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Thymol and related alkyl phenols activate the
hTRPA1 channel

SP Lee, MT Buber, Q Yangl, R Cerne, RY Cortés, DG Sprous and RW Bryant

Discovery Research, Redpoint Bio Corporation, 7 Graphics Drive, Ewing, NJ, USA

Background and purpose: Thymol, a major component of thyme and oregano, has medical uses in oral care products as an
astringent and antibiotic. Its distinctive sharp odour and pungent flavour are considered aversive properties. The molecular
basis of these aversive properties is not well understood.

Experimental approach: The ability of thymol to activate human transient receptor potential channel A1 (hnTRPA1) expressed
in stably transfected human embryonic kidney 293 (HEK293) cells was measured by membrane potential and calcium-sensitive
dyes in a fluorescence-imaging plate reader (FLIPR) assay. Direct activation of hTRPA1 currents was measured by whole-cell
voltage clamp recording. Intracellular calcium changes were measured using fura-2 dye. The FLIPR assay was also used to
measure membrane potential changes elicited by thymol after pretreatment with camphor, a known TRPAT1 inhibitor. The
ability of related alkyl phenols to activate hTRPAT was also determined.

Key results: Thymol potently activated a membrane potential response and intracellular calcium increase in hTRPAT-
expressing HEK293 cells in a concentration-dependent manner. Activation by thymol desensitized hTRPAT to further exposure
to thymol or the known ligand allyl isothiocyanate (AITC). The related phenols 2-tert-butyl-5-methylphenol, 2,6-
diisopropylphenol (propofol) and carvacrol also activated hTRPAT. Phenols with less bulky carbon substitutions and lower
logP values were less potent in general. The response to thymol was blocked by camphor.

Conclusions and implications: These results suggest a role for hTRPA1 activation in the reported pungent and aversive
properties of some of these pharmaceutically important phenols.
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Introduction

Thymol, a phenolic compound, is one of the predominant
components of oil derived from the thyme plant, Thymus
vulgari, and from oregano, Origanum vulgare (Hazzit et al.,
2006). Its antimicrobial (Lambert et al., 2001), anti-inflam-
matory (Braga ef al., 2006a) and anti-oxidant properties
(Braga et al., 2006b; for review, see Burt, 2004) make it a
common addition to many consumer products such as
cosmetics, pharmaceutical preparations and oral rinses.
However, thymol also has an unpleasantly pungent flavour
on its own, often described as medicinal. This strong taste
limits consumer acceptance of thymol-containing products,
in particular those that might have a taste sensory

Correspondence: Dr RW Bryant, Discovery Research, Redpoint Bio
Corporation, 7 Graphics Drive, Ewing, NJ 08628-1547, USA.

E-mail: robert.bryant@redpointbio.com

"Current address: Merck & Co. Inc., Rahway, NJ 07065, USA.

Received 4 December 2007; revised 4 February 2008; accepted 12 February
2008; published online 10 March 2008

component. Other flavourings often have to be added to
mask its taste, and identifying the proper formulation can be
difficult.

Although the molecular basis of thymol’s pungency is not
yet known, thymol is known to activate various receptors.
For example, thymol has been shown to activate transient
receptor potential (TRP)V3 (Xu et al., 2006). Thymol is also a
direct agonist of the GABA, ion channel (Mohammadi et al.,
2001). In addition, thymol may partially block voltage-gated
sodium channels, which could be a potential molecular
mechanism for its pain-relieving properties (Haeseler et al.,
2002). Although the temperature-sensitive TRPV3 channel is
expressed in the tongue (Xu ef al., 2002), its role in taste, if
any, is not yet known. Likewise, neither the GABA, ion
channel nor the voltage-gated sodium channels are known
to be important in taste. Thus, the receptor responsible for
mediating thymol’s pungent taste remains to be discovered.

We are interested in identifying the ability of small
molecules involved in taste to activate members of the TRP
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ion channel family. TRP channels have been identified as
mediators for the taste sensations of several spicy molecules,
including capsaicin (TRPV1, Caterina ef al., 1997), menthol
(TRPMS, Peier et al., 2002) and cinnamaldehyde (TRPA1,
Bandell et al., 2004), as well as transducing signals from G-
protein-coupled receptors that mediate the bitter, sweet and
umami taste modalities (TRPMS, Margolskee, 2002; Zhang
etal., 2003). It is already known that thymol activates TRPV3
(Xu et al., 2006) and TRPMS8 (Vogt-Eisele et al., 2007). This
suggests that thymol could activate other TRP channels
as well. In the process of evaluating a panel of tastants, we
found that thymol is also a potent activator of human
transient receptor potential channel A1 (hTRPA1).

TRPA1, originally designated as ANKTM1, was identified as
a channel that responds to noxious cold (Story et al., 2003).
In addition to its role in cold detection, it is also activated by
a number of natural ligands, many of which are character-
ized by having pungent, strong flavours or by causing pain
sensations. Some of these pungent compounds include allyl
isothiocyanate (AITC) or mustard oil (Jordt et al., 2004);
cinnamaldehyde, found in cinnamon oil (Bandell et al.,
2004); and carvacrol, found in oregano (Xu et al., 2006).
Allicin, a component of the pungent flavour of raw garlic
(Bautista et al., 2005; Macpherson et al., 2005) also activates
TRPA1, although TRPV1 appears to be important as well
(Park et al., 2007). TRPA1 appears to have multiple activation
mechanisms, ranging from mechanical (Hill and Schaefer,
2007), chemical via the covalent modification of cysteine
residues on the intracellular domains of TRPA1 (Hinman
et al., 2006; Macpherson et al., 2007) and direct intracellular
activation by calcium ions via the EF-domain binding
(Doerner et al., 2007; Zurborg et al., 2007). Blockers of
hTRPA1 have been identified as well. Activation of TRPA1 is
blocked by camphor (Xu et al., 2005). Menthol blocks TRPA1
at high (1mM) concentrations (Macpherson et al., 2006),
although it displays agonist properties at lower concentra-
tions (Karashima et al., 2007).

In this study, we have shown that hTRPA1 is activated by
thymol in a concentration-dependent manner. While this
paper was under review, Karashima et al. (2007) also
demonstrated the activation of TRPA1 by thymol. In
addition, we found that this activation of hTRPA1 by thymol
is blocked by camphor. We also found that related alkyl-
substituted phenols activate hTRPA1 and that some struc-
ture-activity relationships (SARs) exist. Thus, we suggest that
hTRPA1 stimulation is responsible in part for the aversive
properties of the thymol taste.

Methods

Cloning of hTRPA1

Human transient receptor potential channel A1 cDNA was
generated from a human lung polyA + RNA library using the
Thermoscript RT-PCR system. The full-length hTRPA1 cDNA
was amplified by PCR. Recognition sites for restriction
enzymes Kpnl and Xhol were introduced at the 3’ and 5’
ends, respectively, with GC Melt. The PCR product was
purified using the PureLink PCR purification kit and
then subcloned into the pENTR3C vector. Four mutations
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identified by sequencing were corrected with the Quik-
Change multisite-directed mutagenesis kit. The sequence
was then inserted into vector pcDNA 3.2/v5-DEST using the
LR recombination reaction Kkit.

Development of hTRPA1-HEK293 stable cell line

To create a stably transfected cell line expressing hTRPA1,
1.0 x 10° human embryonic kidney 293 (HEK293) cells were
seeded in 35 mm tissue culture dishes and grown overnight
in a 37°C and 5% CO, incubator, in culture medium
consisting of DMEM, 10% foetal bovine serum and penicillin
with streptomycin. On the next day, the cells were
transfected using 4 pg of pcDNA 3.2-hTRPA1 with 7pl of
Lipofectamine 2000 following the manufacturer’s protocol.
After 2 days in culture, the cells were replated at 1:10 and
1:100 in the presence of 1mgml ™' Geneticin. Once stably
expressing clones were identified, the concentration of
Geneticin was reduced to 0.25mgml~" for expansion and
maintenance. Clones were selected on the basis of their
response to cinnamaldehyde and AITC in the fluorescence-
imaging plate reader (FLIPR) assay using the membrane
potential assay kit RED.

FLIPR assay

Human transient receptor potential channel A1-HEK293 or
HEK293 cells were seeded overnight in poly-D-lysine coated
384-well plates at 15000 cells per well in 20 pl of media. The
assay was performed using a fluorometric-imaging plate
reader (FLIPR-Tetra). To monitor changes in membrane
potential, the cells were loaded with 20ul of membrane
potential assay kit RED dye per well and were incubated at
37°C and 5% CO, for 1h. To measure intracellular calcium
changes, the calcium 3 dye, supplemented with SmM of
probenecid, was used. The plates were equilibrated to room
temperature for 15min before the start of the assay. The
plates were read on the FLIPR for a total of 3 min, including
an initial 10s reading window to determine baseline
fluorescence levels before the application of any compound.
After the compounds were applied by the FLIPR, the plates
were read for an additional 2min and 50s. Membrane
potential experiments were read using the excitation 510-
545 nm and emission 565-625 nm filter set. Calcium experi-
ments were read using the excitation 474-495nm and
emission 515-575nm filter set. Results are presented as
relative fluorescence units (RFU).

The test compounds camphor, carvacrol, o-cresol, 2,6-
diisopropylphenol, 2,5-dimethylphenol, 2,6-dimethylphenol,
3,4-dimethylphenol, phenol, 2-tert-butyl-5-methylphenol
and thymol were prepared in dimethyl sulphoxide. Because
the final concentration of dimethyl sulphoxide was 1% in
the assay, vehicle controls of 1% dimethyl sulphoxide were
also included in each assay plate.

Electrophysiology

Whole-cell recordings of TRP channel currents were
obtained from freshly trypsinized, stably transfected cells.
The cells were plated on the glass coverslip bottom of the



recording chamber and then allowed to attach for 5-10 min
before the start of the experiment. The bath solution was
Hank’s balanced salt solution (HBSS), composed of (mMm): 1.2
CaCly, 0.5 MgCl;, 0.4 MgSOy, 5.3 KCl, 0.4 KH,POy, 137.9
NaCl, 0.3 Na,HPO4 and 5.5 d-glucose, supplemented with
20 mM HEPES, pH 7.4 (NaOH). The internal pipette solution
contained, in mM: 135 caesium glutamate, 8 NaCl, 5.1 CaCl,,
10 HEPES, 6 EGTA and 2 ATP-Mg, pH 7.2 (NaOH). Recording
pipettes were pulled from fire-polished borosilicate glass to a
resistance of approximately 2MQ using a Flaming/Brown
micropipette puller. Serially diluted dimethyl sulphoxide
compound stocks were diluted in bath solution and applied
to the cells during the recording by perfusion using a multi-
barrel applicator (SF-72).

Voltage clamp recordings were obtained in whole-cell
mode using MultiClamp 700B amplifier and Digidata 1322A
converter running on Clampex 9.2 software (Molecular
Devices, Sunnyvale, CA, USA). Recordings were performed
at room temperature at a holding potential of —80mV. Series
resistance (2-6 MQ) and capacitance (10-19 pF) were mea-
sured and automatically compensated (to ~75%) immedi-
ately after the break-in, and the resulting capacitance
measurements were used for current density calculations.
Data were filtered at 1kHz and sampled at 5 kHz.

Calcium imaging

For these experiments, hTRPA1-HEK293 or HEK293 parental
cells were trypsinized, allowed to recover at room temperature
and then plated on the glass coverslip floor of the imaging
chamber. The cells were then loaded with 4 uM fura-2 AM dye
for 30min. The cells were viewed through a 40 x Plan Fluor
magnification objective using a TE2000S inverted microscope.
Images were acquired with a Pixel Fly CCD camera. A xenon
lamp (175 W) controlled by the Lambda 10 shutter controller
was used to excite cells at 340 and 380 nm. Ratiometric images
were obtained every 2s with the use of InCyt 2 imaging
software (Intracellular Imaging Inc., Cincinnati, OH, USA).
The calcium ionophore ionomycin (10 uM) was applied at the
end of some experiments as a positive control.

Data analysis

Results from electrophysiological recordings were analysed
using Origin software to fit the concentration-response
curves. The results from the FLIPR assays were analysed
using Prism software. For ARFU measurements, the baseline
fluorescence signal (RFU,;,) was subtracted from the peak
fluorescence signal (RFU,,,x) at each compound concentra-
tion (RFUpax—RFUpin). The results shown are from one
experiment, n= 3, that is representative of a total of two to
four independent FLIPR experiments. To calculate ECsg
values for compounds displaying dual agonist-antagonist
properties, as originally shown for thymol by others
(Karashima et al., 2007), compound concentrations exhibit-
ing antagonism were excluded from the curve-fit analysis.
Curves were fitted using a sigmoidal dose-response equation
with variable slope, and ECsq values calculated from that
equation are shown with 95% confidence intervals. Error
bars for each data point represent s.d.
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Chemical property calculations

The logP values were calculated using the Molecular
Operating Environment 2006.8 software system (Chemical
Computing Group, Montreal, QC, Canada) with the Wild-
man and Crippen function. The pK, values for thymol and
trinitrophenol were obtained from the PhysProp Database
(http://www.syrres.com/esc/physdemo.htm, Syracuse Research
Corporation, Syracuse, NY, USA).

Materials

Human lung polyA + RNA library (BD Biosciences, San Jose,
CA, USA); Thermoscript RT-PCR system, PureLink PCR
purification kit, pENTR3C vector and LR recombination
reaction kit (Invitrogen, Carlsbad, CA, USA); GC Melt (BD
Biosciences); QuikChange multi site-directed mutagenesis
kit (Stratagene, La Jolla, CA, USA). HEK293 cells (ATCC,
Manassas, VA, USA); 35 mm tissue culture dishes (Falcon, BD
Biosciences, Bedford, MA, USA); Lipofectamine 2000 and
Geneticin (Invitrogen); membrane potential assay kit RED,
calcium 3 dye and FLIPR-Tetra (Molecular Devices). Cam-
phor, carvacrol, o-cresol, 2,6-diisopropylphenol, 2,5-di-
methylphenol, 2,6-dimethylphenol, 3,4-dimethylphenol,
phenol, 2-tert-butyl-5-methylphenol and thymol were pur-
chased from Sigma-Aldrich (St Louis, MO, USA). Hank'’s
balanced salt solution and HEPES were obtained from
Invitrogen. Flaming/Brown micropipette puller (Sutter In-
struments, Novato, CA, USA); multi-barrel applicator (SF-72,
Warner, Hamden, CT, USA); fura-2 AM dye (Molecular
Probes, Invitrogen). Plan Fluor magnification objective and
TE2000S inverted microscope (Nikon, Japan); Pixel Fly CCD
camera (Cooke Corporation, Romulus, MI, USA); xenon
lamp (175W; Intracellular Imaging Inc.); Lambda 10 shutter
controller (Sutter Instruments).

Results

Time course of hTRPA1 activation by thymol versus activation by
cinnamaldehyde

A panel of small molecules known for their pungency,
astringency or strong taste was evaluated for the ability to
activate hTRPA1 in a FLIPR-based assay. In the membrane
potential assay, thymol depolarized hTRPA1-HEK293 cells
(Figure 1a) as shown by a strong increase in dye fluorescence
for 6.25 and 25 pM thymol. As a positive control, cinnamal-
dehyde was tested at 6.25 and 25pM and also depolarized
hTRPA1-HEK293 cells (Figure 1b) to a similar extent. Neither
compound had an effect on the parental HEK cells, which do
not express hTRPA1 (Figures 1a and b).

It is known that hTRPA1 is a calcium-permeable channel
(Story et al., 2003). Activation of hTRPA1 should therefore
lead to an increase in intracellular calcium. To confirm the
activation of hTRPA1 by thymol, we performed the FLIPR
assay using a calcium-sensitive dye and measured changes in
intracellular calcium concentration following compound
application. Thymol, applied at 6.25 and 25 pM, increased
intracellular calcium (Figure 1c), further suggesting that it
can activate the hTRPA1 receptor. Cinnamaldehyde also
increased the intracellular calcium concentration to a similar
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Thymol activates hTRPA1 more rapidly than cinnamaldehyde. Both thymol (a, c) and cinnamaldehyde (b, d) activated hTRPAT1, but

the time course of activation by thymol was more rapid than that by cinnamaldehyde, as shown for two concentrations of agonist by
membrane potential response (a, b) and internal calcium changes (¢, d). The difference was more marked with 6.25 um thymol. Parental cells,
which do not express hTRPA1, were not activated by either thymol or cinnamaldehyde. Each compound concentration was assayed in
triplicate, and the average RFU *s.d. is plotted versus time. The compounds were added 15 s after the start of the experiment. hnTRPA1, human

transient receptor potential channel A1; RFU, relative fluorescent units.

extent (Figure 1d). No activation of parental cells was
detected for either compound (Figures 1c and d). Interest-
ingly, the time course of thymol activation was more rapid
than the time course of cinnamaldehyde activation. In the
membrane potential assay, it took 31 and 28 s to reach half of
maximal activation for 25 and 6.25 uM thymol, respectively,
compared to 52 and 132s for 25 and 6.25 pM cinnamalde-
hyde, respectively (Figures 1a and b). The differences in the
lag time for the calcium assay were comparable. A single
experiment is shown, but results from a total of four
independent experiments, performed in triplicate, displayed
a similar trend.

Concentration-dependent activation of hTRPA1 by thymol

Thymol was found to depolarize hTRPA1-HEK293 cells, in a
concentration-dependent manner, with an ECsq value of
6 uM (Figure 2a). Thymol application also increased intracel-
lular calcium (Figure 2b) with an ECso of 20 uM. As a control,
the cells were treated with the known TRPA1 ligands AITC
and cinnamaldehyde. Both AITC and cinnamaldehyde
depolarized hTRPA1-HEK293 cells (Figures 2c and e) and
led to intracellular calcium increases (Figures 2d and f) with
ECso values of 0.3 and 3puM, respectively. The parental
HEK293 cell line was not activated by thymol, AITC or
cinnamaldehyde, indicating that the increase in membrane
potential in hTRPA1-HEK293 cells was due to activation of
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the hTRPA1 channel and not of the endogenous channels
expressed by the cell. Non-receptor-mediated depolarization
by KCl gave similar membrane potential dye responses in
TRPA1-transfected and parental cells (Figure 2g). Depolariza-
tion by KCl, up to a concentration of 100 mM, did not lead to
substantial increases in intracellular calcium (Figure 2h),
indicating that depolarization in the absence of TRPA1l
activation is not sufficient to increase intracellular calcium
levels.

Intracellular calcium increase following hTRPA1 activation by
thymol

To confirm that thymol induced changes in intracellular
calcium, single-cell calcium imaging experiments were
performed with hTRPA1-HEK293 cells loaded with fura-2
dye. Fluorescence ratios (F340/F380) were calculated before
and after thymol addition. Bath application of 300um
thymol resulted in a significant increase in the fura-2 ratio
in hTRPA1-HEK293 cells (Figure 3a). This activation was
concentration-dependent (Figure 3b) with an average ECsg
value of 64uM (n=06). Parental HEK cells did not respond
to an initial concentration of 300 uM thymol (Figure 3c).
As a positive control, 10 uM ionomycin applied at the end of
this recording increased intracellular calcium levels
(Figure 3c).
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kidney 293; hTRPA1, human transient receptor potential channel A1.

Whole-cell electrophysiological recordings

Whole-cell electrophysiological recordings were obtained to
measure the effect of thymol on hTRPA1 currents directly.
The hTRPA1-HEK293 cells were recorded during bath
application of thymol or AITC. Thymol activated currents
in these cells (Figure 4a). Initially, we tried to examine the
concentration-dependence of thymol activation of hTRPAL.
However, repeated applications of thymol on hTRPA1-
HEK293 cells caused the channel to desensitize, eliminating
the concentration-dependent effect (Figures 4a and b). The
activation of hTRPA1 currents by an initial application of
thymol was comparable in magnitude to the activation of

hTRPA1 by AITC (data not shown). Desensitization of
hTRPA1 by thymol reduced its response to AITC, suggesting
that the two compounds were acting on the same channel
(Figure 4b). Parental HEK cells, did not respond to an initial
concentration of 300pM thymol (n=3), excluding the
possibility of nonspecific effects on the cells (Figure 4c). To
calculate an EC;o value, a concentration-response curve
could be compiled by measuring only the response to the
initial application of thymol to minimize the effects of
desensitization on the calculation. This method revealed a
concentration-dependent activating effect of thymol on
hTRPA1, with a calculated ECso value of 127 pM (Figure 4d).
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Figure 3 Thymol activates hTRPA1-dependent calcium transients.
(a) Ratiometric calcium imaging from hTRPA1-HEK293 cells loaded
with fura-2 AM dye before and after addition of 300 um thymol.
(b) Ratiometric responses of six cells before and during perfusion
with increasing concentrations of thymol. (c) Addition of 300 pum
thymol to parental HEK cells was without effect, whereas 10 um
ionomycin produced a robust increase in fluorescence ratio. Data
shown in (b) and (c) represent mean * s.e.mean. HEK293, human
embryonic kidney 293; hTRPAT, human transient receptor potential
channel AT.

SAR of the hTRPA1 activation

To continue exploring the activation of hTRPA1 by thymol,
we performed a SAR analysis. The ability of eight commer-
cially available alkyl-substituted phenols to activate hTRPA1
was evaluated in our membrane potential assay (Figure 5).
Many of these compounds, in particular thymol (Figure 5a),
2-tert-butyl-5-methylphenol (Figure 5b), carvacrol
(Figure 5d), 2,6-dimethylphenol (Figure 5e) and 2,5-di-
methylphenol (Figure 5f), showed a bimodal activity pattern
similar to that observed by Karashima et al. (2007). Table 1
shows the structures and calculated ECso values for this
panel of compounds. Although the specific ECso values for
each compound varied between trials, the rank order of
potency remained consistent across four independent
experiments. The calculated logP value for each compound
is also shown in Table 1. We observed that for TRPA1
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activation, the potency of these alkyl-substituted phenols
generally declined as the logP value decreased.

Effect of an hTRPA1 antagonist on the thymol response

Taken together, our data suggest that thymol is a potent
activator of the hTRPA1 channel. If thymol is directly
activating the hTRPA1 channel, its effect should be blocked
by pretreatment with hTRPA1 inhibitors. To confirm the
specificity of hTRPA1 activation, we measured the mem-
brane potential change after application of 30 uM thymol,
100 pM cinnamaldehyde or 30 uMm AITC in the presence of
racemic camphor, a known TRPA1 blocker (Xu et al., 2005)
(Figure 6). The data are presented as a percentage of
inhibition of membrane potential increase compared to
control and show the results of one experiment (n=3),
which was representative of two independent experiments.
Camphor blocked the thymol activation of hTRPA1l in a
concentration-dependent manner with an ICso value of
400 pM. In comparison, camphor only partially blocked
hTRPA1 activation by cinnamaldehyde and AITC even at
the highest concentration, 10 mM, used in the assay.

Discussion

Thymol is a useful antimicrobial component of consumer
health products, in particular of oral care products such as
oral rinses. However, its pungent, medicinal and unpleasant
taste limits its use in formulations where taste qualities are
important. The molecular basis of this strong and unpleasant
flavour is not yet known, and its identification would be
useful for the design of blockers, which could be used in
combination with thymol to develop more pleasant for-
mulations of oral care products. Thymol has been shown to
act as a positive allosteric modulator of a subset of ionotropic
GABA receptors (Priestley et al., 2003), to activate the TRPV3
receptor (Xu et al., 2006) and to have direct agonist activity
on the GABA, chloride channel (Mohammadi et al., 2001).
However, the taste qualities of these channels are largely
unknown. Thymol is also known to activate TRPMS8 (Vogt-
Eisele et al., 2007), but this interaction is not likely to
account for all of its pungent taste.

Here, we show that thymol directly activates hTRPA1. This
member of the TRP channel family is activated by other
compounds that are known to have an aversive pungent
taste or to cause pain and inflammation. For example, allicin
and diallyl disulphide, two of the pungent components
found in garlic, activated hTRPA1 heterologously expressed
in HEK293t cells and Xenopus oocytes and endogenously
expressed in nocioceptive sensory neurons. Although these
sensory neurons also expressed hTRPV1, the pungency of
these compounds was attributed to hTRPA1 activation
(Bautista et al., 2005). hTRPA1 is also activated by isothio-
cyanate compounds, such as AITC, all of which have very
strong aversive sensory qualities (Jordt et al., 2004). In
addition, hTRPA1 is known to be expressed in the rat in cells
of the geniculate ganglion, which is mainly composed of
primary sensory neurons involved in taste (Katsura et al.,
2006). Using FLIPR-based membrane potential and calcium
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Figure 4 Thymol activates hTRPA1 current. (a) Whole-cell voltage clamp recordings from an isolated hTRPAT-expressing HEK293 cell held at
—80mV. hTRPAT current was activated by 3 um thymol. At 30 pm, the activation was followed by desensitization that prevented a response to a
higher thymol concentration. The inset shows the current response to a depolarizing ramp from —80 to +80mV. (b) The robust current
evoked by an initial application of 300 pM thymol in a different cell was greatly decreased in subsequent applications. Thymol application also
reduced the response to AITC. (c) Sample trace showing that in an isolated non-transfected HEK293 cell, thymol (300 pm) produced no effect.
(d) The concentration-response curve for initial application of thymol gave an ECs, value of 127 pm. Error bars show s.e.mean, and n for each
data point is shown in parentheses. AITC, allyl isothiocyanate; HEK293, human embryonic kidney 293; hTRPA1, human transient receptor

potential channel A1.

influx assays, whole-cell electrophysiology and calcium
imaging, we show here that thymol activates hTRPA1
directly and potently and that its activation can be blocked
by the known hTRPA1 antagonist camphor.

The mechanism of action of thymol on hTRPA1 is still
unclear. In examining the time course traces from the FLIPR
assay, we noted that the action of thymol on membrane
potential in hTRPA1-HEK293 cells is two- to fourfold faster
than the action of cinnamaldehyde (Figure 1). Other groups
studying TRP channels have shown that differences in time
lag of agonist response result from a difference in mechan-
isms of activation. For example, menthol evokes TRPMS
current immediately, whereas icilin evokes a current only
after a delay of several seconds. These two agonists have been
shown to act on TRPMS via different mechanisms based on
the observation that they are differentially modulated by pH
(Andersson et al., 2004). Our differences in activation time
may indicate that thymol and cinnamaldehyde act on
hTRPA1 via different binding sites or mechanisms. Hinman
et al. (2006) and Macpherson et al. (2007) showed that AITC
and cinnamaldehyde activate hTRPA1 via covalent modifica-
tion of cysteine residues located in the cytoplasmic N-
terminal domain, which could explain the delay we observed
in activation by these compounds. Other structurally
unrelated electrophilic compounds have also been found to
bind TRPA1, presumably via mechanisms similar to AITC
and cinnamaldehyde (McNamara et al., 2007; Taylor-Clark
et al.,, 2008). However, on the basis of their structures,

thymol and related simple alkyl phenols would not be
expected to act as electrophiles and are therefore unlikely to
act on TRPA1 via a covalent mechanism. The amphipathic
molecule trinitrophenol has been shown to activate TRPA1
by a mechanosensitive mechanism involving membrane
deformation (Hill and Schaefer, 2007). The phenolic group of
thymol is much less acidic than that of trinitrophenol (pK,
10.6 and 0.4, respectively; see Methods section), which
suggests that thymol would not have the amphipathic
properties needed to trigger membrane deformation.

During the preparation of the paper, Karashima et al.
(2007) demonstrated the bimodal activation of TRPA1 by
thymol and menthol. We observed similar bimodal beha-
viour with thymol and some of the other alkyl phenols as
well. The mechanism of the bimodal behaviour of these
ligands is unclear. One explanation could be the overlapping
effects of activation and desensitization at high concentra-
tions. Interestingly, this bimodal behaviour was not observed
with cinnamaldehyde or AITC, further supporting the
hypothesis that these two ligands activate hTRPA1 by a
different mechanism from that of thymol.

Within the group of alkyl phenols tested for TRPA1
activation (Table 1), we found a positive correlation between
logP and potency. The more highly substituted phenols
(Table 1, 1-4), with calculated logP values of 2.81 or higher,
were more potent than the lesser substituted phenols with
calculated logP values of 2.19 or lower (5-9). We also find
evidence for an SAR, indicating that the presence of bulkier
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Figure 5 Compounds that are structurally similar to thymol can activate the hTRPA1 channel. The ECsq values for these related alkyl phenols
are shown in Table 1. Results shown are from one representative experiment, n= 3, out of four independent experiments. hTRPA1, human
transient receptor potential channel A1; HEK293, human embryonic kidney 293.

alkyl groups, such as isopropyl (1) or tert-butyl (2), increase
the potency of the compound when they are adjacent to the
phenolic hydroxyl (1-3). The dimethyl phenol 2,6-dimeth-
lyphenol (5) was more active than 2,5-dimethylphenol (6) or
3,4-dimethylphenol (8), further supporting the idea that
alkyl substitution around the hydroxyl moiety improves
potency. We noted, however, that carvacrol (4), which was
originally shown to activate the rat isoform of TRPA1 by Xu
et al. (2006), has a single methyl group adjacent to the
hydroxyl but is nearly as active as thymol. Its relatively high-
calculated logP value may be important for its activity.
Phenol (9) had no activity at any concentration tested in the
FLIPR assay up to 1mM. Other groups have found that
related structures are able to activate hTRPA1l. Methyl-p-
hydroxybenzoate, for example, activates TRPA1 with an ECs
value in the millimolar range (Fujita et al., 2007), which
corresponds to our SAR findings regarding the requirement
for alkyl substitution around the hydroxyl moiety to have a
potency less than 100 uM. Taken together, the logP values
and alkyl substituent pattern suggest that thymol and related
alkyl phenols might bind in a hydrophobic pocket to
activate TRPA1.

Previously, Xu et al. (2005) showed a complete blockade of
TRPA1 activation with 10 mM camphor. In their experiments,
the TRPA1 current was activated by 200 uM AITC. In contrast,
we only observed a partial block of the TRPA1 current by
10 mM camphor when AITC or cinnamaldehyde was used to

British Journal of Pharmacology (2008) 153 1739-1749

activate the channel. We have in the past observed
differences between the magnitudes of ECsy values calcu-
lated from FLIPR assay data versus electrophysiology data.
This could provide one explanation for the difference
between our data and previously published results. Alter-
natively, there may be functional differences between the rat
homologue of TRPA1 used by Xu ef al. and the human
homologue of TRPA1 used in our experiments. Sequence
differences between the two homologues may result in
variations in the structure of binding sites of both agonists
and antagonists for the channel, potentially modifying the
magnitude of their effect. In addition, because we expect
that the mechanism of binding to TRPA1 for thymol is
different from that for AITC or cinnamaldehyde, it is not
unreasonable to also expect that an antagonist such as
camphor would also exhibit different potency against them.
The mechanism of camphor inhibition is not yet known. It
should be noted that camphor acts as an agonist of other
channels such as TRPV1 (Xu et al., 2005).

There is no clear explanation for the discrepancies
observed in ECsq values calculated from data obtained by
different techniques. In the present study, we obtained ECsg
values for thymol of 6 M in the FLIPR-based membrane
potential assay and 127 uM from the whole-cell patch clamp
experiments. In addition, the ECsq value was 20 uM in the
FLIPR-based calcium influx assay and 64 uM from calcium
imaging. These differences in our own experiments could be
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Table 1 Structure, hTRPAT1 activity and calculated logP values of substituted alkyl phenols

Number Structure Name ECs0, M (95% ClI) Calculated logP
1 /&L Thymol 3(1.1-7.1) 2.81
2 /ig% 2-tert-Butyl-5- methylphenol 3(2.9-4.1) 3.10
3 /%)\ 2,6-Diisopropylphenol 4 (2.8-6.0) 3.39
4 OH Carvacrol 7 (6.1-7.6) 2.81
(o8
5 OH 2,6-Dimethylphenol 31 (27-34) 2.19
o
6 OH 2,5-Dimethylphenol 57 (8.6-378) 2.19
o
7 OH o-Cresol 60 (53-68) 1.86
ot
8 OH 3,4-Dimethylphenol 67 (60-74) 2.19
©\
9 OH Phenol No activity 1.51
Q

Abbreviations: Cl, confidence interval; hTRPA1, human transient receptor potential channel A1.

caused by the differences in preparation; whereas calcium
imaging measurements and whole-cell electrophysiological
recordings collected data from individual freshly trypsinized
and dissociated cells, experiments using the FLIPR platform
collected population data from a monolayer of cells grown
overnight in 384-well plates. Other laboratories have also

observed similar differences. For example, the ECsy, of
capsaicin for TRPV1 by whole cell recording in Xenopus
oocytes was originally found by one laboratory to be 712nMm
(Caterina et al., 1997). A second laboratory obtained an
ECsp=34nM (Jerman et al., 2000) for capsaicin activation of
rTRPV1 in FLIPR-based experiments but obtained an ECs of

British Journal of Pharmacology (2008) 153 1739-1749



Activation of hTRPA1 by thymol and alkyl phenols

1748 SP Lee et al
100 = AITC
< v Cinnamaldehyde
;.% 75 e Thymol
2 50
£
x 25
0

S22 A 0 1 2
log [camphor] mM

Figure 6 Thymol stimulation of hTRPAT was selectively blocked by
the hTRPAT inhibitor camphor. hTRPA1-HEK293 cells were pre-
treated with camphor at various concentrations and then treated
with 30um thymol, 100uMm cinnamaldehyde or 30pum AITC.
Camphor blocked hTRPAT activation by thymol with an ICsq value
of 400 M. AITC, allyl isothiocyanate; HEK293, human embryonic
kidney 293; hTRPA1, human transient receptor potential channel A1.

497 nM by electrophysiological recording (Gunthorpe et al.,
2000). A third laboratory found an ECso=2nM in a FLIPR
assay (Valenzano et al., 2003). In another example, ECsg
values for AITC activation of TRPA1 were found to be 2-5 um
when calculated by a calcium imaging assay (McNamara
etal., 2007), but 64 pM in Xenopus oocyte recordings from the
same laboratory (Hinman et al., 2006). We observed similar
differences between the FLIPR and the electrophysiology
assays for capsaicin activation of the hTRPV1 channel and
for AITC activation of hTRPA1 (data not shown). However,
these differences do not detract from the observation that
thymol potently activates hTRPA1 in a specific and concen-
tration-dependent manner.

In conclusion, the present study demonstrates that thymol
and other alkyl-substituted phenols can activate the ion
channel hTRPA1. Because hTRPA1 is known to be activated
by compounds with pungent or unpleasant tastes, hTRPA1
activation may be responsible for the aversive taste qualities
of thymol. In this regard, an hTRPA1 antagonist could
improve the taste and acceptance of thymol-containing oral
care products. The new data we provide on SAR, together
with recent results presented in the literature regarding the
multiple mechanisms of activation of hTRPA1, could be
useful in the design of such an antagonist.
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