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ABSTRACT—Peroxynitrite (a potent oxidant produced by nitric oxide and superoxide) and hydroxyl radical,
reactive oxidants produced during hemorrhagic shock, are potent triggers of DNA single-strand breakage.
DNA injury triggers the activation of the nuclear enzyme poly(ADP-ribose) synthetase (PARS), which
contributes to cellular injury. Hemorrhagic shock is associated with early vasomotor paralysis as well as
with early derangements in the cellular metabolic status. Here we have tested whether activation of PARS
contributes to the vasodilatation and early mortality in a rat model of severe hemorrhagic shock. In
anesthetized rats hemorrhaged to a mean arterial blood pressure of 35 mmHg, pretreatment with the PARS
inhibitor 5-iodo-6-amino-1,2-benzopyrone significantly improved survival rate. Furthermore, an inhibitor of
nitric oxide biosynthesis (N®-methyl-L-arginine) and the cell-permeable superoxide dismutase mimetic
Mn(lltetrakis(4-benzoic acid) porphyrin also offered a significant protection in terms of hypotension and
acute mortality. However, the selective inhibitor of the inducible nitric oxide synthase, mercaptoethylgua-
nidine, failed to affect blood pressure or mortality. The present data suggest that PARS activation plays a
role in the pathophysiology of hemorrhagic shock. Early production of peroxynitrite (produced by nitric
oxide from constitutive nitric oxide synthase) and hydroxyl radical may induce DNA single-strand breakage,

which is the immediate trigger of PARS activation.

INTRODUCTION

Poly(ADP-ribose) synthetase (PARS) is a nuclear enzyme
which, when activated by DNA single-strand breaks, initiates
an energy-consuming, inefficient repair cycle by transferring
ADP-ribose units to nuclear proteins. The result of this process
is a rapid depletion of the intracellular NAD " and ATP ener-
getic pools, which slows the rate of glycolysis and mitochon-
drial respiration leading to cellular dysfunction and death (1,
2). Reactive oxygen-centered radicals (superoxide, hydroxyl
radicals, singlet oxygen, and hydrogen peroxide) and peroxyni-
trite (a reactive oxidant produced from the reaction of super-
oxide and nitric oxide [NOJ) are powerful triggers of DNA
single-strand breakage and induce the consequent activation of
the cell suicide cycle governed by PARS in various cell types
in vitro. Pharmacological inhibition of PARS has been shown
to exert beneficial effects against oxidant and free radical-
mediated cell injury (1, 2). Recent reports implicated a role for
PARS activation in the pathophysiology of endotoxic shock (3)
and ischemia-reperfusion injury (4, 5).

Early formation of peroxynitrite has been demonstrated in
endotoxic and hemorrhagic shock (6) and in carrageenan-
induced inflammation (7). Under these conditions, the consti-
tutive NO synthases provide NO, which then reacts with su-
peroxide to form peroxynitrite. Because of the evidence
supporting the early formation of peroxynitrite in hemorrhagic
shock, in the present study we addressed the contribution of the
PARS in the pathogenesis of hemorrhagic shock.
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MATERIALS AND METHODS

Surgical procedures

The animal experiments have been performed in accordance with National
Institutes of Health guidelines and with the approval of the Animals Care and
Use Committee of the Children’s Hospital Research Foundation. Male Wistar
rats weighing 280-300 g (Charles River Laboratories, Wilmington, MA) were
anesthetized with sodium thiopental (120 mg/kg, intraperitoneally; Abbott
Laboratories, Chicago, I1L.) and instrumented as described (8). All animals were
pretreated with heparin [500 U/kg, intravenously (i.v.)]. The trachea was
cannulated to facilitate respiration and temperature was maintained at 37°C
using a homeothermic blanket. The right carotid artery was cannulated and
connected to a pressure transducer for the measurement of phasic and mean
arterial blood pressure (MAP) and heart rate, which were digitized using a
Maclab A/D converter (AD Instruments, Milford, MA) and stored and dis-
played on a Macintosh personal computer. The left femoral vein was cannu-
lated for the administration of drugs. The right femoral artery was cannulated
for blood withdrawal. Upon completion of the surgical procedure, cardiovas-
cular parameters were allowed to stabilize for 20 min.

Hemorrhagic shock model

Twenty min after the completion of the surgical procedure, rats were
subjected to a severe hemorrhagic shock by withdrawing blood from the
femoral artery into a reservoir until MAP stabilized at 35 mmHg (8). In this
model, the rate of blood withdrawal was approximately .3 mL/min and the
volume of blood withdrawn was approximately 25 mL/kg, and was not
different among individual groups. Animals were then monitored for 30 min
without any therapeutic intervention. After 30 min, animals were resuscitated
with Ringer’s Lactate (volume equal to the total amount of shed blood) and
then were monitored for an additional 100 min. Animals that died before the
end of the experiment were excluded from the calculation of blood pressure or
heart rate. Thus, MAP on the figure represents mean values calculated for the
survivor animals only at each time point.

Drug treatments

Five groups of animals were used. The first group was vehicle treated (n =
11). For inhibition of PARS, rats were treated by oral gavage (.5 g/kg) at —24
h and —6 h with the PARS inhibitor S5-iodo-6-amino-1,2-benzopyrone
[ANH,BP), n = 10 (9, 10)]. For general inhibition of NO synthesis, rats were
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treated with 3 mg/kg N9 methyl-L-arginine (L-NMA) 10 min before the
beginning of hemorrhage (n = 12). For selective inhibition of the inducible NO
synthase, rats were given mercaptoethylguanidine (MEG), a selective inhibitor
of the inducible NO synthase (11), at 10 mg/kg 10 min before the beginning
of hemorrhage (n = 8). In the fifth group of rats, the superoxide dismutase
mimetic and peroxynitrite scavenger compound Mn(II)tetrakis(4-benzoic
acid) porphyrin [MnTBAP (12, 13)] was given at 10 mg/kg i.v. 10 min before
the beginning of hemorrhage (n = 8).

Statistical analysis

Data are reported as means == standard error of the mean (SEM). Statistical
analyses were performed using analysis of variance (ANOVA). When signif-
icant differences were found, the Student Newman-Keuls test was used to
identify the differences between specific groups. For comparisons in survival
rate, the Chi-square was used. The level of significance was defined as p < .05.

RESULTS

In vehicle-treated rats subjected to hemorrhagic shock, MAP
gradually declined after resuscitation with Ringer’s Lactate,
and there was a significant mortality between 10 and 50 min
after resuscitation (Fig. 1a). Fifty percent of the vehicle-treated
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Fig. 1. Effect of the PARS inhibitor INH,BP, the NOS inhibitor
L-NMA, and the celi-permeable superoxide dismutase mimetic
MnTBAP on (a) MAP and (b) survival of anesthetized rats subjected
to severe hemorrhagic shock. In the control group (closed circles),
vehicle was administered. In part (a) data represent mean values =+
SEM. *,*represent significant difference in survival rate in the two
treated groups when compared with vehicle-treated controls (p < .05
and .01, respectively). N = 8-12 animals in each group.
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control animals died approximately 30 min after the beginning
of resuscitation (Fig. 16). In the rats treated with the PARS
inhibitor, there was a significant improvement in survival rate
(Fig. 1b). The drug increased the 50% survival time from 30
min to approximately 70 min. Moreover, INH,BP-treated an-
imals tended to maintain higher MAP values. For example,
MAP at resuscitation in control animals was 57 * 4 mmHg
versus 72 = 2 mmHg in the INH,BP-treated rats (p < .02).
Because of the significant mortality in the control group, we
could not perform meaningful statistical comparisons at time
points later than 10 min after resuscitation, because such com-
parisons would only extend to a selected group of rats (i.e.,
Survivors).

Similar to the protective effect of INH,BP, the NO synthase
inhibitor .-NMA and the superoxide dismutase mimetic MnT-
BAP also improved survival times and improved MAP during
hemorrhagic shock (Fig. 1). However, MEG, the seclective
inhibitor of the inducible NO synthase, did not affect blood
pressure or survival rate in this model (n = 8; data not shown).

DISCUSSION

PARS activation by peroxynitrite has been recently shown to
play an important role in the pathogenesis of endotoxic shock,
inflammation, and ischemia-reperfusion injury (2-5, 10, 13,
14). The current work, demonstrating improved survival rate in
animals subjected to hemorrhagic shock after pretreatment
with a pharmacological inhibitor of PARS, suggests that PARS
activation may play a role in the pathogenesis of hemorrhagic
shock.

The obligatory trigger of PARS activation is DNA single-
strand breakage. What, then, are the triggers of DNA single-
strand breakage in hemorrhagic shock? Recent work has dem-
onstrated the production of peroxynitrite in the early phase of
hemorrhagic shock (6). It is also well established that various
oxygen-derived free radical and oxidant species are produced
in hemorrhage and resuscitation (15, 16). On the basis of the
relative potencies of NO, superoxide, hydroxyl radical, and
peroxynitrite, it appears that the latter two species are the most
likely candidates for triggering DNA single-strand breakage (2,
13; Fig. 2). In this respect it is noteworthy that DNA injury has
previously been demonstrated in tissues obtained from animals
subjected to hemorrhagic shock (17).

The present work also demonstrated that the NOS inhibitor
L-NMA and the cell-permeable superoxide dismutase also im-
proved survival and blood pressure in the same model. These
findings are not entirely unexpected, because a variety of NOS
inhibitors (18-20) and oxyradical scavengers (15, 16) have
been shown to have protective effects in hemorrhagic shock.
The protection by these agents may, in part, be related to
prevention of the formation of peroxynitrite and therefore to
prevention of PARS activation. However, it is also clear that
PARS-independent cytotoxic mechanisms, triggered by NO,
superoxide, or peroxynitrite are also likely to contribute to the
pathogenesis of hemorrhagic shock (Fig. 2). Commonly used
pharmacological inhibitors of PARS (e.g., nicotinamide or
3-aminobenzamide) also act as scavengers of oxyradicals,
which makes the interpretation of the in vivo data obtained with
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Fia. 2. Proposed scheme of some of the pathways of cellular
injury in the early phase of hemorrhagic shock involving nitric
oxide (NO®), superoxide (0,7), hydroxyl radical (OH®), and per-
oxynitrite (ONOO™). Hydroxyl radical (produced from superoxide via
the iron-catalyzed Haber-Weiss reaction) and peroxynitrite or peroxy-
nitrous acid induce cellular injury. Part of the injury is related to the
development of DNA single-strand breakage, with consequent activa-
tion of PARS, leading to cellular dysfunction. In the early phase of
hemorrhagic shock, NO derives from constitutive NOS isoforms such
as endothelial NO synthase. In this system, our experimental data
indicate that protection against mortality can be provided by (1) inhibi-
tion of NO production with L-NMA, (2) superoxide neutralization with
MnTBAP, and (3) pharmacological inhibition of PARS with INH,BP.

these compounds difficult. In contrast, INH,BP does not have
a scavenging activity on peroxynitrite- or hydroxyl radical-
induced oxidative reactions (21), and therefore can be used as
a sharper tool to dissect the role of PARS in various patho-
physiological conditions.

Contrary to the previously held view, that small concentra-
tions of NO are beneficial and large concentrations of NO,
produced by the inducible isoform of NO synthase (iNOS) are
cytotoxic, recent data demonstrate that peroxynitrite generation
can precede the expression of iNOS. For example, in hemor-
rhagic shock, endotoxic shock, splanchnic ischemia-reperfu-
sion injury, and in myocardial occlusion/reperfusion injury,
production of peroxynitrite precedes the induction of iNOS, the
source of NO being the constitutive NOS isoform endothelial
NO synthase (6, 22). In the present, acute model of hemor-
rhagic shock, expression of iNOS does not occur; this process
only occurs at later stages of hemorrhagic shock (19, 23, 24).
Accordingly, MEG, a selective inhibitor of this enzyme (11),
did not provide protection in this model. However, at later
stages of hemorrhagic shock, treatment with MEG (24) as well
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as inhibition of the expression of the inducible NO synthase by
pretreatment with dexamethasone (19) are protective.

The current observations support the proposal that inhibition
of PARS represents a viable novel approach for the experi-
mental therapy of hemorrhagic shock. The biologically rele-
vant triggers of DNA single-strand breakage are peroxynitrite
and hydroxyl radical, whereas NO, superoxide, and HOCI do
not initiate DNA single-strand breakage (1, 2). Because both
peroxynitrite (6, 24), and hydroxyl radical (15, 16, 25) are
generated in hemorrhagic shock, both of these species may be
involved in the initiation of DNA single-strand breakage and
subsequent activation of PARS (Fig. 2).

The present studies used an acute, severe rat model of
hemorrhagic shock. Future studies, using more chronic and
more complex models of hemorrhagic shock (preferably in
higher species) are required to further investigate the role of the
PARS pathway in the pathophysiology of hemorrhagic shock.
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