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Abstract

Overactivation of the nuclear enzyme poly(ADP-ribose) polymerase (PARP) contributes to the
development of cell dysfunction and tissue injury in various pathophysiological conditions associated
with oxidative and nitrosative stress, including myocardial reperfusion injury, heart transplantation,
diabetic cardiomyopathy and chronic heart failure. In recent studies, we have demonstrated the
beneficial effects of a novel ultrapotent PARP inhibitor, INO-1001, on cardiac and endothelial
dysfunction and remodeling in rat model of advanced aging-associated chronic heart failure and in
a mouse model of heart failure induced by aortic banding. In the current study, we have investigated
the effect of INO-1001 on the development of heart failure induced by permanent ligation of the left
anterior descending coronary artery, heart failure induced by doxorubicin and acute myocardial
dysfunction induced by bacterial endotoxin. In the coronary ligation model, a significantly depressed
left ventricular performance and impaired vascular relaxation of aortic rings were found, and PARP
inhibition significantly improved both cardiac function and vascular relaxation. In the doxorubicin
model, a single injection of doxorubicin induced high mortality and a significant decrease in left
ventricular systolic pressure, +dP/dt, —dP/dt, stroke volume, stroke work, ejection fraction and
cardiac output. Treatment with the PARP inhibitor reduced doxorubicin-induced mortality and
markedly improved cardiac function. PARP inhibition did not interfere with doxorubicin’s antitumor
effect. In the endotoxin model of cardiac dysfunction, PARP inhibition attenuated the suppression
of myocardial contractility elicited by endotoxin. The current data strengthen the view that PARP
inhibition may represent an effective approach for the experimental therapy of various forms of acute
and chronic heart failure.
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Introduction

Reactive oxygen and nitrogen species are overproduced in the cardiovascular system during
chronic heart failure. Oxidant-induced cell injury involves the activation of a nuclear enzyme,
poly(ADP-ribose) polymerase (PARP), which importantly contributes to the development of
cell dysfunction and tissue injury in various pathophysiological conditions associated with
oxidative and nitrosative stress, including myocardial reperfusion injury, heart transplantation,
diabetic cardiomyopathy and chronic heart failure (overviewed in refs. 1,2).

Recent studies have demonstrated the cardioprotective effect of a novel ultrapotent poly(ADP-
ribose) polymerase (PARP) inhibitor, INO-1001 on the development of cardiac hypertrophy
and cardiac contractile dysfunction in rat model of advanced aging-associated chronic heart
failure and in a murine model of chronic heart failure induced by aortic banding (3,4). In the
present study, we investigated the effect of INO-1001 on the cardiac function in three additional
models of cardiac dysfunction: a) chronic heart failure induced by chronic ligation of the left
anterior descending coronary artery; b) heart failure induced by the cardiotoxic drug
doxorubicin; and c) heart failure induced by bacterial lipopolysaccharide (LPS). In the
doxorubicin model we have also explored whether INO-1001 interferes with the anticancer
effect of doxorubicin.

Materials and methods

The investigation conformed to the Guide for the Care and Use of Laboratory Animals
published by US National Institutes of Health (NIH Publication No. 85-23 revised 1985) and
was performed with the approval of the local Institutional Animal Care and Use Committee.

Ligation-induced chronic heart failure model

Heart failure was induced in male Wistar rats by chronic ligation of the left anterior descending
coronary artery as previously described (5). Seven days after the coronary occlusion, the
surviving animals were randomly assigned to receive a minipump containing an ultrapotent
PARP inhibitor INO-1001 (3 mg/kg/day) or vehicle. Left ventricular function was measured
8 weeks after the surgery using Millar microtip catheter transducer SPR-524 (Millar
Instruments) coupled to a Powerlab/4SP A/D converter (AD Instruments, Mountain View, CA,
USA), and then stored and displayed on a computer (5). Vascular function (contractility and
relaxation) was studied in isolated aortic rings as previously described (5). The different heart
cavities (left and right ventricles, left and right atria) and lungs were dissected and weighed
and normalized to the length of the right tibia or body weight. The infarcted (scar) area of the
left ventricle (LV) was carefully dissected from the non-infarcted left ventricle, and infarct size
was evaluated by computing the ratio of scar tissue weight over the total LV weight.

Doxorubicin-induced heart failure model

Male BALB/c mice were administered a single dose of doxorubicin at 25 mg/kg i.p., and used
for functional measurements 5 days later (6). Treatment with the PARP inhibitor INO-1001 (3
mg/kg/day s.c. in ALZET minipumps) started 2 days before the doxorubicin injection and
continued until the hemodynamic measurements were made. Five days after DOX
administration analysis of left ventricular performance was measured in mice anesthetized with
i.p. injections of ketamine (80 mg/kg) and xylazine (10 mg/kg) i.p. The animals were placed
on controlled heating pads, and core temperature measured via a rectal probe was maintained
at 36-38°C. A microtip pressure-volume catheter (SPR-839; Millar Instruments, Houston, TX)
was inserted into the right carotid artery and advanced into the left ventricle (L) under pressure
control as described (6). Polyethylene cannulae (P10) were inserted into the right femoral artery
and vein for measurement of mean arterial pressure (MAP) and administration of drugs,
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respectively. After stabilization for 20 min, the signals were continuously recorded at a
sampling rate of 1000/sec using an ARIA pressure-volume conductance system (Millar
Instruments) coupled to a Powerlab/4SP A/D converter (AD Instruments), and then stored and
displayed on a computer. All pressure-volume loop data were analyzed with a cardiac pressure-
volume analysis program (PVAN3.2; Millar Instruments), and the heart rate (HR), maximal
left ventricular systolic pressure (LVESP), left ventricular end diastolic pressure (LVEDP),
MAP, maximal slope of systolic pressure increment (+dP/dt) and diastolic decrement (—dP/
dt), ejection fraction (EF), stroke volume (SV), cardiac output (CO) and stroke work (SW)
were computed. After the hemodynamic measurements were made, animals were sacrificed.

In a separate set of investigations, survival studies were conducted. Animals exposed to an
acute dose of doxorubicin (25 mg/kg i.p.) received either INO-1001 (0.03, 0.3, 3 mg/kg s.c. in
minipumps) or vehicle starting 2 days (2 days was required for mice to recover following
minipump implantation) before doxorubicin injection, respectively. Mortality was monitored
and recorded twice daily for 14 days. In a separate set of chronic experiments, doxorubicin
was injected in 3 equal doses of 9 mg/kg every 10 days as described previously (6), and survival
was followed for 28 days in the presence of INO-1001 (0.03, 0.3 and 3 mg/kg) or vehicle
treatment.

In another set of experiments, the potential effect of INO-1001 on tumor growth and the
antitumor effect of DOX in a mouse model of breast cancer were investigated in 4T1 mammary
adenocarcinoma cells as previously described (6). Cells (n=10°) were injected into the
mammary fat pad of female BALB/c mice. Fifteen days later, mice were randomized into 4
groups (n=10 per group) and received INO-1001 (3 mg/kg s.c. in minipump), DOX (4 mg/kg
i.p. twice a week), DOX + INO-1001, or vehicle. Tumor diameters (X, y, and z) were recorded
twice a week, and tumor size was estimated in mm?3 and expressed in % of initial size.

Endotoxin-induced heart dysfunction model

Anesthetized male Wistar rats pretreated with vehicle or INO-1001 (3 and 10 mg/kg i.v.)
weighing 320-370 g were administered a single dose of E. coli endotoxin (15 mg/kg i.v.) as
previously described (7) and hemodynamic parameters were continuously recorded for 90 min.

Statistical analysis

Results

Results are reported as mean + SEM. Statistical significance between two measurements was
determined by the two-tailed unpaired Student’s t-test, and among groups it was determined
by analysis of variance with Bonferroni’s correction. In the survival experiments the survival
curves of the different groups were compared using log-rank test. Probability values of <0.05
were considered significant.

Effect of INO-1001 on the cardiac dysfunction induced by chronic coronary ligature

Chronic heart failure was characterized by significantly increased left ventricular end-diastolic
pressure (LVEDP) and decreased left ventricular systolic pressure (LVSP), mean BP, +dP/dt
and —dP/dt and progressive mortality. INO-1001 delayed mortality (Fig. 1) and significantly
attenuated the CHF-induced suppression of systolic +dP/dt, LVSP and diastolic —dP/dt and an
increase in LVEDP (Fig. 2). INO-1001 significantly improved decreased mean blood pressure
in CHF (Fig. 2). The PARP inhibitor exerted no significant effects on hemodynamic parameters
in sham rats and the heart rates were not significantly different in all groups studied.

There was no difference in the infarct size among the two groups, consistent with the fact that
the start of the PARP inhibition treatment was delayed to a time point subsequent to the
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coronary ligation. Chronic heart failure led to a significant increase in the weights of right and
left ventricles and atria (Fig. 3). Heart failure was also characterized by increased lung weights,
indicative of marked pulmonary edema secondary to cardiac decompensation (Fig. 3).
Treatment with INO-1001 significantly reduced the heart failure-induced increase in
ventricular, atrial and lung weights (Fig. 3). Heart failure was characterized by loss of
endothelial function in isolated aortic rings of rats (maximal relaxation to 10 uM acetylcholine
was 95+4% in sham group and 30£4% in rats with heart failure) (Fig. 4). Inhibition of PARP
with INO-1001 improved vascular function in rats with heart failure (maximal relaxation to
10 uM acetylcholine was 30£4% in heart failure vs. 70£5% in heart failure + INO-1001 groups)
(Fig. 4). Contractile response to epinephrine and endothelium-independent relaxant responses
to sodium nitroprusside were unchanged in all groups studied (Fig. 4).

Effect of INO-1001 on the cardiac dysfunction induced by doxorubicin injection

Doxorubicin induced a severe depression of left ventricular function indicated by rightward
shift and decreased amplitude of LV pressure-volume loops (Fig. 5). Doxorubicin decreased
heart rate, mean blood pressure, left ventricular systolic pressure, +dP/dt, —dP/dt, stroke
volume, stroke work, ejection fraction and cardiac output in BALB/c mice (Fig. 6). DOX also
induced increase in left ventricular end-diastolic pressure.

Treatment with INO-1001 significantly attenuated the doxorubicin-induced changes in left
ventricular systolic pressure, mean blood pressure, systolic +dP/dt, stroke volume, stroke work,
ejection fraction, cardiac output and diastolic —dP/dt (Fig. 6). The PARP inhibitor exerted no
significant effects on hemodynamic parameters in control mice (Fig. 6).

The results of the survival experiments are shown in Fig. 7. Treatment with INO-1001
significantly decreased the DOX-induced mortality both in acute and chronic models.

INO-1001, at the highest dose used (3 mg/kg/day s.c. in minipumps), was tested on tumor
growth and on the antineo-plastic activity of DOX, and it failed to affect these parameters,
indicating that PARP inhibition with INO-1001 does not interfere with tumor growth and

antitumor activity of DOX in the present experimental model (Fig. 8).

Effect of INO-1001 on the cardiac dysfunction induced by endotoxin

Endotoxin induced a significant decrease in mean BP, LVSP, +dP/dt and —dP/dt at 30 and 60
min following the i.v. injection, and all these parameters were improved by INO-1001 (10 mg/
kg i.v.) pretreatment (Fig. 9).

Discussion

A multitude of new pharmacological approaches have been introduced during the past decade
for experimental therapy of heart failure. Although many of these approaches have been
successful in animal models and clinical trials, morbidity and mortality from CHF remain high
and research into patho-mechanisms of disease and new disease-modifying pharmacological
targets continues.

Experimental and clinical studies have suggested an increased production of reactive oxygen
and nitrogen species (superoxide, hydrogen peroxide, hydroxyl radical, peroxynitrite) in the
failing myocardium (overviewed in refs. 1,2,8). These oxidant and free radical species trigger
the activation of a recently emerging pathway of myocardial dysfunction, which involves the
activation of the nuclear enzyme PARP by DNA single strand breaks generated by oxidative
and nitrosative stress. Evidence for the importance of this pathway has been demonstrated in
hearts subjected to regional or global ischemia and reperfusion. The mode of PARP inhibitors’
cardioprotective action involves a conservation of myocardial energetics, as well as a
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prevention of the up-regulation of various pro-inflammatory pathways (cytokines, adhesion
receptors, mononuclear cell infiltration) triggered by ischemia and reperfusion (overviewed in
refs. 1,9).

Recent work began to demonstrate the importance of PARP activation in various forms of heart
failure. There is evidence for activation of PARP in animal and human hearts with heart failure,
and there is evidence for cardioprotective effects of PARP inhibitors of various classes in these
models (overviewed in ref. 1;3-5,10-15).

The PARP inhibitor INO-1001 has emerged in recent years as a clinically applicable drug
development candidate PARP inhibitor. Preclinical studies have shown its efficacy in a variety
of models of myocardial reperfusion, cardiopulmonary bypass, as well as other models that
involve oxidative and nitrosative stress and PARP activation, including stroke and acute lung
failure (overviewed in ref. 9;15-25). INO-1001 has been tested in an advanced aging-
associated heart failure model and in a mouse model of aortic banding-induced heart failure,
where it reduced myocardial hypertrophy and improved the contractility of the heart (3,4). In
the current study, we extended these studies, and tested the effect of the compound in three
different models of heart failure, one induced by chronic coronary ligation, one induced by
doxorubicin-induced heart failure and one induced by endotoxin. The results of the current
studies demonstrate that INO-1001 exerts significant protective effects in all three models
tested, thereby further strengthening the view that PARP inhibition may be a valid approach
for cardioprotection. Similarly to a previous study with a PARP inhibitor of an earlier class
(5), we have also demonstrated remote protective effects (i.e. effects outside the myocardium).
The current results obtained with INO-1001 further support the view that the impairment of
the cardiac and endothelial function in CHF -at least in the current experimental model - are
dependent on PARP activity. Although the exact mechanism of this impairment is not known,
it is conceivable that following the myocardial infarction the compensatory increased
sympathetic activity, activated renin-angiotensin system and increased workload of the non-
infracted regions leads to myocardial hypertrophy, myocardial ischemia/functional hypoxia,
increased oxidative stress and PARP activation, which in turn results in vascular dysfunction.
In this respect, it is noteworthy that angiotensin Il induces PARP-dependent endothelial
dysfunction in vitro and in chronic angiotensin-infusion models (25). It is also conceivable that
enhanced catecholamine auto-oxidation may lead to reactive species that may induce PARP
activation in endothelial cells (although this hypothesis remains to be tested).

In the doxorubicin model there are multiple effector pathways leading to heart failure including
oxidative and nitrosative stress, metalloproteinase activation, calcium dyshandling and PARP
activation (6,11,12,26). The relationship of these factors is not completely understood at
present, but according to a likely scenario, oxidative and nitrosative stress induces/activates
matrix metalloproteinases and upregulates and/or catalytically activates PARP. The calcium
dyshandling may be related to an interrelated action of some or all the above-listed factors.

PARP inhibitors have been shown to exert anticancer effects in some models (overviewed in
refs. 9,27), including an enhancement of doxorubicin-induced cell killing in P53 deficient cell
lines in vitro (28). The current study investigated whether PARP inhibition may interfere or
affect the anti-cancer effect of doxorubicin in a murine breast cancer line. The results
demonstrate that INO-1001 does not interfere with the antitumor effects (even though we failed
to demonstrate any enhancement). It is possible that the effect of PARP inhibitors are cell-type
selective and future work is needed to test whether PARP inhibitors enhance the effect of
doxorubicin in P53 deficient tumor cell lines in vivo.

In conclusion, our study provides evidence that the PARP activation importantly contributes
to the pathogenesis of cardiovascular dysfunction in several distinct experimental model of
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CHF. The current results strengthen the view that PARP inhibition may represent a novel
approach for the experimental therapy of CHF.
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poly(ADP-ribose) polymerase
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left ventricular systolic pressure
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maximal slope of diastolic pressure decrement
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Effect of pharmacological inhibition of PARP on survival in a rat model of chronic heart failure
(CHF). Top panel demonstrates mortality prior to randomization of the animals to vehicle and
INO-1001 treated groups (n=86 animals). Bottom panel considers surviving animals (n=34) at
time of randomization as 100% and shows the effect of INO-1001 on the subsequent mortality.
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Figure 2.

Effect of CHF and INO-1001 on left ventricular systolic pressure (LVVSP), left ventricular end
diastolic pressure (LVEDP), left ventricular +dP/dt, left ventricular —dp/dt in rats. S, sham;
CHF, chronic heart failure; S + INO-1001 sham treated with INO-1001 (for 10 weeks); CHF
+ INO-10001, chronic heart failure treated with PJ34 (for 10 weeks). Results are mean £+ SEM
of 8-10 experiments in each group. *P<0.05 vs. S; #P<0.05 vs. CHF.
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Figure 3.
Effect of pharmacological inhibition of PARP on cardiac remodeling and lung weight in rat

model of chronic heart failure (CHF) induced by permanent ligation of left anterior descending
(LAD) coronary artery. Left ventricular (LVW), right ventricular (RVW), left atrial (LAW),
right atrial (RAW) and lung (LungW) weights in sham (S), INO-1001-treated (for 10 weeks)
sham (S + INO-1001), chronic heart failure (CHF) and INO-1001-treated (for 10 weeks)
chronic heart failure (CHF + INO-1001) rats. Results are mean + SEM of 8-10 experiments
in each group. The weight of each cavity and lung was normalized to the length of the right
tibia. *P<0.05 vs. S; #P<0.05 vs. CHF.
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Figure 4.

Effect of pharmacological inhibition of PARP on endothelium-dependent and endothelium-
independent relaxations of rat thoracic aortae ex vivo. Data shown represent sham (S),
INO-1001-treated (for 10 weeks) sham (S + INO-1001), chronic heart failure (CHF) and
INO-1001-treated (for 10 weeks) chronic heart failure (CHF + INO-1001) aortic relaxant
responses to acetylcholine (top) and sodium nitroprusside (bottom) in rings precontracted with
epinephrine. Middle panel shows that the contractile ability of the rings was not affected by
CHF or PARP inhibition. Results are mean + SEM of 8-10 experiments in each group. *P<0.05
vs. S; #P<0.05 vs. CHF.
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Figure 5.

Pharmacological inhibition of PARP improves doxorubicin (DOX)-induced left ventricular
dysfunction. Representative PV loops (top part) and left ventricular pressure signal (bottom
part) from control, DOX and DOX + INO-1001 treated mice. Please note that the rightward
shift of PV loops in doxorubicin treated animals, the decrease of maximal left ventricular
pressure, and +dP/dt indicate depressed cardiac contractility. INO-1001 improves baseline
contractile function.

Int J Mol Med. Author manuscript; available in PMC 2008 February 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

PACHER et al.

i}

INO DOX DOX+INO

* %#

CO INO DOX DOX+INO

4

CO INO DOX DOX+INO

* #
i_l

120
. 1004
o
£
£ o
g 60
@ i
40
12000 4
2 9000
£
£ 60004
B
X 3000
©
0
20 -
ERNNRTE
(]
£
3 104
o
>
[
s 7]
&
0
g 60 J
c
S 50
v
8
< 404
S
g 30
w
20
. 8000 A
<
£
3 6000
5
3 4000
3
o
g 2000
2
£
V)

Figure 6.

Pharmacological inhibition of PARP improves doxorubicin (DOX)-induced cardiac
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dysfunction. Effect of DOX and INO-1001 on left ventricular systolic pressure (LVSP), left
ventricular end diastolic pressure (LVEDP), left ventricular +dP/dt, left ventricular —dP/dt,
stroke volume, stroke work, ejection fraction, mean blood pressure (mean BP), cardiac output
and hear rate in BALB/c mice. CO, control; DOX, doxorubicin treated (a single dose of 25
mg/kg); CO + INO-1001, control treated with INO-1001 (3 mg/kg/day s.c.); DOX + INO-1001,
doxorubicin (a single dose of 25 mg/kg) and INO-1001 (3 mg/kg/day s.c.) treated.
Hemodynamic parameters were measured 5 days after DOX administration. Results are mean
+ SEM of 7-10 experiments in each group. *P<0.05 vs. CO; #P<0.05 vs. DOX.
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Figure 7.

Pharmacological inhibition of PARP with INO-1001 improves survival of mice treated with
DOX. Effects of INO-1001 on survival ina DOX-induced acute (A) or chronic (B) heart failure
models in mice. (A) Effect of various doses of INO-1001 (0.03, 0.3, and 3 mg/kg/day s.c.) on
DOX-induced mortality (25 mg/kg IP) in mice. (B) Effect of various doses of INO-1001 (0.03,
0.3, and 3 mg/kg/day s.c.) on DOX-induced chronic mortality (3 doses of 9 mg/kg IP every 10
days) in mice. Treatment with INO-1001 (3 mg/kg) significantly decreased the DOX-induced
mortality.
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Effects of INO-1001 on mouse breast carcinoma growth and antineoplastic effect of DOX.
CO, controls; CO + INO-1001, control treated with INO-1001 (3 mg/kg/day s.c. minipump);
DOX, DOX-treated (twice 4 mg/kg/week PO); DOX + INO-1001, treated with DOX (twice 4
mg/kg/week) and INO-1001 (3 mg/kg/day s.c. minipump). Tumor growth was individually
followed in all mice, and tumor diameters (X, y, and z) were measured twice a week after
initiation of treatments. Tumor size was calculated in mm3 and expressed as percentage of
increase over time compared with initial size at start of treatment (day 0). Results are mean +
SEM of 10 mice in each group. *P<0.05 vs CO.
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Figure 9.

Pharmacological inhibition of PARP with INO-1001 (10 mg/kg i.v.) improves endotoxin (LPS
15 mg/kg i.v.)-induced acute cardiac dysfunction. Results are mean = SEM of 9 experiments
in each group. *P<0.05 vs. baseline; #P<0.05 vs. LPS.
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