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A B S T R A C T   

Transient receptor potential vanilloid 1 (TRPV1) is known as a receptor of capsaicin, a spicy ingredient of chili 
peppers. It is also sensitive to a variety of pungent compounds and is involved in nociception. Here, we focused 
on the structural characteristics of capsaicin, and investigated whether vanillylmanderic acid (VMA), vanillic 
acid (VAcid), vanillyl alcohol (VAlc), vanillyl butyl ether (VBE), and vanillin, containing a vanillyl skeleton 
similar to capsaicin, affected the TRPV1 activities. For detection of TRPV1 activity, intracellular Ca2+ concen-
tration ([Ca2+]i) was measured in HEK 293 cells heterologously expressing mouse TRPV1 (mTRPV1-HEK) and in 
mouse sensory neurons. Except for vanillin, four vanilloid analogues dose-dependently increased [Ca2+]i in 
mTRPV1-HEK. The solutions that dissolved VMA, VAcid and vanillin at high concentrations were acidic, whereas 
those of VAlc and VBE were neutral. Neutralized VAcid evoked [Ca2+]i increases but neutralized VMA did not. 
Mutation of capsaicin-sensing sites diminished [Ca2+]i responses to VAcid, VAlc and VBE. VAcid, VMA, and 
vanillin suppressed the activation of TRPV1 induced by capsaicin. VAcid and VMA also inhibited the acid- 
induced TRPV1 activation. In sensory neurons, VMA diminished TRPV1 activation by capsaicin or acids. The 
present data indicate that these structural characteristics of chemical compounds on TRPV1 may provide stra-
tegies for the development of novel analgesic drugs targeting nociceptive TRPV1.   

1. Introduction 

Transient receptor potential vanilloid 1 (TRPV1) is mainly expressed 
in primary afferent neurons and functions in pain sensation [28]. It is 
activated by a variety of pungent chemicals such as capsaicin (8-meth-
yl-N-vanillyl-trans-6-noneamide) a spicy component of chili paper [2]. 
To relieve pain, many TRPV1 antagonists have been developed. How-
ever, these antagonists have not been applied for clinical use because 
they show adverse effects such as hyperthermia [26]. 

High doses of capsaicin alleviate noxious pain when applied to the 
skin [13,17]. Capsaicin activates TRPV1 resulting in the increase of 
[Ca2+]i and immediately causes channel desensitization [4,18]. 
Through TRPV1 activation, nociceptive fibers degenerate [17,33] and 
the depletion of pain-related neuropeptides such as CGRP and substance 
P occurs [10,12]. Moreover, capsaicin reduces sodium channel activity, 
resulting in the inhibition of action potentials in nociceptive fibers [20, 
29,31]. Thus, capsaicin is clinically used as an anti-nociceptive drug. 

Resiniferatoxin (RTX), one of the vanilloid analogues, is much more 
potent agonist than capsaicin [2,21]. In sensory neurons, the EC50 value 
for TRPV1 activation of RTX is lower than that of capsaicin [1,21]. RTX 
is a promising therapeutic candidate a TRPV1-related analgesic because 
it can desensitize TRPV1 for a long time [3]. Interestingly, the iodinated 
form of this compound, iodoresiniferatoxin (iodo-RTX) acts as a potent 
inhibitor of TRPV1 [30]. Thus, many vanilloid analogues are expected to 
act as agonists or/and antagonists like RTX and iodo-RTX. 

Vanillylmandelic acid (VMA), a main metabolite of catecholamines 
such as adrenaline and noradrenaline, is used as a marker of 
catecholamine-producing tumors such as neuroblastoma and pheo-
chromocytoma [15]. Vanillin is known as the primary component of the 
extract of the vanilla bean [24]. Lübbert et al. showed that vanillin 
induced a small current in rat TRPV1 expressed in CHO cells and this 
current was inhibited by capsazepine, a TRPV1 antagonist. This report 
suggested that vanillin was a weak agonist for TRPV1 [11]. Several 
compounds are present as vanillin metabolites. Vanillic acid (VAcid), an 
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oxidized form of vanillin, is found in Umbelliferae plants such as 
Angelicae Radix and Ligustici Rhizoma [7]. Vanillyl alcohol (VAlc), the 
reduced form of vanillin, has been reported to prevent oxidative stress in 
cell lines [23]. Vanillyl butyl ether (VBE), extracted from rosemary 
(Rosmarinus officinalis L.) and sage (Salvia officinalis L.) [8] is 
well-known as a hot feeling material utilized in cosmetics and bath 
products. These five vanilloid chemicals are characterized by containing 
a vanillyl skeleton in their structure similar to capsaicin (Fig. 1A). 

In the present study, the effects of five vanilloid analogues on TRPV1 
were investigated. To do so, we examined whether these vanilloid an-
alogues possessed agonistic or antagonistic activity for TRPV1 in a 
heterologous expression system and sensory neurons. 

2. Materials and methods 

2.1. Cell isolation 

All protocols for experiments on animals were approved by the 
Committee on Animal Experimentation of Tottori University. All efforts 
were made to minimize the number of animals used. 

We used C57BL/6 wild-type mice (adult mice of either sex; 4–12 
weeks old). Euthanization was performed by inhalation of CO2 gas. 
Mouse dorsal root ganglion (DRG) cells were isolated and cultured as 
described previously [16]. DRG cells were cultured in a humidified at-
mosphere of 95% air and 5% CO2 at 37 ◦C and were used within 24 h 
after the isolation. 

Fig. 1. [Ca2+]i responses to vanilloid analogues in 
naïve HEK293 cells and those expressing mTRPV1. 
(A) Structures of vanilloid analogues used in the 
present study. The vanillyl skeleton is surrounded by 
a dashed square. (B) The concentration-[Ca2+]i 
response curves for the vanilloid analogues. Symbols 
with vertical lines show mean ± SEM (open squares: 
VBE; n = 20, closed circles: VMA; n = 100, closed 
squares: VAcid; n = 92). VAlc (n = 100) and vanillin 
(n = 100) did not change [Ca2+]i up to 10 mM (closed 
triangles). (C) The concentration-pH curves for the 
vanilloid analogue-dissolved solutions. Note that the 
solutions dissolved in VAcid and VMA at 10 mM are 
highly acidic. (D) Actual recordings of [Ca2+]i re-
sponses to the vanilloid analogues (a; VMA, b; VAlc, 
c; VBE) and capsaicin (30 nM, 1 μM). In VMA, upper 
(pH 6.4 solution) and lower (adjusted to pH 7.4). (E) 
The concentration-relation of four vanilloid ana-
logues. (a) VMA (closed symbols; pH-unadjusted, 
open ones; pH 7.4-adjusted, n = 18–48), (b) VAcid 
(closed symbols; pH-unadjusted, open ones; pH 7.4- 
adjusted, n = 41–68), (c) VAlc (n = 8–47) and (d) 
VBE (n = 18–75). Symbols with vertical lines show 
mean ± SEM.   
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2.2. Heterologous expression 

Human embryonic kidney (HEK) 293 cells were cultured in Dul-
becco’s-modified Eagle’s medium (DMEM, Sigma) supplemented with 
10% fetal bovine serum, 100 U/ml penicillin G and 100 μg/ml strep-
tomycin. Cells were transfected with the expression vectors [mouse 
TRPV1 (mTRPV1), mouse TRPV1 mutants (Y511A), and mouse TRPV1 
mutants (S512Y)] using a transfection reagent (Lipofectamine 2000, 
Invitrogen, Japan) and used within 24 h after transfection. 

2.3. Measurement of [Ca2+]i 

The intracellular Ca2+ concentrations ([Ca2+]i) in individual cells 
were measured by using a fluorescent-imaging system (Aqua Cosmos, 
Hamamatsu Photonics, Japan) as described previously [19]. To load the 
Ca2+-indicator, fura-2, cells were incubated for 40 min at 37 ◦C with 10 
μM fura-2 AM (Molecular Probes) in HEPES-buffered solution (in 
mM:134 NaCl, 6 KCl, 1.2 MgCl2, 2.5 CaCl2, 10 glucose, and 10 HEPES, 
pH 7.4). Fura-2 loaded cells were illuminated with lights at 340 and 380 
nm, and the respective fluorescence signals at 500 nm were detected. 
[Ca2+]i was calculated from the ratio of fluorescent signals (F340/F380) 
with a calibration kit (Invitrogen) [16]. Cells were continuously super-
fused with the external solution at a flow rate of ~2 ml/min. All ex-
periments were carried out at room temperature (22–25 ◦C). 

2.4. Chemicals 

The following drugs were used (vehicle and concentration for stock 
solution). Capsaicin (ethanol, 1 mM) and vanillylmandelic acid (VMA; 
DL-4-hydroxy-3-methoxymandelic acid, DMSO, 2 M) were from Sigma- 
Aldrich. Vanillic acid (VAcid; 4-hydroxy-3-methoxybenzoic acid, 
DMSO, 2 M), vanillyl alcohol (VAlc; 4-hydroxy-3-methoxybenzyl 
alcohol, DMSO, 2 M), vanillyl butyl ether (VBE, 4-butoxymethyl-2- 
methoxyphenol, DMSO, 5 M) and vanillin (vanillin; 4-hydroxy-3- 
methoxybenzaldehyde, DMSO, 2 M) were from TCl Chemicals (Tokyo, 
Japan). All other drugs used were obtained from Wako Pure Chem 
(Tokyo, Japan). 

2.5. Data analysis 

The data are shown as the mean ± SEM (n = number of cells). For 
comparison of two groups, data were analyzed using the unpaired Stu-
dent’s t-test, and for multiple comparisons, one-way ANOVA was used, 
followed by the Dunnet T3 or Tukey-Kramer test. Differences with a P- 
value of less than 0.05 were considered significant. 

3. Results 

3.1. Effects of vanilloid analogues on [Ca2+]i in HEK293 cells expressing 
mTRPV1 

The structures of the vanilloid analogues used in the present study 
are depicted in Fig. 1A. We first examined the effects of these vanilloids 
on [Ca2+]i in untransfected naïve HEK293 cells (naïve-HEK). Vanillyl 
butyl ether (VBE) from 5 mM, and vanillylmandelic acid (VMA) and 
vanillic acid (VAcid) at 10 mM increased [Ca2+]i in naïve-HEK (Fig. 1B). 
Vanillyl alcohol (Valc) and vanillin had no effect. The pHs of the solu-
tions that dissolved some vanilloids were acidic. At 10 mM, the pHs of 
VMA- and VAcid-solutions were 3.9 and 4.6, respectively (Fig. 1C). The 
pHs of VBE- and Valc-solutions were neutral (pH 7.4, 1–10 mM), but the 
pH of 10 mM vanillin-solution was slightly acidic. 

Next, we examined whether vanilloid analogues could activate 
TRPV1. VMA evoked [Ca2+]i increases at 5 mM in HEK293 cells 
expressing mTRPV1 (mTRPV1-HEK). Since the VMA-containing solution 
was acidic, the effect of VMA solution adjusted to pH 7.4 was further 
examined. [Ca2+]i responses to VMA disappeared with neutralization 

(Fig. 1Da and Ea). Although 5 mM VAcid-solution was acidic (pH 6.4), 
VAcid solution adjusted to pH 7.4 continued to evoke [Ca2+]i increases 
(Fig. 1Eb). VAlc from 3 mM (Fig. 1Db and Dc) and VBE from 10 μM 
(Fig. 1Dc and Dd) evoked [Ca2+]i increases in a dose-dependent manner. 
Vanillin failed to increase the [Ca2+]i in mTRPV1-HEK up to 5 mM (data 
not shown). Among all five vanilloids tested, VBE was the most effective 
(EC50 = 14.1 μM) to activate TRPV1. 

3.2. Amino acid residues sensitive to vanilloid analogues for TRPV1 
activation 

Capsaicin has been reported to interact with specific amino acids 

Fig. 2. Interactions of vanilloid analogues to capsaicin-sensing sites for the 
channel activation. (A) A schematic of the mTRPV1 structure including the 
capsaicin-sensitive amino acid residues tyrosine 511 (Y511) and serine 512 
(S512). (B) The amplitudes of [Ca2+]i increases induced by pH 5.5, capsaicin 
(300 nM), VAcid (5 mM)-adjusted pH 7.4, VAlc (5 mM) and VBE (100 nM) in 
wild (open columns), Y511A (closed columns) and S512Y (grey columns). 
Columns with vertical lines show mean ± SEM (open column: wild, pH 5.5; n =
71, cap; n = 31, VAcid; n = 24, VAlc; n = 26, VBE; n = 75, closed column: 
Y511A, pH 5.5; n = 22, cap; n = 22, VAcid; n = 19, VAlc; n = 27, VBE; n = 28, 
and grey column: S512Y, pH 5.5; n = 30, cap; n = 30, VAcid; n = 35, VAlc; n =
47, VBE; n = 38). (C) The concentration-[Ca2+]i response curves for VBE [open 
circles; Wild mTRPV1-HEK, closed squares; mTRPV1 (Y511A)-HEK, closed tri-
angles; mTRPV1 (S512A)-HEK]. Symbols with vertical lines show mean ± SEM 
(Wild, 10 μM; n = 40, 100 μM; n = 75, 1000 μM; n = 63, mTRPV1 (Y511A)- 
HEK, 10 μM, 100 μM; n = 28, 1000 μM; n = 29, mTRPV1 (S512Y) -HEK, 10 μM, 
100 μM; n = 38, 1000 μM; n = 21). **, p < 0.01 vs. Wild (control) by one-way 
ANOVA with Tukey-Kramer test or Dunnett T3 test, NS, not significant. 
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located in the intracellular region to activate TRPV1 [21]. Since VAcid, 
VAlc and VBE evoked increases of [Ca2+]i in mTRPV1-HEK (Fig. 1), we 
explored the amino acid residues involved in TRPV1 activation induced 
by these analogues. Mutated mTRPV1 was produced by the replacement 
of the tyrosine residue at 511 with alanine (Y511A) and the serine res-
idue at 512 with tyrosine (S512Y) (Fig. 2A). The [Ca2+]i responses to 
capsaicin, but not acids, were strongly suppressed by the mutation of 
these two amino acids. The [Ca2+]i responses to VAcid (5 mM) adjusted 
to pH 7.4 and VAlc (5 mM) also disappeared in both mTRPV1 mutants. 
The [Ca2+]i responses to VBE (100 μM) decreased in mTRPV1 (Y511A) 
and mTRPV1 (S512Y), but in the former the [Ca2+]i response remained 
(Fig. 2B). 

To further examine the interaction of VBE with the two amino acid 
residues, we evaluated the relationships between the VBE concentration 
and the [Ca2+]i responses in mTRPV1 (Y511A) and mTRPV1 (S512Y). 
VBE evoked [Ca2+]i increases from 100 μM in mTRPV1 (Y511A)-HEK 
and its amplitude at 1000 μM increased to the same level as the wild- 
type mTRPV1 (Fig, 2C). In mTRPV1 (S512Y), VBE at 10 and 100 μM 
failed to induce [Ca2+]i increases but increased the [Ca2+]i at 1000 μM. 
These results indicate that the vanilloid analogues used activate 
mTRPV1 via interaction with the capsaicin-binding sites. 

3.3. Effects of vanilloid analogues on the activity of heterologously 
expressed TRPV1 

Since some ligands possessing a vanillyl skeleton such as capsazepine 
and iodoresiniferatoxin [21,30] show antagonistic activity, we investi-
gated the effects of vanilloid analogues on the TRPV1 activity in 
mTRPV1-HEK. Repetitive applications of capsaicin (30 nM) evoked 
[Ca2+]i increases with similar amplitudes in mTRPV1-HEK (Fig. 3Aa). 
VMA at 1 mM (~pH 7.3) inhibited the capsaicin-induced [Ca2+]i in-
creases (Fig. 3Ab). VAcid and vanillin at 1 mM also attenuated the 
capsaicin-induced responses, but VAlc at 1 mM and VBE at 10 μM did not 
(Fig. 3C). 

We verified the effects of vanilloids on the acid-induced TRPV1 
activation. Repetitive applications of acids (pH 5.5) increased [Ca2+]i 
with similar amplitudes in mTRPV1-HEK (Fig. 3Ba). VMA at 1 mM (~pH 
7.3) inhibited the pH 5.5-induced [Ca2+]i increases in mTRPV1-HEK 
(Fig. 3Bb). VAcid at 1 mM also attenuated the pH 5.5-induced 

responses, but vanillin and VAlc at 1 mM, and VBE at 10 μM did not 
(Fig. 3D). These results suggest that some vanilloid analogues have 
inhibitory effects on the TRPV1 activation. 

3.4. Effect of VMA on the TRPV1 activation in mouse sensory neurons 

Finally, we investigated the effect of VMA in mouse sensory neurons, 
since VMA is a major endproduct of catecholamine metabolism [15], 
showed inhibitory effects on heterologously expressed TRPV1 (Fig. 3). 
Repetitive application of capsaicin at 20 nM evoked [Ca2+]i increases in 
sensory neurons (Fig. 4Aa). VMA reversibly attenuated the [Ca2+]i in-
creases induced by capsaicin in capsaicin (1 μM)-sensitive neurons, i.e., 
endogenously TRPV1-expressing neurons (Fig. 4Ab). VMA also 
decreased the [Ca2+]i responses to pH 5.5 in TRPV1-expressing neurons 
(Fig. 4B). These results suggest that VMA can modulate intrinsic TRPV1 
channels expressed in sensory neurons. 

4. Discussion 

In this report, to explore novel reagents modulating TRPV1 activa-
tion, we examined the effects of five vanilloid analogues on TRPV1 
channels using heterologous expression systems and mouse sensory 
neurons. 

First, we investigated the effects of these vanilloid analogues on 
[Ca2+]i in naïve HEK293 cells (naïve-HEK). VMA, VAcid and VBE 
evoked [Ca2+]i increases in naïve-HEK. HEK293 cells have been re-
ported to possess various acid-sensitive channels, including acid- 
sensitive ion channels (ASICs) [6,27]. The [Ca2+]i increases induced 
by VMA and VAcid in naïve-HEK were mainly due to the activation of 
these channels because these compound-dissolved solutions were acidic 
enough to activate ASICs. In contrast, VBE was able to evoke [Ca2+]i 
increases in naïve-HEK cells despite its neutral pH, suggesting that VBE 
seems not to activate ASICs but rather modulate other targets expressed 
endogenously. 

VAcid, VAlc and VBE acted as agonists of mouse TRPV1 (mTRPV1). 
In addition, the mutation of capsaicin-binding sites of mouse TRPV1 
(Y511A and S512Y) [21] eliminated their agonistic activities (Fig. 2). 
Therefore, these analogues enclosed a vanilloid group that seemed to 
affect the capsaicin-binding pocket of mTRPV1. The differences of 

Fig. 3. Effects of vanilloid analogues on the 
TRPV1 activation by capsaicin or acids in 
mTRPV1-HEK. (A, B) Actual recordings of 
[Ca2+]i responses induced by the sequential 
application of capsaicin (30 nM, A) or acids 
(pH 5.5, B) and capsaicin (1 μM) as a control 
(a). VMA (1 mM) was added before, during 
and after the second stimuli (b). (C, D) The 
relative amplitude of [Ca2+]i increases 
induced by the second application of capsa-
icin or pH 5.5 (S2) to that of the first one 
(S1) (Cont; control, VAcid; 1 mM, VMA; 1 
mM, vanillin; 1 mM, VAlc; 1 mM, and VBE; 
10 μM). Columns with vertical lines show 
mean ± SEM (C: control; n = 100, VAcid; n 
= 83, VMA; n = 53, vanillin; n = 23, VAlc; n 
= 91, and VBE n = 9, D: control; n = 94, 
VAcid; n = 44, VMA; n = 27, vanillin; n =
21, VAlc; n = 40, and VBE; n = 8), *, p <
0.05, **, p < 0.01 vs. Control by one-way 
ANOVA with Tukey-Kramer test.   
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agonistic activities may be derived from the types of side chains. It is 
reported that the sensitivity of TRPV1 to capsaicin is decreased by 
shortening of the carbon chain [32]. The highest sensitivity of VBE 
among the five analogues used supported this chemical characteristic 
because it had the longest side chain among analogues used in the 
present study (Fig. 1A). VBE at a high dose (1000 μM) was able to 
activate both mutated mTRPV1s (Fig. 2). It has been reported that 
various amino acids including tyrosine 511 (Y511) and serine 512 
(S512) are the vanilloid-binding sites [21]. Thus, for the agonistic action 
of VBE, other residues may be important in addition to Y511 and S512. 
Our findings further suggest that not only the length of the carbon chain, 
but also slight structural changes are involved in the TRPV1 modulation 
since vanillin showed no agonistic action, but VAcid and VAlc did. The 
former had monooxygen added to vanillin and the latter was reduced 
from VAcid. The structure mechanism of TRPV1 for the agonist function 
is determined from cryoEM analysis [32]. To determine the detailed 
structural characteristics, future investigations are required. 

Some vanilloid analogues also had inhibitory action. Among the 
three analogues with stimulatory actions (VAcid, VAlc and VBE), only 
VAcid suppressed the capsaicin-induced TRPV1 activation. Capsaicin is 
known to desensitize TRPV1 [4,18]. However, capsaicin at 30 nM 
activated TRPV1 repetitively without desensitization. Moreover, VMA 
and vanillin at the concentrations that did not show agonistic effects 
inhibited the capsaicin-induced TRPV1 activation. Thus, the inhibitory 

actions of the two chemicals are not related to the desensitization of 
TRPV1. These vanilloid analogues may act at the capsaicin-binding 
pocket, resulting in competition with capsaicin. These data may pro-
vide further insights into the manner of TRPV1 inhibition. 

In the acid-induced TRPV1 activation, VMA and VAcid inhibited 
[Ca2+]i responses to pH 5.5 in mTRPV1-HEK. Notably, the inhibitory 
effect of VAcid was higher than those of the other two. The residues 
involved in proton-mediated activation (E648) and sensitization (E600) 
have been reported [21]. VAcid may act at these residues, resulting in 
inhibition of the TRPV1 activation induced by acids. Alternatively, there 
is a possibility of its inhibitory action through an allosteric mechanism 
because low pH sensitizes capsaicin-induced TRPV1 activation alloste-
rically [25]. Furthermore, it has been reported that BCTC, a TRPV1 
antagonist, inhibits both capsaicin and proton responses through 
changes in channel conformation [5]. 

Since VMA is the only one vanilloids used in the present study that is 
produced endogenously through catecholamine metabolism, we focused 
on the effect of VMA in mouse sensory neurons. VMA inhibited TRPV1 
activation induced by capsaicin or acids (Fig. 4). VMA is used as a 
diagnostic marker for certain diseases such as neuroblastoma and 
pheochromocytoma. Manickum [14] reported that the VMA levels in 
normal urine samples and pathological ones were 20 μM and 77–79 μM, 
respectively. In the present experiment, a relatively high concentration 
of VMA was needed to inhibit TRPV1. Peripheral nerve injury induces 
sympathetic nerve fiber sprouting to the DRG [9,22]. Though the VMA 
level in naïve and peripheral injured DRGs has not determined, it might 
be possible that VMA affects TRPV1 activity endogenously. Further 
research is needed to elucidate the possible role of VMA on pain 
sensation under pathophysiological conditions. 

In conclusion, we found that the five vanilloid analogues used in this 
study showed various activities with regard to TRPV1 activation. Of 
particular interest, VMA demonstrates an inhibitory effect against 
capsaicin- and acid-induced TRPV1 activation in mouse sensory neu-
rons. Further investigation of the modulating mechanisms of these 
vanilloid analogues may be useful for the development of analgesics for 
TRPV1-related pain. 
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