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Compounds from Sichuan and Melegueta peppers
activate, covalently and non-covalently, TRPA1 and
TRPV1 channels

CE Riera1, C Menozzi-Smarrito1, M Affolter1, S Michlig1, C Munari1, F Robert1, H Vogel2,
SA Simon3 and J le Coutre1

1Nestlé Research Center, Vers-chez-les-Blanc, Lausanne, Switzerland, 2Ecole Polytechnique Fédérale de Lausanne (EPFL),
Institut des Sciences et Ingénierie Chimiques, Lausanne, Switzerland; and 3Department of Neurobiology, Center for
Neuroengineering, Duke University, Durham, NC, USA

Background and purpose: Oily extracts of Sichuan and Melegueta peppers evoke pungent sensations mediated by different
alkylamides [mainly hydroxy-a-sanshool (a-SOH)] and hydroxyarylalkanones (6-shogaol and 6-paradol). We assessed how
transient receptor potential ankyrin 1 (TRPA1) and TRP vanilloid 1 (TRPV1), two chemosensory ion channels, participate in these
pungent sensations.
Experimental approach: The structure–activity relationships of these molecules on TRPA1 and TRPV1 was measured by testing
natural and synthetic analogues using calcium and voltage imaging on dissociated dorsal root ganglia neurons and human
embryonic kidney 293 cells expressing the wild-type channels or specific cysteine mutants using glutathione trapping as a
model to probe TRPA1 activation. In addition, using Trpv1 knockout mice, the compounds’ aversive responses were measured
in a taste brief-access test.
Key results: For TRPA1 activation, the cis C6 double bond in the polyenic chain of a-SOH was critical, whereas no structural
specificity was required for activation of TRPV1. Both 6-shogaol and 6-paradol were found to activate TRPV1 and TRPA1
channels, whereas linalool, an abundant terpene in Sichuan pepper, activated TRPA1 but not TRPV1 channels. Alkylamides and
6-shogaol act on TRPA1 by covalent bonding whereas none of these compounds activated TRPV1 through such interactions.
Finally, TRPV1 mutant mice retained sensitivity to 6-shogaol but were not responsive to a-SOH.
Conclusions and implications: The pungent nature of components of Sichuan and Melegueta peppers was mediated via
interactions with TRPA1 and TRPV1 channels and may explain the aversive properties of these compounds.
British Journal of Pharmacology (2009) 157, 1398–1409; doi:10.1111/j.1476-5381.2009.00307.x; published online 8
July 2009

Keywords: chemosensation; structure–activity; calcium imaging; covalent binding; taste preference; TRP channel; TRPV1
knockout

Abbreviations: 2-APB, 2-aminoethyl diphenyl borate; DRG, dorsal root ganglia; GSH, glutathione; HEK, human embryonic
kidney; KCNK, two pore potassium channels; MTSEA, 2-aminoethyl methanethiosulphonate hydrobromide;
a-SOH, hydroxy-a-sanshool; TRP, transient receptor potential; TRPA1, transient receptor potential ankyrin 1;
TRPM8, transient receptor potential melastatin 8; TRPV1, transient receptor potential vanilloid 1

Introduction

Certain spices impart complex sensations including pun-
gency, described by sharp and biting sensory effects classi-
cally produced by mustard oil, garlic or the burning
sensation of capsaicin. Among these spices, Sichuan pepper
(genus Zanthoxylum) imparts unique sensory qualities, char-
acterized as tingling, numbing and burning. These pungent

sensations have been attributed to several alkylamides
present in the pericarp of the dried fruit (Sugai et al., 2005a).
Work on alkylamide-based pungency demonstrated that
these compounds were agonists of both the capsaicin-
activated receptor, transient receptor potential vanilloid 1
(TRPV1) (Caterina et al., 1997; Sugai et al., 2005b) and the
cinnamaldehyde-activated receptor, TRP ankyrin 1 (TRPA1)
(Story et al., 2003; Jordt et al., 2004; Koo et al., 2007; recep-
tor nomenclature follows Alexander et al., 2008). More
recently, two-pore potassium channels were found to be
modulated by hydroxy-a-sanshool (a-SOH) in mechano-
receptors, potentially rationalizing some of the complex
tingling and numbing perceptions associated with this
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compound (Bautista et al., 2008). Their pungent ‘sharp’ and
‘biting’ sensations may be attributed to TRPV1 and TRPA1
stimulation. Interestingly, oily extracts from Sichuan pepper
are extremely rich in terpene compounds, with linalool
being the most abundant (75% by weight). Linalool has
been reported as a weak agonist of the menthol receptor,
TRP melastatin 8 (TRPM8) (Behrendt et al., 2004), but little
is known about its activity on other TRPs or its gustatory
profile.

The essential oil of Melegueta pepper (Aframomum
melegueta K. Schum) contains the hydroxyarylalkanones
6-shogaol and 6-paradol in approximately equal concentra-
tions (Tackie et al., 1975). Like capsaicin, they contain a vanil-
loid moiety (see Figure 1) and activate TRPV1 and thus have
been reported to be pungent (Lee and Surh, 1998; Witte et al.,
2002). Whether they stimulate other TRP channels to mediate
their sensory effects is unknown.

Two studies have proposed that cinnamaldehyde and allyl-
isothiocyanate activate TRPA1 through covalent binding on
specific cysteine residues present in the ankyrin repeats of the
channels (Hinman et al., 2006; Macpherson et al., 2007).
Interestingly, the mutation of one or several reactive cysteine
residues to serine leads to loss of sensitivity of TRPA1 to
electrophilic agonists, but not to non-electrophilic com-
pounds (Macpherson et al., 2007). This suggests that TRPA1
contains both a ‘traditional’ binding pocket and cysteine resi-
dues involved in covalent channel activation. The stimula-
tion of TRPV1 receptors by capsaicin and other vanilloids is
believed to occur via a non-covalent binding pocket in the
transmembrane domain through p-stacking interactions
between the aromatic moiety of Tyr 511 and the vanilloid
ring moiety of capsaicin (Jordt and Julius, 2002). Plants of the
Allium genus (onion and garlic) also stimulate TRPV1 in addi-
tion to TRPA1 (Macpherson et al., 2007) and recently they

have been shown to act covalently on one intracellular cys-
teine residue in the N-terminal region of TRPV1 (Salazar et al.,
2008). These findings raise the possibility that covalent modi-
fication of cysteine residues in the cytoplasmic terminus of
the channels is the common mechanism for pungent TRPA1
and TRPV1 activation.

As many pungent compounds stimulate either TRPA1
and/or TRPV1, we evaluated the effects of the main con-
stituents of Sichuan and Melegueta peppers and four syn-
thetic analogues of a-SOH on both dissociated rat dorsal
root ganglia (DRG) cells and on HEK293 cells expressing the
human TRPA1 and TRPV1 receptors. We established that
molecules present in these spices specifically stimulate
TRPA1- and TRPV1-containing neurons with the exception
of linalool that stimulates only TRPA1. In addition, we
tested the effects of these molecules on cysteine
mutants of TRPA1 and TRPV1 to address whether their
mode of action on both TRPs would be similar. We found
that covalent binding is critical for the stimulation of TRPA1
whereas it is not required for TRPV1. These results provide
new insights into the understanding of TRPA1 and TRPV1
coding and their pharmacological responses to pungent
compounds.

Methods

Technical sensory trials
Solutions of food-grade linalool (Sigma-Aldrich) diluted in
Vittel® were evaluated by three volunteers. Solutions of
10 mM, 100 mM, 500 mM and 1 mM were kept in mouth for
30 s to evaluate the pungency with rinsing the mouth
between each trial. Pungency of analogues (I–IV) of a-SOH
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Figure 1 Chemical structures of compounds tested for activation of TRPV1, TRPA1 and TRPM8 channels. The natural compounds are
contained in Sichuan (a-SOH and linalool) and Melegueta (6-paradol and 6-shogaol) peppers, whereas the synthetic compounds (I–IV) are
analogues of a-SOH. The four synthetic analogues I–IV were tested to obtain their structure–activity relations. Linalool, is a monoterpene that
markedly differs from the sanshools. The vanilloids, 6-paradol and 6-shogaol, only differ from each other in the a,b unsaturation. TRPA1,
transient receptor potential ankyrin 1; TRPM8, transient receptor potential melastatin 8; TRPV1, transient receptor potential vanilloid 1.
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was not assessed as these molecules are non-food-grade syn-
thetic reagents and consequently we had no protocol for such
compounds.

Glutathione adduct reaction
Compounds at 10 mM in water were incubated for several
hours with an equimolar concentration of glutathione (GSH)
to form adducts. Products of reactions were diluted 10 times
in a solution of 50% MeOH and measured by electrospray
ionization mass spectrometry.

Cloning and expression of human TRPV1 and TRPA1 receptors
in HEK293 cells
Cloning and expression of these receptors was performed
following previously published protocols (Riera et al., 2007).
Briefly, cloned human TRPV1 cDNA was obtained from RZPD
(Germany) and hTRPA1 cDNA from OriGene (Rockville, MD).
Genes were subcloned into pcDNA5/FRT (Invitrogen, Carls-
bad, CA) to generate stable cell lines using the Flp-In system
(Invitrogen) after sequencing verification.

Site-directed mutagenesis on TRPA1 and TRPV1
Point mutants were generated using the Quick Change Site-
Directed Mutagenesis kit (Stratagene, La Jolla, CA) on the
hTRPA1 and the hTRPV1 clone. A triple TRPA1 cysteine
mutant (C621S-C641S-C665S) and the cysteine point mutant
of TRPV1 C158A were generated. For C158A, we verified that
this region is conserved across humans, rats and mice. After
sequence verification, mutants were transiently expressed in
HEK293 cells using Lipofectamine 2000 (Invitrogen) and the
respective response to various agonists was obtained using
voltage imaging (see below).

Quantitative PCR analysis of cultured DRG neurons
Total RNA samples were isolated from cultured DRG neurons
treated with b-NGF using the Nucleospin RNA II kit
(Macherey-Nagel, Oensingen, Switzerland). Rat RNAs were
reverse-transcribed into cDNA using SuperScript III (Invitro-
gen, Carlsbad, CA) according to the manufacturer’s instruc-
tions. The cDNA (equivalent to 50 ng RNA) was amplified
by real time (RT)-PCR using an ABIPRISM 7900HT seq-
uence detection system (Applied Biosystems, Foster City,
CA). Taqman primers and probes were purchased from
Applied Biosystems (Rn00583727_m1 for rat KCNK3,
Rn00755967_m1 for rat KCNK9, Rn02345764_m1 for rat
KCNK18, Rn01473803_m1 for rat TRPA1, Rn00676891_m1
for rat TRPV1). Detection of amplification relied on moni-
toring a reporter dye (6-FAM) linked to the 5′ end of a probe
complementary to the sequence amplified by the primers.
The cycling conditions were 1 cycle at 50°C for 2 min, 1
cycle at 95°C for 10 min, and then 40 cycles of 95°C for
15 s and 60°C for 1 min. The b-actin primers were used as a
positive control.

Measurement of intracellular calcium levels [Ca2+]i and
membrane potential variation in HEK293 cells using a
fluorescent plate reader
Cell lines stably expressing TRP channels were seeded into
96-well plates previously coated with poly-D-lysine. Cells

were incubated in Hank’s Balanced Salt Solution (HBSS)
supplemented with 2 mM CaCl2 and 20 mM HEPES (pH
7.4), containing the cytoplasmic calcium indicator Fura-
2/AM at 2 mM (Molecular Devices, Sunnyvale, CA). For
membrane potential assays, cells were loaded with a voltage-
sensitive dye according to protocol (Red dye, Molecular
Devices) and fluorescence changes were measured after
application of the test compounds (lex1 = 530 nm, lem =
565 nm). Experiments were conducted at room temperature.
Changes in [Ca2+]i from a homogenous cell population
(approximately 100 000 cells) were measured as changes in
fluorescence intensity when stimulated with agonists using a
FLEXstation (Molecular Devices) (Riera et al., 2007). Cells
expressing TRP channels and non-transfected controls were
then challenged with the different compounds shown in
Figure 1. Responses to molecules in HEK293 cells were
expressed as a percentage of maximum responses evoked by
150 mM cinnamaldehyde for TRPA1 and 1 mM capsaicin for
TRPV1 (these concentrations were assessed independently to
be saturating under these conditions). For all experiments,
calcium fluxes and voltage changes were measured as
changes in fluorescence intensity, before and after the addi-
tion of agonists. The peak response was taken to be the
characteristic value and was obtained by subtracting the
peak value from the baseline (value before injection). A
signal was considered as a response when greater than 5%
over baseline. Dose–response curves were fitted using the
Hill equation (GraphPad Prism Software, San Diego, CA) to
obtain EC50 values and Hill coefficients. Data obtained from
this study were expressed as mean � SEM.

DRG culture and calcium imaging
Dissociated DRG neurons from neonatal (2–3 days) Sprague-
Dawley rats were obtained frozen from Cambrex Bio
Science (Walkersville, MD). Cells were cultured as previously
described (Riera et al., 2007) and supplemented with nerve
growth factor (b-NGF, Sigma-Aldrich) at a concentration of
100 ng·ml-1. Changes in [Ca2+]i were measured using ratiomet-
ric digital fluorescence imaging using Fura-2/AM. Images
of individual neurons were acquired with a cooled,
charge-coupled device camera (Cascade II, Photometrics,
USA) mounted to an AxioObserver D1 inverted microscope.
Autofluorescence was negligible and with illumination times
of 100–300 ms, F340/F380 remained stable. Coverslips with
attached neurons were placed in a chamber with continuous
flow of supplemented HBSS. To provide a more physiological
environment related to mouth physiology, chemical stimuli
present in HBSS were applied at 30–33°C to the flow chamber
for 5 s and cells were rinsed in supplemented HBSS between
stimuli. [Ca2+]i transients are represented as an increase in the
fluorescence ratio of Fura-2/AM-loaded DRG neurons (450
cells from two separate cultures were analysed). To reduce
channel desensitization, we used relatively short stimulations
(5 s) of one or two compounds per coverslip and then applied
in some order cinnamaldehyde (TRPA1), capsaicin (TRPV1) or
menthol (TRPM8) to determine TRPA1, TRPV1 and TRPM8
expressing DRGs. For each neuron, the average fluorescence
ratio F340/F380 was calculated using Metafluor software (Uni-
versal Imaging Corp.).
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Brief-access taste tests
Ten wild-type (WT) and 10 TRPV1 knockout (KO) mice
(Jackson Laboratory; Bar Harbor, ME), age- and gender-
matched, males and females, 100% C57BL/6J background
were tested with three compounds. Brief-access taste tests
were conducted using a gustometer (Davis MS160-Mouse
gustometer; Dilog Instruments, Tallahassee, FL). The training
and testing procedures were conducted as described previ-
ously (Glendinning et al., 2002; Damak et al., 2006). Mice
were presented alternatively with two bottles; one contain-
ing the test compound (from ethanol stock dissolved in dis-
tilled water) and the other containing vehicle (equivalent
volume of ethanol in distilled water) for 30 min testing
periods. Licking starts a 5 s trial after which the shutter is
closed whereupon the other bottle is presented. The number
of licks per trial is recorded. Mice that did not get accus-
tomed to the gustometer were excluded from the study. The
animals were exposed every 2 days to the compounds. Ini-
tially, compound I and a-SOH were given in a crossed test at
increasing concentrations. Mice were allowed to rest for a
week before being challenged with increasing concentra-
tions of 6-shogaol. The preference ratio (PR) was calculated
as the mean number of licks per trial for the test compound
(L1) divided by the mean number of licks per trial for tastant
plus mean number of licks per trial for water (Lt). A PR of
0.5 indicates indifference, a ratio above 0.5 indicates prefer-
ence and a ratio below 0.5 indicates avoidance.

Statistical analysis
The PRs for brief-access test were analysed by one-way ANOVA

for three factors (concentration, compound, genotype) using
the general linear model repeated measures of the statistics
package SPSS. A P value of less than 0.05 was considered
significant.

Materials
Capsaicin, cinnamaldehyde, linalool, 2-aminoethyl diphenyl
borate (2-APB), menthol, cis-6-nonenal and 2-amino-
ethyl methanethiosulphonate hydrobromide (MTSEA) were
obtained from Sigma Aldrich (Buchs, Switzerland). 6-shogaol
was purchased from Extrasynthese (Lyon, France) and
6-paradol was synthesized from 6-shogaol (see Supporting
information S3). a-SOH was purified from the extract of green
Sichuan pepper, Zanthoxylum spp. (Supporting information
S1). Four analogues of a-SOH (I–IV, see Figure 1) were synthe-
sized as outlined in S2. All compounds were prepared as stock
solutions (1 M) in ethanol and were soluble at working con-
centrations in aqueous solutions. Pluronic acid was not used
to increase compound solubility as it can affect responses of
TRP channels (Bautista et al., 2008).

Results

Components of Sichuan and Melegueta peppers and synthetic
alkylamides derived from a-SOH
Sichuan pepper oil extract contains primarily linalool, an
acyclic monoterpene, as well as various alkylamides, the most

abundant being a-SOH (Figure 1). To evaluate the role of
double bonds and their configuration in the polyenic chain of
a-SOH, we synthesized four analogues of this compound and
measured their activity on DRG neurons, hTRPV1 and
hTRPA1 channels. The analogues of a-SOH comprise a fully
saturated a-SOH (I), a mono-a,b unsaturated analogue (II), a
di-unsaturated analogue of a-SOH possessing both the a,b
double bond and the cis C6 double bond (III) and mono-cis
C5 unsaturated compound (IV). Melegueta pepper contains
hydroxyarylalkanones: 6-paradol and 6-shogaol, which differ
from each other by the unsaturation in the a,b position
(Figure 1). We determined which of three TRP (V1, A1 and
M8) channels are activated by these compounds, their
concentration dependence and if the activation occurs via
covalent or non-covalent interactions.

Responses of DRG neurons to Sichuan and Melegueta compounds
To address if any of the compounds shown in Figure 1 would
stimulate dissociated DRG neurons we measured compound-
induced changes in [Ca2+]i. in 450 neurons. Figure 2 shows
changes in [Ca2+]i in response to specific stimuli for three
representative neurons. Figure 2A shows representative
responses to a-SOH. One representative neuron is shown to
have responded to a-SOH, cinnamaldehyde and capsaicin,
suggesting that it expresses TRPA1 and TRPV1; another
responded to a-SOH and capsaicin but not to cinnamalde-
hyde, suggesting that it contained TRPV1 but not TRPA1. A
third neuron responded to menthol and not to a-SOH or
capsaicin and thus is consistent with it containing TRPM8
channels. Analogues of a-SOH (I–IV) were found to stimulate
capsaicin- and cinnamaldehyde-sensitive DRGs, but they had
no effect on menthol-responsive DRGs (Figure 2B and C). In
none of the 450 neurons tested was pure cinnamaldehyde
(TRPA1) sensing identified. Of these 450 neurons, 135
responded to capsaicin, 85 responded to cinnamaldehyde and
capsaicin and 89 responded only to menthol. The remaining
neurons did not respond to any of these compounds.

Both 6-shogaol and 6-paradol stimulated cinnamaldehyde-
and capsaicin-sensitive DRGs, but neither compound had an
effect on menthol-responding DRGs (Figure 2D and E).
Neurons activated by linalool also responded both to cinna-
maldehyde and capsaicin, but no changes in [Ca2+]i were
evoked on purely capsaicin-sensitive DRGs, thus suggesting
the involvement of TRPA1 (Figure 2F). Finally, linalool did
not induce an increase in [Ca2+]i in menthol-sensitive DRGs.

Heterologously expressed TRPA1 and TRPV1 channels respond to
natural and synthetic stimuli derived from Sichuan and
Melegueta peppers
For all the compounds tested, only DRG neurons putatively
expressing TRPA1 and TRPV1 responded. For this reason,
menthol-activated TRPM8 channels were excluded from
further investigation. Although the responses evoked in DRG
neurons are suggestive of the channels they activate, the
assignment is not definitive because many compounds acti-
vate numerous receptors and common antagonists in use for
TRPA1 and TRPM8 are non-specific. Thus, to address this issue
more directly, we used a heterologous system to test if these
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molecules would activate the cloned cinnamaldehyde-
activated channel (hTRPA1) and the capsaicin-activated
channel (hTRPV1).

To test the stimulus effect on TRPA1 and TRPV1 in HEK293
cells, changes in [Ca2+]i were typically monitored over time at
different agonist concentrations. Although all eight com-
pounds were tested, two representative examples are pre-
sented for increasing concentrations of compound IV and
6-paradol on TRPA1 (Figure 3A and C) and TRPV1 (Figure 3B
and D). Exposure to both compounds produced robust
increases in [Ca2+]i in TRPA1- and TRPV1-expressing neurons.
In non-transfected cells none of the eight compounds pro-

duced significant increases in [Ca2+]i. over the concentration
range tested (data not shown).

Figure 4 shows the dose–response relation for each of the
compounds on TRPA1 (Figure 4A and B) and TRPV1 channels
(Figure 4C and D). Table 1 gives the EC50 values and the Hill
coefficients of these compounds. The rankings of the EC50

values for TRPA1 are cinnamaldehyde > 6-shogaol > 6-paradol
= a-SOH > IV > linalool> III > II > I. Note that the unsaturated
analogue (I) did not evoke an appreciable effect and the
monounsaturated a,b sanshool analogue (II) was a partial
agonist whereas after cinnamaldehyde, the two vanilloids
were the most potent activators. Linalool and 6-shogaol
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Figure 2 Sanshools, 6-shogaol, 6-paradol and linalool activate capsaicin- and cinnamaldehyde-sensitive dorsal root ganglia neurons. Each
panel shows representative changes in [Ca2+]i of three neurons to capsaicin (Cap; TRPV1), cinnamaldehyde (Cinna; TRPA1) and menthol
(TRPM8). Compounds were applied successively for 5 s, as shown by horizontal bars. Between stimulations neurons were perfused with
supplemented HBSS. Maximal concentrations were used in these experiments. (A) 500 mM a-SOH, 100 mM Cinna, 1 mM Cap, 500 mM
Menthol; (B) 500 mM I, 500 mM IV, 100 mM Cinna, 1 mM Cap, 500 mM Menthol; (C) 500 mM II, 500 mM III, 100 mM Cinna, 1 mM Cap,
500 mM Menthol; (D) 500 mM 6-shogaol, 100 mM Cinna, 1 mM Cap, 500 mM Menthol; (E) 500 mM 6-paradol, 100 mM Cinna, 1 mM Cap,
500 mM Menthol; (F) 500 mM linalool, 100 mM Cinna, 500 mM Menthol, 1 mM Cap. a-SOH, hydroxy-a-sanshool; TRPA1, transient receptor
potential ankyrin 1; TRPM8, transient receptor potential melastatin 8; TRPV1, transient receptor potential vanilloid 1.
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evoked about 90%, and 6-paradol 70% of the maximum cin-
namaldehyde response. In contrast, a-SOH and analogues III
and IV produced about 60% of the maximum response. As
seen in the dose–responses curves, compound III displayed
the same potency as compound IV, suggesting that the
replacement of the cis C6 by a cis C5 olefin is a suitable
model to study the structural arrangement of the natural
molecule.

Figure 4C and D show the dose–responses for the tested
compounds on hTRPV1 channels relative to the maximal
capsaicin response. The ranking of the EC50 values were: cap-
saicin > 6-shogaol > 6-paradol > a-SOH > III = IV > I > II >>
linalool. Small differences in the EC50 of compounds I–IV were
identified, implying that TRPV1 responses were relatively
insensitive to alkyl chain unsaturation (at least to the extent
of the compounds tested). We observed that the presence of
the C8–C10-conjugated moiety increased a-SOH potency
from compounds III and IV fivefold. Similarly, a fourfold
increase in potency from 6-paradol to 6-shogaol was
obtained, once again indicating the significance of the a,b
unsaturation in the alkyl chain. Linalool concentrations
(>1 mM) induced small changes in [Ca2+]i amounting to about
30% of the maximum capsaicin response (not shown). All
compounds tested displayed an EC50 value larger than capsai-
cin, however, 6-shogal and 6-paradol slightly exceeded the
intensity of the capsaicin [Ca2+]i increase. All sanshool
responses saturated at about 70% of the capsaicin response.

Covalent binding of tested compounds to TRPA1 and
TRPV1 channels
TRPA1. To determine if the tested TRPA1 ligands would react
on TRPA1 cysteines as observed with cinnamaldehyde and
other a,b unsaturated aldehydes (Macpherson et al., 2007), we
constructed a reactive triple cysteine mutant of TRPA1 (TRPA1–
3C) and measured responses using a membrane voltage-
sensitive assay at maximal agonist concentrations (Figure 5).

As shown in the panels, with respect to the WT, the TRPA1
mutant’s response to cinnamaldehyde was greatly reduced
(Macpherson et al., 2007), whereas for the non-electrophile
TRPA1 agonist, 2-APB (Hinman et al., 2006), the response was
identical in both the WT and mutant. The response to lina-
lool was the same in the WT and mutant, thus arguing for a
non-electrophilic binding mechanism, whereas responses to
a-SOH and analogues II–IV were markedly reduced in the
TRPA1 triple cysteine mutant. Compound I was not tested
as it was unable to produce calcium increases in hTRPA1
(Figure 4A). We also observed that the response of 6-paradol
was unchanged in the mutant, although 6-shogaol was
decreased by 35% under the same conditions.

To further demonstrate that the tested compounds could
act covalently on TRPA1, we used GSH as a test for adduct
formation (Macpherson et al., 2007). We found that cinnama-
ldehyde and 6-shogaol reacted covalently with the cysteine
on GSH whereas 2-APB, linalool and 6-paradol did not (see
Supporting information S4). We also found that a-SOH and
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the analogues II–IV reacted covalently with GSH. To test
whether a cis unsaturated bond in the carbon backbone of the
a-SOH system would be sufficient for covalent bonding, we
used cis-6-nonenal, an aldehyde possessing the same cis
unsaturation feature as a-SOH and found that it did not form
adducts with GSH. Surprisingly, like its analogues, the fully
saturated compound I formed adducts with GSH.

TRPV1. For rat TRPV1, a single reactive cysteine residue,
C157A, has recently been characterized as a reactive residue
for the stimulation by pungent sulphide compounds from

garlic and onion (Salazar et al., 2008). Using this information
we assessed for our molecules if TRPV1 reactivity was medi-
ated by this cysteine, using the point mutant C158A. The
results, shown in Figure 6, show that none of the compounds
tested, with the exception of the cysteine-modifying agent
MTSEA, evoked a response suggesting these ligands act via
different mechanisms on TRPV1 and TRPA1 channels.

Trpv1 KO mice show diminished aversion to a-SOH
and 6-shogaol
To determine whether TRPV1 KO mice would exhibit a taste
aversion to a-SOH, we performed brief-access tests with both
WT and KO mice when they were presented with a-SOH or
vehicle (Figure 7A). The test involved determining the PR.
500 mM of a-SOH was perceived as slightly aversive by both
WT and KO mice. However, 1 mM a-SOH was markedly aver-
sive to WT animals but, in KO animals, the aversion was
almost entirely eliminated (P < 0.001).

When tested with 1 mM of compound I, WT mice showed
greater preference for it than for 1 mM a-SOH (P < 0.05).
Compound I was selected because it did not activate heter-
ologously expressed TRPA1 channels (Figure 4A). Comparison
between the PR of a-SOH and compound I indicate that these
compounds were not perceived as significantly different in
the TRPV1 KO mice (P > 0.05).

When presented with increasing concentrations of
6-shogaol (Figure 7B), WT mice displayed an increasing aver-
sion that was largely decreased in the KO mice (P < 0.01). For
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Table 1 EC50 values and Hill coefficients (nH) of selected TRPV1 and
TRPA1 ligands

TRPA1 TRPV1

EC50 (mM) nH EC50 (mM) nH

Cinnamaldehyde 6.75 1.8 – –
Capsaicin – – 0.037 1.5
a-SOH 69 2.0 1.1 0.8
I – – 7.0 1.4
II – – 10.2 1.8
III 125 1.4 5.0 2.5
IV 100 2.3 3.5 1.8
6-Shogaol 11.2 4.1 0.2 1.5
6-Paradol 71 1.8 0.7 3
Linalool 117 2.4 – –

a-SOH, hydroxy-a-sanshool; TRPA1, transient receptor potential ankyrin 1;
TRPV1, transient receptor potential vanilloid 1.
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example, WT exhibited strong aversion to 1 mM 6-shogaol
whereas the KO mice exhibited a significantly smaller aversive
response (P < 0.01).

Discussion and conclusions

Given that sanshools and hydroxyarylalkananones produce a
variety of sensations, including pungency, tingling and
numbness, our goal was to determine whether and how com-
pounds present in Zanthoxylum spp. and A. melegueta stimu-
late DRG neurons.

Vanilloids and sanshools stimulate TRPA1- and
TRPV1-expressing DRGs
We found that sanshools and hydroxyarylalkanones induce
calcium influx in neurons responding to capsaicin and cin-
namaldehyde, but not to menthol (Figure 2). These results are

consistent with the co-expression of TRPA1 and TRPV1 but
not with TRPM8 in sensory neurons (Peier et al., 2002; Story
et al., 2003). None of the compounds tested, including lina-
lool, stimulated menthol-sensitive neurons (Figure 2F).

On many points our results confirm those of Bautista et al.
(2008). We agree that sanshool responses are in capsaicin-
sensitive neurons and also that they are not in TRPM8
(menthol sensitive) containing neurons. Our quantitative
PCR results also show three different KCNK types of channels
expressed in DRGs (Figure S6). However, our results showing
that a-SOH did not activate DRGs, which did not respond to
capsaicin, diverge from those of Bautista et al. (2008), who
identified sanshool responses in both capsaicin-sensitive and
insensitive neurons. This difference may, in part, be explained
by the high expression of TRPV1 compared with KCNK chan-
nels in our rat DRG neuron preparations (Figure S6), which
could be different in their mouse preparation. Also, we used
frozen/thawed rat DRGs and they used primary cultures of
dissected mice trigeminal ganglions and DRGs. Finally,
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Bautista et al. (2008) performed their imaging experiments at
22–25°C and we performed ours at 30–33°C. In this regard,
KCNK channels may be less sensitive to sanshool at higher
temperatures. Several studies have recently reported signifi-
cant differences in the responses to TRPA1 ligands, between
human and mouse as observed with caffeine (Nagatomo and
Kubo, 2008) and menthol (Xiao et al., 2008). We did not,
however, explore these differences. Our results diverge from
those of Bautista et al. (2008) in another matter. We, as well as
Koo et al. (2007), found that sanshool also activated
cinnamaldehyde- and capsaicin-sensitive neurons, suggesting
that sanshool activates neurons containing TRPA1 and TRPV1
channels. In contrast, Bautista et al. (2008) did not find san-
shool responses in neurons that are activated by mustard oil
and thus are presumably TRPA1-sensitive.

Our behavioural studies revealed that TRPV1 was essential
in obtaining the aversive component of a-SOH, as TRPV1 KO
animals treated 1 mM a-SOH as they did water (Figure 7A).
This finding deviates from the behavioural results presented
by Bautista et al. (2008) where their TRPV1/TRPA1 double KO
mice remained sensitive to the aversive effect of 1 mM a-SOH.
However, to assess taste preference we used a different testing
paradigm from that used by Bautista et al. (2008). The brief-
access test we used reflects primarily taste responses, whereas
the drinking test used by Bautista et al. (2008) (3 h drinking)
also includes post-ingestive effects. Taken together, the work
of both studies cannot be directly compared.

The vanilloids 6-shogaol and 6-paradol stimulate TRPA1 and
TRPV1 channels
Activation of TRPV1 by 6-shogaol and gingerols (Iwasaki
et al., 2006) is consistent with their burning sensory profile
(Govindarajan, 1982). Gingerols are highly similar to the
shogaols and paradols with 6-gingerol differing from
6-paradol only by a single hydroxyl group at C6 of the alkyl
chain (Figure S5). Increasing the hydrophilicity of these com-
pounds in the transition of 6-shogaol to 6-gingerol coincides
with the decreased potency on TRPV1 responses (Dedov et al.,
2002).

Given its structural similarity to 6-shogaol, 6-paradol stimu-
lation of TRPV1 was not surprising. However, that 6-paradol is
less potent than 6-shogaol is likely to be a consequence of the
missing a,b double bond that might weaken its binding in the
capsaicin binding pocket. The large change in the Hill coef-
ficients from capsaicin to 6-paradol is not understood
(Table 1), but probably does not simply mean that ‘n’
molecules are needed to activate the channel.

Our results show that 6-shogaol and 6-paradol activate
cinnamaldehyde (TRPA1) sensing DRGs and such TRPA1 acti-
vation was confirmed in heterologously expressed cells. Inter-
estingly, these compounds stimulated both TRPA1 and TRPV1
channels in a dose-dependent manner, with TRPV1 being
about 100-fold more potent (Figure 4B and D); most likely
because of the better fit of the vanilloid moiety into the
TRPV1 binding pocket.
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Bandell et al. (2004) found that 8-gingerol was a TRPA1
agonist. The gingerols, shogaols and paradols differ from the
non-TRPA1 agonist, capsaicin, mainly by the amide moiety in
the alkyl chain, suggesting that the phenol core is not suffi-
cient to confer TRPA1 specificity.

Role of the cis C6 double bond in the structure–activity-
relationship of a-SOH on TRPA1 and TRPV1
To determine the structure–activity relationship defining the
a-SOH recognition properties of TRPA1 and TRPV1 channels,
we investigated the role of the double bonds in the polyenic
chain using the synthetic analogues I–IV.

a-SOH and its analogues are TRPA1 and TRPV1 agonists
with a diminished efficacy compared with cinnamaldehyde
and capsaicin respectively (Figure 4). The inability of these
alkylamides to produce total activation of the channels may
arise from the presence of multiple closed states, receptor
desensitization or shorter open times (Lape et al., 2008).

For a-SOH, our data show that the cis C6 bond is critical for
the activity at TRPA1, but not at TRPV1 (Figure 4A and C). In
this regard, the fully saturated (I) and a,b unsaturated (II)

a-SOH analogues produce small TRPA1 responses while the cis
C6 di-unsaturated (III) and cis C5 mono (IV) analogues stimu-
lated TRPA1 to almost the same extent as a-SOH (Figure 4A),
thereby highlighting the role of the cis double bond in the
molecule’s alkyl chain. Although we did not test the cis C6
mono-unsaturated analogue, our data show that the cis C5
compound activates TRPA1 and TRPV1 with similar potency
to compound III, suggesting that the placement of this unsat-
uration at either C5 or C6 produces similar effects on the
channels. In regard to TRPV1 stimulation, small differences in
efficacy were observed for the other mono-unsaturated and
fully saturated compounds (Figure 4C). These small changes
are consistent with decreases in hydrophobicity or molecular
flexibility of the tested compounds as a-SOH, being the most
unsaturated, is also the most potent. Taken together, the
observed structure–activity relationships show that a-SOH is
recognized differently by TRPA1 and TRPV1 channels.

a,b Unsaturation of alkylamides does not provide
TRPA1 specificity and is only partly required in shogaols
to activate TRPA1
Thiol-reactive chemicals from mustard, garlic and cinnamon
activate TRPA1 by covalent modification of N-terminal cys-
teine residues (Hinman et al., 2006; Macpherson et al., 2007).
In contrast to its cis isomer, the C6 trans hydroxy-b-sanshool
contains an a,b conjugated bond but does not stimulate
TRPA1 (Koo et al., 2007). The weak effect on TRPA1 of the a,b
unsaturated analogue (II) was unexpected (Figures 4A and 5E)
because all other tested compounds with a,b unsaturation are
TRPA1 agonists (Macpherson et al., 2007). The weak response
of II does not seem to be due to hampered membrane perme-
ation as another mono-unsaturated molecule with the same
chain length (IV) and hydrophobicity stimulated TRPA1
through the N-terminal cysteines (Figures 4A and 5F).

We have made the important observation that covalent
bonding via intracellular cysteines at the electrophilic carbo-
nyl (Figure S4) occurs with all tested TRPA1 reactive alkyla-
mides (Figure 5D). Indeed, independent of the degree of
unsaturation of these compounds, GSH forms covalent
adducts with the alkylamide tested (Figure S4). However,
TRPA1 activity cannot be rationalized just in terms of cova-
lent binding to a reagent as the configuration of the cis C6
unsaturation in the alkylamides also determines their effect
on TRPA1 (Figure 4A).

TRPV1 reactivity to pungent chemicals did not require covalent
binding at the intracellular cysteine C158
Pungent extracts from onion and garlic that stimulate both
TRPA1 and TRPV1 channels act on TRPV1 by covalent modi-
fication of one cysteine residue of rat TRPV1, C157A (Salazar
et al., 2008). By analogy, we looked for similar effects of the
sanshools and the hydroxyarylalkanones. However, among
the molecules that covalently bind to TRPA1, none activated
TRPV1 through its reactive cysteine (Figure 6).

Possible physiological implications
In regard to the tingling sensation evoked by a-SOH, it is
unlikely that its molecular basis is due to TRPA1 stimulation
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as many TRPA1 agonists do not produce this sensation.
Recently, it has been suggested that the tingling could come
from inhibitory effects of a-SOH on voltage-gated channels
in tactile fibres containing two-pore potassium channels
(Bautista et al., 2008). Other sanshools (d,g) stimulate TRPV1
and cause burning sensations (Sugai et al., 2005b), indicat-
ing a clear TRPV1 contribution to this sensation. These aver-
sive responses are supported by our behavioural studies
showing that knocking out TRPV1 abolished the aversion to
analogue I and a-SOH. We would suggest that the sensory
properties of the synthetic analogues I–IV would elicit
burning whereas only compounds III and IV might be
perceived as tingling.

Sichuan oil is rich in linalool, which stimulates TRPA1 but
not TRPV1 (Figure 4B and D). Our sensory trial revealed that
linalool produces neither burning nor tingling sensations but
elicited a weak but unpleasant taste and a strong floral odour.
Clearly, the absence of pungency of this compound raises the
question as to why linalool that activates TRPA1 is not
pungent. One possibility is that like many hydrophobic com-
pounds, it can affect channels including voltage-gated sodium
channels that would reduce its pungency (Lundbaek et al.,
2004).

To conclude, we found that the detection of a pungent taste
in molecules from Sichuan and Melegueta peppers is medi-
ated, at least in part, by TRPA1 and TRPV1, and their impli-
cation may rationalize the pungent properties of both the
alkylamides and hydroxyarylalkanones. Finally, while TRPV1
stimulation by these molecules operates through non-
covalent binding, TRPA1 responses present complex interac-
tions involving covalent and non-covalent gating.
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Supporting information

Additional Supporting Information may be found in the
online version of this article:

Figure S1 1H NMR (360 MHz, CDCl3, TMS as reference) of
purified Sichuan extract.
Figure S2 13C NMR (90 MHz, CDCl3, TMS as reference) of
purified Sichuan extract.
Figure S3 HPLC Chromatogram of purified Sichuan extract.
Figure S4 ESI-MS spectra of glutathione alone or adducts
formed with selected compounds. (A–L) ESI-MS spectra of
GSH alone (A) or products of reactions of GSH and each
molecule (B–L). GSH alone exists as a monomer, dimer and
trimer in solution MH+, m/z (308, 614, 921). GSH forms no
adduct with several TRPA1 agonists (2-APB, linalool, cis-6-
nonenal and 6-paradol). When reacted with the remaining
TRPA1 agonists (cinnamaldehyde, a-SOH, I–IV, 6-shogaol),
adducts of predicted mass are observed as outlined on each
spectrum. Note that GSH does not form adduct with cis-6-

nonenal whereas they are observed for compounds I and IV,
suggesting that the carbonyl of the amide is the electron
acceptor for the nucleophile.
Figure S5 Chemical structures of capsaicin, 6-gingerol,
6-shogaol and 8-gingerol. The vanilloids capsaicin, 6-gingerol,
6-shogaol and 8-gingerol stimulate TRPV1 and share a
common phenol core. However, only capsaicin among all
these compounds does not activate TRPA1.
Figure S6 Analysis of TRP and KCNK channels expression in
DRG neurons by quantitative PCR after 1 (D1) and 7 days (D7)
of culture. The values are shown as amount of RNA relative to
b-actin RNA. After 1 day of culture, the expression levels of
the KCNK channels and TRPA1 are in the same order of
magnitude, whereas TRPV1 level of expression is about 1000-
fold higher than the other channels. After 7 days of culture,
most genes are up-regulated. In particular, TRPA1 is
up-regulated by a factor 55. Means � SEM (n = 3).

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing mate-
rial) should be directed to the corresponding author for the
article.
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