
INTRODUCTION

STRATEGIES FOR PROTECTING THE HEART from surgically re-
lated ischemia and reperfusion injury have evolved over

the past decade. However, patients with severe cardiac injury
require prolonged operative–ischemic time. Hence, specific
therapy to adequately restore contractile function and mor-
phology is needed.

Reperfusion of ischemic myocardium may induce a marked
increase in the generation of reactive oxygen species (ROS)
in both experimental and clinical heart failure (11, 18). ROS
play an important role in the progression and aggravation of
heart failure, causing the oxidation of membrane phospho-
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ABSTRACT

The aim of the present study was to investigate the protective role of pharmacological preconditioning on an-
tioxidant enzymes using A1 and A3 adenosine receptor agonists in the recovery of the isolated myocardium
after cardioplegic ischemia. Two different modes of preconditioning were studied: isolated rat hearts were
perfused with A1 receptor agonist 2-chloro-N6-cyclopentyladenosine (CCPA) or A3 2-chloro-N6-(3-iodobenzyl)
adenosine-59-N-methyluronamide (Cl-IB-MECA) (1 nM), followed by cardioplegic ischemia and reperfusion
(30 min each) (perfusion mode), or CCPA or Cl-IB-MECA (100 µg/kg) were injected intravenously 24 h before
the experiment (injection mode). Hearts treated with CCPA improved in terms of mechanical function, infarct
size, ATP levels, superoxide dismutase, and catalase (p < 0.005) in both modes of administration. Cl-IB-MECA
was beneficial mainly in the injected group. Reduced damage to the mitochondria in the CCPA-treated hearts
was observed using electron microscopy evaluation. In the Cl-IB-MECA-injected hearts, mitochondrial dam-
age was moderate. CCPA in both modes of treatment and Cl-IB-MECA in the injected mode were beneficial
in protecting the perfused isolated rat heart, subjected to normothermic cardioplegic ischemia. This protec-
tion was partially related to the higher myocardial activity of superoxide dismutase and catalase. Antioxid.
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lipids, proteins, and DNA. ROS can also induce contractile
dysfunction and myocardial structural damage (1). Cardio-
myocyte injury is caused by highly reactive hydroxyl radical
(�OH), generated from superoxide anion (�O2

2) and hydrogen
peroxide (H2O2) via the iron-mediated Fenton reaction to-
gether with calcium overload (14). The antioxidant capacity
of myocytes undergoing heart failure, including the activity
of myocardial antioxidant enzymes, is responsible for the ex-
tent of their susceptibility to oxidative stress. Superoxide dis-
mutase (SOD) catalyzes the dismutation of �O2

2 to H2O2. Sub-
sequently, H2O2 is reduced to H2O and O2 by a peroxidase
such as glutathione peroxidase (GSH-Px), or catalase (8, 31,
32). Therefore, increasing the activity of intracellular antioxi-



dant enzymes seems a promising approach to achieve cardio-
protection.

Brief periods of myocardial ischemia induce a biphasic pat-
tern of protection against prolonged ischemic injury, known
as ischemic preconditioning (24). Adenosine, released endoge-
nously during brief ischemia from cardiomyocytes acting on
adenosine receptors, is recognized as one of the mediators of
preconditioning (9). It has been suggested that adenosine me-
diates cytoprotection by increasing the activity of antioxidant
enzymes (21). This idea became of interest when activation of
adenosine A1 receptor-induced mitochondrial manganese SOD
(Mn SOD) elevation was thought to be a potential end effec-
tor of delayed preconditioning in rats (9, 22, 33). Selective
activation of adenosine A1 and A3 receptors protected the heart
against infarction (4, 19, 34, 36). Cardioplegia is used to pro-
tect the myocardium against ischemic injury during cardiac
surgery (10). In the isolated rat heart, it was reported that either
preconditioning or cardioplegia alone protected postischemic
contractile and vascular function to the same extent, but their
combination showed no additional protection (17). In con-
trast, preconditioning followed by cardioplegic ischemia of
human myocardium appeared beneficial in terms of myocar-
dial ATP content, in either coronary bypass or valve operations
(20, 39). It is therefore of interest to carry out a comparative
analysis of the role of antioxidant enzymes in pharmacologi-
cal preconditioning, induced by activation of the adenosine
A1 and A3 receptor subtypes. The specific goal of this study
was to define conditions under which adenosine A1 receptor
agonist, 2-chloro-N6-cyclopentyladenosine (CCPA), or the A3

receptor agonist, 2-chloro-N6-(3-iodobenzyl)adenosine-59-N-
methyluronamide (Cl-IB-MECA), reduce cardioplegic ischemic
damage in the isolated rat heart. Drugs were administered using
two different modes: perfusion immediately before ischemia
or intravenous injection 24 h before the ischemic insult. Our
results support previous f indings that adenosine receptor ac-
tivation, particularly with CCPA, reduces cardioplegic post-
ischemic ventricular dysfunction, suggesting that it improves
the antioxidant reserves of the heart.

MATERIALS AND METHODS

Animal procedures

Animal care complied with the Principles of Laboratory
Animal Care and the Guide for the Care and Use of Labora-
tory Animals.

Adult male rats (200–250 g) of the Wistar strain were used
in this study. Heparin (100 U/rat) was administered intraperi-
toneally. After 30 min, the animals were anesthetized with di-
ethyl ether. Their hearts were rapidly excised and mounted on
the stainless steel cannula according to the modified Langen-
dorff system. Retrograde aortic perfusion was initiated at a
perfusion pressure of 90 cm H2O with modified Krebs–
Henseleit buffer solution (KH), which contained 118 mM NaCl,
25 mM NaHCO3, 1.2 mM KH2PO4, 1.2 mM MgSO4 � 7H2O,
2.5 mM CaCl2, 4.7 mM KCl, 11.1 mM glucose, 0.5 mM
Na2EDTA bubbled with a mixture of O2/CO2 (95%:5%), re-
sulting in a pH of 7.35–7.40. PO2 and PCO2 values in the per-
fusion medium were 550–650 and 25–30 mm Hg, respectively

(26). The pulmonary artery was incised to facilitate drainage.
The cardioplegic solution was KH solution with 16 mM KCl
and 106.7 mM NaCl to maintain constant osmolarity. Temper-
ature was maintained at 37 ± 0.5°C, by placing a thermostatic
water jacket around the perfusate reservoir and the isolated
heart. Heart temperature was monitored with a micro thermo-
couple in the right ventricle connected to a digital thermome-
ter (Webster Laboratories, Altadena, CA, U.S.A.).

Epicardial pacing wires were connected to the right ventri-
cle and the aortic cannula. After completion of the preparation
at 300 bpm (5 V, 10-ms duration), using an external Harvard
stimulator (Edenbridge, Kent, U.K.), pacing commenced. A
latex balloon f illed with water was inserted into the left ven-
tricular cavity through a small incision in the left atrium and
connected to a Statham Medical P132284 pressure transducer
(Mennen Medical, Inc., Clarence, NY, U.S.A.). The balloon was
tied and inflated to a volume producing a diastolic pressure of
0–5 mm Hg. Left ventricular developed pressure (LVDevP)
was continuously monitored during the experiment and recorded
every 10 min using AT-CODAS Software (Dataq Instruments,
Inc., Akron, OH, U.S.A.). Coronary flow (CF) was measured by
collecting the effluent into a calibrated beaker for 1 min at 30
min of the stabilization period and at 1, 10, 20, and 30 min of
reperfusion (12). The biochemical parameters tested were cre-
atine kinase (CK) immediately before ischemia and at 1 and
30 min of reperfusion, using commercial kits.

We conducted a dose-finding pilot study before the main
experiments, in which we tested different concentrations of
the studied compounds and chose those with the best results
in terms of LVDevP, CF, and arrhythmias.

The experimental compounds were CCPA, Cl-IB-MECA, 1
nM in KH (perfused) or 100 µg/kg injected intravenously. The
A1 and A3 receptor antagonists 8-cyclopentyl-1,3-dipropyl-
xanthine (DPCPX) and 2,3-diethyl-4,5-dipropyl-3-thiocarboxy-
late-6-phenylpyridine-5-carboxylate (MRS1523) were tested
either alone or in combination with CCPA and Cl-IB-MECA.

Experimental protocol

Perfused groups. Isolated hearts were perfused with
KH solution for 30 min (stabilization period) with and without
the drugs. The cardioplegic solution was administered for 2
min, and no flow global ischemia at 37°C was maintained for
30 min. At the end of the ischemic period, hearts were reper-
fused with KH for 30 min.

Three groups of hearts were studied (n = 10 in each group):
(a) control hearts undergoing ischemia/reperfusion (I/R); (b)
hearts perfused with CCPA; and (c) hearts perfused with Cl-
IB-MECA.

Injected groups. Rats were injected intravenously with
the experimental drug 24 h before the experiment. Isolated hearts
were perfused as described above. At the end of each experi-
ment, myocardial tissue was frozen in liquid nitrogen and kept at
270°C until analyzed. Tissue specimens were also conserved in
formaldehyde and glutharaldehyde for microscopic analysis.

Animals in these groups were injected with the following
drugs: (a) CCPA (n = 10); (b) DPCPX (n = 3); (c) CCPA +
DPCPX (n = 6); (d) Cl-IB-MECA (n = 10); (e) MRS1523
(n = 3); and (f) Cl-IB-MECA + MRS1523 (n = 6).
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ATP concentration

Myocardial tissue was harvested in 1 ml of cold 5% tri-
chloroacetic acid. The cell extract was used to measure ATP con-
tent by using a luciferin-luciferase bioluminescence kit (ATP Bi-
oluminescence Assay Kit CLSH, Boehringer Mannheim).

Measurement of antioxidant enzymes

To examine whether antioxidative enzymes participate in
the pharmacological ischemic preconditioning, we measured
the activities of three antioxidative enzymes: SOD, catalase,
and GSH-Px. Heart biopsy (0.1 g) was placed in a measured
volume of ice-cold Tris-sucrose buffer containing 250 mM
sucrose, 10 mM Tris-HCl, 1 mM EDTA, 0.5 mM dithiothre-
itol, and 0.1 mM phenyl methyl sulfoxide, at pH 7.5. The tissue
was homogenized and centrifuged at 3,000 g for 15 min at 4°C.
The decanted supernatant was then centrifuged at 10,000 g
for 20 min at 4°C, and at 105,000 g for 1 h at 4°C in a Beck-
man L-80 ultracentrifuge. The obtained supernatant was used
to assay SOD, catalase, and GSH-Px. SOD activity was mea-
sured in an assay medium containing 14.4 µM cytochrome c,
71.4 µM xanthine, 35.7 mM buffer phosphate (pH 7.8), and
1–5 µg of enzyme protein (total volume 225 µl). The reaction
was initiated with the addition of 3 mU of xanthine oxidase,
and changes in absorption of reduced cytochrome c were moni-
tored spectrophotometrically (550 nm). Catalase was estimated
by measuring the decrease in H2O2 absorption at 240 nm. The
final concentration of the assay medium (total volume 200 µl)
was 50 µmol/L potassium phosphate buffer (pH 7.0) and 30–
50 µg of enzyme protein. The reaction was started by adding
200 µl of 0.068% H2O2. GSH-Px was determined by estimat-
ing the decrease in NADPH absorption at 340 nm. Final con-
centrations of the components used in the assay medium for
GSH-Px (total volume 200 µl) were 60 mM phosphate buffer
pH 7, 0.5 mM EDTA, 0.25 U/ml glutathione reductase, 0.1 mM
glutathione, 0.15 mM NADPH, 0.01% NaHCO3, and 10–50
µg of protein enzyme. The reaction was initiated by adding 20
µl of 12 mM tert-butyl hydroperoxide and the decrease in ab-
sorption followed for 3 min at 340 nm (7).

Measurement of irreversible ischemic injury

Upon termination of the experiment, the heart was infused
(2 ml) into the coronary vasculature through the side arm of
the aortic cannula with a 1% solution of 2,3,5-triphenyltetra-
zolium chloride (TTC) in phosphate buffer at 37°C and cut
into sections (width 0.8 mm). Slices were placed in an identi-
cal TTC solution at 37°C for 30 min. TTC stained the viable
tissue red, whereas the necrotic tissue remained discolored.
Sections were fixed overnight in 2% paraformaldehyde. Sec-

tions were then digitally photographed using a Fugi Finepixs1pro
camera, at a resolution of 1,400 3 960 pixels and quantified
with IMAGE J 5.1 software. The area of irreversible injury
(TTC-negative) is presented as a percentage of the entire area
of the section (23).

Electron microscopy

At the end of procedures, hearts were immediately perfusion-
fixed with 2.5% glutaraldehyde in KH solution for 5 min. Left
ventricular tissue was dissected out, and sections were further
fixed for 2 h with 2.5% glutaraldehyde in 0.1 M sodium ca-
codylate for 1 h, postfixed in 1% osmium tetroxide in the same
buffer for 1 h, and stained in 0.5% uranyl acetate. Cells were
dehydrated in a series of ascending alcohol concentrations in-
filtrated with Epon-Araldite epoxy resin, and heat-polymerized.
Sections were cut using an ultramicrotome, poststained with
uranyl acetate and lead citrate, and then examined (30). The
volume density of cellular components was determined by the
point-count method (38). In brief, a transparent grid of test
points was laid over each micrograph. The number of test points
falling on an individual structure was recorded, as was the
total number of test points available on the test grid. The vol-
ume occupied by each component was equivalent to the num-
ber of points falling on that structure divided by the total num-
ber of test points available on the test grid. This value was
expressed as a percentage. Three types of mitochondria were
analyzed: mature mitochondria, containing well developed
cristae; vacuolated mitochondria; and irreversibly damaged
mitochondria with electron-dense deposits containing calcium.
Two types of myofibrils, myofibrils with regular appearance
and myofibrils with disruption, were also determined.

Statistical analysis

All results are expressed as means ± SEM. Values of the
stabilization period are considered as 100%. ANOVA was
used to compare groups; the Bonferoni test was used to
compare differences between the groups at every checked
point.

RESULTS

Table 1 summarizes LVDevP and CF baseline absolute
values in the different groups before the induction of isch-
emia and reperfusion at 30 min after perfusion. No signifi-
cant differences were found in hemodynamic performance at
baseline between control I/R and hearts that were injected with
CCPA or Cl-IB-MECA with and without their specific antag-
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FIG. 1. Schematic representation of experimental protocol. On
day 1, animals in the injected groups were pharmacologically precon-
ditioned with an intravenous bolus injection of CCPA or Cl-IB-MECA
with and without their specific antagonists DPCPX or MRS1523. On
day 2, all animals were anesthetized and their isolated hearts were per-
fused with KH solution for 30 min (stabilization period) with and with-
out the drugs. Cardioplegic solution was administered for 2 min, and
ischemia at 37°C was maintained for 30 min. At the end of the ischemic
period, hearts were reperfused with KH for 30 min.



onist (DPCPX or MRS1523) 24 h before the experiment. How-
ever, hearts that were perfused with CCPA or Cl-IB-MECA
showed elevated LVDevP and CF (p < 0.05 versus control).

Mechanical recovery

Drug-perfused groups. LVDevP and CF in absolute
values were higher in the drug-perfused hearts (Figs. 2 and 3).
Following cardioplegic ischemia, statistically significant dif-
ferences between percent recoveries of LVDevP of the CCPA-
perfused hearts compared with the Cl-IB-MECA or control
hearts were found (Fig. 2). At 30 min of reperfusion, LVDevP
was 78 ± 3% and 55 ± 9% in CCPA- and Cl-IB-MECA-perfused
hearts, respectively, versus 59 ± 5% in controls (p < 0.04). CF
recovery of the drug-perfused hearts was higher than the con-
trol reperfusion (Fig. 3).

Drug-injected groups. Recovery of the hearts treated
with Cl-IB-MECA or CCPA 24 h before cardioplegic ischemia
was better in terms of LVDevP, and at 30 min following isch-
emia and reperfusion it was 80 ± 3.3% and 75 ± 4.6% in CCPA-
and Cl-IB-MECA-injected hearts, respectively, versus 59 ± 5%
in controls (p < 0.005) (Fig. 2). No difference was found in end

diastolic pressure between all the groups in the stabilization or
in the reperfusion period, except for the CCPA-injected hearts
at 10 min of reperfusion, which had lower lower end diastolic
pressure compared with controls (13.2 ± 3.5 versus 23 ± 6 mm
Hg, p < 0.05).

CF also improved (91 ± 21% and 78 ± 7% in CCPA- and
Cl-IB-MECA-injected hearts versus 64 ± 4% in controls, p <
0.004) at 30 min of recovery (Fig. 3). DPCPX and MRS1523
alone did not exert any influence at any point compared with
controls. The addition of DPCPX to CCPA or MRS1523 to
Cl-IB-MECA abolished all the favorable changes mentioned
above, and the results were similar to those of controls (data
not shown).

Biochemical markers of ischemia and 
reperfusion damage

CK activity (U/min) in effluent increased in all groups after
I/R. CK release to the coronary effluent at 10 min of reperfu-
sion was 6.4 and 2.74 times higher in control I/R hearts than
CCPA- or Cl-IB-MECA-injected hearts (Fig. 4). Drug perfu-
sion was not as effective as the injection mode in ameliorat-
ing enzyme release in the coronary effluent (Fig. 4).
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TABLE 1. PREISCHEMIC VALUES

LVDevP CF
n (mm Hg) (ml/min)

Control I/R 10 104 ± 9.7 9.9 ± 0.8
CCPA perfused 10 130 ± 8* 20.3 ± 2.0*
Cl-IB-MECA perfused 10 131 ± 8* 17.3 ± 1.6*
CCPA injected 10 101 ± 7.4 9.3 ± 0.7
Cl-IB-MECA injected 10 119 ± 12.6 12.0 ± 1.74
CCPA + DPCPX injected 6 100 ± 14.0 9.5 ± 0.65
Cl-IB-MECA + MRS1523 injected 6 108 ± 4.3 9.7 ± 0.86

Values are expressed as means ± SE.
*p < 0.05 versus control I/R.
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FIG. 2. LVDevP expressed as % of pre-
ischemic value in both modes of treatment
with adenosine receptor agonists (perfused
or injected). LVDevP at various time points
following cardioplegic ischemia is presented.
Values represent means ± SE. #p < 0.05 ver-
sus stabilization from the same group.



Antioxidant defense enzymes in the myocardium

Ischemia and reperfusion induced the elevation of antioxi-
dant enzymes. Injected hearts treated with CCPA induced marked
activity of SOD and catalase, but not GSH-Px at baseline
(Fig. 5). CCPA was the most effective treatment. The perfusion
of CCPA or Cl-IB-MECA induced elevated activity of GSH-
Px at baseline, but after ischemia this activity was similar to
the controls.

Cellular ATP content

ATP levels fell significantly after ischemia and reperfusion.
Pretreatment with CCPA or Cl-IB-MECA either in the per-
fusate or in the injection mode prevented a decrease in ATP
levels (Fig. 6).

Irreversible ischemic injury

TTC staining revealed that the use of adenosine receptor
agonists lowered the amount of irreversible ischemic injury
in all treated groups. Drug perfusion or injection was accom-
panied by a reduction in regions of irreversible ischemic in-
jury compared with control I/R hearts. As shown in Fig. 7,
CCPA injection proved to be the most effective treatment
(11.7 ± 2.6% versus control 1.7 ± 0.3%, p = 0.001). Typical
sections showing viable and necrotic areas are shown (Fig. 7).

Morphological markers of ischemia and
reperfusion damage

Using electron microscopy, we found that ischemia and 30
min of reperfusion caused markedly higher damage in con-
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trols than in the other groups. Mitochondria of many I/R treated
hearts (Fig. 8A) were distorted with the swelling of matrix
and contained electron–dense inclusions (calcium phosphate
electron-dense deposits). Injection of hearts 24 h before the
ischemic insult with A1 receptor agonist CCPA significantlyde-
creased mitochondrial damage. Well developed cristae were
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seen in many organelles, and calcium deposits were less evi-
dent in the matrix of the majority of mitochondria (Fig. 8B).
Protection by adenosine A3 receptor agonist Cl-IB-MECA was
less pronounced (Fig. 8C). Table 2 describes a higher damage
to the mitochondria and myofibrils in the I/R ischemic group
compared with CCPA- or Cl-IB-MECA-injected hearts.

DISCUSSION

Diseases due to ischemia and reoxygenation (e.g., myocar-
dial infarction and stroke) are a common cause of morbidity
and mortality. Understanding the role of ROS in reoxygena-
tion injury may lead to potential therapies improving public
health (18). The present study provides evidence of the role of
adenosine receptor activation in antioxidant enzyme regulation
during cardioplegic I/R in the isolated rat heart, adapting a
clinical protocol widely used for open-heart surgery.

Animal studies have provided direct evidence of the role of
free radicals in the development of myocardial injury (1, 27).
Cellular antioxidant defense includes enzymes such as SOD,
catalase, and GSH-Px, as well as the nonenzymatic antioxi-
dants tocopherols, carotenoids, retinol, melatonin, ubiquinol,
ascorbic acid, and glutathione (15). Studies have reported a
reduction of infarct size with antioxidants (2). Exogenous ad-
ministration of SOD and catalase to both cardioplegic and
perfusion solutions was found to be beneficial to the hearts
(2, 13). Conflicting findings were obtained when SOD was
added to the perfusion solution, alone or in conjunction with
catalase, after myocardial ischemia. A major problem of these
studies has been that the exogenous antioxidant enzymes can-
not permeate cell sites where free radicals are generated (13).
An alternative approach may be activation of endogenous an-
tioxidative enzymes through a signal transduction mechanism.
For example, Dana et al. found that the CCPA injection 24 h
before ischemia induced a significant increase in myocardial
MnSOD content, accompanied by reduced infarction (5). The
major finding of the present study was that pretreatment with
a single intravenous injection of A1 receptor agonist (delayed
protection) afforded better myocardial protection than the A3
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FIG. 8. Electron micrographs of hearts subjected to 30
min of ischemia followed by 30 min of reperfusion after
treatments with adenosine receptor agonists. Electron mi-
crographs of cardiac muscle of control I/R (A) and hearts in-
jected with CCPA (B), and Cl-IB-MECA (C) are shown. Panel
A demonstrates damaged cells in the control I/R heart. Mito-
chondria of I/R hearts contain a larger number of electron–
dense deposits (arrows) than those of CCPA-injected or -per-
fused hearts (B). Protection with Cl-IB-MECA was less pro-
nounced (C). The images represent sections performed in 5
rats/group. Bars = 1 µm.

TABLE 2. MORPHOMETRIC ANALYSIS OF PROTECTIVE EFFECTS OF ADENOSINE A1 AND A3 RECEPTOR

ACTIVATION IN MYOCARDIAL CELLS AFTER I/R DAMAGE

Mm Mv MCa MF
r

MF
d

Control, no ischemia 28.2 ± 3.7 2.3 ± 2.8 — 56.3 ± 3.5 —
Control I/R 3.1 ± 4.6 15.3 ± 3.1 14.6 ± 2.5 12.1 ± 4.7 46.2 ± 5.6
CCPA injected 18.3 ± 2.8* 12.6 ± 2.2 4.5 ± 2.1* 38.1 ± 3.6* 17.3 ± 4.6*
Cl-IB-MECA injected 10.2 ± 4.3* 14.1 ± 1.8 8.4 ± 3.3* 28.6 ± 3.4* 27.1 ± 2.4*

Protective effects of adenosine A1 and A3 receptor activation were studied by the morphometric analysis of cardiac cells before
(control, no ischemia) and after cardioplegic I/R. The analysis included the percent changes in mitochondrial morphology [mature
mitochondria, containing well developed cristae (Mm); vacuolated mitochondria (Mv); irreversibly damaged mitochondria, con-
taining calcium phosphate electron-dense deposits (MCa)] and percent changes in myofibrillar morphology [myofibrils with reg-
ular appearance (MFr) and myofibrils with disruption (MFd)]. Values are expressed as means ± SE.

*p < 0.05 versus control I/R.
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adenosine receptor agonist or their perfusion before ischemia
(immediate protection). This protection was confirmed by the
reduction of damage to the heart in terms of left ventricular
function, end diastolic pressure, CF, enzyme leakage, ATP levels,
infarct size, microscopy findings, and antioxidant enzymes.
We assume that the reduced tissue damage prevented the degra-
dation of ATP, but measurements of ATP contents do not allow
us to draw conclusions on the rates of ATP production and hy-
drolysis, and therefore this question remains open. This study
provides an insight into the cellular mechanism responsible
for conferring increased myocardial tolerance to lethal ischemic
injury 24 h after transient activation of A1 receptor. This treat-
ment induced the elevation of total SOD and catalase activity
before oxidative stress, offering greater tolerance against isch-
emic and reperfusion injury. CCPA injection 24 h prior to
ischemia induced a dramatic elevation of SOD, catalase, and
GSH-Px also after I/R. These data indicate a role for the an-
tioxidant enzymes in mediating the delayed cardioprotection
observed 24 h after A1 receptor activation. Immediate A1 and A3

receptor activation elevated GSH-Px before ischemia, whereas
delayed A3 receptor activation induced this effect after isch-
emia. The direct mechanisms of the intracellular signaling caus-
ing these various effects are not known, but elevation of vari-
ous antioxidants implies that their protection mode of action
is different.

The fact that ROS contribute to I/R injury suggests that in-
creasing the content or activity of endogenous cellular antiox-
idant enzymes or lowering the amount of ROS should protect
tissues from the deleterious effects of I/R injury. It has previ-
ously been shown that CCPA-induced enhancement of MnSOD
activity at 24 h is mediated via a protein kinase C- and tyrosine
kinase-dependent pathway in rabbits (6). Overexpression of
MnSOD alone rendered the heart more resistant to I/R with-
out affecting the activity of the other antioxidant enzymes (3).
Adenosine A1 receptor activation reduced ROS and attenuated
stunning in ventricular myocytes, as well as canine myocar-
dium, following I/R (25, 28). In our work, I/R increased the
activity of all the antioxidant enzymes, but only CCPA pre-
treatment 24 h prior to ischemia increased baseline SOD and
catalase activity significantly compared with the other groups.
These enzymes are one of the mechanisms responsible for the
cardioprotection achieved by CCPA injection. The fact that
GSH-Px was not markedly increased compared with that in
control ischemic hearts indicates that the amount of these three
enzymes in the CCPA-injected hearts was sufficient to lower
ROS-induced cardiotoxicity. A3 adenosine receptor activation
(perfusion mode) elevated SOD, but not catalase, activity.
GSH-Px increased in all groups after 30 min of I/R. It appears
that the signaling pathways of cardiomyocyte protection are dif-
ferent after activation of A1 and A3 adenosine receptor subtypes.

Short-term pretreatment with adenosine has been shown to
reduce infarct size, improve postischemic contractile func-
tion, and preserve metabolic or energy status of the ischemic-
reperfused myocardium (16, 37). These cardioprotective effects
may be mediated by the activation of A1 and A3 receptors through
the opening of ATP-sensitive potassium (KATP) channels, and
consequent reduction of calcium overload (29, 36). A3 recep-
tor stimulation with Cl-IB-MECA, a highly specific adenosine
A3 receptor agonist, attenuated postischemic contractile dys-

function and CK release in buffered perfused rat hearts (35).
In our work, many markers of cardiac damage were attenuated
by adenosine receptor stimulation. ATP depletion was effec-
tively prevented, and the amount of mitochondrial damage as
seen by electron microscopy was reduced. The most efficacious
treatment, as seen by our results for cardiac LVDevP, ATP, an-
tioxidant enzymes, and TTC staining, was CCPA injection 24
h prior to I/R. In addition, necrotic cell death was reduced 10-
fold in the CCPA-injected hearts. The myocardial morphol-
ogy of these hearts, particularly the mitochondrial structure,
was better preserved in CCPA-treated hearts, as is evident
from the amount of intramitochondrial electron-dense deposits
and vacuoles.

In summary, we have shown that transient activation of
adenosine A1 and A3 receptors with the highly selective adeno-
sine agonists CCPA and Cl-IB-MECA resulted in the devel-
opment of an ischemia-tolerant state in the rat myocardium.
CCPA injection 24 h prior to ischemia proved to be the most
effective of all the experiments in terms of antioxidant enzyme
activity, mechanical activity, and amelioration of irreversible
ischemic damage. The potential therapeutic application of such
a potent and sustained effect in patients at risk of myocardial
ischemic damage during cardiac surgery is very promising and
justifies further exploration.

ABBREVIATIONS

CCPA, 2-chloro-N6-cyclopentyladenosine; CF, coronary
flow rate; CK, creatine kinase; Cl-IB-MECA, 2-chloro-N6-
(3-iodobenzyl)adenosine-59-N-methyluronamide; DPCPX, 8-
cyclopentyl-1,3-dipropylxanthine; GSH-Px, glutathione per-
oxidase; H2O2, hydrogen peroxide; I/R, ischemia/reperfusion;
KH, Krebs–Henseleit buffer solution; LVDevP, left ventricu-
lar developed pressure; MnSOD, manganese superoxide dis-
mutase; MRS1523, 2,3-diethyl-4,5-dipropyl-6-phenylpyridine-
3-thiocarboxylate-5-carboxylate; �O2

2, superoxide anion; ROS,
reactive oxygen species; SOD, superoxide dismutase; TTC,
2,3,5-triphenyltetrazolium chloride.

REFERENCES

1. Bolli R and Marban E. Molecular and cellular mechanisms
of myocardial stunning. Physiol Rev 79: 609–634, 1999.

2. Chambers DJ, Braimbridge MV, and Hearse DJ. Free radi-
cals and cardioplegia. Free radical scavengers improve
postischemic function of rat myocardium. Eur J Cardio-
thorac Surg 1: 37–45, 1987.

3. Chen Z, Siu B, Ho YS, Vincent R, Chua CC, Harndy RC,
and Chua BH. Overexpression of MnSOD protects against
myocardial ischemia reperfusion injury in transgenic mice.
J Mol Cell Cardiol 30: 2281–2289, 1998.

4. Dana A, Baxter G, Walker M, and Yellon D. Prolonging the
delayed phase of myocardial protection: repetitive adenosine
A1 receptor activation maintains rabbit myocardium in a pre-
conditioned state. J Am Coll Cardiol 31: 1142–1149, 1998.

5. Dana A, Jonassen AK, Yamashita N, and Yellon DK. Adeno-
sine A1 receptor activation induces delayed precondition-

342 HOCHHAUSER ET AL.



ing in rats mediated by managanese superoxide dismutase.
Circulation 101: 2841–2848, 2000.

6. Dana A, Skarli M, Papakrivopoulou J, and Yellon DM.
Adenosine A1 receptor induced delayed preconditioning in
rats: induction of p38 mitogen-activated protein kinase ac-
tivation and hsp27 phosphorylation via a tyrosine kinase-
and protein kinase C-dependent mechanism. Am J Physiol
Circ Physiol 283: H1656–H1661, 2002.

7. Das DK, Engelman RM, and Kimura Y. Molecular adaptation
of cellular defences following preconditioning of the heart by
repeated ischaemia. Cardiovasc Res 27: 578–584, 1993.

8. Dhalla NS, Elmoselhi AB, Hata T, and Makino N. Status
of myocardial antoxidants in ischemia–reperfusion injury.
Cardiocas Res 47: 446–456, 2000.

9. Headrick JP. Ischemic preconditioning: bioenergetic and
metabolic changes and the role of endogenous adenosine.
J Mol Cell Cardiol 28: 1227–1240, 1996.

10. Hearse DJ, Braimbridge MV, and Jynge P. Cardioplegic so-
lutions in clinical use in protection of the ischemic myocar-
dium. In: Cardioplegia, edited by Hearse DJ, Braimbridge
MV, and Jynge P. New York, NY: Raven Press, 1981, pp.
3–18.

11. Hill MF and Singal PK. Right and left myocardial antioxi-
dant responses during heart failure subsequent to myocar-
dial infarction. Circulation 96: 2414–2420, 1997.

12. Hochhauser E, Halpern P, Zolotarsky V, Krasnov T, Sulkes
J, and Vidne BA. Sodium nitroprusside and isoflurane re-
duce depressant effects of protamine sulfate on the iso-
lated ischemic rat heart. Anesth Analg 88: 710–716, 1999.

13. Jeroudi MO, Hartley CJ, and Bolli R. Myocardial reperfu-
sion: role of oxygen radicals and potential therapy with an-
tioxidants. Am J Cardiol 73: 2B–7B, 1994.

14. Josephson RA, Silverman HS, Lakatta EG, Stern MD, and
Zweier JL. Study of the mechanisms of hydrogen peroxide
and hydroxyl free radical-induced cellular injury and cal-
cium overload in cardiac myocytes. J Biol Chem 266: 2354–
2361, 1991.

15. Kaul N, Siveski-Iliskovic N, Hill M, Slezak J, and Singal
PK. Free radicals and the heart. J Pharmacol Toxicol 30:
55–70, 1993.

16. Klawitter PF, Murray HN, Clanton TL, and Angelos MG.
Reactive oxygen species generated during myocardial isch-
emia enable energetic recovery during reperfusion. Am J
Physiol Circ Physiol 283: H1656–H1661, 2002.

17. Kolocassides KG, Galinanes M, and Hearse DJ. Ischemic
preconditioning, cardioplegia or both? Differing approaches
to myocardial and vascular protection. J Mol Cell Cardiol
28: 623–634, 1996.

18. Li C and Jackson RM. Reactive species mechanisms of
cellular hypoxia–reoxygenation injury. Am J Physiol Cell
Physiol 282: C227–C241, 2002.

19. Liu GS, Thornton J, Van Winkle DM, Stanley AW, Olsson
RA, and Downey JM. Protection against infarction af-
forded by preconditioning is mediated by A1 adenosine re-
ceptors in rabbit heart. Circulation 84: 350–356, 1991.

20. Lu EX, Chen SX, Yuan MD, Hu TH, Zhou HC, Luo WJ, Li
GH, and Xu LM. Preconditioning improves myocardial
preservation in patients undergoing open heart operations.
Ann Thorac Surg 64: 1320–1325, 1997.

21. Maggirwar SB, Dhanraj DN, Somani SM, and Ramkumar
V. Adenosine acts as an endogenous activator of the cellu-
lar antioxidant defense system. Biochem Biophys Res Com-
mun 201: 508–515, 1994.

22. Marber MS, Latchman DS, Walker JM, and Yellon DM.
Cardiac stress protein elevation 24 h after brief ischemia or
heart stress is associated with resistance to myocardial in-
farction. Circulation 88: 1264–1272, 1993.

23. Maulik N, Goswami S, Galang N, and Das DK. Differen-
tial regulation of Bcl-2, AP-1 and NF-kB on cardiomy-
ocyte apoptosis during myocardial ischemic stress adapta-
tion. FEBS Lett 443: 331–336, 1999.

24. Murry CE, Jennings RB, and Reimer KA. Preconditioning
with ischemia: a delay of lethal cell injury in ischemic
myocardium. Circulation 74: 1124–1136, 1986.

25. Narayan P, Mentzer RM Jr, and Lasley RD. Adenosine A1
receptor activation reduces reactive oxygen species and at-
tenuates stunning in ventricular mycoytes. J Mol Cell Car-
diol 33: 121–129, 2001.

26. Neely JR and Rovetto MJ. Techniques for perfusing iso-
lated rat hearts. Methods Enzymol 39: 43–60, 1975.

27. Palace V, Kumar D, Hill MF, Khaper N, and Singal PK. Re-
gional differences in non-enzymatic antioxidants in the
heart under control and oxidative stress conditions. J Mol
Cell Cardiol 31: 193–202, 1999.

28. Pisarenko OL, Tskitishvily OV, Studneva IM, Sere-
bryakova LI, Timoshin AA, and Ruuge EK. Metabolic and
antioxidant effects of R(±)-N6-(2-phenylisopropyl)-adeno-
sine following regional ischemia and reperfusion in canine
myocardium. Biochim Biophys Acta 1361: 295–303, 1997.

29. Randhawa MPS Jr, Lasley RD, and Mentzer RM Jr.
Adenosine and the stunned heart. J Card Surg 8(Suppl):
332–337, 1993.

30. Shneyvays V, Nawrath H, Jacobson KA, and Shainberg A.
Induction of apoptosis in cardiac myocytes by an A3 adeno-
sine receptor agonist. Exp Cell Res 243: 383–397, 1998.

31. Smart SC, Sagar KB, el Schultz J, Warltier DC, and Jones
LR. Injury to the Ca2+ ATPase of the sarcoplasmic reticu-
lum in anesthetized dogs contributes to myocardial reper-
fusion injury. Cardiovasc Res 36: 174–184, 1997.

32. Steare SE and Yellon DM. The protective effect of heart
stress against reperfusion arrhythmias in the rat. J Mol Cell
Cardiol 25: 1471–1481, 1993.

33. Sun JZ, Tang XL, Knowlton AA, Park SW, Qiu Y, and Bolli
R. Late preconditioning against myocardial stunning: an
endogenous protective mechanism that confers resistance
to postischemic dysfunction 24 h after brief ischemia in
conscious pigs. J Clin Invest 95: 388–403, 1995.

34. Thornton JD, Liu GS, Olsson RA, and Downey JM. Intra-
venous pretreatment with A1-selective adenosine analogues
protects the heart against infarction. Circulation 85: 659–
665, 1992.

35. Thourani V, Ronson R, Jordan J, Guyton R, and Vinten-
Johansen J. Adenosine A3 pretreatment before cardioplegic
arrest attenuates postischemic cardiac dysfunction. Ann
Thorac Surg 67: 1732–1737, 1999.

36. Tracey WR, Magee W, Masamune H, Oleynek JJ, and
Hill RJ. Selective activation of adenosine A3 receptors
with N6-(3-chlorobenzyl)-59-N-methylcarboxamidoadeno-

ANTIOXIDANT ENZYME REGULATION BY ADENOSINE AGONISTS 343



sine (CB-MECA) provides cardioprotection via KATP chan-
nel activation. Cardiovasc Res 40: 138–145, 1998.

37. Wannenburg T, de Tombe PP, and Little WC. Effect of
adenosine on contractile state and oxygen consumption in
isolated rat hearts. Am J Physiol 267: H1429–H1436, 1994.

38. Weibel ER. Stereological Methods: Practical Methods for
Biological Morphometry. New York: Academic Press, Inc.,
1979.

39. Yellon DM, Alkhulaifi AM, and Pugsley WB. Precondition-
ing the human myocardium. Lancet 342: 276–277, 1993.

Address reprint requests to:
Edith Hochhauser, Ph.D.

Felsenstein Medical Research Center
Rabin Medical Center

Petah Tikva 49100, Israel

E-mail: hochhaus@post.tau.ac.il

Received for publication October 30, 2003; accepted Decem-
ber 17, 2003.

344 HOCHHAUSER ET AL.



This article has been cited by:

1. Bella Chanyshev, Asher Shainberg, Ahuva Isak, Alexandra Litinsky, Yelena Chepurko, Dilip K. Tosh,
Khai Phan, Zhan-Guo Gao, Edith Hochhauser, Kenneth A. Jacobson. 2011. Anti-ischemic effects of
multivalent dendrimeric A3 adenosine receptor agonists in cultured cardiomyocytes and in the isolated
rat heart. Pharmacological Research . [CrossRef]

2. Orna Avlas , Reut Fallach , Asher Shainberg , Eyal Porat , Edith Hochhauser . 2011. Toll-Like Receptor
4 Stimulation Initiates an Inflammatory Response That Decreases Cardiomyocyte Contractility.
Antioxidants & Redox Signaling 15:7, 1895-1909. [Abstract] [Full Text HTML] [Full Text PDF] [Full
Text PDF with Links]

3. D. Leshem-Lev, E. Hochhauser, B. Chanyshev, A. Isak, A. Shainberg. 2010. Adenosine A1 and A3
receptor agonists reduce hypoxic injury through the involvement of P38 MAPK. Molecular and Cellular
Biochemistry 345:1-2, 153-160. [CrossRef]

4. Hsiu-Chuan Chou, Yi-Wen Chen, Tian-Ren Lee, Fen-Shiun Wu, Hsin-Tsu Chan, Ping-Chiang Lyu,
John F. Timms, Hong-Lin Chan. 2010. Proteomics study of oxidative stress and Src kinase inhibition in
H9C2 cardiomyocytes: a cell model of heart ischemia–reperfusion injury and treatment. Free Radical
Biology and Medicine 49:1, 96-108. [CrossRef]

5. Robin Tong, Sangeeta R. Mehendale, Chong-Zhi Wang, Zuohui Shao, Chun-Su Yuan. 2009. Letter to
the Editor — Comparison of Antioxidant Effects of Various Scutellaria baicalensis Fractions and the
Potential Role of Catalase Upregulation. The American Journal of Chinese Medicine 37:03, 621-623.
[CrossRef]

6. Z. Ben-Ari, O. Pappo, J. Sulkes, Y. Cheporko, B. A. Vidne, E. Hochhauser. 2005. Effect of adenosine
A2A receptor agonist (CGS) on ischemia/reperfusion injury in isolated rat liver. Apoptosis 10:5,
955-962. [CrossRef]

7. J HEADRICK, J PEART. 2005. A adenosine receptor-mediated protection of the ischemic heart.
Vascular Pharmacology 42:5-6, 271-279. [CrossRef]

8. Nilanjana Maulik . 2004. Redox Control of Cardiac Preconditioning. Antioxidants & Redox Signaling
6:2, 321-323. [Citation] [Full Text PDF] [Full Text PDF with Links]

http://dx.doi.org/10.1016/j.phrs.2011.11.013
http://dx.doi.org/10.1089/ars.2010.3728
http://online.liebertpub.com/doi/full/10.1089/ars.2010.3728
http://online.liebertpub.com/doi/pdf/10.1089/ars.2010.3728
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3728
http://online.liebertpub.com/doi/pdfplus/10.1089/ars.2010.3728
http://dx.doi.org/10.1007/s11010-010-0568-5
http://dx.doi.org/10.1016/j.freeradbiomed.2010.04.001
http://dx.doi.org/10.1142/S0192415X09007107
http://dx.doi.org/10.1007/s10495-005-0440-3
http://dx.doi.org/10.1016/j.vph.2005.02.009
http://dx.doi.org/10.1089/152308604322899387
http://online.liebertpub.com/doi/pdf/10.1089/152308604322899387
http://online.liebertpub.com/doi/pdfplus/10.1089/152308604322899387

