Beneficial effects of mercaptoethylguanidine, an inhibitor
of the inducible isoform of nitric oxide synthase and a
scavenger of peroxynitrite, in a porcine model of delayed

hemorrhagic shock
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Objective: In rodent models, enhanced formation of nitric oxide
and formation of peroxynitrite have been implicated in the patho-
genesis of various forms of shock. Here we examined the effect of
nercaptoethylguanidine (MEG), an inducible nitric oxide synthase
inhibitor and peroxynitrite scavenger, in a severe hemorrhagic
shock model.

Design: Randomized, placebo-controlled trial.

Setting: Animal laboratory,

Subjects: Twenty-one anesthetized immature Yorkshire pigs.

Interventions: Mechanical ventilation, sternotomy, continuous
cardiac output (pulmonary artery flowmetry), and systemic and
intracardial pressure measurements were taken. Pigs were bled
to a cardiac index of 40 mL/kg/min for 2 hrs, which was followed
by saline resuscitation (20 mL/kg). MEG was administered in the
resuscitation fluid (15 mg/kg bolus plus 15 mg/Kg/hr infusion).

Measurements and Main Results: Hemodynamic variables,
systemic and mixed venous blood gas tensions and oxygenation,
arterial lactate concentration, myeloperoxidase activity, malondi-
aldehyde content, and histologic injury in the lung and intestine
were measured. Reduction of cardiac output to 40 mL/kg/min led

to the following changes during hypovolemia: decreases in mean

arterial blood pressure (to 30-35 mm Hg), both atrial pressures,
systemic oxygen consumption (by 35%), mixed venous saturation
(by 65%), and lactic acidosis (5.5~6.0 mM). Fluid replacement
failed to restore blood pressure and cardiac output during resus-
citation and was followed by gradual hemodynamic decompen-
sation. Hemorrhagic shock induced lipid peroxidation, neutrophil
deposition, and severe histologic alterations in the lung and
intestine. MEG significantly ameliorated the decrease in blood
pressure and cardiac output during resuscitation, improved
survival rate, reduced lipid peroxidation in the intestine, and
ameliorated neutrophil accumulation in the lung and intestine.
MEG prevented the reduction in oxygen consumption during
resuscitation.

Conclusions: When given during resuscitation, MEG exerted
beneficial effects in a porcine model of severe hemorrhagic
shock. We propose that the mode of MEG’s action is related to
improved cardiac contractility. (Crit Care Med 1999; 27:1343-1350)
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estoration of intravascular
volume after hemorrhagic
shock (HS) induces a variety
of cellular alterations (1),
many of which share the characteristics
of total body ischemia/reperfusion. The
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loss of high-energy stores of cells during
hemorrhagic hypotension (2) is followed
by tissue injury mediated by oxygen free
radicals, which arise from various
sources, including xanthine oxidase me-
tabolism and neutrophil activation (3-5).
Increased levels of catecholamines, pros-
taglandins, and angiotensin, as well as
leukotrienes and platelet-activating fac-
tor, have also been suggested to contrib-
ute to the “oxidative burst phenomenon”
in HS. These factors are believed to con-
tribute to the pathogenesis of HS, either
directly or via facilitation of neutrophil
invasion of postischemic tissue (6-9).
The efficacy of various antioxidant thera-

" pies in hemorrhagic shock clearly sug-

gests that reduction products of molecu-
lar oxygen contribute much to the
pathogenesis of organ injury during the
resuscitation phase of HS (10).

In addition to oxygen-derived free rad-
ical and oxidant species, nitrogen-derived
species, such as the free radical nitric
oxide and the oxidant peroxynitrite, have
been implicated in the pathophysiology of
HS. In the early phase of HS, the source
of nitric oxide is L-arginine, which is con-
verted to nitric oxide and 1-citrulline by
the constitutive, endothelial isoform of
nitric oxide synthase. Inhibition of the
endothelial isoform of nitric oxide syn-
thase provided marked therapeutic ben-
efits by improving vascular reactivity
and ameliorating vascular dysfunction
and organ injury in various animal
models of acute severe HS (11-15). Ex-
pression of the inducible nitric oxide
synthase has been reported in the later
stages of HS (16, 17). Nitric oxide from
the inducible nitric oxide synthase may
contribute to the delayed vascular de-
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compensation and organ failure in HS
(16-18).

In the presence of superoxide, nitric
oxide, produced from constitutive or in-
ducible nitric oxide synthases, can com-
bine and form peroxynitrite, a highly
toxic oxidant (19). The production of per-
oxynitrite was demonstrated recently in
rat models of endotoxic shock and HS
(20). Our group recently demonstrated
that prevention of the formation of per-
oxynitrite by a superoxide dismutase mi-
metic and peroxynitrite scavenger com-
pound improves vascular contractility
and cellular energetic status in endotoxic
shock (21). We recently proposed that the
formation of peroxynitrite during HS
contributes much to the development of
vascular failure and organ injury (15, 18).

We recently reported that mercapto-
ethylguanidine (MEG), a combined inhib-
itor of the inducible isoform of nitric
oxide synthase and peroxynitrite scaven-
ger compound (22, 23), exerts marked
anti-inflammatory effects in standard
models of inflammation, such as carra-
geenan-induced paw edema and pleurisy
(24), and markedly improves the out-
come of collagen-induced arthritis (25).
In rats subjected to HS, we observed that
administration of MEG during resuscita-
tion improves blood pressure and vascu-
lar contractility (18). The present work
was designed to investigate, in detail, the
effects of MEG on cardiovascular alter-
ations and histologic indices of injury in a
large animal model of HS. Qur present
results, obtained in a HS model of anes-
thetized pigs, demonstrate that MEG pro-
vides marked therapeutic benefit in HS.

MATERIALS AND METHODS

Surgical Procedures. The animal experi-
ments were performed in accordance with Na-
tional Institutes of Health guidelines and with
the approval of the institutional review board
of the Children’s Hospital Research Foundation.

Male, randomly bred Yorkshire pigs, ap-
proximately 8 to 12 wks old, weighing 12 to 18
kg, were deprived of food other than water
overnight before surgeryv. Sedation was
achieved with intramuscular ketamine hydro-
chloride (20 mg/kg) with atropine sulfate
(0.05 mg/kg). Endotracheal intubation was
performed under 2% isoflurane anesthesia,
and mechanical ventilation was instituted
with a Ventimeter ventilator (Air Shields, Hat-
boro, PA). The respiratory rate and tidal vol-
ume were adjusted to maintain arterial Pco, at
40 = 5 torr. Heating pads and blankets were
used to maintain core body temperature at
39.0°C = 0.4°C (102.2°F = 37.72°F).
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Bilateral femoral cutdowns were per-
formed for insertion of a 5-Fr double-lumen
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 moni-
toring), and a 6-Fr single-lumen catheter in
the left femoral artery (Argon Medical, Athens,
TX) (for blood withdrawal). Mechanical venti-
lation was continued in the absence of isoflu-
rane, and anesthesia was maintained with so-
dium pentobarbital (10 mg/kg). Small
supplementary doses of pentobarbital were ap-
plied when necessary. Both groups of animals
(vehicle-treated and MEG-treated) received
similar amounts of anesthetics during the
same period.

After a midline sternotomy, the aorta and
pulmonary artery were isolated and an ultra-
sonic flow probe (Transonic Systems, Ithaca,
NY) was positioned around the pulmonary ar-
tery for cardiac output measurements. The
probe was connected to a previously calibrated
blood-flow meter (T206, Transonic Systems).
Intracardial catheters (3-Fr single-lumen,
Medtronics, Minneapolis, MN) were intro-
duced into the left and right atria and the
pulmonary artery for pressure measurements
and secured by purse-string sutures.

During the surgical procedure, animals re-
ceived lactated Ringer's solution containing
5% glucose at a rate of 15 mL/kg/hr, Pigs were
allowed to stabilize for a minimum of 1 hr
before initiation of HS.

Cardiovascular Measurements. Systemic
arterial and intracardial pressures were deter-
mined with the use of calibrated transducers
{Cobe Cardiovascular, Arvanda, CO). Pressure
and blood-flow signals were digitized using a
Maclab analog-to-digital converter (AD Instru-
ments. Milford, MA) and stored and displayed
on a Macintosh personal computer.

Blood Loss (mL/kg)

30

| ® H.S. + saline

Gas tensions in arterial blood and the pul-
monary artery were determined using a blood
gas analyzer (278, Ciba-Corning Diagnostic,
Madfield, MA) and were corrected for core
temperature. Fractional oxyhemoglobin satu-
ration and hemoglobin content were mea-
sured with a Ciba-Corning 270 co-oximeter,
Arterial lactate was measured by a spectromet-
ric method as described previously (26).

Cardidc output was normalized for body
weight and expressed as cardiac index (mL/kg/
min). Systemic vascular resistance was calcu-
lated as 79.96 X (mean arterial pressure —
right atrial pressure)/cardiac index. Pulmo-
nary vascular resistance was calculated as
79.96 X (mean pulmonary artery pressure —
5)/cardiac index. Arterial oxygen content was
calculated using the following standard for-
mula: arterial oxygen saturatien X 1.36 X
hemoglobin + (0.0031 X Pao,), where hemo-
globin is the hemoglobin concentration in
plasma. Systemic oxygen consumption was
calculated as cardiac index X (arterial oxygen
content — venous oxygen content).

Hemorrhagic Shock Protocol. After a 1-hr
stabilization (time = 0 min), HS was elicited
by withdrawing blood (into 60-mL reservoirs
containing 50 units of heparin) from the fem-
oral artery until the cardiac index reached 40
mL/kg/min over 10 mins. Additional blood was
withdrawn or retransfused to maintain this
cardiac index for 2 hrs. Later experiments in-
cluded maximum blood losses of 30 to 40% of
the calculated blood volume.

Twenty-one pigs were assigned to four
groups in a randomized design. Group 1 pigs
(control group; n = 3) underwent surgical
preparation without subsequent HS and re-
ceived saline (1 mL/kg bolus, 1 mL/kg/hr in-
fusion) at 120 mins. In time-matched, MEG-
treated, sham-operated animals (group 2,
MEG group; n = 3), saline contained 15 mg/kg
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Figure 1. Cumulative blood loss during 120 mins of hemorrhagic shock (/.5.) in animals that were

later resuscitated with saline (closed bars) or

saline containing mercaptoethylguanidine (MEG)

(hatched bars). Data are expressed as means = SEM.
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Figure 2. Top: Effect of mercaptoethylguanidine (MEG) on cardiac index in anesthetized pigs subjected
to 120 mins of hemorrhagic shock (H.S.) followed by resuscitation. Animals were resuscitated with 15
mg/kg MEG in 20 mlL/kg saline at 120 mins (arrow), followed by a continuous infusion of 15 mg/kg/hr
in 1 mL/kg saline (filled squares) or an equal volume of saline (open circles). Bottom: Effect of MEG
on cardiac index in anesthetized sham-operated pigs (not subjected to H.S.). Control animals (open
circles) received 1 ml/kg saline plus 1 mL/kg/hr saline infusion starting at 120 mins. MEG-treated
animals (filled squares) received saline that contained 15 mg/kg MEG at 120 mins (arrow). Data
represent mean * SeM. "p < .05 vs. saline-treated animals. The number of animals in each group is

indicated in parentheses.

MEG. Group 3 animals (HS group, vehicle
control; n = 8) were subjected to 120 mins of
HS and were given a saline vehicle at 120 mins
{20 ml/kg bolus over 10 mins, followed by a
continuous infusion of 1 mL/kg/min). Group 4
animals (HS and MEG group; n = 7) were bled
and treated with MEG (20 mL/kg saline con-
taining 15 mg/kg MEG over 10 mins, followed
by a continuous infusion at a dose of 15 mg/kg
in 1 mL/kg/hr saline) at 120 mins. MEG was
prepared as described previously (22). The
dose of MEG was based on previous studies
that demonstrated the lack of effect of the
drug on constitutive nitric oxide synthesis in
rats and its effectiveness in a rat model of HS
(18, 22). The rate of blood withdrawal and the
amount were not statistically different be-
tween the two hemorrhaged groups (Fig. 1).
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After initiation of fluid replacement, pigs
were monitored for 3 hrs or until death. De-
terminations of systemic and pulmonary arte-
rial pH, Po,, Pco,, hemoglobin, hemoglobin
oxygen saturation, and lactate were obtained
at baseline and at 30-min intervals.

At the end of the experiments, tissue sam-
ples were taken from the terminal ileum and
the right lung for histologic as well as tissue
myeloperoxidase (MPO) and malondialdehyde
(MDA) determinations.

Myeloperoxidase Assay. MPO activity, as
an index of neutrophil accumulation in tissue,
was determined using a modified method of
Kuebler et al (27). MPO was extracted from
tissue by two separation procedures. Samples
were initially homogenized in 0.02 M potas-
sium phosphate buffer at pH 7.4 containing

protease inhibitor (phenylmethylsulfonyl flu-
oride) and centrifuged at 20,000 X g for 20
mins. The pellet was resuspended in 0.05 M
potassium phosphate buffer at pH 6.0 contain-
ing 0.5% hexadecylammonium bromide. The
suspension was sonicated, frozen and thawed
three times, and centrifuged again at 20,000 X
g for 20 mins. The supernatant was then
heated at 60°C (140°F) for 60 mins to facilitate
the recovery of MPO. An aliquot of the super-
natant was mixed with a solution of 1.6 mM
tetramethylbenzidine and 0.002% hydrogen
peroxide. Activity was measured spectrophoto-
metrically as the change in absorbance at 650
nm at 37°C (98.6°F). Results are expressed as
units of MPO activity/g of wet tissue.
Malondialdehyde Assay. MDA formation
was used to quantify the lipid peroxidation in
tissue and was measured as thiobarbituric
acid-reactive material (28). Tissue was homog-
enized (100 mg/mL) in 1.15% KCI buffer. To
the tissue homogenate, 20% trichloroacetic

~ acid, 0.67% thiobarbituric acid, and 2% buty-

lated hydroxytoluene were added, and the mix-
ture was incubated for 30 mins at 95°C
(203°F). After cooling to room temperature,
N-butanol was also added and shaken vigor-
ously. After centrifugation at 2500 X g for 10
mins, the organic layer was taken and its ab-
sorbance at 532 nm was measured. 1,1,3,3-
tetramethoxypropane was used as an external
standard, and the level of lipid peroxides was
expressed as nmol of MDA/100 mg of wet tissue.

Histologic Examination. Histologic biop-
sies were fixed in formaldehyde (10%, neutral
buffered) and embedded in paraffin, and 5-um
sections were stained with hematoxylin and
eosin. Histologic analysis was performed in
coded sections by one investigator. Intestinal
mucosal damage was assessed according to the
standard scale of Chiu et al. (29), with the
following criteria: grade 0, normal mucosa;
grade 1, subepithelial space formation; grade
2, moderate epithelial lifting at the villi tips;
grade 3, massive epithelial lifting, with a few
tips denuded; grade 4, denuded villi, dilated
exposed capillaries, increased cellularity in
the lamina propria; and grade 5, ulceration,
hemorrhage.

Statistical Analysis. Data are expressed as
mean * seM in all figures, Data analysis was
performed with a statistical software package
(SigmaStat for Windows, Jandel Scientific,
Erkrath, Germany). Changes in variables
within groups were analyzed by two-way anal-
ysis of variance followed by the Bonferroni
test. Differences between groups were evalu-
ated by means of Student’s unpaired f-test. A
p < .05 was considered significant.

RESULTS

Reduction of cardiac output to 40 mL/
kg/min was accompanied by a decrease in
mean arterial pressure to 30 to 35 mm
Hg and similar dynamics and rates of
blood loss in both hemorrhaged groups
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