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Endothelium-dependent and -independent vasodilator
effects of eugenol in the rat mesenteric vascular bed
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and Roberto Soares de Moura

Abstract

The possible involvement of the endothelium in the vasodilator action of eugenol was investigated in the
mesenteric vascular bed (MVB) of the rat. Bolus injections of eugenol (0.2, 2 and 20 umol) and acetylcho-
line (ACh; 10, 30 and 100pmol) induced dose-dependent vasodilator responses in noradrenaline-
precontracted beds that were partially inhibited by pretreatment of the MVB with deoxycholate
(1mgmL™") to remove the endothelium (~14% and ~30% of the control response remaining at the
lowest doses of ACh and eugenol, respectively). The vasodilator effect of glyceryl trinitrate (1 umol) was
unaltered by deoxycholate. In the presence of either N“-nitro-L-arginine methyl ester (300 um) or tetra-
ethylammonium (1 mwm) the response to ACh was partially reduced, whereas eugenol-induced vasodilation
was unaffected. Similarly the vasodilator effect of eugenol was notinhibited by indometacin (3 ). Under
calcium-free conditions the vasoconstrictor response elicited by bolus injections of noradrenaline
(10nmol) was dose-dependently and completely inhibited by eugenol (0.1-1mwm). Additionally, the
pressor effects of bolus injections of calcium chloride in potassium-depolarized MVBs were greatly
reduced in the presence of eugenol (0.1 mm), with a maximal reduction of ~71% of the control response.
Our data showed that eugenol induced dose-dependent, reversible vasodilator responses in the rat MVB,
that were partially dependent on the endothelium, although apparently independent of nitric oxide,
endothelium-derived hyperpolarizing factor or prostacyclin. Furthermore, an endothelium-independent
intracellular site of action seemed likely to participate in its smooth muscle relaxant properties.

Introduction

Eugenol is a naturally occurring aromatic substance that is present in a variety of plant
essential oils, such as clove oil, and is commonly used as a food flavouring and in
fragrances. This aromatic substance has found widespread therapeutic application in
dentistry for the treatment of toothache due to its analgesic properties (Shibata etal
1994), its beneficial effect probably being due to inhibition of cyclooxygenase enzyme
(Thompson & Eling 1989; Dohi etal 1991). However, many other effects of eugenol
have been documented, including activation of calcium and chloride channels in rat
dorsal root ganglion cells (Ohkubo & Kitamura 1997), inhibition of guinea-pig cardiac
calcium and potassium currents (Sensch et al 2000), nerve-mediated contraction of rat
bladder (Patacchini etal 1990) and relaxant actions in vascular and visceral smooth
muscle (Reiter & Brandt 1985; Nishijima etal 1998, 1999).

Although the vasodilator property of eugenol has been recognised for some time
(Hume 1983), its underlying mechanism of action remains unclear. Interestingly,
Nishijima etal (1998) suggested that the vasorelaxation of histamine-precontracted
rabbit ear artery induced by eugenol might be influenced by the endothelium. Since the
majority of studies addressing the vascular effects of eugenol have been performed in
large conduit arteries, in which nitric oxide is the predominant factor released from the
endothelium (Nagao etal 1992), we were interested to evaluate the actions of this
compound in small resistance vessels. Thus, in this study we have used the perfused
mesenteric vascular bed to characterize the vasodilator effects of eugenol, a prepar-
ation in which perfusion pressure is governed by resistance vessels with an intact
endothelium (Criscione etal 1984). We have assessed the influence of the endothelium
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on the action of eugenol, comparing its effects with those
of acetylcholine and glyceryl trinitrate, endothelium-
dependent and -independent vasodilators, respectively.

Materials and Methods

Mesenteric vascular bed

Institutional approval for the experimental protocols
adopted in this study was obtained. Mesenteric vascular
beds from male Wistar rats (250-350 g) were isolated and
perfused according to Criddle et al (1997) using a modified
method of McGregor (1965). Briefly, the mesenteric vas-
cular beds were mounted at a constant flow of 4 mL min '
and perfused with a modified Krebs-Henseleit solution of
the following composition (mm); glucose 11.0, NaCl 118.0,
NaHCO; 25.0, KCl1 4.7, KH,PO4 1.2, CaCl, 1.2, MgSO,
1.2, gassed with 95% O,, 5% CO,, at 37°C (pH 7.4).
Perfusion pressure changes were monitored using a pres-
sure transducer. Preparations were set up and left to equi-
librate for 30—40 min before the addition of any drugs.
Perfusion pressure was tonically elevated using 6 um
noradrenaline added to the perfusion fluid reservoir.
Initially, when noradrenaline-induced vascular tone had
stabilized to a plateau level, control responses to bolus
injections of eugenol (0.2, 2 or 20 umol), acetylcholine
(ACh; 10, 30 or 100 pmol) and glyceryl trinitrate (1 pmol)
directly into the perfusion stream, at a site 2 cm from the
mesenteric artery, were obtained. The volume of bolus
injections was always < 50 L. Following the initial con-
trol responses to the test substances, noradrenaline was
removed from the perfusion stream and basal tonus
re-established on washout. We examined the effects of
removing the endothelium on the vasorelaxation induced
by eugenol and control substances, using the following
strategies. Firstly, following a return to resting conditions
after the initial control responses had been obtained,
deoxycholate (1mgmL ") was included in the perfusion
stream for 3min to remove the endothelium from the
mesenteric vascular bed. Subsequently noradrenaline was
reapplied to the mesenteric vascular bed, to augment basal
tone once again, and the bolus doses of eugenol, ACh and
glyceryl trinitrate were repeated. Similarly in separate experi-
ments, the possible influence of nitric oxide, potassium
channels or prostaglandins was examined by assessing
the effects of N“-nitro-L-arginine methyl ester (L-NAME;
300 pum), tetraethylammonium (TEA; 1mMm) and indo-
metacin (3 uM), respectively, on vasodilations induced by
eugenol, ACh and glyceryl trinitrate. After the
initial control responses had been obtained, washout of
noradrenaline and recovery of baseline perfusion pressure,
these inhibitory substances were included in the perfusion
stream at fixed concentrations for a 30-min period before
reapplication of noradrenaline and vasodilator agents.
Also investigated were the effects of eugenol (0.1-1 mm)
on pressor responses induced by noradrenaline (10 nmol)
in nominally calcium-free conditions. The protocol
adopted consisted of initially obtaining control responses
to bolus injections of KCI (120 gmol) and noradrenaline

(10 pmol) in normal Krebs-Henseleit solution, after which
the preparation was perfused for 2 min with a calcium-free
solution of the following composition (mm); glucose 11.0,
NaCl 17.0, NaHCOs3 25.0, KC1 4.7, KH,PO, 1.2, CaCl, 0,
MgSQO, 1.2. Responses to KCl (120 gmol) and noradrena-
line (10 nmol) were then obtained in calcium-free solution
in the absence and presence of eugenol, applied in increas-
ing concentrations (0.1-1 mm), with KCIl application
employed as a positive control to verify that vasoconstric-
tion under calcium-free conditions was the result of
release of intracellular calcium and not dislocation of
membrane-bound calcium.

Also performed were experiments to investigate the
effects of eugenol (0.1 mm) on pressor responses to calcium
chloride in calcium-free potassium-depolarized prepar-
ations. Briefly, the mesenteric vascular bed was perfused
with a modified Krebs-Henseleit solution of the following
composition (mm); glucose 11.0, NaCl 17.0, NaHCO; 25.0,
KC1100, KH,PO, 1.2, CaCl, 0, MgSO,4 1.2. Bolus injections
of CaCl, (0.1-300 umol) were applied to the mesenteric
vascular bed to induce vasoconstriction. Responses were
obtained in the absence and presence of eugenol (0.1 mm),
included at steady concentration in the perfusion fluid.

Data analysis

The results were expressed as mean £ s.e. of n observa-
tions. Values were analysed using a one-way analysis of
variance test, and were considered to differ significantly
when P < 0.05.

Drugs

All reagents were of analytical grade and eugenol,
L-NAME, indometacin, deoxycholate, tetraethylammo-
nium, acetylcholine and glyceryl trinitrate were all pur-
chased from Sigma Chemical Company (MO).

Stock solutions of eugenol were prepared in absolute
ethanol and diluted in Krebs-Henseleit solution on the day
of the experiment. All solutions were sonicated before use.

Results

Comparative vasodilator effects of eugenol,
ACh and glyceryl trinitrate in the rat mesenteric
vascular bed

Basal perfusion pressure (27.5 + 1.7 mmHg) was increased
by constant perfusion of noradrenaline (6 uM) to a stable
plateau of 127.5 +8.4 mmHg (n=2_8). Bolus injections of
eugenol (0.2, 2 or 20 umol) elicited rapid transient, dose-
dependent decreases of perfusion pressure, indicative of
vasodilation, with a reduction of 84.3 +2.9% of the nor-
adrenaline-induced pressure at the highest dose tested
(Figure 1, n=38). Similarly ACh (10, 30 or 100 pmol) induced
transient, dose-dependent decreases of perfusion pressure
with a reduction of 68.2 = 5.8% at the highest dose utilized
(n=28). Glyceryl trinitrate (1 pmol) elicited a decrease of
perfusion pressure of 45.5 +4.9% (n = 8) (Figure 1).
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Figure 1 Vasodilator responses of eugenol (0.2, 2 or 20 umol),

acetylcholine (ACh; 10, 30 or 100pmol) and glyceryl trinitrate
(GTN; 1 pmol) on noradrenaline (6 um)-precontracted rat mesenteric
vascular beds. Data are expressed as the mean +s.e.m. (n=238).

Actions of deoxycholate on eugenol-, ACh- and
glyceryl trinitrate-induced vasodilation of
noradrenaline-precontracted mesenteric
vascular beds

In separate experiments noradrenaline (6 uM) induced a
stable rise in perfusion pressure of 96.0 +10.0 mmHg
(n=16). Bolus injections of acetylcholine (10, 30 or 100 pmol),
eugenol (0.2, 2 or 20 umol) and glyceryl trinitrate (1 pmol)
induced rapid, transient dose-dependent decreases of
perfusion pressure, as previously observed (Figure 2A and C).
After deoxycholate (1mgmL™") treatment of the mesen-
teric vascular bed, to remove the endothelial cell layer,
subsequent addition of noradrenaline (6 4M) induced a
stable rise of 54.6 9.9 mmHg (n=6). The vasodilator
effects of eugenol (0.2, 2 or 20 umol) were significantly
inhibited after deoxycholate treatment at all doses tested,
the effect being more pronounced at lower doses of
eugenol (Figure 2B). The vasodilator responses of ACh
were more markedly and uniformly inhibited after
deoxycholate treatment at all doses, although a small
vasodilator component still remained (26% of the control
response at the highest dose used). In contrast, the effect
of a bolus injection of glyceryl trinitrate (1 pmol)
remained unaltered after deoxycholate application
(Figure 2A, B and C).

Effects of L-NAME and tetraethylammonium (TEA)
on eugenol-, ACh- and glyceryl trinitrate-induced
vasodilation of noradrenaline-precontracted
mesenteric vascular beds

In the presence of L-NAME (300 um), noradrenaline
(6 um) induced a stable rise of perfusion pressure of
88.0 £ 6.5mmHg (Figure 3B, n=6). The vasodilator
responses to acetylcholine were significantly reduced by
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Figure 2 Typical traces showing the vasodilator responses of euge-
nol (0.2, 2 or 20 umol; O), acetylcholine (ACh; 10, 30 or 100 pmol; @)
and glyceryl trinitrate (GTN; 1 umol; m) in (A) control and (B)
deoxycholate-treated, noradrenaline-precontracted rat mesenteric
vascular beds. (C) Mean data from these experiments showing con-
trol vasodilator responses (white bars) and those after deoxycholate-
treatment (grey bars). Data are expressed as the mean +s.e.m. (n=06)
(*P < 0.05).

L-NAME at all doses, although a considerable vasodila-
tor component still remained. In contrast, neither the
effect of eugenol (0.2, 2 or 20 umol) nor glyceryl trinitrate
(1 pmol) was significantly altered in the presence of
L-NAME (Figure 3A, B and C, n=06).

In separate experiments, noradrenaline (6 um) induced
stable rises in perfusion pressure of 93.3+8.7 and
94.0 +10.9 mmHg, before and after inclusion of TEA
(1 mm) in the perfusion fluid, respectively (n=6). ACh-
induced vasodilator responses were incompletely, but sig-
nificantly inhibited by TEA, with 71.9% of the control
response remaining at the highest dose used (Figure 4). In
contrast, neither the effect of eugenol (0.2, 2 or 20 umol)
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Figure 3 Typical traces showing the vasodilator responses of
eugenol (0.2, 2 or 20umol; O), acetylcholine (ACh; 10, 30 or
100 pmol; ®) and glyceryl trinitrate (GTN; | umol; m) in (A) the
absence and (B) presence of L-NAME (300 um in noradrenaline-
precontracted rat mesenteric vascular beds. (C) Mean data from
these experiments showing control vasodilator responses (white
bars) and those in the presence of L-NAME (grey bars). Data
are expressed as the mean+s.e.m. (n=06) (*P < 0.05).

nor glyceryl trinitrate (1 gmol) was significantly altered in
the presence of TEA (Figure 4, n=06).

Lack of inhibitory effects of indometacin on eugenol-
induced vasodilation of noradrenaline-
precontracted mesenteric vascular beds

Noradrenaline (6 uM) induced stable rises in perfusion
pressure of 106.0+9.3 and 94.6+9.4mmHg in the
absence and presence of indometacin (3 uM), included in
the perfusion fluid, respectively (n=6). The vasodilator
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Figure 4 Vasodilator responses of eugenol (0.2, 2 and 20 ymol),
acetylcholine (ACh; 10, 30 and 100pmol) and glyceryl trinitrate
(GTN; 1 umol) in the absence (white bars) and presence (grey bars)
of TEA (1 mm) in noradrenaline-precontracted rat mesenteric vascu-
lar beds. Data are expressed as the mean +s.e.m. of six experiments
(*P < 0.05).
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Figure 5 Vasodilator responses of eugenol (0.2, 2 and 20 pmol) in
the absence (white bars) and presence (grey bars) of indometacin
(3 uMm) in noradrenaline-precontracted rat mesenteric vascular beds.
Data are expressed as the mean+s.e.m. (n=6) (P < 0.05).

responses elicited by eugenol (0.2, 2 or 20 pmol) were not
altered in the presence of indomethacin (3 um) (Figure 5,
n==o6).

Inhibitory action of eugenol on the pressor
responses to noradrenaline under calcium-free
conditions

Bolus injections of noradrenaline (10nmol) and KCI
(120 pmol) elicited rises in perfusion pressure of
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117.0 £24.9 mmHg (n =6) and 96.0 = 10.1 mmHg (n =6),
respectively. Under nominally calcium-free conditions,
bolus injection of noradrenaline (10nmol) induced
a mean rise in perfusion pressure of 106.6 £11.9 mmHg,
that was 90.8% of the control response in normal calcium-
containing Krebs-Henseleit solution. In contrast, the
vasoconstrictor response to KCl (120 umol) was com-
pletely abolished in the absence of extracellular calcium
(Figure 6A). When eugenol (0.1 or 1 mm) was applied in
the perfusion fluid the vasoconstrictor response induced
by noradrenaline in calcium-free solution was further
reduced to 50.6 and 2.1% of the control value, respectively
(Figure 6B and C). The response to noradrenaline in
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Figure 6 Typical traces showing (A) control responses and (B) the
inhibitory effects of eugenol (0.1-1 mm) on noradrenaline (O; 10 nmol)-
and KCl (@; 120 umol)-induced vasoconstrictor responses in calcium-
containing (open bar) and calcium-free (filled bar) extracellular solution.
(C) Mean data from these experiments showing noradrenaline-
induced vasoconstrictor responses in the absence (control time-
matched; white bars) and presence of eugenol (grey bars). Data are
expressed as the mean+s.e.m. (n=06) (*P < 0.05).
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Figure7 Inhibitory effects of eugenol (0.1 mm) (O; n = 6) on CaCl,-
induced vasoconstriction (control ®; n=12) and response in time-
matched control (second curve in the absence of eugenol) experi-
ments (A; n=6). Data are expressed as the mean+s.e.m. (n=06)
(*P < 0.05).

time-matched control experiments remained unaltered in
the absence of eugenol (Figure 6A and C).

Inhibitory action of eugenol on CaCl,-induced
vasoconstrictor responses in K"-depolarized
preparations

Under nominally calcium-free conditions in potassium
(100 mm)-depolarized preparations, bolus injections of
CaCl, (0.2-200 pmol) induced rapid, dose-related rises of
perfusion pressure (Figure 7). These responses were sig-
nificantly inhibited in the presence of eugenol (0.1 mm),
the maximal control increase in perfusion pressure elicited
by 60 pmol CaCl, being reduced by 71.2% (Figure 7). In
time-matched control experiments the vasoconstrictor
response to calcium did not vary over the experimental
period (n=6, Figure 7).

Discussion

This study has demonstrated for the first time that euge-
nol exerted dose-dependent, reversible vasodilator effects
on the mesenteric vascular bed of the rat. This is consist-
ent with the vasorelaxant action reported previously in
other vascular smooth muscle preparations, including
the rabbit ear artery (Hume 1983; Nishijima etal 1998)
and thoracic aorta (Nishijima etal 1999). The magnitude
of the vasodilation induced by eugenol observed in this
study was similar to that of acetylcholine and glyceryl
trinitrate, delineating the importance of the present find-
ings. In terms of potency, eugenol was similar to glyceryl
trinitrate (umol range) and weaker than ACh (pmol
range). Thus, it is possible that eugenol may exert signifi-
cant vasodilator effects if allowed access to the circulation
during therapeutic application.
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The use of deoxycholate to remove the endothelial cell
layer suggested that the vasodilator effects of eugenol
were partially endothelium-dependent, the inhibition by
deoxycholate being more pronounced at lower doses of
eugenol. The vasodilator action of ACh was even more
strongly inhibited after deoxycholate treatment, resulting
in approximately 74% decrease in the control response
of ACh at the highest dose used. This endothelium-
dependency is consistent with previous studies using ACh
in this preparation (Moore et al 1990; Parsons etal 1994).
Importantly, within this experimental protocol there
appeared to be little or no disruption of the smooth muscle
of the vascular bed by a detergent action of deoxycholate,
since the vasodilator response to glyceryl trinitrate, which
occurs via an endothelium-independent elevation of intra-
cellular cyclic GMP in the mesenteric vasculature (Shibata
etal 1986; Khan etal 1992), remained unaltered. Thus
damage to the vascular preparation as a possible explan-
ation for the reduction in the eugenol vasodilatory response
after deoxycholate treatment appeared unlikely from the
present findings.

Experiments performed with L-NAME, an inhibitor of
nitric oxide synthase (Rees etal 1989), indicated that the
vasodilator action of eugenol probably did not occur via
the release of nitric oxide from the mesenteric vascular
endothelium. In contrast to the lack of inhibition by L-
NAME of eugenol-induced effects, the vasodilation elicited
by ACh was substantially reduced, although approxi-
mately 60% of the response remained in the presence of
the synthase inhibitor, in accordance with previous studies
in this tissue (Parsons etal 1994; Hansen & Olesen 1997).
It should be noted, however, that nitric oxide synthase-
independent release of nitric oxide has recently been
reported in this preparation (Mendizabal etal 2000),
indicating that use of L-NAME in this study may not
definitively exclude the involvement of this radical in the
vasodilator action of eugenol.

Current evidence suggests that the remaining portion
of ACh-induced vasodilation that is resistant to nitric
oxide synthase inhibition is likely to be mediated via release
of an as yet unidentified endothelium-derived hyperpolar-
izing factor (EDHF) that acts ultimately by the opening of
plasmalemmal potassium channels (Chen etal 1988;
Feletou & Vanhoutte 1988; Doughty etal 1999). Indeed
in our study the vasodilator effects of ACh were partially
inhibited by TEA, a non-specific blocker of calcium-
dependent potassium channels (Nelson etal 1990), in
agreement with previous data in mesenteric resistance
arteries (Hansen & Olesen 1997) and coherent with this
hypothesis. However, that the effects of eugenol were not
reduced by TEA, would indicate that release of EDHF
was not involved in its vasodilator action on mesenteric
vessels. As expected, the vasodilator effects of glyceryl
trinitrate were resistant to L-NAME and TEA, showing
that both agents were selective in their inhibitory actions
and thus adequate pharmacological tools within the
experimental conditions adopted in this study.

Another possible candidate that might mediate the
observed effects of eugenol is prostacyclin, since its stable
synthetic analogue iloprost has been shown to elicit

vasodilation of the rat mesenteric vascular bed (Yamawaki
et al 2000), and noradrenaline has been reported to release
prostacyclin in this preparation (Peredo & Adler-
Graschinsky 2000). However, in our study we found that
the cyclooxygenase blocker indometacin did not alter the
vascular responses to eugenol and thus the current data
appeared to exclude the involvement of prostaglandins in
its mechanism of action.

A recent electrophysiological study has shown inhibi-
tory effects of eugenol on calcium currents in cardiac
myocytes similar to those of nifedipine (Sensch etal
2000), which might account for the vasodilator effects
encountered in this study. However, this appears unlikely
given the physiological characteristics of the rat mesen-
teric circulation. For example, the mesenteric vasocon-
strictor response to noradrenaline has been well
characterized, being poorly inhibited (20-30%) by dihydro-
pyridine calcium channel blockers in both in-vitro isol-
ated mesenteric resistance vessels (Cauvin etal 1987,
1988) and in the perfused mesenteric vascular bed (Quast
& Baumlin 1991; Criddle etal 1997) of the rat. Thus, since
eugenol was able to induce a profound vasodilatory
response that was ~84% of the noradrenaline-induced
tonic increase in perfusion pressure at the highest dose
used (20 pmol), it would appear to be exerting its vascular
relaxant effects predominantly via a mechanism(s) inde-
pendent of voltage-dependent calcium channel inhibition.

This conclusion was further supported by our experi-
ments examining the actions of eugenol on noradrenaline-
induced pressor responses under nominally calcium-free
conditions. The contribution of extracellular calcium
influx into the smooth muscle to noradrenaline-induced
vasoconstriction appeared minimal in the mesenteric vas-
cular bed, since the response under calcium-free condi-
tions was approximately 90% of the control effect with
calcium present in the perfusion solution. Concentrations
of eugenol (0.1 and 1 mm) previously shown to exert relax-
ant effects in other vascular smooth muscle preparations
(Nishijima etal 1998, 1999) dose-dependently and fully
inhibited phasic vasoconstrictor responses induced by
noradrenaline in calcium-free solution. This would pos-
sibly suggest that intracellular calcium release mechanisms
were impaired or that eugenol affected contraction at a
site distal to this process. The latter alternative appears to
be supported by our additional observation that the
maximal vasoconstrictor effect of calcium chloride in
potassium-depolarized preparations was greatly depressed
by eugenol. This was coherent with the findings of
Nishijima etal (1999), who suggested that eugenol may
suppress the calcium sensitivity of the smooth muscle
contractile apparatus, based on simultaneous measure-
ments of contraction and intracellular calcium levels in
rabbit thoracic aorta. The possibility exists, however,
that eugenol may affect calcium-induced calcium release
and at present cannot be excluded on the basis of our
current findings.

In conclusion, our data showed that eugenol exerted
dose-dependent, reversible vasodilator responses on the
resistance blood vessels of the rat mesenteric vascular
bed. The action of eugenol was partially dependent on
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the endothelium, in agreement with previous observations
in histamine-precontracted rabbit ear artery (Nishijima
etal 1998), although this does not appear to be mediated
via liberation of nitric oxide, EDHF or prostacyclin. Our
experiments indicated that an endothelium-independent
intracellular site of action seemed likely to participate in
its smooth muscle relaxant properties.
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