1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

s NIH Public Access
Y,

Author Manuscript

Published in final edited form as:
Curr Vasc Pharmacol. 2005 July ; 3(3): 221-229.

Role of Oxidative-Nitrosative Stress and Downstream Pathways in
Various Forms of Cardiomyopathy and Heart Failure

Zoltan Ungvéril, Sachin A. Guptel, Fabio A. Recchial, Sandor BatkaiZ, and Pal Pacher?:”
1 Department of Physiology, New York Medical College, Valhalla, NY 10595, USA

2 National Institutes of Health, NIAAA, Laboratory of Physiological Sudies, 5625 Fishers Lane, Bethesda
MD 20892-9413, USA

Abstract

Heart failure is the major cause of hospitalization, morbidity and mortality worldwide. Previous
experimental and clinical studies have suggested that there is an increased production of reactive
oxygen species (ROS: superoxide, hydrogen peroxide, hydroxyl radical) both in animals and in
patients with acute and chronic heart failure. The possible source of increased ROS in the failing
myocardium include xanthine and NAD(P)H oxidoreductases, cyclooxygenase, the mitochondrial
electron transport chain and activated neutrophils among many others. The excessively produced
nitric oxide (NO) derived from NO synthases (NOS) has also been implicated in the pathogenesis of
chronic heart failure (CHF). The combination of NO and superoxide yields peroxynitrite, a reactive
oxidant, which has been shown to impair cardiac function via multiple mechanisms. Increased
oxidative and nitrosative stress also activates the nuclear enzyme poly(ADP-ribose) polymerase
(PARP), which importantly contributes to the pathogenesis of cardiac and endothelial dysfunction
associated with myocardial infarction, chronic heart failure, diabetes, atherosclerosis, hypertension,
aging and various forms of shock. Recent studies have demonstrated that pharmacological inhibition
of xanthine oxidase derived superoxide formation, neutralization of peroxynitrite or inhibition of
PARP provide significant benefit in various forms of cardiovascular injury. This review discusses
the role of oxidative/nitrosative stress and downstream pathways in various forms of cardiomyopathy
and heart failure.

INTRODUCTION

Various pathophysiological conditions including acute and chronic ischemic heart disease
resulting from altered coronary artery circulation or infarction, cardiomyopathies, myocarditis,
pressure overload and defects in genes encoding contractile apparatus, intercellular matrix,
cytoskeleton or mitochondrial proteins eventually lead to impaired myocardial function
[reviewed in: 1‘8]. The deleterious way of the progression of cardiovascular dysfunction to
heart failure is complex and involves activation of numerous secondary pathways
(neurohormones, neuropeptides, cytokines, inducible nitric oxide synthase (iNOS), oxidative/
nitrosative stress, matrix metalloproteinases (MMPs), and the nuclear enzyme poly(ADP-
ribose) polymerase (PARP)), leading to abnormalities in various signaling processes and
cardiac receptors, calcium homeostasis, contractile protein desensitization, besides structural
alterations such as cardiac and vascular remodeling with hypertrophy, fibrosis, cardiac dilation
and necrosis. There is ample evidence that development of heart failure is also associated with
generalized vascular endothelial dysfunction [9‘ 4]. The adverse cardiac remodeling and
increased peripheral resistance further aggravate heart failure [1‘14].
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There is accumulating evidence for an important role of xanthine oxidase and/or NAD(P)H
oxidase derived super-oxide generation, peroxynitrite formation and PARP activation in the
development and progression of endothelial and cardiac dysfunction associated with various
forms of myocardial injury and heart failure [reviewed in ’8]. This review focuses on the role
of oxidative-nitrosative stress-PARP pathway in various forms of cardiomyopathies and heart
failure, and on novel promising therapeutic strategies offered by inhibition of superoxide
generation and PARP or neutralization of peroxynitrite.

INCREASED REACTIVE OXYGEN SPECIES (ROS) FORMATION IN HEART

FAILURE

Experimental and clinical studies have suggested an increased production of reactive oxygen
species (ROS: super-oxide, hydrogen peroxide, hydroxyl radical) both in animals and patients
with acute and chronic heart failure [1‘15]. Plasma lipid peroxidation is increased in patients
with dilated cardiomyopathy, and it positively correlates with the severity of symptoms [16‘
18]. Also, there is an inverse correlation between lipid peroxidation parameters and cardiac
performance (ejection fraction, exercise capacity). Pericardial levels of 8-iso-PGF, (an
isoprostane, which is a bio-marker of increased ROS production in vivo) also closely correlate
with end-systolic and end-diastolic diameters of the left ventricle and with the functional
severity of heart failure in patients [17]. Furthermore, there is a significant positive correlation
between myocardial ROS levels and left ventricular contractile dysfunction in various
experimental models [1‘8].

Myocardial ROS generation has been shown to be triggered by repetitive episodes of ischemia/
reperfusion, by an increased level of inflammatory cytokines (e.g. TNF-a, IL-6), by
catecholamine auto-oxidation and/or during prostaglandin biosynthesis. Impaired antioxidant
defense mechanisms can also increase ROS production within the myocardium [reviewed in
7]. The possible sources of increased production of superoxide, hydrogen peroxide and
hydroxyl radical in failing myocardium are multiple, including xanthine oxidase (XO), NAD
(P)H oxidase, cyclooxygenases, the mitochondrial electron transport chain activity, activated
neutrophils, nitric oxide synthases (NOS), and auto-oxidation of certain tissue metabolites

[3,7]_

Inspite of the experimental data supporting the role of ROS in development of the structural
and functional changes in the myocardium during the progression of the heart failure, the results
of relatively few controlled clinical trials with antioxidants such as vitamin C, a-tocopherol
(vitamin E) and co-enzyme Q10 are controversial. In some trials, antioxidants reduced plasma
MDA concentration, in patients an indicator of oxidative stress, and showed improvement in
symptoms and in myocardial function, but in others, they exerted only mild or no effects on
symptoms, ejection fraction and exercise capacity [1’ 7].

Importantly, some drugs that have currently been effectively used in the treatment of heart
failure, including angiotensin-converting-enzyme inhibitors, and statins, the -adrenergic
antagonist carvedilol, may have important anti-oxidant properties. There is also evidence that
the B-adrenergic antagonist metoprolol, which is not an antioxidant, can also decrease oxidative
stress in patients with heart failure, raising the possibility that the effective treatment by
decreasing cardiac overload could indirectly reduce oxidative stress [1].

INCREASED XANTHINE OXIDASE AND NAD(P)H OXIDASE DERIVED
SUPEROXIDE GENERATION IN HEART FAILURE

Since the introduction of the concept of ischemia-reperfusion injury in the early 1980°’s [19'
20], several lines of evidence support the pathophysiological role of XO-derived ROS
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generation, and show beneficial effects of XO inhibitors against myocardial ischemia-
reperfusion.

Numerous studies during the past two decades reported that the administration of allopurinol
or oxypurinol has beneficial effects on the ischemic and reperfused hearts by the reduction of
the reperfusmn induced arrhythmias and infarct size in diverse rat, rabbit, canine and pig
models [ ]. Atthe same time, other groups could not confirm the protective effect of allopurinol
or oxypurinol invarious models of m g/ocardlal ischemia and reperfusion, especially in response
to more severe periods of ischemia [°]. Additional studies have also reported direct free radical
scavenging effects of allopurinol or oxypurinol in isolated hearts unrelated to the inhibition of
XO.

Nevertheless, it is now generally accepted that XO is functional in the mammalian heart
including the human heart [ ] Because substrate accumulation does occur durlng ischemia,
it likely results in the production of free radicals during the reperfusion stage [ ] Although
the mechanism of action remained unclear, follow-up work confirmed the cardloprotectlve
effects of allopurinol, and extended it to hypoxic storage and cardiople |a conditions [ ]
cardiopulmonary surgery [2 26] and acute cardiac allograft rejection [ ]

Recent work has implicated arole for XO-related oxidant species in the pathogenesis of chronic
heart failure [CHF; overviewed in ] Studies in isolated hearts have demonstrated that the
progressive development of contractile failure is associated with increased m ocardlal X0
levels, which contributes to an enhancement of oxidative stress in the heart [ ] Similarly,
in heart failure models induced by pacing in the dog or by coronary ligation in rats, increased
myocardlal XO act|V|ty or levels were found, with subsequent increases in oxidative stress in
the heart [ ] In canine pacing-induced CHF, allopurinol decreased the myocardlal oxygen
consumption and improved cardiac contractility and mechanical efficienc i/at rest [ ] as well
as during dobutamine-induced beta-adrenergic stimulation or exercise [ ]. Interestingly, the
benefits of allopurinol and ascorbate in dogs with heart failure could be prevented by NOS
inhibition, suggesting that XO-derived superoxide may interfere with NO regulation of
myocardial energetics [31]. More recently, Khan and colleagues [34] have demonstrated that
the neuronal nitric oxide synthase (nNOS) and XO are in physical proximity in the sarcoplasmic
reticulum of the cardiac myocytes of mice. Deficiency of nNOS but not eNOS was associated
with profound increases in XO-mediated super-oxide production, which in turn depressed
myocardial ex0|tat|0n contraction coupling in a manner reversible by XO inhibition with
allopurinol [ ]. These data suggested that nNOS not only regulates the SR Ca2* cycle [3 34]
but also represents an important antioxidant system inhibiting XO activity [ 34,3 ] Similarly
to allopurinol, oxypurinol also |mproved cardiac contractility and mechanoenergetic coupling
in rat model of heart failure [ ] In a mouse model of heart failure, allopurinol doubled the
survival, decreased pathologically elevated XO activity, |mgroved contractility and response
to isoproterenol both in vivo and in isolated cardlac muscle [ ]. Consistently with these results,
in another recent murine heart failure study [ ] investigators have demonstrated reduction of
ROS production and decreased myocardial dysfunction following allopurinol treatment.
Importantly, in addition to the beneficial effect of the drug on the left ventricular contractile
function, allopurinol treatment also attenuated the left ventrlcular cavity dilation and reduced
the myocardial hypertrophy and the intestinal fibrosis [ ]

In CHF patients, elevated circulating uric acid levels strongly correlate with inflammatory
markers (ICAM 1, TNFa, soluble TNF receptor 2 and E-selectin) and with the increased
mortality [ 9-42 ]. In patients with idiopathic dilated cardiomyopathy, intracoronary
administration of allopurinol resulted in an acute, significant improvement in myocardial
effmency, by diminishing the oxygen consumption in the presence of standard supportive
therapy [ ] Acute intravenous infusion of allopurinol or chronic treatment with the drug for
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1 month improved endothelial function in patients with CHF [42’43 . In aretrospective study,
high-dose of allopurinol was found to beneficially affect survival}s“]. On the other hand, the
degree of autonomic dysfunction was unaffected by allopurinol [*°]. Long-term prospective

evaluation of the possible benefits of allopurinol treatment in CHF is currently lacking. These
and the above mentioned preclinical studies have encouraged the clinical testing of oxypurinol
for CHF. Such large-scale clinical studies are currently on-going and the interim analysis has
produced some encouraging results [46].

Preliminary evidence suggests that NAD(P)H oxidase-derived superoxide production also
contributes to the endothelial and myocardial dysfunction in CHF both in animal models and
humans [47'48]. Further studies are definitely needed to elucidate the link between NAD(P)H
oxidase activation, myocardial inflammation and contractile dysfunction during the
development of heart failure.

EVIDENCE FOR INCREASED NITROSATIVE STRESS IN HEART FAILURE

NO produced by Ca?*-dependent NOS in endothelium, in cardiomyocytes and in cardiac
nerves serves a number of important roles in the regulation of cardiac function including
coronary vasodilation, inhibiting platelet and neutrophil actions, antioxidant effects,
modulation of cardiac contractile function, and inhibiting cardiac oxygen consumption [3’ 7,
50‘67]. In excess concentrations, NO could be potentially toxic. It is now generally accepted
that many of the toxic actions of NO are not directly due to NO itself, but are mediated via the
production of highly reactive oxidant peroxynitrite, the reaction product of NO and superoxide

[7,68]_

Increased expression and activity of inducible isoform of nitric oxide synthase (iNOS) was
demonstrated in the myocardium and vasculature of animals and patients with heart failure
[69‘79]. One study in mice found correlation between the chronic overexpression of iINOS and
peroxynitrite generation with cardiac enlargement, conduction defects, sudden cardiac death
and, less commonly, heart failure in mice [ 9], while an other study came to the conclusion
that cardiac—sgecific overexpression of iINOS was not associated with severe cardiac
dysfunction [ 0]. Increased myocardial iNOS activity was found in rats with volume-overload
HF, which contributed to depressed myocardial contractility and beta-adrenergic
hyporesponsiveness [81]. Although the above-mentioned evidence exists, the role of INOS in
the development and progression of heart failure is a subject of recent debate. For example, a
recent study has demonstrated that deficiency of iINOS does not attenuate severe congestive
heart failure in mice [82]. Neuronal nitric oxide synthase may represent an additional source
of increased NO production in the failing human heart [83]. Additionally, upregulation of the
endothe{lgizz{ll isoform of NOS was also demonstrated in banding-induced chronic heart failure
model [°7].

As mentioned above, the combination of superoxide and NO yields peroxynitrite. Peroxynitrite
generation has been demonstrated in various forms of acute and chronic heart failures both in
experimental animals and biopsies obtained from human sub;ects, and this species has been
shown to impair cardiac function via multiple mechanisms [ ,85]_

The reaction of peroxynitrite with different enzymes, macromolecules and lipids, has been
shown to influence several cellular functions. For instance, tyrosine nitration may lead to
dysfunction of nitrated proteins, as has been shown or suggested in the case of superoxide
dismutase, cytoskeletal actin, neuronal t%/rosine hydroxylase, cytochrome P450 and
prostacyclin synthase [reviewed in 86,8 ]. Oxidation of the critical sulfhydryl groups is
responsible for the inhibition of mitochondrial and cytosolic aconitase and other critical
enzymes in the mitochondrial respiratory chain [88]. Peroxynitrite can also cause covalent
modification of an active site thiol of glyceraldehyde-3-phosphate dehydrogenase and in
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creatine Kinase [86787]. Peroxynitrite-mediated nitration of myofibrillar creatine kinase
activity may lead to contractile dysfunction of the heart [69]. Peroxynitrite-modified cellular
proteins are subject to accelerated degradation via the proteosome. Peroxynitrite has been
shown to inhibit a variety of ion pumps including calcium pu gs calcium-activated potassium
channels and also the membrane Na*/K* ATP-ase activity [

The reaction of lipids with peroxynitrite leads to peroxidation (malondialdehyde and
conjugated diene formation) and formation of nitrito-, nitro-, nitrosoperoxo- and/or nitrated
lipid oxidation adducts. Peroxynitrite also potently oxidizes various biomolecules including
tetrahydrobiopterin (BH,4) to quinonoid 5,6-dihydrobiopterin. A large proportion of the
quinonoid isomer readily loses its side chain to form 7,8-dihydropterin, which is not a co-factor
for NO synthase. Thus, in endothelial cells and other cell types, pathophysiologically low levels
of BH,4 can promote a cycle of its own destruction mediated by NO synthase-dependent
formation of peroxynitrite. This mechanism might also contribute to vascular endothelial
dysfunction induced by oxidative stress in heart failure. Peroxynitrite generation also decreases
the nitric oxide available for G-protein stimulation and vasodilation, thus contributing to
endothelial dysfunction. It is important to note that peroxynitrite can inhibit superoxide
dismutase, glutaredoxin and other antioxidant molecules and systems. Peroxynitrite-mediated
depletion of one of the key cellular antioxidants, glutathione can lead to positive feedback
cycles of intracellular oxidant generation and exacerbation of the oxidative cellular injury
[reviewed in 86,87].

Tissue injury caused by oxidative stress may be a consequence of activation of the precursors
of matrix metalloproteinase (proMMPs). Recent work suggests that the activation of proMMPs
is triggered by peroxynitrite generation, via an extensive S-glutathiolation reaction [reviewed
in Pacher et al. 2005].

Peroxynitrite can also induce DNA single strand breakage and activation of the nuclear enzyme
PARP, which can trigger a cellular suicide pathway [reviewed in 7,89 and see also below].

In contrast to high concentrations of peroxynitrite which leads to rapid cell death, associated
with rapid energetic derangements and PARP activation, lower concentrations of peroxynitrite,
after several hours, can result in cytochrome c release from mitochondria and caspase 3-, 2-,
8- and 9- dependent apoptotic cell death.

In addition to being a terminal mediator of cell injury, peroxynitrite also enhances and triggers
a variety of pro-inflammatory processes. For example, peroxynitrite enhances the expression
of P-selectin and ICAM-1 in human endothelial cells, and it mediates the cytokine-induced
IL-8 expression in human leukocytes. In human neutrophils, peroxynitrite triggers the down
regulation of L-selectin expression, and up regulation of CD11b/CD18 expression. These
effects are likely to be mediated, at least in part, by the ability of peroxynitrite to trigger and
enhance nuclear factor kappa B (NF-xB) mediated pro-inflammatory signal trans-duction
pathways [reviewed i in8 ] These alterations can culminate in a global dysregulation of cellular
signal transduction pathways.

As mentioned above, there is circumstantial evidence that oxidative/nitrosative stress
importantly contributes to the pathogenesis of various forms of myocardial injury and heart
failure. It appears that peroxynitrite decomposition catalysts improve cardiac function and
overall outcome in these models. For instance, a novel metalloporphyrin peroxynitrite
decomposition catalyst, FP15, reduced myocardlal necr05|s in a rat model of acute myocardial
infarction as well as in a recent porcine study [ ] Furthermore FP15 significantly
improved cardiac function in a diabetic cardlomyopathy model [ ] In addition, a recent
study provided evidence that the treatment with a novel potent peroxynltrlte decomposition
catalyst attenuated the development of cardiac dysfunction and increased the survival in
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doxorubicin-induced cardiomyopathy model [90]. The mechanism by which peroxynitrite
neutralization protects hearts from dysfunction may involve protection against vascular and
myocardial tyrosine nitration, PARP activation, lipid peroxidation and multiple other
mechanisms, as all these mechanisms have previously been linked to peroxynitrite-induced
cardiac injury. Additional mechanisms of peroxynitrite-mediated diabetic cardiac dysfunction
may include inhibition of myofibrillar creatine kinase and of succinyl-CoA:3-oxoacid CoA-
transferase or activation of metalloproteinases [reviewed in 7785]. These observations support
the concept that peroxynitrite is a major mediator of myocardial injury in various
pathophysiological conditions, and its effective neutralization can be of significant therapeutic
benefit.

EVIDENCE FOR INCREASED POLY(ADP-RIBOSE) POLYMERASE (PARP)
ACTIVATION IN HEART FAILURE

Poly(ADP-ribose) polymerase-1 (PARP-1) is a nuclear enzyme with multiple regulatory
functions. PARP-1 cleaves NAD™ to nicotinamide and ADP-ribose to form long branched
(ADP-ribose) polymers on glutamic acid residues of a number of target proteins including
histones and PARP-1 (automodification domain) itself. Poly(ADP-ribosyl)ation is involved in
the regulation of many cellular processes such as DNA repair, gene transcription, cell cycle
progression, cell death, chromatin function and genomic stability. When PARP is activated by
oxygen- and nitrogen-derived radical-induced DNA single-strand breaks, it catalyzes the
cleavage of NAD* into nicotinamide and ADP-ribose, and uses the latter to synthesize branched
nucleic acid-like polymers poly(ADP-ribose) covalently attached to nuclear acceptor proteins.
The branched polymer, the size of which varies from a few to 200 ADP-ribose units, may
facilitate recruitment of DNA repair enzymes to the sites of DNA injury [7' 89; Fig. 1]. In
vivo, the most abundantly poly-ADP-ribosylated protein is PARP-1 itself and auto-poly(ADP-
ribosylation) represents a major regulatory mechanism for PARP-1 resulting in the
downregulation of the enzyme activity. The polymer is degraded by poly(ADP-ribose)
glycohydrolase (PARG) and ADP-ribosyl protein lyase with the latter enzyme removing the
protein proximal ADP-ribose residue [8 » Fig. 1]. The concerted action of PARP-1 and PARG
maintains a highly accelerated ADP-ribose turnover in peroxynitrite exposed cells. As a result,
NAD becomes depleted in the cells leading to malfunctioning glycolysis, Krebs cycle,
mitochondrial electron transport and eventually to ATP depletion. Moreover, shortage on ATP
is exaggerated by attempts of the cells to resynthesize NAD from ATP and nicotinamide. The
net result of this pathway is a dramatic drop in cellular ATP [7’89; Fig. 1].

PARP-1 also regulates the expression of various proteins at transcriptional level. Of special
importance is the regulation by PARP-1 of the production of inflammatory mediators such as
inducible nitric oxide synthase (iNOS), intercellular adhesion molecule-1 (ICAM-1) and major
histocompatibility complex class Il (MHC Class I1) [89]. NF-xB is a key transcription factor
in the regulation of this set of proteins, and PARP has been shown to act as a co-activator in
the NF-xB-mediated transcription. Poly(ADP-ribosylation) can loosen up the chromatin
structure, thereby making genes more accessible for the transcriptional machinery [89].

The PARP-mediated pathway of cell necrosis and the PARP-mediated pathway of
inflammatory signal transduction and gene expression may be interrelated in
pathophysiological conditions. Oxidant stress can generate DNA single-strand breaks. DNA
strand breaks then activate PARP, which in turn potentiates NF-xB activation and AP-1
expression, resulting in greater expression of the AP-1 and NF-xB dependent genes, such as
the gene for ICAM-1, as well as chemokines such as MIP-1alpha and cytokines such as TNF-
alpha. Chemokine generation, in combination with increased endothelial expression of
ICAM-1, recruits more activated leukocytes to inflammatory foci, producing greater oxidant
stress. It is possible that a low-level, localized inflammatory response may be beneficial in
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recruiting mononuclear cells to an inflammatory site. However, in many pathophysiological
states, the above described feedback cycles amplify themselves beyond control.

A recently characterized mechanism of myocardial dysfunction involves the activation of the
nuclear enzyme PARP by DNA single strand breaks generated in response to increased
oxidative and nitrosative stress. It is well-established that this pathway plays a pivotal role in
various models of myocardial ischemia-reperfusion injury (a condition in which oxidative and
nitrosative stress plays a key pathogenetic role) [reviewed in 7'94]. Currently, there is also
emerging evidence that PARP pathway also plays pathogenetic role in the development of
various forms of cardiomyopathy and heart failure [7]. As a first example, in diabetic
cardiomyopathy models that spontaneously develop in the non-obese diabetic mice and in the
streptozotocin-induced models of diabetes, the marked depression of myocardial contractile
function is associated with a significant increase in poly(ADP-ribosyl)ation in cardiac
myocytes and endothelium [93* 95,96]. Increased nitrosative stress and poly(ADP-ribosyl)
ation were demonstrated in CHF following coronary artery ligation and associated with
advanced aging both in the cardiac myocytes and endothelial cells. In these studies
pharmacological inhibition of PARP improved cardiac contractility and endothelial function
[97‘101]. The role of increased oxidative-nitrosative stress-induced PARP activation in the
development of cardiac dysfunction induced by doxorubicin [90'102‘104] or bacterial
endotoxin was also demonstrated [105].

Chronic mechanical overloading of the heart leads to ventricular hypertrophy, which, at later
stages, is also associated with a progressive decline of myocardial contractility. Recent studies
suggest that heart failure in mice with chronic aortic banding is associated with PARP
activation, and PARP activation was also present in myocardial samples of patients with CHF
[106'107]. Importantly, both pharmacological inhibition of PARP and genetic PARP
deficiency prevented the pressure-overload induced decrease in cardiac contractile function
[106'107] and attenuated hypertrophy. Whether PARP inhibition exerts its beneficial effect in
this model by affecting NAD/NADH levels or by other mechanisms (by reducing myocardial
apoptosis or by limiting inflammatory processes) is not yet understood. Previous studies
showed that cardiac NAD/NADH supply may change in hearts with mechanical overload,
which was, in part, attributed to altered cellular metabolism (for example, oxidative utilization
of glucose is slightly depressed in volume-overloaded hearts [108]. Yet, the role of NAD
utilization by PARP in reducing NADH supplies remains to be explored. We have recently
showed that in aortic banded rats with cardiac hypertrophy, [109] in which overt heart failure
is not yet present, cardiac NADH levels do not decline substantially (unpublished data).

In contrast, using a pacing-induced heart failure model in dogs [51,56,110]' we have
demonstrated that development of overt heart failure is associated with a significant decrease
in NADH supply (Fig. 2). Previous studies demonstrated a metabolic shift in severe heart
failure, including a depressed free fatty acid (FFA) oxidation (likely due to reduced activity of
mitochondrial fatty acid oxidation enzymes) and a downregulation of some of the key enzymes
of the carbohydrate metabolism [56; 10]. We propose that the observed metabolic changes
may aggravate the effects of PARP activation (e.g. by depleting NAD/NADH stores). Thus,
future studies should investigate the potential beneficial effects of PARP inhibition in this large
animal model, which shows many similarities to human heart failure.

Several reports indicate the importance of PARP activation in the development of
mitochondrial dysfunction under conditions of oxidative stress [111' 112]. Even though the
major isoform of the PARP family, PARP-1, is widely considered as a nuclear enzyme, there
may also be mitochondrial isoforms [112], and there is a nuclear-to mitochondrial signaling
process, which initiates early mitochondrial alterations, as demonstrated in neurons [111], in
cardiac myocytes in vitro [113] and in myocardial infarction in vivo [114]. Importantly,
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pharmacological inhibition of PARP or genetic PARP-1 deficiency reverse, mitochondrial-to
nuclear translocation of AIF in banding-induced murine heart failure model [107], consistently
with earlier studies demonstrating that PARP-1 regulates the translocation of this cell death
factor.

An additional factor to be considered in the context of PARP activation and the pathogenesis
of endothelial dysfunction in heart failure is angiotensin I, which is a well-known secondary
mediator in the pathogenesis of CHF. Recent studies have demonstrated that angiotensin Il can
induce intraendothelial peroxynitrite formation [115'116], as well as PARP activation [117].
PARP may also regulate the expression of endothelin, which is also an important secondary

mediator in CHF [ 18].

The protective effect of pharmacological inhibition of PARP or in preventing cardiovascular
dysfunction has been demonstrated in experimental models of reperfusion injury and chronic
heart failure. The mode of PARP inhibitors’ cardioprotective action involves conservation of
myocardial energetics, as well as prevention of the upregulation of various pro-inflammatory
pathways (cytokines, adhesion receptors, mononuclear cell infiltration) triggered by ischemia
and reperfusion [reviewed in 7]. Similar to acute myocardial ischemia and reperfusion, both
oxidant-mediated myocardial injury, as well as upregulation of various proinflammatory
processes, plays important roles in CHF. It is conceivable that PARP inhibition exerts
beneficial effects in CHF by affecting both above referenced pathways of injury, and also by
suppressing positive feedback cycles initiated by them.

Although the exact molecular triggers of PARP activation in chronic heart failure are not
known, the above mentioned studies support the view that PARP activation importantly
contributes to the pathogenesis of cardiovascular dysfunction in experimental models of heart
failure.

FUTURE PROSPECTS

Based on the evidence reviewed herein, we conclude that oxidative-nitrosative stress-PARP
pathway plays very important regulatory roles in the pathogenesis of cardiac and endothelial
dysfunction in pathophysiological conditions associated with oxidative stress, including
various forms of heart failure. It remains to be studied whether various clinical therapeutic or
experimental therapeutic interventions, which are known to have some cardiac and vascular
protective effects in chronic heart failure (antioxidant therapies, statins, -blockers, ACE-
inhibitors, etc.), are able to suppress the activation of PARP in the cardiovascular system. A
multitude of novel PARP inhibitors are in various stages of preclinical or clinical development,
many with potency that greatly exceeds the prototypic agents successfully used in earlier
animal studies. The remarkable efficiency of new PARP inhibitors against various forms of
myocardial injury in animal models strongly suggests that these agents hold considerable
promise and hope in the treatment of cardiovascular disorders in humans.
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Fig. 1. Proposed role of oxidative/nitrosative stress and downstream pathway in heart failure
Peroxynitrite, formed from superoxide and NO, causes cell injury via lipid peroxidation,
inactivation of enzymes and other proteins by oxidation and nitration and also activation of
matrix metalloproteinases (MMPS) just to mention a few. Peroxynitrite also triggers the release
of proapoptotic factors such as cytochrome ¢ and apoptosis inducing factor (AIF) from the
mitochondria, which mediate caspase dependent and independent apoptotic death pathways.
Peroxynitrite together with other oxidants, induces stand breaks in deoxyribonucleic acid
(DNA), which in turn activates PARP. Mild damage of DNA activates the DNA repair
machinery, but once excessive oxidative/nitrosative stress-induced damage occurs (like in
various forms of myocardial reperfusion injury and heart failure), overactivated PARP initiates
an energy-consuming cycle by transferring adenosine diphosphateribose units from
nicotinamide adenine dinucleotide (NAD+) to nuclear proteins. This process will lead to
depletion of the intracellular NAD+ and adenosine triphosphate (ATP) pools, slowing the rate
of glycolysis and mitochondrial respiration, eventually culminating to cardiovascular
dysfunction or death. Poly (ADP-ribose) glycohydrolase (PARG) degrades poly (ADP-ribose)
(PAR) polymers, generating free PAR polymer and ADP-ribose. PARP also regulates the
expression of a variety of inflammatory mediators, which may facilitate the progression of
heart failure.
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Fig. 2. Cardiac NADH concentration in dogs with pacing-induced heart failure

The heart was paced at 210 bpm for 3 weeks, and then the pacing rate was increased to 240
bpm until LV end-diastolic pressure reached 25 mm Hg and clinical signs of severe
decompensation were observed (for details of the method see refs. 56, 10). NADH content
was measured by HPLC as we described [1197120]. Data are mean+S.E.M. (n=5 in each group).
* p<0.05
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