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Eugenosedin-A amelioration of lipopolysaccharide-
induced up-regulation of p38 MAPK, inducible nitric
oxide synthase and cyclooxygenase-2
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and Bin-Nan Wu

Abstract

In this study, we investigate the protective effects of eugenosedin-A on p38 mitogen-activated
protein kinase (MAPK), inflammatory nitric oxide (NO) and cyclooxygenase-2 (COX-2)
pathways in a rat model of endotoxin shock. Rats were pretreated with eugenosedin-A, tra-
zodone, yohimbine (1mg kg™!, i.v.), aminoguanidine or ascorbic acid (15mg kg™!, i.v.)
30 min before endotoxin challenge. Endotoxaemia was induced by a single i.v. injection of
lipopolysaccharide (LPS, 10mg kg_l). In rats not treated with eugenosedin-A, LPS
increased plasma concentrations of NO and prostaglandin E, (PGE,), and levels of p38
MAPK, inducible NO synthase (iNOS) and COX-2 proteins in the liver, lung, aorta and
lymphocytes. In the pre-treated rats, eugenosedin-A not only inhibited the LPS-induced NO
and PGE, levels but also attenuated the LPS-induced increase in p38 MAPK and iNOS lev-
els in the liver, aorta and lymphocytes. Eugenosedin-A also reduced LPS-induced COX-2
proteins in the aorta and lymphocytes. Likewise, aminoguanidine, ascorbic acid, yohimbine
and trazodone were also found to decrease NO and PGE, concentrations after endotoxin
challenge. While aminoguanidine and ascorbic acid also attenuated the LPS-induced
increase in p38 MAPK, iNOS and COX-2 proteins in the aorta and lymphocytes, trazodone
and yohimbine inhibited only the increase in p38 MAPK, iNOS and COX-2 proteins in
lymphocytes. Finally, eugenosedin-A (1071921078 ) significantly inhibited the biphasic
response induced by hydrogen peroxide (10°-3x 107> ™) in rat denudated aorta. Taken
together, the results of this study indicate that eugenosedin-A, as well as ascorbic acid, can
attenuate free-radical-mediated aortic contraction and relaxation. It may therefore be able to
reduce the damage caused by septic shock by inhibiting formation of p38 MAPK, iNOS,
COX-2 and free radicals.

Introduction

Lipopolysaccharide (LPS) and/or cytokines are known to increase levels of inducible nitric
oxide synthase (iNOS) in many cell types, including macrophages and vascular smooth
muscle cells (Liu etal 2006). The resultant release of large quantities of nitric oxide (NO)
has been associated with hypotension and hyporesponsiveness to vasoconstrictor stimuli in
endotoxaemia or sepsis (Hollenberg etal 1993). During endotoxaemia, levels of eicosanoids
are markedly increased. These lipid mediators are known to contribute to the vascular
abnormalities and changes in bronchomotor tone that occur in LPS-induced lung injury
(Chang etal 1989; Uhlig etal 1996).

Prostaglandins (PGs), prostacyclin and thromboxane A, (TXA,) are metabolically syn-
thesized from arachidonic acid depending on the activity of cyclooxygenase (COX). Of the
12 PGs, the three most potent are PGD,, PGE, and PGF,. The other PGs are first-step
metabolites in arachidonic acid transformation (PGG,, PGH,), products of the degradation
of the previously mentioned three PGs, or are not present physiologically, although they
may be generated chemically (PGK,, PGL,). Two primary COX isoenzymes have been
identified: COX-1 (constitutive) and COX-2 (inducible) (Kudo & Murakami 2005). NO
and PGE, are two inflammatory mediators induced in murine macrophages by the presence
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of LPS (Amin etal 1995) and various combinations of
cytokines. Posadas et al (2000) found a co-regulation between
iNOS and COX-2, and NO has been found to increase levels
of COX-2 (Tetsuka etal 1996). Another study found that NO
released from iNOS is capable of activating the inducible
COX, resulting in increased production of PGs (Salvenmini
etal 1994).

Transcriptional induction of these genes is mediated by
intracellular signalling cascades regulated by kinase enzymes.
The mitogen-activated protein kinases (MAPKs) are part of
such signalling cascades through which diverse extracellular
stimuli converge, initiating inflammatory cellular responses.
Of the MAPK subgroups, p38 MAPK positively regulates a
variety of genes involved in inflammation, including genes
for TNF-q, interleukin (IL)-1, IL-6, COX-2 and iNOS (Suh
etal 2000).

Reactive oxygen free radicals (such as superoxide anions,
hydroxyl radicals and hydrogen peroxide (H,0,)) participate in
a variety of human diseases, including ischaemia—reperfusion
injury and inflammatory diseases (Zweier & Talukder 2000).
Sepsis and endotoxaemia also induce the excessive produc-
tion of free radicals in cells. Free radicals have been impli-
cated in the stimulation of many pro-inflammatory cytokines
and mediators involved in acute inflammatory responses
associated with sepsis (Blackwell etal 1996). Pro-inflamma-
tory cytokines and mediators are also known to potentiate
iNOS and induce COX-2 in endothelial and other cells (Kuo
etal 2000; Wu etal 2006). However, antioxidants have been
found to scavenge free radicals, decrease levels of iNOS/
COX-2 proteins, have an anti-inflammatory effect and may
be able to inhibit damage caused by free radicals (Cheng etal
2001; Hsiao etal 2001; Suh et al 2006).

A reciprocally permissive interaction occurs between
cytokines and activated a-adrenoceptors. Changes in presyn-
aptic adrenergic sensitivity, as well as in neuronal sensitivity
to TNF-a, have been noted in the regulation of norepine-
phrine associated with certain antidepressant drugs (Nickola
etal 2001). This kind of neuro—immune link enables stress-
associated norepinephrine to regulate macrophage-derived
TNF via a-adrenoceptor interaction. Both norepinephrine and
ap-adrenergic agonists have been shown to augment LPS-
induced TNF-« production, though this augmentation can be
prevented by yohimbine, an a,-adrenergic antagonist (Spengler
etal 1990). In one of our previous studies using a rat model,
we found that when rats were pretreated with eugenosedin-A,
an o/B-adrenoceptor and serotonergic receptor blocker (Shen
etal 2004), they were protected against hypotension, vascular
hyporeactivity, hyperglycaemia, oxidative injury and inflam-
matory-cytokine formation associated with LPS-induced
endotoxaemia. In another of our animal studies, eugenosedin-
A was found to more potent than aminoguanidine (NOS
inhibitor), ascorbic acid, yohimbine and trazodone in reduc-
ing LPS-induced dysfunctions (Shen et al 2005). In this study,
we investigated whether eugenosedin-A can prevent endotox-
aemia. To do this, we used LPS (10 mg kgfl) to induce endo-
toxaemia in rats pretreated with eugenosedin-A and measured
levels of p38 MAPK, iNOS and COX-2 proteins in various
tissues using western blotting and plasma levels of NO and
PGE,. We compare these findings with those from other rats
that had been pretreated with other agents (aminoguanidine,

ascorbic acid, yohimbine and trazodone) and also subjected
to LPS-induced endotoxaemia. In order to characterize the
pharmacological properties of eugenosedin-A, we studied its
effect on H,0O,-treated endothelium-denudated rat aorta.

Materials and Methods

Animals

Wistar rats, provided by the National Laboratory Animal
Breeding and Research Center (Taipei, Taiwan), were housed
under a constant temperature and controlled illumination,
with lights on between 7:30 and 19:30. Food and water were
available ad libitum. The study was approved by the Animal
Care and Use Committee of Kaohsiung Medical University.

Drugs and chemicals

H,0,, LPS (Escherichia coli serotype 0127:B8) and yohimbine
were purchased from Sigma-Aldrich Chemical Co. (St Louis,
MO, USA). Trazodone was obtained from Lotus Medical
Supply Co. (Taipei, Taiwan). Eugenosedin-A, 4-{2-hydroxy-
3-[1-(2-chlorophenyl-piperazinyl)]-propoxy }-3-methoxy-1-
propylenyl-benzene, was synthesized in our laboratory by
combining isoeugenol-based oxypropanolamine and 2-chloro-
1-piperazinyl benzene (Shen etal 2004). All drugs and rea-
gents were dissolved in distilled water unless otherwise
noted. LPS was dissolved in sterile 0.9% saline. Eugenose-
din-A, trazodone and yohimbine were dissolved in 50% abso-
lute alcohol and 10% propylene glycol, and further dilutions
were made using distilled water.

In vivo experiment and collection of plasma and
tissues

The experiment was performed as described in a previous
study (Wu etal 1994). Briefly, Wistar rats weighing 250-300 g
were anaesthetized with pentobarbital sodium (50 mg kg_l,
i.p.). Following tracheal cannulation, systemic arterial blood
pressure was recorded from the femoral artery by a pressure
transducer (model P10EZ; Spectramed, Oxnard, CA, USA)
connected to a recorder (model P50; Gould, Valley View,
Ohio, USA). Body temperature was maintained at 37°C by an
electric heating pad. A femoral vein was cannulated for i.v.
injection of test agents and LPS (10mg kg™"). Eugenosedin-
A, yohimbine and trazodone (I mg kg™!, i.v.), aminoguani-
dine and ascorbic acid (15mg kg~! i.v.) were administered
30 min before injection of LPS. Tissues (liver, lung, aorta and
lymphocytes) for western blot analysis, and blood samples
for the measurement of NO and PGE, concentrations in
plasma were obtained from rats killed at 1, 3 and 5h after
injection of LPS.

Western blot analysis of p38 MAPK, iNOS and
COX-2 protein levels

Tissue samples were obtained from endotoxaemic rats at 1, 3
and 5 h after the injection of LPS and frozen at —70°C before
assay. Frozen tissues were homogenized on ice with a polytron
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PT 3000 homogenizer (Kinematic AG, Littau, Switzerland)
in a buffer composed of (mm): Tris-HCI 50, EDTA 0.1,
EGTA 0.1, 2-mercaptoethanol 12 and phenylmethylsulfonyl
fluoride 1 (pH 7.4). The homogenized tissues were centri-
fuged at 10 000 g for 30 min and the supernatants were stored
at —70°C until further analysis. Aliquots of tissue homoge-
nates were used for protein assay reagent (Bio-Rad Laborato-
ries, Inc., Hercules, CA, USA) and western blot analysis.
Tissue homogenates containing 20 ug protein were reduced
and separated on 7.5% SDS-PAGE gel using PhastSystem
with PhastGel (GE Healthcare Bio-Sciences Corp., Piscata-
way, NJ, USA). The membranes were blocked with 1%
bovine serum albumin in Tris buffer solution (TBS) contain-
ing 0.1% Tween-20 for 2h and then incubated with anti-rat
p38 MAPK, iNOS and COX-2 antibodies (Santa Cruz Bio-
technology, CA, USA; 1:500 dilution) in TBS containing
0.1% Tween-20 for 2h. The membrane was washed and
finally incubated with a 1:1000 dilution of anti-mouse immu-
noglobulin G (Santa Cruz Biotechnology) conjugated to
horseradish antibody for 2h. After successive washings, the
immunocomplexes were developed using an enhanced horse-
radish peroxide/luminol chemiluminescence reaction (ECL
western blotting detection reagents, GE Healthcare Bio-Sci-
ences Corp.) and exposed to X-ray film for 10 min. Levels of
p38 MAPK, iNOS and COX-2 proteins in each tissue was
quantified by densitometric scanning of the western blots
using Image-pro plus software (Media Cybernetics, MD,
USA) as previously described (Wu etal 2006).

Determination of plasma NO and PGE,

Blood samples were taken from a catheter placed in the
carotid artery, and were centrifuged at 7200 g for 10 min. NO
and PGE, levels in the plasma were measured using a total
nitrite colorimetric assay kit (Cayman Chemical Co., Ann
Arbor, MI, USA) and PGE, ELISA kit (R&D Systems, Min-
neapolis, MN) as described previously (Wu et al 2006).

Hydrogen peroxide-induced rat denudated
thoracic aorta contraction and relaxation

Thoracic aorta was quickly removed from untreated and pre-
treated rats, cleaned of adhering fat and connective tissue and
cut into 3-4mm wide transverse rings. The endothelium was
removed by gently rubbing the blood vessel against the teeth of
a pair of forceps. The rings were then mounted at 1 g resting ten-
sion on stainless steel hooks in a 10mL organ bath, bathed at
37°C in a physiological solution (mmM: NaCl 118, KCI 4.8,
CaCl, 2.5, MgSO, 1.2, KH,PO, 1.2, NaHCO; 24, glucose 11)
for 1h. The solution was aerated with a 95% oxygen, 5% carbon
dioxide. Isometric tension of the aortic rings was monitored by a
force displacement transducer (model 7004; Ugo Basile, Italy).
H,0, (1075-3x 107> M) was added to the organ baths containing
untreated and pretreated aortic rings to compare their degrees of
contraction and relaxation (Wu etal 2001).

Statistical evaluation of data

Results are expressed as meanzts.e. Statistical differences
were determined by independent and paired Student’s #-test in
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unpaired and paired samples. Whenever a control group was
compared with more than one treated group, the one-way
repeated measures or Kruskal-Wallis one-way analysis of
variance was used. When this yielded a statistical difference,
Dunnett’s test or Dunn’s test was used to confirm the finding
(Jones 2002). A P value below 0.05 was considered statisti-
cally significant. Analysis of data and plotting of figures was
done using SigmaStat: Version 2.03 and SigmaPlot: Version
8.0 (Systat Software, Point Richmond, CA, USA).

Results

p38 MAPK, iNOS and COX-2 protein levels in

liver, lung, aorta and lymphocytes after LPS

injection

In rats that had not been pretreated with eugenosedin-A, LPS
significantly induced the levels of p38 MAPK, iNOS and
COX-2 proteins in liver, lung and aorta homogenates by 1, 3
and Sh. In lymphocytes, LPS challenge markedly increased
levels of iNOS at 1, 3 and 5h; levels of p38 MAPK and
COX-2 were increased only at 5h. Proteins were augmented
by LPS in a time-dependent manner, though there was no
change in COX-1 protein levels. Surprisingly, none of the
three inflammatory proteins could be detected in brain, heart,
kidney, pancreas or spleen at any time after LPS challenge
(unpublished data).

Pretreatment of rats with eugenosedin-A significantly
decreased the effect of LPS stimulation on p38 MAPK levels
in liver and aorta (at 1, 3 and 5 h) and lymphocytes (5 h). Eug-
enosedin-A also reduced iNOS protein in liver (3 and 5h),
aorta and lymphocytes (1, 3 and 5 h) and reduced COX-2 pro-
tein in aorta (1, 3 and 5 h) and lymphocytes (5 h). Aminogua-
nidine decreased LPS-induced p38 MAPK (1 and 3 h), iNOS
(1 and 3h) and COX-2 (1h) proteins in aorta. It inhibited
LPS-induced p38 MAPK (5§ h), iNOS (1, 3 and 5h) and COX-
2 (5h) proteins in lymphocytes. Ascorbic acid decreased
LPS-induced p38 MAPK in aorta (1 h) and lymphocyte (5h),
iNOS in aorta (1 and 3h) and lymphocytes (1, 3 and 5h), and
COX-2 proteins in aorta (1 and 3h) and lymphocytes (5h).
Trazodone decreased p38 MAPK (5h), iNOS (1, 3h) and
COX-2 (5h) proteins in lymphocytes. Yohimbine decreased
p38 MAPK (5h), iNOS (1, 3 and 5h) and COX-2 (5h) pro-
teins in lymphocytes. All the agents studied provided greater
protection from LPS-induced injury in blood vessels and lym-
phocytes than in the liver and lungs. Eugenosedin-A in par-
ticular reduced LPS-induced inflammatory proteins more
potently than aminoguanidine, ascorbic acid, yohimbine and
trazodone (Figures 1 and 2, & Table 1). This may explain
why previous studies have found eugenosedin-A to be more
effective than other test agents in protecting against LPS-
induced hypotension and vascular hyporeactivity in rats
(Shen et al 2005).

Plasma NO and PGE, concentration after LPS

injection

Before injecting LPS, there were no significant differences in
basal plasma levels of NO and PGE, between the experimental
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ride (LPS)-induced p38 MAPK protein levels in rat tissues. Representative western blots of p38 MAPK protein levels in the liver, lung, aorta and lym-
phocytes (n=3) (A). Eugenosedin-A and other agents decreased levels of the p38 MAPK protein in various tissues after LPS treatment at 1, 3 and 5h
(B). *P <0.05 compared with the LPS group (Kruskal-Wallis test followed by Dunn’s test).
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groups. Injection of LPS significantly increased plasma levels
of NO and PGE2 in a time-dependent manner. Pretreatment
of rats with eugenosedin-A, trazodone, yohimbine, amino-
guanidine or ascorbic acid clearly inhibited the LPS-induced
increases in NO and PGE, levels in plasma (Table 2).

Inhibition by eugenosedin-A of H,0,-induced
endothelium-independent contraction and
relaxation in the isolated aorta

H,0, (107°-3x 1073 m) elicited biphasic effects in rat denu-
dated thoracic aorta from untreated rats. The rat aorta con-
tracted at lower concentrations of H,O, but this contraction
decreased sharply at higher concentrations of H,0, (approxi-
mately 5x 10~* M) (Figure 3). This biphasic effect of H,0,
was greatly inhibited in rats pre-treated with eugenosedin-A
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or ascorbic acid. Aminoguanidine, yohimbine and trazodone,
however, did not attenuate the responses of denudated rat aortic
rings to H,O,.

Discussion

In our previous report (Shen etal 2004), eugenosedin-A was
shown to possess «j/ay-adrenoceptor and ;- (but not 3,)
adrenoceptor antagonistic activities, and to have serotonergic
receptor blocking actions. In another of our studies (Shen et al
2005), eugenosedin-A was found to have antioxidant effects,
scavenged free radicals and prevented LPS-induced hypoten-
sion, vascular hyporeactivity, hyperglycaemia, oxidative
injury and formation of inflammatory cytokines in rats. Here
we investigated its effect on NO and PGE, production and

Table 2  Effect of eugenosedin-A, yohimbine, trazodone (1 mg kg’l), aminoguanidine and ascorbic acid (15 mg kg’l) on lipopolysaccharide (LPS)-
induced changes of nitric oxide (NO) and prostaglandin (PGE,) levels in plasma at 1, 3 and 5h

Treatment NO (M) PGE, (ng mL™)
1h 3h 5h 1h 3h 5h

Vehicle 3.0+1.5 3.1+1.1 3.1x1.0 25+1.6 25+%1.5 25%+1.5
Vehicle + LPS 15.1£1.2 326+1.7 215.6£5.5 11512 120£1.1 12.1£1.1
Eugenosedin-A +LPS 7.2+1.5% 19.6 £ 1.9% 140.9+9.1* 4.6+13% 75+1.2% 57+1.2%
Aminoguanidine + LPS 8.5+£1.3* 18.1+2.4% 150.5+10.4%* 3.4+£1.2% 7.8+1.5% 53%1.1%*
Ascorbic acid +LPS 9.1+1.2% 20.6£1.7* 148.4+13.9% 5.7+1.5% 8.1+£1.2% 6.7+£1.2%
Yohimbine + LPS 8.2+ 1.4* 19.5+1.5* 160.4 £ 11.4%* 53+1.2% T4+1.1% 6.3x1.1*
Trazodone + LPS 9.0+ 1.4%* 17.4£2.2% 198.6 £15.9%* 7.0+£1.3* 7.3+£1.0* 74+1.1*

Values are the mean * s.e., n=8 rats.

*P <0.05 compared with vehicle + LPS, (one-way repeated measures analysis of variance, followed by Dunnett’s test).
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levels of p38 MAPK, iNOS and COX-2 proteins with LPS-
induced endotoxaemia. Eugenosedin-A was found to scav-
enge free radicals in H,0O,-induced endothelium-independent
contraction and relaxation in the aorta.

LPS-induced activation of p38 MAPK is thought to corre-
spond to the LPS-positive regulation of a variety of genes
involved in inflammation in-vitro and in-vivo (Ono & Han
2000). p38 MAPK signalling has been implicated in the acti-
vation of activator protein-1 (AP-1) by LPS, which binds to
the AP-1 site in the iNOS and COX-2 promoter, as was also
observed in iNOS and COX-2 transcription (Kristof etal
2001). Therefore, p38 MAPK signalling may form the basis
of a new strategy for treating inflammatory diseases (Ono &
Han 2000). In fact, several potent p38 MAPK inhibitors have
been developed and evaluated in animal models of inflamma-
tory diseases (Jeon etal 2000; Nick etal 2000), and p38
MAPK inhibitors have been found to have anti-inflammatory
effects in human endotoxaemia (Branger etal 2002; Suh etal
2006). In the present study, eugenosedin-A reduced levels of
p38 MAPK protein after LPS challenge. It also inhibited both
iNOS and COX-2 proteins. These results indicate that eug-
enosedin-A plays an important role in inhibiting the stimula-
tion of p38 MAPK that occurs during endotoxaemia, and may
potentially be used in the treatment of inflammatory diseases.
Endotoxaemia causes the release of a number of mediators,
including cytokines, proteinase, NO, eicosanoids and toxic
oxygen metabolites. LPS and various cytokines have been
found to stimulate the production of iNOS, which may con-
tribute to the pathological consequences of shock, and they
increase the production of NO in plasma (Hsiao etal 2003). In
our study, the introduction of LPS increased levels of iNOS
in rat liver, lung, aorta and lymphocytes. When rats were pre-
treated with eugenosedin-A before being injected with LPS,
levels of iNOS were significantly lower in the liver, aorta and
lymphocytes. With regard to this measure in rats pre-treated
with other agents before endotoxaemia was induced, amino-
guanidine and ascorbic acid reduced iNOS levels in aorta and
lymphocytes, and yohimbine and trazodone reduced iNOS
levels only in lymphocytes. All agents were found to inhibit
production of NO in plasma after LPS injection. One of our
previous studies reported that eugenosedin-A, trazodone,
yohimbine, aminoguanidine and ascorbic acid could normal-
ize LPS-induced hypotension and vascular hyporeactivity
(Shen et al 2005). One study has reported that the presence of
ap-adrenoceptor antagonists in mice brought about a signific-
ant decrease in LPS-induced TNF-« plasma levels (Spengler
etal 1990), and another study has reported that various
aspects of the inflammatory response could be suppressed by
5-hydroxytryptamine (5-HT; serotonin), 5-HT, 4, 5-HTp oc
receptor antagonists, selective serotonin reuptake inhibitors
and depletion of intracellular 5-HT (Smejkal-Jagar & Boranic
1994). In the current study, we found a clear relationship
between the levels of iNOS protein and p38 MAPK protein in
the liver, lung and aorta after LPS injection, but there was not
such a clear relationship between the two in lymphocytes.
Future studies will be needed to determine whether MAPK
signalling is associated with increased iNOS activity in
lymphocytes.

This study found that eugenosedin-A, yohimbine and tra-
zodone reduced the levels of iNOS protein and NO in rats

after the injection of LPS, suggesting that a,-adrenoceptor
antagonists and 5-HT antagonists may be able to improve
LPS-induced dysfunction relating to the inhibition of iNOS
activity. By inhibiting iNOS product, some antioxidants have
been found to preserve the activity of constitutive NOS
(Cheng etal 2001; Hsaio etal 2001). Other studies have sug-
gested that ascorbate may prevent direct injury by oxidants
associated with sepsis (Wu etal 2004) and that some antioxi-
dants may be used to selectively inhibit the induction of iNOS
during sepsis (Wu etal 2002). Taken together, these observa-
tions suggest that eugenosedin-A has similar effects to those
of oy-antagonists, 5-HT antagonists and antioxidants in inhib-
iting LPS-induced iNOS. Hyperglycaemia in the early phase
of sepsis has been reported to be caused by a decrease in
peripheral tissue glucose uptake relative to the rate of glucose
production, and iNOS has been proposed to contribute to the
development of LPS-induced hyperglycaemia in signalling
mechanisms (Gupta etal 2004). Our study demonstrated that
eugenosedin-A, aminoguanidine and ascorbic acid were more
potent inhibitors of iNOS product than yohimbine and trazo-
done. These findings may explain why eugenosedin-A,
aminoguanidine and ascorbic acid can significantly attenuate
LPS-induced hyperglycaemia and why yohimbine and trazo-
done cannot (Shen et al 2005).

Prostanoids regulate a number of physiopathological proc-
esses and are synthesized by two COX isoforms. COX-1
appears to synthesize the prostanoids involved in homeostatic
functions, whereas COX-2, which is present in low levels
under basal conditions, is up-regulated by inflammatory stim-
uli, resulting in increased PG production (Ristimidki etal
1994). There is the possibility of an interaction between NO
and COX. It has been reported that, in vitro, NO potentiates
cytokine-induced PGE, production in a number of cell sys-
tems, including vascular smooth muscle cells (Inoue etal
1993), rat mesangial cells (Tetsuka etal 1994), human micro-
glial cells (Janabi etal 1996) and human airway epithelial
cells (Watkins etal 1997). NO may indirectly affect the pro-
duction of PGE, by stimulating an increase in COX-2 protein
levels (Tetsuka etal 1996). NO has been found to play a regu-
latory role in the production of prostanoids in-vivo in rats
treated with LPS (Salvemini etal 1995). In a model of renal
inflammation in rabbits, NO released from iNOS activated
the induction of COX, resulting in increased production of
PGs (Salvemini etal 1994). Egger etal (2003) have reported
that a-tocopherol, an antioxidant, inhibited the LPS-activated
NF-xB signalling cascade, resulting in a significant attenua-
tion of COX-2 protein synthesis. In the present study, we
found that levels of COX-2 were related to p38 MAPK in
lung, aorta and lymphocytes, but not in liver. Given the time
course of these effects, there may have not been enough time
for p38 MAPK to stimulate the changes of COX-2 product in
liver. Eugenosedin-A, aminoguanidine and ascorbic acid
decreased COX-2 protein in aorta and lymphocytes in rats
injected with LPS. Yohimbine and trazodone diminished
COX-2 levels only in lymphocytes. All the agents we studied
reduced LPS-induced COX-2 to a greater extent in blood ves-
sels and lymphocytes than in the liver or lung. Eugenosedin-
A, aminoguanidine and ascorbic acid had more potent effects
in inhibiting the product of COX-2 than yohimbine and trazo-
done. All agents reduced increases in plasma LPS-induced
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PGE, levels. These findings have led us to hypothesize that
ap-antagonists, 5-HT antagonists, iNOS inhibitors and anti-
oxidants may be able to prevent LPS-induced induction of
COX-2.

Several reports have shown that the effects of catecho-
lamines on immune function is mediated via S-adrenoceptors.
The stimulation of iNOS synthesis by epinephrine and nore-
pinephrine on LPS-induced macrophages was down regulated
by p-adrenoceptor antagonists (Chi etal 2003). Rauwolscine,
an ay-adrenoceptor blocker, inhibited the tissue dysfunction
after LPS injection (Fessler etal 1996). Therefore, a,-adreno-
ceptor activation may be involved in LPS-mediated injury,
and o,-adrenoceptor antagonists protect against LPS, either
by decreasing TNF-a production or through direct effects on
the target tissues of endotoxaemia (Kazerani and Furman,
2006). On the other hand, 5-HT has been shown to induce the
early-response gene COX-2. Of the multiple 5-HT receptors,
the 5-HT,, subtype was shown to be responsible for the
mitogenic response and induction of COX-2 (Goppelt-
Struebe & Stroebel, 1998). In this study, we suggested that
eugenosedin-A attenuates LPS-induced iNOS and COX-2
protein formation, relating to its o/8-adrenoceptor antagonist
and serotonergic receptor antagonist activities (Figure 4).
Elucidation of the detailed signalling pathway from cytoplasm
to nucleus is our next challenge.

H,0,, a reactive oxygen species, is an important by-product
of oxidative metabolism. Excessive amounts of reactive oxy-
gen species can be induced by sepsis and endotoxaemia.
H,0, which can be formed by the vascular endothelium and
smooth muscle cells (Gutteridge 1995), can produce concen-
tration-dependent contraction in isolated endothelium-
denuded rat aorta rings (Yang etal 1998), although it has also
been reported to relax endothelium-intact rabbit aorta and
norepinephrine-precontracted aorta in a concentration-
dependent manner (Bharadwaj & Prasad 1997). H,0, con-
traction of the aorta is stimulated by the influx of calcium
ions, which can be increased by the production of PGD,,
PGF,a and TXA, (Yang etal 1998). Relaxation of aortic tis-
sues by H,0O, is mediated through release of an endothelium-
derived relaxing factor; this relaxation is absent from aorta
denuded of endothelium (Bharadwaj & Prasad 1997).
Whether H,O, produces direct relaxation of vascular smooth
muscle via stimulation of guanylate cyclase (Mian & Martin
1995) or via potassium-channel opening (Matoba etal 2000)
has not been decided.

In the present study, lower concentrations of H,O,
induced contractions in denudated thoracic rat aorta, whereas
higher concentrations induced relaxation. Eugenosedin-A and
ascorbic acid significantly inhibited H,0,-induced biphasic
effects. Previously, eugenosedin-A was shown to possess
free-radical-scavenging properties and inhibited lipid peroxi-
dation (Shen etal 2005). Thus, we suggest that eugenosedin-
A and ascorbic acid inhibit H,0,-induced contractions and
relaxation in rat denudated thoracic aorta by scavenging free
radicals.

We have previously reported that eugenosedin-A attenu-
ated LPS-induced cardiovascular dysfunction, hyperglycae-
mia, oxidative injury and inflammatory cytokine formation
(Shen etal 2005). The present study shows that eugenosedin-
A can potently prevent LPS-induced p38 MAPK, iNOS and
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Figure 4 Proposed mechanisms of action of eugenosedin-A on
lipopolysaccharide (LPS)-induced oxidative injury and inflammation.
LPS modulation of cytokines, nitric oxide (NO) and prostaglandin (PG)
formation may directly activate Toll-like receptors (TOLR) and indi-
rectly stimulate endogenous 5-hydroxytryptamine (5-HT; serotonin) and
norepinephrine (NE) release, resulting in the increasing of p38 mitogen-
activated protein kinase (p38 MAPK) product. Eugenosedin-A blocks a-
and (-adrenoceptors and 5-HT receptors to attenuate LPS-induced
formation of cytokines, inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2). Eugenosedin-A diminishes accumulation of
free radicals, which also protects against LPS-induced oxidative injury.

COX-2 enhancement in various tissues. Furthermore, we
found that eugenosedin-A could inhibit LPS-induced
increases in NO and PGE, and that it was able to decrease
free radicals. This evidence explains why eugenosedin-A is a
more effective inhibitor of LPS-induced cardiovascular dys-
function, hyperglycaemia, oxidative injury and inflammatory
cytokine formation than aminoguanidine, ascorbic acid,
yohimbine or trazodone. Together, these findings suggest that
the protective effect of eugenosedin-A against LPS-induced
dysfunction may be related to diminished release of cytokines
and production of p38 MAPK, iNOS and COX-2 proteins and
reduced accumulation of free radicals.

Conclusion

This study demonstrated that eugenosedin-A, an o/(-adrenoceptor
and serotonergic receptor blocker, is effective in protecting
rats against LPS-induced systemic inflammatory responses.
In light of these results, we suggest that the anti-inflammatory
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mechanisms of eugenosedin-A might result from the inhibi-
tion of iNOS and COX-2 through reductions in p38 MAPK.
Eugenosedin-A could potentially be used as a preventive or
even as a novel therapeutic agent in endotoxaemia and associ-
ated septic shock.
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