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Abstract Objective: To investigate
whether pyrrolidinone derivative
(N2733), an inhibitor of nuclear fac-
tor (NF)-kB activation, improves al-
tered metabolic and hemodynamic
changes and organ dysfunctions
caused by endotoxic shock. Design
and setting: Prospective, randomized,
animal study in a laboratory at a
university hospital. Subjects: Twen-
ty-three anesthetized male beagle
dogs (10–14 kg). Interventions: Dogs
were mechanically ventilated and
monitored with a pulmonary arterial
catheter and a gastric tonometer. A
central venous catheter was inserted
into the femoral vein, and lactated
Ringer’s solution (10 ml/kg per hour)
was administered throughout the
study period. Three groups of animals
were studied: (a) the lipopolysaccha-
ride (LPS) group (n=8), which re-
ceived LPS (250 ng/kg per minute for
2 h); (b) the LPS plus N2733 group
(n=8), which received N2733 (30 mg/
kg intravenously and 10 mg/kg hour
for 6 h) after the start of LPS; and (c)
the N2733 group (n=7), which re-
ceived N2733 (30 mg/kg intra-

venously and 10 mg/kg per hour for
6 h). Measurements and results:
Changes in hemodynamics, blood
gas, gastric intramural pH, and renal
and hepatic function were measured
for 6 h. Coadministration of N2733
increased oxygen delivery index and
prevented the LPS-induced hypoten-
sion, metabolic acidosis, and gastric
mucosal acidosis but did not affect
renal or hepatic function. Conclu-
sions: Administration of N2733 in-
creased oxygen delivery index and
prevented the LPS-induced hypoten-
sion and metabolic and gastric mu-
cosal acidosis in an anesthetized ca-
nine endotoxic shock model, sug-
gesting its beneficial effect on local
blood flow against tissue hypoxia.
These findings suggest that blockade
of NF-kB activation prevents hypo-
dynamic shock and gastric hypoper-
fusin in endotoxic shock.
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Introduction

Bacterial endotoxin triggers release of a variety of me-
diators through the activation of proinflammatory cy-
tokines which can amplify the inflammatory response to
induce tissue damage [1, 2]. At the cellular level endo-
toxin causes immediate expression of genes encoding
various immunomediators by the activation of the tran-
scription factor, nuclear factor (NF)-kB [3]. NF-kB plays

an important role in transcriptional regulation of many
proinflammatory genes, such as tumor necrosis factor
(TNF)-a, interleukin (IL)-1b, IL-6, and inducible nitric
oxide synthase (iNOS) [4]; NF-kB is considered to be
involved in the pathogenesis of systemic inflammatory
response syndrome and multiple-organ dysfunction syn-
drome as a pivotal determinant. It has been reported that
mortality in patients with sepsis is predictable by in-
creased NF-kB activity of the patient’s blood mononu-
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clear cells; nonsurvivors had more than twofold increase
over controls in NF-kB activation in the first 6 days,
whereas survivors had less than that during 14 days [5].

Although both anti-TNF antibody and IL-1 receptor
antagonist have been shown to be effective in experi-
mental endotoxic animal models, none has been shown to
be successful in clinical studies [6, 7]. Thus blockade of a
single mediator may be insufficient to prevent diverse
inflammatory response pathways because a variety of
inflammatory mediators other than TNF-a and IL-1 have
already been activated by NF-kB. Therefore any modal-
ities that selectively block NF-kB activity in the proximal
pathway could be more efficient and effective than those
in distal pathway for the treatment of endotoxic shock [8].

A pyrrolidinone derivative, N2733, has been shown to
block NF-kB activation by preventing phosphorylation
and degradation of IkB-a [9] and inhibit the LPS-induced
TNF-a production in vitro with an improvement in the
survival rate of endotoxemic mice in vivo [10]. However,
it remains unknown whether this compound has any
beneficial effects on endotoxic shock animal models other
than rodents. It is mandatory to obtain the detailed ex-
perimental data in larger animal models of endotoxic
shock before its clinical trials. We therefore attempted to
determine whether this pyrrolidinone derivative com-
pound prevents multiple organ dysfunction in canine en-
dotoxic shock model.

Materials and methods

Experimental protocol

The study was approved by the Institutional Review Board for the
care of animal subjects. The care and handling of the animals were
in accord with National Institutes of Health guidelines. Twenty-
three male beagle dogs (10–14 kg) were used in this experiment.
After intramuscular injection of ketamine (15 mg/kg) the dogs were
placed in supine position, anesthetized with pentobarbital sodium
(30 mg/kg intravenously), and maintained with supplemental doses
(4 mg/kg per hour) throughout the experiment. The dogs were in-
tubated and ventilated (EV-A ventilator, Dr�ger, L�beck, Germany)
at an FIO2 of 0.3, tidal volume of 12–15 ml/kg, and respiratory rate
of 15 cycles/min. Arterial blood gases and pH were measured be-
fore the start of the experiment, and tidal volume was adjusted to
maintain arterial carbon dioxide tension and pH within the physi-
ological range. After initial ventilator setting tidal volume was not
changed throughout the study period.

A central venous catheter was inserted via the femoral vein and
advanced into the central venous circulation, and central venous
pressure (CVP) was measured via the distal port of this catheter.
Lactated Ringer’s solution (10 ml/kg per hour) was administered by
this central venous catheter throughout the study period. Muscle
paralysis was obtained by the administration of pancuronium bro-
mide with initial dose of 0.16 mg/kg and subsequent doses of
0.08 mg/kg per hour. The right external jugular vein was exposed,
and a flow-directed, balloon-tipped thermodilution catheter (93A-
141-7F, Baxter Edwards Critical Care, Irvine, Calif., USA) was
inserted into the pulmonary artery. The femoral artery was can-
nulated with catheter for continuous measurements of systemic
arterial pressure and heart rate and for intermittent arterial blood

sampling. All catheters were connected to transducers, and zero
calibration was taken at the midchest level. All pressures were
measured on a polygraph system (RM-7000, Nihon Kohden, To-
kyo, Japan) connected to the pressure lines through transducers. A
urinary catheter was inserted into bladder for timed urine collec-
tions. After surgical preparation the dogs were allowed to stabilize
for 1 h.

Dogs were randomized to be divided into three experimental
groups: the lipopolysacharide (LPS) group (n=8), the LPS plus
pyrrolidinone derivative (N2733) group (n=8), and the N2733
group (n=7). In the LPS group bacterial LPS (Escherichia coli
endotoxin, 0127;B8, Difco, Detroit, Mich., USA) was infused in-
travenously at a rate of 250 ng/kg per minute for 2 h as previously
described [11]. In the LPS plus N2733 group N2733 (30 mg/kg)
was injected intravenously as a bolus immediately after the start of
LPS infusion and was infused intravenously (followed by) at a rate
of 10 mg/kg per hour for 6 h. In the N2733 group N2733 (30 mg/
kg) was injected intravenously as a bolus and was infused intra-
venously at a rate of 10 mg/kg per hour for 6 h. Doses of N2733
were chosen on the basis of pilot experiments and our previously
published data in rodent model [9, 10].

Heart rate, mean arterial pressure (MAP), mean pulmonary ar-
terial pressure, pulmonary artery occlusion pressure, central venous
pressure, and arterial and mixed venous blood gases were measured
at 1-h intervals for 6 h. Cardiac output was measured by injecting
5 ml iced 5% dextrose solution via the distal port of the central
venous catheter using the thermodilution technique with a cardiac
computer (9520A, Baxter Edwards); the mean value of three
measurements and cardiac index was calculated; body surface area
(m2) was calculated by the formula: body weight (kg)2/3�0.11.
Systemic vascular resistance index and pulmonary vascular resis-
tance index were calculated using standard formulae. Arterial and
mixed venous blood samples were obtained simultaneously from
femoral and pulmonary artery, respectively. Blood gases and O2
saturation were measured by pH/blood gas analyzer (IL 1306A,
Instrumentation Laboratory, Lexington, Mass., USA). Hemoglobin
(Hb) concentration was measured by Celltak a (MEK-6108, Nihon
Kohden). Oxygen delivery index and oxygen consumption index
were calculated by following formulae. Oxygen delivery in-
dex=CaO2�CI�10; oxygen consumption index=(CaO2�CvO2)�
CI�10, where CaO2 is arterial oxygen content, CvO2 is mixed
venous oxygen content, and CI is cardiac index. CaO2=
1.39�Hb�SaO2+0.0031�PaO2; CvO2=1.39�Hb�SvO2+0.0031�P-
vO2, where SaO2 is oxygen saturation of arterial blood and SvO2 is
oxygen saturation of mixed venous blood.

Gastric intramural pH (pHi) was measured by tonometer (TRIP
NGS catheter, Tonometrics, Helsinki, Finland) at 1 h intervals for
6 h. Saline (2.5 ml) was instilled into the tonometer balloon and left
in place for 1 h. The saline was then removed and analyzed for
PCO2 (gastric mocosal PCO2) after discarding the first 1 ml.
Gastric mucosal PCO2 was corrected for the equilibration period
and was used with arterial bicarbonate to calculate the pHi as a
parameter indicative of gastric mucosal perfusion rate [12]. Addi-
tional arterial blood samples were obtained at baseline and 6 h for
measurements of aspartate and alanine aminotransferase, bilirubin,
and creatinine by an automatic analyzer (7170, Hitachi, Tokyo,
Japan). Urine volume was measured at baseline and 6 h.

Data are expressed as mean €SD. Parameters were compared
over the time course using an analysis of variance for repeated
measures. When appropriate, post hoc comparisons were made with
Bonferroni’s adjustment for the effect of time in a specific group
with values at 0 h as a control, and for the effects of treatment at
specific times. All analyses were performed using StatView
(Abacus Concepts, Berkeley, Calif., USA). Differences at the level
of p<0.05 were considered statistically significant.
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Results

Changes in hemodynamics

LPS infusion caused a significant (p<0.05) fall in MAP
for 2–3 hs which was significantly blocked by coadmin-
istration of N2733; N2733 alone had no effect (Fig. 1). CI
tended to decrease, but other hemodynamics did not sig-
nificantly change during 6 h after LPS infusion. Fur-
thermore, LPS infusion tended to decrease oxygen de-
livery index during 2–6 h, which was significantly
blocked by coadministration of N2733. Other hemody-
namic parameters did not differ significantly between the
three groups (data not shown).

Fig. 1 Changes in mean arterial pressure (MAP) and oxygen de-
livery index. After administration of bacterial lipopolysaccharide
(LPS; 250 ng/kg per minute for 2 h) without or with N2733 (30 mg/
kg intravenously, 10 mg/kg per hour for 6 h) in anesthetized dogs
MAP (upper panel) and oxygen delivery index (lower panel) were
measured. *p<0.05, **p<0.01 vs. 0 h, ‡p<0.01 vs. the LPS group

Fig. 2 Changes in arterial pH, arterial base excess, and gastric in-
tramural pH (pHi). After administration of bacterial lipopolysac-
charide (LPS; 250 ng/kg per minute for 2 h) without or with N2733
(30 mg/kg intravenously, 10 mg/kg per hour for 6 h) in anesthetized
dogs, arterial pH (top panel), base excess (middle panel), and
gastric pHi (bottom panel) were measured. *p<0.05, **p<0.01 vs.
0 h, †p<0.05, ‡p<0.01 vs. the LPS group
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Changes in blood gas and gastric pHi parameters

LPS induced a significant (p<0.05) metabolic acidosis
which was reversed by coadministration of N2733;
N2733 alone did not affect pH or base excess (Fig. 2).
PaCO2 did not significantly change in any group. There
were no significant differences in PaO2 or PaCO2 between
the three groups (data not shown). LPS also induced a
significant (p<0.01) decrease in gastric pHi for 2–6 h
which was similarly prevented by co-administration of
N2733; N2733 alone had no effect.

Changes in renal and liver function

Urine volume did not significantly change after LPS in-
fusion, whereas urine volume was markedly increased by
administration of N2733 (Table 1). Serum concentration
of creatinine did not significantly change in any group.
Although LPS tended to increase serum concentrations of
aspartate aminotransferase, alanine aminotransferase, and
bilirubin, there were no significant differences in hepatic
enzymes and bilirubin between the three groups.

Discussion

The present study clearly shows that administration of
N2733, an inhibitor of NF-kB activation, prevents hypo-
tension and metabolic and gastric mucosal acidosis in an

anesthetized canine endotoxic shock model. Furthermore,
the present study revealed that administration of N2733
increased oxygen delivery index in the canine endotoxic
shock model, suggesting its beneficial effect on local
blood flow against tissue hypoxia.

In sepsis NF-kB plays a central role in regulating the
gene transcription of several inflammatory cytokines and
mediators. Excessive activation of NF-kB by endotoxin
and cytokines could lead to the uncontrolled and persis-
tent activation of the same genes of the inflammatory
cytokines and mediators via positive or forward feed-back
mechanism [4, 5, 8]. Thus the blockage of initial activa-
tion of NF-kB pathway could prevent the development of
the critical illness caused by sepsis [13]. The adminis-
tration of N2733 immediately after LPS infusion may
therefore have reduced inflammatory response in the early
stages. Cuzzocrea et al. [14] have also shown that the
antioxidant pyrrolidine dithiocarbamate, a potent inhibitor
of NF-kB activation, attenuates the degree of zymosan-
induced multiple-organ failure in mice.

Endotoxic shock is characterized by hypotension and
depressed myocardial function along with perfusion ab-
normalities, including metabolic acidosis and oliguria.
These pathophysiological changes are due to excess
production of proinflammatory cytokines, such as TNF-a
and IL-1 [1], and reactive free radicals, including super-
oxide anion and NO [15], among which TNF-a is related
to mortality during multiple-organ dysfunction [16].
N2733 has been shown to inhibit TNF-a production in
vitro and improve survival rate in endotoxemic mice [10],
suggesting its therapeutic potential for prevention of
multiple organ dysfunction. However, the exact mecha-
nism by which N2733 attenuates multiple organ dys-
function in endotoxic shock remains unknown.

Excess production of NO by iNOS in endotoxic shock
has been shown to play a major role in endotoxin-induced
hypotension [17]. We have previously shown that a se-
lective inhibitor for iNOS improves hypotension and
lactic acidosis in canine endotoxic shock model [18]. The
generation of large quantities of NO may cause maldis-
tribution of regional blood flow and formation of a dif-
fusion barrier for oxygen and inhibition of mitochondrial
respiration [19]. Although NO induces vasodilatation in
some organs, not all organ perfusion may improve. In
concert with hypotension, these effects of NO may con-
tribute to the tissue ischemia which ultimately facilitates
the development of multiple organ dysfunction syndrome.
It has been shown that activation of the transcription
factor NF-kB plays a pivotal role in the expression of
iNOS by TNF-a and IL-1 [20], and we have further
demonstrated that N2733 inhibits cytokine-induced NF-
kB activation and iNOS expression in vitro [9]. Therefore
it is reasonable to consider that inhibition of iNOS-de-
rived NO production by N2733 may partly block the LPS-
induced hypotension and metabolic acidosis as demon-
strated in this study. Since the inhibition of NO formation

Table 1 Changes in urine volume, serum concentration of creati-
nine, aspartate (AST), alanine aminotransferase (ALT), and biliru-
bin. After administration of bacterial lipopolysaccharide (LPS;
250 ng/kg per minute for 2 h) without or with N2733 (30 mg/kg
intravenously, 10 mg/kg per hour for 6 h) all parameters were
measured at 6 h in anesthetized dogs

0 h 6 h

Urine volume (ml/h)
LPS 39€15 61€45
LPS+N2733 39€8 125€39*,**
N2733 30€15 154€26*,**

Creatinine (mg/dl)
LPS 0.57€0.09 0.63€0.19
LPS+N2733 0.49€0.10 0.49€0.06
N2733 0.51€0.06 0.41€0.06**

AST (UI/l)
LPS 52€18 256€391
LPS+N2733 64€42 94€72
N2733 50€21 79€41

ALT (UI/l)
LPS 29€10 213€240
LPS+N2733 76€67 96€101
N2733 47€27 69€41

Bilirubin (mg/dl)
LPS 0.2€0.1 0.4€0.5
LPS+N2733 0.1€0.1 0.2€0.2
N2733 0.1€0.1 0.1€0.1

*p<0.01 vs. 0 h, **p<0.01 vs. the LPS group
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Administration of N2733 increased oxygen delivery index
and prevented LPS-induced hypotension and metabolic
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blockade of NF-kB activation prevents hypodynamic
shock and gastric hypoperfusion in endotoxic shock.
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