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Abstract

Reactive oxygen and nitrogen species are overproduced in the cardiovascular system during circulatory shock. Oxidant-induced cell
injury involves the activation of poly(ADP-ribose) polymerase (PARP). Using a dual approach of PARP-1 suppression, by genetic deletion
or pharmacological inhibition with the new potent phenanthridinone PARP inhibitor PJ34 [the hydrochloride salt of N-(ox0-5,6-dihydro-
phenanthridin-2-yl)-N,N-dimethylacetamide], we studied whether the impaired cardiac function in endotoxic shock is dependent upon the
PARP pathway. Escherichia coli endotoxin (lipopolysaccharide, LPS) at 55 mg/kg, i.p., induced a severe depression of the systolic and
diastolic contractile function, tachycardia, and a reduction in mean arterial blood pressure in both rats and mice. Treatment with PJ34
significantly improved cardiac function and increased the survival of rodents. In addition, LPS-induced depression of left ventricular
performance was significantly less pronounced in PARP-1 knockout mice (PARP ") as compared with their wild-type littermates
(PARP™™). Thus, PARP activation in the cardiovascular system is an important contributory factor to the cardiac collapse and death

associated with endotoxin shock.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

PARP is an abundant nuclear enzyme of eukaryotic cells
with multiple regulatory functions. When activated by DNA
single-strand breaks, PARP initiates an energy-consuming
cycle by transferring ADP ribose units from NAD™ to
nuclear proteins resulting in a rapid depletion of the intra-
cellular NAD™" and ATP pools; this, in turn, slows the rate of
glycolysis and mitochondrial respiration, eventually lead-
ing to cellular dysfunction and death [1]. Overactivation of
PARP represents an important mechanism of tissue damage
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in various pathological conditions associated with increased
oxidative stress including myocardial reperfusion injury
[2,3], reperfusion injury after heart transplantation [4],
drug-induced heart failure [5], stroke [6], autoimmune
beta-cell destruction [7,8], cardiovascular dysfunction in
diabetes [9—11], and circulatory shock [12-15].

Here we studied whether the impaired cardiac function
in endotoxic shock is dependent upon the PARP pathway.

2. Materials and methods

The investigation conformed to the Guide for the Care
and Use of Laboratory Animals published by the National
Institutes of Health (NIH Publication No. 85-23 revised
1996) and was performed with the approval of the local
Institutional Animal Care and Use Committee.
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2.1. Animals

Male PARP*, PARP™'~ mice and Wistar rats, weighing
25-30 g (mice) and 320-370 g (rats), were administered
a single dose of Escherichia coli Serotype 0127:B8 LPS
(endotoxin; 55 mg/kg, i.p.; Sigma/Aldrich, Lot71K4080)
and used for functional measurements 16—20 hr later. Treat-
ment with the PARP inhibitor PJ34 [the hydrochloride salt
of N-(ox0-5,6-dihydro-phenanthridin-2-yl)-N,N-dimethyla-
cetamide; 10 and 20 mg/kg, i.p.] started 1 hr before the
endotoxin injection and was repeated 10 hr later in both
mice and rats. A similar dosing regimen with PJ34 has been
shown previously to be sufficient to block vascular and
cardiac PARP activation in rats and mice [4,5,9-11,16,17].

2.2. Hemodynamic measurements in rats and mice

Sixteen to twenty hours after LPS administration, ana-
lysis of left ventricular performance was measured in mice
anesthetized with i.p. injections of ketamine (80 mg/kg)
and xylazine (10 mg/kg) and in rats anesthetized with
i.p. injections of thiopentone sodium (60 mg/kg) as
described previously [5,9,18]. Briefly, the animals were
placed on controlled heating pads, and core temperature
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measured via a rectal probe was maintained at 36-38°. A
microtip catheter transducer (SPR-671 in mice and SPR-
524 in rats; Millar Instruments) was inserted into the right
carotid artery and advanced into the left ventricle under
pressure control. After stabilization for 15-20 min, the
pressure signal was recorded continuously using a MacLab
A/D converter (AD Instruments), and stored and displayed
on an Apple Macintosh personal computer. The heart rate
and the left ventricular systolic and end-diastolic pressures
were measured, and the maximal slopes of systolic pres-
sure increment (+dP/dt) and diastolic pressure decrement
(—dP/dt), indexes of contractility and relaxation, were
calculated. After these measurements, the catheter was
pulled back into the aorta for the measurement of arterial
blood pressure. After the hemodynamic measurements
were made, the animals were killed.

2.3. Statistical analysis

Results are reported as means &£ SEM. Statistical sig-
nificance between two measurements was determined by
the two-tailed unpaired Student’s #-test, and among groups
it was determined by analysis of variance with Bonferroni’s
correction. In the survival experiments, the survival curves
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Fig. 1. Effect of genetic deletion of PARP-1 on endotoxin (LPS)-induced cardiac dysfunction in mice. Effect of a single dose of LPS (55 mg/kg, i.p.) on left
ventricular systolic pressure (LVSP), left ventricular end-diastolic pressure (LVEDP), left ventricular +dP/dt, left ventricular —dP/dt, mean blood pressure
(mean BP), and heart rate in PARP™" and PARP™'~ mice. Hemodynamic parameters were measured 16-20 hr after LPS administration. Results are
means + SEM of 7-9 experiments in each group. Key: (*) P < 0.05 vs PARP™"; and (#) P < 0.05 vs PARP™* +LPS.
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of the different groups were compared using the log-
rank test. Probability values of P < 0.05 were considered
significant.

2.4. Reagents

All reagents were obtained from Sigma/Aldrich, unless
indicated otherwise. PJ34, a potent, novel, water-soluble
phenantridinone derivative PARP inhibitor, was synthe-
sized as described [10]. In the cell-free PARP assay, using
NAD™ and purified PARP-1 enzyme, PJ34 inhibited PARP
activity in a concentration-dependent manner, with an Ecs
of 20 nM. The Ecsy of a prototypical PARP inhibitor,
3-aminobenzamide, was 200 pM. Peroxynitrite- and
hydrogen peroxide-induced oxidation of dihydrorhoda-
mine-123 was unaffected by PJ34, in the concentration
range of 1 uM to 10 mM, indicating that the compound
does not act as an antioxidant. Details of the synthesis and
pharmacological characterization of PJ34 were published
previously [10].
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3. Results
3.1. Cardiac function

3.1.1. Effects of genetic deletion and pharmacological
inhibition of PARP-1 on LPS-induced cardiac
dysfunction in mice

In PARP™" mice treated with LPS (55 mg/kg, i.p.),
mean blood pressure, left ventricular systolic pressure,
+dP/dt, and —dP/dt were decreased significantly, whereas
heart rate and left ventricular end-diastolic pressure
increased (Figs. 1 and 2). In contrast, PARP™'~ mice
treated with LPS showed normal left ventricular perfor-
mance (Fig. 1). There was no significant difference in the
left ventricular function between PARP™'" and PARP™'~
mice in the absence of LPS treatment (Fig. 1).

PJ34 treatment, similarly to genetic deletion of the
PARP-1 enzyme, was associated with significantly
improved cardiac performance and mean blood pressure
in the endotoxin-treated mice (Fig. 2). The PARP inhibitor
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Fig. 2. Effect of pharmacological inhibition of PARP on endotoxin (LPS)-induced cardiac dysfunction in mice. Effect of LPS and PJ34 on left ventricular
systolic pressure (LVSP), left ventricular end-diastolic pressure (LVEDP), left ventricular +dP/dt, left ventricular —dP/dt, mean blood pressure (mean BP),
and heart rate in PARP™'* mice. CO, control; LPS, endotoxin treated (55 mg/kg, i.p.); CO+PJ34, control treated with PJ34 (2 x 20 mg/kg, i.p.); LPS+PJ34,
endotoxin (55 mg/kg, i.p.) and PJ34 (2 x 10 and 2 x 20 mg/kg i.p.) treated. Hemodynamic parameters were measured 16-20 hr after endotoxin
administration. Results are means = SEM of 6-8 experiments in each group. Key: (*) P < 0.05 vs CO; and (#) P < 0.05 vs LPS.
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Fig. 3. Effect of pharmacological inhibition of PARP on endotoxin (LPS)-induced cardiac dysfunction in rats. Effect of LPS and PJ34 on left ventricular
systolic pressure (LVSP), left ventricular end-diastolic pressure (LVEDP), left ventricular +dP/dt, left ventricular —dP/dt, mean blood pressure (mean BP),
and heart rate in Wistar rats. CO, control; LPS, endotoxin treated (55 mg/kg, i.p.); CO+PJ34, control treated with PJ34 (2 x 20 mg/kg, i.p.); LPS+PJ34,
endotoxin (55 mg/kg, i.p.) and PJ34 (2 x 20 mg/kg, i.p.) treated. Hemodynamic parameters were measured 16-20 hr after endotoxin administration. Results
are means + SEM of 7-10 experiments in each group. Key: (*) P < 0.05 vs CO; and (#) P < 0.05 vs LPS.

had no significant effects on hemodynamic parameters in
the control mice (Fig. 2).

3.1.2. Effects of PJ34 on the LPS-induced cardiac
dysfunction in Wistar rats

LPS induced a significant increase in heart rate and left
ventricular end-diastolic pressure and a decrease in mean
blood pressure, left ventricular systolic pressure, +dP/dt,
and —dP/dt in Wistar rats (Fig. 3). Treatment with PJ34
normalized the LPS-induced changes in left ventricular
systolic pressure, mean blood pressure, systolic +dP/dt,
diastolic —dP/dt, and left ventricular end-diastolic pressure
but not in the heart rate (Fig. 3). The PARP inhibitor had no
significant effects on hemodynamic parameters in the
control rats (Fig. 3).

3.2. Survival of animals

The results of the survival experiments are shown in
Fig. 4. Treatment with PJ34 significantly decreased the
LPS-induced mortality in both mice (Fig. 4A) and rats
(Fig. 4B). All PARP~'~ mice were alive at the time when

functional measurements were performed (16-20 hr after
LPS administration), and since previous studies have
already documented an improved survival in these animals
to endotoxin [13,14], mortality was not followed afterwards.

4. Discussion

The present study demonstrated severe depression of left
ventricular function involving both systolic pressure devel-
opment and relaxation 16-20 hr after the administration of
LPS in well-established mouse and rat models of endotoxin
shock (Figs. 1-3). Importantly, the results presented here
document, for the first time, that in endotoxin shock, the
activation of PARP in the myocardium may contribute to
the impaired cardiac function, since PARP™'~ mice were
more resistant to the cardiodepressant effects of LPS than
PARP™" mice (Fig. 1), and the pharmacological inhibition
of PARP with PJ34 attenuated the endotoxin-induced
cardiac dysfunction in both mice and rats (Figs. 2 and 3).
Furthermore, PJ34 treatment significantly increased the
survival of the mice and rats treated with LPS (Fig. 4).
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Fig. 4. Effect of pharmacological inhibition of PARP on survival of mice
(A) and rats (B) treated with endotoxin (LPS). Panel A: Treatment with
PJ34 [2x3 (N=10), 10 (N=10), or 20 (N =15) mg/kg/day]
significantly decreased LPS (a single dose of 55 mg/kg, i.p.)-induced
mortality. In the LPS group, N = 15. Key: (") P < 0.05, log-rank test.
Panel B. Treatment with PJ34 (2 x 20 mg/kg/day; N = 24) significantly
decreased the LPS (55 mg/kg, i.p.)-induced mortality. In the LPS group,
N = 48. Key: (") P < 0.05, log-rank test.

These results are in agreement with previous data demon-
strating the improved survival of mice lacking PARP-1
enzyme in endotoxic and septic shock models [13,14,19].
We have shown previously that the dose regimen of PJ34
used in the current study effectively inhibits PARP activa-
tion in different tissues including heart in various patho-
physiological conditions [4,5,9-11,16,17,20-22].

As far as the mechanisms of the protective effects of
PARP inhibitors are concerned, two main pathways have
been identified: PARP—in its basal, constitutive state—can
act as a co-inducer of pro-inflammatory gene expression in
shock [1,13], and PARP activation can mediate inflamma-
tory cell dysfunction and ultimately cell necrosis [1]. These
two pathways may be interrelated in shock, because by
reducing the production of inflammatory chemokines and
cytokines PARP inhibition reduces the amount of tissue-
infiltrating mononuclear cells. This results in the production
of less genotoxic oxidants and free radicals, thereby attenu-
ating the degree of DNA single-strand breakage and PARP
activation, thus preventing energy depletion leading to cell
dysfunction and/or necrosis. The beneficial effects of PARP
deficiency or PARP inhibitors on functional contractile
parameters and on high-energy phosphates after global

ischemia/reperfusion of the heart or heart transplantation
[4,23,24] have been reported.

The fact that PARP can regulate the expression of
inflammatory mediators has been the subject of much
research interest. Suppression of the expression of iNOS,
TNF-a, and ICAM-1 has been reported in PARP-deficient
mice and in the presence of pharmacological inhibition of
PARP [3,25]. Whether it is the catalytic activity of PARP or
the actual presence of PARP that is important in the
regulation of inflammatory gene expression is a contro-
versial subject. For example, in endotoxic shock, Ménis-
sier-de Murcia and colleagues [13] found that PARP
deficiency but not the pharmacological inhibition of PARP
was able to suppress the activation of NF-kB. Similarly, in
endothelial cells exposed to high glucose to mimic diabetic
vascular complications, we observed that PARP-1 defi-
ciency but not PARP inhibition with PJ34 suppresses the
activation of NF-kB [10]. On the other hand, both PARP
inhibition and deficiency were found to inhibit the expres-
sion of iNOS and the expression of ICAM-1 in various
experimental systems [3,26]. The activation of the HIV-
LTR promoter and an NF-kB-dependent artificial promoter
has been shown to be reduced drastically in PARP-deficient
cells. Furthermore, NF-xB-dependent gene activation
could be restored by the expression of PARP in PARP-
deficient cells. In one series of studies, it appeared that NF-
kB and PARP formed a stable immunoprecipitable nuclear
complex, and this interaction does not need DNA binding
[27]. Hassa and colleagues [28] demonstrated that a PARP-
1 mutant lacking the enzymatic and DNA binding activity
interacted comparably to the wild-type PARP-1 with p65 or
p50, concluding that the enzymatic activity of the enzyme
is not essential for its interaction with NF-kB. In contrast,
Chang and Alvarez-Gonzalez [29] concluded that NF-kB-
p50 DNA-binding was dependent upon the presence of
NAD; DNA-binding by NF-kB-p50 was not efficient in the
absence of NAD, and was blocked in the presence of
pharmacological inhibitors of PARP, allowing the conclu-
sion that NF-kB-p50 DNA-binding is protein-poly(ADP-
ribosyl)ation dependent. It appears that the relative role of
the presence of PARP versus its catalytic activity in the
regulation of NF-kB activation may depend upon the
experimental system used, the stimulus of induction, and
possibly the cell type involved. Our recent work, both in
vitro and in vivo, demonstrates that the regulation of the
expression of various chemokines (MIP-1a, MIP-2) by
PARP-1 is dependent upon the catalytic activity of the
enzyme [30]. A recent study by Ha et al. [31] has clarified
some of the issues related to the role of PARP (catalytic
activity and physical presence) in the regulation of pro-
inflammatory mediator production. It was demonstrated in
immunostimulated glial cells that a whole host of tran-
scription factors, including NF-xB, AP-1, SP-1, Oct-1, YY-
1, and Stat-1 were down-regulated in the absence of PARP,
and a host of pro-inflammatory mediators were reduced.
Parallel experiments with an isoquinolinone PARP inhibitor
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demonstrated that the activation of NF-xB does not require
catalytic activity of PARP, but the production of some of the
pro-inflammatory mediators (such as IL-1 and iNOS-
derived NO) is dependent upon the catalytic activity of
the enzyme [31]. Clearly, further work is required for the
exact clarification of the conditions where the presence of
PARP versus its catalytic activity regulates the activation of
NF-«B and the expression of inflammatory genes, and the
various biological responses. Based on the current results
showing comparable effects of PARP deficiency and PARP
inhibition against LPS-induced cardiac dysfunction, we
hypothesize that the myocardial protection observed here
is likely related to the catalytic activity of PARP.

In conclusion, our results demonstrate that the reactive
oxygen/nitrogen species—PARP pathway also plays a
pathogenetic role in the development of endotoxin-induced
cardiac dysfunction. Further work is required to clarify
whether PARP inhibition may exert beneficial effects
against cardiac collapse associated with shock in humans.
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