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Background and Purpose: Itching is the most frequent pathology in dermatology that
has significant impacts on people's mental health and social life. Transient receptor
potential vanilloid 3 (TRPV3) channel is a promising target for treating pruritus.
However, few selecetive and potent antagonists have been reported. This study was
designed to identify selective TRPV3 antagonist and elucidate its anti-pruritus
pharmacology.

Experimental Approach: FlexStation and calcium fluorescence imaging were
conducted to track the functional compounds. Whole-cell patch clamp was used to
record itch-related ion channel currents. Homologous recombination and
site-directed mutagenesis were employed to construct TRPV3 channel chimeras and
point mutations for exploring pharmacological mechanism. Mouse models were used
for in vivo anti-pruritus assay.

Key Results: An acridone alkaloid (citrusinine-1l) was purified and characterized from
Atalantia monophylla. It directly interacts with Y564 within S4 helix of TRPV3 to
selectively inhibit the channel with a half maximal inhibitory concentration (ICsg) of
12.43 pM. Citrusinine-ll showed potential efficacy to attenuate both chronic and
acute itch. Intradermal administration of citrusinine-Il (143 ng/skin site) nearly
completely inhibited itch behaviours. It also shows significant analgesic effects. Little
side effects of the compound are observed.

Conclusion and Implications: By acting as a selective and potent inhibitor of TRPV3

channel, citrusinine-1l shows valuable therapeutic effects in pruritus animal models

Abbreviations: 2-APB, 2-aminoethoxydiphenyl borate; ASIC3, acid-sensing (proton-gated) ion channel 3; CCKS8, cell counting kit-8; Na,, voltage-gated sodium channel; TRP, transient receptor
potential; TRPA1, transient receptor potential ankyrin 1; TRPM8, transient receptor potential melastatin 8; TRPV1, transient receptor potential vanilloid 1; TRPV2, transient receptor potential
vanilloid 2; TRPV3, transient receptor potential vanilloid 3; TRPV4, transient receptor potential vanilloid 4.
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pruritus drugs.
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1 | INTRODUCTION

Itch, also known as pruritus, is the predominant symptom of skin that
occurs in acute, chronic skin diseases and other disease such as neu-
rologic, systemic and psychiatric diseases (Stander et al., 2007).
Almost all human beings experience itch in the course of lifetime.
Epidemiology survey showed that the prevalence of acute itch in the
general population is 8.4% (Dalgard et al, 2004) and 13.5% for
chronic itch (Matterne et al., 2011). ltch has a profound impact on
quality of life as it affects sleep, social life and mental health, which
leads to disorders such as anxiety, depression and insomnia
(Silverberg, 2017). Furthermore, itch is a serious economic burden to
the society due its high rate of therapeutic failure (Duque
et al., 2004).

The cause of pruritus is extremely complicated and maybe caused
by internal factors such as haematologic malignancy, renal failure,
change of endocrine and metabolism, acquired immunodeficiency syn-
drome or external factors such as low humidity, inhaled substances,
chemical materials and so forth (Song et al., 2018). Until now, the
exact pathogenesis of pruritus remains unknown. Due to this poorly
understood pathophysiology, the development of effective treatment
modalities for pruritus has proven to be particularly difficult.
However, recent advancements in pathophysiology of itch have
identified new targets such as transient receptor potential vanilloid
(TRPV) 1-4, transient receptor potential ankyrin 1 (TRPA1), transient
receptor potential melastatin 8 (TRPM8) and voltage-gated sodium
channel (Na,) 1.7-1.9 as therapeutic targets of this distressing
symptom (Nattkemper et al., 2018).

Among all those newly identified targets, TRPV3 channel is
abundantly expressed in skin epidermal keratinocytes. Pharmaceuti-
cal and genetic studies have determined the crucial role of TRPV3
in the generation of itch (Spyra et al., 2017; Wang & Wang, 2017;
Yamamoto-Kasai et al., 2012). From another angle, some chemical
compounds from conventional medicines have been identified as
TRPV3 blockers (Sun et al., 2018; Zhang et al., 2019), suggesting it
is a potential target for itching treatment. Therefore it is rational to
identify selective blockers of TRPV3 from potential medicinal herbs
to treat itch.

By utilizing calcium florescent assay and electrophysiology, we
identified citrusinine-Il, an acridone alkaloid isolated from the
medicinal plant Atalantia monophylla (L.) DC, as a potent and selective
inhibitor of TRPV3 channel. Intradermal administration of citrusinine-
Il significantly attenuated itch behaviours. Our findings suggest a
therapeutic potential for citrusinine-Il in the treatment of pruritus and

provide a pharmacological basis for this action.

and is a promising candidate drug and/or lead molecule for the development of anti-

citrusinine-Il, Inhibition, Itch, Pain, TRPV3

What is already known

e TRPV3 channel is a promising target for treating a wide
range of skin pathologies.

What this study adds

o Citrusinine-Il selectively inhibits TRPV3 channel by bind-
ing to the S4 helix of TRPV3 (Y564).

o Citrusinine-Il significantly attenuates itching and pain
behaviours in mice models of these conditions.

What is the clinical significance

o The citrusinine-ll binding site on TRPV3 might be a prom-
ising docking site for drug design.
e Citrusinine-ll is a potential lead molecule for the develop-

ment of anti-pruritus and analgesic drugs.

2 | METHODS

21 | Animals

All the animal experiments were performed following the Guide for
the Care and Use of Laboratory Animals of Kunming Institute of
Zoology, Chinese Academy of Sciences. All the animal experimental
protocols in this study were approved by the Institutional Animal Care
and Use Committees at Kunming Institute of Zoology, Chinese
Academy of Sciences (Approval ID: SMKX-20190519-01). C57BL/6
male mice at age of 6-8 weeks (19-26 g) were purchased from the
Laboratory Animal Research Center of Kunming Medical University,
China. Mice were bred and housed in specific pathogen free condi-
tions with controlled temperature (23 + 2°C) and humidity (55 + 5%)
and 12-h light-dark cycle. Animals were maintained in groups of four
per cage of 486 cm? x 15 cm depth with free access to water and
standard food. During the experimental process, mice were
anaesthetized through 100% CO, inhalation and killed by cervical
dislocation. All mice were randomly assigned to different experimental
groups and drugs (vehicle, citrusinine-Il and morphine) were prepared
and numbered by the designer. Data collection and conduction of all

experiments were performed blindly. Animal studies are reported in
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compliance with the ARRIVE guidelines (Percie du Sert et al., 2020)
and with the recommendations made by the British Journal of

Pharmacology (Lilley et al., 2020).

2.2 | Plant collection, extraction and isolation
The air-dried leaves of A. monophylla (16.0 kg) were identified and col-
lected from Phuwieng District, Khon Kaen Province, Thailand. The
leaves were air dried and ground into powder and extracted sequen-
tially with hexane, ethyl acetate and methanol. The leachate was
evaporated in vacuo to obtain dry extracts from hexane, ethyl acetate
and methanol, respectively. After functional screening, the ethyl
acetate portion was subjected to silica gel flash column chromatogra-
phy and eluted with a gradient of hexane, ethyl acetate and methanol
by gradually increasing the polarity. The eluates were collected every
50 ml and was separated using TLC, resulting in 10 fractions, F1-F10.
F7 fraction was purified with silica gel flash column chromatography
yielding F7.1-F7.4. Subfraction F7.2 was separated by Sephadex
LH20 gel filtration eluting with methanol to vyield citrusinine-ll
(1,3,5-trihydroxy-4-methoxy-10-methylacridone).

Natural product studies are reported in compliance with the
recommendations made by the British Journal of Pharmacology (lzzo
et al,, 2020).

2.3 | Cell culture and transfection

HEK293T cells (RRID:CVCL_0063), CHO cells (RRID:CVCL_0213) and
human keratinocytes cells (RRID:CVCL_0038) were cultured in DMEM
supplemented with 10% FBS and 1% penicillin/streptomycin, kept at
37°C in an atmosphere with 95% O, and 5% CO, as previously
described (Han et al., 2018; Luo et al., 2018). Cells were plated on
35-mm cell culture dish 24 h before transfection. Transient transfection
was conducted by adding 4-pl Lipofectamine 2000 (Life technologies,
USA), 4-pg channel cDNA and 1-ug EGFP c¢DNA into opti-MEM and
then kept at room temperature for 15 min. DNA-Lipofectamine 2000
complexes was then added the cell culture dish. Electrophysiological
experiments and fluorescence imaging assay were done 1-2 days after
transfection. Mouse Trpv1, mouse Trpv2, mouse Trpv3, mouse Trpv4,
human Trpal, mouse Trpm8, human Scn%a (gene for Na,1.7) , mouse
Scn10a (gene for Na,1.8), human P2rx3 and Trpv3 mutant channels
were transiently transfected using HEK293T cells while human ASIC3

were transiently transfected using CHO cells.

24 | Isolation and culture of mouse keratinocytes

Newborn C57BL/6 mice (postnatal 3 days) were provided by the
Laboratory Animal Research Center of Kunming Medical University,
China. Skins dissected from WT postnatal mouse pups were
pretreated with 75% ethanol for 100 s, washed with Ca?*/Mg?* free
PBS and incubated with sterile 1.2 U-ml~* dispase Il (Roche,

Switzerland) overnight (18 h) at 4°C. After mechanical dissociation
and cleavage, epidermis were hatched with 0.1% collagenase |
(Yuanye Bio-Technology Co., Ltd, China) for 45 min, which was then
stopped with DMEM/F12 containing 10% FBS. Following filtration
with 70- and 40-pm cell strainer and centrifugation at 400x g for
10 min, keratinocytes were collected and resuspended in Defined
Keratinocyte Serum-Free Medium (Gibco, USA) containing 1%
penicillin and streptomycin. Keratinocytes were grown in T25 cell
culture flask and cultured in 37°C, 5% CO, incubator.

2.5 | Calcium assay using FlexStation

Intracellular calcium signal was measured by fluorescent calcium-
sensitive dyes using the Calcium 5 assay kit in FlexStation 3 Micro-
plate Reader (Molecular Devices, USA) (Luo et al., 2011). HBSS was
used as the extracellular solution, which contained (in mM) 137 NaCl,
5.4 KCI, 0.1 NayHPO,4, 0.4 KH,;PO4 1.3 CaCly, 0.8 MgSQ,4, 5.5
glucose, 4 NaHCO3, 20 HEPES, pH = 7.4. HEK293T cells were seeded
at a density of ~30,000 cells/well in 96-well black-walled plates
(Thermo Scientific, USA) covered with poly-p-lysine. Cells were
washed two times with HBSS and then loaded with loading solution
containing dyes from the FLIPR Calcium 5 assay kit (Molecular
Devices, USA) at 37°C for 1 h in the presence of 2-mM probenecid.
After incubation, cells were washed with HBSS for three times and
cell imaging was performed in HBSS. Fluorescence intensity at
525 nm was measured at an interval of 1.6's, using an excitation

wavelength at 494 nm and an emission wavelength at 525 nm.

2.6 | Calcium fluorescence imaging

HEK293T cells expressing mouse TRPV3 channels were incubated at
room temperature for 45 min with 2-uM Fluo-4 AM (Invitrogen, USA)
in Ringer's solution without 2-mM Ca?* (140-mM NaCl, 2-mM MgCl,,
2-mM CaCl,, 10-mM glucose, 5-mM KCI and 10-mM HEPES,
pH = 7.4). At the end of incubation, cells were washed twice with
Ringer's solution. Normal Ringer's solution (with 2-mM Ca®*) was used
during imaging. Fluorescence images of HEK293T cells were acquired
with an Olympus IX-81 microscope equipped with a Hamamatsu R2
charge-coupled device camera controlled by MetaFluor software
(Molecular Devices, USA, RRID:SCR_014294). Fluo-4 was excited by
a LED light source with a 500 + 20 nm excitation filter, whereas fluo-
rescence emission was detected with a 535 * 30 nm emission filter.
Change in fluorescence intensity, F, was normalized by the baseline

fluorescence, Fo, in each cell and was expressed as (F/Fg) x 100%.
2.7 | Molecular biology and electrophysiological
recordings

All chimeras (V1/3L and V1/3M) were constructed based on the
mouse TRPV1 and mouse TRPV3 by the overlapping extension
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method and confirmed by DNA sequencing, as previously described
(Luo et al., 2019). Briefly, to generate V1/3L, the primer pairs (5'-GAA
TACCTCGCCTGCCGAGGATTCCAGCAGATGGGC-3" and 5-GGTGA
GGATGACATAATAGGCCAGTAACAGGATGAT-3) for TRPV1 and
primer pair (5'-CTGTTACTGGCCTATTATGTCATCCTCACCTTCGTC-
3 and 5-CTGCTGGAATCCTCGGCAGGCGAGGTATTCTTTGTA-3')
for TRPV3. To generate V1/3M, the primer pairs (5-GAATACC
TCGCCTGCCGAGGATTCCAGCAGATGGGC-3 and 5-GTCGCCC
AGGCCTATGATGGTGAACTTGAACAGCTC-3') for TRPV1 and primer
pair (5-TTCAAGTTCACCATCATAGGCCTGGGCGACCTGAAC-3" and
5'-CTGCTGGAATCCTCGGCAGGCGAGGTATTCTTTGTA-3) for
TRPV3. All the mouse TRPV3 single mutations were generated by
using Fast Mutagenesis Kit V2, (SBS Genetech Co., Ltd., China)
following the manufacturer's instruction and the mutations were
confirmed by DNA sequencing.

All the experiments were performed with a HEKA EPC10
amplifier driven by PatchMaster software (HEKA Elektronik, Germany,
RRID:SCR_00003) at room temperature. Microscopic currents were
recorded under whole-cell configuration. For the TRP channel record-
ing, both pipette solution and bath solution contained 3 HEPES,
130 NaCl and 0.2 EDTA (in mM, pH = 7.4). Cell membrane potential
was held at O mV, the currents were elicited from +80 (300 ms) to
—80 mV (300 ms) at 1-s intervals and the voltage ramps recording
was elicited from —100 to +100 mV in 500 ms at 1-s intervals. For the
sodium channels recording, the pipette solution contained 140 CsF,
1 EGTA, 10 NaCl, 3 KCl and 10 MgCl, (in mM, pH = 7.3). The bath
solution contained 140 NaCl, 3 KCl, 1 MgCl,, 1 CaCl, and 10 HEPES
(in mM, pH = 7.3). Cell membrane potential was held at —80 mV. The
currents were elicited with a testing pulse to —10 mV (100 ms) at 1-s
intervals. For the ASIC3 channel recording, the pipette solution con-
tained 10 NaCl, 140 KCl, 2 CaCl,, 1 MgCl, and 10 HEPES (in mM,
pH = 7.3). The bath solution contained 150 NaCl, 4 KCI, 1 MgCl,,
2 CaCl, and 10 HEPES (in mM, pH = 7.3). The test solution contained
150 NaCl, 4 KCI, 1 MgCls,, 2 CaCl, and 10 MES (in mM, pH = 5). Cell
membrane potential was held at —60 mV. For the P2X3 channel
recording, the pipette solution was 130 CsCl, 5 MgCl,
10 HEPES, 5 EGTA, 0.5 CaCl,, 2 MgATP, 0.5 NaGTP and 5 KClI (in
mM, pH = 7.2). The bath solution was 145 NaCl, 5 KCl, 2 CaCl,,
1 MgCl,, 10 b-glucose and 10 HEPES (in mM, pH =7.4). Cell

membrane potential was held at =70 mV.

2.8 | Isolation of mouse dorsal root ganglia
neurons and current-clamp recordings

Eight-week-old C57BL/6 mice were killed through decapitation under
CO,, inhalation. The dorsal root ganglia neurons were quickly with
great caution removed from the spinal cord and transferred into
DMEM with 0.5 gL trypsin (Sigma-Aldrich, USA) and 1.0 g.L7?
collagenase (Sigma-Aldrich, USA) and incubated at 37°C for 30 min;
1.5 gL Trypsin inhibitor (Sigma-Aldrich, USA) was then added to
cease enzymatic reaction. The dorsal root ganglia cells contained in
95% DMEM, 5% foetus-calf-serum were put into 35-mm dishes and

incubated in 37°C for 3 h prior patch clamp recording. To record the
membrane excitability of small-sized dorsal root ganglia neurons, the
extracellular solution contained 140 NaCl, 3 KCl, 2 CaCl,, 2 MgCl,
and 10 HEPES (in mM, pH=7.3) and the intracellular solution
contained 140 KCI, 0.5 EGTA, 10 HEPES and 2 Mg-ATP (in mM,
pH = 7.3). The recordings were acquired in a current-clamp mode and
parameters related to action potential firing (amplitude and firing
frequency). Action potentials were evoked by 1,000-ms depolarizing

current pulses.

2.9 | Measurements of cell viability

Human keratinocytes cells or HEK293T cells were seeded into a
96-well plate at a density of 1 x 10° cells per well and incubated over-
night at 37°C. Then, the cells were cultured in the medium, which
dissolved different concentrations of citrusinine-Il or 0.05% DMSO
for 24 h. Ten microlitres of the cell counting kit-8 solution were added
to each well (MedChemExpress, USA). After 30-min incubation at
37°C, the absorbance was measured at 450 nm.

210 | Molecular docking

RosettaDock (RRID:SCR_013393) application from Rosetta program
suite version 2016.20 was used to dock citrusinine-ll to mTRPV3
models (Xu et al., 2020). Citrusinine-Il structure was downloaded from
the PubChem compound NCBI
SCR_004284). The cryo-EM structure of the transmembrane domains
of mouse TPRV3 (PDB: 6DVW) was downloaded from the Protein
Data Bank (Singh et al., 2018). The cryo-EM structure model of mouse

component database (RRID:

Trpv3 was relaxed in membrane environment by using Rosetta appli-
cation and the lowest energy score were chosen for docking of
citrusinine-ll. A total of 10,000 models were generated for each dock-
ing trial and models were further scored with the binding energy
between citrusinine-ll and channel. Top 10 models with lowest
binding energy (interface_delta_X) were identified as the candidates.

211 | Evaluation of scratching behaviour

To access the itch behaviour, the hair of C57BL/6 male mice
(6-8 weeks) over the rostral area of the back was shaved using elec-
tric shaver 2 days before the start of experiments. Mice were then
placed individually in an observation chamber (20 x 40 x 15 cm) at
25°C for 60 min before starting experiments. One bout of scratching
behaviour was defined as the hind paws of mice touched or scratched
the treated area until the behaviour stopped.

For acetone-ether-water test, the shaved area of mice was
treated for 15s by using a piece of cotton material soaked with
mixed solution of acetone and diethylether (1:1), then immediately
treated the same area for 30 s using the cotton soaked with distilled

water. This treatment was done on daily basis for five consecutive
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days. The vehicle control group was treated with water. On the sixth
day, mice were put in the observation chamber 1 h prior experi-
ments. For treatments, 50-ul DMSO (0.05%) or citrusinine-Il were
injected intradermally into mice shaved area. The mice scratching
behaviours were recorded for 60 min following the injection of
DMSO or citrusinine-II.

For locomotor activity test, the acetone-ether-water treated mice
right neck were injected intradermally 50-pl saline containing 0.05%
DMSO or citrusinine-Il. The vehicle control group was treated with
the same volume of DMSO (0.05%) dissolved in saline. Mice were
then placed individually in an observation chamber and recorded for
60 min with an IR camera. The total distance of the mouse travelled in
the observation chamber was determined as the locomotor activity.

For histamine test, the shaved area of mice was injected intrader-
mally with 50-pl saline containing citrusinine-1l 30 min before intra-
dermal injection of 50-pl histamine (100 pM). The vehicle control
group received the same volume of DMSO (0.05%) dissolved in saline.
The scratching behaviours of mice were recorded for 30 min following
histamine injection.

For chloroquine test, the shaving area of mice was injected intra-
dermally with 50-pl saline containing citrusinine-Il 30 min before
intradermal injection of 50-ul saline containing chloroquine (400 pg).
The vehicle control group received the same volume of DMSO
(0.05%) dissolved in saline. The scratching behaviours of mice were
recorded for 30 min following chloroquine injection.

212 | Histological analysis

The mice treated with acetone-ether-water for 5 days were killed via
CO,, inhalation followed by decapitation. The treated skin area of the
mice was dissected, fixed in 4% formalin at 4°C overnight, dehydrated
through an increasing concentration of ethanol and then embedded in
paraffin. For histological analysis, thick sections (5 um) were prepared
and stained with haematoxylin and eosin. Stained sections were

observed by light microscopy (Olympus, Japan).

2.13 | Blood brain barrier permeability assay

A 100-pl volume of 1-mM citrusinine-ll dissolved in saline was
injected into C57BL/6 male mice (8 weeks) via the tail vein. Mice
were killed after 30 min. Brain samples were collected, suspended in
100% methanol (25 ml) at room temperature and homogenized after
3 h. The process was repeated three times. Brain samples were
centrifuged at 5 000 g for 30 min and the supernatant were collected
and lyophilized. The blood samples were also collected from the mice
heart (500 pl) and immediately mixed with methanol (25 ml). The pro-
cess of blood samples was the same as brain sample. The solvent-free
brain and blood samples extracts were suspended in methanol and
de-proteinized using a 3-kDa molecular filter (Millipore, USA). The
filtrates after dry were re-suspended in methanol and analysed by
LC-MS/MS detection (Exactive Plus, Thermo Scientific, USA). The
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immuno-related procedures used comply with the recommendations

made by the British Journal of Pharmacology.

214 | Formalin-induced paw licking

Mice were injected intraperitoneally with 100-ul saline containing
citrusinine-ll or morphine 30 min before intraperitoneal injection of
20-pl 0.92% (vol/vol) formalin at the plantar surface of right hind
paw. Mice were then placed individually in an observation
chamber (20 x 40 x 15 cm). The time spent licking the injected paw
was recorded during phase | (0-5 min post-injection) and phase |l
(15-30 min post-injection).

2.15 | Abdominal writhing induced by acetic acid
Mice were injected intraperitoneally with 100-pul saline containing
citrusinine-ll or morphine 30 min before intraperitoneal injection of
200-pul 0.8% (vol/vol) acetic acid, which induced abdominal contrac-
tions and hind limb stretching. The control group received the same
volume of saline. Mice were placed in an observation chamber
(20 x 40 x 15 cm) immediately after injection of acetic acid and
abdominal constrictions were counted during 30 min.

216 | Hot plate test

A hot plate apparatus (HZ66-ZH-YLS-6B, China) was maintained at
temperature of 53 + 0.5°C and used to detect the pain in response to
a thermal stimulus (Yang et al., 2013). Mice were injected intraperito-
neally with 100-pl saline containing citrusinine-ll or morphine 30 min
before the thermal stimulus. The control group received the same
volume of saline. The latency to the sign of hind paw licking or
jumping to avoid heat nociception was taken as the index of the
nociceptive threshold.

217 | Tail-flick test

A photothermal pain detector (YLS-12A; China) was used to test the
pain threshold of mice (Wei et al., 2011). The light beam of the detec-
tor was focused on the middle portion of the tail. Mice were injected
intraperitoneally with 100-pl saline containing citrusinine-ll or
morphine 30 min before photothermal heating of the tail. The control
group was the same volume of saline. Tail withdrawal latency was

measured as the time taken to withdraw the tail from the light beam.

2.18 | Statistics

The data and statistical analysis complied with the recommendations

of the British Journal of pharmacology on experimental design and
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analysis (Curtis et al., 2018). Studies were designed to generate
groups in equal size. Sample sizes subjected to statistical analysis only
if group size (n) > 5 and the group size was the number of indepen-
dent values. All data were expressed as the mean + S.E.M. Statistical
significance was assessed by one-way ANOVA with only one varying
factor and two-way ANOVA with two varying factors for comparisons
among three or more groups using Graphpad Prism 7 software
(GraphPad Software Ltd., San Diego, CA, USA, RRID:SCR_002798).
The post hoc tests (Bonferroni's or Sidak's tests) were conducted only
if F in ANOVA achieved P < .05 and there was no significant variance
inhomogeneity. P < .05 was considered significantly different. For
data that did not pass normality testing, non-parametric statistics
were used (Kruskal-Wallis followed by Dunn's post hoc test).

219 | Materials

Capsaicin, allyl isothiocyanate, ruthenium red, 2-APB, ionomycin,
GSK1016790A and menthol were purchased from Sigma-Aldrich
(USA). Carvacrol was purchased from Macklin (China). Formalin was
purchased from Macklin (China). ATP was purchased from Sigma-
Aldrich (USA). Friedelin was purified from Atalantia monophylla (L.)
DC. These compounds were dissolved in DMSO to make 100-mM
stock solutions. For electrophysiological experiments and fluores-
cence imaging assay, the stock solutions were diluted in bath solution
to acquire the working concentrations. Histamine was purchase from
MedChemExpress (USA), which was dissolved in DMSO to 100 mM.
Morphine was purchased from Shenyang First Pharmaceutical Co.,
LTD (China) while acetic acid glacial and chloroquine diphosphate salt
were purchased from Sigma-Aldrich (USA). All four of these
compounds required for animal experiments were diluted in saline to
make the desired concentrations.

220 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to
corresponding entries in the IUPHAR/BPS Guide to PHARMACOL-
OGY http://www.guidetopharmacology.org and are permanently
archived in the Concise Guide to PHARMACOLOGY 2019/20
(Alexander et al., 2019).

3 | RESULTS
3.1 | Citrusinine-ll is an antagonist of TRPV3
channel

To identify selective and potential TRPV3 channel inhibitors, we
focused on Atalantia monophylla (L.) DC, a traditional anti-pruritus
herb medicine (Figure 1a). Following its ethanolic extraction, further
purification was done where a total of 10 compounds were isolated,

including citrusinine-Il (Figure S1 and Table S1). The ethanolic extracts

and purified compounds were functionally tested on the TRPV3 chan-
nels by FlexStation calcium assay. As shown in Figure 1b,
2-aminoethoxydiphenyl borate (2-APB) potently increased calcium
signals in HEK293T cells transiently transfected with mouse TRPV3
channels. Similar to a non-selective inhibitor (ruthenium red, 50 pM)
of TRPV3 channel, ethanol extract of A. monophylla (10 mg~m|‘1) and
citrusinine-Il (10 pM) significantly inhibited the 2-APB-elicited calcium
signals, with inhibition percentage 23.17 + 1.63 and 47.16 + 4.17,
respectively (Figure 1c). These results indicate that citrusinine-Il is a

novel antagonist of TRPV3 channel.

3.2 | Inhibitory properties of citrusinine-ll

To further confirm the inhibitory effect of citrusinine-Il on TRPV3
channel, we used calcium imaging technique to detect the intracellular
fluorescent calcium level (Figure S2a-c). Friedelin, a triterpene com-
pound isolated from A. monophylla, had no inhibitory effect on TRPV3
channel and was used as negative control. When 2-APB was
pretreated with 50-uM friedelin, it elicited a significant fluorescent
calcium signal (Figure S2b). However, pretreatment with 50-uM
citrusinine-1l almost completely inhibited the 2-APB elicited calcium
signal without disturbing ionomycin responses (Figure S2c). These
calcium imaging assays further suggest that citrusinine-Il efficiently
antagonized the 2-APB-evoked TRPV3 activation.

Whole-cell patch clamp recordings were performed on both
HEK293T cells heterologously expressing TRPV3 channel and mouse
primary cultured keratinocytes. Perfusion of 50-pM citrusinine-I|
almost completely inhibited the TRPV3 channel currents evoked by
200-uM 2-APB (Figure 1d). A similar inhibitory effect was obtained by
voltage ramp recordings (Figure 1e). In addition, the dose-dependent
inhibition data of citrusinine-ll on TRPV3 were fitted to Hill equation
yielding an ICsq value of 12.43 + 1.86 pM (n = 6) and a Hill coefficient
of 1.05 (Figure 1f). Since TRPV3 channel is abundantly expressed in
epidermal keratinocytes, we further investigated the inhibitory
effect of citrusinine-ll on endogenous TRPV3. Primary epidermal
keratinocytes were isolated from the skin of newborn C57BL/6 mice
(Figure 1g). Application of TRPV3 agonist cocktail (200-uM 2-APB
+ 500-pM carvacrol) on keratinocytes elicited TRPV3-like currents
and 50-uM citrusinine-Il almost completely inhibited the currents
(Figure 1h). The voltage ramp recordings showed similar inhibitory
effect of citrusinine-Il (Figure 1i). These results further confirm that

citrusinine-Il is an inhibitor of native TRPV3 channel.

3.3 |
channel

High selectivity of citrusinine-l1l on TRPV3

After confirming the inhibitory effect of citrusinine-Il on TRPV3 chan-
nel we investigated its selectivity on other itch-related ion channels.
TRPV1, TRPV4, TRPA1 and TRPMS8 channels have been reported to
be involved in itch signalling (Nattkemper et al., 2018) and the cur-
rents of these channels were recorded by a voltage ramp from —100
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FIGURE 1 Identification of citrusinine-ll as a potent inhibitor for TRPV3 channels. (a) Representative photograph of Atalantia monophylla (L.)
DC, from which citrusinine-1l was isolated. (b) Inhibition of TRPV3 channel expressed in HEK293T cells in response to 0.01% DMSO, 10 mg-ml~!
ethanol extract of A. monophylla, 10-pM citrusinine-Il and 50-pM ruthenium red mixed with 200-uM 2-APB in FlexStation calcium fluorescent
assay. (c) A summary for inhibition of intracellular fluorescent Ca* from panel (b). Asterisks denote statistical significance using Kruskal-Wallis
followed by Dunn's post hoc test. (d) Whole-cell patch clamp recordings of TRPV3 currents in response to 2-APB alone (200 pM, red bar) or
co-application of 50-uM citrusinine-Il (black bar). (e) Current-voltage curves of TRPV3 in response to voltage ramps from —100 to +100 mV
before (1) and after 200-uM 2-APB (2) and co-application of 200-uM 2-APB and 50-uM citrusinine-Il (3) and washout (4). (f) Hill equation fitting
of dose-dependent inhibition of 2-APB-mediated TRPV3 activation by citrusinine-1l with an ICsg of 12.43 + 1.86 uM (n = 6), Hill slope, 1.05. Data
are presented as the mean + S.E.M. (g) Representative photograph of primary epidermal keratinocytes which is isolated from mouse skin.

(h) Whole-cell patch clamp recordings of primary mouse epidermal keratinocyte currents in response to 200-uM 2-APB and 500-uM carvacrol
(red bar) or co-application of 50 pM citrusinine-Il (black bar). (i) Current-voltage curves of primary mouse epidermal keratinocyte in response to
voltage ramps from —100 to +100 mV before (1) and after 200-uM 2-APB and 500-uM carvacrol (2) and co-application of 200-uM 2-APB,
500-uM carvacrol and 50-uM citrusinine-Il (3) and washout (4)

to +100 mV for 500 ms. Perfusion of 50-uM citrusinine-Il on TRPV1 TRPV4 current activated by 100-nM GSK1016790A (Figure 2c), as
currents elicited by 10-uM capsaicin had a slight reduction of about compared with complete inhibition of TRPV3 channel (Figure 1d,e).
5.4 + 1.3% (Figure 2a) or about 3.6 + 1.1% of TRPA1 current induced TRPM8 channel agonists, such as icilin and menthoxypropanediol
by 200-uM allyl isothiocyanate (Figure 2b) or no inhibitory effect of (colling agent 10) have shown good anti-itching effects (Han
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FIGURE 2 Selective inhibition of TRPV3 channel by citrusinine-Il. (a) Representative mouse TRPV1 current activated by 10-uM capsaicin (red
bar) before and after its co-application with 50-uM citrusinine-II (black bar) and washout. Lower panel: Current-voltage curves of TRPV1 in
response to voltage ramps from —100 to +100 mV before (1) and after 10-uM capsaicin (2) and co-application of 10-uM capsaicin and 50-pM
citrusinine-Il (3) and washout (4). (b) Representative human TRPA1 current activated by 200-uM allyl isothiocyanate (AITC; red bar) or in the
presence of 50-uM citrusinine-Il (black bar) and completely inhibited by 20-uM ruthenium red (RR, yellow bar); lower panel: current-voltage
curves of TRPA1 in response to voltage ramps from —100 to +100 mV before (1) and after 200-uM AITC (2), and co-addition of 200-uM AITC
and 50-uM citrusinine-II (3) and total inhibition by ruthenium red (4). (c) Representative mouse TRPV4 current elicited by 100-nM GSK1016790A
(GSK101; red bar), before and after its co-application with 50-uM citrusinine-II (black bar) and washout. Lower panel: current-voltage curves of
TRPV4 in response to voltage ramps from —100 to +100 mV before (1) and after 100-nM GSK101 (2), and co-application of 100-nM GSK101
and 50-uM citrusinine-II (3) and washout (4). (d) Representative mouse TRPM8 whole-cell current in response to 50-uM citrusinine-Il (black bar)
and 100-pM menthol (red bar) and washout. Lower panel: current-voltage curves of TRPM8 in response to voltage ramps from —100 to

+100 mV in response to 50-uM citrusinine-Il (1), 100-uM menthol (2) and washout (3). (e) Representative mouse TRPV2 current activated by
2-mM 2-APB (red bar) before and after its co-application with 50-uM citrusinine-II (black bar) and washout. Lower panel: current-voltage curves
of TRPV2 in response to voltage ramps from —100 to +100 mV before (1) and after 2-mM 2-APB (2), and co-addition of 2-mM 2-APB and 50-uM
citrusinine-Il (3) and washout (4). (f) Whole-cell currents recorded from CHO cells expressing human ASIC3 in response to pH 5 and a mixture of
pH 5 and 50-uM citrusinine-Il. (g) Representative human P2X3 receptor current activated by 300 uM ATP and its co-application with 50-uM
citrusinine-Il. Representative whole-cell human Na, 1.7 (h) and mouse Na, 1.8 (i) currents recorded in the absence or presence of 50-pM
citrusinine-lI|

et al,, 2012; Misery et al., 2019). Thus, citrusinine-Il was also checked to play role in itching (Devigili et al., 2014; Kuhn et al., 2020; Peng
on TRPM8 channel (Figure 2d), however no discernible activity was et al., 2015; Shiratori-Hayashi et al., 2019). Application of 50-uM
found. Considering that 2-APB is a common activator of TRPV1, citrusinine-Il on these channels had no obvious activity (Figure 2f-i).
TRPV2 and TRPV3 channels (Colton & Zhu, 2007), we tested the These results indicate that citrusinine-Il is a highly selective antagonist
inhibitory activity of citrusinine-ll on TRPV2. After excluding the of TRPV3 channel. We also investigated the cytotoxicity of
effect of channel desensitization, 50-pM citrusinine-Il showed no sig- citrusinine-Il in vitro using CCK8 assay. Human keratinocytes is one
nificant inhibition of TRPV2 (Figure 2e). In addition, other ion channels kind of human skin cell lines that natively expresses TRPV3 channels.
such as ASIC3, P2X3, Na,1.7 and Na, 1.8 channels have been reported Compared to the 0.05% DMSO group, citrusinine-ll showed no
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notable cytotoxicity on human keratinocytes cells (Figure S3a). The
cytotoxicity against normal HEK293T cells was also investigated.
Citrusinine-ll showed no striking cytotoxicity on HEK293T cells
(Figure S3b). These results suggest that citrusinine-ll is a safe molecule

Il and TRPV3. Since TRPV1 is almost insensitive to citrusinine-ll, sev-
eral chimeras were constructed by homologous substitution between
TRPV3 and TRPV1 (Figure 3a). Previous reports have proved that

pore region of TRPV3 channel is associated with either chemical or

in vitro. thermal stimuli (Chung et al., 2005; Grandl et al., 2008). Therefore,
chimeras were primarily constructed within the pore domain. Of inter-
est, we found that V5L chimera (Figure 3a) containing Leu®>1-Thr¢%°
3.4 | S4 helix of TRPV3 channel is related to the segment of TRPV3 was inhibited in the presence of citrusinine-II.

inhibition of citrusinine-Il

Considering that citrusinine-ll selectively inhibits TRPV3 channel, we
sought to understand the molecular interactions between citrusinine-

(a)
S1 S2 S3 S4 S5 PH S6
V3 — .

Citrusinine-I|

More specifically, V1,3M chimera containing Leu®>1-Thré3¢

part of
TRPV3 was also sensitive to citrusinine-Il. These results suggested
that site/sites located in the Leu®**-Thré%¢ region of TRPV3 play a

role in the inhibitory effect of citrusinine-II.
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FIGURE 3 Citrusinine-Il targets Y564 in S4 transmembrane helix. (a) Responsiveness to citrusinine-1l by chimeric channels between mTRPV1
(V1, blue) and mTRPV3 (V3, red). (b-e) Representative whole-cell current response of point mutants to 200-uM 2-APB and co-application of
200-pM 2-APB and 50-uM citrusinine-II. (f) Comparison of citrusinine-Il inhibitory response in mTRPV3 wild type (WT) and point mutants (n = 5,
*P < .05, significantly different from WT; one-way ANOVA followed by Bonferroni's post hoc test)
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These findings triggered our interest to conduct point-mutation

screenings of the Leu®>1-Thré3¢

region of wild-type TRPV3 channel
(Figure 3b-f). Functional screening of the mutants for the chimera
region identified Y564 located in the S4 helix as a key residue for the
citrusinine-ll-induced channel inhibition (Figure 3e). An alanine substi-
tution (Y564A) at this site remarkably reduced the binding affinity of
citrusinine-Il (Figure 3f). Rosetta modelling between TRPV3 channel
and citrusinine-1l shows that Y564 in TRPV3 channel directly interact
with benzene ring of citrusinine-Il via =n-m stacking interaction
(Figure S4). These results indicate that Y564 within the transmem-
brane region of S4 helix is essential for the inhibitor action of

citrusinine-Il.

3.5 | Citrusinine-ll attenuates pruritic scratching
behaviour

Since TRPV3 channel plays a crucial role in pruritus pathology and that
citrusinine-ll has a potent inhibitory effect on TRPV3 channel, we
tested the anti-pruritus activity of citrusinine-Il. Acetone-ether-water-
induced dry skin mouse model was constructed by daily treatment of
mouse's nape skin with acetone/ether (1:1) mixture and distilled water
resulting to a spontaneous scratching behaviour, which was thought
to be histamine-independent. Following five consecutive days treat-
ment, the acetone-ether-water-treated nape of mouse developed skin
dryness as compared with vehicle control of water treatment
(Figure 4a,b). As a hallmark of psoriatic chronic itch in humans, the
mouse skin epidermal thickening was checked. Haematoxylin-eosin
staining of nape sections revealed that mice treated with acetone-
ether-water developed an epidermal hyperplasia with infiltration of
inflammatory cells as compared with vehicle group (Figure 4c,d). On
the sixth day, the C57BL/6 mice were allowed to acclimatize at room
temperature for 60 min and then intradermal injection on the nape
was performed using 0.05% DMSO as vehicle and different concen-
trations of citrusinine-Il (5 and 10 pM in 50 pl/site equivalent to 71.5
and 143 ng/site, respectively). The itch scratching behaviour was
recorded using a video camera for 60 min following the injection of
vehicle and citrusinine-ll. As shown in Figure 4e, acetone-ether-
water-DMSO treatment significantly and remarkably increased the
spontaneous scratching behaviour bouts with a number of 63.6 + 4.6
compared with vehicle-DMSO treatment group at 5.0 £ 0.6. On the
contrary, 5- and 10-uM citrusinine-Il treatment dose-dependently and
significantly decreased the spontaneous scratching behaviour with a
number of 42.0+4.7 and 17.6 + 1.0, respectively, indicating that
citrusinine-ll  suppresses acetone-ether-water-induced scratching
behaviour. To investigate the possibility of any side effects in vivo cau-
sed by citrusinine-Il treatment, we also measured the spontaneous
locomotor activity and no adverse effects evoked by citrusinine-II
injection were noted. After intradermal treatment with vehicle (0.05%
DMSO) and citrusinine-Il (5 and 10 pM, 50 pl/site) into the nape, the
locomotor travel distance within 60 min was detected and no signifi-
cant alternation was found (Figure S3c). Moreover, even intradermal
injection of 100-uM citrusinine-Il (50 pl/site) did not alter the

locomotor distance of mice models. These results indicate that

citrusinine-1l is a safe molecule in vivo.

3.6 | Citrusinine-ll attenuates histamine-induced
scratching behaviour

Classically, histamine is the most studied pruritogen associated with
itch (Sun & Dong, 2016). To further assess the anti-pruritus effect of
citrusinine-Il, the histamine-induced scratching model was used. We
adopted pretreatment with saline or citrusinine-Il by intradermal injec-
tion on the nape of the mice before injection of histamine (100 pM).
Compared with saline group, injection of histamine significantly
increased the spontaneous scratching bouts (Figure 4f). As shown in
Figure 4g, after intradermal injection with histamine, the number of
spontaneous scratching bouts increased to 64.8 + 12.6 (n = 6), while
that in the negative control group was 13.7 £ 0.6 (n = 6) within
30 min. In contrast, citrusinine-ll dose-dependently inhibited the
histamine-induced itch behaviour (Figure 4fg). Five- and 10-uM
citrusinine-Il (50 pl/site) treatment reduced the scratching behaviour
to 31.0 £ 4.5 (n = 6) and 12.0 + 2.2 (n = 6) within 30 min, respectively.
In addition, both intradermal and transdermal delivery of citrusinine-II
significantly attenuated histamine-induced itch behaviour in rodent
mice models in a dose-dependent manner (Figure 4h), which suggests
citrusinine-ll is a convenient candidate for anti-pruritus treatment in
humans. In addition, we also checked the anti-pruritus activity of
citrusinine-1l on chloroquine-induced pruritus model. As shown in
Figure S5, intradermal injection of chloroquine (400 pg/site) elicited
scratching behaviour of the injected site, whereas citrusinine-I|
showed no striking anti-pruritus activity on chloroquine-induced
acute itch.

3.7 | Citrusinine-ll alleviates pain behaviour in
rodent models

Although there is no overwhelming evidence that TRPV3 has a defi-
nite role in analgesic therapy, some reports suggest that TRPV3 chan-
nel maybe pain-related (Carreno et al., 2012; Huang & Chung, 2013;
Park et al., 2016). In addition, hereditary palmoplantar keratoderma, a
rare genetic disorder which is partly due to TRPV3 gain-of-function
mutation, is also characterized by severe pain and debilitating itch
(Peters et al., 2020). Therefore, we tested the analgesic activity of
citrusinine-1l on several rodent pain models in which pain was induced
by formalin, acetic acid or heat.

Intraplantar injection of formalin induced biphasic pain responses,
an early nociceptive pain response (phase I, 0-5 min) and a second
nociceptive pain response (phase Il, 15-30 min). Intraperitoneal injec-
tion of citrusinine-ll dose-dependently decreased significantly both
phase | and phase Il responses (Figure 5a). After the injection of for-
malin, the average licking time of saline injection mice was 76.8 s.
Citrusinine-Il attenuated phase | pain response by 4.43%, 12.76% and
51.82% at concentrations of 5, 10 and 50 pmol~kg‘1, respectively.



HAN ET AL

FIGURE 4 Pharmacological
inhibition of TRPV3 attenuates
acetone-ether-water (AEW) and
histamine-induced scratching. (a,
b) the illustrative comparison of
dry skin in mice treated with
water vehicle (VEH) and
acetone-ether-water for five
consecutive days. (c, d)
haematoxylin-eosin staining of
nape sections treated with VEH
and AEW, respectively. Scale
bar = 100 pm. (e) Dose-
dependent inhibition of
spontaneous scratching bouts
pretreated with citrusinine-Il in
AEW-treated models (n = 5,

*P < .05, one-way ANOVA
followed by Bonferroni's post
hoc test). (f) Time course of nape
spontaneous scratching bouts
observed in mice after treatment
with 50-pl histamine (100 pM),
which were pretreatment with
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Citrusinine-1l also reduced the nociceptive phase Il pain response. At
concentrations of 5, 10 and 50 pmol~kg‘1, citrusinine-Il attenuated
the formalin-induced licking time by 4.24%, 22.90% and 58.34%,
respectively.

For acetic acid-induced pain behaviour, intraperitoneal injection
of citrusinine-1l effectively reduced the abdominal writhing move-
ments. At concentrations of 5, 10 and 50 pmol-kg’l, citrusinine-ll
decreased the acid-induced writhing movements by 22.62%, 42.86%,
and 45.24%, respectively (Figure 5b). Citrusinine-Il also significantly

attenuated heat-induced pain behaviours. In mice subjected to hot
plate, citrusinine-1l increased withdraw latency time from 5 s for the
saline-treated group to 7.8, 10.8 and 13.8 s after intraperitoneal injec-
tion with 5, 10 and 50 pmol-kg~? citrusinine-Il (Figure 5c). In mice sub-
jected to tail-flick test, citrusinine-Il increased withdraw latency time
from 3.8 s of the control group to 5.2, 9.2 and 14 s after treated with
5, 10 and 50 pmol-kg™? citrusinine-Il, respectively (Figure 5d). All the
results suggest that citrusinine-Il has good analgesic effect on various

somatic and visceral pain models.
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4 | DISCUSSION of TRPV3 channel was found in Olmsted syndrome (Lai-Cheong

Skin is the largest organ of the body which serves from barrier forma-
tion to somatic perception (Gravitz, 2018). Keratinocytes, the most
abundant cell type in the epidermis, are located at the interface
between the external environment and the internal milieu of the body
2008).
keratinocytes are

(Huang et al, Recent works have demonstrated that

required for the behavioural and cellular
mechanosensitivity, normal cold and heat sensation, and itch sensiti-
zation (Baumbauer et al., 2015; Moehring et al., 2018; Sadler
et al.,, 2020; Szollosi et al., 2019). Keratinocytes can modulate and
directly initiate nociceptive responses by eliciting action potential fir-
ing in nociceptive as well as tactile sensory afferents (Baumbauer
etal, 2015).

TRPV3 ion channel is abundantly expressed in the epidermal
keratinocytes. Compelling evidence indicates that TRPV3 channel
plays an essential role in itch and pain-related pathological processes.
Spontaneous gain-of-function mutations of Trpv3 gene (Glycine®”®
substituted Serine in DS-Nh mice and Glycine®”® substituted Cysteine
in WBN/Kob-Ht rats) elicited severe itching (Asakawa et al., 2006;
Yoshioka et al., 2009). Transgenic mice expressing the G573S mutant
of TRPV3 channel in keratinocytes caused spontaneous dermatitis
and scratching behaviours (Yoshioka et al., 2009). Olmsted syndrome,
a hereditary cutaneous disease, is characterized by mutilating pal-
moplantar keratoderma, periorificial keratotic plaques and severe

itching. Intriguingly, an identical gain-of-function missense mutation

et al., 2012). In addition, inhibition of TRPV3 channel or knockout
Trpv3 gene significantly attenuated atopic dermatitis-induced
scratching behaviours (Qu et al., 2019).

In addition, transgenic mice overexpressing TRPV3 channel
showed high sensitivity to noxious heat relative to their wild-type lit-
termates, indicating keratinocyte participation in thermal pain trans-
duction through TRPV3 channels (Huang et al., 2008). Farnesyl
pyrophosphate, an endogenous algogenic producing molecule,
increased nocifensive behaviours in mice with an inflamed hind paw
by specifically activating TRPV3 channels (Bang, Yoo, Yang, Cho, &
Hwang, 2010). TRPV3 inhibitors, such as isopentenyl pyrophosphate
and resolvin D1, specifically inhibit TRPV3 channels leading to periph-
eral antinociception (Bang et al., 2011, 2012; Bang, Yoo, Yang, Cho,
Kim, & Hwang, 2010). This combined evidence demonstrates that the
TRPV3 channel is involved in the pathological process involved in pru-
ritus and pain.

Using a combination of calcium fluorescent assay and whole-cell
patch clamp recordings, we identified citrusinine-Il compound as a
potent inhibitor of TRPV3 channel. At the concentration of 50 pM,
citrusinine-Il entirely inhibited the current of TRPV3 channel. Further-
more, citrusinine-ll is a selective inhibitor of TRPV3 channels as it had
no inhibitory activity on other itch-related channels such as ASIC3,
P2X3, Na,1.7, Na,1.8 and TRP channels including TRPV1, TRPV4,
TRPA1 and TRPMS. Our findings show that citrusinine-Il is a potent
and selective in vitro blocker of TRPV3 channel.
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In order to detect the in vivo effect of citrusinine-Il, we used both
acute and chronic itch mice models. Our results showed that
citrusinine-Il has an anti-pruritic activity as it dose-dependently atten-
uated the acetone-ether-water-induced chronic scratching behaviours
(Figure 4e). Moreover, citrusinine-ll nearly completely inhibited
histamine-induced scratching bouts within 30 min (Figure 4f,g).
Citrusinine-ll also proved to be an effective analgesic in rodent mice
models, especially heat and acid-induced pain (Figure 5). Since TRPV3
is not functionally expressed in nociceptors (Peier et al., 2002), the
inhibitory effect of citrusinine-Il was checked on small (<30 pM) dorsal
root ganglia neurons. We found that 50-pM citrusinine-Il significantly
decreased the action potential firing rate by 68.72 +2.33%
(Figure S6), indicating that citrusinine-ll might also target other recep-
tors to affect the neuronal excitability. Moreover, since TRPV3 modu-
lates nociceptive signalling through receptors in the periphery and
brain (McGaraughty et al., 2017), we investigated the blood-brain bar-
rier permeability of citrusinine-ll in mice using LC-MS/MS detection
(Figure S7). Our results revealed that citrusinine-ll could cross the
blood-brain barrier and therefore citrusinine-ll might be involved in
the regulation of the descending pain pathway. These findings suggest
that citrusinine-Il is a valuable candidate drug for the treatment of
pruritus-related diseases and that TRPV3 channel is a promising thera-
peutic target for treating severe itching and pain, as clinically reported
in palmoplantar keratoderma and Olmsted syndrome (Choi
et al,, 2018; Peters et al., 2020).

In summary, our results show that citrusinine-Il, a natural acridone
alkaloid from A. monophylla, is a potent and selective antagonist of
TRPV3 channel that plays pivotal role in itch pathophysiology.
Citrusinine-Il showed excellent anti-pruritus effect both in vivo and
in vitro with little side effects. Our results also indicate the potential
of citrusinine-ll targeted therapy for pruritus, pain and other skin

complaints.
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