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General Abstract

For 5 basic taste stimuli including sweet, umami, bitter, salty, and sour, tastants
are detected mainly by taste receptor cells in taste buds on the tongue. In addition to 5
basic taste stimuli, the pungent stimulation of hot peppers and the astringent stimulation
of major catechin of green tea EGCG are also recognized in the mouth. This pungent
taste is mainly mediated by TRPV1 receptors, which can be activated by capsaicin from
pepper and are expressed in sensory neurons in the oral cavity. TRPV1 receptors are
activated by a wide range of molecules including alcohols, terpenoids, aldehyde, and
vanilloids such as capsaicin.

The sensation mechanism of astringency taste activated with a major catechin of
green tea, EGCG has not been well understood, and it is not known which molecule
functions as an EGCG sensor on the tongue. Here, 1 first found that the mouse intestinal
endocrine cell line STC-1 responds to EGCG by elevating intracellular Ca** ([Ca?'];)
levels. | further found that HEK293T cells transfected with the mouse TRPAL1 cDNA
showed [Ca?*]; response upon application of EGCG, and that their response properties
were similar to those observed in STC-1 cells. These results indicated that EGCG
activates TRPAL in intestinal STC-1 cells (Kurogi et al., 2012). | further found that
TRPV1 is also activated by EGCG.

It is known that TRPA1 and TRPV1 channels are expressed in sensory neurons on
the tongue. It has been considered that green tea catechins pre-incubated for longer
period taste more astringent. Next, | examined how TRPA1 and TRPV1 are activated
by EGCG in the course of auto-oxidation process. Quite interestingly, freshly prepared
EGCG without pre-incubation could not activate these TRP channels, but that only the
incubated EGCG could activate them. The presence of ascorbic acid largely inhibited

the pre-incubation effect on EGCG. These results strongly suggested that only



oxidative products of EGCG act as a ligand for the astringent sensors of TRPA1 and
TRPV1. Then, I found that theasinensin A (TS-A) is one of the astringent sensor
activators, which are formed during the auto-oxidation of EGCG. Furthermore,
neurons of dorsal root ganglion (DRG) were isolated from mice and cultured, then, |
examined their sensitivity to pre-incubated EGCG and to TS-A. | demonstrated that
the oxidized EGCG and TS-A can directly activate TRPV1 and TRPA1 channels in
DRG sensory neurons.  These studies strongly suggested that the sense of astringency
at green tea catechins such as TS-A may be caused by activating TRPV1 and TRPAL
channels with oxidized catechins such as TS-A in sensory neurons in the tongue and the

mouth.



General Introduction

Humans have a multitude of senses. The purpose of the major senses is to detect
and discriminate among signals coming from our environment. These signals carry
information necessary for us to support our vital functions, such as taste and smell in
eating, as well as functions used in communicating with others and in our work, such as
sight, touch, and hearing. In addition to the traditional five senses, other senses of
which we are not aware are at work within our bodies, such as the sense of balance and
the sense of muscle effort, called kinesthesia, and many senses involved in detecting
chemical changes in the blood and other tissues.

Animals, including humans, depend on the chemical senses to help identify
nourishment, noxious substances, or the suitability of a potential mate. It is well known
that gustation and olfaction have a similar task of the detection of environmental
chemicals. The senses of gustation (taste), olfaction (smell) and chemesthetic fall
under the category of chemical senses. Specialized cells act as receptors for certain
chemical compounds. As these compounds react with the receptors, an impulse is sent
to the brain and is registered as a certain taste or smell. The receptors they contain are
sensitive to the molecules in the food we eat, along with the air we breathe. The sense
of taste is transduced by taste buds and is conveyed via three of the twelve cranial
nerves. Cranial nerve VII, the facial nerve, carries taste sensations from the anterior
two thirds of the tongue (excluding the circumvallate papillae) and soft palate. Cranial
nerve IX the glossopharyngeal nerve carries taste sensations from the posterior one third
of the tongue (including the circumvallate papillae). Also a branch of the vague nerve
carries some taste sensations from the back of the oral cavity (i.e. pharynx and
epiglottis). Information from these cranial nerves is processed by the gustatory system.

Though there are small differences in sensation, which can be measured with highly



specific, all taste buds can respond to all types of basic taste. Sensitivity to all basic
tastes is distributed across the whole tongue and indeed to other regions of the mouth
where there are taste buds (epiglottis, soft palate). Olfaction is the sense of smell. In
humans the sense of Smell is received in nasopharynx. Airborne molecules go into
solution on moist epithelial surface of nasal passage. An olfactory receptors neuron
sends an impulse via Cranial nerve | the olfactory nerve. Although 80-90% of what
we think is "taste™ actually is due to smell.  In addition to the classical senses of taste
and smell, anatomically separate systems in the mouth and nose provide additional
sensory input from chemical stimulation. Various tasteless and odorless compounds,
such as carbon dioxide and capsaicin, are potent chemical stimuli and important flavor
compounds in foods and beverages. Such stimuli are often classified as trigeminal
because they are capable of stimulating nerve endings in the nose, mouth, and eyes that
are subserved by branches of the fifth cranial nerves (the trigeminals). These nerves
carry signals for pain, touch, and temperature stimulation, and are generally associated
with painful or irritating chemical stimuli, hot pepper and polyphenol being a good
example. It has been considered that these chemical sensations may include pungent
and astringent tastes.

Astringency is a sensory attribute that is described as a drying-out, roughening,
and puckery sensation felt in the mouth. Foods that are often astringent include red wine,
green and black teas, soy-based foods, and certain fruits, especially when they’re not yet
ripe. In these foods, astringency is caused by the polyphenolic compounds they contain.
Polyphenols are the most common cause of astringency in foods, though acids, metal
salts such as alum, and alcohols are known to also cause astringency (Green, 1993).
However, the mechanism of astringency is not fully understood. It is known that one

of the best characterized groups is the salivary PRPs, which form 70 % of the protein in



saliva. They appear to have several functions, but the most likely function of the
proline-rich tandemly repeated section (which forms by far the largest part of the
protein) is to bind plant polyphenols present in the diet and to reduce their harmful
effects by forming precipitates (Mehansho et al., 1987; Murray et al., 1994). One
theory for the astringent taste is that precipitation of PRPs from saliva reduces its ability
of lubricate, and this loss of lubricity is perceived (Clifford, 1997). A second theory is
that the sensation is caused by a direct effect of astringents on the oral surface and that
PRPs play a protective role and reduce astringency by binding the astringent
compounds (Horne et al.,, 2002). By electrophysiological recordings, it was
demonstrated that chorda tympani nerve directly responses to astringent compounds in
rodents (Schiffman et al., 1992). Therefore, it is possible that an unidentified protein
may function as a receptor for astringency on sensory neuron of the tongue, and those
PRPs may have inhibitory function for astringency.

Here, | investigated whether intestinal STC-1 cells, which can be activated with
five basic tastants, may be also able to respond to the astringent compound of green tea,
EGCG. Then, | found that STC-1 cells can respond to EGCG through activating
TRPAL channels. At the same time, | also found that another TRP channel, TRPV1 is
activated with EGCG (Chapter 1 ).

Next, | studied how TRPAL and TRPV1 were activated by EGCG in the course of
auto-oxidation process, because it is known that green tea incubated for longer period
tastes more astringent. Surprisingly, | found that freshly prepare EGCG could not
activate these TRP channels, but that only the incubated EGCG could activate them.
Then, finally, I found that theasinensin A is one of the TRP channel activators, which are
formed during the auto-oxidation of EGCG and that this compound really directly

activates sensory neurons through TRPA1 and TRPV1 channels (Chapter IT'). Therefore,



I demonstrated that TRPV1 and TRPA1l channels may function as a receptor for

astringency on sensory neurons of the tongue.



Chapter I .
Green tea polyphenol epigallocatechin gallate activates TRPAL in an

intestinal enteroendocrine cell line, STC-1



Abstract

A characteristic astringent taste is elicited by polyphenols. Among the polyphenols,
catechins and their polymers are the most abundant polyphenols in wine and tea. A typical
green tea polyphenol is epigallocatechin gallate (EGCG). Currently, the mechanism
underlying the sensation of astringent taste is not well understood. | observed by calcium
imaging that the mouse intestinal endocrine cell line STC-1 responds to the astringent
compound, EGCG. Among major catechins of green tea, EGCG was most effective at
eliciting a response in this cell line.  This cellular response was not observed in HEK293T
or 3T3 cells. Further analyses demonstrated that the 67-kDa laminin receptor, a known
EGCG receptor, is not erectly involved. The [Ca*']; response EGCG in STC-1 cells was
decreased by inhibitors of the transient receptor potential Al channel (TRPAL1). HEK293T
cells transfected with the mouse TRPAL cDNA showed a Ca** response upon application of
EGCG, and their response properties were similar to those observed in STC-1 cells. These
results indicate that an astringent compound, EGCG, activates the mouse TRPAL in
intestinal STC-1 cells. TRPAL might play an important role in the astringency taste on the

tongue.



Introduction

Tastants are detected mainly by taste receptor cells (TRCs) in taste buds on the tongue.
Among the 5 basic taste stimuli, sweet, umami, and bitter taste are recognized by G
protein-coupled receptors (GPCRs) (Chandrashekar et al., 2000; Nelson et al., 2001; Nelson
et al.,, 2002; Chandrashekar et al., 2006; Ishimaru, 2009). As a candidate sour taste
receptor, the heteromer of TRP (transient receptor potential) channels (PKD1L3 and
PKD2L1) has been identified (Ishimaru et al., 2006; Huang et al., 2006). In the case of
salty taste, epithelial Na* channels have been identified as amiloride-sensitive salty
receptors, and are considered to play a role at least partly (Chandrashekar et al., 2006;
Ishimaru, 2009). In addition to the 5 basic taste stimuli, the pungent stimulation of hot
peppers is also recognized in the mouth. This pungent taste is mainly mediated by TRPV1
receptors, which can be activated by capsaicin from pepper and are expressed in TRCs and
sensory neurons in the oral cavity (Ishida et al., 2002). Further, in beverages such as tea,
cider, and red wine, as well as in several types of fruits, nuts, and chocolate, a characteristic
astringent taste is elicited primarily by compounds known as polyphenols. Of these
polyphenols, catechin, epicatechin (EC), epigallocatechin (EGC), epicatechin gallate (ECG),
and epigallocatechin gallate (EGCG), and their polymers are most abundant in wine and tea.
A typical green tea polyphenol is EGCG (Drewnowski and Gomez-Carneros, 2000;
Lesschaeve and Nobel, 2005). Although recent reports demonstrated that a bitter taste
receptor, hTAS2R39, is an oral sensor of EGCG (Slack et al., 2010, Narukawa et al., 2011),
the mechanism underlying the sensation of astringent taste is not well understood.

Green tea has been shown to have anti-cancer activity in many organs (Yang et al.,
2006; Bettuzzi et al.,, 2006). Among constituents of green tea, EGCG is the major
polyphenol and exhibits the greatest cancer-preventive effects (Chung et al., 1999; Saeki et

al., 2000). Recently, Tachibana et al. have found that the 67-kDa laminin receptor
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(67LR) functions as a cell surface EGCG receptor inducing anti-cancer action (Tachibana et
al., 2004). 67LR is a no integrin-type laminin receptor and expressed on a variety of
tumor cells.  Further, EGCG has been shown to induce the disruption of actin fibers and
the dephosphorylation of the myosinII regulatory light chain through the 67LR to inhibit
the growth of cancer cells (Umeda et al., 2005). Since activation of 67LR with EGCG
does not influence the intracellular Ca®* ([Ca?*];) level (Fujimura et al., 2006), it seems that
the EGCG signaling using 67LR may not induce the astringent sensation in sensory
terminals in the oral cavity. Other receptor molecule for EGCG must be present as an
astringent sensor on the tongue.

In addition to the gustatory system, chemosensory information perceived during the
gastric and intestinal phases of digestion is important for the control of gastrointestinal
function, such as the secretory activity of gastrointestinal glands, the restorative activity,
motility and blood supply of the intestinal tract, and satiation (Dockray, 2003). The
enteroendocrine cells are specialized transducers of luminal factors. STC-1 cells were
established in 1990 as a line of enteroendocrine cells (Rindi et al., 1990). A decade later, Wu
et al. reported that STC-1 cells express T2R bitter taste receptors and respond to bitter taste
substances (Wu et al., 2002). We also characterized the bitter taste responses of STC-1 cells
(Masuho et al., 2005). Then, we recently investigated the cellular responses of intestinal
STC-1 cells to compounds of five basic tastants using a calcium-imaging technique.
Although this cell line was known to respond to bitter compounds, we found that compounds
of four other basic tastants also stimulated STC-1 cells. When solutions containing
glutamate, sucrose, HCI, or NaCl were applied, the [Ca®*]i concentration in STC-1 cells
significantly increased. Therefore, we demonstrated that the gastrointestinal system can
sense all five of the basic taste stimuli, and that it might contain a taste receptor signaling

system similar to the oral taste system (Saitoh et al., 2007). The expression of T1R taste
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receptors in the gut cells has also been reported by Dyer et al. (2005) and Margolskee et al.
(2007).

Here, we investigated whether the intestinal STC-1 can respond to the astringent
compound of green tea, EGCG, by the calcium-imaging technique. Interestingly, the results
clearly indicated that STC-1 cells have a novel sensor for EGCG, which has not been
described. When EGCG was applied to STC-1, a significant increase in the [Ca®'];
concentration occurred. This cellular response was not observed in HEK293T or 3T3 cells,
both of which express 67LR. Using some channel blockers, we focused on members of the
transient receptor potential (TRP) channels and found that mouse TRPA1 (MTRPAL) is
utilized in the EGCG-induced [Ca?']; response in STC-1 cells. Then, we characterized the

responding properties of heterologously expressed mTRPAL to EGCG in HEK293T cells.

-11 -



Materials and Methods

Materials

(-)-epigallocatechin-3-gallate (EGCG), (-)-epicatechin (EC), (-)-epicatechin gallate (ECG),
(-)-epigallocatechin (EGC), sodium L-glutamate (Glu-Na), menthol, capsaicin and sodium
saccharin were from Wako (Osaka, Japan). Caffeine, ruthenium red (R.R.) and GdCl3
were from Sigma-Aldrich (St. Louis, MO). AP-18 and HC-030031 were from Enzo Life
Sciences (Plymouth Meeting, PA). Denatonium benzoate was from Fluka (via Sigma-
Aldrich). Fluo8-AM was from AAT Bioquest (Sunnyvale, CA) and Rhodamine-phalloidin
was from Molecular Probes (via Invitrogen, Carlsbad, CA). Growth Factor Reduced
MATRIGEL® Matrix (Matrigel) was from Becton Dickinson (Franklin Lakes, NJ). The
STC-1 cell line was a gift from Dr. D. Hanahan (University of California, San Francisco,
CA). The expression vector for mouse TRPAL was previously described (Nagatomo and
Kubo, 2008), and the vectors for rat TRPM8 and rat TRPV1 were provided by David Julius

(University of California, San Francisco).

Culture and calcium imaging analysis of STC-1 cells

A culture medium consisting of DMEM supplemented with 10% FBS and antibiotics
(100 pg/ml kanamycin) was used for STC-1 and HEK293T cells. For 3T3 cells, newborn
calf serum was added to the culture medium instead of FBS. For calcium-imaging analysis,
cells grown on a Matrigel-coated p-Slide 8 well (80826, ibidi, MPI fiir Infektionsbhiologie,
Berlin, Germany) were washed with HBSS (Hanks’ balanced salts solution; Sigma-Aldrich)
and then incubated in HBSS containing 5 uM Fluo8-AM for 30 min at room temperature.
Cells were then washed with HBSS and left at room temperature for an additional 30 min to
allow cleavage of the AM ester. Each recording chamber was filled with 150 ul of HBSS.

To achieve abrupt changes in ligand concentration, 150 ul of 200% concentrated ligand
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solution was applied by pipette. [Ca*']; was monitored at 470 nm Fluo8 emission excited by
illumination at 525 nm using Axiovert 200 (Carl Zeiss, Gottingen, Germany). Fluo8
fluorescence was recorded usually every 3 s and changes of fluorescence intensity were
analyzed by Image-Pro Plus imaging software (Media Cybernetics, Silver Springs, MD).
The mean fluorescence from at least five cells was obtained and the signals were expressed as
the relative change in fluorescence: AF/F= (F-Fo)/Fo.  All calcium imaging experiments were
repeated two or three times. For heterologous expression, HEK293T cells were transfected
with the expression vector using Effectene transfection reagent (Qiagen, Chatsworth, CA).
After 24-48 hours, cells were examined by the calcium-imaging technique. For experiments
for the expression of TRPAL, cells were incubated in 3 uM R.R. for 24-48 hours, then washed

with HBSS and used for the calcium imaging.

RT-PCR assay

Total RNA was isolated from cultured cells using TRIzol reagent (Invitrogen) and
subjected to reverse transcription with random primers.  The reverse-transcribed cDNA
was used as a template for PCR. Total RNA treated under the same conditions without
reverse-transcriptase was used as a negative control. The primers used were as follows:
for mouse 67-Da laminin receptor,
5’-TAAACCTGAAGAGGACCTGG-3’ and 5’-GGTCCATTCACCCTGGAATT-3’;
for mouse TRPAL,
5’-CATCTTCGTGTTGCCCTTGT-3’ and 5°-AAAAACCGTAGCATCCTGCC -37;
for human TRPA1,
5’-CATTTTTGTGCTGCCCTTGT-3’ and 5’-GGAATAACATCCCACCAGA-3’;
for mouse TRPV1,

5’-TCAGCCATCGCAAGGAGTAT-3’ and 5’-CAGTTCACCTCATCCACCCT-3’;
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for human TRPV1,

5’-TCAGCCACCTCAAGGAGTAT-3’ and 5’-TTCACCTCGTCCACCCTGAA-3’;
for mouse TRPMS,

5’-ACTGCAACCGCCTAAACATC-3’ and 5’-TCGTGGGAAAGGAGTGTCAA -3’;
and for human TRPMS,

5’- ACTGCAGCCGCCTCAATATC-3’ and 5’-GGAAAAAGGAGGCGGTAAGA-3’

PCR products were analyzed on 1% agarose gels.

Fluorescent staining for actin fibers

Cells were fixed for 20 min in 4% paraformaldehyde in PBS at room temperature,
washed with PBS, and permeabilized with 0.5% TritonX-100 in PBS. Then, cells were
stained with Rhodamine-phalloidin for 1 hour at room temperature, washed with PBS, and
mounted with Prolong Gold antifade reagent (Invitrogen). The specimens were observed
and recorded with an Axiovert 200 microscope equipped with phase contrast and

epifluorescence optics.
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Results
Green tea polyphenol EGCG can stimulate intestinal STC-1 cells

| previously demonstrated that intestinal STC-1 cells can sense all of the five basic
taste stimuli and that a taste receptor signaling mechanism similar to the oral taste system
might be present (Saitoh et al., 2007). Here, | investigated whether this intestinal STC-1
might be able to respond to the major astringent compound of green tea,
(-)-epigallocatechin-  3-gallate (EGCG), by means of the calcium-imaging technique.
Approximately 1.5 mM EGCG is known to be present in standard green tea (Wang et al., 1992;
Wolfram, 2007). Addition of 200 uM EGCG to cultures of STC-1 cells, loaded with the
fluorescence Ca®* indicator Flou8- AM, induced a significant but relatively slow elevation
in [Ca®"];. The responses to EGCG of STC-1 cells were dose-dependent, and quite low
activation was detected at 20 uM EGCG (Fig. 1A). On the other hand, when 3T3 or
HEK293T cells were stimulated by 200 uM EGCG, no significant calcium elevation was
observed (Fig. 1C and D). EGCG is the most abundant green tea polyphenol. In addition
to EGCG, epicatechin (EC), epicatechin gallate (ECG) and epigallocatechin (EGC) are also
present and generally known as tea catechins. The effects of these catechins on the [Ca®*];
of STC-1 cells were further examined. As shown in Fig. 1E, each of these catechins
induced a different level of stimulation of STC-1 cells at 200 uM. The order of potency of
these catechins was EGCG>EGC>ECG>EC. The results indicated that EGCG was the

most effective at inducing a Ca** response in STC-1 cells.

67LR-mediated signaling is not involved in the EGCG response of STC-1
Among the green tea constituents; EGCG is the most active constituent in inhibiting
experimental carcinogenesis and related reactions. 67LR has been shown to function as a

cell surface EGCG receptor to mediate the anticancer action of EGCG (Tachibana et al.,
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2004). Activation of 67LR by EGCG induces the disruption of stress fibers with actin
cytoskeleton rearrangement and growth inhibition in cancer cells (Umeda et al., 2005;
Umeda et al., 2008). | next investigated whether 67LR-mediated signaling is involved in
the EGCG response observed in intestinal STC-1 cells. First, | examined the expression of
67LR mRNA by RT-PCR analysis. Total RNA was isolated from STC-1, HEK293T, and
3T3 cells, and the reverse-transcribed cDNA with random primers was used as a template
for PCR. As shown in Fig. 2A, 67LR mRNA appeared to be expressed in all cell lines
examined. | further studied the effects of EGCG on the actin cytoskeleton. To visualize
the distribution of F-actin structures, fluorescently labeled phalloidin was utilized. As a
control, | first examined HEK293T cells. | observed that HEK293T cells showed no
significant elevation of [Ca']; after the treatment with EGCG, and that 67LR mRNA was
expressed in this cell line. When HEK293T cells were treated with 200 uM EGCG,
disappearance of actin fibers in the central body of cells occurred 2 min after the addition of
EGCG and only the cell-cell junctions were weakly visible at 4 min after the EGCG
addition. On the other hand, when STC-1 cells were treated with 200 uM EGCG,
interestingly, actin fibers were newly formed 2 min upon treatment with EGCG and the
fiber formation continued for at least 4 min. As a result, the intensity of phalloidin
staining in STC-1 cells appeared to increase after the EGCG treatment (Fig. 2B). This
effect on actin fibers was observed from 50 uM EGCG. Thus, I found that the effects of
EGCG on the actin cytoskeletal structures were completely opposite in HEK293T and
STC-1 cells, suggesting that the 67LR-mediated signaling observed in many cancer cells
might not be involved in the mechanism underlying the EGCG-induced response of [Ca®'];

elevation in STC-1 cells.
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Possible involvement of the TRPA1 channel in the EGCG response of STC-1

To determine the contribution of Ca®* influx through the plasma membranes from the
extracellular medium on the increase in Ca®* induced by EGCG in STC-1 cells, | performed
calcium imaging using Ca®*-free HBSS as the bath solution. As shown in Fig. 3A, the
response was completely abolished in the absence of Ca®*,. This result indicated that
Ca®*, is responsible for a major component of the increase in [Ca®*]iinduced by EGCG.
Further, the effects of blockers for transient receptor potential (TRP) channels were studied.
Gd** or R.R. significantly inhibited the Ca®* response in STC-1 cells (Fig. 3B). The
results suggested that TRP channels might be involved in the unique response of STC-1
cellsto EGCG. Among TRP channels, the TRPAL channel is activated by various pungent
compounds, such as isothiocyanates, allicin, cinnamaldehyde, menthol, and sanchol (Jordt
et al., 2004; Bandell et al., 2004; Macpherson et al., 2005; Karashima et al., 2007; Bautista
et al., 2008). It is possible that TRPAL might be involved in the response to the astringent
stimulus with EGCG. | next examined the effects of TRPA1-specific inhibitors, AP-18
and HC030031 (McNamara et al., 2007; Petrus et al., 2007; Kerstein et al., 2009), on the
Ca®* response induced by EGCG in STC-1 cells. In the presence of AP-18 or HC030031,
the EGCG-induced response was completely attenuated (Fig. 3C). | further investigated
the expression levels of mMRNAs of TRPA1l, TRPV1, and TRPM8 in STC-1 cells by
RT-PCR analysis. A significant expression of TRPA1 mRNA was detected, and low levels
of TRPV1 mRNA were also detected (Fig. 3D). Treatment with capsaicin could not
activate STC-1 cells, when examined using the calcium-imaging technique (Fig. 3E). The
results strongly suggested that EGCG might activate TRPAL1 channels to induce an increase
in [Ca”"]; in STC-1 cells.  Although a low level of TRPV1 was also detected in HEK293T

cells (Fig. 3D right panel), capsaicin could not activate HEK293T cells (Fig. 4C).
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HEK?293T cells respond to EGCG when expressing mTRPAL channels

| next measured [Ca*"]; in HEK293T cells expressing mouse TRPA1 (mTRPA1)
channels. The expression vector for mTRPAL cDNA was transfected into HEK293T cells,
and the effect of EGCG on [Ca?*];was examined. | observed that 200 uM EGCG induced
an increase in [Ca*"];in cells transfected with mTRPA1 cDNA, but not in cells transfected
with the empty vector (Fig. 4A). TRPV1 and TRPMS8 are known to have some features in
common with TRPAL (Jordt et al., 2004; Macpherson et al., 2005). HEK293T cells were
transfected with the expression vectors of rat TRPV1 (rTAPV1) and rat TRPM8 (rTRPM8),
and their responses to EGCG were also studied. A significant response was not observed
in HEK293T cells expressing rTRPM8, but quite interestingly, the [Ca']; -response was
also induced in HEK293T cells expressing rTRPV1 (Fig. 4B and C). Since TRPV1 does
not function in STC-1 cells, it is considered that the mTRPAL channel mainly contributes to

the response to EGCG observed in STC-1 cells.

Characterization of the response to tea catechins of HEK293T cells expressing mTRPAL
channels

I next examined the responses of HEK293T cells expressing mTRPAL to various
doses of EGCG. The results are shown in Fig. 5A and B. Significant activation was
observed with 100 uM and 200 uM EGCG. Next, | examined the effects of 200 uM of
other tea catechins on [Ca®]iin HEK293T cells expressing mTRPA1 (Fig. 5C). The order
of potency of these catechins was EGCG>EGC>ECG>>EC. The results indicated that
EGCG was the most effective activator among the green tea catechins, and demonstrated
that the responses of HEK293T cells expressing mTRPAL channels to catechins were very
close to those observed with STC-1 cells. To assess the role of mMTRPAL in the response to

EGCG, | investigated the effects of TRP channel blockers. First, to determine the
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contribution of Ca®* influx to the response of [Ca®']; induced by EGCG observed in
HEK293T cells expressing mTRPAL, | performed calcium imaging using Ca**-free HBSS
as the bath solution. The response was completely abolished in the absence of Ca®*, (Fig.
5D). When a general blocker for TRP channels, Gd** or R.R., was present in the bath
solution of HEK293T cells expressing mTRPAL, the increase in [Ca?*]iinduced by EGCG
appeared to be inhibited (Fig. 5E). It was previously reported that the response of
HEK293T cells expressing mTRPAL to caffeine was almost completely blocked by Gd** or
R.R. (Nagatomo and Kubo, 2008), but the EGCG-induced response here was only partially
inhibited by Gd** or R.R.  The variation might be due to e.g. the difference of the type and
concentration of ligands, as seen in previous reports (Chen et al, 2007; McNamara et al,
2007; Maher et al, 2008). | next investigated whether TRPA1-specific inhibitors, AP-18
and HC030031, could block the EGCG-induced response. In the presence of AP-18 or
HC-030031, EGCG could not induce a significant response in cells expressing mTRPAL

(Fig. 5F).

Activation of mTRPAL with EGCG induces the formation of actin fibers

In HEK293T cells, actin fibers were disassembled after addition of EGCG, but in
STC-1 cells, treatment with EGCG induced the new formation of actin fibers. | next
studied whether a TRPAZ1-specific inhibitor could block the EGCG-induced formation of
actin fibers in STC-1 cells. Again, to examine the distribution of F-actin structures,
fluorescently labeled phalloidin was used. As shown in Fig. 6, 200 uM EGCG enhanced
the formation of actin fibers within 4 min. However, in the presence of AP18, a
TRPA1-specific inhibitor, formation of the actin cytoskeleton was not enhanced. The
results suggested that the EGCG treatment newly forms filamentous structures of actin

through the activation of mMTRPAL in STC-1 cells. From these several lines of evidence, it
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was demonstrated that EGCG induces the activation of mTRPAL in intestinal STC-1 cells,
and it was suggested that the mTRPAL channel may function as an EGCG sensor in STC-1

cells.
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Discussion
EGCG response in STC-1 cells

In this study, I investigated whether the mouse intestinal cell line, STC-1, can respond
to the astringent compound of green tea, EGCG. By using a calcium-imaging technique, I
found that the [Ca?']; of STC-1 increases in response to EGCG. | previously showed that all
five of the basic taste stimuli induced an elevation of [Ca®*]; in intestinal STC-1 cells (Saitoh
et al., 2007). When the time courses of the elevations of [Ca®‘]i were compared, the
response to EGCG, interestingly, appeared to be slower than that to any of the five basic taste
stimuli. All of the responses to the five basic taste stimuli reached the maximum level
within 30-60 s in STC-1 cells.  On the other hand, incubation for more than 120 s was
required to reach the maximum level for the EGCG-induced increase in [Ca®*];. It was
considered that the EGCG treatment indeed triggers a distinct mechanism in STC-1 cells.
This cellular response was not observed in HEK293T or 3T3 cells, both of which express
67LR functioning as a cell surface EGCG receptor inducing anti-cancer action (Tachibana et
al., 2004).

| further studied the effects of EGCG on the actin cytoskeleton of STC-1 cells and
observed that actin stress fibers were newly formed upon treatment with EGCG. In
HEK293T cells, however, actin fibers disappeared after the addition of EGCG, as previously
reported (Umeda et al., 2005). It has also been reported that EGCG reduces phosphorylation
of the myosin regulatory light chain (MRLC) of myosin Il through 67LR and eukaryotic
translation elongation factor 1A (eEF1A) to induce rearrangement of the actin cytoskeleton in
cancer cells (Umeda et al., 2008). It is possible that the increase in [Ca®*]; might elevate the
phosphorylation of MRLC by Ca?*/calmodulin-dependent myosin light-chain kinase in STC-1
cells (Citi and Kendric-Jones, 1987). The phosphorylation of MRLC might lead to a

conformational change in myosin Il, enabling it to assemble into filaments, and might
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promote the formation of stress fibers (Chrzanowska-Wodnicka and Burridge, 1996). Such
actin fiber formations have been reported to occur within 5 min (Ridley and Hall, 1992;
Chrzanowska-Wodnicka and Burridge, 1996). It is known that compounds present in the
gastrointestinal (Gl) tract activate the secretion of Gl hormones such as cholecystokinin from
STC-1 cells (Chen et al., 2006). Therefore, the formation of stress fibers by EGCG may also
contribute to the secretion of Gl hormones. To examine this point, further detailed
experiments are required.

The present results strongly suggested that a novel sensor molecule is present on the
surface of STC-1 cells. | showed that TRPAL-specific inhibitors, AP-18 and HC-030031,
attenuated the Ca*" response and the increase in actin fibers in EGCG-treated STC-1 cells.
Since the inhibition with either blocker was almost complete, it was considered that mouse
TRPAL might be a main contributor, and that other channels or receptors may not contribute
to the EGCG-activation of STC-1 cells. It was reported recently that the human bitter taste
receptor hTAS2R39 responds to tea catechins (Narukawa et al., 2011). In that report, the
authors found that the strongest response was observed with ECG, followed in order by
EGCG, EC, and EGC. On other hand, in the present study | demonstrated that the order of
potency of tea catechins to activate STC-1 cells or mTRPA1 channels was EGCG > EGC >
ECG > EC. Therefore, it is considered that the mouse homologue of hTAS2R39 may not
mediate the response of STC-1 to tea catechins.

| observed a high-level expression of TRPA1 mRNA in STC-1 cells. In addition, |
detected a low-level expression of TRPV1 mRNA. However, an agonist of TRPV1,
capsaicin, could not induce any Ca®" response in STC-1 cells. The expression level of
TRPV1 may be quite low or the channel activity of TRPV1 might be blocked by an unknown
mechanism in STC-1 cells. At least, it seems that TRPV1 does not contribute to the EGCG-

induced response observed in STC-1 cells.
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Expression of mMTRPAL channels converts cells to respond to the astringent stimulus with
EGCG

MouseTRPAL (mTRPAL) channel was expressed in the HEK293T cells, which
normally cannot respond to EGCG, as a candidate sensor for EGCG. The transfected cells
could be activated by EGCG with the characteristic slow time course observed in STC-1 cells
and in a dose-dependent manner similarly to STC-1 cells. 1 also found that the order of
potency of the four green tea catechins (EGCG, EGC, ECG, EC) to activate mMTRPA1 was
very close to the order observed using STC-1 cells. Finally, the activation with EGCG of
HEK293T cells expressing mTRPA1 was abolished in the presence of AP-18 or HC-030031.
These results clearly demonstrated that the mTRPAL channel is required for and functions in
the EGCG-induced response in intestinal STC-1 cells.  Furthermore, HEK cells expressing
rTRPV1 also could be activated with EGCG. Compared with the rapid response to capsaicin,
the activation time course for the EGCG response of rTRPV1 appeared to be as slow as that
for mTRPAL. The mechanism for the EGCG-induced slow response is currently unknown.
Although further investigation is required, it is possible that some signaling process might be
activated to induce gradual elevation of [Ca®']; after initial activation of TRP channels with
EGCG.

The EGCG treatment activates 67 LR but cannot induce the elevation of [Ca**]; in cells
other than STC-1 cells. However, it is possible that the presence of 67LR might be required
for the EGCG-induced elevation of [Ca?*]; in the cells expressing mTRPAL or rTRPV1. |
could not exclude this possibility. To examine this point, cell lines specifically lacking the
expression of 67LR or 67LR-KO cells are required. Further, 1 examined the response to
EGCG of Xenopus oocytes expressing mTRPAL under two electrode voltage clamps. | tried
to record the current through mTRPAL1 channels itself in the absence of extracellular Ca**, and

also the Ca**-ClI" current activated by Ca®* influx through TRPAL1 channels in the presence of
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extracellular Ca®*. 1 could not detect any clear changes of the membrane current in either
case (data not shown), although positive control responses to AITC were clearly observed.
The results suggest that additional protein factors endogenously present in HEK cells might
be required for mTRPA1 to constitute a functional sensing system of EGCG, or that
post-translational modifications that occur only in mammalian cells might be essential for
MTRPAL to recognize EGCG.

A characteristic oral astringent taste is elicited primarily by polyphenols. Of these
polyphenols, EGC, ECG, and EGCG are present in wine and tea. A typical green tea
polyphenol is EGCG (Drewnowski and Gomez-Carneros, 2000; Lesschaeve and Nobel,
2005). The mechanism underlying the sensation of the astringent taste, however, is not
well-known. Here, | first demonstrated that the intestinal STC-1 cells can be activated with
EGCG, and that EGCG can stimulate HEK293T cells expressing mTRPAL channels. It is
known that typical green tea contains -1.5 mM EGCG (Wang et al., 1992; Wolfram, 2007).
Therefore, our results clearly indicate that the EGCG present in green tea can activate
MTRPAL on the cell surface. TRPAL is a member of the TRP family of ion channels and
expressed in a subset of nociceptive neurons. Recently, it has been reported that this TRP
channel protein is expressed in the nerve fibers in the mouse tongue (Nagatomo and Kubo,
2008). Therefore, although further investigation is required, it is possible that mTRPAL

plays an important role in the sensation of astringency taste on the tongue.
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Figure Legends

Fig. 1 Green tea polyphenol EGCG can stimulate intestinal STC-1 cells.

(A) STC-1 cells preloaded with 5 uM Fluo8-AM were challenged with 2 uM, 20 uM, 100
uM or 200 uM EGCG. The Fluo8 fluorescence was recorded every 3 s and the relative
fluorescence change (AF/F) was determined as described in the Materials and Methods. At 9
s, the ligand was applied to the bath.

(B) As shown in A, STC-1 cells were stimulated with various doses of EGCG and the
dose-response relationship was observed. The means of AF/F at 237 s after ligand
stimulation are plotted.

(C) STC-1 or 3T3 cells preloaded with 5 uM Fluo8-AM were activated with 200 uM EGCG.
The Fluo8 fluorescence was recorded every 3 s and AF/F was analyzed. At 9 s, the ligand
was applied to the bath.

(D) STC-1 or HEK293T cells preloaded with 5 uM Fluo8-AM were stimulated with 200 uM
EGCG. The Fluo8 fluorescence was recorded every 3 s and AF/F was analyzed. At 9s, the
ligand was applied to the bath.

(E) STC-1 cells preloaded with 5 uM Fluo8-AM were stimulated with 200 uM of EGCG, EC,
ECG or EGC. The Fluo8 fluorescence was recorded every 6 s and AF/F was analyzed.
The average AF/F at 231 s after ligand stimulation is shown. Differences judged to be
significant by the Tukey-Kramer method are marked with one to three asterisks as follows:

*P<0.05, **P<0.01, ***P<0.001.

Fig. 2 67LR-mediated signaling is not involved in the EGCG response of STC-1.

(A) Expression of 67LR was examined in STC-1 cells. Total RNA was isolated from STC-1,
HEK293T and 3T3 cells and RT-PCR analysis was performed using primers for 67LR as
described in the Materials and Methods. When using the reaction mixture without
reverse-transcriptase (RT (-)), no PCR product was observed.
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(B) The effect of EGCG on the actin cytoskeleton organization in STC-1 cells was examined.
STC-1 and HEK293T cells were cultured on Matrigel-coated coverslips and culture medium
was replaced with HBSS before addition of EGCG. At 0 min, 1 min, 2 min, 3 min and 4
min after stimulation with 200 uM EGCG, the cells were fixed and stained for actin fibers as
described in the Materials and Methods. All images were obtained with the same exposure

time.

Fig. 3 Possible involvement of TRP channels in the EGCG response of STC-1.

(A) Effects of EGCG on [Ca®']; in the absence of Ca®', were examined. [Ca®']i was
monitored in STC-1 cells loaded with 5 uM Fluo8-AM in the presence or absence of Ca’",.
The Fluo8 fluorescence was recorded every 6 s and AF/F was analyzed. At 6 s, 200 uM
EGCG was applied to the bath.

(B) [Ca*']; was monitored in STC-1 cells loaded with 5 pM Fluo8-AM in the absence or the
presence of 50 uM Gd** or 5 pM ruthenium red (R.R.). The Fluo8 fluorescence was
recorded every 3 s and AF/F was analyzed. At 9 s, 50 uM EGCG was applied to the bath.
(C) [Ca®*]i was monitored in STC-1 cells loaded with 5 uM Fluo8-AM in the absence or the
presence of 100 uM AP-18 or 100 uM HC-030031. The Fluo8 fluorescence was recorded
every 3 s and AF/F was analyzed. At 9s, 100 uM EGCG was applied to the bath.

(D) Total RNA was isolated from STC-1, 3T3 and HEK293T cells. RT-PCR analysis was
performed using primers for TRPAL, TRPMS8, and TRPV1 as described in the Materials and
Methods. When using the reaction mixture without reverse-transcriptase (RT (-)), no PCR
product was observed. For mouse cells (STC-1 and 3T3), the estimated sizes of PCR
products were 608 bp for TRPAL, 654 bp for TRPV1, and 617 bp for TRPM8. For human
cells (HEK293T), the estimated sizes of PCR products were 605 bp for TRPAL, 655 bp for
TRPV1, and 618 bp for TRPM8. The lanes labeled M contain DNA size markers (left panel:

10 kbp, 4 kbp, 2 kbp, 1 kbp, 0.5 kbp, and 0.1 kbp; right panel: 2 kbp, 1 kbp, 0.5 kbp, and 0.1 kbp).
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(E) [Ca®]; was monitored in STC-1 cells loaded with 5 uM Fluo8-AM. The Fluo8
fluorescence was recorded every 3 s and AF/F was analyzed. At 9 s, 10 uM capsaicin was

applied to the bath and 100 uM AITC was further applied at 249 s.

Fig. 4 EGCG can stimulate HEK293T cells expressing mTRPA1 channels.

(A) The effect of EGCG (200 pM) on [Ca®'iin HEK293T cells expressing mouse TRPA1
(mMTRPAL) was examined. After transfection with the expression vector of mTRPAL, cells
were loaded with 5 uM Fluo8-AM. The Fluo8 fluorescence was recorded and AF/F was
analyzed. At9s, 200 uM EGCG was applied to the bath, and at 240 s, 100 uM AITC was
further applied.

(B) The effect of EGCG (200 uM) on [Ca®']i in HEK293T cells expressing rat TRPMS8
(rTRPM8) was examined. After transfection with the expression vector of rTRPMS, cells
were loaded with 5 uM Fluo8-AM. The Fluo8 fluorescence was recorded and AF/F was
analyzed. At9s, 200 uM EGCG was applied to the bath, and at 240 s, 400 uM menthol was
further applied.

(C) Effect of EGCG (200 uM) on [Ca®*]iin HEK293T cells expressing rat TRPV1 (rTRPV1)
was examined. After transfection with the expression vector of rTRPV1, cells were loaded
with 5 uM Fluo8-AM. The Fluo8 fluorescence was recorded and AF/F was analyzed. At 9

s, 200 uM EGCG was applied to the bath, and at 240 s, 10 uM capsaicin was further applied.

Fig. 5 Characterization of the response to tea catechins of HEK293T cells expressing
MTRPAL.

(A) The effect of EGCG (2 uM, 20 puM, 100 pM, 200 uM) on [Ca?*]iin HEK293T cells
expressing mTRPAL1 was examined. After transfection with the expression vector of
MTRPAL, cells were loaded with 5 uM Fluo8-AM. The Fluo8 fluorescence was recorded

and AF/F was analyzed. At 9 s, EGCG was applied to the bath, and at 240 s, 100 uM AITC
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was further applied.

(B) As shown in panel A, HEK293T cells expressing mTRPAL were stimulated with various
doses of EGCG and the dose-response relationship was observed. The means of AF/F at 237
s after ligand stimulation are plotted.

(C) HEK293T cells expressing mTRPAL were preloaded with 5 uM Fluo8-AM and were
stimulated with 200 uM of EGCG, EC, ECG or EGC. The Fluo8 fluorescence was recorded
every 6 s and AF/F was analyzed. The average AF/F at 231 s after ligand stimulation is
shown. Differences were judged to be significant by the Tukey-Kramer method (* P<0.05,
***p<(0.001).

(D) Effects of EGCG on [Ca®]i in the absence of Ca®*, were examined. HEK293T cells
expressing mTRPAL were preloaded with 5 uM Fluo8-AM, and [Ca®*]; was monitored in the
presence or absence of Ca?*, after addition of EGCG. The Fluo8 fluorescence was
recorded every 3 s and AF/F was analyzed. At 9s, 200 uM EGCG was applied to the bath
and at 240 s, 100 uM AITC in Ca**-containing HBSS was further applied.

(E) After transfection with the expression vector of mTRPAL, [Ca®*]i was monitored in cells
preloaded with 5 uM Fluo8-AM in the absence or the presence of 50 uM Gd** or 5 pM R.R.
The Fluo8 fluorescence was recorded every 3 s and AF/F was analyzed. At 9 s, 50 uM
EGCG was applied to the bath.

(F) [Ca®]i was monitored in HEK293T cells expressing mTRPAL in the absence or the
presence of 100 uM AP-18 or 100 uM HC-030031. The Fluo8 fluorescence was recorded
every 3 s and AF/F was analyzed. At 9s, 100 uM EGCG was applied to the bath, and at 240

s, 100 uM AITC was further applied.

Fig. 6 Activation of mMTRPAL with EGCG induces the formation of actin fibers.
STC-1 cells were cultured on Matrigel-coated coverslips and culture medium was replaced
with HBSS before addition of ligands. At 4 min after stimulation with HBSS, 200 uM
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EGCG, 100 uM AP-18, or 200 uM EGCG and 100 uM AP-18, the cells were fixed and
stained for actin fibers as described in the Materials and Methods. All images were
obtained with the same exposure time. Phase contrast (A, C, E, G) and fluorescent (B, D,

F, H) images are shown.
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Chapter I
Auto-oxidation products of epigallocatechin gallate activate

TRPA1 and TRPV1 in sensory neurons.
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Abstract

The sensation of astringency is elicited by catechins and their polymers in wine and tea. It
has been considered that catechins in green tea are unstable and auto-oxidized to induce
more astringent taste. Here, we examined how mammalian transient receptor potential V1
(TRPV1) and TRPAL, which are nociceptive sensors expressed in nerve fibers in the tongue,
are activated by green tea catechins during the auto-oxidation process. Neither TRPV1 nor
TRPAL could be activated by any of the freshly prepared catechin. When one of the major
catechin, epigallocatechin gallate (EGCG) was pre-incubated for 3 hours in Hank’s
balanced salt solution, it, however, significantly activated both TRP channels. Even after
incubation other catechins showed much less effects. Results suggest that only oxidative
products of EGCG activate both TRPV1 and TRPA1. Dorsal root ganglion (DRG) sensory
neurons were also activated by the incubated EGCG through TRPV1 and TRPAL channels.
Liquid chromatography/mass spectrometry revealed that theasinensins A and D (TS-A and
TS-D) are formed during incubation of EGCG. We found that purified TS-A activates
both TRPV1 and TRPA1, and that it stimulates DRG neurons through TRPV1 and TRPAL
channels. Results indicated that TRPV1 and TRPAL1 channels play a critical role in the

mechanism for astringent taste on the tongue.
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Introduction

In addition to five basic taste stimuli (sweet, umami, salty, sour, bitter), the pungent
stimulation of hot peppers is also recognized in the mouth. Such sensation is mainly
mediated by TRPV1 (transient receptor potential V1) receptors (Caterina et al., 1997; Ishida
et al., 2002). Further, in beverages such as tea, cider, and red wine, as well as in several
types of fruits, nuts, and chocolate, a characteristic astringent sensation is elicited primarily
by polyphenols. Of these polyphenols, catechin, epicatechin (EC), epigallocatechin (EGC),
epicatechin gallate (ECG), and epigallocatechin gallate (EGCG), and their polymers are
abundant in wine and tea. A most abundant green tea polyphenol is EGCG (Drewnowski
and Gomez-Carneros, 2000; Lesschaeve and Nobel, 2005). Currently, the sensation
mechanism for astringent taste induced by green tea polyphenols such as EGCG is not well
understood.

Green tea has been shown to have anti-cancer activity in many organs (Yang et al.,
2006; Bettuzzi et al., 2006), and EGCG is the major polyphenol with the cancer preventive
effects (Chung et al., 1999; Saeki et al., 2000). Tachibana et al. have found that a 67-kDa
laminin receptor (67LR) functions as a cell surface EGCG receptor inducing the anti-cancer
action (Tachibana et al., 2004). EGCG has been shown to inhibit the growth of cancer
cells through the 67LR (Umeda et al., 2005). It is considered that the EGCG signaling
using 67LR may not induce the astringent sensation in sensory terminals in the oral cavity.

We previously found that the mouse intestinal endocrine cell line STC-1 can respond
to EGCG among four major tea catechins by the calcium-imaging technique. We further
indicated that EGCG stimulates intestinal STC-1 cells by activating TRPAL1 channels.
Since TRPAL is more likely to be expressed in nerve fibers in the tongue, we demonstrated
that TRPAL might play an important role in the astringency taste on the tongue (Kurogi et

al., 2012). In the same report, we showed that TRPV1 is also activated by EGCG. On
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the other hand, it has been considered that green tea incubated for longer period tastes more
astringent by auto-oxidation, and it was demonstrated that astringency increases with degree
of polymerization of polyphenols (Peleg et al., 1999). EGCG is known to be auto-
oxidized in neutral pH, and EGCG dimmers of theasinensins A/ D (TS-A/ TS-D) and P2
(another dimer with MW 884) have been reported to be formed (Hong et al., 2002).
Furthermore, several biological activities have been reported for theasinensins (TSs) (Hou
et al., 2005; Hou et al., 2010). How do these auto-oxidation products of EGCG affect
TRPA1 and TRPV1 channels?

Here, we examined how TRPAL and TRPV1 are activated by tea catechins in the
course of auto-oxidation process. Interestingly, neither TRPA1 nor TRPV1 could be
activated by one of the freshly prepared catechins without pre-incubation. EGCG
pre-incubated for 3 hours in Hank’s balanced salt solution (HBSS), however, significantly
activated both TRP channels. The presence of ascorbic acid inhibited the pre-incubation
effect on EGCG. In the previous experiments, the catechin solution was prepared before
loading Ca?* indicator dye to cells, and the solution was kept for about 30 min before assay.
These results strongly suggested that only oxidative products of EGCG activate TRPAL and
TRPV1. Furthermore, we observed that DRG (dorsal root ganglion) neurons are activated
by the pre-incubated EGCG through TRPV1 and TRPA1 channels. Then, we found that
EGCG dimmers, TSs, are present in the incubated auto-oxidized EGCG. TS-A was

synthesized and purified, and the activity to stimulate TRP channels was studied.
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Materials and Methods

Experimental animals

All animal experiments described below conformed to the institutional guideline and were
approved by the Animal Experiment Committee of Nagahama Institute of Bio-Science and

Technology.

Materials

(-)-epigallocatechin-3-gallate (EGCG), (-)-epicatechin (EC), (-)-epicatechin gallate (ECG)
and (-)-epigallocatechin (EGC), capsazepine (CPZ), and capsaicin were from Wako (Osaka,
Japan). Allyl isothiocyanate (AITC) was from Nacalai tesque (Kyoto, Japan).

Ruthenium red (RR) was from Sigma-Aldrich (St. Louis, Missouri USA).
4-(4-Chlorophenyl)-3- ethylbut-3-en-2-oxime (AP-18) was from Enzo life sciences
(Plymouse meeting, Pennsylvania, USA). Fluo8-AM was from AAT Bioquest (Sunnyvale,
California, USA). Growth Factor Reduced MATRIGEL® Matrix (matrigel) was from
Becton Dickinson (Franklin Lakes, New Jersey, USA). The expression vector for mouse
TRPAL was previously described (Nagatomo and Kubo, 2008), and the vectors for rat
TRPV1, rattlesnake TRPV1, rattlesnake TRPA1, and chick TRPV1 were provided by Dr.
David Julius (UCSF, California, USA) and zebrafish TRPA1a and zebrafish TRPALb were

provided by Dr. Alexander F. Schier (ICCB, Massachusetts, USA).

Cell culture and calcium imaging analysis

The culture medium consisted of DMEM supplemented with 10% FBS and antibiotics
(100 pg/ml kanamycin) was used for HEK293T cells. For heterologous expression,
HEK?293T cells were transfected with the expression vector (TRPV1 or TRPAL) using
Effectene transfection reagent (Qiagen, Chatsworth, California, USA). After 24-48 hours,

cells were examined by the calcium-imaging technique.  For the expression of TRPAL, cells
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were incubated in 3 uM RR to increase viability for 24-48 hours, then washed with Hank’s
balanced salt solution (HBSS) and used for the calcium-imaging.

To establish primary cultures of DRG neurons, 6-10 week-old C57BL/6 mice were
killed by cervical dislocation, after which the DRG were mechanically isolated. The isolated
ganglia were dissociated and cultured as described (Dai et al., 2007).  Using cells grown on
matrigel-coated p-Slide 8 well (80826, ibidi, MPI flr Infektionsbiologie, Berlin, Germany),
the calcium-imaging analysis with Fluo8-AM was performed as previously described (Kurogi
etal., 2012). Fluo8 fluorescence was recorded every 3 s using Axiovert 200 (Carl Zeiss,
Gottingen, Germany) and changes of fluorescence intensity were analyzed by Image-Pro Plus
imaging software (Media Cybernetics, Silver Springs, Maryland, USA). The signals are
expressed as relative fluorescence change: AF/F= (F-Fo)/Fo.  Various catechin samples were
applied to cells at 6 s, and 10 uM capsaicin or 100 uM AITC was further applied at 240 s or
120 s to confirm the channel expression. When effects of channel blockers were examined,
the solution of capsaicin or AITC was similarly applied without blockers at the end of the
imaging to cancel the blocker effect. ~ All calcium imaging experiments were repeated two or

Six times.

Immunohistochemistry.

The expression vector of rat TRPV1 or mouse TRPAL was transfected into HEK293T
cells. After transfection (24-48 hours), cells were fixed for 20 min in 4% paraformaldehyde
in PBS at room temperature (r.t.), washed with PBS, and permeabilized with 0.1%
TritonX-100 in PBS, and blocked for 1 hour at r.t. in PBS containing 1% skim milk. Then
cells were incubated for 1 hour at r.t. with the appropriate primary antibody (rabbit
anti-TRPV1 (Abcam, Cambridge, ENG) or rabbit anti-TRPA1 antibody(Nagatomo and

Kubo, 2008)) in 1% skim milk — PBS, washed with PBS, and incubated with Alexa488
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labelled anti-rabbit 2nd antibody in 10% Block Ace — PBS. After washed with PBS, cells
were mounted with Prolong Gold antifade reagent (Invitrogen).

Cultured mouse DRG cells were fixed, permeabilized, and blocked for 1 hour at r.t. in
1% skim milk — PBS. First, cells were incubated for 1 hour at r.t. with mouse anti-
Neurofirament (NF) antibody (IBL) in 1% Block Ace - PBS, washed with PBS, and
incubated with Alexa568 labelled anti-mouse 2nd antibody in 1% Block Ace — PBS. Then,
cells were immunostained with rabbit anti-TRPV1 or rabbit anti-TRPA1 antibody.
Immunoreation was further visualized with Alexa488 labelled anti-rabbit 2nd antibody.
After washing with PBS, cells were mounted with Prolong Gold antifade reagent.

The specimens were observed and recorded with an Axiovert 200 microscope

equipped with phase contrast and epifluorescence optics.

Molecular biology

Chick TRPA1 cDNA was cloned into the expression vector. Total RNA was isolated
from dorsal root ganglion (DRG) of 14 days chick embryo using TRIzol reagent (Invitrogen,
Carlsbad, California, USA) and subjected to reverse transcription with random primers.
The reverse-transcribed cDNA was used as a template of PCR. Based on the predicted
sequence of chick (Gallus gallus) TRPAL1 mRNA (XM_418294), 1 used the following
primers to amplify four overlapping DNA fragments of cDNA.
Xbal _chicTRPAL 2-f.
5 -TTTTTCTAGACTTAGTCCACCATGAAGCGCTCTCTGTGGC -3’
chicTRPAL 2r:
5’ - TGCCAAATGAAGTGGACTGCACTTCCCATTATTGGT -3’
chicTRPA1_2f:

5’ - ATAATGGGAAGTGCAGTCCACTTCATTTGGCAGTTC -3’
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chicTRPAL_3r:

5’ - CACAGAGAAAAAGGGCCCCTCTTTTCAGAAGAAACT -3’
chicTRPA1_3f:

5 - TCTTCTGAAAAGAGGGGCCCTTTTTCTCTGTGACTA -3’
chicTRPAL_4r:

5’ - CAGTCCAGTAGATTGGAGTAATCCAACAGATATTTC -3’
chicTRPA1_4f:

5 - TATCTGTTGGATTACTCCAATCTACTGGACTGGACA -3’
chicTRPA1 2 Xbal -r:

5" - GGGTCTAGATCACATAGAAGTCTACAATAAGC -3’

After subcloning and sequence confirmation of each cDNA fragment, a single
full-length cDNA fragment of chick TRPA1 (3393 bp) was amplified using these four
overlapping DNA fragments. The resultant DNA was digested with Xbal and cloned into
Xbal-digested pcDNA3.1Hygro(-). The orientation and the nucleotide sequence of cDNA

were further confirmed by sequencing analysis.

Liquid chromatography/electrospray ionization mass spectrometric (LC/MS) and tandem
MS (LC/MS/MS) analysis

Liquid chromatography/electrospray ionization mass spectrometric (LC/MS) and
tandem MS (LC/MS/MS) analyses were performed using a LCMS-IT-TOF (Shimadzu,
Kyoto, Japan). Samples (10 ul, 4 mM) were applied to a Cosmosil 5C;s-ARII column
(Nacalai Tesque Inc. Kyoto, Japan, 2.0 mm i.d. X 100 mm). To elute the column, in the
first 15 min, the solvent was changed in a linear gradient from 90% A [0.1% formic acid]+
10% B [CH30H:CH3CN=3:2] to 75% A + 25% B at a flow rate of 0.2 ml/min. In the next

10min, the solvent was changed in a linear gradient to 40% A + 60% B. Then, the solvent
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was changed back to 90% A + 10% B and maintained at 90% A + 10% B for another 15min.
The MS instrument was operated using an ESI source in negative ionization mode.
lonization parameters were as follows: probe voltage, 4.5kV; nebulizing gas flow, 1.5

L/min; CDL temperature, 200°C; block heater temperature, 200°C.

Preparation of theasinensin A

TS-A was synthesized from EGCG and purified according to the method described by
Shii et al (2011). A solution of 5 mg EGCG and 0.01 mmol CuCl; in 30% MeOH (2 ml)
was vigorously mixed at 25°C for 16 hours. To the mixture, 50 mg of AA was added and
heated at 85°C for 15 min.  After cooling, the mixture was 2.5 times diluted with H,O and
applied to a preparative HPLC using a Cosmosil 5C;g-ARII column (Nacalai Tesque Inc.
Kyoto, Japan, 20 mm i.d. X 250 mm). To elute the column, in the first 50 min, the solvent
was changed in a linear gradient from 90% A [H,0] + 10% B [CH30H:CH3CN = 3:2] to
75% A + 25% B at a flow rate of 3 ml/min. In the next 20 min, the solvent was changed in
a linear gradient to 40% A + 60% B and maintained at 40% A +60% B for another 20 min.
Then, the solvent was changed back to 90% A + 10% B and maintained at 90% A +10% B
for 60 min. LC chromatograms were obtained at UV 254 nm. The fraction TS-A was
collected and concentrated by evaporation, and kept at -80°C. Purified TS-A was

re-dissolved in HBSS containing 4 mM AA to block further auto-oxidization.
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Results
Auto-oxidation products of EGCG activate TRPV1 and TRPA1 channels

To examine how EGCG activates TRPV1 and TRPA1 channels in the course of
auto-oxidation process, | compared effects of freshly prepared and incubated EGCG on both
channels. HEK293T cells were transfected with the TRPV1 or TRPAL expression vector
and calcium-imaging analysis was performed. EGCG was dissolved in Hank’s balanced
salt solution (HBSS) at 200 uM and incubated at 25°C for 2-6 hours, or freshly prepared just
before use. | did not observe a significant increase in [Ca®']; in HEK293 cells expressing
TRPV1 or TRPA1 with the freshly prepared EGCG. However, following incubation, EGCG
could induce an increase in [Ca*]; in cells expressing either TRP channels. When EGCG
was incubated in the presence of an antioxidant, 1 mM AA, the increase in [Ca’*]; was not
induced by the EGCG in HEK293T cells expressing TRPV1 or TRPA1 channels (Fig. 1).
Results demonstrated that auto-oxidation products must be the activators of TRPV1 and
TRPAL channels in the incubated EGCG. | further analyzed the sensitivity and selectivity
to auto-oxidation products of four major catechins. Catechins were dissolved and
incubated for 3 hours, and then used to examine the activity to stimulate TRP channels.
The activities were compared with the activities of catechins dissolved in 1 mM AA (Fig. 3
and 4). EGCG and auto-oxidized EGCG were applied to cells at 2-200 uM, and then
10 uM capsaicin or 100 uM AITC was further applied to monitor the channel expression.
Time courses of individual cell recordings are shown (Fig. 3A and 4A). The average
[Ca?*]; response at 90 s with the 3 hours-incubated EGCG was obtained and plotted against
the EGCG concentration (Fig. 3B and 4B). In HEK293T cells expressing TRPV1, a
significant increase in [Ca®']i was detected at 20 uM of the incubated EGCG. In
TRPAL-expressing HEK293T cells, a major response of [Ca®*]; was observed from 100 pM.

For other three major catechins (EC, ECG, EGC), the same experiments were performed
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and results are summarized in Fig. 3B and 4B. When compared among the four catechins,
it is evident that the incubated EGCG most effectively induce the [Ca®*]i spouse in
HEK293T cells expressing TRPV1 or TRPAL. Next, | examined whether blockers for
TRP channels might block the increase in [Ca®*]i induced with the EGCG. A
TRPAL-specific blocker, 4-(4-Chlorophenyl)-3- methylbut-3-en-2-oxime (AP-18), and a
TRPV1-specific blocker, capsazepine (CPZ) were used. 1 first examined the specificity of
these blockers. HEK293T cells were transfected with the expression vector for rat
TRPV1, and cells were treated with 0.1 uM Capsaicin (CAP), 0.1 uM CAP and 10 uM CPZ,
or 0.1 uM CAP and 100 uM AP-18 (Fig. 2A). Analysis of calcium-imaging indicate that
the CAP-induced activation of TRPV1 is significantly inhibited by 10 uM CPZ but not by
100 uM AP-18. Similarly, HEK293T cells expressing mouse TRPA1 were treated with 10
uM AITC, 10 uM AITC and 10 uM CPZ or 10 uM AITC and 100 uM AP-18 (Fig. 2B), and
calcium-imaging analysis was performed. Results showed that 100 uM AP-18 attenuated
the AITC-induced activation of TRPAL, but 10 uM CPZ could not significantly reduced the
activation. Thus, | confirmed that CPZ and AP-18 selectively inhibit TRPV1 and TRPA1
cannels, respectively.

As indicated in Fig. 3C, 10 uM CPZ completely blocked the [Ca®*]; spouse in
HEK293T cells expressing TRPV1 induced with the auto-oxidized EGCG, but 100 uM
AP-18 did not show a significant inhibitory effect. Further, in TRPAL-expressing
HEK293T cells, 100 uM AP-18 completely inhibited the increase in [Ca®*]i with the
auto-oxidized EGCG (Fig. 4C). Thus, it is evident that the [Ca®']i responses induced by

the incubated EGCG are mediated through specific TRP channel activation.
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Sensitivity of DRG neurons to auto-oxidation products of EGCG

It has been known that the nerve fibers in the tongue express TRPV1 (Ishida et al.,
2002), and it has been suggested that TRPA1-positive nerve fibers are present in the tongue
(Nagatomo and Kubo, 2008). Primary afferent neurons are clustered in the dorsal root
ganglion (DRG) and within cranial nerve ganglions such as the trigeminal ganglion (TG).
It has been shown that DRG and TG neurons express TRPV1, TRPAL, and TRPM8
(Kobayashi et al, 2005). | wanted to know whether TRPV1 or TRPA1 channels in the
nerves innervating the tongue are involved in the perception of the astringent taste of green
tea. | examined the sensitivity of the acutely dissociated sensory DRG neurons to the
auto-oxidized EGCG using the calcium-imaging technique. After the DRG was isolated
from mice, neurons were dissociated and cultured.

After examining the specificity of anti-TRPV1 and anti-TRPAL antibodies (fig. 5A),
cultured mouse DRG neurons were immunostained with these antibodies. Most NF-positive
neuron expressed TRPV1, and some NF-positive neurons did express TRPALl. Thus,
TRPV1 and TRPAL were expressed in mouse DRG neurons, and in some DRG neurons
TRPV1 and TRPA1 were co-expressed in identical cells (fig. 5B).  The expression of
TRPV1 and TRPAL in cultured DRG neuron was confirmed.

The freshly dissolved EGCG and the auto-oxidized EGCG were applied to DRG
neurons at 200 uM. Time courses of individual cell recordings are shown in Fig. 6A. The
mean maximum response in individual neurons during the first 120 s stimulation was
compared with control. When the fresh EGCG was used, no significant increase in [Ca*'];
was observed. On the other hand, auto-oxidized EGCG induce a [Ca?*]; responses in DRG
neurons. When EGCG was incubated in the presence of 1 mM AA, the increase in [Ca®'];
was not induced by the EGCG. Further, the response of DRG neurons to the auto-oxidized

EGCG was significantly attenuated with AP18 and CPZ (Fig. 6B). These results clearly
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demonstrated that the responses to the auto-oxidized EGCG but not to EGCG itself were
confirmed in DRG sensory neurons, and that they were mediated through TRPV1 and

TRPA1 channels.

Preparation of an EGCG dimer, TS-A

Our results strongly demonstrated that EGCG was auto-oxidized during the 3 hours-
incubation in HBSS buffer, and only the resultant products was active to stimulate TRPV1
and TRPAL channels. To study the changes in the EGCG solution, HPLC analysis was
performed. Fig. 7A shows the HPLC chromatogram of the freshly prepared EGCG. A
large peak with the retention time of 11.7 min corresponded to EGCG. During the
incubation for 3 hours in HBSS, several additional peaks appeared in addition to the peak of
EGCG on the HPLC chromatogram. High resolution (HR)-ESI/MS analysis demonstrated
that two different EGCG dimers were present in the auto-oxidized products. One peak
with the retention time of 10.0 min showed a molecular ion of m/z 913.1492 (ESI negative,
[M-H]). Another peak with the retention time of 13.5 min also showed a molecular ion of
m/z 913.1470 (ESI negative, [M-H]") (Fig. 7B). Based on the calculate value (Cs4H3302
of 913.1463), the above two peaks were suggested to represent the isomeric dimers of
EGCG, TS-Aand TS-D. This was further confirmed by LC/MS/MS analysis. The MS/MS
spectra of their molecular ion [M-H]" Were consistent with those of the reported TS-A
(591.2, 743.0, and 761.1, Hong et al., 2002; Sang et al., 2005). LC/MS analysis further
indicated that some dimers were also formed in the other major catechin in HBSS during 3
hours-incubation (Fig. 8). The auto-oxidized products of EC, ECG, and EGC did not
induce the high level of increase in [Ca*']; in the TRPV1 or TRPA1-expressing HEK293T
cells (Fig. 3B and 4B). Thus, it is possible that TSs present in the auto-oxidized products

of EGCG might contribute to the activity to stimulate TRPV1 and TRPAL channels. To
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examine this possibility, I decided to prepare TSs. With the biomimetic method developed
by Shii et al (2011), | synthesized and purified TS-A from EGCG (Fig. 9). On the HPLC
chromatogram of the purified product, one major peak with the retention time of 10.0 min
was found. HR-ESI/MS analysis showed a molecular ion of m/z 913.1414 (ESI negative,
[M-H]), which is the same as the calculated for TS-A, Cy4H330,, (913.1463). It was
further confirmed by LC/MS/MS to be TS-A. Namely, the MS/MS spectra were similar to
the reported spectrum of TS-A showing mass fragments of 591.2, 743.0, and 761.1 (Hong et
al., 2002; Sang et al., 2005). Thus, | obtained highly pure TS-A. In addition, | decided
that on the HPLC chromatogram of the auto-oxidized EGCG, a peak with the retention time
of 10.0 min in Fig. 7B contained TS-A and another peak with the retention time of 13.5 min

in Fig. 7B corresponded to TS-D.

An EGCG dimer, TS-A activates TRPA1 and TRPV1 channels

I next examined how an EGCG dimer, TS-A acts on TRPAL1 and TRPV1 channels.
The expression vector of TRPAL1 or TRPV1 was transfected into HEK293T cells and
calcium-imaging analysis was performed using prepared TS-A (Fig. 10). The increase in
[Ca?*]; was induced by TS-A in HEK293T cells expressing TRPV1 channels starting at 4
uM, and the response to TS-A increased up to 200 uM. On the other hand, in case of
TRPAL1, the [Ca®*]ispouse was first detected at 2 uM TS-A, a significant but slow increase
in [Ca?*]; was observed at 4 pM, and the response decreased at 40 pM and 200 uM. The
relationship between the average response at 90 s and the concentration of TS-A is shown.
Results suggested that TS-A more efficiently stimulates TRPALl than TRPV1. | next
examined whether blockers for TRP channels might block the increase in [Ca*']; induced
with TS-A. Although AP-18 had partial effect, CPZ completely inhibited the [Ca®];

spouse induced with TS-A in HEK293T cells expressing TRPV1. Conversely, the
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response in TRPAl-expressing HEK293T cells evoked by TS-A was completely blocked by
AP-18. CPZ partially attenuated the response. These observations clearly demonstrate
that EGCG itself cannot activate TRPV1 and TRPA1 channels, but that one of auto-oxidized

products of EGCG, TS-A is indeed able to activate both TRP channels.

TS-A activates DRG neurons.

The prepared TS-A was applied to DRG neurons at 80 uM and calcium-imaging
analysis was performed (Fig. 11). Time courses of representative recordings were shown
(Fig. 11A). The average of highest response in individual neurons during the first 120 s
stimulation was compared (Fig. 11B). The increase in [Ca®']; in several DRG neurons was
apparently observed with TS-A. The response of DRG neurons to TS-A was significantly
attenuated with AP-18 and CPZ. These results strongly demonstrated that TS-A, which is
formed in the course of auto-oxidation of EGCG, indeed activates DRG sensory neurons,
and that this activation is mediated through TRPV1 and TRPA1 channels, providing an
important information about the mechanism for astringent taste of food and beverages and
one possible molecular explanation for sensing astringency of green tea after longer

incubation.

Response of TRPV1 and TRPA1 channels from chick and snake.

Mammalian TRPV1 is activated by the pungent vanilloid capsaicin (Caterina et al.,
1997). On the other hand, it has been reported that a chick homolog of TRPV1 channel is
insensitive to capsaicin (Jordt and Julius, 2002). It has been shown that Mammalian
TRPAL channels are not activated by heat, but snake TRPAL channels are heat-sensitive
(Gracheva et al., 2010). Thus, the diversity of channel properties among vertebrate
TRPV1 and TRPAL has been known (Nagatomo and Kubo, 2008; Gracheva et al., 2010;

Saitoh et al., 2012). Therefore, | decided to study whether TRPV1 and TRPAL channels
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from chick and snake might have sensitivity to the auto-oxidized EGCG.

Only the chick TRPAL1 cDNA was not available. To clone chick TRPA1 cDNA,
RT-PCR was performed using total RNA from chick embryo DRG and the cDNA fragment
containing the entire coding region of TRPA1 was amplified. The coding region of TRPAL
consisted of 3381 bp, resulting in 1126 amino acid residues (Fig. 12A and B). chick
TRPAL exhibited 52.9%, 52.5%, 60.3%, 39.7%, and 36.6% amino acid sequence similarity
to human TRPA1, mouse TRPAL, rattlesnake TRPAL, zebrafish TRPAla, and zebrafish
TRPA1D, respectively.

The expression vector for chick TRPV1, chick TRPAL, rattlesnake TRPV1, or
rattlesnake TRPA1 was transfected into HEK293T cells and calcium-imaging analysis was
performed (Fig. 12C). The auto-oxidized products of major four catechins after 3 hours-
incubation were used. The increase in [Ca*]i was only observed in HEK293T cells
expressing chick TRPV1. Further, only the incubated EGCG induced a significant
response. Results suggested that the response to the oxidized catechins of TRP channels is
species-specific sensitivity, and that birds and reptilians have limited sensitivity of the

astringent taste of oxidized polyphenols from plants.

The region contributing to the TS-A sensitivity of TRPA1 channel

It is known that zebrafish TRPAL paralogs (zTRPAla and zTRPALDb), like mammalian
TRPAL, can be activated by the pain-inducing natural products, AITC, cinnamaldehyde, and
diallyl disulfide, by the environmental irritant acrolein, and by the endogenous compound 4-
hydroxynonenal. It was reported that a loss-of-function mutation in zTRPALb reduced or
abolished the robust increase in locomotors activity induced by these chemicals (Prober et
al., 2008). Oda et al. further reported that zTPAla and zTRPA1lb showed differential

responses to chemical substances. Namely, they demonstrated that zTRPAla showed a
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larger response or higher sensitivity to AITC, H,0, and the oxidized EGCG than zTRPAlb
(Oda, M. et al., 2013). Therefore, | first studied whether zTRPA1 paralogs might have
different sensitivity to the TS-A. HEK293T cells were transfected with the expression
vector of zTRPAla or zTRPALb, calcium imaging analysis was performed using purified
TS-A. We found that 4 uM TS-A activates zTRPAla but not zTRPA1b (Fig.13B). Since
ZTRPAla and zTRPA1b have a significant similarity (48.7%), | decided to investigate the
region conferring the sensitivity to TS-A on zTRPAla channel. | focused on the ankyrin
repeat (AR) domains and used chimeric ion channels between zTRPAla and zTRPA1b (Oda,
et al., 2013; Fig.13A). When the B(10)A chimera was expressed in HEK293T cells, the
[Ca?*]; response was not induced with TS-A. But, when the B(5)A chimera was expressed, a
significant elevation [Ca’*]; was observed. Treatment with 100 uM AITC induced the
[Ca?*]; response in HEK293T cells expressing zZTRPAL paralogs and the chimera channels.
Namely, when AR 1-10 of zZTRPAla was exchanged for that of zZTRPAL1b, the sensitivity to
TS-A of zZTRPAla was abolished. But, when AR1-5 was exchanged, the TS-A sensitivity
of zTRPAla was not affected. Result demonstrated that the region of AR 6-10 of
ZTRPAla plays an important role for the response ability to TS-A. Fig.13C indicates the
amino acid alignment of the region of AR 6-10 of TRPAL channels. | searched amino
acids, which are conserved among TS-A sensitive channels ('TRPA1, mTRPAL, zTRPA1la),
but different in TS-A insensitive channels (cTRPAL, zTRPAlb). Only two amino acids
were found (indicated arrows). These two amino acids may function as an essential

binding site for TS-A.
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Discussion

In this study, | examined how TRPAL and TRPV1 are activated by tea catechins in the
course of auto-oxidation process. Neither TRPA1 nor TRPV1 could be activated by any of
the freshly prepared catechin, but the incubated and auto-oxidized EGCG significantly
activated both TRP channels. Furthermore, | observed that DRG neurons are activated not
by EGCG itself, but by the incubated EGCG through TRPV1 and TRPAL channels. |
analyzed the contents in the incubated auto-oxidized EGCG by LC/MS and found the
presence of EGCG dimers, TSs. TS-A was prepared and the activity to stimulate TRP
channels was studied. TS-A, which is one of the auto-oxidized products of EGCG, was
shown to activate channels of TRPA1 and TRPV1. Further, TS-A activated DRG neurons
by mediating through TRPV1 and TRPAL1l. TRPV1 is expressed in the nerves innervating
the tongue (Ishida et al., 2002), and TRPAL is also suggested to be expressed in nerves on
the tongue (Nagatomo and Kubo, 2008). These findings provided insights into the

mechanism for astringent taste of polyphenol-containing foods and beverages on the tongue.

Auto-oxidized products of EGCG other than TS-A

When the incubated EGCG was applied to HEK293T cells expressing TRPAL, a
significant increase in [Ca®']; was observed starting at 100 uM (Fig. 4B). When purified
TS-A was used, the [Ca®*]i spouse was first detected at 2 uM and significantly induced at 4
uM (Fig. 10B). These results indicated that TS-A is one of the oxidized products which are
formed during the 3 hours-incubation and selectively activates TRPAL channels. In case of
TRPV1, 20 uM of the oxidized EGCG induced an apparent increase in [Ca®]; and the
decreased response was observed with 200 uM of the EGCG in TRPV1-expressing HEK293T
cells (Fig. 3B). On the other hand, purified TS-A can induce the [Ca®']; spouse in

TRPV1-expressing HEK293T cells, but the high level response was only induced with 200
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uM TS-A (Fig. 10B). Thus, the sensitivity of TRPV1 to TS-A was not so high. These
observations suggested that some oxidized products other than TS-A might be present in the
EGCG solution incubated for 3 h, and that they might specifically stimulate TRPV1 channels.
Although further investigation is required, TS-D, another dimer of EGCG, might be a
candidate.

Cross-talk between TRPV1 and TRPA1L.

AP-18 specifically and completely inhibited the channel activation in HEK293T cells
expressing TRPA1, and CPZ specifically and completely inhibited the channel activation in
HEK293T cells expressing TRPV1. In DRG neuron, there are TRPV1- and TRPA1-
expressing neurons, TRPV1- and TRPMS8-expressing neurons, and TRPA1 and TRPMS-
expressing neurons (Kobayashi et al., 2005). In the presence of a TRPA1 channel-specific
blocker, it was expected that neurons of DRG expressing TRPV1 still might be able to
respond to the auto-oxidized EGCG or TS-A. However, when DRG neurons were treated
with a TRPAL1 channel-specific blocker, AP-18, cellular response induced with the
auto-oxidized EGCG or TS-A was greatly inhibited (Fig. 6 and Fig. 11). It has been
demonstrated that TRPV1 and TRPAL channels assemble into a complex on the plasma
membrane, and that they mutually control the transduction of inflammation-induced noxious
stimuli in sensory neuron (Akopian et al., 2007; Akopian et al., 2008; Staruschenko et al.,
2010). Therefore, by interaction between TRPA1 and TRPV1 channels, it seems that the
treatment with AP-18 might indirectly attenuate TRPV1 channels in DRG neurons
simultaneously expressing TRPA1, and that a TRPV1 blocker, CPZ might function similarly

on TRPV1 and TRPA1 channels.

The mechanism to activate TRPV1 and TRPA1 with auto-oxidized EGCG.

When the time courses of individual cell recordings of TRPV1-expressing and
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TRPAL-expressing HEK293T cells were compared (Fig. 3A, 4A, and Fig. 10), the level of
[Ca?*]; rather gradually increased sometimes with some delay in the TRPA1-expressing cells
after application of the oxidized EGCG or TS-A. In HEK293T cells expressing TRPV1, the
relatively rapid increase in [Ca**]; was observed with the oxidized EGCG or TS-A. It seems
that there might be different mechanism to activate TRPV1 and TRPAL channels. It has
been reported for human TRPA1 that 15-deoxy-A ** '* -prostaglandin J, induces rapid
activation, but NO and H,O, activate channels with a time-lag after application. It has been
suggested that those channel activations might be mediated through differential modification
of cysteine residues in the cytoplasmic N-terminus of TRPA1l by these inflammatory
mediators (Andersson et al., 2008; Sawada et al., 2008; Takahashi et al., 2008). Further, it
has been shown that the treatment with H,O, sensitizes TRPV1 channels through
modification of multiple cysteine residues present in TRPV1 proteins (Chuang and Lin, 2009).
It is possible that the oxidized EGCG products might modify or binding to specific residues to
activate TRPV1 or TRPAL channels. To approach the molecular mechanism to activate
these TRP channels by the oxidized EGCG and TS-A, further investigation using chimeras

between the oxidized EGCG-sensitive and insensitive TRP channels are important.

- 55 -



Figure Legends

Fig. 1 Auto-oxidized EGCG stimulates rat TRPV1 and mouse TRPA1 channels.

(A) Effects of freshly prepared and incubated epigallocatechin gallate (EGCG, 200 uM) on
[Ca?*];in HEK293T cells expressing rat TRPV1 were examined. After transfection with the
expression vector of rat TRPV1, cells were loaded with 5 uM Fluo8-AM. The Fluo8
fluorescence was recorded every 3 s and the relative fluorescent change (AF/F) was
determined. At 6 s, EGCG (fresh or incubated) was applied. At 240 s, 10 uM capsaicin
(CAP) was further applied to confirm the channel expression. 200 uM EGCG in HBSS was
freshly prepared (0 h), or prepared and incubated at 25°C for 2 hours (2 h), 4 hour (4 h), 6
hours (6 h). 200 uM EGCG in HBSS containing 1mM AA was prepared and incubated at
25°C for 2 hours (EGCG+AA). HBSS containing 1 mM AA without EGCG was also
prepared. They were used as a ligand solution. The average AF/F at 90 s was obtained and
compared. Differences were judged to be significant by the Tukey-Kramer method
(**p<0.01). Result of 0h EGCG was significantly different from result of 2 h EGCG (**).
Results of 2h EGCG and EGCG+AA were significantly different (**).

(B) Effects of freshly prepared and incubated 200 uM EGCG on [Ca?'];in HEK293T cells
expressing mouse TRPA1 were examined. After transfection with the expression vector of
mouse TRPAIL, calcium-imaging analysis was similarly performed as A. At 6 s, EGCG
(fresh or incubated) was applied. At 240 s, 100 uM AITC was further applied to monitor the
channel expression. The same set of ligand solutions as A was used. The average AF/F at
90 s was obtained and compared. Differences were judged to be significant by the
Tukey-Kramer method (**p<0.01). Result of Oh EGCG was significantly different from

result of 2h EGCG (**). Results of 2 h EGCG and EGCG+AA were significantly different

(**) .
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Fig. 2 Effect of antagonists on the capsaicin-response of TRPV1 and the AITC-response
of TRPAL.

Effects of channel blockers on the Ca®* response in rat TRPV1-expressing or mouse
TRPAL-expressing cells induced by CAP or AITC, respectively were examined. The
average AF/F at 27 s was obtained and compared. Differences were judged to be significant
by the Tukey-Kramer method (**p<0.01).

(A) To HEK293T cells expressing rat TRPV1, 0.1 uM CAP was singly, with 10 uM CPZ, or
with 100 uM AP-18 applied to cells at 6 s. Results of 0.1 uM CAP and CAP+CPZ were
significantly different (**).

(B) To HEK293T cells expressing mouse TRPA1, 10 uM AITC was singly, with 10 uM CPZ,
or with 100 uM AP-18 applied to cells at 6 s. Results of AITC and AITC+AP-18 were

significantly different (**).

Fig. 3 Effects of the incubated catechins on rat TRPV1 channels.

(A) Effects of EGCG or incubated EGCG on [Ca®]iin HEK293T cells expressing rat TRPV1
were examined. HEK293T cells expressing rat TRPV1 were loaded with 5 uM Fluo8-AM.
The Fluo8 fluorescence was recorded every 3 s and AF/F was determined. At 6 s, ligand
was applied. At 120 s, 10 uM CAP was further applied to monitor the channel expression.
EGCG was prepared in HBSS containing 1 mM AA (EGCG), or prepared in HBSS without
1mM AA and incubated at 25°C for 3 hours (3 h EGCG). They were used as a ligand
solution.  Time courses of AF/F of individual cell recordings were shown.

(B) Effects of catechins or incubated catechins on [Ca®]iin HEK293T cells expressing rat
TRPV1 were examined. The calcium-imaging analysis of HEK293T cells expressing rat
TRPV1 was similarly performed as in A, except for ligand solutions. Epicatechin (EC),

epigallocatechin (EGC), epicatechin gallate (ECG) or EGCG was prepared in HBSS
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containing 1mM AA (left), or prepared in HBSS without 1mM AA and incubated at 25°C for
3 hours (right). They were used as a ligand solution. The average AF/F at 90 s was
obtained and plotted against the catechin concentration. Differences were judged to be
significant by the Tukey-Kramer method (*p<0.05, **p<0.01). Result of 20 uM EGCG was
significantly different from result of 20 uM EGC (**) and from result of 20 uM EC (**).
Results of 20 uM EGCG and 20 uM ECG were significantly different (*).

(C) The calcium-imaging analysis of HEK293T cells expressing rat TRPV1 was performed,
and effects of channel blockers on TRPV1 activation induced by the incubated EGCG were
examined. 20 uM EGCG was prepared in HBSS and incubated at 25°C for 3 hours. This
20 uM EGCG was singly, with 100 uM AP-18, or with 10 uM CPZ applied to cells at 6 s.
The average AF/F at 90 s was obtained and compared. Differences were judged to be
significant by the Tukey-Kramer method (**p<0.01). Results of 20 uM EGCG and 20 uM

EGCG+CPZ were significantly different (**).

Fig. 4 Effects of the incubated catechins on mouse TRPA1 channels.

(A) Effects of EGCG or incubated EGCG on [Ca*']; in HEK293T cells expressing mouse
TRPAL were examined. The calcium-imaging analysis of HEK293T cells expressing mouse
TRPAL was performed and AF/F was determined. At 6 s, ligand was applied. At 120 s,
100 uM AITC was further applied. EGCG was prepared in HBSS containing 1 mM AA
(EGCG), or prepared in HBSS without 1 mM AA and incubated at 25°C for 3 hours (3 h
EGCG). They were used as a ligand solution. Time courses of AF/F of individual cell
recordings were shown.

(B) Effects of catechins or incubated catechins on [Ca*"]iin HEK293T cells expressing mouse
TRPAL were examined. The calcium-imaging analysis of HEK293T cells expressing mouse

TRPAL was performed. EC, EGC, ECG or EGCG was prepared in HBSS containing 1 mM
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AA (left), or prepared in HBSS without 1 mM AA and incubated at 25°C for 3 hours (right).
They were used as a ligand solution. The average AF/F at 90 s was obtained and plotted
against the catechin concentration. Differences were judged to be significant by the
Tukey-Kramer method (**p<0.01). Result of 100 uM EGCG was significantly different
from result of 100 uM EGC (**), from result of 100 uM EC (**), and from result of 100 uM
ECG (**).

(C) The calcium-imaging analysis of HEK293T cells expressing mouse TRPALl was
performed, and effects of channel blockers on TRPA1 activation induced by the incubated
EGCG were examined. 100 uM EGCG was prepared in HBSS and incubated at 25°C for 3
hours. This 100 uM EGCG was applied alone, with 100 uM AP-18, or with 10 uM CPZ to
cells at 6 s. The average AF/F at 90 s was obtained and compared. Differences were
judged to be significant by the Tukey-Kramer method (**p<0.01). Results of 100 uM

EGCG and 100 uM EGCG+AP-18 were significantly different (**).

Fig. 5 The expression of TRPV1 and TRPA1 in mouse DRG.

(A) The expression vector of rat TRPV1 or mouse TRPA1 was transfected into HEK293T
cells. At 24-48 h after transfection, cells were fixed and permeabilized with 0.5% Triton
X-100. Then, cells were immunostained with anti-TRPV1 or anti-TRPAL antibody.
Immunoreation was visualized with Alexa488 labelled 2nd antibody.

Positive staining with each antibody was seen in cells transfected with rat TRPV1 cDNA (b)
or with mouse TRPA1 cDNA (d), but no apparent signed was detected in non-transfected
cells with either antibodies (f and h). Phase-contrast and corresponding immune-
fluorescent images were indicated (a, ¢, e and h).  Scale bar, 20 um.

(B) Cultured mouse DRG cells were fixed and permeabilized with 0.5% Triton X-100.

Then DRG cells were doubly immunostained using anti-NF antibody (b) and anti-TRPV1
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antibody (c), or anti-NF antibody (e) and anti-TRPAL antibody (f). Immunoreaction with
anti-NF was detected with alexa 568 labelled 2nd antibodies. Signals with anti-TRPV1
antibody or anti-TRPA1 antibody were visualized with Alexa 488 2nd antibody.
Phase-contrast and corresponding immunofluorecent images were shown (a and d). Scale

bar, 20 um.

Fig. 6 Effects of the incubated EGCG on mouse DRG neurons.

(A) Ca®* response of DRG neurons to the incubated EGCG was examined. DRG sensory
neurons were isolated from mice and cultured. On culture day 1, the calcium-imaging
analysis was performed. 200 uM EGCG in HBSS was freshly prepared (0 h EGCG), or
prepared and incubated at 25°C for 3 hours (3 h EGCG). 200 uM EGCG in HBSS
containing 1 mM AA was prepared and incubated at 25°C for 3 hours (3 h EGCG (+AA)). 3
h EGCG was mixed with 100 uM AP-18, or with 10 uM CPZ. They were used as a ligand
solution at 6 s, 100 uM AITC was applied at 120 s, and 10 uM CAP was further applied at
150s. Time courses of AF/F of individual cell recordings were shown.

(B) From results in (A), the average of the highest response in individual neurons during the
first 120 s stimulation was obtained and compared. Differences were judged to be
significant by the Tukey-Kramer method (**p<0.01). Results of 0 h EGCG and 3 h EGCG
were significantly different (**). Result of 3 h EGCG was significantly different from result
of 3 h EGCG (+AA) (**), from result of 3 h EGCG+AP-18 (**), and from result of 3 h
EGCG+CPZ (**).

Fig. 7 Identification of EGCG dimmers in the EGCG incubated for 3 h.

(A) Liquid chromatography (LC) of EGCG. 4 mM EGCG was dissolved in HBSS
containing 1 mM AA and analyzed by HPLC.

(B) LC, MS, and MS/MS spectra of the incubated EGCG. 4 mM EGCG was dissolved in
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HBSS, incubated for 3 hours, and analyzed by LC/MS/MS. ESI negative MS and MS/MS
spectra of one major peak (Tr 10.0) were shown in left. The peak with Tg 10.0 showed a
major molecular ion of m/z 913.1492. ESI negative MS and MS/MS spectra of another
major peak (Tr 13.5) were shown in right. The peak with Tg 13.5 showed a major molecular
ion of m/z 913.1470. Calculated exact mass of TS-A and TS-D is 913.1463. These two

peaks contained TS-A and TS-D, isomeric dimers of EGCG.

Fig. 8 LC and LC/MS analysis of the incubated EC, ECG, and EGC.

(A) Liquid chromatography (LC) of EC (MW 290.27) was shown in upper panel. 4 mM EC
was dissolved in HBSS containing 1mM AA and analyzed by HPLC. One major peak (*0)
is EC. LC and MS spectra of the incubated EC were shown in lower panels. 4 mM EC
was dissolved in HBSS, incubated for 3 hours, and analyzed by LC/MS. ESI negative MS
spectra of one peak (*1, Tr 12.5) were shown in right. The peak with Tg 12.5 showed a
major molecular ion of m/z 577.1278.

(B) LC of ECG (MW 442.37) was shown in upper panel. 4 mM ECG was dissolved in
HBSS containing 1 mM AA and analyzed by HPLC. One major peak (*0) is ECG. LC and
MS spectra of the incubated ECG were shown in lower panels. 4 mM ECG was dissolved in
HBSS, incubated for 3 hours, and analyzed by LC/MS. ESI negative MS spectra of one
peak (*1, Tr 20.6) were shown in right. The peak with Tg 20.6 showed a major molecular
ion of m/z 881.1217.

(C) LC of EGC (MW 306.27) was shown in upper panel. 4 mM EGC was dissolved in
HBSS containing 1 mM AA and analyzed by HPLC. One major peak (*0) is EGC. LC and
MS spectra of the incubated EGC were shown in lower panels. 4 mM EGC was dissolved in
HBSS, incubated for 3hours, and analyzed by LC/MS. ESI negative MS spectra of one peak

(*1, Tr 20.3) were shown in right. The peak with Tr 20.3 showed a major molecular ion of
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m/z 607.0828. A molecular ion of m/z 520.8881 was from background, since it was always

detected.

Fig. 9 Preparation of TS-A.

As described in Materials and Methods section, TS-A was synthesized and purified according
to the method of Shii et al (2011). The main peak from the preparative HPLC of the reaction
mixture was analyzed by LC/MS/MS. ESI negative MS and MS/MS spectra of the main
peak (Tg 10.0) were shown in right. The peak with Tg 10.0 showed a major molecular ion of

m/z 913.1414. Calculated exact mass of TS-Ais 913.1463.

Fig. 10 TS-A stimulates rat TRPV1 and mouse TRPA1 channels.

(A) Effects of prepared TS-A on [Ca®'];in HEK293T cells expressing rat TRPV1 or mouse
TRPAL were examined. After transfection with the expression vector (rat TRPV1 or mouse
TRPAL1), the calcium-imaging analysis was performed, then AF/F was determined. At 6 s,
TS-A (2 uM, 4 uM, 40 uM, and 200 uM) was applied. At 120 s, 10 uM CAP or 100 uM
AITC was further applied to confirm the channel expression. Time courses of AF/F of
individual cell recordings were shown.

(B) From results described A, the average AF/F at 90 s was obtained and plotted against the
concentration of TS-A.

(C) Effects of channel blockers on the Ca?* response in rat TRPV1-expressing or mouse
TRPA1-expressing cells induced by TS-A. To HEK293T cells expressing rat TRPV1, 200
uM TS-A was singly, with 100 uM AP-18, or with 10 uM CPZ applied to cells at 6 s. The
average AF/F at 90 s was obtained and compared (left). To HEK293T cells expressing rat
TRPA1, 40 uM TS-A was singly, with 100 uM AP-18, or with 10 uM CPZ applied to cells at
6 s. The average AF/F at 90 s was obtained and compared (right). Differences were judged

to be significant by the Tukey-Kramer method (**p<0.01). For rat TRPV1-expressing cells,
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results of 200 uM TS-A and 200 uM TS-A+CPZ were significantly different (**). For
mouse TRPAL-expressing cells, results of 40 uM TS-A and 40 uM TS-A+AP-18 were

significantly different (**).

Fig. 11 TS-A stimulates mouse DRG neurons.

(A) Effects of prepared TS-A on [Ca’]i in DRG neurons were examined by the
calcium-imaging analysis. At 6 s, 80 uM TS-A was singly, with 100 uM AP-18, or with 10
applied at 150 s. Time courses of AF/F of individual cell recordings were shown.

(B) From results in A, the average of the highest response in individual neurons during the
first 120 s stimulation was obtained and compared. Differences were judged to be
significant by the Tukey-Kramer method (*p<0.05, **p<0.01). Results of TS-A and
TS-A+AP-18 was significantly different (*). Result of TS-A was significantly different from

result of TS-A+CPZ (**).

Fig. 12 The incubated EGCG activates chick TRPV1 but not chick TRPAL.

(A) Nucleotide sequence of chick TRPAL cDNA.

(B) Deduced amino acid sequence of chick TRPAL

(C) Effects of incubated catechins on [Ca*'i in HEK293T cells expressing chick TRPV1,
chick TRPAL, rattlesnake TRPV1, and rattlesnake TRPA1l were examined.  After
transfection with the expression vector, calcium-imaging analysis was performed. EC, EGC,
ECG, or EGCG was prepared in HBSS and incubated at 25°C for 3 h. They were used as a
ligand solution at 6 s. The average AF/F at 90 s was obtained and plotted against the
catechin concentration. Only chick TRPV1 channels were activated with the incubated
EGCG. Differences were judged to be significant by the Tukey-Kramer method (**p<0.01).
For chick TRPV1, result of 200 uM EGCG was significantly different from result of 200 uM

EGC (**), from result of 200 uM ECG (**), and from result of 200 uM EC (**).
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Fig. 13 Search for the putative TS-A-binding site in zebrafish TRPAla channel.

(A) Schematic representation of zZTRPAla, zTRPA1b, and zTRPAla-zTRPALb chimeras are
shown. AR: ankyrin repeat; TM: Transmembrane domain.

(B) Response of zTRPAla, zTRPAlb, and zTRPAla-zTRPAlb chimeras to TS-A were
examined. After transfection with the expression vector (zTRPAla, zTRPAlb, B(10)A,
B(5)A), the calcium-imaging analysis was performed and AF/F was determined. At 6 s, 4
uM TS-A was applied. At 120 s, 100 uM AITC was further applied to confirm the channel
expression. The average AF/F at 90 s was obtained and compared. Differences were
judged to be significant by the Tukey-Kramer method (**p<0.01). The chimera B(5)A
contains a minimal segment of zZTRPA1a that is sufficient to confer TS-A sensitivity. Result
of zTRPAla was significantly different from result of zTRPAlb (**) and from result of
B(10)A (**). Result of B(5)A was significantly different from result of zTRPA1lb (**) and
from result of B(10)A (**).

(C) The sequence alignment of the ankyrin repeats 5-10 of TRPAlchannels of human, mouse,
chick, zebrafish is shown. Conserved residues are indicated by asterisks (*). The amino
acid, which is conserved among human, mouse, and zTRPAla but specific for chick or

ZTRPAL1D, is indicated by arrows.
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Figure 13
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General discussion

In chapter I, | described that intestinal STC-1 cells, which are previously known to
respond to five basic taste stimuli, can also respond to the astringent compound of green tea,
EGCG, by through activating TRPA1 channels. | further indicated that another TRP
channel, TRPV1 can be activated with EGCG. In chapterII, | showed that the freshly
prepared EGCG cannot activate TRPV1 and TRPA1 channels but that the incubated and
oxidized EGCG can activate these channels. Then, | identified TS-A as a real ligand
present in the incubated and oxidized EGCG. Finally, I demonstrated that TS-A can
directly activate TRPV1 and TRPAL1 channels in DRG sensory neurons isolated from mouse.
These studies strongly suggested that the sense of astringency with green tea may be caused
by activating TRPV1 and TRPA1 channels with the oxidized catechins such as TS-A in
sensory neurons in the tongue and the mouth.

To further prove this my notion about the astringent taste, behavioral analysis of the
preference of KO mouse and physiological analysis of its sensory neurons might be useful.
TRPV1-KO mouse (Caterina et al., 2000) and TRPA1-KO mouse (Bautista et al., 2006)
have been established. But, | have to utilize the TRPV1 and TRPA1-doubly KO mouse,
since the astringent compound activates both channels. Further, it is reported that a bitter
taste receptor, hnTAS2R39 responds to EGCG (Narukawa et al., 2011). Therefore, at least,
to investigate the preference behavior of mouse, | have to generate and analyze TAS2R139
(mouse homologue of hTAS2R39)-KO mouse and TRPV1, TRPAL and TAS2R139-triply
KO mouse. The behavioral analysis of the preference using KO mouse is my future work to
do.

In this work, | demonstrated one theory that astringency of green tea catechin is
caused by activation of TRPV1 and TRPA1 cannels in sensory neurons of tongues. It has

been known that nerve fibers in the tongue express TRPV1 (Ishida et al., 2002), and it also
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has been shown that TRPA1-positive nerve fibers are present in the tongue (Nagatomo and
Kubo, 2008). Primary, sensory neurons are clustered in the dorsal root ganglion (DRG)
and within cranial nerve ganglions such as the trigeminal ganglion (TG). It has been
reported that DRG and TG neurons express TRPV1, TRPAL, and TRPM8 (Kobayashi et al.,
2005). Here, I investigated the sensitivity to the incubated EGCG and TS-A of dissociated
sensory neurons in DRG analogous to TG, and | observed a significant activation of neurons
though TRP channels. Therefore, it is strongly suggested that both TRPV1 and TRPA1
channels in the nerves innervating the tongue are involved in the perception of the
astringency of green tea.

Previously, psychophysical study on astringency supported the notion that astringency
is primarily a tactile sensation rather than a taste (Breslin et al., 1993). The mechanism of
astringency is not fully understood, although it is known that polyphenols bind and
precipitate a class of salivary proteins called the proline-rich proteins (PRPs) (Baxter et al.,
1997). One theory is that the precipitation of PRPs from saliva reduces its ability to
lubricate, and this loss of lubricity is perceived as an increase in oral friction (Clifford,
1997). A second theory proposes that the sensation is caused by a direct effect of
astringents on the oral epithelium and that PRPs play a protective role and prevent
astringency by binding the astringent compounds before they can interact with the oral
mucosa (Horne et al., 2002). Both theories predict that people with high salivary flow
rates and protein/PRP concentrations will report lower ratings of astringency. Several
studies support this prediction (Horne et al., 2002; Fischer et al., 1994; Imm et al., 1996;
Kallithraka et al., 2001). We propose that astringent compounds, the auto- oxidized
catechin and TS-A, activate TRP channels on the sensory nerve endings in the tongue, and
that PRPs may play inhibitory role in the sensation of astringency by interacting with these

compounds. In addition to PRP, catechins are known to bind directly to many proteins in
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serum and in cells, including fibronectin, fibrinogen, histidine-rich glycoprotein, fatty acid
synthase, serum albumin, and the laminin receptor (Sazuka et al., 1996; Hayakawa et al.,
2001; Bae et al., 2009; Fujimura et al., 2008). Therefore, it is easily considered that
catechins and the oxidized catechins may bind to many kinds of cultured cells. However,
such non-specific binding of catechins cannot induce a significant cellular signaling to lead
the activation of sensory neurons. Namely, for example, normal 3T3 and HEK293T cells
were treated with the oxidized products of EGCG, a major tea catechin, no intracellular
Ca’* elevation was observed. But, when mouse TRPA1 or rat TRPV1 was expressed in
HEK293T cells and the cells were treated with the oxidized EGCG, a significant Ca**
elevation was induced. Further, the oxidized EGCG could not activate rat TRPM8
expressed in HEK293T cells. Thus, specific TRP channels are selectively stimulated with
the oxidized EGCG. Furthermore, the effective concentration of the oxidized EGCG to
activate TRPA1 was starting from 100 uM, and to activate TRPV1, only 20 uM of the
oxidized EGCG was needed. AITC, a known specific ligand for TRPAL is usually used to
activate TRPA1 at 100 uM (Maher, et al., 2008). Capsaicin, a known specific ligand for
TRPV1 is usually used to activate TRPV1 at 10 uM (Hellwig et al., 2004). Observations
strongly suggest that activation of TRPALl and TRPV1 by the oxidized-EGCG must be
caused by the specific interaction between TRP channels and the oxidized-EGCG.

Humans have taste buds on the tongue and in the mouth which contain taste receptors.
This allows us to sense the basic tastes: sweet, sour, salty, bitter and umami. Smell and
chemesthetic also plays a large factor in the flavor of foods. Volatiles are picked up by the
olfactory receptors and in combination with the taste in the mouth, flavor is detected.
Without these senses food would lack taste or would have an alteration in the taste
perceived (McWilliams et al., 2008). The taste disorder often comes from diseases such as

a cancer, brain tumor or diabetes. Dysgeusia, or the change in the sense of taste, is a
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common side effect of disease as well as disease treatments such as chemotherapy and
radiation therapy. Chemotherapy as well as radiation may cause damage to sensory
receptors causing dysgeusia or even ageusia which is the complete loss of taste (Rehwaldt et
al., 2009). These therapies most specifically abnormality of astringency that can be felt in
the sensory nerve, considered that affected by (such as facial nerve paralysis from diabetes)
nerve damage. In addition, fungal infections such as thrush, ulcers and dry mouth or
xerostoma can also lead to complaints related to dysgeusia (Schiffman, 2007). Some
vitamin deficiencies such as zinc, vitamin A and niacin can be related to an altered taste as
well (Rehwaldt et al., 2009). Thus, the chemical senses of taste are susceptible to
dysfunction. The unfortunate result of dysgeusia and ageusia in the patient leads to a
significant downfall in the nutritional status. In future, when we can establish the
mechanisms for the taste receptor system of the basic tastes and for the oral chemical senses
such as pungent and astringent tastes, details of the cause of the taste disorders will be

solved and the suitable medical treatments will be developed.
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Molecular Structures
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