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Abstract
Overproduction of reactive oxygen species in aging tissues has been implicated in the pathogenesis
of aging-associated cardiovascular dysfunction. Oxidant-induced DNA-damage activates the poly
(ADP-ribose) polymerase (PARP) pathway, leading to tissue injury. In this study we investigated
the acute effects of the PARP inhibitor INO-1001 on aging-associated cardiac and endothelial
dysfunction. Using a pressure-volume conductance catheter, left ventricular pressure-volume
analysis of young and aging rats was performed before and after a single injection of INO-1001.
Endothelium-dependent and -independent vasorelaxation of isolated aortic rings were investigated
by using acethylcholine and sodium nitroprusside. Aging animals showed a marked reduction of
myocardial contractility and endothelium-dependent relaxant responsiveness of aortic rings. Single
dose INO-1001-treatment resulted in acute improvement in their cardiac and endothelial function.
Immunohistochemistry for nitrotyrosine and poly(ADP-ribose) confirmed enhanced nitro-oxidative
stress and PARP-activation in aging animals. Acute treatment with INO-1001 decreased PARP-
activation, but did not affect nitrotyrosine-immunoreactivity. Our results demonstrate that the aging-
associated chronic cardiovascular dysfunction can be improved, at least, short term, by a single
treatment course with a PARP-inhibitor, supporting the role of the nitro-oxidative stress–PARP–
pathway in the age-related functional decline of the cardiovascular system. Pharmacological
inhibition of PARP may represent a novel therapeutic utility to improve aging-associated
cardiovascular dysfunction.
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Introduction
There is emerging evidence that aging is an important risk factor in the development of ischemic
heart disease. This may be due to an age-associated increase in coronary vascular resistance
leading to reduced myocardial blood supply and flow reserve (Hachamovitch et al., 1989).
Numerous studies suggest that aging is associated with impaired function of endothelium in
laboratory animals (Tschudi et al., 1996) and humans (Egashira et al., 1993) and this endothelial
dysfunction predisposes the aging population to cardiovascular complications and micro-
thrombus formation. Recent studies demonstrate that the cardiovascular dysfunction associated
with advanced aging is related to the local formation of reactive oxygen and nitrogen species
in the myocardium and coronary vasculature (Bejma et al., 2000; van der Loo et al., 2000;
Csiszar et al., 2002).

Aging organisms are exposed to continuous oxidative injury, due to the higher rate of
superoxide and other free radical production from the mitochondrial electron-transport chain
(Sohal & Sohal, 1991). Increases in reactive oxidant species (ROS) and other oxidants at old
age can elicit oxidative modifications of various cell components, such as lipid, protein and
particularly DNA (de la Asuncion et al., 1996).

Various oxygen and nitrogen species (peroxynitrite, hydrogen peroxide, hydroxyl radical and
nitroxyl anion) have been established as pathophysiological relevant endogenous triggers of
DNA single-strand breakage and activation of the poly(ADP-ribose) polymerase (PARP)
enzyme (Virag & Szabo, 2002). When activated by DNA single strand breaks, PARP initiates
an energy-consuming metabolic cycle by transferring ADP-ribose units from NAD+ to nuclear
proteins. This process results in rapid depletion of intracellular ATP-pools and impaired
mitochondrial respiration, eventually leading to cellular energetic crisis, dysfunction and death
via the necrotic route (Virag & Szabo, 2002).

Pharmacological attempts against nitro-oxidative stress using classic antioxidants, such as
vitamin E (which works by scavenging toxic oxidation products), ascorbate or glutathione
(which react with peroxynitrite, albeit at a relatively slow rate) resulted in conflicting results
in experimental models of disease (Ceriello, 2003). Based on recent studies, pharmacological
inhibition of PARP (Szabo C et al., 2004b; Soriano et al., 2001a; Szabo et al., 2003; Beller et
al., 2006) or decomposition of peroxynitrite (Szabo et al., 2002; Pacher et al., 2003; Radovits
et al., 2006), which block the peroxynitrite - DNA injury - poly(ADP-ribose) polymerase
pathway emerge as potent novel antioxidant therapeutic possibilities in multiple
pathophysiological conditions.

Chronic treatment with PARP-inhibitors PJ34 and INO-1001 for 2 months in a rodent model
has been demonstrated to improve endothelial and cardiac dysfunction associated with aging
(Pacher et al., 2002e, Pacher et al., 2004b) showing the involvement of the nitro-oxidative
stress - PARP - pathway in the pathophysiology of cardiac and vascular aging.

Considering the theoretical possibility of acutely interrupting this pathway by pharmacological
inhibition of the PARP enzyme, thereby quickly restoring the ATP-pools and the normal energy
supply of the cells, we investigated in this study whether cardiac and vascular dysfunction at
old age may be beneficially affected even by a single treatment course with a potent
pharmacological inhibitor of PARP.

Radovits et al. Page 2

Exp Gerontol. Author manuscript; available in PMC 2009 May 19.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Materials and Methods
Animals, treatment protocols

The investigation conforms with the Guide for the Care and Use of Laboratory Animals
published by the US National Institutes of Health (NIH Publication No. 85–23, revised 1996).
All procedures and handling of animals during the investigations were reviewed and approved
by the Ethical Committee of the Land Baden-Württemberg for Animal Experimentation.

Young adult (3 month old, 200–250g) and aging (20 month old, 450–600g) male Lewis rats
(Charles River, Sulzfeld, Germany) were housed in a room at a constant temperature of 22 ±
2 °C with 12 hours light/dark cycles and fed a standard laboratory rat diet and water ad libitum.

Hemodynamic measurements
Young (n=7) and aging (n=7) rats were anesthetized with thiopentone sodium (60 mg kg−1

i.p.), tracheotomized, intubated and artificially ventilated. Animals were placed on controlled
heating pads and core temperature measured via a rectal probe was maintained at 37 °C. The
thoracic cavity was opened to permit access to the apex of the heart. All incisions were kept
to a minimum to avoid major blood loss. The left ventricle was punctured by a 20 G plastic
cannula, through which a 2F microtip pressure-volume catheter (SPR-838, Millar Instruments,
Houston, TX, USA) was inserted into the left ventricular cavity. Mean arterial pressure was
measured via the right femoral artery. After stabilization for 5 minutes, the signals were
continuously recorded using a pressure-volume conductance system (Leycom, Zoetermeer,
The Netherlands) coupled to an A/D converter (EMKA Technologies, Paris, France) at a
sampling rate of 1000 s−1, stored and displayed on a computer by the IOX Software System
(EMKA Technologies, Paris, France). With the help of a special pressure-volume analysis
program (EMKA Technologies, Paris, France) mean arterial pressure (MAP), maximal left
ventricular systolic pressure (LVSP), left ventricular end-diastolic pressure (LVEDP) and
developed pressure (DP) were computed and calculated. Left ventricular pressure-volume
relations were measured by transiently compressing the inferior vena cava. The slope (Ees) of
the left ventricular end-systolic pressure-volume relationships (ESPVR), preload recruitable
stroke work (PRSW) and maximal slope of systolic pressure increment – end-diastolic volume
relation (+dP/dt-EDV) were calculated as load-independent indexes of left ventricular
contractility. The above detailed left ventricular pressure-volume analysis was performed
before and 60 minutes after a single dose iv. injection of the potent PARP-inhibitor INO-1001
(5mg kg−1). Myocardial INO-1001 concentrations as high as 100–400 nM can be achieved by
dosing of the compound in doses similar to this one in rodents. These tissue concentrations are
sufficient to provide a substantial inhibition of the cellular activity of PARP (Xiao et al.
2005). Myocardial sections of the rats used for the hemodynamic measurements were removed
for immunohistochemical processing immediately after completing the left ventricular
pressure-volume analysis.

In vitro organ bath experiments
In additional experiments, young and aging rats received a single intraperitoneal injection of
vehicle (control groups) or the PARP-inhibitor INO-1001 (5 mg kg−1) (treatment groups)
intraperitoneally. 2 hours after the injection, animals were anesthetized with thiopentone
sodium (60 mg kg−1 i.p.), the descending thoracic aorta was carefully removed and placed in
cold (+4 °C), oxigenized Krebs-Henseleit solution (118 mM NaCl, 4.7 mM KCl, 1.2 mM
KH2PO4, 1.2 mM MgSO4, 1.77 mM CaCl2, 25 mM NaHCO3, 11.4 mM glucose; pH=7.4).
The aortae were prepared and cleaned from periadventitial fat and surrounding connective
tissue and cut transversely into 4-mm width rings using an operation microscope. An additional
thoracic aortic segment from each animal was prepared and separated for
immunohistochemical processing.
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Isolated aortic rings were mounted on stainless steel hooks in individual organ baths (Radnoti
Glass Technology, Monrovia, CA, USA), containing 25 ml of Krebs-Henseleit solution at 37
°C and aerated with 95% O2 and 5% CO2. Special attention was paid during the preparation
to avoid damaging the endothelium.

Isometric contractions were recorded using isometric force transducers (Radnoti Glass
Technology, Monrovia, CA, USA), digitized, stored and displayed with the IOX Software
System (EMKA Technologies, Paris, France).

The aortic rings were placed under a resting tension of 2 g and equilibrated for 60 minutes.
During this period, tension was periodically adjusted to the desired level and the Krebs-
Henseleit solution was changed every 30 minutes. Maximal contraction forces to potassium
chloride (KCl, 100mM) were determined and aortic rings were washed until resting tension
was again obtained. Phenylephrine (10−6 M) was used to precontract the rings until a stable
plateau was reached, and relaxation responses were examined by adding cumulative
concentrations of endothelium-dependent dilator acethylcholine (ACh, 10−9–10−4 M) and
endothelium-independent dilator sodium nitroprusside (SNP, 10−10–10−5 M). Contractile
responses are expressed as grams of tension, relaxation is expressed as percent of contraction
induced by phenylephrine (10−6 M).

Immunohistochemical analysis
Myocardial sections and aortic segments separated for immunohistochemical processing were
fixed immediately after excision in buffered paraformaldehyde solution (4%) for 1 day. Three
adjacent sections were processed for both of the following types of immunohistochemical
labelling. According to the methods previously described (Liaudet et al., 2000), we performed
immunohistochemical staining for nitrotyrosine (NT, a marker of nitrosative stress in general
(Halliwell, 1997)), and for poly(ADP-ribose) (PAR, the enzymatic product of PARP). Primary
antibodies used for the stainings were polyclonal sheep anti-nitrotyrosine antibody (Upstate,
Chicago, IL, USA) and mouse monoclonal anti-poly(ADP-ribose) antibody (Calbiochem, San
Diego, CA, USA).

Statistical analysis
All data are expressed as means ± s.e.mean. Intergroup comparisons were performed by using
one-way analysis of variance followed by Student’s unpaired t-test with Bonferroni’s
correction for multiple comparisons. Differences were considered significant when p<0.05.

Drugs
Phenylephrine, acethylcholine and sodium nitroprusside (Sigma-Aldrich, Germany) were
dissolved in normal saline, INO-1001, the potent indeno-isoquinolinone-based poly(ADP)-
ribose polymerase inhibitor (Inotek Pharmaceuticals Corporation, Beverly, MA, USA; Jagtap
et al., 2005) was dissolved in 5% glucose solution.

Results
Immunohistochemical analysis

Immunohistochemical staining showed increased immunoreactivity for nitrotyrosine and poly
(ADP-ribose) - indicative of nitrosative stress and enhanced activation of PARP - in the left
ventricular myocardium and in the aortic wall (mainly in the endothelium) of aging rats. (Fig.
1–2.)

Single dose treatment with the potent PARP-inhibitor INO-1001 notably decreased PAR
formation both in the myocardium and the aortic wall. Immunoreactivity for nitrotyrosine was
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not affected by acute PARP-inhibition. Figure 1. and 2. show representative stainings for NT
and PAR in the young control, aging control and INO-1001 treatment groups.

Vascular function
Similar to previous studies, the impairment of endothelial function in aging rats was
demonstrated in our in vitro organ bath experiments. The aging-associated endothelial
dysfunction was indicated by the reduced maximal relaxation of isolated aortic rings to ACh
(61.2 ± 2.19% aging control vs. 80.8 ± 1.99% young control, p<0.05), and the rightward shift
of the dose-response curve as compared with the young control group. (Fig. 3. A). Single dose
treatment with PARP-inhibitor INO-1001 significantly improved the ACh-induced,
endothelium-dependent, nitric oxide mediated vasorelaxation in aging animals (maximal
relaxation: 69.1 ± 2.25% aging treatment group vs. 61.2 ± 2.19% aging control, p<0.05). The
same treatment had no effect in young rats. (Fig. 3. A)

The endothelium-independent vascular smooth muscle function indicated by the
vasorelaxation of aortic rings to SNP was not impaired in aging rats and was also unaffected
by acute INO-1001 treatment. (Fig. 3. B)

Maximal isometric forces produced by the isolated aortic rings precontracted by potassium
chloride (100mM) and phenylephrine (10−6 M) were significantly lower in the aging control
group as compared with young animals, which was not influenced by acute PARP-inhibition.
(Fig. 4.)

Cardiac function
In the aging control group we found significantly decreased mean arterial pressure (MAP),
maximal left ventricular systolic pressure (LVSP), developed pressure (DP) and increased left
ventricular end-diastolic pressure (LVEDP). Single dose treatment with INO-1001 in aging
rats significantly improved the hemodynamic parameters MAP, LVSP and DP (Fig. 5.).

When compared to the young group, aging in rats was associated with significantly decreased
left ventricular contractility. The load independent, PV-loop derived contractility indexes
(Emax, PRSW, +dP/dt-EDV) showed a marked reduction in aging animals. After acute PARP-
inhibition, we observed significantly increased Emax and PRSW, indicating the rapid
improvement in left ventricular contractility (Fig. 6.). Treatment with INO-1001 in young rats
had no effect on any of the hemodynamic parameters studied (Fig. 5–6.).

Discussion
In the current study we demonstrate that a single injection of PARP-inhibitor INO-1001
effectively decreases the age-related myocardial and vascular PARP-activation, resulting in
acute improvement of left ventricular contractility and enhanced endothelium-dependent
vasorelaxation in a rat model of aging-associated cardiovascular dysfunction.

Recent studies elucidated numerous cellular and molecular mechanisms responsible for the
functional decline of the cardiovascular system at old age (Csiszar et al., 2005). The oxidative
stress hypothesis (or free radical theory, as it was originally proposed) (Harman, 1956) is
currently one of the most favored explanations for how aging leads to progressive cellular
damage at the biochemical level. According to this theory, age-related loss of physiological
function and aging is caused by the deleterious effects of progressive and irreversible
accumulation of oxidative damage. Several previous studies have demonstrated that aging
organisms have a higher rate of free radical production (O2

−. and H2O2) due to the incomplete
terminal oxidation in the mitochondria at older age (Sohal & Sohal, 1991; Nohl et al., 1978;
Kim et al., 1996). Superoxide anions interact with the physiological mediator nitric oxide,
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forming the potent oxidant peroxynitrite. Hydroxyl radicals are formed mainly from hydrogen-
peroxide in the Haber-Weiss reaction catalysed by iron. Nitro-oxidative stress accompanied
by increased formation of hydrogen peroxide, hydroxyl radical, and peroxynitrite are
endogenous inducers of DNA single strand breakage, that is the obligatory trigger of activation
of the nuclear enzyme poly(ADP-ribose) polymerase (PARP), which mediates the cellular
response to DNA injury (Virag & Szabo, 2002).

Depending on the severity of DNA damage, different cellular pathways can be triggered. In
the case of mild DNA damage, PARP facilitates DNA repair and thus cell survival. Severe
DNA injury causes excessive PARP activation that initiates an energy-consuming futile repair
cycle by transferring ADP-ribose units from NAD+ to nuclear proteins. The excessive nuclear
poly(ADP-ribose) formation results in rapid depletion of intracellular NAD+ and ATP-pools,
slowing the rate of glycolysis and mitochondrial respiration, eventually leading first to cellular
energetic crisis and dysfunction, then to cell necrosis (Soriano et al., 2001b). By this route,
PARP activation in cardiomyocytes and endothelial cells causes functional impairment of
contractile function at the cellular level and reduced ability of endothelial cells to produce nitric
oxide when stimulated by an endothelium-dependent relaxant agonist, such as acetylcholine
(Soriano et al., 2001b; Szabo et al., 1997; Pacher et al., 2002a; Pacher et al., 2002b; Szabo et
al., 2004a; Pacher et al., 2002d; Pacher et al., 2002e; Szabo & Bahrle, 2005). Impairment of
endothelial function in the coronary arteries may lead to regional or global myocardial
ischaemia, which secondarily impairs cardiac performance. The increased ROS-formation and
PARP activation together with the above discussed downstream molecular and intracellular
mechanisms are considered to play an important role in the pathogenesis of various forms of
chronic heart failure (Pacher et al., 2002d; Pacher et al., 2006).

Similar to other studies (Radovits et al., 2006; van der Loo et al., 2000; Csiszar et al., 2002;
Csiszar et al., 2005), we demonstrated increased immunoreactivity for nitrotyrosine and
activation of PARP in the left ventricular myocardium and aortic wall of aging rats (Fig. 1–
2.), which confirms the nitro-oxidative stress and the activation of the peroxynitrite-poly(ADP-
ribose) polymerase pathway, and are consistent with the above discussed “free radical theory”
of aging (Pacher et al., 2005; Ungvari et al., 2005).

INO-1001 effectively decreased PAR-formation in various models of disease, but there are
conflicting data about the effect of PARP-inhibitors on tyrosine-nitration (Beller et al., 2006;
Farivar et al., 2005; Pacher et al., 2002c). After single dose treatment with INO-1001 in aging
rats we found decreased PAR staining (reflecting decreased PARP activity) both in the
myocardium and the aortic intima, however, the immunoreactivity for protein-nitrotyrosine
was unaffected. These findings are consistent with the hypothesis that short-term PARP
inhibition is sufficient to affect the imbalance between the rapid and reversible polymerization
and degradation of ADP-ribose units (by poly(ADP-ribose) polymerase (PARP) and poly
(ADP-ribose) glycohydrolase (PARG); Davidovic et al., 2001), but it does not affect upstream
processes such as peroxynitrite generation and action (a marker of which is nitrotyrosine), and/
or it might exert feedback effects on the generation of oxidants, but this is not reflected in the
staining for nitrotyrosine, as this is a rather stable product.

In aging vessels, the nitro-oxidative damage of the vascular smooth muscle layers were found
to be less pronounced, when compared to the endothelium. (Fig. 1.) These
immunohistochemical findings are in line with recent reports demonstrating that the vascular
superoxide-overproduction at old age occurs mainly in the endothelial cells (van der Loo et
al., 2000), which are in addition more vulnerable to oxidative injury.

Endothelial dysfunction associated with advanced aging is a well-known phenomenon and can
be explained by the reduced nitric oxide (NO) production of endothelial cells (Soriano et al.,
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2001b); or by the increased NO-inactivation by superoxide anions (peroxynitrite formation)
resulting in altered NO bioavailibility (van der Loo et al., 2000). The underlying intracellular
pathways and molecular mechanisms have been subject of intensive investigations recent years
(van der Loo et al., 2000; Pacher et al., 2004b; Pacher et al., 2002e; Pacher et al., 2002f). In
accordance with these studies we report here impaired endothelium-dependent acetylcholine-
induced relaxation of isolated aortic rings of aging rats. The endothelium-independent
relaxation induced by the exogenously administered NO-donor SNP was unaffected by aging,
indicating the normal dilative capacity of the vascular smooth muscle. These functional data
are consistent with our immunohistochemical findings showing signs of severe nitro-oxidative
damage mainly in the endothelium of aging vessels. In contrast with a previous work using
epinephrine for precontraction (Pacher et al., 2002e), we found a significant decrease in
contraction forces induced by phenylephrine and potassium chloride in aging animals which
was in line with the results of another study investigating vascular function of diabetic rats
(Soriano et al., 2001a) and may be due to alterations in receptor density and/or receptor/effector
coupling.

Previous studies report acute amelioration of endothelial dysfunction in chronic diseases and
pathophysiological conditions: single doses of antioxidants (such as vitamin C),
tetrahydrobiopterin and L-arginine were shown to improve endothelial dysfunction associated
with hypertension, diabetes, chronic smoking or atherosclerosis (Pieper, 1997; Heitzer et al.,
2000; Taddei et al., 1998; Quyyumi, 1998). All of these therapeutical attempts focuses on the
restoration of nitric oxide bioavailibility either by directly supplying the endothelial nitric oxide
synthase with substrate/co-factor (and reversing eNOS-uncoupling) or by decreasing NO-
removal by reducing nitro-oxidative stress. As previously reported, in vitro incubation of blood
vessels with PARP-inhibitors resulted in rapid reversal of endothelial dysfunction in aortae
from diabetic mice (Soriano et al., 2001a) and also in the early stage of atherosclerosis (Benko
et al., 2004). Similarly to the results of these studies we report here significantly enhanced
endothelium-dependent vasorelaxation (improved endothelial function) in aortic rings of rats
with advanced aging after a single dose injection of PARP-inhibitor INO-1001.

We propose that the aging-related overproduction of ROS represents a continuous trigger of
DNA single strand breakage that, in turn keeps PARP in an activated state, which continuously
depletes the ATP-pools of endothelial cells, thereby impairing the endothelium-dependent
relaxant responsiveness. Under this continuing nitro-oxidative stress the endothelium is likely
to exist in a state of chronic energy starvation (metabolic suppression) associated with
dysfunction. Due to the reversibility of the rapid polymerization of poly(ADP-ribose) units,
pharmacological interruption of this metabolic cycle by acute inhibition of PARP can lead to
normalization of the energy balance of endothelial cells by rapid restoration of endothelial
ATP-levels to normal levels (Szabo G et al. 2002), and according to some reports even to higher
levels (Csordas et al. 2006). Considering the fact that - similarly to former studies - our results
on young control rats show no direct vasodilatory effects of INO-1001, the found acute effect
of PARP-inhibition on aging-associated endothelial dysfunction can be explained by this
intracellular mechanism. However, most of the studies on ATP-levels supporting our
hypothesis were conducted on cultured endothelial cells, obvious evidence for the proposed
mechanism could be provided by directly measuring in vivo/ex vivo tissue ATP-levels, but
this was not conducted in the present study, and therefore alternative explanations for the
current findings are also theoretically possible.

Recent studies performing invasive hemodynamic measurements in aging rats report decreased
cardiac performance and development of progressive heart failure after the age of 20 months
(Radovits et al., 2006; Pacher et al., 2004a; Pacher et al., 2004b; Anversa et al., 1989). A recent
study provided detailed echocardiographic evidence of a progressive decrement in multiple
aspects of systolic and diastolic LV function in aging rats (Boluyt et al., 2004). Consistent with
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these results, we demonstrated that advanced aging in rats is associated with impaired
myocardial contractility, as reflected by the PV-loop-derived load-independent contractility-
indexes Emax, PRSW or +dP/dt-EDV. These indexes are widely used as sensitive cardiac
contractile parameters, because they are independent from changes in loading conditions and
therefore especially informative in assessing cardiac contractility in models, where preload and
afterload are altered.

The possible molecular mechanism responsible for the rapid improvement of cardiac
dysfunction are supposed to be the energy restoration of myocardial cells, similarly to that
discussed detailed above. In other words, similar to the situation in blood vessels, it is possible
(although remains to be directly confirmed) that PARP inhibition acutely affects cardiac
contractility via improvement of cardiac high energy phosphate status. An acute improvement
in the myocardial blood supply (due to improved endothelial function in the coronary
microvasculature) may also be feasible.

In accordance with our previous work with other PARP-inhibitors (Szabo G et al., 2002) we
found that INO-1001 did not affect cardiac function of young control rats. Thus the improved
cardiac function seen in the aging treatment group is a specific phenomenon, reflecting a
reversal of the aging-associated suppressed myocardial performance, rather than the
consequence of some nonspecific direct cardiac effects of INO-1001.

This is the first study reporting rapid improvement of the chronic cardiac and vascular
dysfunction associated with advanced aging by acute inhibition of the PARP enzyme. The
current findings indicate the importance of the nitro-oxidative stress - PARP - pathway,
especially its quickly reversible energy depleting aspects in the pathogenesis of myocardial
and endothelial dysfunction at old age. The current work further supports the concept that
PARP-inhibition may represent a potential therapy approach to improve cardiovascular
dysfunction associated with aging. There are many studies and reviews about the clinical
treatment perspectives of PARP-inhibitors (Jagtap and Szabo, 2005; Graziani and Szabo,
2005). We probably already know enough about the safety of PARP inhibitors to consider them
suitable for short-term treatment of acute situations where the inhibition of PARP may provide
considerable benefit, e.g. in myocardial reperfusion injury. However, chronic use of PARP
inhibitors may be more challenging because of the unknown potential long-term side effects.
Whether or not chronic PARP inhibition is safe, there is no clear answer, as chronic safety
studies have not yet been conducted with any of the orally bioavailable PARP inhibitors.
Depending on the outcome of such studies, chronic PARP inhibition may or may not turn out
to be clinically sustainable. It also remains to be tested as to how long is the period for which
a single dose of the PARP inhibitor provides cardiovascular benefit. In chronic heart failure
models there is evidence that the beneficial effect of PARP inhibition is sustained after
discontinuation of the treatment (Pacher et al., 2002c), therefore the duration of the beneficial
effect seen in the current study needs to be delineated.
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Figure 1. Photomicrographs of nitrotyrosine immunohistochemistry
Representative immunohistochemical stainings for nitrotyrosine (NT, brown staining) in the
myocardium (A–C) and aortic wall (D–F). Young control group: A, D; aging control group:
B, E; and aging INO-1001 treatment groups: C, F (magnification: 400X, scale bar: 50μm).
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Figure 2. Photomicrographs of poly(ADP-ribose) immunohistochemistry
Representative immunohistochemical stainings for poly(ADP-ribose) (PAR, dark brown/black
staining mainly in cell nuclei) in the myocardium (A–C) and aortic wall (D–F). Young control
group: A, D; aging control group: B, E; and aging INO-1001 treatment groups: C, F
(magnification: 400X, scale bar: 50μm).
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Figure 3. Rapid reversal of aging-associated vascular dysfunction by treatment with INO-1001 in
rat aortic rings
ACh-induced endothelium-dependent relaxation (A), and SNP-induced endothelium-
independent relaxation (B). Each point of the curve represents mean ± s.e.mean of 12
experiments with thoracic aortic rings in all groups. *, P<0.05 versus young control; #, P<0.05
versus aging control.
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Figure 4. The effect of aging and acute PARP-inhibition on contraction of rat aortic rings
Contraction forces induced by potassium chloride (KCl; 0.1M) (A) and phenylephrine (PE;
10−6 M) (B). Each column represents mean ± s.e.mean of 12 experiments with thoracic aortic
rings in all groups. *, P<0.05 versus young control.
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Figure 5. The effect of aging and acute PARP-inhibition on arterial and left ventricular blood
pressure
Mean arterial pressure (MAP), maximal left ventricular systolic pressure (LVSP), left
ventricular end-diastolic pressure (LVEDP) and developed pressure (DP) are shown in young
adult, young treated with INO-1001, aging and aging treated with INO-1001 male rats. Values
are mean ± s.e.mean of 7 experiments in each group. *, P<0.05 versus young control; #, P<0.05
versus aging control.
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Figure 6. The effect of aging and acute PARP-inhibition on cardiac contractility
The slope (Ees) of the left ventricular end- systolic pressure-volume relationships (ESPVR),
preload recruitable stroke work (PRSW) and maximal slope of systolic pressure increment –
end diastolic volume relation (+dP/dt-EDV) are shown in young adult, young treated with
INO-1001, aging and aging treated with INO-1001 male rats. Values are mean ± s.e.mean of
7 experiments in each group. *, P<0.05 versus young control; #, P<0.05 versus aging control.
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