct size include improvement
of diastolic function, decreased levels of LDH, CK and MDA,
increased levels of SOD and Ca2+-ATPase activity, and preven-
tion of cardiomyocyte apoptosis. Second, clenbuterol
decreased postischaemic myocardial apoptosis by inhibiting
caspase-3 and bax/bcl-2 mRNA expression and increasing the
phosphorylation of ERK1/2. Third, we showed that the car-
dioprotective effect of clenbuterol is mediated by the
b2-adrenoceptor-Gi-protein signalling. Finally, we found no
evidence of synergy when the b2-adrenoceptor agonist was
administered combined with a selective b1-adrenoceptor
antagonist, metoprolol.

LDH and CK are important metabolic enzymes in cardi-
omyocytes, thus the extent of cardiomyocyte CK and LDH
release was an important indicator of myocardial I/R injury.
In our study, we found that pretreatment with clenbuterol,
metoprolol and metoprolol + clenbuterol led to a cardiopro-
tective effect as evidenced by reduced infarct size and the
release of LDH and CK. Clenbuterol pretreatment improved
recovery of diastolic and systolic function during reperfusion.
These results are similar to those of Ahmet et al. (2004); they
used the b2-adrenoceptor agonists fenoterol and zinterol in a

Figure 3 Representative slides of H&E (magnification 200¥). A com-
parison of H&E staining in myocardial tissue from sham-operated rats
or rats with different pretreatments after ischaemia 30 min and rep-
erfusion 2 h.
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rodent LAD-ligation model and found that b2-adrenoceptor
stimulation improved diastolic function.

There is accumulating evidence that oxidative stress
induces I/R injury, and reactive oxygen species (ROS) and free
radicals have long been recognized to act as major mediators
of I/R injury (Nelson et al., 1992; Kim et al., 2009). MDA, one
of the end-products in the lipid peroxidation process, results
in cell membrane breakdown and subsequence swelling,
which also has been used to assess oxygen-free radical-
mediated injury (Ozer et al., 2005; Akhlaghi and Bandy,
2009). SOD is an antioxidant enzyme that catalyses the con-
version of O2

- into H2O2 and O2. Reduction of MDA or
increase in SOD has been shown to minimize reperfusion
injury(Kim et al., 2009). In this study, we demonstrated that
clenbuterol, metoprolol, and a combination of clenbuterol
and metoprolol increased the level of SOD and decreased the
content of MDA (except metoprolol alone). However, ICI
118551 could abolish the effect of clenbuterol. The finding

that metoprolol was unable to decrease MDA is consistent
with the results from previous studies. The b-adrenoceptor
antagonist atenolol and metoprolol were found to be ineffec-
tive at reducing lipid peroxidation, even at high concentra-
tions in vitro (Lysko et al., 2000), and metoprolol did not
decrease MDA in a model of ischaemia/reperfusion in vivo
(Zhu et al., 2006). These results indicate that metoprolol
cannot prevent free-radical-induced lipid oxidation.

It has been demonstrated that ROS decreases the activity of
sarcoplasmic/endoplasmic reticulum Ca2+-ATPase (SERCA),
which plays an important role in cardiac calcium handing
and myocardial relaxation by coupling the cleavage of ATP to
the transport of Ca2+ into the sarcoplasmic reticulum lumen.
A dysfunction of SERCA has been proposed as a contributing
factor to MI/R injury (Tani, 1990; Osada et al., 2000). In our
study, the I/R rats had a decreased level of Ca2+-ATPase activity
compared with the sham-operated rats. The levels of Ca2+-
ATPase activity were up-regulated in the clenbuterol, meto-

A B

C D

Figure 4 Effect of clenbuterol and metoprolol on serum LDH, CK and myocardial tissues SOD and MDA levels after I/R injury in each group
rats. The levels of LDH (A), CK (B), SOD (C) and MDA (D) were measured by using commercial kit supplied from BioAssay Systems. The blood
serum samples were collected after 2 h reperfusion to measure the activity of LDH, CK. The myocardial tissue from ischemic zone were taken
and measured the activity of SOD and MDA. Results are means � SEM (n = 8 in each groups). #P < 0.05 versus sham, ##P < 0.01 versus sham,
*P < 0.05 versus I/R, **P < 0.01 versus I/R, &P < 0.05 versus clenbuterol. Clen, clenbuterol; ICI, ICI 118551; I/R, ischaemia/reperfusion; MDA,
malondialdehyde; meto, metoprolol; SOD, superoxide dismutase.
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prolol and metoprol + clenbuterol groups, although the
increases reached significance only for clenbuterol. This is
consistent with results from a previous study that evaluated
the effects of clenbuterol on SERCA2a levels in a rodent model

Figure 5 Effect of clenbuterol and metoprolol on sarcoplasmic
reticulum Ca2+-ATPase activity in ischaemic/reperfused myocardial
tissue. Data are means � SEM of eight samples. ##P < 0.01 versus
Sham; **P < 0.01 versus I/R; &&P < 0.01 versus clenbuterol. I/R,
ischaemia/reperfusion.

Figure 6 The levels of expression of Bcl-2 and Bax mRNA were
detected by RT-PCR in myocardial tissue subjected to 30 min of
ischaemia and 2 h of reperfusion. Quantification of the intensities of
the Bcl-2 and Bax bands were determined by densitometric scanning
of agarose gel and expressed as Bcl-2/Bax ratio. Lane 1: Sham; lane 2:
I/R; lane 3: clenbuterol; lane 4: ICI 118551 + clenbuterol; lane 5:
metoprolol + clenbuterol; lane 6: metoprolol. Data are means � SEM
of three independent samples. #P < 0.05 versus sham, **P < 0.01
versus I/R, &P < 0.05 versus clenbuterol. Clen, clenbuterol; ICI, ICI
118551; I/R, ischaemia/reperfusion; meto, metoprolol.

A

B

Figure 7 (A) Representative photomicrographs of in situ detection
of DNA fragment from sham-operated rats or rats with different
pretreatments subjected to 30 min of ischaemia followed by 2 h of
reperfusion. Arrowheads indicate positive nuclei for TUNEL staining
(magnification ¥ 200). (B) Percentage of TUNEL-positive nuclei in
sham, I/R and treated groups. ##P < 0.01 versus sham; **P < 0.01
versus I/R; &&P < 0.01 versus clenbuterol. Clen, clenbuterol; ICI, ICI
118551; I/R, ischaemia/reperfusion; meto, metoprolol; TUNEL, ter-
minal deoxynucleotidyltransferase end labelling.

Anti-apoptotic effect of clenbuterol
1568 Q Zhang et al

British Journal of Pharmacology (2010) 160 1561–1572



of ischaemic cardiomyopathy (Xydas et al., 2006). It is there-
fore likely that clenbuterol protects against myocardial
ischaemia/reperfusion injury partly by attenuating oxidative
myocardial damage and improving calcium handling.

Apoptosis plays a major role in mediating the cell death
after ischaemia and reperfusion (Bialik et al., 1997; Lv et al.,
2008). For quantitative analysis of myocardial apoptosis,
TUNEL staining is widely used to detect the DNA damage and
another of the most widely recognized biochemical features
of apoptosis is the activation of a class of cysteine proteases
known as caspases (Lv et al., 2008). Cells possess multiple
caspases, of which caspase-3 activity is required at the step
where a protease cascade pathway converges. Under physi-
ological conditions, apoptosis is regulated by the balance of a
variety of pro-apoptotic (e.g. bax, Bad) and anti-apoptotic
molecules (e.g. Bcl-2, Bcl-x) (Scarabelli et al., 1999; Liu et al.,
2004). Bcl-2 protein, which is an integral membrane protein
localized in the outer mitochondrial membrane, nuclear
membrane and endoplasmic reticulum (Monaghan et al.,
1992; Krajewski et al., 1993; Zhu et al., 1999), can protect
against apoptosis induced by ROS producing agents (Nelson
et al., 1992; Zhu et al., 1999; Ozer et al., 2005). In contrast, Bax
has been shown to actively promote apoptosis, and overex-
pression of Bax can counteract the anti-apoptotic activity of
Bcl-2(Oltvai et al., 1993).

ERK1/2, one of the members of MAPK family, is mainly
involved in growth factor-induced mitogen signalling and
cellular differentiation. ERK1/2 has been demonstrated to
protect against ischaemia-reperfusion injury through the inhi-
bition of apoptosis by down-regulation of Bax/Bcl-2 and
caspase-3 (Xu et al., 2004; Das et al., 2009). In this study, we
also demonstrated that clenbuterol led to an increase in the
ratio of mRNA Bcl-2/Bax and ERK1/2 activation, and reduced
the number of TUNEL-positive cells and the expression of
caspase-3 protein. The selective b2-adrenoceptor antagonist ICI
118551 attenuated these effects of clenbuterol. The mecha-
nism for this anti-apoptotic effect may therefore be mediated
by stimulation of b2-adrenoceptors. The results from the
present study are consistent with previous reports that clen-
buterol and other b2-adrenoceptor agonists decreased myocar-
dial apoptosis in both in vivo (Ahmet et al., 2004; Xydas et al.,
2006) and in vitro experimental models (Communal et al.,
1999; Zhu et al., 2001; Liu et al., 2008). However, clenbuterol
has been reported to cause cardiomyocyte apoptosis in healthy
animals (Burniston et al., 2005a,b; 2006). When administered
to normal healthy animals in vivo, b2-agonists induce cardi-
omyocyte death by neuromodulation of the sympathetic
nervous system and stimulation of the cardiomyocyte
b1-adrenoceptor. In light of this evidence, the b1-adrenoceptor
anatagonist metoprolol should block the cardiotoxity of clen-
buterol resulting from its stimulation of the b1-adrenoceptor.
Thus, a combination of the b1-adrenoceptor antagonist meto-
prolol and clenbuterol should lead to a synergistic anti-
apoptotic effect, based on the theory that stimulation of
b2-adrenoceptors activates pro-apoptotic and anti-apoptotic
signals concurrently (Zhu et al., 2001). However, synergy was
not seen with the combination therapy in our study. This is
consistent with prior reports that there was no synergistic
anti-apoptotic effect when the two interventions (b1-
adrenoceptor antagonist and b2-adrenoceptor agonist) were
combined in ischaemic heart failure (Xydas et al., 2006).

Thus, we speculate that the apparent disparity between the
findings of the present work and those of Burniston et al. is
explained by the different experimental models of rats used

Figure 8 Clenbuterol and metoprolol reduced the expression of
cleaved caspase-3 and activated the phosphorylation of ERK1/2 in
ischaemic/reperfused myocardial tissue. Rats were pretreated with
clenbuterol or/and metoprolol and subjected to 30 min of ischaemia
and 2 h of reperfusion. Cleaved caspase-3 (A) and phosphorylated
ERK1/2 (B) were detected with Western blot (representative blot
above each histogram) analysis by using antibodies specific for
caspase p17/b-actin and phosphorylated ERK1/2/total ERK2. The
intensity of each band was quantified by densitometry, and data were
normalized using the intensity of b-actin or total ERK2. Lane 1: Sham;
lane 2: I/R; lane 3: clenbuterol; lane 4: ICI 118551 + clenbuterol; lane
5: metoprolol + clenbuterol; lane 6: metoprolol. ##P < 0.01 versus
sham; **P < 0.01 versus I/R; &P < 0.05 versus clenbuterol. I/R,
ischaemia/reperfusion.
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and different doses of clenbuterol. Sichelschmidt et al. (2003)
reported that ischaemia/reperfusion injury increases PKA,
which could phosphorylate the b2-adrenoceptor and switch
coupling of this receptor from Gs to Gi protein (Daaka et al.,
1997; Zamah et al., 2002). The b2-adrenoceptor is linked to
Gi-mediated ERK activation, which is involved in the anti-
apoptotic pathway. In our study, the finding that ERK1/2
phosphorylation was increased by clenbuterol is consistent
with previous data. We tested the hypothesis that
b2-adrenoceptors protect cardiomyocytes against apoptosis
via activation of the Gi protein. In support of this hypothesis,
we found that the hearts treated with Gi-protein inhibitor
pertussis toxin (PTX) were not protected by clenbuterol, sug-
gesting that the protective effect of clenbuterol is mediated
through the Gi protein. Similarly, its has been found that PTX
blocks the isoprenaline-induced improvement in postis-
chaemic LVDP and infarct size and that the PKA inhibitors PKI
and H-89 limit the protection of isoprenaline, consistent with
the hypothesis that PKA-mediated switching of coupling of
the b2-adrenoceptor from Gs to Gi protein is responsible for
the protection (Tong et al., 2005). Although PKA activity was
not measured in the present study, these findings indicate
that b2-adrenoceptors can couple to both Gs and Gi protein,
and through a switch in coupling mediated by PKA,
b2-adrenoceptors bind to Gi protein, through which the car-
dioprotective effect is achieved.

The dosages used for clenbuterol, ICI 118551 and meto-
prolol administration in the present work were based on pre-
viously published reports and our preliminary experiments.
Although serum clenbuterol levels were not monitored, the
observed changes in infarct size with clenbuterol pharmaco-
therapy suggest effective and appropriate therapeutic delivery.
In addition, metoprolol was also not monitored in our experi-
ments, our finding of a decreased HR is strong evidence of
effective drug delivery. In our study, the rats were given a
single injection of 0.0016 mmol·kg-1 (0.5 mg·kg-1) clen-
buterol. However, Burniston et al. reported that in the heart, a
significant incidence of apoptosis was measured after injec-
tion of 0.3 mmol·kg-1 of either fenoterol or isoprenaline but
not clenbuterol. Clenbuterol induced significant cardiomyo-
cyte death at 3 mmol·kg-1(Burniston et al., 2006). The differ-
ence in the doses of clenbuterol might partly contribute to the
disparity between the findings of the present work and those
of Burniston et al.

In our study metoprolol had a similar effect on apoptosis as
clenbuterol. This effect of a b1-adrenoceptor antagonist has
also been reported by Zaugg et al. (2000); they demonstrated
that b-adrenoceptor-mediated apoptosis is largely indepen-
dent of b2-adrenoceptor stimulation and mostly mediated via
b1 receptors. The previous study indicated that
b1-adrenoceptor-mediated PKA activation is largely respon-
sible for the apoptosis induced by b-adrenoceptor agonists in
adult rat cardiac myocytes. As PKA-mediated switching of
coupling of the b2-adrenoceptor from Gs to Gi protein is
responsible for the protection of clenbuterol, metoprolol
should not be able to enhance the anti-apoptotic effect of
clenbuterol as metoprolol inhibits b1-adrenoceptor-mediated
activation of PKA. Our study and the recent work by Xydas
et al. (Ahmet et al., 2004; Xydas et al., 2006) confirmed that a
combination of the b2 -adrenoceptor agonist clenbuterol and

the b1-antagonist metoprolol did not lead to a synergistic
anti-apoptotic effect.

In conclusion, our results provide evidence that the
b2-adrenceptor agonist clenbuterol reduces myocardial
damage and significantly improves diastolic function,
decreases oxidative stress and myocardial apoptosis, and
maintains Ca2+ handling in the experimental model of I/R
injury. Moreover, we demonstrated that the cardioprotective
effect of clenbuterol is through the b2-adrenoceptor-Gi-
ERK1/2 signalling. In addition, clenbuterol and metoprolol
did not produce a synergistic effect in this model. These
results indicate that clenbuterol could have a beneficial effect
on cardiac recovery in patients suffering from ischaemic heart
disease.

Limitations

The dose-dependence and time-course (including recovery) of
clenbuterol on I/R were not investigated. In addition, the
mechanisms by which clenbuterol and metoprolol attenuated
MI/R injury were not elucidated. As mentioned above, PKA
activity and drug-serum levels were also not measured. An
improvement in diastolic function, Ca2+-ATPase activity, oxi-
dative stress, and apoptosis and elevated ERK1/2 phosphory-
lation are only implicated as possible mechanisms. Future
studies are needed to characterize more fully the effects and
pathways of b2-adrenoceptor stimulation in I/R injury.
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