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Abstract

The inhibitory effects of nutmeg essential oil and three components of this oil at different
concentrations were tested by GABA-induced chloride current (I GABA) stimulation
through gamma-aminobutyric acid type A (GABA,) receptors comprising of a1p2y2s sub-
type using the two-microelectrode voltage clamp technique on Xenopus laevis oocytes. The
essential oil of the kernels of Myristica fragrans was extracted by steam distillation and was
analysed by gas chromatography-mass spectrometer (GC-MS) technique. A total of 16 com-
pounds were isolated from the essential oil. The essential oil showed promising activity by
enhanced | GABA up to 100% of stimulation when tested at 100 nL/mL. For dose depend-
ent activity, a-terpineol and myristicin showed statistical significant potentiation of | GABA.
o-Terpineol was found to induce an enhancement of | GABA modulation (EC5-10) by
229.6+23.8% and 326.3+43.8%, at 100 pM and 500 pM, respectively. Myristicin induced an
enhancement up to 237.6+35.1% at 500 pM. In contrast, limonene exhibited weak modula-
tion compared to GABA controls at the same concentration. The essential oil and its two
components exhibited promising inhibitory activity by enhancement of | GABA that pro-
vides scientific evidence for its traditional use in the treatment of epilepsy.
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Introduction

Myristica fragrans is a tropical plant from the family of
Myristicaceae. The fruit of this plant is well known as
nutmeg, a yellow colour fruit that almost looks like an
apricot. Nutmeg has a characteristic pleasant fragrance
and has a slightly warm taste. It is used to flavour many
kinds of baked goods, confections, pudding, meats, sau-
sages, sauces, vegetables and beverages [1]. The pharma-
cological activities of nutmeg mainly exist in its essential
oil fraction [2]. Nutmeg oil possesses a wide array of
pharmacological actions including analgesic [3], antifun-
gal [4], antimicrobial [5], anti-inflammatory [6], as well
as hepatoprotective activity [7]. Different methods of
nutmeg extraction showed different activities on the cen-
tral nervous system. The chloroform extract of nutmeg
inhibited the carrageenan-induced rat and produced a
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reduction in writhings induced by acetic acid in mice [6],
the trimyristin and the acetone insoluble fraction of the
hexane extract of nutmeg seed demonstrated anxiogenic
and antidepressant activities in mice [3, 8]. Nutmeg oil
has shown the anticonvulsant activity against pentylene-
tetrazole (PTZ)-induced seizure and hind limb tonic ex-
tension phase in the maximal electric shock (MES) sei-
zure test [2]. Recently, we found the dose dependent an-
tiepileptic effects of o-terpineol, a major component of
nutmeg oil, on genetic absence epileptic rat from Stras-
burg (GAERS) model [9].

Novel antiepileptic drugs acting selectively through the
GABA-ergic system, such as Tiagabine, inhibits neu-
ronal and glial uptake of GABA whilst Vigabatrin in-
creases the synaptic concentration of GABA by inhibit-
ing GABA-aminotransferase. Gabapentin also de-

543



creases influx of calcium ions into neurons via a spe-
cific subunit of voltage-dependent calcium channels.
Another novel antiepileptic drug, Lamotrigine and
Oxcarbazepine are mainly associated with an inhibition
of voltage-dependent sodium channels. Conventional
antiepileptic drugs generally inhibit sodium currents
(carbamazepine, phenobarbital, phenytoin, valproate)
or enhance GABA-ergic inhibition (benzodiazepine,
phenobarbital, valproate) [10]. Unfortunately, the en-
tire available antiepileptic drugs are synthetic mole-
cules associated with side effects and approximately
30% of the patients continue to have seizures with this
therapy [11].Consequently, it is essential to design and
explore the novel antiepileptic agents; which have the
characteristics of being effective as well as safe.
Nowadays, many people from the developing countries
are using herbal medicines to treat epilepsy [12].
Therefore, the idea of managing epilepsy by using
carefully analyzed and well-studied herbal medicines
would be significant and advisable.

GABA exerts its physiological actions by activating the
ionotropic GABA4 receptors, which are the member of
super family ligand-gated ion channels and the most
widely distributed inhibitory receptor in the mammal-
ian CNS. A total of 16 different GABA4 receptor sub-
units have been identified in human. These inhibitory
receptors are pentameric transmembrane protein com-
plexes that form an intrinsic anion channel permeable
to chloride ions [13—15]. The most abundant GABA
receptor subtype consists of 2al, 22, and 1y2 subunits
[16, 17]. GABA4 channels are modulated by many
drugs, used clinically to treat anxiety, insomnia, panic
disorders, and epilepsy [18, 19]. Many natural products
modulating GABA, receptors include valerenic acid, a
constituent of Valerian [20], piperine from Piper ni-
grum [21] and osthol and cnidilin (substances in the
roots of Angelica pubescens) [22]. Therefore, the pre-
sent study aimed to investigate the individual GABA,
receptor modulator activities that expressed in Xenopus
laevis oocytes of the different components of nutmeg
essential oil.

Materials and Methods

Plant materials

Nutmegs were collected from Balik Pulau, Penang
Island in Malaysia. About 8 kg of the dried kernels of
the ripe seeds of Myristica fragrans (nutmeg) were
used in this study. A voucher specimen was deposited
at the Faculty of Sciences and Technology, Universiti
Malaysia Terengganu (catalogue number; UMT
1001/170809).

Extraction and isolation
The kernels of nutmeg were chopped into small pieces
and placed carefully into the water distiller up to the
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appropriate level. Distilled water was poured into the
water distiller up to half full. At the end of the opening
part, a small vial filled with hexane solvent was con-
nected into the distiller. The boiling process takes ap-
proximately 6 to 8 hours. Once the water distiller was
cooled, the mixture of hexane solvent containing essen-
tial oils in a small vial was concentrated using rotary
evaporator to remove the waste of hexane. Then the
pure essential oil of nutmeg was stored in a refrigerator
at 8 °C. Structural elucidation of the compound was
carried out by using Gas Chromatography-Mass Spec-
trometer (GC-MS; Agilent, Atlanta, GA, USA) with
HP-5MS column (diameter 0.25 mm, length 30 m, film
thickness 0.25 pm) and helium gas as the carrier. The
inlet temperature of gas chromatography was set to 280
°C with split-less mode. A 1 pL of sample was injected
into the GC-MS system. Gas flow was set to 1.2
mL/min. The initial oven temperature was 70 °C, in-
creased to 280 °C and trap low temperature at —30 °C,
and the final temperature was maintained for 18 min.
According to Goren [23] the automatic peak detection
and mass spectrum was performed for a total runtime
of 26 min. During this period, a total of 16 compounds
were detected in nutmeg oil (Table. 1 and Fig. 1).

Expression of GABA, receptors

The healthy oocytes of Xenopus laevis from stage V to
VI were selected and cRNAs were injected as previ-
ously described by Khom et al. (2006). Female
Xenopus laevis (NASCO) were anesthetized by expos-
ing them for 15 min to a 0.2% MS-222 (3-
aminobenzoic acid ethyl ester methane sulfonate,
Sigma) solution before surgically removing parts of
ovaries. Follicle membranes from isolated oocytes
were enzymatically digested with 2 mg/mL collagenase
from Clostridium histolyticum (Type 1A, Sigma). Syn-
thesis of capped run-off poly (A+) cRNA transcripts
was obtained from linearized cDNA templates (pCMV
vector). One day after enzymatic isolation, the oocytes
were injected 50 nL of DEPC-treated water (Sigma)
containing different cRNAs at a concentration of ap-
proximately 300-3000 pg/nL/subunit. The amount of
injected cRNA mixture was determined by means of a
NanoDrop ND-1000 (Kisker Biotech). Rat cRNAs
were mixed in a ratio of 1:1:10 to favour the incorpora-
tion of gamma subunit in alB2y2s receptors. Then the
oocytes were incubated at 18°C in ND96 solution [24].
Voltage clamp measurements were performed between
days 1 and 5 after cDNA injection.

Two-microelectrode voltage clamp studies

Electrophysiological experiments were performed by
the two-microelectrode voltage clamp method. The
amplifier used was a TURBO TEC 03X amplifier (NPI
electronic, Tamm, Germany) at a holding potential of —
70 mV and pCLAMP 10 data acquisition software
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(Molecular Devices, USA). Currents were low-pass-
filtered at 1 kHz and sampled at 3 kHz. The ND96 bath
solution contained 90 mM NaCl, 1 mM KCl, 1 mM
MgCl,, 1 mM CaCl, and 5 mM HEPES (pH
7.4).Electrode filling solution contained 2 M KCl. Oo-
cytes with maximal current amplitudes > 3 pA were
discarded to exclude voltage clamp errors.

Fast solution exchange during | GABA recordings
The test solutions (100 pL) were applied to the oocytes
at a speed of 300 uL/s by the automated fast perfusion
system [25]. In order to determine GABA ECS5-10
(typically between 3 and 8 uM), a dose—response ex-
periment with GABA concentrations ranging from 0.1
UM to 1000 uM was performed. Stock solution of nut-
meg oil (10 pL/mL in DMSO) was diluted to a concen-
tration of 100 nL/mL with bath solution and then
mixed with GABA ECS5-10 before dissolved in 2.97
mL of bath solution. In the second assay, for dose—
dependent experiments of three components of nutmeg
oil (o-terpineol, myristicin and limonene) were also
diluted into a set of concentrations from 1 uM to 500
pM with bath solution and then mixed with GABA
EC5-10. Compounds were applied for an equilibration
period of 1 minute before concomitant application of
GABA (EC5-10) and increasing concentrations of the
compound (1, 10, 100 and 500 uM).

Data analysis

Enhancement of the chloride current (I GABA) was
defined as (/(GABA+Comp) /I GABA) — 1, where [
(GABA+Comp) is the current response in the presence
of a given compound, and / GABA is the control
GABA-induced chloride current. Concentration—
response curves were generated and the data fitted by
non-linear regression analysis. Data were fitted to the
equation: 1/(1+(EC50/[Comp])nH),where EC50 is the
concentration of the compound that increases the am-
plitude of the GABA evoked current by 50% and nH is
the Hill coefficient. Data are expressed as mean = SE
of at least 4 oocytes and > 2 oocyte batches. Statistical
significance is calculated using unpaired Student z-test
with a confidence interval of p < 0.05.

Results

Nutmeg oil analysis

We isolated 16 compounds from nutmeg oil by GC-MS
analysis method. The chromatogram of identified com-
ponents is shown in figure 1. The compounds isolated
are o-pinene, B-pinene, B-terpinene, a-phellandrene, 3-
carene, a-terpinene, p-cymeme, limonene, y-terpinene,
terpinolene, 2-norbornanol, borneol, 4-terpineol, o-
terpineol, myristicin and elemicin (Table. 1). The rest
of the compounds were considered as low in their pres-
ence within the oil constituents.
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GABA, receptors activation

To determine the GABA EC5-10 at different concen-
tration of GABA solution were tested on the Xenopus
laevis oocytes containing of GABA, receptors alB2y2s
subtype. A total of five concentrations (1 pM, 5 pM, 10
pM, 100 uM and 1000 uM) of GABA solution were
used and the maximum potentiation was found at 1000
UM concentration. The concentration—response curve
was plotted in figure 2.

GABA, receptor modulating property of nutmeg oil
and its compounds

In the two-microelectrode assay, the essential oil of
Mpyristica  fragrans kernel significantly increased
stimulation of / GABA through the GABA, alP2y2s
receptors. A prominent current trace for the modulation
of GABA-induced chloride currents through GABAA
alB2y2s receptors was found in the essential oil when
tested at 100 nL/mL in comparison to GABA control
(Figure 3). The essential oil at this concentration in-
duced I GABA by approximately 100%. The essential
oil was submitted to GC-MS profiling to identify the
molecular structure of its components. In the second
assay of screening, three pure compounds from the
essential oil of nutmeg were tested on GABA, recep-
tors in order to find which compound showed promis-
ing activity in the oil constituents. a-Terpineol, myris-
ticin, and limonene were selected because they repre-
sent the high, moderate and low in percentage of oil
component. The chemical structures of these are shown
in figure 4.

For a quantitative determination of GABA, receptor
activity of compounds of a-terpineol, myristicin and
limonene were tested on GABA, receptors alf2y2s
subtype in the presence of GABA EC5-10 at several
concentrations (1, 10, 100 and 500 uM) in the oocytes
assay. a-Terpineol was most efficient as it potentiated /
GABA by 326.3+43.8% at 500 uM, while myristicin at
the same concentration was less efficient (potentiation
of I GABA by 237.6+£35.1%). Weak enhancement of /
GABA (27.1£27.1%) was observed for limonene at
same concentration (Table 2). Only a-terpineol and
myristicin enhanced statistical significance of / GABA,
and a weak enhancement of / GABA was observed for
limonene when compared to GABA controls (Figure
5).

The EC50 value was determined by fitting the concen-
tration-effect data to the Hill equation, for a-terpineol
the EC50 was = 88 uM and myristicin showed a five-
fold increase than o-terpineol (= 403 pM), while the
maximum [ GABA stimulation by limonene
(27.1£27.1% at 500 uM) was considered as low (below
than 40% of enhancement). Therefore the EC50 value
was not determined.
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Figure 3. The figure shows typical traces for the modulation of GABA-induced chloride cur-
rents through GABA 4 alf2y2s receptors at 100 nL/mL concentration by nutmeg oil.
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Table 1. The constituents of nutmeg oil isolated from Myristica fragrans detected by GC-MS method.

Peak RT Area % Library/ID Chemical formula
| 4.12 4.62 a-Pinene CioHis
2 4.75 1.39 B-PillCIlC C]()Hm
3 4,95 1.31 -Terpinene CioHy6
4 5.15 1.53 o-Phellandrene CioHis
5 5.24 2.50 3-Carene CioHs
6 5.33 5.66 o-Terpinene CoHy
7 5.46 1.19 p-Cymene CioHuy
8 5.51 7.41 Limonene CioHis
9 5.96 7.06 y-Terpinene CoHy6
10 6.41 8.23 Terpinolene CgHs
11 6.79 1.23 2-Norbornanol CsH,,0
12 159 1.03 Borneol CioHy30
13 7.74 18.48 4-Terpineol CioH:0
14 7.93 28.05 o-Terpineol CpH130
15 12.33 9.14 Myristicin CiHp04
16 12.71 1.17 Elemicin C2H;605

Table 2. Modulation of GABA-induced chloride currents through GABA,4 alB2y2s receptors by 1, 10, 100 and 500 uM
concentrations of three compounds. Each data represents mean = S.E. from at least 4 oocytes and > 2 batches.

Compound I apa (ECs.q0) potentiation
1 pM 10 pM 100 pM 500 pM
u-Terpineol -22+0.5 17.8+6.7 229.6 = 23.8* 326.3£43.8*
Limonene -11.8+£5.7 -1.5+6.0 -0.1+4.8 27.1=27.1
Myristicin 122+ 10.1 225+73 169+29 237.6£35.1*
Discussion

Nutmeg oil is traditionally used to manage seizure symp-
toms [2]. In our previous work we found a-terpineol, one
of the major components of nutmeg oil, showed a dose
dependent anticonvulsive activity in GAERS animal
model [9]. We hypothesized that the nutmeg oil has some
compounds; which may show inhibitory activities in
GABA receptors like many of the conventional antiepi-
leptic drugs. In the present study we found a positive
modulation in GABAA a1B2y2s receptors for nutmeg oil
and its compounds a-terpineol and muyristicin. Several
chemical compounds can modulate functions of GABA,
receptors. Benzodiazepines, imidazopyridines [26], barbi-
turates [27], alcohol [28], general anesthetics [29] and
neurosteroids [30] act as positive modulators. Conven-
tional antiepileptic drugs generally inhibit sodium cur-
rents (carbamazepine, phenobarbital, phenytoin, vaproate)
or enhance GABA-ergic inhibition (benzodiazepine, phe-
nobarbital, valproate) [10].
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Three compounds of nutmeg oil are tested in this study;
a-terpineol and myristicin acted as positive allosteric
modulators by potentiating / GABA at GABA, receptors
alB2y2s subtype. For a-terpineol, potentiation was ob-
served at concentrations of 100 uM and 500 uM with
GABA EC5-10 elicited / GABA 229.6+23.8% and
326.3+43.8%, respectively. This enhancement is likely to
be the result of a positive allosteric of a-terpineol. In con-
trast, at 100 uM of concentration myristicin showed weak
I GABA potentiation, and at 500 uM concentration
showed relatively high enhancement of / GABA. To de-
termine the potency and efficiency (maximum ability to
enhance the GABA EC5-10 response) we studied their
concentration-effect for the receptors. a-Terpineol dis-
played the highest potency (EC50 =~ 88 uM) followed by
myristicin (EC50 = 403 pM) and therefore the most po-
tent modulator between both compounds on the receptors
was a-terpineol which exhibited approximately 4.6 times
higher potentiation than myristicin.
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The monoterpenoid compounds such as menthol [31],
borneol [32], thymol [33], thujone [34], and itronello and
pinene [35] act as potential modulators of GABA 4 recep-
tors. In this study, we found that a-terpineol which is one
of the monoterpenoids, positively modulates / GABA at
GABA EC5-10. The present finding reinforces the argu-
ment that the monoterpenoid acts as a modulator of
GABA receptor but it is a questionable fact, whether this
compound shares a similar site of action with other rec-
ognized e.g. benzodiazepine, sites on the receptor. Priest-
ly [33] suggested that thymol (monoterpenoid) has an-
other novel binding site. Further research is required to
explore this issue.

Myristicin is a phenylpropene; which is a natural organic
compound and is a major component of the nutmeg seed.
Mpyristicin is the principle aromatic constituents of the
essential oil and it has been implicated to manage the
adverse effects such as detachment from reality, tachycar-
dia, flushing, hypotension, drowsiness, confabulation,
gagging, vomiting, ileus, paresthesia, numbness, blurred
vision, hypothermia and sweating [36—38]. Recently Le-
iter [39] examined the purported anxiolytic properties of
myristicin, and its potential interaction with GABA, re-
ceptor site [37]. Sonavane [40] also suggested that myris-
ticin may act at GABA receptor sites other than the ben-
zodiazepine site. The present findings of Xenopus oocytes
expression system using GABA, receptor al2y2s type at
concentration 500 pM of myristicin potentiated / GABA
at GABA EC5-10 by 237.6+39.% supported the previous
studies. The weak potentiation of limonene revealed that
its affinity for the binding site of GABA,4 receptor was
not as strong as in the case of a-terpineol or myristicin.
Furthermore we can consider that it is an isomer and
shares the same functional group in the structure. This
finding might lead to the investigation about the func-
tional group of the compounds in terms of activity on the
receptor sites. Further studies are required to elucidate the
potentiality of other components of nutmeg oil.

Conclusion

The present study presumes that nutmeg essential oil has
promising inhibitory activity by enhancement of / GABA.
a-Terpineol is the important constituent of nutmeg oil;
which has the maximum inhibitory activity on GABA4
receptor modulators in Xenopus oocytes. This finding also
provides scientific evidence for the dose dependent an-
tiepileptic effects of a-terpineol on GAERS rat model that
we found in our previous study [9] and its traditional use
for the treatment of epilepsy.
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