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ABSTRACT—Hypoxia, energy deficit, and oxidative damage are principal mechanisms of injury in hemor-
rhagic shock (HS). Oxidant-induced cellular energetic failure and cell dysfunction is mediated, in part, via-
the activation of the nuclear enzyme poly (ADP-ribose) synthetase (PARS). Here we examine the effect of
the PARS inhibitor 3-aminobenzamide (3AB) in a severe HS model. Pigs were bled to a cardiac index of 40
mL/kg/min for 2 h, which was followed by saline resuscitation (20 mL/kg). Hypovolemia induced decreases
in mean arterial blood pressure (to 40-42 mmHg), in both atrial pressures, in systemic oxygen consumption
(by 26-30%), and in mixed venous saturation (by 65%). HS also caused lactic acidosis (4.0-5.5 mM). Fluid
replacement with saline caused only a partial and transient recovery of blood pressure and cardiac output,
with no recovery of stroke work during resuscitation. Fluid replacement did not prevent the progressive
hemodynamic decompensation. The PARS inhibitor 3AB (15 mg/kg) significantly ameliorated the fall in
blood pressure, cardiac output, and stroke work; slightly increased left atrial pressure during resuscitation:;
and significantly prolonged survival. PARS inhibition also prevented the reduction in oxygen consumption
and mixed venous saturation during resuscitation. Taking these data together, we conclude that pharma-
cological inhibition of PARS exerts beneficial effects in a porcine model of severe HS. We propose that

favorable action of 3AB is related, at least in part, to an improved cardiac performance.

INTRODUCTION

The total body hypoperfusion state and energy depletion
during hemorrhagic hypotension is followed by further damage
mediated by free radicals and oxidants, mainly produced dur-
ing the resuscitation phase (1). Reactive oxygen intermediates
are derived from the accumulation of intermediates of ATP
degradation and formed via a pathophysiologic transfer of
electrons to molecular oxygen instead of nicotinamide adenine
dinucleotide plus elicited by xanthine oxidase at the onset of
resuscitation (2, 3). Due to their auto-oxidation and facilitation
of neutrophil invasion to postischemic tissue, factors produced
during hemorrhagic shock (HS) (catecholamines, prostaglan-
dins, and angiotensin, as well as leukotrienes and platelet-
activating factor) also make an important contribution to the
free radical formation during HS (4-7). Oxygen-centered rad-
icals have been implicated in the cardiovascular injury associ-
ated with HS (8). Vascular failure and organ dysfunction in
various animal models of acute severe hemorrhage have also
been attributed to nitrogen-derived free radical and oxidant
species, such as nitric oxide (NO) and peroxynitrite. NO, in the
early phase of HS, is produced from constitutive isoforms of
NO synthase and, in later phases of HS, by the inducible
isoform of NO synthase (9-12).

Peroxynitrite and hydroxyl radical initiate several synergis-
tic cytotoxic pathways. In addition to the damage to the lipid
component of cellular and mitochondrial membranes and to
proteins, oxidants can attack nucleic acids, thereby causing the
breakage of DNA (13, 14). DNA single-strand breaks activate
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the abundant nuclear enzyme poly (ADP-ribose) synthetase
(PARS), which can cause the loss of cellular energetics via the
generation of poly (ADP-ribose) chains and subsequent cellu-
lar depletion of cellular nicotinamide adenine dinucleotide and
ATP pools, and necrotic type cell death (13-19). The role of
PARS activation in mediating various tissue dysfunction has
recently been also implicated in the pathogenesis of various
forms of inflammation and ischemia-reperfusion injury (20—
22; see Ref. 23 for review) and in an acute severe model of HS
in the rat (24). Here, by using the prototypical PARS inhibitor
3-aminobenzamide (3AB) (25), we examined the contribution
of PARS to the pathogenesis of HS in a severe hypovolemic
model in pigs.

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 institutional review
board of the Children’s Hospital Research Foundation (Cincinnati, OH). Male,
random-bred Yorkshire pigs, approximately 8-12 wk old, weighing 12-18 kg,
were deprived of food other than water overnight before surgery. Sedation was
achieved with intramuscular ketamine hydrochloride (20 mg/kg) with atropine
sulfate (.05 mg/kg). Endotracheal intubation was performed under 2% isoflu-
rane anesthesia, and mechanical ventilation was instituted with a Ventimeter®
ventilator (Air Shields Inc., Hatboro, PA). The respiratory rate and tidal
volume were adjusted to maintain the arterial partial pressure of carbon dioxide
at 40 = 5 torr. Heating pads and blankets were used to maintain core body
temperature at 39 = 4°C.

Bilateral femoral cutdowns were performed for insertion of a double-lumen
5 French (Fr.) catheter in the right femoral vein (for fluid and drug adminis-
tration), a 5 Fr. single-lumen catheter in the right femoral artery (Cook®,
Bloomington, IN) (for mean arterial pressure (MAP) monitoring), and a 6 Fr.
single-lumen catheter in the left femoral artery (Argon Medical, Athens, TX)
(for blood withdrawal). Then, mechanical ventilation was continued in the
absence of isoflurane, and anesthesia was further maintained with sodium
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pentobarbital (sodium thiopental; 10 mg/kg). Small supplementary doses of
pentobarbital were applied when necessary.

After a midline sternotomy, the aorta and pulmonary artery were isolated,
and an ultrasonic flow probe (Transonic Systems Inc., Ithaca, NY) was
positioned around the pulmonary artery for cardiac output measurements. The
probe was connected to a previously calibrated blood flow meter (Transonic
Systems Inc., model T206). Then, intracardial catheters (3 Fr. single lumen;
Medtronics) were introduced into the left and right atria and the pulmonary
artery for pressure measurements and secured by purse string sutures.

During the surgical procedure, animals received Ringer’s lactate infusion
containing 5% glucose at a rate of 15 mL/kg/h. After completion of surgery,
the animals were observed for a minimum of 1 h stabilization period before the
start of the HS. It must be noted that, as in many large animal studies, the
trauma associated with surgery and instrumentation is likely to have contrib-
uted to the development of cardiovascular decompensation and mortality.

Hemodynamic measurements

Hemodynamic measurements were performed essentially as previously
described (26). Systemic arterial and intracardial pressures were determined
with the use of calibrated transducers (Cobe Cardiovascular Inc., Arvanda,
CO). Pressure and blood flow signals were digitized using a Maclab A/D
converter (AD Instruments, Milford, MA) and stored and displayed on a
Macintosh personal computer.

Blood gas analyses from arterial and mixed venous (pulmonary artery)
blood were performed on a Ciba-Corning 278 blood gas analyzer (Ciba-
Corning Diagnostic Corp., Madfield, MA) and were corrected for core tem-
perature. Fractional oxyhemoglobin saturation and hemoglobin content were
measured with a Ciba-Corning 270 CO-Oximeter. Arterial lactate was mea-
sured by a spectrometric method as previously described (27).

Cardiac output was normalized for body weight and expressed as cardiac
index (CI; mL/kg/min). The derived hemodynamic parameters were calculated
as follows: stroke volume index as Cl/heart rate, systemic vascular resistance
as (MAP — RA) X 79.96/CI (where RA is the right atrial pressure), pulmonary
vascular resistance (PVR) as (mean pulmonary artery pressure (MPAP) — 5)
X 79.96/CI, and left ventricular stroke work index as stroke volume index X
(MAP — left atrial pressure (LAP)) X .0136. Arterial oxygen content was
calculated using the following standard formula: Sao, X 1.36 X Hgb +
(.0031 X Pao,), where Sao, is the arterial oxygen saturation, Hgb is the
hemoglobin concentration in plasma, and Pao, is the arterial oxygen tension.
Systemic oxygen consumption was calculated as: CI X (arterial oxygen
content — venous oxygen content) and oxygen extraction as: (arterial oxygen
content — venous oxygen content)/(arterial oxygen content). Pulmonary shunt
fraction was calculated as (end-capillary oxygen content — arterial oxygen
content)/(end-capillary oxygen content — venous oxygen content).

HS protocol

After a |-h stabilization (r = 0 min), pigs were bled from the femoral artery
to 60 mL external reservoirs containing 50 U heparin until the CI reached 40
mL/kg/min over 10 min. The cardiac output was held constant at 40 mL/kg/
min for 2 h by careful withdrawal or reinfusion of the shed blood. The
maximum volume of blood loss was 25-35% of the calculated blood volume.
No shed blood was reinfused upon resuscitation. Animals were resuscitated
with saline (n = 6) starting with a bolus of 20 mL/kg over 10 min at r = 120
min followed by an infusion of 1 mL/kg/min. In another group of animals (n =
6), the resuscitation fluid also contained 3AB (15 mg/kg 3AB in 20 mL/kg
saline over 10 min, followed by an infusion at a dose of 15/mg/kg in 1 mL/kg/h
saline). Animals in this latter group also received a bolus of 3AB (15 mg/kg in
| mL/kg saline) 30 min prior to shock. The rate of blood withdrawal and the
amount were similar in the two hemorrhaged groups (Fig. 1). Continuous
infusion of the PARS inhibitor was chosen, because the pharmacokinetic
properties of the PARS inhibitor are readily available in the literature. The dose
of the 3AB treatment was based on previous studies in rodents.

After initiation of fluid replacement, swine were monitored for 3 h or until
death. Determinations of systemic and pulmonary arterial pH, partial pressure
of oxygen, partial pressure of carbon dioxide, hemoglobin, hemoglobin oxygen
saturation, and lactate were obtained at baseline and at 30 min intervals.

Statistical analysis
Data are expressed as mean * standard error of the mean (SEM) in all
figures. Data analysis was performed with a statistical software package
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Fic. 1. Cumulative blood loss during 120 min of HS in animals
resuscitated with saline (solid bars) or saline containing 3AB (gray
bars). Data are expressed as mean = SEM.

(SigmaStat for Windows, SSP Inc., Chicago, IL). Changes in variables within
groups were analyzed by one-way ANOVA tests followed by the Bonferroni’s
test. Ditferences between groups were evaluated by means of Student’s un-
paired ¢ test. p values << .05 were considered significant.

RESULTS

Hemorrhage to a cardiac output of 40 mL/kg/min resulted in
a maximum blood loss of 20-25 mL/kg, representing a 30—
40% decrease in circulating blood volume (Figs. 1 and 2).
There was no significant difference in the total blood loss
between the two experimental groups. Acute blood loss was
associated with severe hemodynamic and metabolic alter-
ations. 2 h of shock was accompanied with decreases in MAP
to 40—-42 mmHg (Fig. 3), in atrial pressures, and with an
impairment of the indexes of cardiac performance. LAP (Fig.
4) and right atrial pressure fell to a similar degree in both
groups of pigs (right atrial pressure fell from 4.0-4.5 mmHg to
2.5-3.5 mmHg) during the hypovolemic phase. The heart rate
increased significantly above control values in both groups
(from 110-120 beats/min during control to 210-220 beats/min
during shock) whereas the cardiac output decreased by approx-
imately 55% (Fig. 2). The stroke volume and stroke work
decreased by more than 70% (Fig. 5). The hemorrhagic phase
was not associated with any significant changes in the systemic
vascular resistance in the current model (not shown). An in-
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Fia. 2. Effect of 3AB on Cl in anesthetized pigs subjected to 120
min of HS followed by resuscitation. Animals were resuscitated with
20 ml/kg saline (t = 120 min) followed by an infusion of 1 mL/kg saline
(open circles) or with saline containing 15 mg/kg 3AB (closed rectan-
gles; 15 mg/kg 3AB in 20 mL/kg saline plus 15 mg/kg 3AB in 1 mL/kg/h
saline). Data represent mean values = SEM. #p < .05 in 3AB-treated
versus saline-treated animals; *p < .01 versus t = —30 min.
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Fic. 3. Effect of 3AB on MAP in anesthetized pigs subjected to
120 min of HS followed by resuscitation. Animals were resuscitated
with 20 mL/kg saline (t = 120 min) followed by an infusion of 1 mL/kg
saline (open circles) or with saline containing 15 mg/kg 3AB (closed
rectangles; 15 mg/kg 3AB in 20 mi/kg saline plus 15 mg/kg 3AB in 1
mlL/kg/h saline). Data represent mean values = SEM. #p < .05 in

3AB-treated versus saline-treated animals. *p < .01 versus t = —30
min; *° < .05 versus t = —30 min.
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Fic. 4. Effect of 3AB on LAP in anesthetized pigs subjected to
120 min of HS followed by resuscitation. Animals were resuscitated
with 20 mL/kg saline (t = 120 min) followed by an infusion of 1 mL/kg
saline (open circles) or with saline containing 15 mg/kg 3AB (closed
rectangles; 15 mg/kg 3AB in 20 mL/kg saline plus 15 mg/kg 3AB in 1
mL/kg/h saline). Data represent mean values = SEM. #p < .05 in
3AB-treated versus saline-treated animals. *p < .01 versus t = —30
min; xo < .05 versus t = —30 min.

crease in PVR occurred during the hypovolemic phase, without
any changes in the MPAP (Figs. 6 and 7).

Animals subjected to HS developed a severe metabolic
acidosis, with anaerobic metabolism during the shock phase.
This was evidenced by a fall in the arterial pH and in the alkali
reserve and also by the increase in arterial lactate accumulation
(Table 1). A supply-dependent decrease in oxygen consump-
tion (Fig. 8) paralleled with a markedly increased oxygen
extraction (see Table 1). Blood gas tension differences were
confined to the mixed venous samples, i.e., to the decreases in
oxygen content and saturation and increase in carbon dioxide
tension.

Fluid replacement with 20 mL/kg saline resulted in a tran-
sient improvement of some of the parameters examined, fol-
lowed by a gradual hemodynamic decompensation. Apart from
the temporary recovery of CI, other parameters, such as MAP,
stroke volume, and stroke work indexes remained significantly
below the control values during resuscitation (Figs. 2-6).
Heart rate, however, remained elevated throughout the resus-
citation period (180185 beats/min versus control of 110-120
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Fic. 5. Effect of 3AB on left ventricular stroke. work index
(LVSWI) in anesthetized pigs subjected to 120 min of HS followed
by resuscitation. Animals were resuscitated with 20 mL/kg saline {t =
120 min) followed by an infusion of 1 mL/kg saline (open circles) or with
saline containing 15 mg/kg 3AB (closed rectangles; 15 mg/kg 3AB in 20
ml/kg saline plus 15 mg/kg 3AB in 1 mL/kg/h saline). Data represent
mean values = SEM. #p < .05 in 3AB-treated versus saline treated
animals. "o < .01 versus t = —30 min.
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Fia. 6. Effect of 3AB on MPAP in anesthetized pigs subjected to
120 min of HS followed by resuscitation. Animals were resuscitated
with 20 mLv/kg saline (t = 120 min) followed by an infusion of 1 mL/kg
saline (open circles) or with saline containing 15 mg/kg 3AB (closed
rectangles; 15 mg/kg 3AB in 20 mL/kg saline plus 15 mg/kg 3AB in 1
ml/kg/h saline). Data represent mean values = SEM. #p < .05 in
3AB-treated versus saline-treated animals. *o < .01 versus t =—30 min;
xp << .05 versus t = —30 min.

beats/min). The decompensation was associated with a 100%
mortality of pigs within 2 h of resuscitation (Table 2). A
critically impaired end-organ perfusion was the likely cause of
the high mortality. The pronounced macrocirculatory hypoper-
fusion (as evidenced by the impairment of cardiac output
during the resuscitation phase) was inevitably manifested in
microcirculatory disorders and severe cellular hypoxia. This is
also shown by blood gas parameters. The postmortem exami-
nation revealed injury to lungs, intestine, and (to a lesser
extent) the heart.

The PARS inhibitor 3AB did not influence any of the
hemodynamic or metabolic parameters measured during the
hypovolemic phase. However, 3AB prevented the fall in car-
diac output (Fig. 2), stroke work index (Fig. 5), and MAP (Fig.
3), as compared with vehicle-control animals during the 2nd h
of resuscitation. No significant differences from preshock val-
ues were detected in MAP during from the 45th to120th min of
resuscitation in pigs treated with 3AB. As opposed to saline
resuscitation alone, an increased MPAP and PVR were ob-
served after resuscitation in the presence of 3AB (Figs. 6 and






