Effects of S-isopropyl isothiourea, a potent inhibitor
of nitric oxide synthase, in severe hemorrhagic shock
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Vromen, Amos, Csaba Szabé, Garry J. Southan, and
Andrew L. Salzman. Effects of S-isopropyl isothiourea, a
potent inhibitor of nitric oxide synthase, in severe hemor-
rhagic shock. J. Appl. Physiol. 81(2): 707-715, 1996.—We
characterized the response to intravenous S-isopropyl isothio-
urea (IPTU), a novel potent nitric oxide synthase (NOS)
inhibitor, in rodent and porcine models of hemorrhagic shock
(HS). IPTU (at 300 ng/kg, administered as 3 subsequent bolus
injections), in anesthetized rats hemorrhaged to a mean
arterial blood pressure (MAP) of 35 mmHg, increased MAP
and improved survival over 120 min. In anesthetized pigs
hemorrhaged to a MAP of 45 mmHg, IPTU (0.3 mg/kg plus 1
mg-kg™1.-h71) increased MAP and systemic vascular resis-
tance. IPTU did not alter the cardiac index, renal blood flow,
arterial and portal oxygen content, or splanchnic oxygen
consumption or extraction. In contrast, infusion of norepineph-
rine (100 pg-kg~!-h~1) did not alter MAP and increased
mortality in the rat model, whereas it caused a transient
increase in MAP and a tachycardia in the porcine model of HS
without significantly affecting the other parameters studied.
Inhibition of the endothelial NOS in early severe HS may
have beneficial effects on blood pressure and survival without
altering cardiac output and splanchnic and renal perfusion.
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THE OPTIMAL APPROACH to the initial field resuscitation
of hemorrhagic shock (HS) remains controversial. Tra-
ditional regimens of immediate and aggressive fluid
infusion reflect the perceived need to restore tissue
perfusion to vital organs within the “golden hour,”
thereby preserving tissue viability and aborting cas-
cades of secondary immune injury. An alternative ap-
proach has been proposed, in which no treatment is
administered, based on the concern that volume supple-
mentation or vasopressor therapy might raise perfu-
sion pressure to the extent that vascular wounds are
reopened, thus paradoxically aggravating hemorrhage
and shock. This “scoop-and-run” recommendation has
found particular favor in military doctrine, which is
necessarily constrained by logistical difficulties in sup-
porting aggressive fluid resuscitation in the far-
forward battlefield.

The ideal resuscitation of HS would restore tissue
perfusion rapidly and promote hemostasis without the
need to transport large quantities of fluid to the trauma
victim. We believe that administration of a potent
inhibitor of the endothelial nitric oxide (NO) synthase
(NOS) may meet these exacting standards. The free
radical NO is synthesized during the early phase of HS
from the guanidino group of L-arginine by the endothe-
lial isoform of NOS (ecNOS) (9, 22). A small lipophilic
molecule, NO diffuses to adjacent cells and readily
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enters the cytosol where it activates soluble guanylyl
cyclase by binding to the iron on its heme component,
thereby moving the iron out of the plane of the porphy-
rin ring. Increased levels of guanosine 3’,5'-cyclic mono-
phosphate trigger a reduction in calcium concentration
by enhancing extrusion of calcium and its sequestra-
tion into intracellular stores. The decrease in intracellu-
lar calcium concentration results in a loss of vascular
contractility and platelet adherence (9), potentially
aggravating hypotension and hemorrhage. Endothelial-
derived NO production has also been linked to the
formation of peroxynitrite, a highly toxic oxidant formed
in the vascular smooth muscle during the early stages
of HS (25).

A concern in the use of any vasopressor in the
resuscitation of HS is the development of ischemia in
critical tissues. Indeed, there is evidence that NOS
inhibition reduces perfusion to the brain, heart, lung,
and kidney in nonshocked animals (2, 6, 12). Whether
this response to ecNOS inhibition is also relevant in the
shocked state is unknown. It is conceivable that NOS
inhibition might increase perfusion to critical vascular
beds during HS by diverting blood flow away from
nonessential tissues, such as skeletal muscle, toward
vital structures. The purpose of the present study,
therefore, is to determine whether aggressive NOS
inhibition in the early phase of HS improves survival
and, if so, at what cost or benefit in terms of regional
perfusion and tissue metabolism. To address the logisti-
cal constraints of the military battlefield, we have
chosen to utilize an extremely potent NOS inhibitor (7,
20), S-isopropyl isothiourea (IPTU). The effect of IPTU
in HS was compared with that of norepinephrine, a
commonly used vasopressor and inotropic agent.

MATERIALS AND METHODS
NOS Measurements

Calcium-dependent conversion of L-arginine to L-citrulline
in cell homogenates obtained from the scraped intimal sur-
face of fresh porcine aortae served as a model of ecNOS
activity. Cells were scraped and immediately homogenized in
a buffer composed of 50 mM tristhydroxymethyl)amino-
methane-HCI, 0.1 mM EDTA, and 1 mM phenylmethylsulfo-
nyl fluoride (pH 7.4) on ice with use of a Tissue Tearor
985-370 homogenizer (Biospec Products, Racine, WI). Conver-
sion of L-[3H]arginine to L-[*H]citrulline was measured in the
homogenates as described previously (20). Homogenates (30
nl) were incubated in the presence of L-[*H]arginine (10 nM, 5
kBg/tube), NADPH (1 mM), calmodulin (30 nM), tetrahydro-
biopterin (5 uM), and calcium (2 mM) for 20 min at 22°C in
the presence or absence of various concentrations of NOS
inhibitors. This assay has been previously verified (19).
Reaction mixtures were applied to Dowex 50W (Na* form)
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columns, and the eluted rL-[®*Hlcitrulline activity was mea-
sured by a scintillation counter (Wallac, Gaithersburg, MD).
NOS activity was expressed as percentage of total activity in
the absence of NOS inhibitors. The absolute value of NOS
activity in the cell homogenate was 1.2 = 0.1 pmol.-mg-1.
min~1,

The animal experiments have been performed in accor-
dance with National Institutes of Health guidelines and with
the approval of the Institutional Review Board of the Chil-
dren’s Hospital Research Foundation.

Rat Model of HS

Male Wistar rats (Charles River Laboratories, Wilmington,
MA) were anesthetized with thiopental sodium (120 mg/kg ip;
Abbott Laboratories, Chicago, IL) and instrumented as de-
scribed previously (26). The trachea was cannulated to facili-
tate respiration, and temperature was maintained at 37°C
with 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 (HR), which were digitized using a
Maclab analog-to-digital converter (AD Instruments, Milford,
MA) and stored and displayed on a Macintosh personal
computer. The left femoral vein was cannulated for the
administration of drugs. On completion of the surgical proce-
dure, cardiovascular parameters were allowed to stabilize for
10 min.

Ten minutes after the completion of the surgical procedure,
rats were subjected to a severe HS by withdrawal of blood
from the femoral artery into a reservoir until MAP stabilized
at 35 mmHg (35). In this model, the rate of blood withdrawal
was ~0.3 ml/min, and the volume of blood withdrawn was
~25 ml/kg and was not different between individual groups.
The times represented on Fig. 2 are relative to the end of the
hemorrhage. IPTU was administered as a 100 png/kg slow
intravenous bolus in 0.3 ml of saline at 10, 20, and 40 min
after the initiation of HS (n = 9). Norepinephrine was
administered as a 100 png/kg iv bolus followed by an intrave-
nous infusion of 100 ng-kg=!-h~! (n = 8). Control animals
received an equal volume of saline (n = 5). Thereafter, MAP
was monitored until 120 min.

Porcine Model of HS

Surgical procedures. Male immature random-bred York-
shire pigs (~6-10 wk old, 10-15.5 kg body mass) were
deprived of food other than water overnight before surgery.
Sedation was achieved with intramuscular ketamine hydro-
chloride (20 mg/kg) with atropine sulfate (0.05 mg/kg). Endo-
tracheal intubation was performed under 2% isoflurane anes-
thesia, and mechanical ventilation was instituted with a
Ventimeter ventilator (Air Shields, Hatboro, PA). General
anesthesia was maintained with 1.5% isoflurane. The respira-
tory rate and tidal volume were adjusted to maintain the
arterial Pco, at 40 = 5 Torr. Heating pads and blankets were
used to maintain core body temperature at 39.0 = 0.4°C.

Swine were instrumented as previously described (16, 17),
with some modifications. Bilateral femoral cutdowns were
performed for insertion of a double-lumen 5-Fr catheter in the
right femoral vein for fluid and drug administration, a 5-Fr
single-lumen catheter in the right femoral artery (Cook,
Bloomington, IN) for blood pressure monitoring, and a 6-Fr
single-lumen catheter in the left femoral artery (Argon Medi-
cal, Athens, TX) for blood withdrawal. A 2.5-Fr thermistor-
tipped catheter (Baxter Healthcare, Irvine, CA) for measur-
ing cardiac output by transpulmonary thermodilution was
placed via a cervical cutdown in the right carotid artery, and
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its tip was advanced into the ascending aorta. Via the right
internal jugular vein, a 3-Fr catheter (Baxter Healthcare)
was advanced into the right atrium for introduction of
injectate.

A midline celiotomy was performed, a 16F catheter was
inserted into the bladder, and the spleen was extirpated to
prevent the effect of autotransfusion. A 4-mm ultrasonic flow
probe (Transonic Systems, Ithaca, NY) was positioned around
the right renal vein, and a 6-mm probe (Transonic Systems)
was positioned around the portal vein. The probes were
connected to a previously calibrated blood flowmeter (model
T206, Transonic Systems). A 20-gauge 32-mm Clear Cath
(Abbott) catheter was inserted into the portal vein. A tonomet-
ric catheter (Tonometrics, Hopkinton, MA) was positioned in
the lumen of the distal ileum via a small antimesenteric
enterotomy and secured in place with a purse-string suture.
The abdominal cavity was filled with warmed saline and
closed in one layer. During the surgical procedure the animal
received Ringer lactate solution at a rate of 10 ml.-kg=1.h1,
After abdominal closure, the rate of intravenous infusion was
reduced to 6 ml-kg=!-h~! and anesthesia was maintained
with 0.5% isoflurane and 70% nitrous oxide. Swine were
allowed to stabilize for =1 h before the beginning of hemor-
rhage.

Hemodynamic measurements. MAP and portal pressure
were determined with the use of calibrated transducers (Cobe
Cardiovascular, Arvada, CO) driving an amplifier monitor
(Horizon 2000, Mennen Medical, Clarence, NY) with digital
readout. Cardiac output was measured by a computer (model
9520A, American Edwards Laboratories, Irvine, CA). Room
temperature saline (3.0 ml) as injectate was injected into the
right atrium, and the mean of triplicate determinations was
recorded as previously described (16, 17). The cardiac index
(CI) was calculated by dividing cardiac output by body
weight. HR was recorded with a pulse oximeter (Ohmeda
5250, RGM, Louisville, CO).

Gas tensions in arterial blood, portal blood, and saline
obtained from femoral artery, portal vein, and tonometer,
respectively, were determined using a blood gas analyzer
(model 278, Ciba-Corning Diagnostic, Medfield, MA). Gas
tensions in blood or saline were corrected for core tempera-
ture. Fractional oxyhemoglobin saturation and hemoglobin
content were measured with a Ciba-Corning 270 CO-
oximeter. Arterial and portal venous lactate were measured
by spectrometry (28).

Systemic vascular resistance (SVR) was calculated as
79.96 X MAP/CI (in dyn-s-cm™5). Arterial oxygen content
(Cayp,) and portal oxygen content (CP,, ) were calculated using
the followmg formulas: Cao, = Say, X'1.36 X Hb + (0.0031 x
Pay ), and CPg, = Spy, X 1. 36 x Hb + (0.0031 X Ppy, ), where
Sao is arterial oxygen saturation, Pao2 is arterial P02, SPo, is
portal oxygen saturation, and PP, is portal Po,. Splanchmc
oxygen consumption was calculated as portal flow (in
ml/min) X (CaO CP0 ). Splanchnic oxygen extraction was
calculated as (CaO CPO )/Cay,.

HS protocol. HS was produced by withdrawal of blood from
the femoral artery until the MAP reached 45 mmHg at 5 min.
Additional blood was withdrawn to limit recovery of the MAP
to 55 mmHg (at 10 min), 60 mmHg (at 25 min), and 65 mmHg
(at 30 min). To achieve a MAP of 45 mmHg, 18.3 = 1.3, 17.6 =
0.9, and 16.1 = 0.8 ml/kg blood were withdrawn over the first
5 min in groups 2, 3, and 4, respectively. No shed blood was
retransfused, even if the MAP decreased below the planned
protocol. Withdrawing the blood in small increments main-
tained the hypotension very close to the planned protocol. By
the end of the bleeding (at 30 min), the total amount of






