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Abstract

The vasorelaxing activity of rotundifolone (ROT), a major constituent
(63.5%) of the essential oil of Mentha x villosa, was tested in male
Wistar rats (300-350 g). In isolated rat aortic rings, increasing ROT
concentrations (0.3, 1, 10, 100, 300, and 500 ug/ml) inhibited the
contractile effects of 1 uM phenylephrine and of 80 or 30 mM KCl
(ICsq values, reported as means + SEM = 184 + 6, 185 + 3 and 188 +
19 ug/ml, N = 6, respectively). In aortic rings pre-contracted with 1
uM phenylephrine, the smooth muscle-relaxant activity of ROT was
inhibited by removal of the vascular endothelium (ICs, value = 235 +
7 ug/ml, N = 6). Furthermore, ROT inhibited (pD, = 6.04, N = 6) the
CaCl,-induced contraction in depolarizing medium in a concentra-
tion-dependent manner. In Ca**-free solution, ROT inhibited 1 uM
phenylephrine-induced contraction in a concentration-dependent man-
ner and did not modify the phasic contractile response evoked by
caffeine (20 mM). In conclusion, in the present study we have shown
that ROT produces an endothelium-independent vasorelaxing effect
in the rat aorta. The results further indicated that in the rat aorta ROT
is able to induce vasorelaxation, at least in part, by inhibiting both: a)
voltage-dependent Ca? channels, and b) intracellular Ca?* release
selectively due to inositol 1,4,5-triphosphate activation. Additional
studies are required to elucidate the mechanisms underlying ROT-
induced relaxation.
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The plant Mentha x villosa Hudson
(Lamiaceae) or “hortela-da-folha-midda” is
an herb extensively cultivated in northeast-
ern Brazil, where it is popular for its anti-
parasitic and tranquilizing effects as well as
the relief of stomach disorders and menstrual
pain (1). The widespread use of this plant in
local phytotherapeutic industries has stimu-
lated pharmacological studies on its essen-
tial oil (EOMV) and chemical constituents.

Rotundifolone (ROT), an oxygenated
monoterpene (Figure 1), is an important
chemical constituent of the essential oil of
many Mentha species (Mentha rotundifolia,
M. suaveolens, M. spicata L., M. longifolia,
and M. x villosa). It has been reported that
ROT is the major constituent (63.5%) of the
EOMYV, which also contains 23 other minor
constituents (2).

In our preliminary pharmacological stud-
ies, EOMYV presented hypotensive and brady-
cardic effects in non-anesthetized normoten-
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Figure 1. Chemical structure
of rotundifolone (1,2-epoxy-p-
menth-4(8)-en-3-one).
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sive rats (3). Furthermore, we reported that
inrats, the hypotensive effect of EOMV was
probably due to peripheral vasodilatation
partly secondary to nitric oxide release by
the vascular endothelium and to its inhibito-
ry action on the Ca? influx into smooth
muscle cells (3). Using a combined in vivo
and in vitro approach, we demonstrated that
ROT induced significant and dose-depend-
ent hypotension and bradycardia in non-anes-
thetized normotensive rats (4). We suggested
that the hypotensive action of ROT could be
due in part to a decrease in heart rate and
peripheral vascular resistance, probably due
to non-selective muscarinic receptor stimu-
lation (4). Furthermore, Sousa et al. (5) re-
ported that ROT had a relaxant effect on
guinea pig ileum, apparently mediated by an
intracellular effect on Ca?* mobilization.
The aim of the present study was to char-
acterize the endothelium-independent
mechanisms involved in the smooth muscle
relaxation of rat aorta produced by ROT,
specifically regarding the action of Ca?* (in-
flux and/or release from intracellular stores).

Material and Methods
Plant material

Mentha x villosa leaves were collected in
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Jodo Pessoa, PB, Brazil, in September 1992
and authenticated by Dr. Harley of the Royal
Botanic Gardens, Kew, England. A voucher
specimen was deposited in the Prisco Bezerra
Herbarium of the Federal University of Ceara
(No. 14996).

Preparation of essential oil

Mentha x villosa fresh leaves (10 kg)
were subjected to steam distillation for 8 h.
The oil, obtained (0.1%) in the usual way
(6), was dried over Na,SO,, stored at 4°C
and then analyzed by GC/MS using a Hewlett
Packard apparatus (GC chromatograph mo-
del 5890 and mass spectrometer model
5988A; Palo Alto, CA, USA). The major
constituent (63.5%) of the oil was ROT (Fig-
ure 1).

Isolation and identification of rotundifolone

ROT was isolated and identified by the
methods described by Almeida et al. (2).
EOMYV was subjected to thin-layer chroma-
tography (Si-gel PF,s4, 40 x 20 cm plates;
Merck, Darmstadt, Germany). The plates
were developed three times with n-hexane as
solvent. Two well-separated bands were vis-
ible under a UV lamp. The bands were cut
and extracted in the usual way using CH,Cl,
and ROT was obtained from the slower mov-
ing band with 99.9% spectroscopical purity.
ROT is a light yellow oil; [a]D?” =+ 148° (¢
0.3, CHCl;); MS m/z (rel. int. %): 166 (M*,
23), 138 (100), 137 (33), 109 (28), 95 (19),
79 (30), 67 (72), 41 (16); 'H-NMR (200
MHz, CDCl,): & 1.45 (3H, s, H-10), 1.77
(3H, s, H-8), 2.06 (3H, s, H-9), 1.80-2.14
(2H, m, H-6), 2.30-2.55 (2H, m, H-5), 3.21
(1H, s, H-2); BC-NMR (50 MHz, CDCl;): &
21.5 (C-10), 22.7 (C-5,8), 27.8 (C-6), 63.0
(C-2),63.1 (C-1), 127.4 (C-4), 147.0 (C-7),
196.1 (C-3). Carbon resonances were as-
signed by distortionless enhancement by
polarization transfer and heteronuclear cor-
relation experiments (7).
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Animals

Male Wistar rats (300-350 g) were used
for all experiments. Animals were housed
under conditions of controlled temperature
(21 = 1°C) and exposed to a daily 12-h light-
dark cycle.

Studies using isolated rat aortic rings

Rat aortic rings (2-4 mm) were obtained
free from connective tissue and fat and sus-
pended on platinum hooks for isometric ten-
sion recordings in Krebs-Henseleit solution,
maintained at 37°C and gassed with a mix-
ture of 95% O, and 5% CO,. The rings were
allowed to equilibrate for 1 h under a resting
tension of 1 g. During this time, the bathing
medium was changed every 15 min to pro-
tect against interfering metabolites (8). Rings
without endothelium were obtained by gen-
tly rubbing the intimal surface of the vessel.

Solutions

The composition of the Krebs-Henseleit
solution, pH 7.4, used for isolated tissues
was: 118.0 mM NaCl, 4.7 mM KClI, 25.0
mM NaHCO;, 2.5 mM CaCl,.2H,0, 11.1
mM glucose, 1.2 mM KH,PO,, and 1.2 mM
MgS0,.7H,0. The composition of the solu-
tion with 80 mM KCI was 57.0 mM NaCl,
80.0 mM KCl, 23.1 mM NaHCOs;, 2.5 mM
CaCl,.2H,0, 11.1 mM glucose, 1.1 mM
KH,PO,, and 5.7 mM MgSO,.7H,0, and
the composition of the solution with 30 mM
KClwas 87.3 mM NaCl, 30.0 mM KCl, 23.1
mM NaHCO;, 2.5 mM CaCl,.2H,0, 11.1
mM glucose, 1.1 mM KH,PO,, and 5.7 mM
MgS0,.7H,0. Isosmotic 65.4 mM K* solu-
tion was prepared by replacing 60 mM NaCl
in the normal solution with equimolar KCI.
The Ca?*-free solution was prepared by omit-
ting CaCl, and adding 1 mM ethyleneglycol
bis (B-aminoethylether)-N,N,N’, N’-
tetraacetic acid. The nominally Ca**-free
solutions were prepared by omitting only

CaCl,. Modified Krebs-Henseleit solution
(high-K* nominally Ca?*-fre solution) con-
tained 72.7 mM NacCl, 50.0 mM KCl, 25.0
mM NaHCOs;, 11.1 mM glucose, 1.2 mM
KH,PO,, and 1.2 mM MgSO,.7H,0.

Drugs

The drugs used were phenylephrine, caf-
feine and acetylcholine hydrochloride (all
from Sigma, St. Louis, MO, USA). For the
experiments, ROT was dissolved in 0.01%
cremophor (a nonionic solubilizer and emul-
sifier manufactured by reacting castor oil
with ethylene oxide in a molar ratio of 1 to
35) plus distilled water. All the stock solu-
tions were prepared in distilled water and
kept at 4°C.

Experimental protocols

Effects of ROT on isolated rat aortic
rings. Different ROT concentrations (0.3, 1,
10, 100, 300, and 500 pg/ml) were added
cumulatively to isolated aortic preparations
pre-contracted with either phenylephrine (1
uM) or KClI (80 or 30 mM). In some experi-
ments, phenylephrine or KCI was added to
the tissues and left for at least 2 h to observe
whether the tension was maintained during
this period. The relaxation was measured by
comparing the developed tension before and
after the addition of ROT. ICs, values were
calculated from linear regression lines fitted
to individual curves (9). The vehicle (cremo-
phor at a final concentration of 0.01% in the
organ bath) given alone was completely de-
void of effect on the concentration-response
curves.

Influence of vascular endothelium on the
relaxing response of ROT against phenyl-
ephrine-induced contractions. In this experi-
ment, phenylephrine-induced sustained con-
tractions were obtained in denuded endothe-
lium rings. Rings without endothelium were
obtained by gently rubbing the intimal sur-
face of the vessel. After a third phenyleph-
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Figure 2. Effect of increasing
concentrations of rotundifolone
(ROT) on 1 uM phenylephrine-
or 80 or 30 mM KCl-induced con-
tractions of isolated rat aortic
rings. The concentrations of
ROT used were 0, 0.3, 1.0, 10,
100, 300, and 500 pg/ml. Data
are reported as means + SEM
for 6 preparations. The I1Csq val-
ues are given in the figure. *P <
0.05 compared to phenylephrine
(Phe; control; unpaired Student
ttest).
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rine contraction, ROT (0.3, 1, 10, 100, 300,
and 500 pug/ml) was cumulatively added to
the preparations. The effectiveness of endo-
thelium removal was determined by the loss
of the relaxing response of the preparations
to 1 uM acetylcholine.

Effect of ROT onvoltage-dependent Ca**
channels. The preparations were bathed for
15 min in nominally Ca**-free Krebs-
Henseleit solution, and then exposed for an
additional 15 min to a high-K* (65.4 mM)
nominally Ca*-free solution (depolarizing
medium) (10,11). Soon afterwards, two cu-
mulative concentration-response curves for
CaCl, were obtained. ROT (10, 100 and 300
ug/ml) was added to the preparations for 15
min, and then a third cumulative concentra-
tion-response curve for CaCl, was obtained.
The maximal contraction obtained with the
control concentration-response curve for
CaCl, was taken as 100%, and all contrac-
tions were calculated as a function of this
value. Each preparation was exposed to only
one ROT concentration.

Influence of ROT on phenylephrine- or
caffeine-induced transient contractions. The
effect of ROT (10, 100, 300, and 500 pg/ml)
on intracellular calcium stores sensitive to
phenylephrine or caffeine was investigated
using the protocol described by Karaki and
Weiss (12). After the stabilization period,
the tissues were exposed to a 65.4 mM K*
solution for 3 min and washed with Ca?*-
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free solution, with 10 uM phenylephrine or
20 mM caffeine being added thereafter. Af-
ter washing the tissues with normal Krebs-
Henseleit solution, high potassium solution
(65.4 mM K*) was added for 3 min (Ca*
loading). The preparations were washed with
Ca?*-free solution followed again by the ad-
ministration of phenylephrine or caffeine.
This procedure was repeated until two simi-
lar transient contractions to the agonists were
obtained. The experiment was then repeated,
with ROT added 2 min before the adminis-
tration of phenylephrine or caffeine. Each
preparation was exposed to only one con-
centration of ROT. The temperature was
decreased to 25°C in the protocols in which
caffeine was used as an agonist (13).

Statistical analysis

Data are reported as means + SEM. Sta-
tistical analysis was performed by one-way
analysis of variance for repeated measures.
Unpaired Student ¢-tests were also used when
appropriate. Linear regressions were per-
formed by the least squares method using
GraphPad Prism™ software, version 3.02
(GraphPad Software, Inc., San Diego, CA,
USA). Schild plots were analyzed by linear
regression. Antagonism was judged to be
non-competitive when the slope of the Schild
plot was significantly different from the unit
and depression of maximum response was
observed.

Results

As illustrated in Figure 2, in isolated rat
aortic rings, ROT (0.3, 1, 10, 100, 300, and
500 pg/ml) antagonized in a significant (P <
0.05) and concentration-dependent manner
the contractions induced by phenylephrine
(1 uM) or KCI (80 or 30 mM) (ICs, values =
184 = 6, 185 = 3 and 188 + 19 ug/ml,
respectively). The maximal relaxing response
was obtained with 500 ug/ml and did not
differ significantly from thatinduced by 1000
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ug/ml.

The experiments also demonstrated that
an important part of the vasorelaxing re-
sponse induced by ROT was endothelium
dependent, since after endothelium removal
the relaxant responses induced by ROT were
significantly (P < 0.05) reduced (Figure 3).

Figure 4 shows the mean cumulative con-
centration-response curves for CaCl, alone
and in the presence of different concentra-
tions of ROT (10, 100 and 300 ug/ml). ROT
produced a non-parallel and concentration-
dependent rightward shift of the concentra-
tion-response curves for CaCl,, significantly
reducing the maximal response. The pD,
and Shild’s plot slope values were 6.04 and
0.0000153, respectively, indicating a non-
competitive blockade.

Figure 5 shows the transient contraction
induced by 1 uM phenylephrine or 20 mM
caffeine in a Ca>*-free solution. The results
demonstrated that transient contractions in-
duced by 1 uM phenylephrine were signifi-
cantly antagonized by ROT in a concentra-
tion-dependent manner (10, 100, 300, and
500 ug/ml). However, the contractions in-
duced by caffeine were not inhibited by ROT,
even at the highest concentration (500 ug/
ml).

Discussion

In present study, we investigated the ef-
fects of ROT on vascular smooth muscle,
and the major finding was that ROT-induced
vasodilation of the rat aorta may be second-
ary to an inhibitory effect on Ca?* influx
through voltage-dependent Ca>* channels and
to selective inhibition of intracellular Ca?*
from norepinephrine-sensitive stores in
smooth muscle cells.

A vasorelaxing effect was reported for
ROT in guinea pig aorta (5) and in rat aorta
(4), and in the present study we evaluated the
activity of ROT in the rat aorta. We found
that ROT was able to inhibit in a concentra-
tion-dependent manner phenylephrine- and

KCl-induced contractions with a similar po-
tency. In phenylephrine-induced contractions
in aortic preparations in which the endothe-
lium was removed mechanically, ROT-in-
duced smooth muscle relaxation was signifi-
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Figure 3. Effect of intact and
denuded endothelium on the
action of rotundifolone (ROT) on
1 uM phenylephrine-induced
contractions of aortic rings. The
concentrations of ROT were 0,
0.3, 1.0, 10, 100, 300, and 500
ug/ml. Data are reported as
means = SEM for 6 prepara-
tions. The ICsq values are given
in the figure. *P < 0.05 com-
pared to intact endothelium (un-
paired Student t-test).

Figure 4. Effect of the concen-
trations of rotundifolone (ROT)
on the cumulative concentra-
tion-response curves for CaClyp
in nominally CaZ*-free depolar-
izing medium of isolated rat aor-
tic rings. The concentrations of
ROT were 10, 100 and 300 pg/
ml. Data are reported as means
+ SEM for 6 preparations.

Figure 5. Effect of increasing
concentrations of rotundifolone
(ROT) on 1 uM phenylephrine-
or 20 mM caffeine-induced tran-
sient contractions in CaZ*-free
medium of isolated rat aortic
rings. The concentrations of
ROT were 10, 100, 300, and 500
pg/ml. Data are reported as
means + SEM for 6 prepara-
tions. *P < 0.05 compared to
control (unpaired Student t-test).
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cantly reduced, but not completely abolished.
Recently (4), we showed that part of the
relaxant effect of ROT on isolated rat aortic
rings could be due to the stimulation of
endothelial Ms-receptors and consequently
to the release of endothelium-derived relax-
ing factors, mainly nitric oxide. The smooth
muscle-relaxant activity of ROT was inhib-
ited, but not completely abolished by re-
moval of the vascular endothelium, by a
muscarinic non-selective antagonist (atro-
pine), by a competitive inhibitor of NO-
synthase (L-NAME) or by a cyclooxygenase
inhibitor (indomethacin) (4). These results
indicate that the vasorelaxing effect of ROT
on the rat aorta seems to be due in part to an
endothelium-independent mechanism.

It has been reported that phenylephrine-
induced vasoconstriction is mediated by the
stimulation of G-protein coupled to ¢-adre-
noceptors (14), whereas KCl induces smooth
muscle contraction through the activation of
voltage-dependent calcium channels and sub-
sequent release of calcium from the sarco-
plasmic reticulum (15,16). In both cases, the
major resulting effect is an increase in intra-
cellular calcium concentration through cal-
cium entry. We therefore suggest that the
vasorelaxing activity observed in the present
study is partially due to a mechanism linked
to the inhibition of Ca?* influx through volt-
age-dependent Ca®* channels and/or to an
inhibitory effect on intracellular Ca** re-
lease. This hypothesis is well acceptable,
since ROT inhibited in a concentration-de-
pendent manner CaCl,-induced contractions
in the aortic rings in the depolarizing medi-
um. Whether ROT inhibits the Ca** influx
across the membrane by acting directly on

D.N. Guedes et al.

voltage-dependent Ca?* channels or indi-
rectly by blocking protein kinase C, or open-
ing potassium channels, are some questions
that need to be answered.

Phenylephrine induces transient contrac-
tions in smooth muscle in Ca%*-free solution,
a fact attributable to release of Ca>* from
intracellular stock sites (12). The transient
contractions induced by phenylephrine were
inhibited by ROT in a concentration-depend-
ent manner. It has been reported that phenyl-
ephrine-induced Ca?* release is attributable
to receptor-mediated formation of inositol
1,4,5-triphosphate, whereas caffeine-induced
Ca?* release is due to a Ca?*-induced Ca*
release mechanism (12). The fact that the
same concentrations of ROT that inhibit
phenylephrine-induced contractions did not
inhibit the caffeine contractions suggests that
the inhibitory effect of ROT on phenyleph-
rine cannot be attributable to direct inhibi-
tion of the contractile elements of the smooth
muscle machinery. Thus, ROT may inhibit
in a relatively selective manner the Ca?*
release from 1,4,5-triphosphate intracellular
stores in the rat aorta. Nevertheless, in the
present study the influence of ROT on an-
other step of the cascade of events that lead
to smooth muscle contraction could not be
ruled out and further studies are required to
confirm the direct relationship between the
actions of ROT and the intracellular Ca?*
levels in smooth muscle.
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