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Abstract: Transient receptor potential vanilloid 1 (TRPV1) is a non-selective cation channel, predomi-
nantly expressed in a subset of peripheral sensory neurons for pain signaling. Topical application
of agonist capsaicin for desensitizing TRPV1 currents has been approved for relief of chronic pain.
However, the potent TRPV1 capsaicin is not ingestible and even topical capsaicin causes common side
effects such as skin irritation, swelling, erythema and pruritus, suggesting that a mild TRPV1 agonist
might be helpful for reducing side effects while reliving pain. In this study, we reported on a partial
and selective TRPV1 agonist 4-(5-chloropyridin-2-yl)-N-(1H-indazol-6-yl)piperazine-1-carboxamide
named CPIPC that was modified based on targeting the residue Arg557, important for conversion
between the channel antagonism and agonism. Whole-cell patch clamp recordings indicated a
concentration-dependent activation of TRPV1 currents by CPIPC with an EC50 of 1.56 ± 0.13 µM.
The maximum efficacy of CPIPC (30 µM) was about 60% of saturated capsaicin (10 µM). Repetitive ad-
ditions of CPIPC caused TRPV1 current desensitization in both TRPV1-expressing HEK293 cells and
dorsal root ganglion (DRG) sensory neurons. Oral administration of CPIPC dose-dependently allevi-
ated inflammatory pain in mice. Further site-directed mutagenesis combined with molecular docking
revealed that residue Arg557 is critical for TRPV1 activation by CPIPC. Taken together, we identified
a novel partial and selective TRPV1 agonist CPIPC that exhibits antinociceptive activity in mice.

Keywords: TRPV; desensitization; whole-cell patch clamp; site-directed mutagenesis; dorsal root
ganglion and antinociception

1. Introduction

Transient receptor potential vanilloid 1 (TRPV1) is a well-known nonselective ligand-
gated cation channel that is activated by noxious heat (>42 ◦C) and mainly expressed
in peripheral sensory neurons, such as trigeminal and dorsal root ganglia [1,2]. TRPV1
plays an important role in the inflammatory pain induced by tissue injury or in the de-
velopment of inflammatory pain [2,3]. Inflammatory mediators (ATP, bradykinin and
prostaglandins) can sensitize TRPV1 through reducing temperature threshold of channel
activation [4–10]. TRPV1 sensitization leads to the nociceptor hyperexcitability during
tissue inflammation [11], and desensitizing TRPV1 by suppressing channel function can
relieve pain [12–14].

Preclinical studies or clinical trials indicate that genetic or pharmacological inhibition
of TRPV1 can cause hyperthermia through the mechanism elevating heat sensing thresh-
old [15–17]. In contrast, a potent TRPV1 agonist capsaicin (Figure 1) by topical application
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has been widely used for clinical therapy of pain [18,19]. However, topical application
of capsaicin can induce adverse effects including hypothermia, pruritus, pain, erythema,
and papules at the administration site [20]. Recently, a partial TRPV1 agonist MDR-652
(Figure 1) shows antinociceptive activity in the mouse models of inflammatory and neuro-
pathic pain but with less toxicity compared with capsaicin, suggesting that development of
partial TRPV1 agonists with subpotency might be an effective strategy for pain relief [21].
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Figure 1. The chemical structures of TRPV1 modulators of capsaicin, MDR-652, BCTC, ABT-102
and CPIPC.

The cryo-EM structural investigations illustrate that both TRPV1 agonists (capsaicin
and RTX) and antagonists (capsazepine) can fit into the same binding pocket consisting of
residues such as Tyr511, Met514, Leu518, Leu547, Thr550, Arg557, Glu570, and Leu670 [22].
The structural complexes of TRPV1 with vanilloid ligands reveal that the hydrogen bonds
with residue Arg557 are essential for the channel activation by agonist capsaicin or RTX,
but not antagonists. This suggests that the Arg557 might be critical for a switch between
agonism and antagonism [23]. Therefore, we hypothesized that modification of TRPV1
antagonists for forming a hydrogen bond with Arg557 might lead to identification of partial
TRPV1 agonists.

To test this hypothesis, we synthesized and identified a lead compound
4-(5-chloropyridin-2-yl)-N-(1H-indazol-6-yl)piperazine-1-carboxamide (CPIPC) based on
hybridization of BCTC and ABT-102 (Figure 1). BCTC, a representative TRPV1 antagonist
with strong affinity, is only a tool molecule used for pharmacological studies because
of its poor aqueous solubility, short half-life and limited metabolic stability. ABT-102,
1,3-disubstituted urea-derivative with drug-like properties is another potent and selec-
tive TRPV1 antagonist that displays analgesic efficacy in pain models of inflammation,
post-operative, osteoarthritic and bone cancer pain [24]. Electrophysiological recordings
revealed that CPIPC was a partial and selective TRPV1 agonist, with an EC50 value of
1.56 ± 0.13 µM and an efficacy about 61.82 ± 0.49% of capsaicin-mediated channel current
saturation. CPIPC was also able to desensitize TRPV1 currents in DRG sensory neu-
rons. Oral CPIPC showed antinociceptive effects in the mouse model of inflammatory
pain. Mechanistically, site-directed mutagenesis combined with molecular docking further
confirmed that Arg557 is critical for TRPV1 activation by CPIPC.

2. Results
2.1. Concentration-Dependent Activation of TRPV1 by the Selective and Partial Agonist CPIPC in
TRPV1-Transfected HEK293 Cells

We started testing the effect of CPIPC on hTRPV1 transiently transfected HEK293 cells
in calcium-imaging assay. As shown in Figure 2A, application of 1 µM CPIPC or 1 µM cap-
saicin as a positive control induced a robust Ca2+ influx in TRPV1 transfected HEK293 cells
compared with blank HEK293 cells. Ionomycin, as a positive control of calcium ionophore,
resulted in a drastic elevation of intracellular calcium in both TRPV1-overexpressing
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and non-transfected HEK293 cells. In the FlexStation 3 multi-mode microplate reader
assay, CPIPC at 0.1 µM or 10 µM also increased intracellular levels of calcium in TRPV1-
transfected HEK293 cells, which was completely reversed by a selective TRPV1 antagonist
BCTC at 10 µM (Figure 2B). These results suggest that CPIPC is an agonist of TRPV1.
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Figure 2. CPIPC induces Ca2+ influx in TRPV1 transiently transfected HEK293 cells. (A) Left: calcium-
imaging of TRPV1 transiently transfected or blank HEK293 cells after treatment with CPIPC (1 µM),
capsaicin (1 µM) and ionomycin (10 µM). Scale bar: 100 µm. Right: relative fluorescent intensity of
Fluo-8 induced by CPIPC, capsaicin and ionomycin in TRPV1-expressing HEK293 cells (red square)
and non-transfected cells (blue circle). The results of relative fluorescent intensity were calculated
based on 45 cells in a glass coverslip (n = 45). Fluorescence intensity was normalized with the
maximal value of ionomycin (10 µM). ***, p < 0.001. (B) Left: 100 nM (red) and 10 µM (blue) CPIPC-
induced intracellular calcium rise and 10 µM BCTC (green, TRPV1 antagonist) blocked the activation
effect of 10 µM CPIPC on TRPV1 channels in TRPV1-expressing HEK-293 cells in FlexStation 3
calcium fluorescence assay. Right: the efficacy of CPIPC (100 nM and 10 µM). Normalized by
Capsaicin (100 nM) in FlexStation 3 calcium fluorescence assay (n = 4). ***, p < 0.001. RFU: Relative
Fluorescence Unit.

To further confirm the activation of TRPV1 by CPIPC, we performed the whole-cell
patch clamp recordings on TRPV1 transiently transfected HEK293 cells. As shown in
Figure 3A,B, CPIPC at 1 µM activated a large outward rectification TRPV1 current, and the
effect could be wash-out before further activation of TRPV1 by capsaicin (1 µM). Perfusing
different concentrations of CPIPC from 0.1 µM to 30 µM resulted in a concentration-
dependent activation of TRPV1 currents with EC50 of 1.56 ± 0.13 µM and a Hill coeffi-
cient of 2.07 ± 0.20 (Figure 3C,D). The maximum efficacy induced by CPIPC (30 µM) was
61.82 ± 0.49% of the current induced by saturated capsaicin (10 µM) (Figure S1). We also ob-
served a further increase of saturated 30 µM CPIPC-induced currents after adding a mixture
of saturated capsaicin (10 µM) and CPIPC (30 µM) (Figure 3E), indicating CPIPC was a par-
tial TRPV1 agonist. The CPIPC-mediated TRPV1 currents were concentration-dependently
inhibited by a selective TRPV1 antagonist capsazepine ranging from 0.1 to 10 µM (Figure 3F).
Repetitive applications of CPIPC (1 µM) caused a progressive reduction of TRPV1 currents
by 79.33 ± 0.79% (Figure 3G,H), indicating a TRPV1 desensitization induced by CPIPC.
The CPIPC-induced desensitization also reduced the potency of capsaicin about 10-fold
(Figure S2), demonstrating the reduced TRPV1 activation by capsaicin under CPIPC-
induced desensitization.
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Figure 3. Concentration-dependent activation of TRPV1 by CPIPC in TRPV1 expressing HEK293
cells. (A) Time courses of TRPV1 current in response to 1 µM CPIPC and capsaicin measured at
+100 mV (red) and −100 mV (black). (B) Representative whole-cell currents of TRPV1 in response to
voltage ramps from −100 to +100 mV under control conditions (0), 1 µM CPIPC (1), 1 µM capsaicin
(2), and wash-out (3) as indicated in (A). (C) Time courses of TRPV1 channels activated by dif-
ferent concentrations of CPIPC from 0.1 µM to 30 µM at +100 mV (red) and −100 mV (black).
(D) Curve-fitting analysis of dose-dependent activation of TRPV1 by CPIPC with an EC50 of
1.56 ± 0.13 µM (n = 5). EC50: half maximal effective concentration. (E) Time course of TRPV1
current in response to 30 µM CPIPC and 10 µM capsaicin recorded at +100 mV. (F) Time course of
TRPV1 current in response to 1 µM CPIPC and TRPV1 antagonist capsazepine at 0.1, 1 and 10 µM.
(G) Time courses of TRPV1 current in response to repetitive applications of 1 µM CPIPC recorded at
+100 mV (red) and −100 mV (black) in TRPV1 transiently transfected HEK293 cells. (H) The summary
of normalized TRPV1 current after eight repetitive applications of 1 µM CPIPC (n = 3). ***, p < 0.001,
for comparison of desensitization between the first and eighth application of CPIPC-induced currents.

To evaluate the selectivity of CPIPC, we tested the effect of CPIPC on mTRPV2,
hTRPV3, hTRPV4, hTRPA1 and hNav1.7 channels using a whole-cell patch-clamp assay. As
shown in Figure 4A, 1 µM CPIPC had no detectable activation of TRPV2 channel that was
activated by agonist 2-APB [25]. Similarly, CPIPC at 1 µM caused no activation of TRPV3,
TRPV4 or TRPA1 currents (Figure 4B–D), as compared with the channel activation by
their agonists 2-APB for TRPV3, GSK1016790A for TRPV4 or AITC for TRPA1 [25–27]. We
also evaluated the effect of CPIPC or capsaicin on Nav1.7 channels expressed in HEK293
cells. As shown in Figure S3, 1 µM capsaicin induced an inhibition of Nav1.7 current
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about 19.14 ± 0.35%, whereas 1 µM CPIPC resulted in reduction of Nav1.7 current about
4.01 ± 0.55%. These results demonstrated that CPIPC was a selective TRPV1 agonist.Molecules 2022, 27, x FOR PEER REVIEW 7 of 18 
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Figure 4. Lack of activation of mTRPV2, hTRPV3, hTRPV4 and hTRPA1 channels expressed in
HEK293 cells by CPIPC. (A) Left: time courses of whole-cell mTRPV2 currents in response to 1 µM
CPIPC and 2 mM 2-APB (TRPV2 agonist) measured at +100 mV (up) and −100 mV (down). Right:
current-voltage curves of TRPV2 in response to voltage ramps from −100 to +100 mV under control
conditions (0), addition of 1 µM of CPIPC (1), 2 mM of 2-APB (2) and washout (3). (B) Left: time
courses of whole-cell hTRPV3 currents in response to 1 µM CPIPC and 50 µM 2-APB (TRPV3 agonist)
measured at +100 mV (up) and −100 mV (down). Right: current-voltage curves of TRPV3 in response
to voltage ramps from −100 to +100 mV under control conditions (0), addition of 1 µM of CPIPC (1),
50 µM of 2-APB (2) and washout (3). (C) Left: time courses of whole-cell hTRPV4 currents in response
to 1 µM CPIPC and 300 nM GSK1016790A (TRPV4 agonist) measured at +100 mV (up) and −100 mV
(down). Right: current-voltage curves of TRPV4 in response to voltage ramps from −100 to +100 mV
under control conditions (0), addition of 1 µM of CPIPC (1), 300 nM GSK1016790A (2) and washout
(3). (D) Left: time courses of whole-cell hTRPA1 currents in response to 1 µM CPIPC, 300 µM AITC
(TRPA1 agonist) and 10 µM A967079 (TRPA1 antagonist) measured at +100 mV (up) and −100 mV
(down). Right: current-voltage curves of TRPA1 in response to voltage ramps from −100 to +100 mV
under control conditions (0), addition of 1 µM of CPIPC (1), AITC (2), A967079 (3) and washout (4).
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2.2. TRPV1 Desensitization Induced by Repetitive Applications of CPIPC in DRG Neurons

We next tested the effect of CPIPC on native TRPV1 currents recorded from dissociated
mouse DRG neurons at +80 mV. In whole-cell patch-clamp recordings, we observed that
10 of 19 (53%) small-or medium-diameter DRG neurons were sensitive to both capsaicin
(10 µM) and CPIPC (10 µM) with an amplitude of 1.37 ± 0.22 nA to CPIPC (n = 6; range of
0.97–2.18 nA). As shown in Figure 5A, CPIPC at 10 µM elicited a large capsaicin-sensitive
outward currents in DRG neuron at depolarizing potential at +80 mV, and repetitive 5 times
administrations of CPIPC led to a desensitization with 67.72 ± 1.08% reduction (Figure 5B).
These results demonstrate that CPIPC can activate the native TRPV1 currents and also cause
the current desensitization upon repetitive applications in capsaicin-sensitive nociceptive
DRG neurons.
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Figure 5. Induction of outward current desensitization by repetitive CPIPC in capsaicin-sensitive
DRG neurons. (A) Time course of outward currents before and after application of 10 µM CPIPC and
capsaicin measured at +80 mV. (B) Normalized outward current amplitude for comparison between
first and last applications of 10 µM CPIPC (n = 3). ***, p < 0.001.

2.3. Pungency Study of CPIPC in Mice

It has been reported that topical application of TRPV1 agonists like capsaicin could
induce pain-producing effects in the mouse [28,29]. Therefore, we evaluated the pungency
of CPIPC in mouse eye-wiping test. As a positive control, instillation of 10 µL capsaicin
(10 µg/mL) solution into mouse left eyes induced the wiping times of 15.67 ± 0.84 within
60 s (Figure 6A). In contrast, instillation of CPIPC solution (10, 30, 100 µg/mL) only evoked
4.33 ± 0.61, 5.50 ± 0.56 and 5.67 ± 0.76 wiping movements, respectively.

2.4. Antinociceptive Effects of CPIPC on Mouse Model of Inflammatory and Thermal Pain

We tested the antinociceptive effect of CPIPC on formalin-induced pain model with
intraplantar injection of 5% formalin into mouse hind paws. As a positive control, pre-
oral administration of a nonsteroid anti-inflammatory drug ibuprofen (2 mg/mL) for
60 min significantly reduced the time of hind paw licking induced by formalin in Phase
II but not in Phase I, as compared with the vehicle control (Figure 6B,C). In contrast, pre-
oral administration of CPIPC at 10 mg/kg significantly relieved pain behavior induced
by formalin in Phase I. 3 and 10 mg/kg CPIPC caused a dose-dependent reduction of
formalin-induced licking in Phase II. These observations demonstrated an antinociceptive
effect of CPIPC on inflammatory pain.

We further tested the anti-nociceptive effect of CPIPC on inflammatory pain induced
by intraplantar injection of CFA into mouse hind paws. The paw withdrawal mechanical
threshold (PWMT) was measured by von Frey hair assay after injection of CFA for 24 h. As
shown in Figure 6D and Table 1, the injection of CFA induced a mechanical allodynia as
compared to the control group. In contrast, oral administration of CPIPC (1, 3, 10 mg/kg)
dose-dependently increased the PWMT and the effect lasted for about 2 h. As a positive
control, ibuprofen (2 mg/kg, p.o.) also reduced CFA-induced inflammatory pain, similar to
the anti-nociceptive activity observed in the effect of CPIPC at 3 mg/kg.
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Figure 6. Pungency and antinociception of CPIPC in mice. (A) Effect of capsaicin (10 µg/mL)
or CPIPC (10, 30 and 100 µg/mL) on the number of wiping movements evoked by instillation of
10 µL different solutions into mouse left eyes. Number of eye wipes was counted for 60 s after
application of the compounds (n = 6). Statistical difference between the capsaicin and CPIPC groups
is indicated as *** p < 0.001 by one-way ANOVA and post hoc Bonferroni’s test. (B,C) Anti-nociceptive
effects of CPIPC on licking of inflammatory pain induced by intraplantar injection of formalin (5%
formalin in vehicle saline) in the hind paw (n = 5). Phase I and II referring to the sum of licking
time from 0 to 5 min and 15 to 45 min after the injection of formalin. Ibuprofen (2 mg/kg) and
CPIPC (1, 3, 10 mg/kg) were pre-administered for 1 h before the intraplantar injection of formalin.
Statistical difference between the vehicle control and administration groups is indicated as * p < 0.05,
**** p < 0.0001 by one-way ANOVA and post hoc Bonferroni’s test. (D) Antinociceptive effects of
CPIPC on inflammatory pain induced by intraplantar injection of 20 µL CFA (50% in saline) (n = 6).
The paw withdrawal mechanical threshold (PWMT) of mice was measured after intraplantar injection
of CFA for 24 h by von Frey hair. PWMT was measured at 0, 1, 2, 3, 4 h after oral administration of
ibuprofen (2 mg/kg) and CPIPC (1, 3, 10 mg/kg). Statistic difference between the vehicle control and
different doses of CPIPC groups is presented in Table 1.

Table 1. Effects of CPIPC (p.o.) on mechanical paw withdrawal threshold parameters of inflammatory
pain induced by CFA in mice.

Compounds
(p.o. mg/kg)

Paw Withdrawal Mechanical Threshold (g)

0 h 1 h 2 h 3 h 4 h

Control 1.65 ± 0.09 1.82 ± 0.29 1.52 ± 0.06 2.00 ± 0.23 1.88 ± 0.29
CFA 0.80 ± 0.20 * 0.91 ± 0.02 * 0.45 ± 0.09 * 0.81 ± 0.07 ** 0.91 ± 0.02 *

CPIPC (1) 0.75 ± 0.09 1.36 ± 0.11 1.11 ± 0.29 1.01 ± 0.30 0.76 ± 0.09
CPIPC (3) 0.58 ± 0.12 1.86 ± 0.51 # 1.73 ± 0.37 ## 1.37 ± 0.37 0.91 ± 0.04

CPIPC (10) 0.74 ± 0.16 2.30 ± 0.21 ## 1.68 ± 0.21 ## 1.48 ± 0.24 0.88 ± 0.03
Ibuprofen (2) 0.78 ± 0.15 2.11 ± 0.41 ## 1.45 ± 0.08 # 1.19 ± 0.39 0.82 ± 0.10

Data were expressed as the mean ± SEM (n = 6–8). Statistical difference is indicated as * p < 0.05, ** p < 0.01 vs.
control; # p < 0.05, ## p < 0.01 vs. CFA by two-way ANOVA and post hoc Bonferroni’s test.
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2.5. Identification of Residue Arg557 Critical for TRPV1 Activation by CPIPC

We adopted the structure of TRPV1 in a complex with RTX (PDB:5IRX) for molecular
docking of CPIPC using the Gold 5.3.0 software (University of Cambridge, Cambridge,
UK). Our docking shows that CPIPC is inserted into a binding pocket formed by residues
between S4 and the S4–S5 linker and the indazole of CPIPC forms two hydrogen bonds
with Arg557 and Ala566 (Figure 7A,B), similar to capsaicin, that also forms a hydrogen
bond with the Arg557 in the same binding pocket (Figure 7C).
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Figure 7. Identification of Arg557 as a key residue for opening of TRPV1 by CPIPC. (A) Location
of ligand CPIPC and surrounding key residues in the crystal structure of rTRPV1 between S4 and
S4–S5 linker (PDB: 5IRX). The surface of CPIPC was shown in gray, and the surrounding residues
were shown in stick. (B) Molecular interactions between CPIPC and related residues of rTRPV1.
Green and blue arrows: hydrogen bonds. (C) Overlap of CPIPC (purple) and capsaicin (cream) in
the binding pocket of rTRPV1. (D) Chemical structure of CPIPC derivatives CPIPC-1 and CPIPC-2.
(E) Time course of TRPV1 currents in the presence and absence of CPIPC derivatives CPIPC-1 (1 µM)
and CPIPC-2 (1 µM) recorded at +100 mV on hTRPV1-expressing HEK-293 cells. (F) The comparison
of hTRPV1 current in response to CPIPC, CPIPC-1 and CPIPC-2 (1 µM) (n = 3). ***, p < 0.001. (G) The
comparison of hTRPV1-WT and R557A mutant currents in response to capsaicin (1 µM) and CPIPC
(1 µM) (n = 3). **, p < 0.01.
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To test whether the region of CPIPC predicted to contact Arg557 is critical for binding,
we made chemical modifications to CPIPC by substituting the indazole ring with indole
(CPIPC-1) or methyl (CPIPC-2) groups for disrupting the formation of the hydrogen bond
with Arg557 and Ala566, respectively (Figure 7D). When CPIPC-1 had its indazole ring
replaced by indole group it resulted in a decrease of TRPV1 activation. In contrast, for
CPIPC-2, the –NH– of indazole was substituted by a methyl group while remaining the
hydrogen bond with Arg557 had a stronger activation on TRPV1 (Figure 7E,F), as compared
to CPIPC-1. This indicates that the region of CPIPC predicted to contact Arg557 is critical
for activating TRPV1 by CPIPC.

We further constructed a mutant R557A and tested the effect of CPIPC on TRPV1
activation. Mutating Arg557 caused a dramatic attenuation of CPIPC- (or capsaicin-)
mediated TRPV1 activation (Figures 7G and S4), consistent with the observation that
residue Arg557 is critical for capsaicin-evoked response [30].

3. Discussion

Desensitizing TRPV1 is known to induce a long-term defunctionalization of nocicep-
tors for pain relief, serving as an attractive strategy to develop new antinociceptive agents.
Over the past years, several TRPV1 agonists have been reported for their antinociceptive
activities, including capsaicin, Muralatin L and MDR-652 [21,31,32]. However, potent
TRPV1 agonist capsaicin causes an initial adverse effect of pungency and even an 8%
capsaicin dermal patch can lead to erythema and pain at the site of application [33]. In
contrast, a partial TRPV1 agonist MDR-652 and a subpotent capsaicin analogue YB-16
have been shown to be much weaker in causing pungency [21,34]. These observations
suggest developing subpotent TRPV1 partial agonists might be an effective strategy to treat
inflammatory and neuropathic pain with less toxicity.

Our observations show that CPIPC can dose-dependently relieve formalin- and CFA-
induced nocifensive behaviors in male mice. Injection of formalin into mouse hind paws
induces pain responses in two phases: phase I (Figure 6B), an acute pain stage caused
by direct stimulation of C-fiber nociceptors; and phase II (Figure 6C), the later phase of
inflammatory response [32]. Complete Freund’s Adjuvant (CFA) is a widely used reagent
for generation of rodent models of inflammation. The injection of CFA into the hind paws
of mice or rats results in both mechanical allodynia and thermal hyperalgesia within 24 h.
The inflammation condition occurs for 5 days before a slow recovery [35,36]. CPIPC (1,
3, 10 mg/kg) dose-dependently alleviated the CFA-induced mechanical allodynia and
the effect lasted for about 2 h in mice. CPIPC as a partial TRPV1 agonist is different
than other TRPV1 agonists, such as capsaicin which causes burning sensation and is only
for topical use. CPIPC can be internally used, holding developmental potential for an
antinociceptive agent.

The cryo-EM structures of TRPV1 in complex with capsaicin and capsazepine have
provided a framework for predicting agonist binding sites in TRPV1 [23,37]. TRPV1 vanil-
loid agonists occupy and displace the resident phosphatidylinositol lipid in the binding
pocket between S4 and S4–S5 linker. The vanillyl rings of these agonists, such as RTX,
function to stabilize the interaction between Arg557 and Glu570 for facilitating the move-
ment of the S4–S5 linker away from the central axis of the channel, thereby opening the
lower gate through coupled movements [23]. Such a mechanism is further supported by
the mutations in S4/S4–5 regions where R557A, R557K and E570R slow TRPV1 activation
rate via capsaicin [30]. Interestingly, the TRPV1 antagonist capsazepine, for example, also
can fit into the binding pocket of agonists without its interaction with Arg557. Therefore,
Arg557 is a key residue that TRPV1 agonists act on [23,38]. Targeting the Arg557 may lead
to identification of TRPV1 agonists of different potency and efficacy.

In this study, our molecular docking reveals that CPIPC and capsaicin share a similar
pose in the binding pocket formed by S4 and S4–S5 linker. Either indazole of CPIPC or
phenolic hydroxyl group of capsaicin can form a hydrogen bond with Arg557, whereas
mutating R557 alters CPIPC- or capsaicin-induced channel sensitivity. Besides R557,
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residues Y511 and S512 from S3 segment, and M547 and T550 from S4 segment, are also
essential for agonistic effect of capsaicin as mutations Y511A or S512Y of rTRPV1 abolish
the channel sensitivity to capsaicin. This indicates that these key residues also contribute to
CPIPC-mediated activation of TRPV1 [39–41].

In general, our identification of CPIPC not only provides a tool molecule but also a
lead with therapeutic potential for pain therapy.

4. Materials and Methods
4.1. Reagents and Chemicals

The synthetic routes of 4-(5-chloropyridin-2-yl)-N-(1H-indazol-6-yl)piperazine-1-carbo-
xamide (CPIPC), 4-(5-chloropyridin-2-yl)-N-(1H-indol-6-yl)piperazine-1-carboxamide
(CPIPC-1) and 4-(5-chloropyridin-2-yl)-N-(1-methyl-1H-indazol-6-yl)piperazine-1-carboxa-
mide (CPIPC-2) were shown as Scheme S1 in Supplementary Materials. The NMR, HRMS
and HPLC spectra of these compounds were shown in Supplementary Information. Cap-
saicin, 2-APB and carvacrol were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Compounds were dissolved in DMSO for stock solutions before further dilutions with cell
bath solutions.

4.2. Synthesis of CPIPC Compounds

4-(5-chloropyridin-2-yl)-N-(1H-indazol-6-yl)piperazine-1-carboxamide (CPIPC). Yield,
92%. White solid. 1H NMR (400 MHz, DMSO-d6, ppm) δ 12.77 (s, 1H), 8.71 (s, 1H), 8.12
(s, 1H), 7.89 (s, 1H), 7.84 (s, 1H), 7.61 (d, J = 8.8 Hz, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.14
(d, J = 8.5 Hz, 1H), 6.91 (d, J = 9.1 Hz, 1H), 3.55 (d, J = 7.0 Hz, 8H). 13C NMR (151 MHz,
DMSO-d6, ppm) δ 157.23, 154.97, 145.39, 140.42, 138.59, 137.07, 132.97, 119.80, 118.85, 118.25,
114.87, 108.45, 98.51, 44.39, 43.17. HR-MS (ESI+), calcd for C17H17ClN6O, [M + H]+ m/z:
357.1225, found: 357.1221.

4-(5-chloropyridin-2-yl)-N-(1H-indol-6-yl)piperazine-1-carboxamide (CPIPC-1). Yield,
73%. Light white solid. 1H NMR (400 MHz, DMSO-d6, ppm) δ 10.90 (s, 1H), 8.48 (s, 1H),
8.15 (d, J = 2.4 Hz, 1H), 7.68 (s, 1H), 7.63 (dd, J = 9.1, 2.5 Hz, 1H), 7.38 (d, J = 8.5 Hz, 1H),
7.23–7.18 (m, 1H), 7.03 (d, J = 8.4 Hz, 1H), 6.93 (d, J = 9.1 Hz, 1H), 6.32 (s, 1H), 3.56 (d,
J = 7.1 Hz, 8H). 13C NMR (151 MHz, DMSO-d6, ppm) δ 157.28, 155.31, 145.39, 137.05, 135.90,
134.23, 124.13, 123.01, 119.12, 118.82, 113.44, 108.44, 102.66, 100.58, 44.43, 43.16.

4-(5-chloropyridin-2-yl)-N-(1-methyl-1H-indazol-6-yl)piperazine-1-carboxamide
(CPIPC-2). Yield, 82%. Pink solid. 1H NMR (400 MHz, DMSO-d6, ppm) δ 8.80 (s, 1H), 8.12
(s, 1H), 7.87 (s, 1H), 7.81 (s, 1H), 7.61 (dd, J = 9.1, 1.0 Hz, 1H), 7.57 (d, J = 8.7 Hz, 1H), 7.16
(d, J = 8.7 Hz, 1H), 6.91 (d, J = 9.1 Hz, 1H), 3.91 (s, 4H), 3.55 (d, J = 8.9 Hz, 8H). 13C NMR
(151 MHz, DMSO-d6, ppm) δ 157.22, 154.95, 145.38, 139.95, 138.79, 137.08, 131.84, 120.23,
118.97, 118.88, 115.03, 108.46, 97.99, 44.39, 43.16, 34.92.

4.3. Transient Transfection of TRPs and Cell Culture

The HEK293 cell line (1101HUM-PUMC000010) was obtained from the Cell Resource
Center, Peking Union Medical College (which are the headquarters of National Infrastruc-
ture of Cell Line Resource, NSTI, Beijing, China). HEK293 cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS, VivaCell, Shanghai,
China) at 37 ◦C with 5% of CO2. For whole-cell patch-clamp recordings, HEK293 cells
placed on glass coverslips were transiently transfected with a mixture of 2 µL Lipofectamine
2000 (Invitrogen, Carlsbad, CA, USA), 2.5 µg human TRPV1 (NM_080704.3), mouse TRPV2
(NM_011706.2), human TRPV3 (NM_145068.4), human TRPV4 (NM_021625.5) and human
TRPA1 (NM_007332.3) cDNA and 250 ng GFP in 100 µL Opti-MEM medium (GibcoTM,
ThermoFisher, Grand Island, NY, USA) for 4 h [32]. Transfected cells were identified by
expression of GFP as an indicator. For the FlexStation 3 multi-mode microplate reader
assay and calcium-imaging assay, HEK293 cells were transiently transfected with a similar
mixture but without GFP. After transfection for about 24 h, patch-clamp, the FlexStation
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3 multi-mode microplate reader assay and calcium-imaging assay were performed. All
cDNA clones were verified by sequencing.

4.4. Calcium-Imaging

TRPV1 transiently transfected or blank HEK293 cells were seeded on 1 cm2 glass
coverslips for 24 h before being loaded with 4 µM Fluo-8 (ab142773, Abcam, Cambridge,
MA, USA) in Ringer’s solution (pH 7.2) containing 140 mM NaCl, 5 mM KCl, 2 mM MgCl2,
10 mM D-glucose, 10 mM HEPES, and 2 mM CaCl2 for 30 min in 5% CO2 at 37 ◦C. The
tested compounds were prepared in Ringer’s solution. After being washed twice with
Ringer’s solution, cells were subsequently treated with CPIPC (1 µM), capsaicin (1 µM), and
ionomycin (10 µM). Fluorescent signals were collected by a CCD camera (DS-Qi2) of Nikon
powered by CellSens Dimension at 3-s intervals with a 20× objective lens. All experiments
were performed at room temperature, and data were expressed as the mean ± SEM.

4.5. Measurement of Intracellular Calcium in FlexStation 3 Multi-Mode Microplate Reader Assay

The intracellular calcium level of HEK293 cells expressing TRPV1 channels was mea-
sured in the presence or absence of agonists or antagonists using the Screen Quest™
Calbryte-520 Probenecid-Free and Wash-Free Calcium Assay Kit (36318, AAT Bioquest,
Sunnyvale, CA, USA) in FlexStation 3 Microplate Reader (Molecular Devices, San Francisco,
CA, USA). TRPV1 transiently transfected HEK293 cells were seeded into a black 96-well
plate with a density of 30,000 cells/well before cultured in 5% CO2 at 37 ◦C overnight. The
calbryte™ 520 AM dye-loading solution was prepared by mixing 9 mL HBSS (137 mM
NaCl, 5.5 mM D-glucose, 0.8 mM MgSO4, 0.4 mM KH2PO4, 0.1 mM Na2HPO4, 5.4 mM
KCl, 1.3 mM CaCl2, 4 mM NaHCO3, and 20 mM HEPES, pH 7.4), 1 mL 10× Pluronic®

F127 Plus and 20 µL Calbryte™ 520 AM stock solution together. Cells were incubated
with 100 µL/well Calbryte™ 520 AM dye-loading solution in 5% CO2 at 37 ◦C for 60 min
and then immediately placed on a FlexStation 3 multi-mode microplate reader. Different
concentrations of compounds were added onto cells at 17 s and corresponding TRP agonists
(capsaicin, 2-APB and carvacrol) were added at 100 s. The whole test lasted for about 180 s.
Fluorescence intensity was monitored at Ex/Em = 490/525 nm and measured at an interval
of 1.6 s [12,25,32].

4.6. Disassociation and Culture of Mouse DRG Neurons

Dorsal root ganglion (DRG) neurons were obtained from 6–8-week-old C57BL/6 mice
(Beijing Vital River Laboratory Animal Technology Co., Ltd., Beijing, China) as previ-
ously described [32,42]. The ganglia were digested with collagenase type 2 (1 mg/mL,
Worthington, Lakewood, NJ, USA) and neutral protease dispase II (7.5 mg/mL, Merck,
Kenilworth, NJ, USA) at 37 ◦C with 5% of CO2 for 30 min. DRG cells were mechanically
dissociated and washed with DMEM plus 10% fetal bovine serum. After centrifugation
at 1500 rpm, the DRG cells were suspended and plated on poly-D-lysine-coated glass
coverslips. Electrophysiological recordings were carried out within 48 h.

4.7. Electrophysiology

Whole-cell patch-clamp recordings were performed on HEK293 cells co-expressing
TRPV1-4 and GFP under fluorescent light at room temperature (23–25 ◦C) using a HEKA
EPC10 amplifier with PatchMaster software (HEKA Harvard, Holliston, Church Hill,
TN, USA). Currents were filtered at 2.9 kHz and sampled at 20 kHz. Borosilicate glass
pipettes (BF150-86-100, Sutter Instruments, Novato, CA, USA) were pulled by the horizontal
micropipette puller (P-97, Sutter Instruments, Novato, CA, USA) and fire polished by the
MF-830 polisher (Narishige, Tokyo, Japan). The electrode resistance was 2~4 MΩ after
being filled with pipette solution and liquid junction potential was adjusted to zero after
the pipette-in-bath solution. For ramp recordings of HEK293 cells, both bath solution and
pipette solution components were (mM): NaCl 130; EDTA 0.2; HEPES 3 [43]. Cells were
held at 0 mV after use of whole-cell recording mode before given a ramp stimulus from
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−100 mV to +100 mV every 1 s. Series resistances (6~15 MΩ) were compensated by 60–80%.
Gravity perfusion was administrated and the perfusion rate was adjusted to 0.5 mL/min.
It is necessary to divide the whole-cell current (Im) by the cell capacitance (Cm) to calculate
the current density (Id).

TRPV1 currents from small- or medium-diameter (15–25 µm) DRG neurons were
recorded using whole-cell voltage-clamp technique. The bath solution contains (mM):
NaCl 137; MgCl2 1; KCl 4; Glucose 10; HEPES 10 (pH 7.4 adjusted with NaOH, osmotic
pressure 300 mOsm adjusted with sucrose). The pipette solution components were (mM):
KCl 65; KF 75; MgCl2 2; EGTA 5; HEPES 10 (pH 7.2 adjust with KOH, osmotic pressure
300 mOsm-adjust with sucrose). After the whole-cell recording mode is formed, cells were
given a 300-ms step stimulus to +80 mV, followed by a 300-ms step stimulus to −80 mV, at
1-s intervals with a holing potential at 0 mV.

4.8. Animals

Adult male C57BL/6 mice (7 weeks) were purchased from Beijing Vital River Labo-
ratory Animal Technology Co., Ltd., (Beijing, China). All experimental procedures were
approved by the Animal Ethics Committee of Qilu Medical University and complied with
the ethical guidelines of the International Association for the Study of Pain. Animals were
housed in a 12 h alternating light/dark cycle room with free access to food and water.

4.9. Complete Freund’s Adjuvant (CFA)–Induced Inflammatory Pain Model

Adult male C57BL/6 mice were anesthetized with isoflurane and then intraplantarally
injected 20 µL complete Freund’s adjuvant (CFA) (Sigma, St. Louis, MO, USA) into the
right hind paw. In the control group, 20 µL saline was injected into the right hind paw
of mice. After injection of CFA for 24 h, CPIPC (1, 3, 10 mg/kg), ibuprofen (2 mg/kg) or
saline was orally administered, while mice in the control group were administered the
same volume saline. The paw withdrawal mechanical threshold (PWMT) was measured
at time points 0, 1, 2, 3 and 4 h after administration of drugs with a von Frey hair by an
up-and-down method [35,36]. Mice were individually placed into transparent boxes with a
metal mesh for about 1 h. Then, a series of von Frey hairs with different forces (0.4 g as a
starter before 0.008, 0.02, 0.04, 0.07, 0.16, 0.60, 1.0, 1.4 and 2.0 g) were applied to stimulate
the plantar of hind paws until a bend in a slight S-shape was observed for 5 to 6 s. If a
paw withdrawal reaction was observed, the force was marked as positive; otherwise, it
was marked as negative. Once crossover was found, the test was continued four times. The
PWMT was calculated by a formula: PWMT (g) = 10[Xf+Kδ], where Xf is the log value of the
last von Frey hair force, K is the value retrieved from the standardized table based on the
up-and-down pattern.

4.10. Formalin–Induced Inflammatory Pain Model

Adult male C57BL/6 mice were placed individually into transparent cages for about
1 h and then intraplantarally injected 20 µL formalin (5% formalin in vehicle saline) into
the plantar surface of right hind paw. The duration of licking behaviors was recorded as a
nociceptive response. The licking time was divided into two phases: phase I (0–5 min) and
phase II (15–45 min). In the control group, mice were administered saline (0.1 mL/10 g).
In the positive control group, ibuprofen (2 mg/kg) was orally administrated into mice
for 1 h before formalin injection. In experimental groups, CPIPC (1, 3, 10 mg/kg) was
intraperitoneally injected into mice for 1 h before formalin injection.

4.11. Measurement of Eye-Wiping

The pungency of capsaicin and CPIPC was evaluated in eye-wiping assay, using a
protocol described previously. 10 µL of capsaicin (10 µg/mL) or CPICP (10, 30, 100 µg/mL)
was dropped into mouse left eyes. In the vehicle group, the same volume of solvent was
dropped into the left eyes of mice. The number of eye wipes was recorded after chemical
administration for 60 s.
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4.12. Randomization and Blinding

In vivo studies, animals were randomly distributed in the different experimental
groups with each group having the same number of animals. Investigators for outcome
assessments were blinded to group allocation. No blinding or randomization methods
were used for in vitro studies.

4.13. Molecular Docking

The crystal structure of TRPV1 in a complex with RTX (PDB:5IRX) was obtained from
PDB bank (http://www.rcsb.org/, accessed on 10 January 2022). The existing ligand,
water and ions were removed from the PDB file. Molecular docking was performed via a
Molecular Operating Environment (MOE v201608). The binding pocket was composed of
residues Tyr511, Ser512, Leu515, Thr550, Asn551, Leu553, Tyr554, Arg557, Ala566, Ile569,
Ile573 and Leu577 between S4 and S4–S5 linker. The 20 best docking results were exported
and analyzed. The exported ligand-TRPV1 complexes were edited using UCSF Chimera
1.15 software (RBVI, University of California, San Francisco, CA, USA).

4.14. Statistical Analysis

Statistical analysis was performed by GraphPad Prism 8. Each data point is ex-
pressed as the mean ± SEM. Dose–response curves were fitted with a hill equation:
y = Vmaxxn/(kn + xn), where Vmax was the maximum effect, x was the drug concentra-
tion, k was EC50 (half maximal effective concentration) and n was the hill coefficient of
sigmoidicity. Statistical analysis for differences between groups was performed by paired
Student’s t-tests. For multiple comparisons among the groups for antinociceptive experi-
ments, data were analyzed using one-way or two-way ANOVA followed by Bonferroni
post hoc tests. A value of p < 0.05 was considered to have statistical significance.
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Author Contributions: L.D. performed all electrophysiology experiments; Q.Z. supported and
performed animal experiments; Q.L. synthesized chemical compounds; Z.Q. carried out flexstation,
calcium imaging and molecular docking; L.D. and Z.Q. writing—original draft; Z.Q., Y.L., L.S. and
K.W. funding and writing—review and editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the research grants from National Natural Science Foundation
of China (81973299 for K.W., 81573410 and 82104149 for Y.L.), the Ministry of Science and Technology
of China (2018ZX09711001-004-006 for K.W.) and Shandong Provincial Natural Science Foundation of
China (No. ZR2021QH192 for Q.Z. and ZR2020QH100 for Y.L.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used to support the findings of this study are available.
Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflict of interest.

Sample Availability: Samples of the compounds are available from the authors.

References
1. Caterina, M.J.; Julius, D. The vanilloid receptor: A molecular gateway to the pain pathway. Annu. Rev. Neurosci. 2001, 24, 487–517.

[CrossRef]

http://www.rcsb.org/
https://www.mdpi.com/article/10.3390/molecules27175428/s1
https://www.mdpi.com/article/10.3390/molecules27175428/s1
http://doi.org/10.1146/annurev.neuro.24.1.487


Molecules 2022, 27, 5428 14 of 15

2. Nilius, B.; Flockerzi, V. Mammalian transient receptor potential (TRP) cation channels. Preface. Handb. Exp. Pharmacol. 2014, 223,
v–vi. [PubMed]

3. Brito, R.; Sheth, S.; Mukherjea, D.; Rybak, L.P.; Ramkumar, V. TRPV1: A Potential Drug Target for Treating Various Diseases. Cells
2014, 3, 517–545. [CrossRef] [PubMed]

4. Sugiura, T.; Tominaga, M.; Katsuya, H.; Mizumura, K. Bradykinin lowers the threshold temperature for heat activation of
vanilloid receptor 1. J. Neurophysiol. 2002, 88, 544–548. [CrossRef] [PubMed]

5. Julius, D.; Basbaum, A.I. Molecular mechanisms of nociception. Nature 2001, 413, 203–210. [CrossRef] [PubMed]
6. Moriyama, T.; Iida, T.; Kobayashi, K.; Higashi, T.; Fukuoka, T.; Tsumura, H.; Leon, C.; Suzuki, N.; Inoue, K.; Gachet, C.; et al.

Possible involvement of P2Y2 metabotropic receptors in ATP-induced transient receptor potential vanilloid receptor 1-mediated
thermal hypersensitivity. J. Neurosci. 2003, 23, 6058–6062. [CrossRef]

7. Tominaga, M.; Wada, M.; Masu, M. Potentiation of capsaicin receptor activity by metabotropic ATP receptors as a possible
mechanism for ATP-evoked pain and hyperalgesia. Proc. Natl. Acad. Sci. USA 2001, 98, 6951–6956. [CrossRef]

8. Amadesi, S.; Nie, J.; Vergnolle, N.; Cottrell, G.S.; Grady, E.F.; Trevisani, M.; Manni, C.; Geppetti, P.; McRoberts, J.A.; Ennes, H.;
et al. Protease-activated receptor 2 sensitizes the capsaicin receptor transient receptor potential vanilloid receptor 1 to induce
hyperalgesia. J. Neurosci. 2004, 24, 4300–4312. [CrossRef]

9. Dai, Y.; Moriyama, T.; Higashi, T.; Togashi, K.; Kobayashi, K.; Yamanaka, H.; Tominaga, M.; Noguchi, K. Proteinase-activated
receptor 2-mediated potentiation of transient receptor potential vanilloid subfamily 1 activity reveals a mechanism for proteinase-
induced inflammatory pain. J. Neurosci. 2004, 24, 4293–4299. [CrossRef]

10. Moriyama, T.; Higashi, T.; Togashi, K.; Iida, T.; Segi, E.; Sugimoto, Y.; Tominaga, T.; Narumiya, S.; Tominaga, M. Sensitization of
TRPV1 by EP1 and IP reveals peripheral nociceptive mechanism of prostaglandins. Mol. Pain 2005, 1, 3. [CrossRef]

11. Lapointe, T.K.; Basso, L.; Iftinca, M.C.; Flynn, R.; Chapman, K.; Dietrich, G.; Vergnolle, N.; Altier, C. TRPV1 sensitization mediates
postinflammatory visceral pain following acute colitis. Am. J. Physiol.-Gastrointest. Liver Physiol. 2015, 309, G87–G99. [CrossRef]

12. Flynn, R.; Chapman, K.; Iftinca, M.; Aboushousha, R.; Varela, D.; Altier, C. Targeting the transient receptor potential vanilloid type
1 (TRPV1) assembly domain attenuates inflammation-induced hypersensitivity. J. Biol. Chem. 2014, 289, 16675–16687. [CrossRef]
[PubMed]

13. Vay, L.; Gu, C.; McNaughton, P.A. The thermo-TRP ion channel family: Properties and therapeutic implications. Br. J. Pharmacol.
2012, 165, 787–801. [CrossRef] [PubMed]

14. Szallasi, A.; Cortright, D.N.; Blum, C.A.; Eid, S.R. The vanilloid receptor TRPV1: 10 years from channel cloning to antagonist
proof-of-concept. Nat. Rev. Drug Discov. 2007, 6, 357–372. [CrossRef] [PubMed]

15. Chizh, B.A.; O’Donnell, M.B.; Napolitano, A.; Wang, J.; Brooke, A.C.; Aylott, M.C.; Bullman, J.N.; Gray, E.J.; Lai, R.Y.;
Williams, P.M.; et al. The effects of the TRPV1 antagonist SB-705498 on TRPV1 receptor-mediated activity and inflammatory
hyperalgesia in humans. Pain 2007, 132, 132–141. [CrossRef]

16. Gavva, N.R.; Bannon, A.W.; Hovland, D.N., Jr.; Lehto, S.G.; Klionsky, L.; Surapaneni, S.; Immke, D.C.; Henley, C.; Arik, L.;
Bak, A.; et al. Repeated administration of vanilloid receptor TRPV1 antagonists attenuates hyperthermia elicited by TRPV1
blockade. J. Pharmacol. Exp. Ther. 2007, 323, 128–137. [CrossRef]

17. Gavva, N.R.; Bannon, A.W.; Surapaneni, S.; Hovland, D.N.; Lehto, S.G.; Gore, A.; Juan, T.; Deng, H.; Han, B.R.; Klionsky, L.; et al.
The vanilloid receptor TRPV1 is tonically activated in vivo and involved in body temperature regulation. J. Neurosci. 2007, 27,
3366–3374. [CrossRef]

18. Holzer, P. Capsaicin: Cellular targets, mechanisms of action, and selectivity for thin sensory neurons. Pharmacol. Rev. 1991, 43,
143–201. [PubMed]

19. Frias, B.; Merighi, A. Capsaicin, Nociception and Pain. Molecules 2016, 21, 797. [CrossRef]
20. Anand, P.; Bley, K. Topical capsaicin for pain management: Therapeutic potential and mechanisms of action of the new high-

concentration capsaicin 8% patch. Br. J. Anaesth. 2011, 107, 490–502. [CrossRef]
21. Ann, J.; Kim, H.S.; Thorat, S.A.; Kim, H.; Ha, H.J.; Choi, K.; Kim, Y.H.; Kim, M.; Hwang, S.W.; Pearce, L.V.; et al. Discovery

of Nonpungent Transient Receptor Potential Vanilloid 1 (TRPV1) Agonist as Strong Topical Analgesic. J. Med. Chem. 2020, 63,
418–424. [CrossRef] [PubMed]

22. Feng, Z.; Pearce, L.V.; Xu, X.; Yang, X.; Yang, P.; Blumberg, P.M.; Xie, X.Q. Structural insight into tetrameric hTRPV1 from
homology modeling, molecular docking, molecular dynamics simulation, virtual screening, and bioassay validations. J. Chem. Inf.
Model. 2015, 55, 572–588. [CrossRef] [PubMed]

23. Gao, Y.; Cao, E.; Julius, D.; Cheng, Y. TRPV1 structures in nanodiscs reveal mechanisms of ligand and lipid action. Nature 2016,
534, 347–351. [CrossRef]

24. Surowy, C.S.; Neelands, T.R.; Bianchi, B.R.; McGaraughty, S.; El Kouhen, R.; Han, P.; Chu, K.L.; McDonald, H.A.; Vos, M.;
Niforatos, W.; et al. (R)-(5-tert-Butyl-2,3-dihydro-1H-inden-1-yl)-3-(1H-indazol-4-yl)-urea (ABT-102) blocks polymodal activation
of transient receptor potential vanilloid 1 receptors in vitro and heat-evoked firing of spinal dorsal horn neurons in vivo.
J. Pharmacol. Exp. Ther. 2008, 326, 879–888. [CrossRef] [PubMed]

25. Zhou, Q.; Shi, Y.; Qi, H.; Liu, H.; Wei, N.; Jiang, Y.; Wang, K. Identification of two natural coumarin enantiomers for selective
inhibition of TRPV2 channels. FASEB J. 2020, 34, 12338–12353. [CrossRef] [PubMed]

http://www.ncbi.nlm.nih.gov/pubmed/25296415
http://doi.org/10.3390/cells3020517
http://www.ncbi.nlm.nih.gov/pubmed/24861977
http://doi.org/10.1152/jn.2002.88.1.544
http://www.ncbi.nlm.nih.gov/pubmed/12091579
http://doi.org/10.1038/35093019
http://www.ncbi.nlm.nih.gov/pubmed/11557989
http://doi.org/10.1523/JNEUROSCI.23-14-06058.2003
http://doi.org/10.1073/pnas.111025298
http://doi.org/10.1523/JNEUROSCI.5679-03.2004
http://doi.org/10.1523/JNEUROSCI.0454-04.2004
http://doi.org/10.1186/1744-8069-1-3
http://doi.org/10.1152/ajpgi.00421.2014
http://doi.org/10.1074/jbc.M114.558668
http://www.ncbi.nlm.nih.gov/pubmed/24808184
http://doi.org/10.1111/j.1476-5381.2011.01601.x
http://www.ncbi.nlm.nih.gov/pubmed/21797839
http://doi.org/10.1038/nrd2280
http://www.ncbi.nlm.nih.gov/pubmed/17464295
http://doi.org/10.1016/j.pain.2007.06.006
http://doi.org/10.1124/jpet.107.125674
http://doi.org/10.1523/JNEUROSCI.4833-06.2007
https://pubmed.ncbi.nlm.nih.gov/1852779/
http://doi.org/10.3390/molecules21060797
http://doi.org/10.1093/bja/aer260
http://doi.org/10.1021/acs.jmedchem.9b01046
http://www.ncbi.nlm.nih.gov/pubmed/31702924
http://doi.org/10.1021/ci5007189
http://www.ncbi.nlm.nih.gov/pubmed/25642729
http://doi.org/10.1038/nature17964
http://doi.org/10.1124/jpet.108.138511
http://www.ncbi.nlm.nih.gov/pubmed/18515644
http://doi.org/10.1096/fj.201901541RRR
http://www.ncbi.nlm.nih.gov/pubmed/32729134


Molecules 2022, 27, 5428 15 of 15

26. Qiao, Z.; Qi, H.; Zhang, H.; Zhou, Q.; Wei, N.; Zhang, Y.; Wang, K. Visualizing TRPA1 in the Plasma Membrane for Rapidly
Screening Optical Control Agonists via a Photochromic Ligand Based Fluorescent Probe. Anal. Chem. 2020, 92, 1934–1939.
[CrossRef]

27. Qiao, Z.; Luo, J.; Tang, Y.Q.; Zhou, Q.; Qi, H.; Yin, Z.; Tang, X.; Zhu, W.; Zhang, Y.; Wei, N.; et al. Photosensitive and
Photoswitchable TRPA1 Agonists Optically Control Pain through Channel Desensitization. J. Med. Chem. 2021, 64, 16282–16292.
[CrossRef]

28. De Petrocellis, L.; Guida, F.; Moriello, A.S.; De Chiaro, M.; Piscitelli, F.; de Novellis, V.; Maione, S.; Di Marzo, V. N-palmitoyl-
vanillamide (palvanil) is a non-pungent analogue of capsaicin with stronger desensitizing capability against the TRPV1 receptor
and anti-hyperalgesic activity. Pharmacol. Res. 2011, 63, 294–299. [CrossRef]

29. Czikora, A.; Lizanecz, E.; Bako, P.; Rutkai, I.; Ruzsnavszky, F.; Magyar, J.; Porszasz, R.; Kark, T.; Facsko, A.; Papp, Z.; et al.
Structure-activity relationships of vanilloid receptor agonists for arteriolar TRPV1. Br. J. Pharmacol. 2012, 165, 1801–1812.
[CrossRef]

30. Boukalova, S.; Marsakova, L.; Teisinger, J.; Vlachova, V. Conserved residues within the putative S4–S5 region serve distinct
functions among thermosensitive vanilloid transient receptor potential (TRPV) channels. J. Biol. Chem. 2010, 285, 41455–41462.
[CrossRef]

31. Lee, Y.; Hong, S.; Cui, M.; Sharma, P.K.; Lee, J.; Choi, S. Transient receptor potential vanilloid type 1 antagonists: A patent review
(2011–2014). Expert Opin. Ther. Pat. 2015, 25, 291–318. [CrossRef]

32. Wei, N.N.; Lv, H.N.; Wu, Y.; Yang, S.L.; Sun, X.Y.; Lai, R.; Jiang, Y.; Wang, K. Selective Activation of Nociceptor TRPV1 Channel
and Reversal of Inflammatory Pain in Mice by a Novel Coumarin Derivative Muralatin L from Murraya alata. J. Biol. Chem. 2016,
291, 640–651. [CrossRef]

33. Backonja, M.; Wallace, M.S.; Blonsky, E.R.; Cutler, B.J.; Malan, P., Jr.; Rauck, R.; Tobias, J.; Group, N.-C.S. NGX-4010, a high-
concentration capsaicin patch, for the treatment of postherpetic neuralgia: A randomised, double-blind study. Lancet Neurol. 2008,
7, 1106–1112. [CrossRef]

34. Treat, A.; Henri, V.; Liu, J.; Shen, J.; Gil-Silva, M.; Morales, A.; Rade, A.; Tidgewell, K.J.; Kolber, B.; Shen, Y. Novel TRPV1
Modulators with Reduced Pungency Induce Analgesic Effects in Mice. ACS Omega 2022, 7, 2929–2946. [CrossRef]

35. Teng, B.C.; Song, Y.; Zhang, F.; Ma, T.Y.; Qi, J.L.; Zhang, H.L.; Li, G.; Wang, K. Activation of neuronal Kv7/KCNQ/M-channels by
the opener QO58-lysine and its anti-nociceptive effects on inflammatory pain in rodents. Acta Pharmacol. Sin. 2016, 37, 1054–1062.
[CrossRef]

36. Wang, J.; Liu, Y.; Hu, F.; Yang, J.; Guo, X.; Hou, X.; Ju, C.; Wang, K. Activation of Neuronal Voltage-Gated Potassium
Kv7/KCNQ/M-Current by a Novel Channel Opener SCR2682 for Alleviation of Chronic Pain. J. Pharmacol. Exp. Ther. 2021, 377,
20–28. [CrossRef]

37. Cao, E.; Liao, M.; Cheng, Y.; Julius, D. TRPV1 structures in distinct conformations reveal activation mechanisms. Nature 2013, 504,
113–118. [CrossRef]

38. Bevan, S.; Hothi, S.; Hughes, G.; James, I.F.; Rang, H.P.; Shah, K.; Walpole, C.S.; Yeats, J.C. Capsazepine: A competitive antagonist
of the sensory neurone excitant capsaicin. Br. J. Pharmacol. 1992, 107, 544–552. [CrossRef]

39. Jordt, S.E.; Julius, D. Molecular basis for species-specific sensitivity to “hot” chili peppers. Cell 2002, 108, 421–430. [CrossRef]
40. Gavva, N.R.; Klionsky, L.; Qu, Y.; Shi, L.; Tamir, R.; Edenson, S.; Zhang, T.J.; Viswanadhan, V.N.; Toth, A.; Pearce, L.V.; et al.

Molecular determinants of vanilloid sensitivity in TRPV1. J. Biol. Chem. 2004, 279, 20283–20295. [CrossRef]
41. Seebohm, G.; Schreiber, J.A. Beyond Hot and Spicy: TRPV Channels and their Pharmacological Modulation. Cell. Physiol. Biochem.

2021, 55 (Suppl. 3), 108–130. [CrossRef]
42. Yang, S.; Yang, F.; Wei, N.; Hong, J.; Li, B.; Luo, L.; Rong, M.; Yarov-Yarovoy, V.; Zheng, J.; Wang, K.; et al. A pain-inducing

centipede toxin targets the heat activation machinery of nociceptor TRPV1. Nat. Commun. 2015, 6, 8297. [CrossRef] [PubMed]
43. Nie, Y.; Li, Y.; Liu, L.; Ren, S.; Tian, Y.; Yang, F. Molecular mechanism underlying modulation of TRPV1 heat activation by polyols.

J. Biol. Chem. 2021, 297, 100806. [CrossRef] [PubMed]

http://doi.org/10.1021/acs.analchem.9b04193
http://doi.org/10.1021/acs.jmedchem.1c01579
http://doi.org/10.1016/j.phrs.2010.12.019
http://doi.org/10.1111/j.1476-5381.2011.01645.x
http://doi.org/10.1074/jbc.M110.145466
http://doi.org/10.1517/13543776.2015.1008449
http://doi.org/10.1074/jbc.M115.654392
http://doi.org/10.1016/S1474-4422(08)70228-X
http://doi.org/10.1021/acsomega.1c05727
http://doi.org/10.1038/aps.2016.33
http://doi.org/10.1124/jpet.120.000357
http://doi.org/10.1038/nature12823
http://doi.org/10.1111/j.1476-5381.1992.tb12781.x
http://doi.org/10.1016/S0092-8674(02)00637-2
http://doi.org/10.1074/jbc.M312577200
http://doi.org/10.33594/000000358
http://doi.org/10.1038/ncomms9297
http://www.ncbi.nlm.nih.gov/pubmed/26420335
http://doi.org/10.1016/j.jbc.2021.100806
http://www.ncbi.nlm.nih.gov/pubmed/34022223

	Introduction 
	Results 
	Concentration-Dependent Activation of TRPV1 by the Selective and Partial Agonist CPIPC in TRPV1-Transfected HEK293 Cells 
	TRPV1 Desensitization Induced by Repetitive Applications of CPIPC in DRG Neurons 
	Pungency Study of CPIPC in Mice 
	Antinociceptive Effects of CPIPC on Mouse Model of Inflammatory and Thermal Pain 
	Identification of Residue Arg557 Critical for TRPV1 Activation by CPIPC 

	Discussion 
	Materials and Methods 
	Reagents and Chemicals 
	Synthesis of CPIPC Compounds 
	Transient Transfection of TRPs and Cell Culture 
	Calcium-Imaging 
	Measurement of Intracellular Calcium in FlexStation 3 Multi-Mode Microplate Reader Assay 
	Disassociation and Culture of Mouse DRG Neurons 
	Electrophysiology 
	Animals 
	Complete Freund’s Adjuvant (CFA)–Induced Inflammatory Pain Model 
	Formalin–Induced Inflammatory Pain Model 
	Measurement of Eye-Wiping 
	Randomization and Blinding 
	Molecular Docking 
	Statistical Analysis 

	References

