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INTRODUCTION

ABSTRACT Skin photoaging occurs due to chronic exposure to solar ultraviolet radi-
ation (UV), the main factor contributing to extrinsic skin aging. Clinical signs of pho-
toaging include the formation of deep, coarse skin wrinkles and hyperpigmentation.
Although melanogenesis and skin wrinkling occur in different skin cells and have dif-
ferent underlying mechanisms, their initiation involves intracellular calcium signaling
via calcium ion channels. The ORAIT channel initiates melanogenesis in melanocytes,
and the TRPV1 channel initiates MMP-1 production in keratinocytes in response to
UV stimulation. We aimed to develop a drug that may simultaneously inhibit ORAI1
and TRPV1 activity to help prevent photoaging. We synthesized nootkatol, a chemi-
cal derivative of valencene. TRPV1 and ORAI1 activities were measured using the
whole-cell patch-clamp technique. Intracellular calcium concentration [Ca*], was
measured using calcium-sensitive fluorescent dye (Fura-2 AM). UV-induced melanin
formation and MMP-1 production were quantified in BI6F10 melanoma cells and
HaCaT cells, respectively. Our results indicate that nootkatol (90 uM) reduced TRPV1
current by 94% + 2% at -60 mV and ORAI1 current by 97% + 1% at —120 mV. Intracel-
lular calcium signaling was significantly inhibited by nootkatol in response to ORAI1
activation in human primary melanocytes (51.6% + 0.98% at 100 uM). Additionally,
UV-induced melanin synthesis was reduced by 76.38% =+ 5.90% in B16F10 melanoma
cells, and UV-induced MMP-1 production was reduced by 59.33% + 1.49% in HaCaT
cells. In conclusion, nootkatol inhibits both TRPV1 and ORAI1 to prevent photoaging,
and targeting ion channels may be a promising strategy for preventing photoaging.

tection, for the prevention of photoaging [2,7]. However, none of
these treatments has been effective. In this context, identifying

Skin aging has become a critical factor as an indicator of beauty
and of health [1,2]. Skin aging involves complex biological pro-
cesses that are affected by intrinsic factors resulting from indi-
vidual genetic backgrounds, as well as by extrinsic factors [3-5].
Among the various extrinsic factors that accelerate skin aging, ul-
traviolet (UV) irradiation due to sun exposure accounts for 80%
of facial aging, and is referred to as photoaging [6]. Several anti-
aging strategies have been developed, such as the use of moistur-
izing preparations, botulinum toxin, antioxidants, and photopro-

mechanisms for the prevention of photoaging is of major interest
in the dermatology and cosmetics industries, and research is be-
ing actively carried out globally.

Photoaging due to chronic UV irradiation is characterized by
deep, coarse wrinkling, resulting from collagen degradation and
irregular pigmentation [8,9]. Photoaging simultaneously causes
wrinkle formation and skin pigmentation. However, the associat-
ed mechanisms occur independently via keratinocytes and mela-
nocytes. According to previous studies, UV-mediated wrinkling
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is mainly caused by the secretion of collagen-degrading enzymes
and matrix metalloproteinase-1 (MMP-1) by keratinocytes. Fur-
thermore, pigmentation involves tyrosinase and tyrosinase-relat-
ed proteins in melanocytes [10]. Research is therefore focused on
inhibiting collagenase or elastase to block wrinkling, and on ty-
rosinase production to reduce pigmentation [11]. However, recent
studies suggest that both MMP-1 production and melanogenesis
involve intracellular Ca** signaling, which is mediated by calcium
ion channels [6,10,12-18].

Store-operated Ca*" entry (SOCE) is mediated by calcium
release-activated calcium channel protein 1 (ORAIL) and endo-
plasmic reticulum (ER) Ca®* sensor protein stromal interaction
molecule 1 (STIM1), and is crucial for both melanogenesis and
melanocyte proliferation [19-21]. UV irradiation can activate
SOCE in melanocytes through direct and indirect pathways to
modulate melanin synthesis and melanocyte proliferation. The
importance of ORAII activity in melanogenesis has been previ-
ously identified by our group, as well as by other independent
groups [15,17,19,20]. Intracellular Ca** regulation is also impor-
tant for wrinkle formation. UV radiation mediates TRPV1 activa-
tion, which leads to an increase in intracellular Ca* concentration
([Ca™],) in keratinocytes [13,22,23]. This elevated [Ca"]; activates
calcium-dependent protein kinase C and further promotes MMP-
1 expression in human keratinocytes [23].

Therefore, drug candidates that can simultaneously modulate
ORAII and TRPV1 may serve as a novel therapeutic strategy for
potentially inhibiting collagen degradation and melanogenesis to
protect against cutaneous photoaging [24,25]. In a recent study,
we identified valencene as a chemical constituent of Cyperus ro-
tundus rhizomes. Valencene from the hexane fraction effectively
inhibits the activity of both TRPV1 and ORAII, in addition to
inhibiting UV-induced melanogenesis [18].

Based on previous research, we reaffirm that screening for
molecules that can simultaneously inhibit TRPV1 and ORAII
could be beneficial for identifying drug candidates that can al-
leviate photoaging. To identify new effective anti-photoaging
compounds, we synthesized new compounds using the backbone
of valencene. The anti-photoaging effects of the chemical deriva-
tives of valencene were examined by screening for antagonistic
effects on TRPV1 and ORAIL. We subsequently confirmed the
inhibition of melanin synthesis and MMP-1 production by the
compound nootkatol in response to UV irradiation.

METHODS
Preparation of valencene derivatives

Candidate valencene derivatives were selected by consideration
of the structure-efficiency correlation of the derivatives. The
presence of the two-ring structure, and any difference in efficacy
based on the type and location of the functional group were
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considered. All chemicals except nootkatol were purchased from
Sigma-Aldrich (St. Louis, MO, USA). We synthesized nootkatol
directly using the method described in the Supplementary Mate-
rials and Methods.

Cell culture

HEK293T cell line was purchased from the ATCC (Manassas,
VA, USA), and HaCaT and B16F10 cell lines were purchased from
the Korean Cell Line Bank (Seoul, Korea). The cell lines were cul-
tured in DMEM (Thermo Fisher Scientific, Waltham, MA, USA)
supplemented with 10% heat-inactivated fetal bovine serum (Wel-
GENE, Daegu, Korea), 100 U/ml penicillin, and 100 g/ml strep-
tomycin (Thermo Fisher Scientific). The cells were incubated in a
humidified CO, incubator containing 20% O, and 10% CO, at
37°C. The cells were subcultured at 60%-70% confluency, and the
cell culture medium was replaced every 48-72 h. Normal human
melanocytes (NHEMs; ATCC) were maintained in dermal cell
basal medium (ATCC) and incubated under 5% CO, conditions
at 37°C. The Melanocyte Growth Kit (ATCC) and phenol red
(ATCC) were added as supplements. The cells were subcultured
and moved to 25-cm’ culture flasks (Thermo Fisher Scientific)
one day prior to the patch-clamp experiment.

Transfection of hORAI1 and STIM1

cDNAs encoding human ORAII (hORAII) and human STIMI
(hSTIM1) were purchased from Origene Technologies (Rock-
ville, MD, USA). The cDNA was subcloned into the pcDNA3.1
vector (Thermo Fisher Scientific). Plasmid DNA encoding hu-
man TRPV1 (hTRPV1, pcDNA5/FRT) was provided by Prof.
Sung Joon Kim (Seoul National University, Seoul, Korea). The
HEK293T cells were transfected with TurboFect transfection re-
agent (Thermo Fisher Scientific), and approximately 0.1 x 10° cells
were plated on a culture plate 24 h before transfection. Measure-
ments were performed 24 h after transfection.

Electrophysiology

hTRPV1 (I;gpy,) and ORAIL (Iyg,y,) currents were evaluated
through conventional whole-cell recordings in voltage-clamp
mode using a patch-clamp (Molecular Devices, San Jose, CA,
USA) [15,16]. The cells were transferred into a perfusion bath
chamber (Warner Instruments, Hamden, CT, USA) mounted on
the stage of an inverted microscope (Nikon, Tokyo, Japan). The
perfusion rate of the bath solution was 3 ml/min. A patch-clamp
amplifier (Axopatch 700B), Digidata 1440A (Molecular Devices,
Sunnyvale, CA, USA), and pCLAMP software v10.4 were used to
acquire data and apply command pulses. The recorded current
data were sampled at 10 kHz and lowpass filtered at 5 kHz. The
recorded voltage and current data were analyzed using Clampfit
10.4 (Molecular Devices), Origin 8.0 (MicroCal, Northampton,
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MA, USA), and Prism 6.0 (GraphPad, Inc., La Jolla, CA, USA). A
horizontal flaming brown micropipette puller (model P97) was
used to produce patch pipettes with thin-walled borosilicate glass
(World Precision Instruments, Sarasota, FL, USA). Patch pipettes
with a free-tip resistance of 2-3 MQ) were used to facilitate gigas-
eal formation.

To measure Lppy;, 1 uM capsaicin was used to activate Ligpy,.
To determine the basal current, 1 uM N-(4-tert-Butylphenyl)-
4-(3-chloropyridin-2-yl)piperazine-1-carboxamide (BCTC), a
potent TRPV1 antagonist, was added to the external solution at
the end of the experiment. Every 20 sec, voltage ramp protocols
(-100 to 100 mV, —10 mV holding potential, 100 msec) were ap-
plied to record Lippy;. To measure Iop,y;, the STIM1 protein must
be present in the ER membrane. Therefore, we co-transfected
HEK293T cells with hSTIM1 and hORAIL. To deplete ER Ca®*
stores via inositol 1,4,5-trisphosphate (IP,) receptor activation, 20
uM IP; was included in the internal pipette solution. IP,-mediat-
ed depletion of ER Ca®" stores can activate SOCE, referred to as
ORAII currents. The holding potential was -10 mV, with voltage
ramp-like pulses (-130 to +70 mV) over 100 msec for every 30
sec of recording, to measure the current-voltage relationship (I-
V curves). Under these conditions, inwardly rectifying current
(Ioran) Was consistently observed, with a reversal potential of
approximately +50 mV. We therefore determined that I,y,,, was
generated by ORAII channels. Electrophysiological recordings
were documented based on conventional whole-cell patch-clamp
recordings.

Individual solutions were used to measure Iy, and I,,;,. For
Ligpy> the internal solution contained CsCl (140 mM), NaCl (10
mM), ethylene glycol tetraacetic acid (EGTA, 5 mM), MgATP
(3 mM), and 4(2hydroxyethyl)lpiperazine ethanesulfonic acid
(HEPES, 10 mM) at a pH of 7.2 (titrated with CsOH). The exter-
nal solution contained NaCl (140 mM), KCI (4 mM), MgCl, (1
mM), EGTA (1 mM), Dglucose (5 mM), and HEPES (10 mM) at
pH 7.4 (titrated with NaOH). After confirming the basal current,
capsaicin-evoked activity was induced by adding capsaicin (1
uM) to the external solution. The IP;-containing pipette solution
was placed on an ice block.

Tyrosinase assay

Mushroom tyrosinase inhibitory activity was measured by
following a previously reported method with modifications [26].
Briefly, a mixture containing 0.2 ml of the sample dissolved in
DMSO, 1.0 ml of levodopa (1.5 mM), and 1.8 ml of sodium phos-
phate buffer (0.07 M, pH 6.8) was added to 0.1 ml of enzyme solu-
tion (1,000 U/ml), followed by incubation for 10 min at 30°C. The
enzymes were inactivated using an ice bath, and enzyme activity
was measured at 475 nm. The final concentration of kojic acid
and nootkatol was adjusted to 200 uM.

www.kjpp.net

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell viability assay

The cytotoxicity of nootkatol was tested by performing an
MTT assay (Sigma-Aldrich), following the manufacturer’s in-
structions. In brief, 2.5 x 10" cells were transferred to 24-well cul-
ture plates 24 h before the experiment. After overnight incubation
at 37°C, keratinocytes (HaCaT cells) and melanocytes (B16F10
cells) were treated with various concentrations of nootkatol. After
treating cells with nootkatol for 24 h, MTT (Sigma-Aldrich) was
added to the plates, followed by incubation for 4 h. To dissolve
the formazan crystals, the medium was removed, and 100 pl of
DMSO was added at the end of incubation, following which the
plates were incubated at 25°C for 30 min. The optical density of
the cells was investigated using a plate reader (Powerwave x; Bio-
Tek Instruments Inc., Winooski, VT, USA) at 540 nm.

MMP-1 assay

HaCaT cells were seeded at a density of 0.1 x 10°/ml in 24-well
plates and incubated for 24 h at 37°C. After exposure to UVB
(16 mJ/cm?), the cells were treated with 7.5 pg/ml nootkatol. The
samples were maintained at 37°C for an additional 24 h. The su-
pernatant was collected after centrifugation (1,000 g, 20 min), and
the total amount of MMP-1 in the supernatant was determined
using commercial ELISA kits for MMP-1 (ab100603; Abcam,
Cambridge, MA, USA) following the manufacturer’s protocol.

Measuring [Ca’'], using Fura-2

Fura-2 acetoxymethyl ester (Fura-2 AM; Thermo Fisher Sci-
entific), a Ca™ fluorescent indicator, was used to measure [Ca’"],.
Fura-2 AM (2 uM) was added to NHEMs in normal tyrode (NT)
solution. The cells with Fura-2 AM were incubated for 45 min
and washed twice with NT at 37°C. NT solution was composed
of NaCl (145 mM), HEPES (10 mM), glucose (5 mM), KCI (3.6
mM), CaCl, (2 mM), and MgCl, (1 mM) at pH 7.4. Fluorescence
measurements were made with an inverted microscope (Nikon
Eclipse Ti; Nikon, Osaka, Japan) with a camera (SCMOS pco.edge
4.2; PCO, Kelheim, Germany) and an illuminator (pE-340 fura;
CoolLED, Andover, UK). Samples were exposed to excitation
wavelengths of 380 nm for 30 msec and 340 nm for 100 msec,
and the data were recorded at an emission wavelength of 510 nm.
Image analysis was performed using NIS-Element AR Version
5.00.00 (Nikon).

Statistical analysis

All data are presented as mean + standard error of the mean.
Statistical differences were analyzed by one-way analysis of vari-
ance (ANOVA, Bonferroni’s post-hoc). P-values less than 0.05
were regarded as statistically significant. In the table, *, **, and
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** indicate p<0.05, 0.01, and 0.001, respectively. Prism 6.0 and
Origin 8.0 software were used for the statistical analyses. The
number of tests (N values) are indicated for each experiment.

RESULTS
Screening valencene derivatives

The inhibitory effects of valencene on both hORAI1 and
hTRPV1 channels, with less potent effect on hTRPV1 was dem-
onstrated by our previous study [18]. Furthermore, valencene had
potent inhibitory effects on UV-induced melanogenesis without
directly inhibiting tyrosinase [18]. To identify compounds that
can act more effectively on hTRPV1, we investigated the action of
the four valencene derivatives: nootkatol, nootkatone, decaline,
and valencene-13-aldehyde (Supplementary Fig. 1). Screening was
performed using the whole-cell patch-clamp method at a deriva-
tive concentration of 90 uM. Nootkatol showed potent inhibitory
effects on both I ,;, and Lygpy, (Table 1).

Table 1. Effects of valencene derivatives on Iy, and logy, at 90 uM

(I, x 100%) = SEM (n)

Compound

lrgpys at =60 MV logay at =120 mV
Control® 100 100
Valencene 31.2+15.73(3) 5.58+2.12(4)

(Nam et al. [18], 2016)

Nootkatol 6.3 +2.36(7) 3.4 +1.43 (4)
Nootkatone 176.2 +18.01 (3) 53.4+7.86 (5)
Valencene-13-aldehyde ~ 53.9 £ 9.59 (4) 57.1+7.78 (6)
Decaline 139.5+11.07 (4) 87.5+5.71(5)

Values in parentheses are the total number (n) of experiments at
each concentration. Data represent remaining current compared
to control, normalized to 100%, and are presented as the mean
+ standard error of the mean (SEM). “Control indicates the
normalized value at the steady-state peak current before
treatment with compounds.
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Fig. 1. Inhibitory effects of nootkatol on the human TRPV1 (hTRPV1) and human ORAI1 (hORAI1) currents. (A) Representative chart trace re-
cording of hTRPV1 inhibited by nootkatol in hTRPV1-overexpressing HEK293T cells. The solid line indicates the holding current, whereas solid bars in-
dicate the corresponding current induced by ramp-like pulse. After hTRPV1 activation by 1 uM capsaicin, the marked states indicate the steady-state
currents of each condition, namely control (1) and treatment with 10 (2), 30 (3), and 90 uM (4) nootkatol. (B) Related current-voltage (I-V) relationship
curve at the steady-state of the control (1) and cells treated with 10 (2), 30 (3), and 90 uM (4) nootkatol. (C) Summary of current inhibition by nootkatol
treatment. Current amplitude is normalized to control current at -60 mV (mean = standard error of the mean [SEM], n =7, 4, 4, 7, respectively) (***p <
0.001). (D) Representative chart trace recording of hORAI1 inhibited by nootkatol in hORAI1-overexpressing HEK293T cells. (E) Related current-voltage
(I-V) relationship curve at the steady-state of the control (1) and cells treated with 10 (2), 30 (3), and 90 uM (4) nootkatol. (F) Summary of the current
level of hORAIT upon nootkatol treatment. Current amplitude is normalized to control current at —120 mV (mean + SEM, n =7, 6, 6, 4, respectively) (***p
<0.001).
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Inhibitory effects of nootkatol on I,

To identify the detailed inhibitory effects of nootkatol on Iyypy,
related to MMP-1 expression, various concentrations of nootkatol
were added to an external solution, and the rates of I;py, inhibi-
tion were compared. Fig. 1A indicates a representative trace of
Lippy; and its inhibition by nootkatol. The associated I-V curves at
the peak Iigpy; (1) and upon treatment with 10 (2), 30 (3), and 90
uM (4) nootkatol were prepared using a ramp-like pulse protocol
(-100 to 100 mV) (Fig. 1B). To analyze the antagonistic effects of
nootkatol, the currents were obtained at a clamp voltage of -60
mV and presented as normalized amplitudes (I/L,, x100%) (Fig.
1C). The normalized amplitudes of Iy, were 115% + 21%, 87%
+ 31%, and 6% * 2% at nootkatol concentrations of 10, 30, and 90
uM, respectively.

Inhibitory effects of nootkatol on Iy,

As previously discussed, Io,y, is important for UV-induced

A 2mM Ca?*
2.0- TG1uM 0 Ca?
o Nootkatol
T 1.57 10M
= l 100 M
® } b
s 1.04
<
L 1
054 *
T T v T T T ¥ T T T
0 10 20 30 40 50 60 70 80
Time (s)

melanogenesis. After checking the steady state of 1oy, 10, 30,
and 90 uM nootkatol were sequentially applied to the external
solution, as in the Iy, experiments (Fig. 1D, E). Normalized
amplitudes of I ., were reduced to 84% + 8%, 56% + 11%, and 3%
+ 1% upon nootkatol treatment at -120 mV (Fig. 1F).

Inhibition of intracellular Ca** signaling by nootkatol

Increased [Ca®"], due to Ca’* channel activation initiates vari-
ous biochemical processes involving melanogenesis and MMP-1
expression. We confirmed whether nootkatol could inhibit [Ca*].. In
human primary melanocytes, SOCE modulated the increase in
[Ca™]; via ER store depletion. Thapsigargin is a specific inhibitor
of sarcoplasmic/endoplasmic reticulum Ca**-ATPase (SERCA),
which can deplete ER Ca™ stores in the absence of extracellular
Ca®. We added 2 mM Ca** to thapsigargin to determine whether
the Ca™ influx was enhanced by prior Ca® store depletion. As
shown in Fig. 2A, adding 2 mM Ca’" clearly activated SOCE, and
treatment with nootkatol (10 and 100 uM) inhibited [Ca™), by

340/380 ratio

Fig. 2. Inhibition of thapsigargin-induced store-operated Ca** entry (SOCE) by nootkatol in primary human melanocytes. (A) Representative
trace for intracellular Ca** measurement by Fura-2 in primary human melanocytes. Treatment with 10 and 100 M nootkatol after the 2 mM Ca** add-
back procedure partially inhibited [Ca*],. To confirm the basal [Ca**], 10 uM BTP2, a potent ORAI1 inhibitor, was used. Asterisks (¥) indicate the “time
point” for each chemical treatment. (B) Summary of the inhibitory effects of 10 and 100 pM nootkatol and 10 uM BTP2 on [Ca’"]; in primary human
melanocytes. ***p < 0.001 vs. the control (mean =+ standard error of the mean, n = 8).
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Fig. 3. Inhibitory effect of nootkatol on ultraviolet radiation (UV)-induced melanogenesis. (A) In the cytotoxicity assay performed with B16F10
cells, nootkatol-treated cells showed 99.22% =+ 0.70%, 98.36% + 1.65%, 99.20% + 0.52%, 97.80% =+ 1.07%, 62.29% =+ 2.45%, and 22.06% * 1.26% cell
survival rate at 7.5, 15, 30, 60, 120, and 200 ug/ml, respectively (mean * standard error of the mean [SEM], n = 3). (B) The inhibitory effect on UV-in-
duced melanogenesis in B16F10 cells was 84.14% =+ 1.54% and 76.38% = 5.90% at 7.5 ug/ml and 15 pg/ml nootkatol, respectively. Kojic acid showed
78.12% =+ 7.29% melanin inhibition at 15 pg/ml (mean + SEM, n = 3) (***p < 0.001). (C) Direct tyrosinase inhibitory activity of 200 uM nootkatol and
kojic acid (positive control) (mean + SEM, n = 3) (****p < 0.0001).
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6.9% *+ 5.72% and 51.6% + 0.98%, respectively (Fig. 2B).

Inhibitory effects of nootkatol on UV-induced
melanogenesis in B16F10 cells

To identify the anti-UV-induced melanogenesis activity of
nootkatol, the UV-induced melanin contents were measured in
B16F10 mouse melanoma cells. Before the melanogenesis test, the
cytotoxicity of nootkatol in BI6F10 cells was determined. The re-
sults indicate that nootkatol did not exert harmful effects on cell
viability at concentrations < 60 pg/ml (Fig. 3A).

The cells were then pretreated with 7.5 (= 35 uM) or 15 ug/ml
(= 70 uM) nootkatol prior to 10 mJ/cm’ UV exposure. Melanin
levels were measured after 48 h of UV exposure, and the melanin
content (144.21% * 4.80%) that increased upon UV irradiation
was dose-dependently decreased to 121.27% + 2.75% and 109.89%
+ 3.46% upon treatment with 7.5 and 15 ug/ml nootkatol, respec-
tively. At a concentration of 15 pg/ml (= 105 uM), kojic acid also
decreased the melanin content (112.31% + 4.04%) (Fig. 3B). There-
fore, nootkatol treatment can decrease UV radiation-induced
melanin production.

To confirm whether nootkatol directly affects tyrosinase ac-
tivity, a mushroom tyrosinase activity assay was performed. As
shown in Fig. 4, even at 200 pM, nootkatol treatment showed
only a slight inhibitory effect on tyrosinase (31.3% + 1.75% inhi-
bition). This is in contrast to the effects of 200 pM kojic acid on
tyrosinase (82.6% * 1.96% inhibition), which directly inhibits
tyrosinase (Fig. 3C). These results suggest that the inhibition of
UV-induced melanogenesis by nootkatol is mainly due to the in-
hibition of intracellular calcium signaling, and is not caused by a
direct effect on tyrosinase.

MMP-1 production in response to UV irradiation was
reduced by nootkatol in HaCaT cells

We investigated the protective effect of nootkatol against UV

__ 1004

50

cell viability (%

04

Nootkatol 42 & o & ,{19 '1«@ (ug/ml)

UVB 16 mJ/em?

irradiation-mediated MMP-1 production in HaCaT cells. The cy-
totoxicity of nootkatol was screened by the MTT assay in HaCaT
cells. As indicated in Fig. 4A, 15 pug/ml nootkatol exhibited low
cytotoxicity in HaCaT cells. The level of secreted MMP-1 was
measured in the culture media 48 h after UV irradiation. Pre-
treatment of HaCaT cells with 7.5 pg/ml nootkatol before 16 mJ/
cm’ UV exposure, significantly reduced MMP-1 activity (59.33%
+ 1.49%) compared to that in the UV exposed cells (Fig. 4B).

DISCUSSION

Intracellular calcium signaling is a key biological process in-
volved in UV-induced photoaging, including skin pigmentation
and wrinkle formation [2,7]. Many types of calcium ion channels
are expressed in keratinocytes and melanocytes [21,27-29]; how-
ever, we selected TRPV1 and ORATI1 for this investigation.

During UV-induced wrinkle formation, increased [Ca*]; due
to TRPV1 activation induces gasdermin-C gene expression. Gas-
dermin-C expression is mediated by the cytoplasmic 1 (NFATcI)
pathway, wherein NFATcl corresponds to the Ca**/calcineurin/
nuclear factor of activated T cells [14]. Upregulated gasdermin-C
expression increases the production of MMP-1, which dose-de-
pendently degrades collagen and elastin fibers that maintain skin
elasticity and block laxity [13,14]. Moreover, it was reported that
UV irradiation could also increase TRPV1 expression [22]. This
suggests that repeated UV irradiation can worsen skin wrinkling
via TRPV1 [23].

UV-induced melanogenesis occurs via direct and indirect path-
ways. The indirect pathway is the most well-known mechanism
of melanogenesis. UV stimulation activates keratinocytes, and
the keratinocytes secrete various keratinocyte-derived factors.
These include a-melanocyte-stimulating hormone (a-MSH),
adrenocorticotropic hormone (ACTH), and endothelin-1 (ET-1)
[30,31]. These factors affect the neighboring melanocytes via spe-
cific receptors. Changing [Ca™]; due to receptor activation is an
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Fig. 4. Effects of nootkatol on ultraviolet radiation (UV)-induced matrix metalloproteinase-1 (MMP-1) production. (A) Treatment with 7.5, 15,
30, 60, 120, and 240 pug/ml nootkatol showed 111.37% + 2.88%, 91.33% + 2.74%, 27.24% =* 3.73%, 21.59% + 0.51%, 21.50% + 0.75%, and 20.65% *
0.23% cell viability, respectively (n = 3). (B) MMP-1 level, expressed as % of control, following exposure to UVB irradiation (16 mJ/cm?’) alone and with
nootkatol pretreatment (7.5 ug/ml, 59.33% + 1.49%) (mean =+ standard error of the mean, n = 3) (****p < 0.0001).
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important cue for melanin synthesis, which is usually mediated
by ER Ca’" stores and calcium ion channels [32]. It was recently
reported that ORAI1-STIMI complex formation due to o-MSH
stimulation is important for both intracellular calcium signaling
and adenylyl cyclase 6 (ADCY®6) activation. This molecule di-
rectly interacts with STIMI via a membrane-delimited pathway,
controlling melanocyte proliferation and melanin synthesis [20].
In the direct pathway, direct UV stimulation can increase intra-
cellular calcium signaling, which is governed by rhodopsin via
a G protein- and phospholipase C-mediated pathway [33]. Our
previous studies have revealed that ORAII contributes to the gen-
eration of calcium signaling in response to direct UV irradiation
of melanocytes [15,17]. Another group has suggested TRPA1 as
a candidate for generating calcium signaling in human melano-
cytes via UV irradiation [34].

A previous study demonstrated that valencene from the rhi-
zomes of C. rotundus inhibits TRPV1 and ORAIL, thereby ef-
fectively suppressing UV-induced melanogenesis [16]. However,
valencene inhibited TRPV1 less potently than it inhibited ORAIL.

Our current study aimed to identify chemical candidates that
can simultaneously inhibit TRPV1 and ORALI], and to determine
the potential of these chemicals to inhibit melanogenesis and
MMP-1 production, which are the typical phenomena during
photoaging. Several compounds (Supplementary Fig. 1) based on
the chemical structure of valencene were selected to develop more
effective anti-photoaging substances that show an inhibitory ef-
fect on both TRPV1 and ORAIL. By screening using the whole-
cell patch-clamp method, we discovered that nootkatol could
potently inhibit TRPV1 and ORAII channels (Fig. 1). To confirm
its suppressive effects on UV-induced melanogenesis and MMP-
1 production, melanin synthesis and MMP-1 production were
examined in B16F10 and HaCaT cells, respectively. The results
revealed that the melanin content elevated in response to UV ir-
radiation was significantly decreased by nootkatol treatment via
suppression of [Ca”’].. However, high concentrations of nootkatol
did not affect the direct inhibition of tyrosinase considerably (Figs.
2 and 3). Pretreatment with nootkatol also decreased MMP-1
production by UV irradiation (16 mJ/cm®) compared to the con-
trol (Fig. 4). Our findings imply that nootkatol treatment may be
effective in preventing UV-induced photoaging.

In conclusion, our data demonstrate the potential effectiveness
of our strategy for screening for anti-photoaging agents target-
ing TRPV1 and ORAII. Our synthesized chemical, nootkatol,
evidently reduced both UV-induced MMP-1 production and
melanogenesis by inhibiting TRPV1 and ORAII in keratinocytes
and melanocytes, respectively. However, the inhibitory effects of
nootkatol on melanogenesis and MMP-1 could not be investigat-
ed in detail, and needs to be further elucidated in future studies.
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