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During ischemia-reperfusion, reactive oxygen species are generated

along the mitochondrial respiratory chain and induce lipid peroxida-

tion, protein oxidation and DNA damage. Single-strand DNA breaks

are the most potent activators of poly(ADP-ribose) polymerase

(PARP); prolonged action of PARP culminates in intracellular oxi-

dized nicotinamide adenine dinucleotide (NAD+) and ATP deple-

tion. The integrity of cellular components and the myocardial energy

metabolism can be preserved by using PARP inhibitors under condi-

tions of ischemia and reperfusion. Oxidative stress is capable of acti-

vating the phosphoinositol-3-kinase–Akt/protein kinase B signalling

pathway, which is further enhanced if treated with PARP inhibitors.

Akt, in turn, promotes the survival of cardiomyocytes by inhibiting

apoptotis, and causing metabolic adjustment and vasodilation in the

jeopardized myocardium.
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Ischemia-reperfusion is associated with enhanced formation
of reactive oxygen species (ROS) and peroxynitrite, which

initiate lipid peroxidation (1), protein oxidation (2) and the
formation of DNA breaks. Poly(ADP-ribose) polymerase
(PARP) is a protein-modifying and nucleotide-polymerizing
enzyme that is abundantly present in the nucleus. Single-
strand DNA breaks are the obligatory triggers of PARP activa-
tion, which can be induced by a variety of environmental
stimuli and free radicals, most notably hydroxyl radical and
peroxynitrite. In response to DNA damage, PARP becomes
activated and, by cleaving nicotinamide adenine dinu-
cleotide (oxidized form [NAD+]) as a substrate, catalyzes the
building of homopolymers of adenosine diphosphate ribose
units, resulting in a substantial depletion of intracellular
NAD+. Because nicotinamide adenine dinucleotide (reduced
form [NADH]) functions as an electron carrier in the mito-
chondrial respiratory chain, NAD+ depletion is coupled with a
rapid fall in intracellular ATP levels. Thus, excessive activa-
tion of PARP leads to ATP depletion, which may ultimately
cause cell death (3,4). As a consequence, inhibition of PARP
can improve the recovery of different cells from oxidative
injury (5).

In heart tissue, a dominant fraction of energy production
occurs in the mitochondria; therefore, protection against
oxidative damage of mitochondria can be a very important
step in the normalization of cardiac energy production.
Previous data showed that PARP inhibitors were capable of
reducing the oxidative damage of cellular components without
any obvious scavenger activity (6). Although necrosis is
responsible for a large proportion of cell loss during cardiac
ischemia-reperfusion (7), it has been proven that apoptosis
also occurs (8). Therefore, apoptosis may provide a new target
for cardioprotection during an evolving acute myocardial
infarction in humans.

Previous results indicate that the growth factor-associated
kinase Akt is phosphorylated following ischemia-reperfusion
in cardiomyocytes in a phosphoinositol-3-kinase (PI3-kinase)-
dependent manner (9). The PI3-kinase pathway is one of sev-
eral signal transduction pathways implicated in cell survival.
Akt, in turn, phosphorylates a number of downstream targets
leading to the inactivation of glycogen synthase kinase-3, the
pro-apoptotic Bcl-2 family member BAD (10), caspase-9 and
Forkhead transcription factor, and the activation of nuclear
factor kappa B (11) and endothelial nitric oxide synthase (12).

In this study, we investigated the effects of a known PARP
inhibitor (4-hydroxyquinazoline) and an experimental com-
pound (HO-3089) on the cardiac pathophysiology under
conditions of ischemia-reperfusion in an isolated heart per-
fusion system, including monitoring of the myocardial energy
metabolism and cardiac contractile function, and measuring
of the infarct size. Furthermore, we studied the effects of
PARP inhibitors on the ischemia-reperfusion induced oxida-
tive myocardial injury, ie, lipid peroxidation and protein oxi-
dation. We found that ischemia-reperfusion activated Akt;
therefore, we have assessed the ability of PARP inhibitors to
influence the phosphorylation state of Akt.

MATERIALS AND METHODS
Chemicals: 4-Hydroxyquinazoline was purchased from Sigma-

Aldrich Chemical Co (Hungary). HO-3089 was synthesized in

the Institute of Organic and Medicinal Chemistry (University of

Pécs, Hungary). All other reagents were of the highest purity

commercially available.

Animals: Male Wistar rats weighing 300 g to 350 g were used for

this study. Rats were handled in accordance with the Guide for the

Care and Use of Laboratory Animals (13). Rats were anesthetized

with 200 mg/kg ketamine intraperitoneally and heparinized with

sodium heparin (100 IU/rat intraperitoneally).
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Heart pefusion: Isolated rat hearts were perfused with a modi-

fied phosphate-free Krebs-Henseleit buffer according to the

Langendorff method at a constant pressure of 70 mmHg at 37°C

as previously described (14). The perfusion medium contained

118 mM NaCl, 5 mM KCl, 1.25 mM CaCl2, 1.2 mM MgSO4,

25 mM NaHCO3, 11 mM glucose and 0.6 mM octanoic acid.

The perfusate was adjusted to pH 7.40 and bubbled with

95% O2/5% CO2 through a glass oxygenator. After a washout

period (nonrecirculating period of 15 min), hearts were either

perfused for 10 min (baseline) and freeze-clamped to obtain ‘nor-

moxic’ hearts, or perfused for 10 min, freeze-clamped, and then

subjected to 30 min global ischemia by closing the aortic influx

and reperfused for either 45 min or 90 min. PARP inhibitors

were administered (100 µM 4-hydroxyquinazoline or 25 µM

HO-3089) into the medium at the beginning of baseline perfu-

sion. During ischemia, hearts were submerged into perfusion

buffer at 37°C. At the end of the perfusion, hearts were freeze-

clamped.

Nuclear magnetic resonance (NMR) spectroscopy: 31P NMR

spectra were recorded with a Varian UNITYINOVA 400 WB instru-

ment (Varian Inc, USA). Detailed technical data were published

previously (6,14).

Heart function: A latex balloon was inserted into the left ventri-

cle through the mitral valve and filled to achieve an end-diastolic

pressure of 8 mmHg to 12 mmHg. All measurements were per-

formed at the same balloon volume. Hearts were selected on the

basis of the stability of high-energy phosphates (assessed by NMR)

during a control period of 15 min before the experiment. The

duration of normoxia, ischemia and reperfusion was 10 min,

30 min and 45 min, respectively. PARP inhibitors were added to

the perfusion medium after the 15 min control period. Functional

data of the hearts (left ventricular developed pressure [LVDP],

rate-pressure product [RPP] and dP/dt) were monitored during the

entire perfusion.

Infarct size: Hearts was removed from the Langendorff apparatus.

Both the auricles and the aortic root were excised, and the ventri-

cles were kept overnight at –4°C. Frozen ventricles were sliced

into uniform sections of about 2 mm to 3 mm thickness. The slices

were incubated in 1% triphenyl tetrazolium chloride at 37°C in

0.2 M Tris buffer (pH=7.40) for 30 min (15). The normal

myocardium was stained brick red, while the infarcted portion

remained unstained. Infarct size was measured by the volume and

weight method as previously described (16).

Lipid peroxidation: Lipid peroxidation was estimated from the

formation of thiobarbituric acid reactive substances (TBARS).

Cardiac tissue was homogenized in 6.5% trichloroacetic acid, and

a reagent containing 15% trichloroacetic acid, 0.375% thiobarbi-

turic acid and 0.25% HCl was added, mixed thoroughly, heated for

15 min in a boiling water bath, cooled, centrifuged, and the

absorbance of the supernatant was measured at 535 nm against a

blank that contained all the reagents except the tissue

homogenate. Using malondialdehyde standard, TBARS were cal-

culated as nmol/g wet tissue.

Determination of protein carbonyl content: Fifty milligrams of

freeze-clamped perfused heart tissue were homogenized with 1 mL

of 4% perchloric acid, and the protein content was collected by

centrifugation. The protein carbonyl content was determined

using the 2,4-dinitrophenylhydrazine method (17).

Western blot analysis: The procedures for Western blots have

been described in detail elsewhere (9). Samples were probed with

antibodies recognizing both the nonphosphorylated and the phos-

phorylated Akt-1 (1:1000 dilution, Cell Signaling Technology,

USA) and visualized by enhanced chemiluminescence.

Statistical analysis: Statistical analysis was performed by analysis

of variance and all data were expressed as mean ± SEM.

Significant differences were evaluated using unpaired Student’s t

tests; P values below 0.05 were considered to be significant.

RESULTS AND DISCUSSION
Effects of PARP inhibitors on the energy metabolism,
contractile function and cell death of hearts during
ischemia-reperfusion
The energy metabolism of Langendorff perfused hearts was
monitored in the magnet of the NMR spectroscope, making it
possible to detect changes in high-energy phosphate interme-
diates. Ischemia induced a rapid decrease in creatine phos-
phate and ATP levels and a fast evolution of inorganic
phosphate. Under our experimental conditions, high-energy
phosphate intermediates only partially recovered in untreated
hearts during the 45 min reperfusion phase; on the other hand,
HO-3089 and 4-hydroxyquinazoline facilitated the recovery of
creatine phosphate (Figure 1) and ATP (data not shown).

Figure 1) Effect of poly(ADP-ribose) polymerase inhibitors on the
recovery of creatine phosphate (CrP) after ischemia-reperfusion (IR)
in Langendorff perfused hearts. *P<0.05. IR+4OHQ IR in the pres-
ence of 100 µM 4-hydroxyquinazoline; IR+HO3089 IR in the pres-
ence of 25 µM HO-3089
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Figure 2) Effect of poly(ADP-ribose) polymerase inhibitors on the max-
imal percentage recovery of left ventricular developed pressure (LVDP),
rate-pressure product (RPP) and dP/dt during the 45 min reperfusion
period after ischemia. *P<0.05. IR Ischemia-reperfusion in untreated
hearts; IR+4OHQ IR in hearts treated with 100 µM 4-hydroxyquinazo-
line; IR+HO3089 IR in hearts treated with 25 µM HO-3089
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These data show that each PARP inhibitor could significantly
improve the final recovery of high-energy phosphate interme-
diates (61±3% for 4-hydroxyquinazoline-treated hearts and
49±5% for HO-3089-treated hearts versus 23±5% creatine
phosphate recovery for untreated hearts; percentages indicate
percentage of normoxic level. PARP inhibitors also promoted
the faster and more complete reuse of inorganic phosphate dur-
ing reperfusion (28±3% for 4-hydroxyquinazoline-treated
hearts and 35±3% for HO-3089-treated hearts versus 58±4%
for untreated hearts, given as the percentage of end-ischemic
value).

To evaluate the effect of PARP inhibitors on the post-
ischemic myocardial functional recovery, isolated hearts were
perfused in the absence or presence of 100 µM 4-hydroxy-
quinazoline or 25 µM HO-3089. At the end of the equilibra-
tion period, LVDP was 135±16 mmHg, RPP was
3.4±0.15×104 mmHg/min, dP/dt was 1310±196 mmHg/s and
the average heart rate was 217±19 beats/min. Figure 2 shows
the maximal percentage recovery of LVDP, RPP and dP/dt dur-
ing reperfusion compared with the initial values. Both PARP
inhibitors significantly improved the recovery of all parameters,
indicating that the preservation of the integrity of energy metab-
olism was accompanied by better functional performance.

Triphenyl tetrazolium chloride staining of the myocardium
after 90 min of postischemic reperfusion revealed that PARP
inhibitors were capable of significantly diminishing the infarct
size compared with untreated hearts (Figure 3).

Effects of PARP inhibitors on cardiac oxidative damage and
ischemia-reperfusion-related Akt phosphorylation
Lipid peroxidation induced by ischemia-reperfusion in
Langendorff perfused hearts was characterized by the forma-
tion of TBARS. Under our experimental conditions,
ischemia-reperfusion increased the amount of TBARS com-
pared with the normoxic conditions (Figure 4). In normoxic
hearts, PARP inhibitors did not have significant effects on
TBARS. When ischemia-reperfusion occurred in the presence
of PARP inhibitors, the formation of TBARS was significantly
lower than in the hearts subjected to ischemia-reperfusion
alone, indicating that PARP inhibitors prevented the
ischemia-reperfusion-induced lipid peroxidation.

ROS formation in the ischemia-reperfusion cycle can also
trigger the oxidation of proteins, which can be characterized by

the quantity of protein-bound aldehyde groups. Figure 5 shows
that ischemia-reperfusion significantly elevated the level of pro-
tein oxidation; nevertheless, the administration of PARP
inhibitors during the ischemia-reperfusion cycle prevented the
increase in protein-bound aldehyde groups.

In addition, moderate Akt kinase phosphorylation occurred
in our experimental setting as a result of ischemia-reperfusion.
On the other hand, 4-hydroxyquinazoline and HO-3089 treat-
ment further enhanced Akt activation (Figure 6).

Myocardial protection by selective poly(ADP-ribose) polymerase inhibitors
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Figure 3) Effect of poly(ADP-ribose) polymerase inhibitors on infarct
size after ischemia-reperfusion (IR) in Langendorff perfused hearts.
*P<0.05. IR+4OHQ IR in the presence of 100 µM 4-hydroxyquina-
zoline; IR+HO3089 IR in the presence of 25 µM HO-3089
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Figure 4) Effect of poly(ADP-ribose) polymerase inhibitors on
ischemia-reperfusion (IR)-induced lipid peroxidation in Langendorff per-
fused hearts. The figure demonstrates the quantity of thiobarbituric acid
reactive substances (TBARS) in various samples. *P<0.05.
IR+4OHQ IR in the presence of 100 µM 4-hydroxyquinazoline;
IR+HO3089 IR in the presence of 25 µM HO-3089; N Normoxia
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Figure 5) Effect of poly(ADP-ribose) polymerase inhibitors on
ischemia-reperfusion (IR)-induced protein oxidation in Langendorff per-
fused hearts. The figure demonstrates the protein carbonyl content.
*P<0.05. IR+4OHQ IR in the presence of 100 µM 4-hydroxyquina-
zoline; IR+HO3089 IR in the presence of 25 µM HO-3089;
N Normoxia
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Figure 6) Effect of poly(ADP-ribose) polymerase (PARP) inhibitors
on Akt phosphorylation. Ischemia-reperfusion (IR) without any treatment
triggered moderate phosphorylation of Akt (p-Akt). Both PARP inhibitors
could further enhance the phosphorylation. *P<0.05. IR+4OHQ IR in
the presence of 100 µM 4-hydroxyquinazoline; IR+HO3089 IR in the
presence of 25 µM HO-3089; N Normoxia
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CONCLUSIONS
Taken together, our data show that the investigated PARP
inhibitors preserved the myocardial energy metabolism and
attenuated the overall oxidative injury of postischemic rat
hearts. Stress-induced activation of Akt has been reported to
occur in a number of cell types as a result of a variety of cel-
lular stresses (18,19). In the present study, we have demon-
strated that ischemia-reperfusion led to the phosphorylation
of Akt (activated), while the administration of PARP
inhibitors further enhanced the activation of this pathway in

some way. Although little is known about the precise triggers
of ischemia-reperfusion-related signalling pathways, it has
been proposed that oxidative stress, mediated by ROS, may
play an important role in this process (20,21). Our findings
suggest that Akt activation occurs as a response to PARP
inhibitor treatment and might play an important role in pro-
moting cell survival. However, further studies are required to
delineate the role of Akt activation and the detailed sig-
nalling mechanisms under conditions of various treatment
agendas.
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