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Effects of AM281, a cannabinoid antagonist, on circulatory
deterioration and cytokine production in an endotoxin shock model:

comparison with norepinephrine
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Abstract

Purpose. The purpose of this study was to examine the com-
parative effects of AM281, a cannabinoid antagonist, and
norepinephrine (NE) on systemic hemodynamics, and renal
and mesenteric artery blood flow in an endotoxin shock
model.

Methods. The study was designed to include two sets of ex-
periments: (1) measurements of changes in systemic hemody-
namics and organ artery blood flows (n = 20), and (2)
measurements of biochemical variables (n = 20). For each set
of experiments, male 7-week-old Wistar rats were randomly
divided into four groups: group 1, controls (n = 5); group 2,
receiving lipopolysaccharide (LPS: Escherichia coli endo-
toxin, 10.0mg-kg™" intravenous bolus) (n = 5); group 3, receiv-
ing intravenous LPS and NE (continuous infusion at
0.2ug'kg'mint) (n = 5); group 4, receiving LPS and AM281
(0.1mg-kg'min™') (n = 5). Systemic hemodynamics, regional
artery blood flow changes, and biochemical variables were
assessed before treatment and 1 and 3h after treatment.
Results. Infusion of NE or AM281 prevented endotoxin-in-
duced decreases in systemic arterial pressure, aortic blood
flow, carotid artery blood flow, and renal artery blood flow.
Both AM281 and NE inhibited endotoxin-induced increases
in cytokine production, with significant differences observed
among the three groups at 1 and 3h after treatment. Endot-
oxin-induced decreases in mesenteric arterial blood flow were
restored by AM281 but not by NE. AM281 improved arterial
oxygenation and reduced lactate overproduction and body
temperature elevation induced by endotoxin.

Conclusions. Although NE and AM281 both prevented
endotoxin-induced deterioration of systemic hemodynamics,
AM28]1 yielded better preservation of mesenteric blood flow
and attenuation of cytokine production than NE.

Key words Anandamide - Inhibition - Septic shock - Mesen-
teric artery blood flow

Addpress correspondence to: Y. Kadoi
Received: October 24, 2005 / Accepted: July 4, 2006

Introduction

Septic shock induced by Gram-negative bacteria repre-
sents a major complication in critical care medicine that
can lead to multiple organ failure, although the molecu-
lar and cellular events leading to the development and
progression of this condition have yet to be clarified [1].

One therapeutic approach for the treatment of hyper-
dynamic sepsis and hypotension is the administration of
catecholamines to maintain sufficient mean arterial
pressure (MAP) and cardiac output [2-5]. However, no
clear consensus has been reached regarding which vaso-
pressor should be used [4,5]. Although dopamine has
been recommended by an American consensus confer-
ence [5], norepinephrine (NE) was considered to the
equivalent following a European consensus conference
[4]. However, some researchers have shown that admin-
istration of NE leads to strong vasoconstriction in the
splanchnic area, which might induce ischemia in the
gastrointestinal tract [6].

Anandamide, generated by endotoxin-induced plate-
lets and macrophages, and identified as an endogenous
cannabinoid (CB) ligand, has recently been found to be
expressed in abundance in the brain [7-11]. Varga et al.
[8] reported that anandamide was one possible caus-
ative factor for hypotension induced by endotoxic
shock. Anandamide displays vasodilatory effects and
induces a state of shock via CB1 receptors [7]. Wang et
al. [11] showed that removing endogenous cannabinoids
by polymyxin B-selective adsorption was effective in
improving hemodynamics in patients with septic shock.
We have previously shown that the administration of a
CB antagonist (AM281) could be effective in minimiz-
ing endotoxin-induced changes to systemic hemo-
dynamics [12]. However, we did not examine the effects
of CB antagonists such as AM281 on renal and mesen-
teric artery blood flow in septic shock in rats. In addi-
tion, a review by Klein et al. [13] noted that although the
cannabinoid system could modulate the cytokine sys-
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tem, the effects often conflict with the cytokine net-
work. Evaluation of the inflammatory response during
sepsis is important in order to understand the mecha-
nisms underlying the development of septic shock.

Therefore, this study compared the effects of AM281
and NE on the systemic hemodynamics, renal and me-
senteric artery blood flow, and inflammatory response
in a model of endotoxic shock.

Materials and methods

Study protocols were in accordance with the ethical
principles provided by the Experimental Animal Labo-
ratory of Gunma University School of Medicine. Male
7-week-old Wistar rats (n = 40; body weight 250-350g)
were maintained at 22°C in wire-mesh cages with ad
libitum access to standard laboratory feed and water,
under a 12-h light/dark cycle.

Experimental protocol

The study was designed to include two sets of experi-
ments: (1) measurements of changes in the systemic
hemodynamics, and carotid, renal, and mesenteric
artery flows (n = 20); (2) measurements of biochemical
variables (n = 20).

Rats in the first set of experiments were randomly
divided into four groups: group 1, control (n = 5); group
2, receiving lipopolysaccharide (LPS: Escherichia coli
endotoxin, 10.0mg-kg™! intravenous bolus) (n = 5);
group 3, receiving intravenous LPS and NE (continuous
infusion at 0.2pg-kg'min™') (n = 5); group 4, receiving
LPS and AM281 (0.1mgkgmin?) (n = 5). A 10.0-
mg-kg™! dose of endotoxin is capable of causing 50%
lethality within 6h [14-17]. Infusion of NE or AM281
was started 30min after LPS administration.

The most common septic shock model involves a
single bolus injection of endotoxin [14,16,17], as this
model is reproducible and simple to prepare. In addi-
tion, the model offers a useful tool for examining the
effects of therapeutic drugs on hemodynamic changes
induced by sepsis [15]. In this study, AM281 [(N-
morpholin-4-yl)-5-(2,4-y1)-5-(2,4-dichlorophenyl)-4-
methyl-1H-pyrazole-3-carboxamide] was selected as a
CB receptor antagonist. Gifford et al. [18] reported
AM281 as a less-lipophilic analog of the CB receptor
antagonist SR141716A, and displaying slightly greater
potency than SR141716A in the hippocampal slice ex-
periment.

To identify the appropriate dosage for continuous
infusion of AM281 in this endotoxin shock model, we
examined the effects of three dosages of AM281 (0.01,
0.05, and 0.1mg-kg'min™') on systemic hemodynamics.
As a result, 0.1 mg-kg-min~! was identified as the most

effective dosage to improve systemic hemodynamics
induced by sepsis (data not shown).

Rats were anesthetized using intraperitoneal injec-
tion of pentobarbital (50mg-kg™). After tracheotomy,
rats were connected to an SN-480-7 volume-cycled
ventilator (Shinano Manufacturing, model SN-480-7,
Japan) with 30% O,, 70% N,, and 1% isoflurane. Rectal
temperature was monitored using a temperature con-
troller (CMA/150). A 2-ml bolus of saline solution was
injected subcutaneously to maintain fluid balance. For
simultaneous measurements of mean arterial pressure
and heart rate (HR), the right femoral artery was can-
nulated using a 2-Fr high-fidelity micromanometer cath-
eter. Drugs were administered intravenously through a
polyethylene catheter (PES0) placed in the dorsal vein.
The catheter in the right femoral artery was connected
to a Power Lab hemodynamic monitoring system
(BioRes, Nagoya, Japan). Changes in HR, mean arte-
rial pressure (MAP), and ascending aortic, right inter-
nal carotid, renal, and mesenteric artery blood flows
were measured using ultrasonic flow probes (Transonic
Systems, Ithaca, NY, USA) before (baseline), and at 1
and 3h after intravenous LPS injection. The ascending
aortic, right internal carotid, renal, and mesenteric
arteries were prepared and visualized. At 3h after LPS
administration, the rats were killed by injection of an
overdose of pentobarbital via the dorsal vein.

Biochemical measurements

To exclude the influence of blood sampling on hemody-
namic variables flow, hemodynamic and biochemical
parameters were also measured in another 20 animals
divided into the same four groups. To extrapolate data
from these to the experimental set of animals in which
hemodynamic variables were evaluated, the rats were
exposed to identical experimental conditions for sys-
temic measurements. Plasma concentrations of lactate,
glucose, tumor necrosis factor (TNF)o, interleukin
(IL)-1B, and partial pressures of arterial blood gases
were measured before (baseline), and 1 and 3h after
LPS injection using 2.0ml blood collected from the
femoral artery. Partial pressures of arterial blood gases
were analyzed using an ABL3 acid-base laboratory
machine (Radiometer, Copenhagen, Denmark). Plasma
TNFa activity was quantified by measuring cytotoxicity
against 1.929 cells in rabbit serum. IL-1p levels were
measured using enzyme-linked immunosorbent assay
(ELISA) kits (IL-1; R&D Systems, Tokyo, Japan). Af-
ter the measurements of hemodynamic and biochemical
parameters, the rats were killed by pentobarbital
overdose.
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Fig. 1. Time courses of changes in ascending aortic blood flow
in the 4 groups. 1, before administration of lipopolysaccharide
(LPS); 2, at time of LPS administration; 3, 15min after LPS
administration; 4, 30min after LPS administration (start of
continuous infusion of norepinephrine (NE) or AM281); 5,
30min after start of continuous infusion of NE or AM281; 6,
1h after start of continuous infusion of NE or AM281; 7, 2h
after the start of continuous infusion of NE or AM281; 8, 3h
after start of continuous infusion of NE or AM281. *P < 0.05
compared with before LPS administration within each group;
*P < 0.05 compared with control group at each time point; *P
< 0.05 compared with the other three groups at each time
point. Group 1, control; group 2, intravenous LPS; group 3,
intravenous LPS + NE; group 4, intravenous LPS + AM281

Start of
3.59  LpSiv infusion

by

:I: norepinephrine

* AM 281

ml/min

control

LPSiv

Fig. 2. Time courses of changes in carotid artery blood flow in
the four groups

administration. Whether NE restores renal blood flow
which decreased during septic shock remains controver-
sial [19,20]. In contrast to controversial reports regard-
ing the effects of NE on renal blood flow, no reports
have examined the effects of cannabinoid antagonists
on renal blood flow and function. Continuous infusion
of AM28]1 can plausibly act to restore renal blood flow
decreased by LPS, as cannabinoid agonists such as
anandamide and 2-AG display vasodilatory effects via
peripheral CB1 receptors [7]. This study suggests that
infusion of AM28]1 facilitates the maintenance of renal
blood flow during endotoxic shock.
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Fig. 3. Time courses of changes in mesenteric artery blood
flow in the four groups
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Fig. 4. Time courses of changes in renal artery blood flow in
the four groups

Numerous reports have noted that administration
of NE could improve systemic hemodynamics, but
whether administration of NE can improve intestinal
perfusion during septic shock remains controversial
[21-27]. Agents such as phenylephrine and NE that dis-
play a-adrenergic effects have been considered to cause
intestinal ischemia by decreasing intestinal perfusion
during septic shock [21]. Our findings are consistent
with previous reports that NE induces global mesen-
teric vasoconstriction [6]. Guzman et al. [19] also re-
ported that continuous infusion of NE at 0.2 ug-kg-min!
could not improve portal or mucosal blood flow as mea-
sured by ultrasonographic probe during septic shock.
In contrast, Di Giantomasso et al. [27] found no affects
on mesenteric blood flow after NE infusion at
0.4ug-kg-min! [27]. These effects were also observed by
Revelly et al. [26] and Backer et al. [21] Such discrepan-
cies might be attributable to differences in species, fluid
resuscitation, and anesthesia [22].

We found that although NE had no effect, AM281 did
act to restore mesenteric blood flow during endotoxic
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shock. No previous reports have examined the effects of
cannabinoid antagonists on mesenteric blood flow. This
result suggests that infusion of AM281 is beneficial to
maintain intestinal perfusion during septic shock. Al-
though the underlying mechanism is unclear, several
causes should be considered. Amelioration of mesen-
teric artery blood flow induced by AM28]1 is thought to
be attributable to improvements in intestinal microcir-
culation. This improvement may induce a decrease in
endotoxin translocation from gut to systemic circula-
tion, potentially preventing the overexpression of
endotoxin and cytokines during sepsis [1,16]. Proinflam-
matory cytokines are known to deteriorate the micro-
and macrocirculation [1]. This preventable effect
of cytokine production by AM281 might thus also be
attributable to the restoration of intestinal perfusion,
resulting in prevention of impairments to arterial
oxygenation and increases in lactate production, blood
glucose, and body temperature.

The observed preventive effect of AM281 may be due
to antagonistic effects on the CB-1 receptor. This is
supported by the results of Varga et al. [8], who found
that pretreatment of animals with CB-1 antagonist pre-
vented LPS-induced hypotension. These findings pro-
vide insight into the pathogenesis of septic shock, and
may lead to new therapeutic options in the management
of this condition.

This study showed that administration of AM281 de-
creased plasma cytokine levels. However, the effects of
cannabinoid ligands on the cytokine system during sep-
sis remain controversial [13]. Molina-Holgado et al. [28]
reported that anandamide inhibits LPS-induced
production of TNFo by astrocyte cultures. Other
cannabinoid ligands, such as HU-211 and 9-
tetrahydrocannabinoid (THC), have also been shown to
display similar inhibitory effects on TNFo production.
That report suggested that administration of AM281
should induce increases in plasma cytokine levels, which
is inconsistent with the present findings [28]. Klein et al.
[13] reviewed the effects of the cannabinoid system on
the cytokine network, and noted that cannabinoids have
a potentially wide-ranging role to play in immuno-
modulation. The possibility that AM281 improves the
hemodynamic deterioration induced by sepsis via
cytokine modulation cannot be ruled out.

The mechanisms underlying the hypotensive effects
of endocannabinoids induced by endotoxin on arterial
blood pressure remain unclear. Mendizabal et al. [29]
reported that the vascular effects of endocannabinoids
in a modelof hypertension caused long-term suppres-
sion of nitric oxide synthesis in rat isolated mesenteric
beds. Zygmunt et al. [30] showed that anandamide in-
duces vasodilation by activating vanilloid receptors on
perivasucular sensory nerves and causing release of cal-
citonin-gene-related peptide. In contrast, Pacher et al.

[31] indicated that mice lacking vanilloid receptors dis-
play a normal cardiovascular profile, and the predomi-
nant cardiovascular depressor response to anandamide
is mediated through CB1 receptors. Further investiga-
tion is thus necessary to clarify the role of endo-
cannabinoids during sepsis.

This study focused on the comparative effects of NE
or anandamide antagonist on organ blood flow, and did
not examine the effects of AM281 on mortality in en-
dotoxin shock. However, previous studies have shown
that AM281 could improve mortality rates in a rat
model of endotoxic shock.

Since changes in ascending aortic blood flow and in-
ternal carotid arterial blood flow are thought to parallel
changes in cardiac output and cerebral blood flow, the
decreases in ascending aortic blood flow and internal
carotid arterial blood flow seen in this study are indica-
tive of cardiac output and cerebral blood flow [12,16].

In conclusion, continuous infusion of AM281 re-
stored decreases in MAP and organ blood flow and
ameliorated increases in cytokine production in a model
of endotoxic shock. These findings might have signifi-
cant therapeutic implications in the treatment of septic
shock.
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