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Endothelial dysfunction in aging animals: the role of
poly(ADP-ribose) polymerase activation
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Recent work has demonstrated the production of reactive oxygen and nitrogen species in the
vasculature of aging animals. Oxidant induced cell injury triggers the activation of nuclear enzyme
poly(ADP ribose) polymerase (PARP) leading to endothelial dysfunction in various pathophysio-
logical conditions (reperfusion, shock, diabetes). Here we studied whether the loss of endothelial
function in aging rats is dependent upon the PARP pathway within the vasculature. Young (3
months-old) and aging (22 months-old) Wistar rats were treated for 2 months with vehicle or the
PARP inhibitor PJ34. In the vehicle-treated aging animals there was a signi®cant loss of endothelial
function, as measured by the relaxant responsiveness of vascular rings to acetylcholine. Treatment
with PJ34, a potent PARP inhibitor, restored normal endothelial function. There was no impairment
of the contractile function and endothelium-independent vasodilatation in aging rats. Furthermore,
we found no deterioration in the myocardial contractile function in aging animals. Thus,
intraendothelial PARP activation may contribute to endothelial dysfunction associated with aging.
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Introduction Endothelial dysfunction represents a predomi-
nant feature of aging. Endothelial dysfunction makes the

aging population prone to cardiovascular complications,
and micro-thrombus formation. There is emerging evidence
that the endothelial dysfunction associated with aging is

related to the local formation of reactive oxygen and
nitrogen species within and in the vicinity of the vascular
endothelium (Inoue & Inoue, 1996; Rodriguez-Martinez et

al., 1998; van der Loo et al., 2000; Hamilton et al., 2001).
While the link between oxygen free radicals and vascular
aging is well established, the downstream cellular mechan-
isms have not yet been explored in detail. Oxidant induced

cell injury triggers the activation of nuclear enzyme
poly(ADP ribose) polymerase (PARP) leading to endothe-
lial dysfunction in various pathophysiological conditions

including reperfusion, shock, diabetes (Zingarelli et al.,
1997; 1998; Thiemermann et al., 1997; Szabo et al., 1997;
Eliasson et al., 1997; Burkart et al., 1999; Liaudet et al.,

2000; Soriano et al., 2001a, b; Pacher et al., 2002). Here we
studied whether the loss of endothelial function in aging
rats is dependent upon the PARP pathway within the

vasculature.

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.

Animals, treatment protocols Retired ex-breeder male Wistar
rats (22 months-old) were treated with vehicle (n=16) or the

PARP inhibitor PJ34 (n=16; 20 mg kg71/day PO) for 2
months. This dose regimen was found to e�ectively inhibit
vascular PARP activation in previous studies (Soriano et al.,

2001a, b; Pacher et al., 2002). Three-month old male Wistar
rats treated with vehicle (n=16) or PJ34 (n=16; 20 mg kg71/
day PO) for 2 months were used as controls.

Measurement of vascular reactivity in isolated aortic rings of
rats The method was described previously (Soriano et al.,

2001a, b). Brie¯y, the thoracic aorta was cleared from peri-
adventitial fat and cut into 3 ± 4 mmwidth rings using operation
microscope, mounted in organ baths ®lled with warmed (378C)
and oxygenated (95%O2, 5%CO2)Krebs' solution (mM: CaCl2
1.6; MgSO4 1.17; EDTA 0.026; NaCl 130; NaHCO3 14.9; KCl
4.7; KH2PO4 1.18; Glucose 11). Isometric tensionwasmeasured
with isometric transducers (Kent Scienti®c Corporation,

Litch®eld, CT, U.S.A.), digitized using a MacLab A/D
converter and stored and displayed on a MacIntosh computer.
A tensionof 1.5 gwas applied and the ringswere equilibrated for

60 min, followed by measurements of the concentration-
dependent contraction to epinephrine (10710 to 361075 M),
and in rings precontractedwith epinephrine (1076 M), relaxation

to acetylcholine (1079 to 3 ± 1074 M) and sodium nitroprusside
(10712 ± 1075 M). Experiments were conducted in 8 ± 10 pairs of
rings in each experimental group.

Haemodynamic measurements in rats Analysis of left
ventricular performance was measured in rats anaesthetized
with i.p. injection of thiopentone sodium (60 mg kg71).Animals
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were placed on controlled heating pads, and core temperature
measured via a rectal probe was maintained at 36 ± 388C. A
microtip catheter transducer (SPR-524; Millar Instruments,

Houston, TX, U.S.A) was inserted into the right carotid artery
andadvanced into the left ventricle under pressure control.After
stabilization for 15 ± 20 min, the pressure signal was
continuously recorded using a MacLab A/D converter (AD

Instruments, Mountain View, CA, U.S.A.), and stored and
displayed on anAppleMacintosh personal computer. The heart
rate, the left ventricular systolic and end-diastolic pressures

(LVSP and LVEDP) were measured and the maximal slope of
systolic pressure increment (+dP dt71) and diastolic pressure
decrement (7dP dt71), and 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 haemodynamic measurements

were made, animals were sacri®ced by lethal injection of
thiopentone sodium. Haemodynamic measurements were
conducted in 7 ± 9 animals in each group.

Statistical analysis Results are reported as mean+s.e.mean.
Statistical signi®cance 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. Probability values of P50.05 were
considered signi®cant.

Reagents All reagents were obtained from Sigma/Aldrich
(St. Louis, MO, U.S.A.), unless indicated otherwise. The

potent, novel, water soluble phenantridinone derivative
PARP inhibitor, PJ34-the hydrochloride salt of N-(-oxo-5,6-
dihydro-phenanthridin-2-yl)-N,N-dimethylacetamide, was
synthesized as described (Soriano et al. 2001a).

Results Body weight Body weight signi®cantly increased
with age (g) (475+21.4; (n=9) and 924+35.2; (n=9),

P50.01, 5 and 24 months old respectively). PJ34 treatment
for 2 months did not in¯uence the body weight of control
and aging animals (g) (458+17.5 vs 475+21.4; (n=9) and

893+38.4 vs 924+35.2; (n=9) respectively).

Aging induces a PARP-dependent endothelial dysfunction in
rat Ex vivo experiments demonstrated the loss of endothelial

function, as measured by the relaxant responsiveness of pre-
contracted vascular rings to the endothelium-dependent
vasodilator, NO liberating hormone acetylcholine (ACh) in

aging rats (24 months old) (Figure 1A). In contrast to the 24-
month-old rats, aortic rings taken from 12-month-old rats
(n=5) did not show impaired endothelium-dependent dilatory

response to ACh (data not shown). Inhibition of PARP
activation was achieved by chronic treatment with the potent,
water-soluble phenantridinone derivative PARP inhibitor PJ34

for 2 months. This treatment restored normal vascular function
(Figure 1A) in aging animals. The endothelium-independent
relaxant response to sodium nitroprusside was unchanged
(Figure 1C), indicating the ability of the endothelium to release

NO, rather than the ability of the smooth muscle to relax to NO
is impaired in aging. The contractile responsiveness of the
thoracic aorta in aging rats was unchanged (Figure 1B). PJ34

treatment had no signi®cant e�ects on contractile or
endothelium-dependent and independent relaxant responses
in control animals (Figure 1).

Ventricular function in rats Aging in rats was characterized
by a signi®cant (P50.05) increase in LVEDP and decrease in

diastolic 7dP dt71 (Figure 2). There was no change in heart
rate, mean BP, LVSP and systolic +dP dt71 (Figure 2). PJ34
treatment did not signi®cantly in¯uence the depression in

diastolic 7dP dt71 in aging animals, however signi®cantly
decreased the LVEDP. PJ34 treatment in control rats had no
signi®cant e�ects on haemodynamic parameters (Figure 2).

Discussion There is overwhelming evidence demonstrating
an aging-associated development of endothelial dysfunction
(the reduced ability of blood vessels to relax in response to

endothelium-dependent relaxants) in animals or humans
(Hatake et al., 1990; Taddei et al., 1995; KuÈ ng & LuÈ scher,
1995; Higashi et al., 1997; Imaoka et al., 1999; Heymes et al.,

Figure 1 Reversal of aging-induced endothelial dysfunction by
pharmacological inhibition of PARP in rats. Epinephrine-induced
contractions (B), Ach-induced endothelium-dependent relaxation (A)
and SNP-induced endothelium-independent relaxations (C). Each
point of the curve represents mean+s.e.mean of 7 ± 10 experiments in
vascular rings. *P50.05 vs control; #P50.05 vs aging.
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2000; van der Loo et al., 2000; Matz et al., 2000; Hamilton et
al., 2001). The mechanisms responsible for this age-related
endothelial dysfunction have not yet been clearly established.
This impairment is, at least in part, related to the

increased local formation of reactive oxygen and nitrogen
species within and in the vicinity of the vascular
endothelium (Inoue & Inoue, 1996; Rodriguez-Martinez et

al., 1998; van der Loo et al., 2000; Hamilton et al., 2001).
Superoxide anion interacts with nitric oxide, forming the
oxidant peroxynitrite (ONOO), which attacks various

biomolecules, leading, among others, the production of a
modi®ed amino acid (nitrotyrosine) (Beckman & Koppenol,
1996). Although nitrotyrosine was initially considered a

speci®c marker of peroxynitrite generation, other pathways
can also induce tyrosine nitration (Eiserich et al., 1998).
Thus, nitrotyrosine is now generally considered a collective
index of reactive nitrogen species, rather than a speci®c

indicator of peroxynitrite formation (Eiserich et al., 1998;
Halliwell, 1997). Indeed, increased nitrotyrosine formation
was reported in the endothelium of aorta in aging animals,

which was localized in the nucleus, the cytosol and the
mitochondria (van der Loo et al., 2000).
Oxidative stress accompanied by increased formation of

hydrogen peroxide, superoxide anion and peroxynitrite are

endogenous inducers of DNA single-strand breakage and
DNA single strand breakage is the obligatory trigger of
PARP activation (Pieper et al., 2000; Szabo et al., 1997; 1998;

Szabo, 2000), which in turn may results in rapid depletion of
the intracellular NAD+ and ATP pools, slowing the rate of
glycolysis and mitochondrial respiration, eventually leading

to cellular dysfunction and necrosis. The protective e�ect of
pharmacological inhibition of PARP or lack of PARP gene
in preventing vascular dysfunction has been demonstrated in

experimental models of shock, reperfusion injury and
diabetes (another condition where oxidative stress plays a
key pathogenetic role) (Zingarelli et al., 1997; 1998;
Thiemermann et al., 1997; Szabo et al., 1997; Liaudet et

al., 2000; Soriano et al., 2001a, b; Pacher et al., 2002).
The present study demonstrates that the chronic treatment

with PARP inhibitor PJ34 normalizes the impaired endothe-

Figure 2 The e�ects of aging (A) and pharmacological inhibition of PARP on cardiac function. E�ect of aging and PJ34 on left
ventricular systolic pressure (LVSP), left ventricular end diastolic pressure (LVEDP), left ventricular +dP dt71, left ventricular
7dP dt71, mean BP and heart rate in rats. C, control; A, aging; C+PJ34 control treated with PJ34 (for 2 months); A+PJ34, aging
treated with PJ34 (for 2 months). Results are mean+s.e.mean. *P50.05 vs C# P50.05 vs A.
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lium-dependent dilatory response to Ach in aortic rings from
2-year-old aging Wistar rats (Figure 1). Aging was also
associated with signi®cant impairment of diastolic but not

systolic function of the heart (Figure 2). PARP inhibitor
treatment did not a�ect the aging-associated decrease in
diastolic 7dP dt71 (an index of ventricular relaxation) but
normalized increased LVEDP.

Based on the results of the current study, we conclude that
the reactive oxygen/nitrogen species ± PARP pathway plays a

pathogenetic role in the development of endothelial dysfunc-
tion in aging.
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