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ABSTRACT: Several studies have documented the broad-spectrum bioactivities of a lotus seed (Plumula nelumbinis [PN]) green
embryo extract. However, the specific bioactive components and associated molecular mechanisms remain largely unknown. This
study aimed to identify the ion channel-activating mechanisms of PN extracts. Using fluorometric imaging and patch-clamp
recordings, PN extracts were screened for calcium channel activation in dorsal root ganglion (DRG) neurons. The TRPV1 channels
in DRG neurons were strongly activated by the PN extract (mean amplitude of 131 ± 45 pA at 200 μg/mL) and its purified
glycosyloxyflavone narcissoside (401 ± 271 pA at 100 μM). Serial treatment with a 200 μg/mL PN extract in TRPV1-overexpressing
HEK293T cells induced robust desensitization to 10 ± 10% of the initial current amplitude. Thus, we propose that the PN extract
and narcissoside function as TRPV1 agonists. This new finding may advance our knowledge regarding the traditional and scientific
functions of PN in human health and disease.
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■ INTRODUCTION

The seeds, flowers, leaves, and stamina of the sacred lotus
Nelumbo nucifera have long been used as medicinal herbs and
functional foods in Asia and Africa.1 The green embryo of the
lotus seed (Plumula nelumbinis [PN]) is widely consumed as a
healthy food in Asia, and its dried form is also used in herbal
tea. The consumption of PN improves immune system
functions, alleviates high blood pressure, and relieves internal
heat or dryness.2 These effects are mediated through
phytochemicals and flavonoids found in the PN extract,
some of which are now recognized for their antioxidant, anti-
inflammatory, cardioprotective, and antitumor activities.3−5

However, many of the compounds responsible for the
bioactivities of the PN extract remain unidentified, and the
molecular mechanisms of some compounds are still unknown;
this limits physiological studies and further development of
healthy foods and pharmaceutical drugs.
Flavonoids are prominent secondary metabolites of plants.

Several benefits of flavonoids have been documented in human
health and nutrition.6 A large number of these phytochemicals
have been isolated, and their roles as antioxidants, antibacterial
agents, cardioprotectants, anti-inflammatory agents, and
immune system regulators have been demonstrated.7 Narcisso-
side (NAR), also known as narcissin, is a glycosyloxyflavone
(flavonol glycoside) present in a number of medicinal plant
tissues such as the Gynura divaricate leaves, Mondrinda citrifolia
fruits, and Sophora japonica flowers (Flos Sophorae Immatu-
rus).8−10 Recent studies suggest that NAR has an antioxidant
activity and exerts an inhibitory effect on tyrosinase;11,12

however, the complete spectrum of its bioactivity is obscure.

Transient receptor potential vanilloid 1 (TRPV1) is a widely
studied nonselective cation channel substantially present in
sensory neurons and their nerve endings that are directly and
indirectly activated by capsaicin (CAP), noxious heat, ethanol,
protons (or acid), and various endogenous signaling molecules
such as inflammatory mediators.13−15 Various compounds
present in foods, such as allicin in garlic, piperine in black
pepper, and gingerol in ginger, rapidly trigger TRPV1 channel
opening.16−18 Detection of these cues by subcutaneous
TRPV1-positive nerve endings of dorsal root ganglion
(DRG) sensory neurons transduces and transmits nociceptive
signals to the central nervous system. Therefore, TRPV1 acts
as an inflammatory pain and noxious heat sensor. Much effort
has been devoted to the identification or development of
TRPV1 antagonists useful as clinical analgesics. However,
owing to side effects such as increased core body temperature
and augmented pain sensitivity observed in clinical trials, no
such agents have been approved for clinical use yet.19 As an
alternative, TRPV1 agonists and desensitizers may be potential
drug candidates for inflammatory and chronic pain.20

In this study, we assessed if a crude PN extract and its
constituent NAR activate TRPV1 in DRG sensory neurons.
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Our study identified the PN extract as a potential source of
TRPV1-modulating agents for pain treatment.

■ MATERIALS AND METHODS
Chemicals, Genes, and Transfection Vectors. NAR was

purified from a PN extract as described in the following section.
Dulbecco’s modified Eagle’s medium (DMEM) with high glucose,
penicillin and streptomycin, and fetal bovine serum (FBS) was
purchased from HyClone Laboratories Inc. or ThermoFisher
Scientific. Molecular-grade allyl-isothiocynate (AITC), camphor,
GSK1016790A, and the TRPV1 agonist CAP were purchased from
Sigma-Aldrich, and lysophosphatidylcholine (LPC) was purchased
from Fluka-BioChemka. The cDNAs encoding human Trpv1 (Gene
ID: 7442), Trpv2 (Gene ID: 51393), Trpv3 (Gene ID: 162514),
Trpv4 (Gene ID: 59341), and Trpa1 (Gene ID: 8989) were cloned
and inserted into the pCDNA3.1(+) vector for cell transfection and
subsequent calcium ion (Ca2+) imaging. For patch-clamp experi-
ments, these genes were cloned into pEGFP-N1 for fluorescent
marking. For Ca2+ imaging experiments using pEGFP-N1, the vector
was mutated to include stop codons between the gene and the GFP
sequence (pEGFP-N1[STOP]). All cDNA clones were verified
through sequencing.
Isolation and Identification of PN Extract Constituents.

Analytical thin-layer chromatography was performed using precoated
silica gel 60 F254 (Merck, Germany), silica gel 60 RP-18 F254S plates
(Merck, Germany), column chromatography with octadecyl-silica
(ODS)-A (12 nm S-7 μm, YMC GEL, Japan), and preparative HPLC
with an LC-8A pump (Shimadzu, Kyoto, Japan). Both 1H and 13C
NMR spectra were recorded using a Bruker Ascend 700 MHz
spectrometer with tetramethylsilane as an internal standard. LC-ESI-
MS data were obtained on a Triple TOF 5600+ instrument (AB
SCIX).
HEK297T Cell Culture and Transfection. HEK297T (HEK)

cells were obtained from the American Type Culture Collection
(Manassas, VA). Cells were maintained in a basal culture medium of
DMEM (Gibco, TX) supplemented with 10% heat-inactivated FBS
and 1% penicillin−streptomycin (Sigma-Aldrich) on glass coverslips
in 35 mm dishes. Cells were transfected with a pIRES2-AcGFP1-
TRPV1 vector for 48 h using a FuGene Transfection Reagent
(Promega, WI).
Isolation of DRG Neurons. Primary DRG neurons were isolated

as previously described.21 Briefly, thoracic and lumbar DRGs were
dissected from 6-week-old mice and collected in ice-cold DMEM/F12
(Life Technologies, CA), washed thrice with fresh DMEM/F12, and
then incubated in a digestion medium containing 2 mg/mL
collagenase IA (Sigma-Aldrich) for 45 min at 37 °C. Ganglia were
then washed gently twice or thrice in DMEM/F12 supplemented with
10% heat-inactivated FBS, 1% penicillin−streptomycin, 50 ng/mL
nerve growth factor (Life Technologies), and 5 ng/mL glial-derived
neurotrophic factor (Life Technologies). After two washes in this
medium, ganglia were resuspended and gently triturated with a 1 mL
pipette predipped in FBS. Separated cells were plated onto round
glass coverslips (ThermoFisher Scientific) and maintained in a 95%
air/5% CO2 gas mixture at 37 °C for 48−72 h before experiments.
Current Recordings. TRPV1 currents were measured in both

whole-cell and inside-out patch-clamp modes. Whole-cell currents
were measured by rupturing the plasma membrane under a 2−3 MΩ
glass pipette after giga-seal formation. The junctional potentials were
adjusted to 0 and the holding potential was set to −60 mV for whole-
cell or +60 mV for inside-out patch clamping.
All currents were amplified and filtered at 0.5 Hz using an

Axopatch200B amplifier (Molecular Devices, San Jose, CA), digitized
at 5 kHz using a Digidata 1440 digitizer (Molecular Devices), and
recorded to computer disk for offline analysis using pClamp version
10.0 (Molecular Devices). The pipette solution for recording whole-
cell currents from HEK cells and DRG neurons contained 130 mM
CsCl, 2 mM MgCl2, 10 mM HEPES, 2 mM Mg-ATP, 0.2 mM Na-
GTP, and 25 mM D-mannitol. The pH was set to 7.2 with CsOH, and
the osmolarity was adjusted to 300 mOsm/kg by adding D-mannitol.

The bath solution contained 130 mM NaCl, 5 mM KCl, 2 mM CaCl2,
2 mM MgCl2, and 10 mM HEPES. The osmolarity was adjusted to
306 mOsm/kg by adding 10 mM D-mannitol, and the pH was set to
7.2 by adding NaOH. For inside-out patch-clamp recording, the
pipette and bath solutions were switched. In activator experiments, a
100 μg/mL PN extract and 1 μM CAP (Sigma-Aldrich) were added
to the bath solution.

Ca2+ Imaging. Intracellular Ca2+ was measured as previously
described.22 Briefly, HEK cells transfected with Trpv1, Trpv2, Trpv3,
Tprv4, or Trpa1 and primary DRG neurons were incubated for 30
min with 2 μM Fluo-3/AM (Life Technologies) and 0.02% (wt/vol)
Pluronic F-127(Sigma-Aldrich) in buffer containing 140 mM NaCl, 2
mM MgCl2, 5 mM KCl, 10 mM HEPES, and 2 mM CaCl2 with the
pH adjusted to 7.2 using NaOH and the osmolarity adjusted to 306
mOsm/kg with D-mannitol. Imaging was performed at room
temperature (23−25 °C) using a confocal microscope (Carl Zeiss,
LSM 800) equipped with an Alexa Fluor 488 nm filter. Ca2+-sensitive
Fluo-3 fluorescence was recorded for 200 s at a rate of 1 frame every 2
s. For each trial, ∼100 images (512 × 512 pixels resolution) were
acquired at 0.5× digital zoom using a 20× objective. A drug-
containing solution was added to the recording chamber using a
pressurized micropipette after 20−30 s (10−15 frames) of baseline
recording. For inhibition experiments, Ca2+ signals were recorded
from HEK cells expressing TRPV1 for 20 s before the application of
CAP (1 μM). After 120 s of Fluo-3 fluorescence recording,
capsazepine (CPZ, 10 μM) (MedChemExpress, NJ), vehicle, or PN
extract was administered, and the reduction in fluorescence emission
was then measured. Cells were treated with 1 μM thapsigargin
(Sigma-Aldrich), a noncompetitive sarcoplasmic reticulum (SR)/
endoplasmic reticulum (ER) Ca2+ ATPase (SERCA) inhibitor, for
400 s before the measurement of the Ca2+ influx. Sample fluorescence
images and images used for quantitative analysis were obtained at the
peak fluorescence brightness (correlated with peak intracellular free
Ca2+ in the absence of photobleaching). Fluorescence intensity was
measured using ImageJ (NIH, Bethesda, MD).

Molecular Docking. The simulations were performed on one of
four subunits of the protein using the AutoDock Vina program
(version 1.2.3)23,24 with the Amber force field.25,26 Missing atoms
were added, and the hydrogen-bond network was optimized using
PDB2PQR 2.1.27 The protonation states of the model were titrated
using PROPKA 3.1.28 The searching for the binding sites of NAR was
conducted on the search spaces defined by 125 cubic boxes of 30 Å
edge covering the whole protein. The randomly chosen 32 binding
conformations were used for each cubic box. The AutoDock Vina
program is based on a local search global optimizer: each step of the
optimization involves a random perturbation of the conformation
followed by an evaluation of the scoring function as well as its
derivatives in the position−orientation−torsion coordinates. The
Broyden−Fletcher−Goldfarb−Shanno (BFGS) method was used for
the local optimization procedure using both the scoring function and
its gradient.29 The scoring function is based on the Amber force field
that includes van der Waals, electrostatic, directional hydrogen-bond
potentials, a pairwise additive desolvation term based on partial
charges, and a simple conformational entropy penalty.25,26 The
number of evaluations in a local optimization is determined
heuristically, depending on the size and flexibility of the ligand and
the flexible side chains, guided by convergence and other criteria.23,24

Statistical Analysis. All statistical analyses were performed using
SigmaPlot (SYSTAT, San Jose, CA) and presented as the mean ±
standard error of the mean from at least three independent
experiments. Group means were compared using Student’s t-test or
one-way analysis of variance (ANOVA) with Dunn’s post hoc test
unless otherwise indicated. *p-values < 0.05, **p-values < 0.01, and
***p-values < 0.001 were considered significant.

■ RESULTS

PN Extract Activates Ca2+-Permeable Channels in
DRG Sensory Neurons. Peripheral sensory neurons express
several ion channels, including multiple Ca2+-permeable
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channels, to transduce and transmit external signals. To
investigate the effect of a PN ethanol extract on Ca2+ channel
activity in sensory neurons, we measured intracellular changes
in the Ca2+ concentration in primary mouse DRG neurons

loaded with the fluorescent Ca2+ dye Fluo-3/AM using
confocal microscopy. To exclude intracellular increases owing
to ion release from the ER, all recordings were performed in
the presence of 1 μM thapsigargin, an SR/ER Ca2+ ATPase

Figure 1. Activation of TRPV1 channel-mediated Ca2+ signals and membrane currents by the PN extract in dorsal root ganglion (DRG) sensory
neurons. (A) Increases in the intracellular Ca2+ concentration induced by bath application of the specific TRPV1 agonist CAP (1 μM) or PN
extract (PN) (100 μg/mL). F indicates the fluorescence emission intensity of the Ca2+-sensitive dye Fluo-3/AM, and F0 indicates the initial
fluorescence intensity. (B) Representative confocal images of Fluo-3-loaded DRG neurons after application of vehicle and then either CAP or PN
extract. An increase in fluorescence emission (green) indicates an increased intracellular Ca2+ concentration. (C) Summary of mean peak Ca2+

(peak F/F0) in DRG neurons treated with the vehicle, CAP, or PN extract. The numbers in the bracket indicate the number of cells tested in all bar
graphs. ***p < 0.001 for one-way analysis of variance (ANOVA) with post hoc Dunn’s tests for pairwise comparisons. (D) Representative cationic
currents recorded in DRG neurons during the bath application of the 200 μg/mL PN extract, the vehicle, or 1 μM CAP. (E) Average peak currents
evoked by vehicle, CAP, and PN extract. Data were obtained from the responding neurons; CAP: 8 of 15 neurons and PN: 11 of 24 neurons. *p <
0.05 for one-way ANOVA with post hoc Dunn’s tests.

Figure 2. Induction of Ca2+ signals by the PN extract, specifically in TRPV1-overexpressing HEK cells. (A) Increases in the intracellular Ca2+

concentration induced by the application of CAP (10 μM) or the PN extract (100 μg/mL) as indicated by Fluo-3 fluorescence emission. (B)
Representative confocal images of TRPV1-overexpressing Fluo-3-HEK cells after application of the vehicle, followed by CAP (10 μM) or the PN
extract (100 μg/mL) application. Greater fluorescence emission indicates a high concentration of intracellular Ca2+. (C) Mean peak Ca2+ (peak F/
F0). (D) Dependence of the peak Ca

2+ elevation (F/F0) on the PN extract concentration. (E−H) Average peak Ca2+ responses to the PN extract
(100 μg/mL) and specific TRP channel agonists in HEK cells overexpressing TRPA1, TRPV2, TRPV3, or TRPV4 (100 μM AITC for TRPA1, 1
μM LPC for TRPV2, 20 mM camphor for TRPV3, and 100 nM GSK1016790A for TRPV4). (I) Comparison of the TRPV1 inhibition rate (%, F/
F0). After TRPV1-dependent Ca

2+ elevation by 1 μM CAP, vehicle, 10 μM CPZ, and PN extract (100 μg/mL) were applied.
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inhibitor that blocks Ca2+ release from intracellular stores. The
application of a 100 μg/mL PN extract led to a marked
increase in Fluo-3 fluorescence emission, indicating an
increased intracellular Ca2+ concentration (Figure 1A,B);
however, the vehicle (DMSO 0.05%) had no effect. The
TRPV1 channel against CAP also induced a strong Ca2+ signal
(Figure 1A,B). However, this increase was markedly longer and
also slightly greater in amplitude than that induced by the PN
extract (Figure 1C). To further verify that these treatments
activate Ca2+-permeable ion channels, currents were measured
from DRG neurons via whole-cell patch clamping using an
NaCl-based extracellular solution with a 2 mM Ca2+ and CsCl-

based intracellular solution to block potassium currents. We
targeted relatively small DRG neurons (diameter <25 μm) for
recording, as such cells are more likely TRPV1-positive
nociceptive neurons. In this subpopulation, gravity application
of a 200 μg/mL PN extract or 1 μM CAP to the bath
generated inward cation currents at a holding potential of −60
mV, whereas the vehicle showed no effect (Figure 1D). The
mean peak current induced by the PN extract (8/15 neurons,
131 ± 45 pA) was similar in amplitude to that induced by CAP
(11/24 neurons, 188 ± 75 pA) (Figure 1E).

PN Extract Activates TRPV1 Channels in HEK Cells.
We examined if the Ca2+-permeable channels activated by a

Figure 3. Currents induced by the PN extract exhibited greater desensitization than those induced by CAP. (A) Representative cationic currents
induced by CAP (1 μM) or the PN extract (200 μg/mL), followed by CPZ (10 μM), in HEK cells transfected with Trpv1. (B) Sequential
activation of currents induced by the PN extract and then CAP in one TRPV1-overexpressing HEK cell. (C) Mean peak currents induced by the
vehicle, CAP (1 μM), and PN extract (200 μg/mL). ***p < 0.001 for one-way analysis of variance (ANOVA) with post hoc Dunn’s tests. (D)
Mean deactivation time of currents induced by CAP (1 μM) and the PN extract (200 μg/mL). ***p < 0.001 for one-way ANOVA with post hoc
Dunn’s tests. (E, F) Representative traces of currents induced by three consecutive applications of the PN extract (200 μg/mL) (E) or CAP (1
μM) (F) in HEK cells transfected with Trpv1. (G) Summary of the mean maximal current ratio. Note that that second application of the PN extract
induced a current markedly smaller than that noted after the initial application ***p < 0.001 for one-way ANOVA with post hoc Dunn’s tests.

Figure 4. Narcissoside (NAR) purified from the PN extract-activated TRPV1 channels in HEK cells. (A) Molecular structure of NAR. (B)
Increases in the intracellular Ca2+ concentration induced by vehicle, 1, 10, and 100 μM NAR. (C) Representative confocal images of Fluo-3-loaded
HEK cells overexpressing TRPV1 after the application of vehicle and then CAP (1 μM) or NAR (100 μM). (D) Mean peak of Ca2+ elevations (F/
F0). (E) Representative cationic currents recorded from Trpv1-transfected HEK cells in response to NAR (100 μM). (F) Average peak currents
induced by the vehicle and NAR. (G) Average peak currents induced by three consecutive applications of NAR (100 μM) showing that these
currents are desensitized but not as much as PN extract-induced currents.
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PN extract are of the TRPV family by measuring Ca2+ signals
in HEK cells transfected with one of Trpv1−4 or Trpa1. Cells
overexpressing TRPV1 demonstrated a robust increase in the
Ca2+ concentration in response to the PN extract (Figure
2A,B), and the mean peak increase induced by a 100 μg/mL
PN extract was similar to that induced by 10 μM CAP (Figure
2C). Dose−response trials showed that a 0.1 μg/mL PN
extract induced no increase in the Ca2+ concentration, whereas
a 1, 10, and 100 μg/mL PN extract induced a robust increase
in the Ca2+ concentration in TRPV1-overexpressing HEK cells
(Figure 2D). In contrast, cells transfected with Trpa1, Trpv2,
Trpv3, or Trpv4 showed no measurable increase in the Ca2+

concentration in response to the PN extract but did respond,
respectively, to the specific TRPA1 activator AITC (100 μM),
TRPV2 activator LPC (1 μM), TRPV3 activator camphor (20
mM), and TRPV4 activator GSK1016790A (100 nM) (Figure
2E−H), confirming that most of the Ca2+ influx generating an
increase in the Ca2+ concentration was mediated through the
opening of the TRPV1 channel. We further assessed the
potential inhibitory activity of the PN extract on the activation
of TRPV1 using 1 μM CAP. The TRPV1-specific antagonist
10 μM CPZ significantly reduced the Ca2+ signals, whereas the
PN extract did not exhibit any inhibitory activity (Figure 2I).
To further confirm that the Ca2+ signal activated by the PN

extract is due to TRPV1 channel opening, whole-cell patch-
clamp recordings were acquired from Trpv1-transfected HEK
cells. The application of 1 μM CAP induced an inward current
of a mean amplitude 4287 ± 560 pA (n = 15), whereas a PN
extract elicited a mean current of 2610 ± 495 pA (n = 16) at
−60 mV (Figure 3A). This large current induced by the PN
extract was completely inhibited by 10 μM CPZ; hence, it was
mediated entirely by TRPV1. Moreover, CAP still induced a
large current 5 min after a PN extract-induced current in the
same TRPV1-overexpressing HEK cells (Figure 3B).
Although the PN extract did not inhibit CAP-induced

currents, serial applications showed that PN extract-induced
TRPV1 currents exhibited a much slower deactivation time
than CAP-induced currents (Figure 3D). Furthermore, PN
extract-induced currents also demonstrated much greater
desensitization. For instance, the second application of CAP
induced a current that was still 72 ± 3% of the initial current
amplitude (Figure 3F,G), whereas the second dose of the PN
extract induced a TRPV1 current with an amplitude of only 10
± 10% of the initial amplitude (Figure 3E,G).

Isolation, Identification, and Functional Character-
ization of PN Extract Constituents. We purified potential
bioactive phytochemicals from a PN extract and identified one
constituent, NAR, which acted as a TRPV1 agonist (Figure
4A). Isolation procedures and the structural data of NAR are
shown in Figures S1 and S2. For purification, PN was extracted
with 70% ethanol in water. The crude extract was concentrated
under reduced pressure, and the ethanol fraction was separated
from the aqueous fraction by mixing with n-hexane, CH2Cl2,
EtOAc, and n-BuOH. The EtOAc fraction was then separated
through column chromatography using ODS gel and eluted
with 10% MeOH in H2O, yielding eight EtOAc subfractions
(EAs 1−8). Fraction EA 6 was purified through preparative
HPLC on RP-18 gel and eluted using a step gradient (20−
60%) of acetonitrile in H2O with 0.05% trifluoroacetic acid.
The structure of the isolated compound was elucidated using
NMR, MS, and UV on the basis of comparisons with reported
NAR spectra (Figures S2 and 4A).10,30 Final purity was nearly
96%, and the total yield was 12 mg from 91.6 g of the PN
extract (Figure S2). However, a previous study has reported a
more efficient process that yielded 64.74 mg/100 g NAR from
dried PN.31

NAR Activates TRPV1 Channels in Transfected HEK
Cells. Ca2+ imaging experiments and current recordings like
those conducted using a PN extract were repeated using
purified NAR (Figure 4A). The vehicle (0.05% DMSO), 1 μM
CAP, or 100 μM NAR did not induce Ca2+ signals in naive
HEK cells (Figure S3). However, 1 and 10 μM NAR solutions
induced modest increases, and 100 μM NAR induced a robust
increase in the Ca2+ concentration in TRPV1-overexpressing
HEK cells (Figure 4B−D), which was comparable with that
induced by CAP. The intensity of Ca2+ fluorescence induced
by 100 μM NAR revealed robust changes, which were
comparable with those induced by 1 μM CAP treatment at
the peak point (Figure 4C). Furthermore, 100 μM NAR
induced distinct cationic currents (mean = 1.55 ± 0.06 nA, n =
8) in TRPV1-overexpressing HEK cells (Figure 4E,F). In
contrast to the PN extract treatment, desensitization induced
by the second NAR application was indistinguishable from that
induced by CAP (Figure 4E,G). Our observations suggest that
NAR, a glycosyloxyflavone purified from the PN extract, is a
novel TRPV1-specific agonist.

NAR Activates TRPV1 Intracellularly and Induces
Cationic Current in TRPV1-Positive Nociceptors. A

Figure 5. TRPV1-expressing HEK cells are intracellularly activated by NAR, suggesting that NAR-activated current in DRG neurons is mediated by
TRPV1. Representative cationic current from a DRG neuron is elicited by two consecutive applications of 100 μM NAR at a 3 min delay. The
second NAR-induced current was blocked by 10 μM CPZ. (A, B) Representative trace showing an NAR-induced current, followed by a CAP-
induced current, in one DRG neuron. (C) Average peak currents induced by CAP and NAR in DRG neurons. (D) Representative currents at +60
mV holding potential from the inside-out patches of Trpv1-transfected HEK cells induced by NAR (100 μM) and CAP (1 μM). (E) Average peak
currents from the inside-out patches of HEK cells induced by CAP (1 μM) and NAR (100 μM).
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subpopulation of DRG neurons was also responsive to 100 μM
NAR in addition to 1 μM CAP (Figure 5A), and both
compounds, when applied sequentially to the same neuron,
induced currents of similar amplitude (3/7 neurons, 401 ± 271
pA by NAR, and 6/12 neurons, 345 ± 22 pA by CAP),
suggesting that NAR also activates TRPV1-positive nocicep-
tors (Figure 5B,C). Further analysis was performed with
inside-out patches to determine whether NAR also binds to the
intracellular side of the open TRPV1 channel. In the inside-out
patches at +60 mV, both application of 100 μM NAR and 1
μM CAP activated mean currents of 394 ± 149 and 295 ± 140
pA, respectively (Figure 5D,E), indicating that NAR can
activate TRPV1 channels from the intracellular as well as the
extracellular side. The effective concentrations of the PN
extract and NAR evaluated either through Ca2+ imaging or the
patch-clamp experiment are shown in Table 1.
Computational Study to Understand the Narcisso-

side−TRPV1 Interactions. We further characterized the
putative binding sites of NAR on TRPV1. The atomic TRPV1
model based on cryoelectron microscope (EM) data was used
for docking simulations.32 The 10 most probable binding sites
of NAR to TRPV1 were obtained from the docking simulation
(Figure 6A). The binding sites are distributed along the
subunit, spanning from average binding free energy (E)
ranging from −9.15 to −6.50 kcal/mol, except for the
cytoplasmic tail part (z < ∼20 Å) (Figure 6B). Binding site
1, which revealed the strongest free energy (E1 = −9.15 kcal/
mol) is located in the middle of the subunit (z = ∼58 Å). The
amino acid residues that are within 2.2 Å of any atoms in NAR
binding site 1 are H410, R500, S502, K504, L506, Y511, S512,
K571, and Q700 in the intracellular loop between S4 and S5
regions (Figure 6C). Close-up views of other binding sites (2−
10) and putative interacting amino acid residues are also
shown in Figure S4. The molecular docking simulation
suggests that depending on the conformations of TRPV1,
NAR can stably bind to both intracellular and extracellular
regions of TRPV1, which is consistent with data from patch-
clamp experiments.

■ DISCUSSION
Many of the traditional claims regarding the health benefits of
a PN extract, including the improvement of immune functions,
have been verified through both cell- and animal-based
research. Various studies have identified functional TRPV1
channels in immune cells. Bujak et al. recently reported that
antagonizing TRPV1 in macrophages significantly reduces the
release of proinflammatory cytokines.33 The verification of
these molecular mechanisms may facilitate the development of
novel anti-inflammatory drugs from PN extracts. Similarly, we
demonstrate in this study that the PN extract may suppress
TRPV1 activity in nociceptive neurons, suggesting that PN
extract constituents can be useful as analgesics.
The primary functions of TRPV1 channels include the

regulation of inflammation, pain, and itching.13,33,34 TRPV1
channels are substantially present in peripheral nociceptive
neurons, including C-fiber nerve endings, and their activation
transduces various signals related to inflammation and tissue
damage into action potentials that transmit this nociceptive
information to the central nervous system. These C-fibers
innervate the skin as well as visceral organs such as the lung,
stomach, gut, liver, teeth, and gums; therefore, TRPV1
antagonism might have broad clinical applicability in reducing
inflammation-associated pain. However, phase-III clinical trials T
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of TRPV1 antagonists have revealed undesirable side effects.
Hence, other channel modulators are being actively inves-
tigated as potential anti-inflammatory agents and analgesics,
including agonists that promote TRPV1 channel desensitiza-
tion in nociceptive neurons.20 CAP is an example of one such
pain-relieving TRPV1 agonist. It is used in various commercial
analgesic creams and patches. Previously reported anti-
inflammatory effects of the PN extract may also be explained
through TRPV1 activation. For instance, the PN extract is
known to restrain the release of the proinflammatory cytokine
tumor necrosis factor-α in lipopolysaccharide-treated mice,35

which is consistent with our observation that subsequent
application of the PN extract considerably diminished TRPV1
current. TRPV1 channels also regulate the itching pathway of
C-fiber sensory neurons, and blocking TRPV1 in sensory
neurons alleviated histamine-dependent itching,34 suggesting a
potential role of PN extract in pruriception.
Subcutaneous inflammation begins with tissue damage or

pathogen infection and the subsequent stimulation of
neighboring cells to regenerate damaged tissue while
simultaneously defending against infectious pathogens. Stimu-
lated cells release various proinflammatory peptides, including
calcitonin gene-related peptide and substance P, which are the
endogenous activators of TRPV1. These signals mediate
neurogenic inflammation such as asthma and can be
ameliorated by the TRPV1 blocker CPZ.36 However, genetic
ablation of TRPV1 in mice enhanced inflammation in a sepsis
model, while TRPV1 agonists increased anti-inflammatory
signals, suggesting that a fine balance among TRPV1 signaling
pathways is crucial for reducing inflammation and ensuring
therapeutic efficacy. As determined by Ca2+ imaging experi-
ments, 1 μM was the minimum effective concentration of NAR
on TRPV1 gating, though the maximal effective concentration
(100 μM) was used for the fidelity of channel current (Figures
4 and 5). Previous research has shown that 100 g of dried PN
contains 64.74 mg of extractable NAR (103.7 μmol).31 After
ingestion of PN, NAR will not be absorbed until the proximal
intestine because flavonoids are predominantly absorbed in the

gastrointestinal tract, liver, and through microbial metabo-
lism.37,38 Flavonoid glycosides have high bioavailability in
human digestive tracts, resulting in up to 2−3% of ingested
compounds absorbed into the bloodstream.39 In line with this
finding, daily dietary intake of 100 g of dried PN (64.74 mg of
NAR) by 60 kg human can lead to the circulation of ∼42 μmol
NAR in 2.5 L of blood plasma (0.84−1.26 μM).31 Therefore,
the concentration of NAR in the intestines and liver, where it is
absorbed, is conceivably high enough to stimulate TRPV1-
positive cells and visceral nerves, as it assuredly surpasses the 1
μM minimum effective concentration. As the PN extract and
NAR exerted activating and desensitizing effects on TRPV1,
future electrophysiological studies on dose dependence may
identify the appropriate conditions for the suppression of
TRPV1-mediated inflammation and chronic pain.
TRPV1 channels are also expressed in the taste buds and

epithelial cells of the tongue where they contribute to taste
transduction. The activity of TRPV1 channels affected salty
taste signal transduction through amiloride-insensitive taste
receptors in taste buds; Trpv1 deletion increased ethanol
preference in mice.40,41 The activation of TAS2R bitter taste
receptors sensitized TRPV1 channels via a phospholipase C/
protein kinase C signaling pathway.42 Vanillin, one of the most
studied compounds in food chemistry, directly activates
heterologously expressed TRPV1 channels in trigeminal
ganglion neurons,43 and recent evidence also suggests that
vanillin stimulates TAS2R activity.44 Future studies on the
effects of NAR on TAS2Rs and TRPV1 may elucidate the
mechanism underlying these unexpected effects.
Although both PN extract and NAR induced TRPV1

activation (Figures 1 and 4), the underlying mechanisms may
differ because the deactivation time, which is related to channel
opening time, was longer when channels were activated by the
PN extract. In addition, desensitization was markedly greater
when channels were activated by the PN extract (Figures 3G
and 4G), suggesting that PN extract contains other
constituents that modulate TRPV1 gating, including potent
TRPV1 desensitizing agonists. Therefore, further purification

Figure 6. Binding sites of NAR to TRPV1 via molecular docking simulation. (A) Probable binding sites (10) with respect to the average binding
free energy (E). The binding sites on one (highlighted in blue) of four subunits of TRPV1 are numbered from 1 to 10 in order of increasing average
binding free energy. NAR is colored red. (B) Average binding free energies (E) for each binding site. Subscript i denotes the binding sites (i = 1, ...,
10). The y-axis denotes the z-coordinate of the average center of mass of the top 10 lowest binding free energy binding poses of NAR. Error bars
represent the standard deviations. The statistics were obtained using the top 10 binding poses (with respect to free energy values) for each site. (C)
The expanded view of binding site 1 of NAR with the lowest free energy. Amino acid residues that are within 2.2 Å of any atoms in NAR at each
binding site are displayed; the residues are colored cyan and the sequence is indicated in yellow.
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and screening of PN extracts may identify constituents more
suitable as desensitizing agents for pain relief.
Previous studies have demonstrated that edible plants such

as hot chili pepper, garlic, black pepper, and ginger activate
TRPV1.16−18 To our knowledge, the present study is the first
to report that the PN extract also acts as a potent TRPV1
agonist. In addition, several studies have reported that TRPV1
activity is attenuated by flavonoids or related glycosides such as
baicalin and eriodictyol.45−47 Among them, myricitrin, which is
abundantly isolated from Myrica esculenta and Pouteria spp.,
represents the most similar glycosyloxyflavone to NAR among
the known TRPV1 modulators. However, this compound also
exerts an inhibitory effect on TRPV1CAP-dependent pain
was alleviated in a mouse model.48 Therefore, our study is the
first to demonstrate that NAR, as a flavonoid, activates TRPV1
channels. The present study identified a molecular mechanism
that may explain the long-known effects of this ancient
medicinal food. These new findings may provide important
references for other physiological studies on the PN extract
and TRPV1. Future studies may aim to identify additional
bioactive constituents of the PN extract having potential
therapeutic effects.
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