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Gingerols: a novel class of vanilloid receptor (VR1) agonists
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1 Gingerols, the pungent constituents of ginger, were synthesized and assessed as agonists of the

capsaicin-activated VR1 (vanilloid) receptor.

2 [6]-Gingerol and [8]-gingerol evoked capsaicin-like intracellular Ca®" transients and ion currents
in cultured DRG neurones. These effects of gingerols were blocked by capsazepine, the VR1 receptor

antagonist.

3 The potency of gingerols increased with increasing size of the side chain and with the overall

hydrophobicity in the series.

4 We conclude that gingerols represent a novel class of naturally occurring VR1 receptor agonists
that may contribute to the medicinal properties of ginger, which have been known for centuries. The
gingerol structure may be used as a template for the development of drugs acting as moderately

potent activators of the VRI1 receptor.
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Introduction

Ginger (Zingiber officinale) has been used extensively for
more than 2500 years in China for conditions including
headaches, nausea and colds (Grant & Lutz, 2000) and in
Ayurvedic (Sharma & Clark, 1998) and Western herbal
medicine practice for the treatment of arthritis, rheumatolo-
gical conditions and muscular discomfort (Blumenthal &
Werner, 1998). Its use in inflammatory conditions is
consistent with anti-inflammatory activities of its components
in vitro (Kiuchi et al., 1982; Mascolo et al., 1989). The
moderate pungency of ginger has been attributed to the
mixture of gingerol derivatives in the oleoresin fraction of
processed ginger (Mustafa et al., 1993). Gingerols possess the
vanillyl moiety (Figure 1, region A), which is considered
important for activation of the VRI1 receptor expressed in
nociceptive sensory neurones (Walpole er al., 1993a).
Recently it was found that molecules lacking the vanillyl
structure also activate the VR1 receptor in DRG neurones.
These molecules include N-arachidonoyl-dopamine and its 3-
O-methyl analogue (Huang er al., 2002), anandamide, an
endogenous ligand of the neuronal cannabinoid receptor
(CB1) (Smart & Jerman, 2000; Smart et al., 2000; Zygmunt et
al., 1999), lipoxygenase metabolites (Hwang et al., 2000;
Craib et al., 2001; Piomelli, 2001), and the naturally
occurring sesquiterpene dialdehydes (Szallasi et al., 1998).
The VRI receptor has recently been cloned and suggested to
integrate chemical and thermal nociceptive stimuli (Tominaga
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et al., 1998; Caterina et al., 1997; 2000). Therefore, direct
activation/deactivation of the VR1 receptor at the site where
pain is generated during inflammation and other painful
conditions provides a new strategy for the development of a
new class of peripheral analgesics devoid of the well
characterized side effects of currently available analgesics
(Kress & Zeilhofer, 1999; Roufogalis & Dedov, 1999).
Furthermore, VR1-expressing neurones have recently been
found throughout the whole neuroaxis (Mezey et al., 2000),
opening up a new and so far unexplored area of VR1-related
drug development. We report here for the first time to our
knowledge that the pungent principle of ginger, [6]-gingerol
and [8]-gingerol, activate the VRI receptor in capsaicin-
sensitive neurones and that activation is blocked by the VR1
antagonist, capsazepine.

Methods
Materials

Fura-2 and Fluo-4 were obtained from Molecular Probes Inc.
(Eugene, U.S.A.), DMEM and Neurobasal medium were
from GIBCO (Gaithersburg, U.S.A.), NGF from ICN
Biochemicals (Costa Mesa, U.S.A.). Other agents were
obtained from Sigma (St. Louis, U.S.A.). All reagents were
of analytical grade. Racemic [6]-gingerol (5-hydroxy-1-(4-
hydroxy-3-methoxyphenyl)decan-3-one) and [8]-gingerol (5-
hydroxy-1-(4-hydroxy-3-methoxyphenyl) dodecan-3-one)
were prepared as described in the literature (Denniff ez al.,
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Figure 1 Comparison of capsaicin, [6]-gingerol, [8]-gingerol and
zingerone. The molecules are divided into ‘A’, ‘B’ and ‘C’ regions, as
described for capsaicin by Walpole et al. (1993a—c). Log P values
were calculated using Molecular Modeling Pro software (ChemSW,
version 3.23). ECsy values for plasma membrane current flow were
determined as described in the Results.

1981). Log P values of the compounds were calculated using
Molecular Modeling Pro software (ChemSW, version 3.23).

Preparation of rat DRG neurones

This study was approved and carried out in accordance with
the guidelines of the Animal Ethics Committee of The
University of Sydney (AEC approval No: 1.24/11-99/2/3047).
Isolated DRG from neonatal (3—5-day-old) rats were
incubated in Hanks CMF saline with 0.05% collagenase
and 0.25% trypsin for 25 min at 37°C. Neurones were
obtained by trituration of ganglia with fire polished Pasteur
pipettes of decreasing diameters and afterwards the cellular
suspension was washed twice in DMEM medium supple-
mented with 10% foetal calf serum (FCS) and 2 mMm
glutamine. Freshly isolated neurones were plated onto
collagen-coated coverslips (for intracellular Ca®>* assay) or
on plastic petri dishes (for electrophysiological studies).
Neurones were cultured in: (i) Neurobasal medium with
B27 supplement, 50 ng ml~' 2.5 S nerve growth factor
(NGF) for intracellular Ca?" assay; (i) DMEM medium
supplied with 10% foetal calf serum for electrophysiological
studies. All media contained 2 mM glutamine, 100 u ml—'
penicillin and 100 ug ml~' streptomycin. All cultures of
neurones were kept at 37°C with 5% CO, overnight.

Measurement of intracellular Ca’™ transients in rat DRG
neurones using Fura-2 AM

Intracellular Ca?" ([Ca®']}) was measured as described
previously (Dedov & Roufogalis, 1998; 2000). Briefly, DRG
neurones on coverslips were incubated with 5 uM Fura-2 AM
for 30 min at 37°C. The coverslips were then mounted on a
chamber attached to a rapid sample perfusion system. Single
cell recordings were made on the stage of a Nikon Diaphot
inverted microscope fitted with a Nikon 40 x Fluo (NA 0.85)
DL Ph3 or 40 x Fluo (NA 1.3) oil objective. [Ca**]; was
calculated from dual excitation wavelength (340/380 nm)

fluorescence measurements following an intracellular calibra-
tion procedure by the Grynkiewicz equation (Grynkiewicz et
al., 1985; Kao, 1994) using MCID M2/M4 v.3.0 software
(Imaging Res. Inc. St. Catharines, Ont., Canada). Cells were
continuously perfused with a solution consisting of (in mMm)
NaCl 140, CaCl, 2, KCI 5, HEPES 20, glucose 10, pH 7.4.
The cytoplasmic localization of Fura-2 was confirmed with
the Mn?* quenching technique (Dedov & Roufogalis, 1998).
All experiments were performed at room temperature (20—
22°C). A minimum of three separate cultures of 10-20
neurones was used for each experiment.

Measurement of intracellular Ca’* transients in rat DRG
neurones using Fluo-4 probe

Fluo-4 was used in a TCS SP2 Leica imaging system to
measure intracellular Ca®* transients in DRG neurones in
capsazepine antagonism experiments with lower concentra-
tions of capsaicin (100 nM). DRG cultures on coverslips were
incubated with 10 uM Fluo-4 for 15 min at 37°C and
mounted onto the Leica microscope using a laminar flow
chamber, as described in the Fura-2 measurements above.
Fluorescence changes of Fluo-4 were recorded every 2 s on
the Leica system fitted with HCxPL APO 63x/1.20 W
CORR water-objective. The perfusion system was similar to
that described for Fura-2 measurements. In each experiment
neurones were first exposed to a low dose of capsaicin
(100 nm) for 5-10s, followed by addition of [6]-gingerol
(10 um) or [8]-gingerol (10 um), then KCl (50 mM) was
added. A 3-min wash was employed between each addition of
the drugs. This low concentration and short duration
capsaicin exposure regime was designed to identify capsai-
cin-sensitive neurones and to minimize desensitization of
neurones upon repeated applications of the drugs. In the
capsazepine antagonism experiment neurones were first
exposed to capsaicin (100 nMm) followed by a 3-min wash,
then capsazepine, gingerol and capsaicin were added in
sequence. Neurones were finally washed with incubation
buffer then KCl (50 mM) was added. The Ca?*-dependent
fluorescence changes were calibrated at the end of experi-
ments by adding ionomycin (10 uM) in the presence of 20 mMm
extracellular Ca®* to obtain F,,, (saturated levels of
fluorescence), followed by cell lysis in the presence of 50 um
digitonin to obtain F,;, (background fluorescence). The Ca**
transients were represented as a ratio F/F ., versus time. All
experiments were performed at 20—22°C.

Electrophysiological studies

DRG neurones were prepared as described in Fura-2 AM
experiments. Voltage-clamp recordings were made with
whole-cell patch-clamp techniques using an AxoPatch 1D
patch-clamp amplifier (Axon Instruments, Foster City, CA,
U.S.A.). Micropipettes were pulled from borosilicate glass
capillary tubing (7052 Glass, A-M Systems, Everett, WA) and
had d.c. resistance of 0.8—2.0 MQ. To record macroscopic
currents, micropipettes were filled with a solution of the
following composition (in mMm): CsCl 130, NaCl 5, N-2-
hydroxyethylpiperazine-N-2-ethanesulphonic acid (HEPES)
10, EGTA 10, CaCl, 2, MgATP 5 and NaGTP 0.3, with
the pH adjusted to 7.3 with CsOH, osmolarity approximately
285 mosml. The external bathing solution contained (in mMm):
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NaCl 140, MgCl, 1.5, CaCl, 2.5, KCI 2.5, glucose 10,
HEPES 10, with the pH adjusted to 7.3 with NaOH and
osmolarity approximately 330 mosml. Data were recorded at
room temperature (20—22°C). Concentration response data
was collected at a holding current of +40 mV, reversal
potentials were determined by means of a ramp I/V, from
+40 mV to —60 mV, as shown in Figure 4A. The liquid
junction potential between internal and external solutions
was approximately 4.5 mV, and all data were compensated
for this wvalue. Stimulation and recording were both
controlled by a pClamp 5.5 data acquisition system (Axon
Instruments). Data were filtered at 200 Hz (4 pole low-pass
Bessel filter) and digital sampling rates were between 1 and
5 kHz, depending on the voltage protocol length. Capacitive
currents were manually nulled and series resistance compen-
sation of at least 80% was used for all cells. Concentration-
response relationships were obtained by exposing cells to
increasing concentrations of test compound at approximately
2-min intervals. Compounds were perfused until the current
reached equilibrium, and the currents were compared to those
caused by application of a maximally effective concentration
of capsaicin (10 uM) applied at the end of the experiment.
Application of drugs to the cells was carried out via a series
of flow pipes in a similar procedure as described by Piper et
al. (1999). Cells were voltage clamped at +40 mV to reduce
calcium entry through VR1. Desensitization at +40 mV was
negligible even after 2-min applications of capsaicin and this
was much less than at —60 mV.

Results

Measurement of Ca’” transients in Fura-2 loaded dorsal
root ganglion cells

To determine whether gingerols activate the VRI receptor,
we have synthesized two gingerols representative of those
present in natural ginger ([6]-gingerol and [8]-gingerol) and a
gingerol degradation product (zingerone) devoid of the
hydrophobic side chain (Figure 1, region C). Despite the
obvious similarity of gingerol and capsaicin structures, the
activity of gingerols on the VRI1 receptor has yet to be
reported to our knowledge.

Application of capsaicin to cultured DRG neurones loaded
with Fura-2 evoked [Ca®']; transients in the capsaicin-
sensitive population of DRG neurones (Figure 2A, trace 1).
These [Ca®*]; transients are due to influx of extracellular
Ca’" upon activation of the VRI1 receptor and serve as
characteristic markers of capsaicin-sensitive DRG neurones
(Caterina et al., 1997; Cholewinski et al., 1993; Dedov &
Roufogalis, 1998; 2000). A capsaicin-insensitive population of
DRG neurones did not respond to capsaicin, but responded
to the application of 50 mM KCI (Figure 2A, trace 2), which
evoked extracellular Ca®" influx via voltage-operated Ca’*
channels (VOCC) in all DRG neurones (Kostyuk &
Verkhratsky, 1995). Application of capsaicin inhibited
responses to the subsequent application of KCl in capsai-
cin-sensitive DRG neurones (Figure 2A—C), likely due to
inhibition of VOCCs by capsaicin (Kopanitsa et al., 1995).
KCl-insensitive cells were considered to be non-neuronal
cells. Neither capsaicin nor gingerols evoke [Ca®*]; elevation
in these cells (results not shown). A further increase in [Ca®*];
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Figure 2 [Ca®"]; transients in Fura-2 loaded DRG neurones evoked

by capsaicin and constituents of ginger. Drugs were applied for 1 min
where indicated by bars, following extensive wash out with
physiological solutions. Successive drug applications were: (A)
500 nMm capsaicin (Cap), 10 um capsaicin, 50 mm KCI, 2 um
ionomycin; (B) 10 um [6]-gingerol ([6]-G), 10 uM capsaicin, 50 mMm
KCl; (C) 10 um [8]-gingerol ([8]-G), 10 um capsaicin, 50 mm KCI.
Data from Fura-2 loaded DRG neurones typical of 10—20 cells from
at least three separate cultures represent capsaicin and gingerol
evoked [Ca®"]; transients (trace 1) and capsaicin and gingerol-
insensitive [Ca®"]; transients (trace 2).

upon application of 2 uM ionomycin following the agonist
application indicated that these responses were not limited by
saturation of the Fura-2 signal (Figure 2A).

Typical traces showing that [6]-gingerol (10 uM) and [8]-
gingerol (10 uM) evoked [Ca?"]; transients exclusively in the
capsaicin-sensitive DRG neurones are shown in Figure 2B,C.
In all cases (over 180 neurones analysed in 12 separate
experiments) cells that responded to gingerols also responded
to subsequent application of 10 uM capsaicin and vice versa,
whereas capsaicin-insensitive cells responded neither to
gingerol nor to capsaicin (Figure 2B,C).

Gingerol evoked [Ca®*]; transients in capsaicin-sensitive
neurones was also demonstrated in rat DRG neurones loaded
with Fluo-4, as shown in Figure 3A,C. Under the
experimental conditions described, gingerols induced a rapid
rise in intracellular calcium, similar to that produced by
capsaicin. The continued rise in [Ca?']; transients (F/Fp.x
ratios) after cessation of application of drug has been
observed in previous studies (Cholewinski ez al., 1993) where
there is a lag phase between activation and inactivation of the
VR-1 receptors in response to capsaicin. The continued rise
in [Ca?"]; after removal of drug may result from the difficulty
of washing out drugs from the membrane localization, Ca**-
dependent signalling processes or Ca®* entry via VOCC’s
(Kostyuk & Verkhratsky, 1995). It is worth noting that
repeated applications of capsaicin at 100 nM showed little or
no desensitization of neurones (over 80 neurons in 24
separate experiments) under conditions described in these
experiments (results not shown). The activation of DRG
neurones by gingerols was again only shown to occur in
neurones that are sensitive to capsaicin. This agonistic
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Figure 3 Effect of pre-treatment of DRG neurones with capsaicin
and capsazepine on gingerol [Ca®"]; transient responses. [Ca®'];
transients are represented as an increase in fluorescence ratio (F/F ,ax
basal amplitude =0.3 +0.09) of Fluo-4 loaded DRG neurones (typical
of 20-30 cells from at least three separate cultures) evoked by
capsaicin, [6]-gingerol and [8]-gingerol. Drugs were applied for 5—
10 s, as shown by bars in the Figure, following a 3-min wash out
with physiological solutions between additions. Capsazepine applica-
tions are shown as indicated by bars. Successive drug applications
were: (A) 100 nMm capsaicin (Cap), 10 um [6]-gingerol ([6]-G) and
50 mM KCI; (B) 100 nM capsaicin, 10 uM capsazepine (Cpz), 10 um
[6]-gingerol, 100 nM capsaicin and 50 mm KCI; (C) 100 nM capsaicin,
10 um [8]-gingerol ([8]-G) and 50 mm KCI; (D) 100 nM capsaicin,
10 uM capsazepine, 10 um [8]-gingerol, 100 nM capsaicin and 50 mm
KClL

activity was blocked by capsazepine, a capsaicin antagonist,
as shown in Figure 3B,D. Addition of capsaicin (100 nM) to
neurones previously treated with capsazepine showed no
[Ca**); response.

These data suggest that gingerols exhibit agonist activity
towards the VRI receptor in rat DRG neurones similar to
that of capsaicin. However, the absolute efficacy of gingerols
at the VR1 receptor could not be determined from this study
as gingerol-induced elevations of [Ca®*]; may represent both
calcium entry through VRI1 receptors and calcium entry
resulting from membrane depolarization and opening of
VOCCs. Moreover, primary DRG neurons in culture differ in
holding potential and [Ca®*]; handling capacities (Kostyuk &
Verkhratsky, 1995). This makes it impossible to study relative
efficacy of gingerols by this technique and Figures 2 and 3
represent gingerol effects only qualitatively.

The patch-clamp technique, however, allows normalization
of plasma membrane holding potentials and, therefore,
comparative study of drug efficiencies. Hence the plasma
membrane currents induced by capsaicin and gingerols in the
presence and absence of capsazepine were also examined, as
follows.

Measurement of plasma membrane currents

Plasma membrane currents induced by capsaicin in DRG
neurones were outward at positive membrane potentials and
inward at negative potentials, and reversed polarity at
—6+1 mV (n=9), with an ECsy of 0.3+0.08 um (Figure

4). Both [6]-gingerol and [8]-gingerol induced increases in the
plasma membrane conductance exclusively in capsaicin-
sensitive DRG neurones, as in all cells examined neurones
that did not respond to capsaicin did not respond to the
application of gingerols (results not shown). Currents evoked
by gingerols mimicked those evoked by capsaicin, with
reversal potential of —6+2 mV (n=06) for [8]-gingerol and
—54+1mV (n=7) for [6]-gingerol (Figure 4A). Concentra-
tion-response curves were determined by application of
agonist to neurones at increasing concentrations at a voltage
clamped at +40 mV (to minimize Ca>* entry and desensi-
tisation as explained in experimental section), and the
currents were normalized to those produced by 10 um
capsaicin in each cell. [8]-gingerol (ECsy 5.0+0.6 uM) was
more potent than [6]-gingerol (ECsy 56+ 15 uM) in inducing
plasma membrane conductance. In contrast zingerone, even
at high concentration (1 mM), produced a current only
approximately 10% of the maximum current induced by
capsaicin. [8]-Gingerol and [6]-gingerol produced maximum
currents similar in magnitude to that of capsaicin (10 uM)
(Figure 4B). Currents evoked by 1 uM [8]-gingerol, 10 um [6]-
gingerol and 1 uM capsaicin were almost completely blocked
by pre-application of 10 uM capsazepine (Table 1), which
corresponds to a >99% reduction in the current, if
considered on currents normalized in each cell. All the
neurones where the capsazepine block of current was tested
had been previously shown to be sensitive to capsaicin or one
of the gingerols. It should be noted that under the
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Figure 4 Ion currents evoked by capsaicin and gingerols in whole-
cell patch clamped DRG neurones. (A) Voltage ramp was applied to
patch-clamped DRG neurons in the presence of 10 uM capsaicin,
30 um [8]-gingerol and 300 um [6]-gingerol. Note the same I/V
characteristics for all three drugs. (B) Ion current dose response to
capsaicin, [8]-gingerol, [6]-gingerol and zingerone calculated as
percentage to the amplitude of current evoked by 10 uM capsaicin.
Data are presented as mean+s.d of at least six neurones per data
point.
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experimental conditions chosen desensitisation of capsaicin
response was minimal. Capsaicin (10 uM) was applied three
times, each separated by 3 min, to DRG neurones which
were clamped at voltage of +40 mV to minimize calcium
entry. The second application produced a current 103+3%
of the first, the third application produced a current 106+ 6%
of the first (n=06).

Direct measurement of channel currents of the agonists at
a ligand-gated ion channel reflects the efficacy of the agonists.
[8]-Gingerol gave a current at the highest concentration tested
of 96+7 % the current caused by application of a maximal
concentration of capsaicin. This indicates that the efficacy of
the two compounds at VRI1 is very similar and that [§8]-
gingerol is probably a full agonist. These data indicate that
the gingerols activate capsaicin-like membrane conductance
and may be considered as full agonists of the VRI receptor.

Discussion

In this study we have shown for the first time that gingerol
constituents of ginger are relatively potent and efficacious
agonists of the VRI1 receptor. The activity of gingerols
depends on the size of the side chain, which also determines
their hydrophobicity. Increasing the number of carbons from
6 to 8 and the hydrophobicity index from 1.90 to 2.88 in the
transition from [6]-gingerol to [8]-gingerol coincided with
about a 10 fold increase in potency in inducing plasma
membrane currents (Figure 4B). Absence of the side chain in
zingerone, a ketone product of gingerol degradation,
dramatically reduced its activity towards the VRI receptor
by a magnitude of at least 100 fold compared to that of [6]-
gingerol (Figure 4B). This finding was further supported by a
study by Liu & Simon (1996) which showed that zingerone
weakly activated inward current with a threshold concentra-
tion of 1 mMm, which was approximately 10,000 fold less
potent than capsaicin (threshold concentration of 0.1 uM) in
inducing inward current in rat trigeminal ganglion cells (Liu
& Simon, 1996).

Structure activity studies of capsaicin-like compounds have
previously divided the capsaicin molecule into three regions,
as shown in Figure [; the aromatic ‘A’ region (Walpole ef al.,
1993a), the amide bond ‘B’ region (Walpole et al., 1993Db),
and the hydrophobic side-chain ‘C’ region (Walpole et al.,
1993c¢). In this study [8]-gingerol exhibited lower potency than
capsaicin in activation of VR1 receptor, despite both having
approximately the same number of carbons in the side chain.
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