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1 The cardioprotective properties of inhibition of poly (ADP-ribose) synthetase (PARS) were
investigated in the isolated perfused heart of the rat. Hearts were perfused in the Langendor� mode
and subjected to 23 min total global ischaemia and reperfused for 60 min.

2 Left ventricular function was assessed by means of an intra-ventricular balloon. High energy
phosphates were measured by 31P-NMR spectroscopy. Intracellular levels of NAD were measured
by capillary electrophoresis of perchloric acid extracts of hearts at the end of reperfusion.

3 Reperfusion in the presence of the PARS inhibitor 1,5 didroxyisoquinoline (ISO, 100 mM)
attenuated the mechanical dysfunction observed following 1 h of reperfusion; 27+13 and 65+8%
recovery of preischaemic rate pressure product for control and 100 mM ISO, respectively.

4 This cardioprotection was accompanied by a preservation of intracellular high-energy phosphates
during reperfusion; 38+2 vs 58+4% (P50.05) of preischaemic levels of phosphocreatine (PCr) for
control and 100 mM ISO respectively and 23+1 vs 31+3% (P50.05) of preischaemic levels of ATP
for control and 100 mM ISO respectively.

5 Cellular levels of NAD were higher in ISO treated hearts at the end of reperfusion; 2.56+0.45 vs
4.76+1.12 mmoles g71 dry weight (P50.05) for control and ISO treated.

6 These results demonstrate that the cardioprotection a�orded by inhibition of PARS activity with
ISO is accompanied by a preservation of high-energy phosphates and cellular NAD levels and
suggest that the mechanism responsible for this cardioprotection may involve prevention of
intracellular ATP depletion.
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Introduction

It is now well accepted that reactive oxygen species (ROS)
such as superoxide anions (O2

7), hydroxyl radicals (OH�),
and hydrogen peroxide (H2O2) as well as peroxynitrite
(ONOO7) contribute to reperfusion injury of the previously
ischaemic myocardium (see Kukreja & Hess, 1992; Wang &

Zweier 1996). The generation of ROS during either ischaemia
or reperfusion has been directly demonstrated using electron
paramagnetic resonance spectroscopy (Zweier et al., 1987),
chemiluminescence (Henry et al., 1990) and spin trapping

(Bolli et al., 1988). Interventions which either attenuate the
generation or reduce the e�ects of ROS protect the heart
against ischaemia-reperfusion injury (Jolly et al., 1984;

Manning et al., 1984; Ambrosio et al., 1986). ROS cause
cell injury by peroxidation of membrane lipids, denaturation
of proteins such as enzymes and ion channels, and DNA

injury. In addition, it has been demonstrated that depletion
of intracellular high energy phosphates contributes to ROS-
mediated cell damage (Schraufstatter et al., 1986a). For
instance, exposure of cultured cells to ROS including H2O2,

ONOO7 or O2
7 results in single strand breaks in DNA and

subsequent activation of the DNA repair enzyme, poly

(ADP-ribose) synthetase (PARS, also known as poly (ADP-
ribose) polymerase, PARP, or ADP ribosyltransferase, ADP-
RT) (Schraufstatter et al., 1986a). Once activated, PARS

catalyzes the poly (ADP ribosyl)ation of nuclear proteins by
transfer of (ADP-ribose) groups from nicotinamide adenine
dinucleotide (NAD) to the proteins with concomitant
formation of nicotinamide. Under conditions of oxidant

stress, DNA injury causes excessive activation of the PARS
enzyme resulting in a fall in the intracellular levels of its
substrate NAD (Schraufstatter et al., 1986a). The nicotina-

mide formed when PARS is activated can be recycled to
NAD in a reaction that consumes ATP (Carson et al., 1986).
This futile cycle of NAD utilization and synthesis may

deplete intracellular levels of ATP. In addition, if the
depletion of intracellular levels of NAD is su�ciently severe
this may also contribute to depletion of ATP through
interference with mitochondrial function. A decline in the

intracellular levels of ATP results in severe cellular
dysfunction and ultimately cell death (Schraufstatter et al.,
1986a). This pathway of cell death has been termed the

`PARS Suicide Hypothesis' (Berger et al., 1985). Inhibition of
the activity of PARS e.g. with 3-aminobenzamide, prevents
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the NAD and ATP depletion caused by oxidant stress, and
improves cell survival (Schraufstatter et al., 1986b).

We, and others, have recently discovered that inhibition of

PARS activity attenuates myocardial reperfusion injury in
rabbits (Thiemermann et al., 1997) and in rats (Zingarelli et al.,
1997). The administration, upon reperfusion, of inhibitors of
PARS activity attenuate (i) the degree of necrosis caused by

regional ischaemia and reperfusion in the anaesthetized rabbit
and (ii) attenuate the contractile dysfunction caused by global
ischaemia and reperfusion in the isolated, perfused heart of the

rabbit (Thiemermann et al., 1997). Thus, we proposed that (i)
activation of PARS contributes to reperfusion injury and (ii)
that inhibition of PARS activity may be useful in the therapy

of reperfusion injury of the heart. The exact mechanism(s) by
which PARS inhibitors cause the observed reduction in infarct
size is not clear, but may be due to inhibition of PARS activity

and preservation of high energy phosphates. Myocardial
ischaemia and reperfusion causes a reduction in high energy
phosphates, post-ischaemic contractile dysfunction and infarc-
tion (Jennings et al., 1978; Vary et al., 1979).

This study demonstrates that administration during
reperfusion of the PARS inhibitor, 1,5-dihydroxyisoquinoline
reduces both the contractile dysfunction caused by global

ischaemia and reperfusion of the isolated, perfused heart of the
rat. The mechanism of action is related to preservation of high
energy phosphates.

Methods

Perfusion of isolated hearts

All experiments conformed to the guidelines set out by the

Canadian Council on Animal Care regarding the care and use
of experimental animals and were approved by the local
Animal Care Committee of the National Research Council of

Canada.
Male Sprague-Dawley rats (300 ± 350 g) were obtained

from Charles River and acclimatized to our animal holding

facilities for 1 week prior to use. The rats were anaesthetized
with sodium pentobarbitone (120 mg kg71 i.p.). The hearts
were excised, arrested in ice cold bu�er and rapidly perfused
in the Langendor� mode at 36.58C. After insertion of an

apical drain in the left venticle to vent the drainage from the
Thebesian veins, a water ®lled compliant balloon was
inserted into the left ventricle via the mitral valve. The

balloon was connected to a pressure transducer (Stratham
P23Db) to monitor left ventricular pressure and heart rate.
Perfusion pressure was monitored by means of a pressure

transducer (Stratham P23Db) connected to a side arm from
the aortic perfusion line. Perfusion rate was monitored by
means of an in-line ultrasonic ¯ow probe (Transonics Inc).

The left ventricular end diastolic pressure was adjusted to
5 ± 10 mmHg by in¯ating the balloon. The balloon volume
was then kept constant throughout the course of the
experiment. Mechanical function was assessed as the heart

rate, end diastolic pressure, developed pressure, the rate
pressure product (RPP, the product of heart rate times left
ventricular developed pressure), +dP dt71 and 7dP dt71.

Functional data were acquired and analysed using a PC
based system (Digi-Med1, Louisville, KY, U.S.A.). Time to
ischaemic contracture was measured as the time for the end

diastolic pressure to increase by 10 mmHg during ischaemia.
The hearts were perfused at a constant pressure of
70 mmHg with a modi®ed Krebs'-Henseleit (K-H) bu�er
containing (mM) NaCl 118, KCl 4.7, CaCl2 1.75 (free

Ca2+&1.1 mM), MgSO4 1.2, EDTA 0.5, NaHCO3 25 and
glucose 11, equilibrated with 95% O2/5% CO2 to achieve a
pH of 7.4. Hearts were placed in a 20 mm NMR tube.

Perfusate was aspirated by means of a suction line
positioned just above the level of the aortic cannula, such
that the heart was totally immersed in a bath of perfusate.
This, in conjunction with the variable temperature unit in

the magnet, ensured that the temperature throughout the
experiment was maintained in the range 36 ± 378C (as
determined by means of a thermocouple inserted in the left

ventricle during initial experiments in which no NMR data
were acquired).

NMR spectroscopy

NMR experiments were performed on a Bruker AM-360

spectrometer equipped with a broadband probe. Field
homogeneity was adjusted by shimming on the sodium
signal from the sample yielding line widths of 10 ± 15 Hz. 31P
NMR spectra were acquired at 145.8 MHz with a time

resolution of 2.5 min by summing 72 free induction decays
obtained using a 608 pulse and a recycle time of 2.3 s. The
sweep width was 10 kHz and 4096 data points were

collected. Spectra were processed by Fourier transformation
following exponential multiplication (LB, 20 Hz). Spectra
were processed using 1D WINNMR (Bruker). A capillary

tube containing phenylphosphonic acid was placed next to
the heart and acted as an internal reference for the NMR
experiments.

Experimental protocol

Hearts were allowed to stabilize for a period of 15 min, during

which time the magnet was shimmed and the NMR probe was
tuned. The mechanical performance at the end of this
stabilization period was taken as the pre-ischaemic function

and upon which post-ischaemic recovery of function was
based. The hearts were subjected to 23 min total global
ischaemia by clamping the aortic perfusion line. Reperfusion

was conducted under conditions of constant pressure by
removing the clamp from the aortic perfusion line and was
continued for 60 min. The PARS inhibitor, 1,5-dihydroxyiso-
quinoline (Aldrich) was infused as a concentrated stock

solution by means of a pump driven syringe. This delivered
the drug through an infusion line connected to the main
perfusion line just above the aortic cannula. The drug was

administered at 1/60th of the perfusion rate to achieve a ®nal
concentration of 100 mM. Infusion of 1,5-dihydroxyisoquino-
line was started at reperfusion and continued for the ®rst

45 min of reperfusion. 1,5-dihydroxyisoquinoline was initially
dissolved in DMSO and then diluted with water to achieve a
concentration of 6 mM and a DMSO concentration of 10%.

Following the 60 fold dilution in the perfusion bu�er this
resulted in a ®nal drug concentration of 100 mM in the presence
of 0.15% DMSO. The rate of drug infusion was altered to
match changes in the rate of perfusion to maintain the desired

drug concentration. Control hearts were treated in similar
fashion with DMSO to achieve a ®nal concentration of 0.15%
DMSO. Care was taken to continually adjust the infusion rate

of drug or vehicle according to the direct read-out of rate of
perfusion on the ¯ow meter. This was considered important to
ensure that all hearts were exposed to identical concentrations

of DMSO thereby overcoming concerns that any observed
cardioprotection may have been due to the radical scavenging
properties of DMSO rather than the PARS inhibitory e�ects
of ISO.
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Determination of cellular NAD levels

At the end of reperfusion hearts from the 100 mM ISO and

control groups were freeze clamped using aluminum tongs
cooled to the temperature of liquid nitrogen and immediately
plunged into liquid nitrogen. Perchloric acid extracts of
samples of left ventricular tissue (&100 mg) were neutralized

and subjected to capillary zone electrophoresis for determina-
tion of total NAD (Grune & Perret, 1994). Dry : wet weight
ratios were determined on aliquots of left ventricular tissue by

drying to constant weight at 708C. NAD determinations were
expressed as mmoles gm71 dry weight.

Statistical analysis

Data are expressed as mean+s.e.mean. Statistical analyses

were performed using the statistical package Statistica. One
way ANOVA's between groups for all time points was used as
an exploratory analysis to determine the time of drug
e�ectiveness. A repeated measures ANOVA between groups

was then used over the time intervals 30 ± 60 min reperfusion
for mechanical function and 20 ± 60 min reperfusion for
energetics data. Duncan's test was used to determine statistical

signi®cance between the vehicle and drug treated groups.
Pearson correlation coe�cients were determined using the
Systat package.

Results

Mean baseline values (Pre-Ischaemia) for all the parameters
studied were similar in the control and drug treated groups
(Figures 1 ± 3; P40.05). Thus, there was no di�erence in the

basal function of the hearts between groups. Although we did
not speci®cally test it in this study, we have previously
demonstrated that the mechanical function in this model is

stable over the time frame of this protocol, with the developed
pressure decreasing 20% following 2 h of normoxic perfusion
(Musat-Marcu et al., 1999).

In hearts subjected to global myocardial ischaemia, the
mean time to the onset of the development of ischaemic
contracture was similar in both groups (Control:
15.7+0.4 min; 100 mM ISO: 15.6+0.5 min) indicating that

the severity of ischaemia was similar in the two groups.
In hearts treated with vehicle (0.15% DMSO, control),

reperfusion following 23 min of total global ischaemia caused

a signi®cant contractile dysfunction. Diastolic function was
impaired as indicated by an increase in end diastolic pressure
to approximately 70 mmHg at the end of reperfusion (Figure

1A), and developed pressure was reduced to 22% of the pre-
ischaemic level at the end of reperfusion (Figure 1B). In
addition, the recovery of the rate pressure product during

reperfusion was markedly impaired resulting in a recovery to
27% of pre-ischaemic function at the end of reperfusion
(Figure 2). Similarly, the recovery of +dP dt71 as well as 7dP
dt71 were impaired during the reperfusion period (Figure 3).

Stimulation with isoproterenol (0.1 mM) at the end of the
reperfusion period caused moderate (if any) increases in
developed pressure (Figure 1) rate pressure product (Figure

2), +dP dt71 and 7dP dt71 (Figure 3).
Reperfusion of the hearts with bu�er containing the PARS

inhibitor 1,5-dihydroxyisoquinoline attenuated the contractile

dysfunction during reperfusion (Figures 1 ± 3). Preliminary
experiments performed in attempts to determine an optimally
e�ective concentration of ISO demonstrated a trend towards
cardioprotection in the presence of 50 or 75 mM ISO (data not

Figure 1 E�ect of 1,5-dihydroxyisoquinoline (ISO) on diastolic and
systolic function during reperfusion of the ischaemic heart. Rat hearts
were subjected to 23 min of total global ischaemia and reperfused in
the presence of 100 mM 1,5-dihydroxyisoquinoline or its vehicle
(0.15% dimethyl sulphoxide). The drug or its vehicle was present
throughout the initial 45 min of reperfusion. At the end of 60 min
reperfusion the mechanical function of the heart was stimulated by
infusion of isoproterenol (0.1 mM). (A) Shows the e�ects on end
diastolic pressure and (B) shows the data for left ventricular
developed pressure. *P50.05 when compared with vehicle treated
hearts.

Figure 2 Protective e�ects of 1,5-dihydroxyisoquinoline (ISO) on
total cardiac work during reperfusion of the ischaemic heart. Cardiac
work was assessed as Rate Pressure Product (heart rate6developed
pressure). Conditions were as described in Figure 1.
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shown). The highest concentration of 1,5-dihydroxyisoquino-
line employed (100 mM) had a signi®cant e�ect on all of the
functional parameters studied (Figures 1 ± 3). For instance,

reperfusion of hearts with bu�er containing 100 mM of 1,5-
dihydroxyisoquinoline caused a fall in end-diastolic pressure
(from elevated towards normal values) during the reperfusion
period (Figure 1). The recoveries of developed pressure and the

rate-pressure product were also signi®cantly improved in the
presence of 1,5-dihydroxyisoquinoline (Figures 1 and 2). The
recovery of contractility during reperfusion, assessed as the

rate of development of pressure (+dP dt71) and the rate of
relaxation (7dP dt71) were also signi®cantly improved by
treatment with the PARS inhibitor (Figure 3). Concentrations

of ISO greater than 100 mM were not tested due to the limited
water solubility of this compound. Administration of higher
concentrations of ISO would only have been possible in the

presence of unacceptably high levels of DMSO.
In hearts treated with 100 mM 1,5-dihydroxyisoquinoline,

stimulation with isoproterenol further enhanced both devel-
oped pressure and rate-pressure product at the end of

reperfusion. For example, in hearts treated with 100 mM of
1,5-dihydroxyisoquinoline, isoproterenol increased developed
pressure from 62% of the pre-ischaemic value to 75% and

increased the rate-pressure product from 65 to 106% (Figures
1 and 2). The latter e�ect was largely due to a profound

increase in heart rate in the presence of isoproterenol. The
recoveries of +dP dt71 and7dP dt71 in these hearts were also
enhanced in the presence of isoproterenol (to pre-ischaemic

values). Although developed pressure and rate pressure
product were dramatically improved in the presence of
isoproterenol, end diastolic pressure did remain elevated under
these conditions.

Treatment with the PARS inhibitor had no signi®cant e�ect
on coronary ¯ow demonstrating that the bene®cial e�ects of
this intervention are not secondary to preservation of vascular

function (Table 1).
Examples of the NMR spectra obtained from a drug treated

heart are shown in Figure 4. The spectra consist of three peaks

corresponding to the three phosphates of ATP, the PCR peak,
a small inorganic phosphate (Pi) peak and the reference
phenylphosphonic acid. In addition to information on

intracellular energetics these spectra may also be used to
measure the intracellular pH from the pH dependent change in
the chemical shift of Pi. There was no di�erence in the
intracellular pH between the two groups (data not shown). In

hearts subjected to global ischaemia and reperfusion and
treated with vehicle (0.15% DMSO, control), there was a
limited recovery of intracellular levels of high-energy

phosphates during reperfusion (Figure 5). The bene®cial
e�ects of the PARS inhibitor 1,5-dihydroxyisoquinoline on
recovery of mechanical function were accompanied by a

partial preservation of energy status during reperfusion. The
PARS inhibitor signi®cantly increased the recovery of PCr
levels at the end of reperfusion with this bene®cial e�ect

becoming apparent following 15 min of reperfusion (Figure 5).
Similarly, infusion of 1,5-dihydroxyisoquinoline preserved
intracellular ATP with this e�ect becoming apparent following
15 ± 20 min of reperfusion (Figure 5).

There was a good association between functional recovery
(EDP, DP and RPP) and cardiac energetics (ATP, PCr) at the
end of reperfusion. This analysis was performed using data

obtained from 28 hearts used in the study, including hearts
used in the preliminary experiments designed to determine an
optimally e�ective concentration of 1,5-dihydroxyisoquino-

line. PCr levels at the end of reperfusion correlated with EDP,
DP and RPP with Pearson correlation coe�cients of 70.707,
0.646 and 0.753 (P50.001 in all cases) respectively. The
Pearson correlation coe�cients for ATP with EDP, DP and

RPP were 70.616, 0.680 and 0.699 (P50.001 for all)
respectively. The plots for PCr vs RPP and also for ATP vs
EDP are shown in Figure 6 as examples of these analyses.

Total cellular levels of NAD in hearts freeze clamped at the
end of reperfusion were also higher in hearts treated with
100 mM ISO (4.75+1.12 mmoles gm71 dry weight) compared

to control hearts (2.56+0.45 mmoles gm71 dry weight;
P50.05). This recovery of NAD compares favourably to
baseline levels of 4.82+1.0 mmoles gm71 dry weight in the

perfused rat heart (Humphrey et al., 1987).

Figure 3 E�ect of 1,5-dihydroxyisoquinoline (ISO) on contractility
(+dP dt71), shown in (A) and rate of relaxation (7dP dt71) shown
in (B) during reperfusion. Conditions were as described in Figure 1.

Table 1 Coronary ¯ow pre and post ischaemia

Pre ischaemia End reperfusion

Control
100 mM ISO

15.0+0.5
14.6+0.8

8.8+0.3
9.1+0.3

Hearts were subjected to 23 min total ischaemia and
reperfused for 60 min in the presence of 100 mM 1,5-
dihydroxyisoquinoline (ISO) or its vehicle (0.15% DMSO).
The data indicate the coronary ¯ow in ml min71 before
ischaemia and at 60 min of reperfusion. The data are
presented as mean+s.e.mean.
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Discussion

In January 1997, we have reported that the administration,

upon reperfusion, of several chemically distinct inhibitors of
PARS activity including 1,5-dihydroxyisoquinoline, 3-amino-
benzamide, benzamide and nicotinamide reduce the infarct size
caused by regional myocardial ischaemia and reperfusion in the

anaesthetized rabbit (Thiemermann et al., 1997). In November
1997, Zingarelli and colleagues reported that the PARS-
inhibitor 3-aminobenzamide also reduces the myocardial injury

caused by regional myocardial ischaemic and reperfusion in the
anaesthetized rat (Zingarelli et al., 1997). The exact mechanism
of the cardioprotective e�ects of these PARS inhibitors is still

unclear, but may involve a direct protection of cardiomyocytes
against reperfusion injury. This study demonstrates that the
PARS inhibitor 1,5-dihydroxyisoquinoline attenuates the

contractile dysfunction caused by global ischaemia and
reperfusion of the isolated, bu�er-perfused heart of the rat.
Most notably, administration of isoproterenol to hearts which
had been subjected to global ischaemia and treated with 1,5-

dihydroxyisoquinoline (100 mM), the rate-pressure product as
well as +dP dt71 and7dP dt71 returned to values which were
not signi®cantly di�erent from those measured prior to the

onset of myocardial ischaemia.

What, then, is the mechanism by which the PARS inhibitor

1,5-dihydroxyisoquinoline reduces the contractile dysfunction
caused by global ischaemia-reperfusion of the heart? Reperfu-
sion of the previously ischaemic myocardium leads to the
generation of ROS including superoxide anions, hydrogen

peroxide, hydroxyl radicals as well as peroxynitrite (Zweier et
al., 1987; Wang et al., 1996). All of these radicals cause DNA
strand breaks in cultured cells (Schraufstatter et al., 1986b;

Okamoto et al., 1996; Thies & Autor, 1991). There is good
evidence that inhibitors of PARS activity do not reduce the
degree of DNA damage suggesting that these agents do not

function as radical scavengers (Schraufstatter et al., 1986a,b).
Indeed, the PARS inhibitor 1,5-dihydroxyisoquinoline does
not scavenge superoxide anions (generated in vitro) (Bowes et
al., 1999). Thus, it appears unlikely that the bene®cial e�ects of

1,5-dihydroxyisoquinoline observed here are due to the
scavenging of ROS. We have recently demonstrated that
exposure of rat or human cardiac myoblasts in culture to

hydrogen peroxide causes an increase in PARS activity (within

Figure 4 31P NMR spectra of a heart isolated from a rat and treated
with 100 mM 1,5-dihydroxyisoquinoline during reperfusion following
23 min of total global ischaemia. The bottom trace shows a spectrum
obtained at baseline prior to ischaemia, the middle trace is a
spectrum obtained during the interval 20.5 ± 23 min ischaemia and
the top trace was obtained between 7.5 and 10 min of reperfusion.
The peaks, from left to right are; the phenylphosphonic acid standard
(at 19.4 p.p.m.), inorganic phosphate (Pi, initially at 5 p.p.m.),
phosphocreatine (0 p.p.m.), the g phosphate of ATP (at
72.5 p.p.m.), the a phosphate of ATP (at 77.5 p.p.m.) and the b
phosphate of ATP (at 716 p.p.m.). The bottom trace demonstrates a
well oxygenated heart with excellent energetics and very little Pi. The
trace obtained at the end of ischaemia reveals an almost complete
lack of high energy phosphates, a very large Pi peak and a change in
the chemical shift of this Pi peak indicative of severe intracellular
acidosis. The spectrum obtained during reperfusion demonstrates a
partial recovery of energetics and a restoration of normal
intracellular pH.

Figure 5 1,5-dihydroxyisoquinoline (ISO) preserves the intracellular
levels of high energy phosphates during reperfusion of ischaemic
hearts. PCr (A) and ATP (B) levels were determined by 31P NMR
spectroscopy of hearts isolated from rats. The hearts were subjected
to 23 min of total global ischaemia and reperfused for 60 min. ISO
(100 mM) or its vehicle (0.15% dimethyl sulphoxide) was present for
the initial 45 min of reperfusion. Following 60 min of reperfusion the
mechanical function of the hearts were stimulated by infusion of
isoproterenol (0.1 mM). This stimulation of work was accompanied by
a decrease in PCr levels. Values for ATP and PCr are expressed as
per cent of pre-ischaemic levels.
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30 min) followed by cell necrosis (within 4 h). Treatment of
these cells with several PARS inhibitors including 1,5-
dihydroxyisoquinoline attenuated the increase in PARS

activity and reduced the cell injury/necrosis caused by hydrogen
peroxide in these cells (Bowes et al., 1998; 1999). Accumulation
of poly (ADP-ribose) has recently been demonstrated in

ischaemic and reperfused hearts (Walles et al., 1998a)
suggesting that PARS activity is indeed stimulated in the intact
heart under the conditions used in the present study.

Recent studies utilizing PARS knockout mice have lent
support to the notion that activation of PARS at reperfusion
contributes to myocardial reperfusion injury. A ®broblast cell
line derived from PARS knockout mice was protected against

the suppression of mitochondrial respiration in response to
peroxynitrite or reoxygenation, as compared to cells derived
from wild type mice (Gilad et al., 1997). Similar protection was

observed following hypoxia-reoxygenation of isolated working

hearts, with improved functional recovery in hearts from
PARS knock out mice as compared to wild type (Grupp et al.,
1999). Studies on ischaemia-reperfusion injury in vivo in PARS

knockout mice suggested that this cardioprotection may be ± in
part ± due to a decreased recruitment of neutrophils secondary
to an inhibition of the expression of P-selectin and intercellular
adhesion molecule 1 (Zingarelli et al., 1998). It should be noted

that the latter study does not rule out additional direct e�ects
of the PARS inhibitors used on the myocardium. Indeed,
isolated, bu�er-perfused hearts from PARS knockout mice

were similarly protected against the injury/dysfunction caused
by total global ischaemia (Walles et al., 1998b). In this
preliminary report, the improved functional recovery was

accompanied by a preservation of cardiac energetics.
In the present study treatment with 1,5-dihydroxyisoquino-

line at reperfusion signi®cantly improved the recovery of NAD

and high energy phosphates during reperfusion. It is likely that
this bene®cial e�ect on cardiac energetics contributes to the
observed attenuation of contractile dysfunction following
reperfusion of the ischaemic myocardium. There remains some

controversy regarding the correlation between the recovery of
function and intracellular ATP levels following myocardial
ischaemia-reperfusion. Thus, the studies of Neely & Grotyo-

hann (1984) suggested that there is no relation between
intracellular ATP levels and functional recovery following
ischaemia-reperfusion. On the other hand, studies by Rovetto

(1979) suggested that there is indeed a correlation between
heart ATP content and work during reperfusion. In the present
study we did observe a correlation between cardiac energetics

at the end of reperfusion and functional recovery. This
correlation, while signi®cant, was quite modest and this
appears reasonable given the multi-factorial nature of
ischaemia-reperfusion injury. A stronger correlation between

recovery of energetics and function would be observed only if
energetic status were the only determinant of the degree of
ischaemia-reperfusion injury. The correlation between recov-

ery of energetics and function lends support to the notion that
the cardioprotective e�ects of PARS inhibition are, at least in
part, due to preservation of energetic status.

In the present study, stimulation with isoproterenol at the
end of the reperfusion period increased the functional recovery
in the hearts treated with the PARS inhibitor, 1,5-dihydrox-
yisoquinoline to pre-ischaemic levels. This is likely to be a result

of increased Ca2+ in¯ux overcoming the decreased sensitivity
of the myo®laments to Ca2+ (Kusuoka et al., 1987; Carrozza et
al., 1992). The isoproterenol-enhanced recovery of function

was not observed in the vehicle-treated hearts. These results
suggest that the ischaemia-reperfusion insult to the untreated
hearts resulted in irreversible damage and/or insu�cient energy

reserves to respond to the isoproterenol stimulation. The degree
of irreversible damage in the 1,5-dihydroxyisoquinoline-treated
hearts appeared to be attenuated and su�cient high energy

phosphates remained to allow the hearts to respond to the
isoproterenol stimulation. Preservation of high energy phos-
phates during the reperfusion period appears to be involved in
the cardioprotective properties of 1,5-dihydroxyisoquinoline.

This preservation of high-energy phosphates is very likely
secondary to the observed enhancement in NAD levels at the
end of reperfusion.

In conclusion, this study demonstrates that the PARS
inhibitor 1,5-dihydroxyisoquinoline reduces the contractile
dysfunction and improves the contractile reserve (upon

challenge with isoproterenol) caused by global ischaemia and
reperfusion in the isolated, bu�er-perfused heart of the rat. In
addition, administration of this PARS inhibitor improved the
recovery in NAD and also ATP and PCr during the reperfusion

Figure 6 The relationship between preservation of high energy
phosphates and restoration of function following reperfusion of the
ischaemic heart. Hearts isolated from rats were subjected to 23 min
total global ischaemia and reperfused for 60 min. Data are presented
for all hearts (n=28) used in the present study and includes hearts
reperfused in the presence of vehicle (0.15% DMSO, control) or 50,
75 or 100 mM 1,5-dihydroxyisoquinoline (ISO). (A) Shows the
association between the recovery of PCr (expressed as per cent of
the pre-ischaemic level of PCr) following 60 min of reperfusion and
the rate pressure product of the heart (heart rate6developed
pressure) at the end of reperfusion. (B) Shows the relationship
between recovery of ATP levels at 60 min of reperfusion and the
developed pressure at the end of reperfusion.
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period. The `PARS Suicide Hypothesis' states that the excessive
activtion of PARS under conditions of oxidant stress causes cell
death by depletion of NAD and ATP (Berger et al., 1985). Our

®ndings support the view that the cardioprotective e�ects of the
PARS inhibitor 1,5-dihydroxyisoquinoline are (at least in part)
due to the preservation of high energy phosphates.
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