
Introduction

Nitric oxide (NO) is produced from L-arginine by three
isozymes of NO synthase (NOS); neuronal NOS
(nNOS), endothelial NOS (eNOS), and inducible

NOS (iNOS). NO production at the site of acute in-
flammation may be one of the defense mechanisms
against microbial activity [1, 2]. However, in severe in-
fections such as sepsis, excess production of NO con-
tributes to hypotension and vascular hyporeactivity to
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Abstract Objective: Excess produc-
tion of nitric oxide (NO) by inducible
NO synthase (iNOS) has been impli-
cated in the pathophysiology of sep-
tic shock. This study was designed to
see whether S-methylisothiourea
sulfate (SMT), a selective inhibitor
for iNOS, prevents cardiovascular
changes and multiple organ damage
in the canine endotoxic shock model.
Design: Prospective, comparable,
experimental study.
Setting: Laboratory at a university
hospital.
Subjects: Twenty male mongrel dogs
were studied under pentobarbital
anesthesia.
Interventions: Dogs were divided
into three groups: bacterial li-
popolysaccharide (LPS) group
(n = 7) receiving continuous infu-
sion of LPS (2 mg/kg/h for 1 h); LPS
plus SMT group (n = 7) receiving
LPS and SMT (1 mg/kg, bolus i. v.,
followed by continuous infusion of
1 mg/kg/h for 1 h); and vehicle plus
SMT group (n = 6).
Measurements and results: Hemody-
namics, blood gas parameters, and
urine output were measured during
6 h observation periods. Serum lev-
els of lactate, transaminases, and bi-

lirubin were measured at baseline,
1 and 6 h. Creatinine and free water
clearance, urine sodium excretion
and fractional excretion of sodium
were calculated. LPS caused a pro-
found hypotension associated with
decreases in cardiac output and ox-
ygen delivery, lactic acidosis, renal
and liver dysfunction, and throm-
bocytopenia. SMT prevented the
LPS-induced hypotension and renal
dysfunction, whereas it did not af-
fect the LPS-induced decreases in
cardiac output or oxygen delivery,
hyperlactatemia, liver dysfunction,
or thrombocytopenia. SMT alone
had no appreciable effects on he-
modynamics, blood gases, liver or
renal functions.
Conclusions: These findings show
that SMT improves renal, but not
hepatic dysfunction, in dogs with
endotoxic shock, suggesting that
iNOS-derived NO plays differential
roles in sepsis-associated multiple
organ dysfunction.
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vasopressor agents in septic shock [3, 4, 5]. It has been
reported that nonselective NOS inhibitors, such as NG-
monomethyl-L-arginine, NG-nitro-L-arginine methyl
ester, and NG-nitro-L-arginine are used for septic shock
in human and animal models [6, 7, 8]. However, these
NOS inhibitors have been shown to decrease cardiac
output and oxygen delivery [8] and deteriorate liver
damage [9] due to total inhibition of all three NOS iso-
zymes [1]. Therefore, inhibitors selective for iNOS are
expected to be therapeutically useful for septic shock.
In our previous study [10] we have shown that amino-
guanidine, a relatively selective iNOS inhibitor, pre-
vented hypotension without improvement of metabolic
acidosis in dogs with endotoxic shock, a stable animal
model manifesting many features common to sepsis in
man.

It has been reported that S-methylisothiourea sul-
fate (SMT), a more potent inhibitor for iNOS than am-
inoguanidine, increases survival rate in rats with endo-
toxic shock [11] and bacterial peritonitis [12]. However,
no detailed information regarding its beneficial effect
on endotoxic shock animal models other than rodents
has been available to date. Therefore, this study was
designed to elucidate whether SMT prevents the
hemodynamic and blood gas changes, organ damage,
and hematologic abnormalities in dogs with endotoxic
shock.

Materials and methods

Animal preparation

This study was approved by the Institutional Review Board for the
care of animal subjects. Twenty male mongrel dogs (13.6 � 0.6 kg)
were used in this experiment. After intramuscular injection of ket-
amine (15 mg/kg), the dogs were placed in the supine position, and
anesthetized with pentobarbital administered as an initial slow bo-
lus (20 mg/kg, i. v.), followed by a constant infusion (4 mg/kg/h).
They were intubated and connected to a ventilator (EV-A, Drä-
ger, Lübeck, Germany). Inspired oxygen fraction was maintained
at 0.3, and the ventilator rate and tidal volume were adjusted to
obtain an arterial carbon dioxide tension (PaCO2, 4.7 � 0.1 kPa,
mean � SEM) by pH/blood gas analyzer (IL 1306A, Instrumen-
tation Laboratory, Lexington, Mass., USA), and maintained
throughout the experiment. A catheter was inserted into the femo-
ral vein and lactated Ringer's solution (10 ml/kg/h) was adminis-
tered throughout the study period. Muscle paralysis was obtained
by the administration of pancuronium bromide with initial dose
of 0.16 mg/kg and subsequent doses of 0.08 mg/kg/h. A pulmonary
arterial catheter (93A-141±7F, Baxter Edwards Critical-Care, Ir-
vine, Calif., USA) was inserted through the jugular vein. Another
catheter was cannulated into the femoral artery for continuous
measurements of systemic arterial pressure and for intermittent
arterial blood sampling. Heart rate (HR) was monitored by elec-
trocardiogram. Blood pressures were recorded on an eight-chan-
nel recorder (Polygraph 142±8, SAN-EI Instrument, Tokyo, Ja-
pan). After surgical preparation, the dogs were allowed to stabi-
lize for 1 h.

Experimental protocol

Dogs were divided into three experimental groups; lipopolysac-
charide (LPS) group (n = 7), LPS plus SMT group (n = 7), and
vehicle plus SMT group (n = 6). In LPS group, bacterial LPS (Es-
cherichia coli endotoxin, 0127:B8, Difco, Detroit, Mich.) was in-
fused intravenously at a rate of 2 mg/kg/h for 1 h. This method
of LPS administration has been shown to reproduce the hemody-
namic effects seen in human septic shock [13]. In LPS plus SMT
group, both LPS (2 mg/kg/h, for 1 h) and SMT (Alexis, Laufelfin-
gen, Switzerland; 1 mg/kg, bolus i. v., followed by continuous infu-
sion of 1 mg/kg/h for 1 h) were simultaneously administered. The
doses of SMT were chosen on the basis of pilot experiments and
previously published data in rodent model [11]. In vehicle plus
SMT group, vehicle and SMT in the same dose were infused.
During the initial 1 h period, hydroxyethyl-starch (20 ml/kg/h)
instead of lactated Ringer's solution was infused in all three
groups.

Measurements of hemodynamic and blood gas parameters

HR, mean arterial pressure (MAP), mean pulmonary arterial
pressure, pulmonary capillary wedge pressure, and central ve-
nous pressure, and arterial and mixed venous blood gases were
measured at one-hour intervals for 6 h. Cardiac output was mea-
sured by injecting 5 ml of iced 5% dextrose solution using the
thermodilution technique with a cardiac output computer
(9520A, Baxter Edwards Critical-Care, Irvine, Calif., USA), and
the mean value of three measurements were calculated; body-
surface area (m2) was calculated by the formula [body weight
(kg)2/3 � 0.11]. Arterial and mixed venous blood samples were
obtained simultaneously from femoral and pulmonary artery, re-
spectively. Systemic vascular resistance index, pulmonary vascu-
lar resistance index, oxygen delivery index, oxygen consumption
index, and oxygen extraction ratio were calculated by standard
formulas.

Additional arterial blood samples were obtained at baseline, 1,
and 6 h for measurements of lactate by an automatic analyzer (aca
SX, Dade Behring, Deerfield, Ill., USA), aspartate and alanine
aminotransferase, bilirubin, sodium and creatinine by an automat-
ic analyzer (7170, Hitachi, Tokyo, Japan). Urine volume was mea-
sured hourly and urinary concentrations of sodium and creatinine
were also measured at baseline, 1, and 6 h. Creatinine clearance,
urine sodium excretion (UNaV), fractional excretion of sodium
(FENa), and free water clearance were calculated. Osmolality of
serum and urine was measured by cryoscopy using an osmometer
(MARK3, Fiske Associates, Norwood, Mass., USA). Differential
blood cell counts and hematocrit were measured by Celltak a
(MEK-6108, Nihon Kohden, Tokyo, Japan).

Statistical analysis

All data were presented as mean � SEM. Parameters were com-
pared over the time course using an analysis of variances for re-
peated measures. When appropriate, multiple comparisons were
made with Bonferroni adjustments for the effects of treatment at
specific times, and for the effect of time in specific group with
baseline as a control. P < 0.05 was considered statistically signifi-
cant.
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Results

Changes in hemodynamic and blood gas parameters

The changes in hemodynamic and blood gas parameters
following intravenous administration of LPS and/or
SMT are presented in Fig. 1 and Tables 1 and 2. Admin-
istration of LPS caused a gradual decrease in MAP
over the first 15 min and a significant (P < 0.05) de-
crease in MAP as early as 1 h which persisted during a
6-h period. Decreases in cardiac index (4±6 h) and oxy-
gen delivery index (6 h) with concomitant increase in

pulmonary vascular resistance index (6 h) were ob-
served (Fig. 1). Co-administration of SMT prevented
the initial (15 min±1 h) and sustained (1±6 h) hypoten-
sion after LPS administration, but did not affect in-
crease in pulmonary vascular resistance index or de-
creases in cardiac index and oxygen delivery index. Nei-
ther did HR, pulmonary capillary wedge pressure, cen-
tral venous pressure, oxygen consumption index, or oxy-
gen extraction ratio change after LPS administration
(Table 1). SMT administered alone tended to produce
an increase in MAP, although this did not reach statisti-
cal significance (P > 0.05); SMT alone did not signifi-
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Table 1 Hemodynamic and gas exchange parameters in anesthetized dogs after administration of bacterial lipopolysaccharide and/or
S-methylisothiourea sulfate

Parameters Treatment 0 h 1 h 2 h 3 h 4 h 5 h 6 h

HR
(beats/min)

LPS 165 ± 11 160 ± 9 156 ± 9 152 ± 9 153 ± 8 159 ± 10 163 ± 11
LPS + SMT 188 ± 9 177 ± 7 173 ± 7 166 ± 9 167 ± 9 167 ± 10 174 ± 12
Vehicle + SMT 177 ± 3 160 ± 7 150 ± 9 150 ± 7 157 ± 5 164 ± 4 166 ± 6

PCWP
(mmHg)

LPS 10 ± 1 9 ±1 9 ± 2 10 ± 2 10 ± 2 11 ± 2 13 ± 2
LPS + SMT 12 ± 1 11 ± 2 11 ± 2 12 ± 1 13 ± 2 13 ± 1 14 ± 2
Vehicle + SMT 11 ± 1 12 ± 1 12 ± 1 11 ± 1 12 ± 1 12 ± 1 12 ± 2

CVP
(mmHg)

LPS 4 ± 1 4 ± 1 4 ± 1 5 ± 1 6 ± 1 6 ± 1 7 ± 1
LPS + SMT 5 ± 1 5 ± 1 5 ± 1 5 ± 1 6 ± 1 6 ± 1 7 ± 1
Vehicle + SMT 5 ± 1 6 ± 1 6 ± 1 6 ± 1 6 ± 1 6 ± 1 6 ± 1

VO2I
(ml/min/m2)

LPS 139 ± 13 119 ± 14 115 ± 12 120 ± 9 122 ± 13 122 ± 14 123 ± 13
LPS + SMT 120 ± 4 122 ± 10 117 ± 8 123 ± 9 123 ± 11 112 ± 9 121 ± 10
Vehicle + SMT 134 ± 12 146 ± 8 137 ± 9 134 ± 7 140 ± 13 150 ± 12 148 ± 13

O2EXT LPS 0.22 ± 0.04 0.20 ± 0.02 0.22 ± 0.02 0.25 ± 0.03 0.26 ± 0.03 0.28 ± 0.04 0.32 ± 0.04
LPS + SMT 0.16 ± 0.01 0.20 ± 0.03 0.20 ± 0.01 0.22 ± 0.02 0.24 ± 0.02 0.22 ± 0.02 0.22 ± 0.02
Vehicle + SMT 0.18 ± 0.01 0.18 ± 0.01 0.21 ± 0.02 0.22 ± 0.02 0.22 ± 0.02 0.22 ± 0.02 0.24 ± 0.03

Values are mean ± SEM. LPS, lipopolysaccharide; SMT, S-methylisothiourea sulfate; HR, heart rate; PCWP, pulmonary capillary wedge
pressure; CVP, central venous pressure; VO2I, oxygen consumption index; O2EXT, oxygen extraction ratio

Table 2 Blood gas parameters in anesthetized dogs after administration of bacterial lipopolysaccharide and/or S-methylisothiourea
sulfate

Parameters Treatment 0 h 1 h 2 h 3 h 4 h 5 h 6 h

pH LPS 7.42 ± 0.01 7.32 ± 0.02a 7.30 ± 0.02b 7.32 ± 0.02a 7.33 ± 0.02 7.32 ± 0.02a 7.31 ± 0.02b

LPS + SMT 7.44 ± 0.02 7.36 ± 0.02 7.36 ± 0.02 7.36 ± 0.02 7.36 ± 0.02 7.35 ± 0.02 7.35 ± 0.03
Vehicle + SMT 7.43 ± 0.02 7.40 ± 0.02 7.39 ± 0.02 7.38 ± 0.01 7.37 ± 0.01 7.37 ± 0.01 7.36 ± 0.01

PaO2
(kPa)

LPS 18.5 ± 1.1 14.1 ± 1.5 15.4 ± 1.6 15.7 ± 1.7 15.7 ± 2.0 15.3 ± 2.1 15.3 ± 2.4
LPS + SMT 19.4 ± 0.5 17.4 ± 0.9 17.3 ± 1.3 17.4 ± 1.3 18.2 ± 0.8 17.4 ± 1.2 16.6 ± 1.1
Vehicle + SMT 18.6 ± 1.1 19.0 ± 0.9 18.9 ± 0.8 19.0 ± 0.8 18.6 ± 0.9 18.9 ± 0.8 18.2 ± 1.1

PaCO2
(kPa)

LPS 4.7 ± 1.3 4.9 ± 0.3 4.8 ± 1.3 4.7 ± 0.3 4.8 ± 0.3 4.7 ± 0.3 4.5 ± 0.3
LPS + SMT 4.5 ± 1.3 4.7 ± 0.3 4.7 ± 1.3 4.7 ± 0.3 4.7 ± 1.3 4.7 ± 0.3 4.5 ± 0.3
Vehicle + SMT 4.7 ± 1.3 4.8 ± 1.3 4.7 ± 1.3 4.7 ± 1.3 4.7 ± 1.3 4.7 ± 1.3 4.7 ± 1.3

HCO3
�

(mEq/l)
LPS 22.7 ± 0.4 19.1 ± 0.4b,c 18.3 ± 0.5b,d 18.7 ± 0.7b,d 19.4 ± 0.8b 18.4 ± 0.7b,c 17.5 ± 0.9b,c

LPS + SMT 25.1 ± 1.8 19.6 ± 0.8b,d 19.8 ± 0.7b,d 20.0 ± 0.5b 20.2 ± 0.6b 19.4 ± 0.5b 19.1 ± 0.6b

Vehicle + SMT 24.3 ± 0.3 22.8 ± 0.1 22.5 ± 0.1 22.0 ± 0.1 21.2 ± 0.3 20.9 ± 0.3 20.4 ± 0.2

Base excess
(mEq/l)

LPS �0.6 ± 0.4 �5.6 ± 0.5b,d �6.5 ± 0.7b,d �5.7 ± 0.9b,d �5.0 ± 0.8b,c �6.0 ± 0.9b,c �6.9 ± 1.1b,c

LPS + SMT 0.7 ± 1.1 �4.4 ± 0.8b,d �4.3 ± 0.9b,c �3.9 ± 0.9a �3.9 ± 0.8a �4.7 ± 0.8b �4.9 ± 1.0b

Vehicle + SMT 0.4 ± 0.2 �0.6 ± 0.3 �0.9 ± 0.2 �1.4 ± 0.3 �2.0 ± 0.4 �2.5 ± 0.5 �2.7 ± 0.6

Values are mean ± SEM. LPS, lipopolysaccharide; SMT, S-methylisothiourea sulfate. a P < 0.05, b P < 0.01 vs 0 h, c P < 0.05, d P < 0.01
vs Vehicle + SMT group



cantly affect other hemodynamic parameters during a
6-h period

Administration of LPS induced decreases in arterial
pH, bicarbonate, and base excess consistent with meta-
bolic acidosis whose effects were not significantly affect-
ed by co-administration of SMT (Table 2). PaO2 and
PaCO2 did not change during a 6-h period after LPS ad-
ministration. SMT administered alone did not signifi-
cantly affect blood gas parameters during a 6-h period.

Changes in liver and renal functions

The changes in serum concentrations of aspartate ami-
notransferase, alanine aminotransferase, bilirubin, and
lactate, following intravenous administration of LPS
and/or SMT are shown in Fig. 2. Administration of LPS
caused significant increases in serum concentrations of

aspartate aminotransferase, alanine aminotransferase,
bilirubin (6 h) and lactate (1 h) with or without co-ad-
ministration of SMT. SMT administered alone had no
appreciable effects on liver function.

The changes of renal function after LPS administra-
tion and/or SMT are shown in Table 3. Intravenous ad-
ministration of LPS caused a significant (P < 0.05) de-
crease in creatinine clearance at 6 h, and co-administra-
tion of SMT improved LPS-induced decrease in creati-
nine clearance without changes in urine volume. Ad-
ministration of LPS also significantly (P < 0.05) de-
creased urine osmolality and increased free water clear-
ance without changes in UNaV or FENa. Co-adminis-
tration of SMT prevented the LPS-induced decrease in
creatinine clearance and increase in free water clear-
ance. SMT with or without LPS administration in-
creased FENa, but not UNaV, after 6 h.
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Fig.1 Changes in mean arterial
pressure, mean pulmonary ar-
terial pressure, systemic vascu-
lar resistance index, pulmonary
vascular resistance index, car-
diac index, and oxygen delivery
index after administration of
bacterial lipopolysaccharide
(LPS, 2 mg/kg/h, for 1 h) and/or
S-methylisothiourea sulfate
(1 mg/kg, i. v. plus 1 mg/kg/h,
for 1 h). Values are means �
SEM. LPS group (n = 7,
closed circles), LPS + SMT
group (n = 7, open circles), and
vehicle + SMT group (n = 6,
open triangles). *P < 0.05,
**P < 0.01 vs. 0 h, ²P < 0.05,
³P < 0.01 vs vehicle + SMT
group



Hematologic changes

The changes in numbers of leukocyte and platelet, and
hematocrit following intravenous administration of
LPS with or without SMT are shown in Table 4. Leuko-
cytosis occurred after 6 h in all three groups. A transient
thrombocytopenia occurred at 1 h after administration
of LPS with or without co-administration of SMT. He-
matocrit did not change in any groups.

Discussion

The present study showed that administration of SMT
reversed hypotension and renal dysfunction in dogs
with endotoxic shock, although our canine model with
increased HR and creatinine clearance under basal con-
ditions is somewhat unphysiological, possibly resulting
from animal preparation. As excess production of NO
has been suspected to be one of the major causes of en-
dotoxic shock [1], NOS inhibitors have been expected
to improve endotoxic shock [4, 5]. It has been reported
that several derivatives of isothiourea are found to be
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Fig.2 Changes in serum con-
centrations of aspartate (AST)
and alanine aminotransferase
(ALT), bilirubin, and lactate
after administration of bacteri-
al lipopolysaccharide (LPS,
2 mg/kg/h, for 1 h) and/or
S-methylisothiourea sulfate
(1 mg/kg, i. v. plus 1 mg/kg/h,
for 1 h). Values are means �
SEM. LPS group (n = 7, solid
bars), LPS + SMT group (n = 7,
hatched bars), and vehicle +
SMT group (n = 6, open bars).
*P < 0.05, **P < 0.01 vs 0 h

Parameters Treatment 0 h 1 h 6 h

UV
(ml/h)

LPS 37 ± 9 38 ± 8 30 ± 11
LPS + SMT 37 ± 12 44 ± 13 65 ± 22
Vehicle + SMT 38 ± 4 66 ± 10 71 ± 26

Ccr
(ml/min)

LPS 146 ± 48 83 ± 22 27 ± 9a

LPS + SMT 153 ± 36 105 ± 22 91 ± 35
Vehicle + SMT 144 ± 14 133 ± 13 72 ± 12

UNaV
(microEq/min)

LPS 38 ± 8 48 ± 9 35 ± 8
LPS + SMT 49 ± 15 77 ± 22 114 ± 43
Vehicle + SMT 55 ± 5 104 ± 9 123 ± 39

FENa
(%)

LPS 0.3 ± 0.1 0.3 ± 0.1 0.8 ± 0.2
LPS + SMT 0.2 ± 0.1 0.6 ± 0.1 1.1 ± 0.3b

Vehicle + SMT 0.3 ± 0.1 0.6 ± 0.1 1.6 ± 0.4b

Uosm
(mmol/kg)

LPS 903 ± 134 474 ± 56a 360 ± 69b

LPS + SMT 839 ± 158 569 ± 107 467 ± 49
Vehicle + SMT 892 ± 208 570 ± 62 530 ± 58

CH2O
(ml/min)

LPS �1.3 ± 0.3 �0.4 ± 0.1a �0.1 ± 0.1b,c

LPS + SMT �1.2 ± 0.3 �0.7 ± 0.3 �0.7 ± 0.2
Vehicle + SMT �1.3 ± 0.5 �1.1 ± 0.2 �0.9 ± 0.2

Table 3 Renal function para-
meters in anesthetized dogs
after administration of bacter-
ial lipopolysaccharide and/or
S-methylisothiourea sulfate

Values are mean ± SEM. LPS,
lipopolysaccharide; SMT, S-me-
thylisothiourea sulfate; UV,
urine volume, Ccr, creatinine
clearance; UNaV, Urine sodium
excretion; FENa, Fractional ex-
cretion of sodium; Uosm, Urine
osmolality; CH2O, Free water
clearance; a P < 0.05, b P < 0.01
vs 0 h, c P < 0.05 vs Vehicle +
SMT group



NOS inhibitors [14] among which SMT was shown to be
tenfold more potent than NG-monomethyl-L-arginine
to inhibit iNOS. Furthermore, it has been reported that
administration of SMT reversed hypotension and im-
proved survival rate and organ functions in rodent mod-
el of endotoxic shock [11]. Since eNOS is involved in the
regulation of basal vascular tone [1], usage of the drugs
that selectively inhibit iNOS activity while preserving
eNOS activity should have more appropriate therapeu-
tic potential for endotoxic shock than nonselective
NOS inhibitors.

However, recent observations have suggested that
activation of eNOS is involved in a marked hypotension
during early phase (£ 5 to 60 min) following administra-
tion of endotoxin [5, 15]. The present study has shown
that co-administration SMT prevented the initial and
sustained hypotension following LPS administration.
Thus, the early reversal of MAP by SMT is likely due
to its partial inhibition of eNOS activation.

Reduced cardiac output and hypotension observed in
this study are characteristic of endotoxic shock, and
some investigators [16, 17] insist that myocardial depres-
sion may be a major cause of decreased hemodynamic
state in endotoxic shock. It has been suggested that myo-
cardial depression during sepsis is largely mediated by
cytokine-stimulated NO production [18, 19]. If that is
the case, selective inhibition of iNOS should prevent
LPS-induced myocardial depression. However, co-ad-
ministration of SMT did not affect LPS-induced decrease
in cardiac index in the present study. These data suggest
that inhibition of iNOS by SMT is insufficient to block
negative inotropic effect by excess NO production. Al-
ternatively, NO may not be responsible for LPS-induced
myocardial contractile dysfunction. In fact, it has been
reported that administration of LPS failed to induce
iNOS in the myocardium of guinea pig [20]. Therefore,
it remains unknown whether prevention of hypotension
by SMT is related to improved myocardial function.

In this study, administration of LPS caused lactic aci-
dosis and decreased oxygen delivery that reduced organ

blood flow and induced subsequent tissue hypoxia. Co-
administration of SMT with LPS maintained pH > 7.35
during a 6-h period, although it did not correct hyperlac-
tatemia. Elevation of blood lactate concentrations, a
sign of tissue hypoxia, would represent preferential
anaerobiosis for energy metabolism to aerobiosis. This
is most likely due to decreased tissue blood flow and an
impaired cellular oxygen utilization [21]. However, lac-
tate is not solely derived from tissue hypoxia, but endo-
toxin per se may also increase lactate concentrations be-
cause endotoxin directly inactivates pyruvate dehydro-
genase [22]. In addition, hyperlactatemia can result not
only from its overproduction, but also by its impaired
metabolism. In fact, Levraut et al. [23] have recently
shown that a mild hyperlactatemia in the stable septic
patients is mainly due to a defect in lactate utilization
rather than its overproduction. Therefore, hyperlactat-
emia in the present endotoxic shock dogs may be, in
part, a consequence of disturbances of the lactate me-
tabolism other than tissue hypoxia. Namely, SMT in en-
dotoxic shock did not further aggravate hyperlactatemia
without exacerbation of tissue perfusion.

Excess production of NO in endotoxemia appears to
be a double-edged sword, being protective [9, 24] and
deleterious [11] on the liver. NO allows maintaining liv-
er perfusion via hepatic arterial vasodilation and attenu-
ation of increased portal resistance during endotoxic
shock [24]. It has been reported that nonselective NOS
inhibitors (NG-monomethyl-L-arginine, NG-nitro-L-
arginine methyl ester) deteriorated LPS-induced liver
damage [9, 25]. In the present study, administration of
LPS caused mild liver damage based on the elevation
of serum concentrations of aspartate and alanine ami-
notransferase, although co-administration of SMT
failed to affect the LPS-induced elevation of liver en-
zymes. Our result is consistent with those of previous
studies [25, 26] showing the failure of SMT (12.5 mg/kg
[25], 0.1 mg/kg/h or 1 mg/kg/h for 4 h [26]) to prevent
the LPS-induced liver damage in rats. However, others
showed that SMT (5 mg/kg, i. p.) improved LPS-induced

122

Table 4 Leukocyte, platelet, and hematocrit in anesthetized dogs after administration of bacterial lipopolysaccharide and/or S-methyl-
isothiourea sulfate

Parameters Treatment 0 h 1 h 2 h 3 h 4 h 5 h 6 h

Leukocyte
(cells/ml)

LPS 2586 ± 485 1843 ± 409 2657 ± 460 3843 ± 767 6214 ± 1740 9300 ± 3108 11400 ± 3681a

LPS + SMT 2417 ± 515 1200 ± 113 2050 ± 361 4367 ± 1280 7567 ± 2411 10183 ± 3161 13516 ± 4088b

Vehicle + SMT 3317 ± 936 4283 ± 1374 5883 ± 1568 8733 ± 1903 10666 ± 2560 12416 ± 2860 13300 ± 2318b

Platelet
(104 cells/ml)

LPS 15.6 ± 4.5 7.0 ± 0.9a,c 10.7 ± 1.2c 12.0 ± 1.7 11.2 ± 1.6 11.7 ± 1.5 11.1 ± 1.3
LPS + SMT 14.2 ± 2.1 6.3 ± 0.8b,c 11.5 ± 0.8 11.9 ± 0.5 12.3 ± 1.1 10.7 ± 1.0 11.1 ± 0.7
Vehicle + SMT 16.2 ± 1.3 14.5 ± 0.9 15.2 ± 1.1 15.8 ± 1.2 15.2 ± 1.0 15.0 ± 1.1 14.6 ± 0.9

Hematocrit
(%)

LPS 35.2 ± 1.4 35.8 ± 2.3 37.9 ± 2.1 38.0 ± 2.0 38.2 ± 1.7 39.1 ± 1.9 40.8 ± 2.0
LPS + SMT 35.6 ± 2.0 35.8 ± 2.2 36.5 ± 2.0 37.6 ± 1.6 39.1 ± 1.6 38.2 ± 1.0 38.7 ± 1.2
Vehicle + SMT 37.7 ± 4.8 35.1 ± 3.5 36.1 ± 3.8 36.3 ± 3.8 36.4 ± 3.9 36.3 ± 3.5 35.3 ± 4.6

Values are mean ± SEM. LPS, lipopolysaccharide; SMT, S-methylisothiourea sulfate. a P < 0.05, b P < 0.01 vs 0 h, c P < 0.01 vs Vehi-
cle + SMT group



liver damage in rats [11]. This discrepancy may be due
to the different doses of SMT used and/or species differ-
ence. Because there have been no data available about
the appropriate doses of SMT in dog models thus far re-
ported, we used the dose of SMT (1 mg/kg, bolus i. v.,
followed by continuous infusion of 1 mg/kg/h for 1 h)
based on the data obtained from our preliminary dog
experiments and rodent study [11]. However, the con-
centration of SMT chosen might have been so high as
to inhibit eNOS as well, because co-administration of
SMT reversed LPS-induced hypotension at 1 h. There-
fore, the potential effect of SMT on liver function in
the present study may be masked by the inhibition of
eNOS. Recently, it has been shown that iNOS gene
knockout mice showed LPS-induced liver damage simi-
lar to that of wild type [27], suggesting the involvement
of both NO-dependent and independent pathways in
the development of LPS-induced liver damage.

Histologic assessment of the vital organs affected
could definitely reveal the degree of tissue damage in a
short-term as well as a longer-term endotoxic model.
Unfortunately, we have not performed histologic exami-
nation in this study. It has been reported that liver dam-
age as assessed by increases in serum concentrations of
aspartate and alanine aminotransferase 6 h after LPS ad-
ministration in rats is accompanied by the marked histo-
logic changes in the liver; accumulation of many inflam-
matory cells and sporadic single cell acidophilic necrotic
hepatocytes (Councilman's bodies) within the parenchy-
ma [25]. Thus, the assessment of biochemical liver func-
tion even in short-term endotoxic model may reflect the
degree of LPS-induced hepatic injury. Although it is not
clear whether LPS induced histologic changes in the liv-
er of our dog model similar to those of rat model, tran-
sient increases in liver enzymes at 6 h after LPS adminis-
tration in our dog model may reflect mild hepatic injury.

Despite the limited assessment of renal function dur-
ing a 6 h-observation period, the present study showed
that LPS-induced decrease in creatinine clearance was
prevented by co-administration of SMT without signifi-
cant changes in urine volume. Our data are consistent
with those of previous studies [11, 26]; treatment with
SMT increased renal perfusion pressure and blood flow
in anesthetized rats [11]. Since we did not measure renal
blood flow, it remains unknown whether renal perfusion
was increased by SMT alone. In fact, SMT administered
alone tended to produce an increase in arterial pressure,
although this did not reach statistical significance.
Therefore, the SMT-induced increase in renal perfusion
per se may have contributed to the maintenance of renal
creatinine clearance even after administration of LPS.
Furthermore, SMT administered alone increased
FENa, suggesting its possible action on tubular sodium
reabsorption. Although the increase in sodium excretion
may be largely due to elevations in renal perfusion pres-
sure and/or sodium loading, the increased sodium excre-

tion by SMT in the present study implies that endoge-
nous NO may participate in tubular sodium handling.

The present study also showed that co-administra-
tion of SMT prevented the LPS-induced decrease in ur-
ine osmolality and increase in free water clearance (wa-
ter diuresis) without change in urine volume. These ob-
servations are similar to those of our previous study us-
ing an endothelin receptor antagonist [28]. Therefore,
it is possible to speculate that blockage of excessive
NO production may lead to inhibition of enhanced wa-
ter reabsorption at the collecting duct during endo-
toxemia, although its mechanism remains unknown.

It has been shown that excess NO production con-
tributes to the development of tubular hypoxia/reoxy-
genation injury in rats [29]. NO interacts with iron/ sul-
fur cluster-containing enzymes, such as cis-aconitase,
complex I and II, and inactivates them to inhibit mito-
chondrial respiration and citric acid cycle [2]. Previous
clinical study suggested that excess NO production
could be involved in the pathogenesis of renal dysfunc-
tion in patients with severe sepsis [30]. Although it is
not clear whether the reversal of renal creatinine clear-
ance by SMT in this study is due to its inhibition of NO
production in the kidney, SMT may directly prevent
NO-induced renal damage. In fact, it has been reported
that the maintenance of blood pressure with norepi-
nephrine similar to that with SMT did not influence re-
nal function in endotoxic shock rats, whereas treatment
with SMT attenuated renal dysfunction [26].

No data have been available thus far as to whether
iNOS is induced in vital organs, particularly in liver and/
or kidney, in dogs with endotoxic shock. However, it has
been reported that induction of iNOS mRNA and pro-
tein expression was observed in liver and kidney in rats
6 h after LPS administration [31]. Assuming that there
were differences in the time and the degree of iNOS in-
duction between liver and kidney in our dog model, this
might explain the apparently differential effects of SMT
on these two affected vital organs. Since there are few re-
ports about histologic assessment of the vital organs in
canine endotoxic shock model, detailed histologic exam-
ination with or without NOS inhibitors in this model will
be another important subject for future research for the
elucidation of the pathophysiological role of iNOS in en-
dotoxic shock, and better selection of type, dose, and
timing of administration of iNOS inhibitors.

In conclusion, SMT in the dose used in this study pre-
vented hypotension and renal dysfunction in dogs with
endotoxic shock without further deterioration of cardi-
ac output, oxygen delivery, or liver damage. These find-
ings suggest that NO in endotoxic shock plays differen-
tial roles in multiple organ dysfunction depending on or-
gans affected, such as kidneys and liver. Thus, therapeu-
tic trial of iNOS-selective inhibitors in sepsis should be
considered with caution until the pathophysiologic role
of iNOS-derived NO is elucidated in humans.
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