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Activation of transient receptor potential vanilloid 3 is required
for keratinocyte differentiation and epidermal barrier formation
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INTRODUCTION

ABSTRACT Transient receptor potential vanilloid 3 (TRPV3)-mediated Ca** signaling
in keratinocytes plays a crucial role in epidermal keratinocyte differentiation and trig-
gers the release of pro-inflammatory cytokines, causing inflammation and itching.
However, the regulation of skin barrier recovery by TRPV3 and its expression during
keratinocyte differentiation remain unexplored. This study aimed to investigate the
role and expression levels of TRPV3 in keratinocyte differentiation and skin barrier
recovery, focusing on the effects of varying TRPV3 activation using pharmacological
agents. Differentiation of primary human keratinocytes was induced in high-calcium
media, and TRPV3 activity and expression were assessed using patch-clamp, fura-2
fluorimetry, and immunoblotting. The effects of TRPV3 agonists on skin barrier recov-
ery following tape stripping were evaluated by measuring transepidermal water loss
in mice. Results showed that TRPV3 expression, current density, and agonist-induced
[Ca”"]; changes increased with keratinocyte differentiation. The TRPV3 antagonist,
ruthenium red, inhibited both keratinocyte differentiation and TRPV3 upregulation.
TRPV3 agonists (2-APB/carvacrol) facilitated early differentiation but paradoxically
downregulated TRPV3 expression at higher concentrations. Moderate TRPV3 activa-
tion by lower agonist concentrations enhanced skin barrier recovery, while higher
concentrations hindered recovery and induced immune cell infiltration. These find-
ings highlight the dual role of TRPV3 in skin homeostasis and suggest that targeted
modulation of TRPV3 could be a promising strategy for treating skin disorders.

epidermis triggers the differentiation phenotypes including the
increased keratin 1 (K1) and loricrin (LRC) along with the de-

Keratinocytes formed in the basal layer of the epidermis
undergo a series of changes known as keratinization. Calcium
gradients in the skin are crucial for the differentiation process.
Keratinocytes of the basal layer are proliferating in the low level
of extracellular Ca* ([Ca™],), and the higher [Ca™], in the upper

creased keratin 14 (K14) [1-5]. The Ca**-induced differentiation of
keratinocytes and the formation of a skin barrier is essential for
maintaining skin hydration [6,7].

Transient receptor potential vanilloid 3 (TRPV3) is a non-
selective cation channel that is highly expressed in epidermal
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keratinocytes [8,9]. TRPV3 is activated by innocuous warm tem-
peratures (33°C -39°C) and a variety of chemical agonists, such as
2-aminoethoxydiphenyl borate (2-APB), carvacrol and intracel-
lular protons [10-13]. Activation of TRPV3 can lead to the sensa-
tion of temperature, pain, and itch in the skin [14-23]. TRPV3
mediates calcium influx, triggering intracellular calcium ([Ca™])
signaling in keratinocytes, which plays a crucial role in skin ho-
meostasis such as skin barrier function and hair growth [24-26].

TRPV3 has been suggested as a part of the signaling complex
with the epidermal growth factor receptor (EGFR) which is essen-
tial for the differentiation of keratinocytes, hair morphogenesis,
and skin barrier maintenance [27]. The activation of the EGFR
signaling pathway downstream of TRPV3-mediated calcium in-
flux has been implicated in the pro-proliferative and pro-migra-
tory effects [28,29]. The importance of TRPV3 for skin health is
underscored by the Olmstead syndrome with a loss/gain of func-
tion mutations in TRPV3. The Olmsted syndrome patients with
gain-of-function mutation showed palmoplantar and periorificial
keratoderma, alopecia, and severe itching [30-33].

On the other hand, excessive TRPV3 activation has been
linked to the pathogenesis of inflammatory skin conditions, such
as atopic dermatitis. Increased TRPV3 expression and activity in
keratinocytes can lead to the production of pro-inflammatory
cytokines (e.g., interleukin (IL)-1a., IL-6, IL-8, TNF-q) with a
development of itch sensation [34,35]. The complicated findings
suggest that TRPV3 activity in keratinocytes requires tight regu-
lation to maintain proper calcium homeostasis and cellular func-
tions.

Despite the findings indicating the role of TRPV3 in skin
physiology, the level of TRPV3 expression in differentiating kera-
tinocytes has not been elucidated yet. Furthermore, the potential
dual effects of TRPV3 activation on skin barrier recovery and
inflammation have not been systematically investigated in vivo.

In this study, we aim to address these knowledge gaps by in-
vestigating TRPV3 expression and its functional correlation with
keratinocyte differentiation markers in primary human keratino-
cytes. Additionally, we employ a mouse model with skin barrier
disruption to evaluate the effects of TRPV3 modulation on skin
barrier recovery and inflammation.

METHODS
Cell culture

Normal human epidermal keratinocytes (Cat. No. 00192627,
LONZA) were cultured in Keratinocyte Growth Medium Bul-
letKit (KGM, LONZA) containing low calcium (0.05-0.15 mM).
Cells were maintained at 37°C in a humidified atmosphere of
5% CO,. The cells were passaged when they reached 70%-80%
confluence, and only passages 1-3 were used for experiments
to ensure consistent cell behavior. For differentiation studies,
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keratinocytes were seeded at a density of 2.5 x 10* cells/cm® and
cultured until reaching 80% confluence. Differentiation was then
induced by switching to high-calcium medium (1.3 mM Ca®) for
up to 5 days, with medium changes every 48 h [4,36].

Electrophysiology

Whole-cell (w-c) patch-clamp recordings were performed at
room temperature (~21°C-23°C). The internal solution contained
140 mM CsCl, 1 mM MgCl,, 10 mM HEPES, and 10 mM BAPTA
(pH 7.2, titrated with CsOH) without MgATP. The bath solution
contained 140 mM NaCl, 5 mM KCl, 2 mM CaCl,, 1 mM MgCl,,
10 mM HEPES, and 10 mM glucose (pH 7.4, titrated with NaOH).
Both CaCl, and MgCl, were omitted to prepare the divalent-free
bath solution. The data were collected using an Axopatch 200A
patch clamp amplifier, Digidata 1440A, and pCLAMP 10.7 soft-
ware (Axon Instruments). w-c currents were digitized at 10 kHz
and low pass filtered at 2 kHz. The recorded data were analyzed
with pCLAMP 10.7 and Origin 2021b (OriginLab).

Conventional w-c patch clamp recordings of TRPV3 in prima-
ry human keratinocytes. w-c currents were generated in response
to 200 ms voltage ramps from —100 to +100 mV, applied every 20
sec, with a holding potential at -60 mV.

Calcium imaging

[Ca™]; measurements were performed using the fluorescent
Ca” indicator Fura-2 acetoxymethyl ester (Fura-2 AM; Thermo
Fisher Scientific). Primary human keratinocytes cultured on
flame-sterilized coverslips were loaded with Fura-2 AM (2 uM)
in normal Tyrode’s solution (145 mM NaCl, 10 mM HEPES, 5
mM glucose, 3.6 mM KCl, 2 mM CaCl,, and 1 mM MgCl,; pH
74, titrated with NaOH). Coverslips with the loaded cells were
mounted in a chamber on an inverted microscope (Nikon Eclipse
Ti; Nikon) and alternately exposed to excitation wavelengths of
340 nm (100 ms) and 380 nm (30 ms), with emission recorded at
510 nm. Fluorescence was excited using a pE-340 fura illuminator
(CoolLED; Andover) and recorded with a sCMOS pco.edge 4.2
camera (PCO). Image acquisition and analysis were performed
using NIS-Element AR Version 5.00.00 software (Nikon). The ra-
tio of fluorescence intensities at 340 nm and 380 nm (F340/F380)
was used as an indicator of [Ca™"];.

Immunoblot assay

The total lysates of primary human keratinocytes were col-
lected and diluted in a SDS sample buffer and boiled for dena-
turation. The purified proteins were separated by SDS-PAGE
and transferred to PVDF membranes. The membranes were
blocked with either 10% skim milk or bovine serum albumin
in phosphate-buffered saline with Tween 20 (PBST) and incu-
bated with anti-TRPV3, K1, K14, LRC, or GAPDH antibody in
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PBST. Detection was carried out using peroxidase-conjugated
anti-rabbit or anti-mouse secondary antibody with an enhanced
chemiluminescence reagent (Amersham Pharmacia Biotech, GE
Healthcare).

Histology and staining

Mouse skin tissues were fixed in 4% paraformaldehyde at
4°C for 3 h and then embedded in paraffin. Paraffin-embedded
sections were stained with hematoxylin and eosin (H&E). For
immune cell infiltration analysis, paraffin blocks were prepared
from two dorsal skin sites of three animals per group. Photomi-
crographs were taken using a bright-field microscope (Nikon) at
400x magnification. One section from each block was analyzed,
yielding 6 images per group (2 sections per animal, 3 animals per
group). Immune cells were manually counted in six random fields
per section by a blinded observer to reduce bias.

Barrier recovery test

Balb/c female mice were purchased from Orient Bio and
housed according to the TACUC guidelines of Dongguk Univer-
sity (2019-09190). Previous studies indicate that TRPV3, when
endogenously expressed, is more effectively activated by a combi-
nation of agonists than by a single agonist [19,20]. Based on this,
two concentrations of TRPV3 agonist cocktails were prepared (300
uM carvacrol + 30 uM 2-APB, 3,000 uM carvacrol + 300 pM
2-APB) in Dulbecco's phosphate-buffered saline. Female BALB/
¢ mice (8 weeks old) had their dorsal hair shaved, and 96 h later,
their dorsal skin was tape-stripped to achieve a transepidermal
water loss (TEWL) of ~140 g/(m?h). Following this, 100 ul of each
agonist, antagonist, or the vehicle (0.02% dimethyl sulfoxide) was
applied to the skin and covered with plastic wrap for 15 min to
aid absorption. TEWL was measured at 0, 1, 3, 6, 10, 24, and 30
h after barrier disruption. Environmental conditions were main-
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Fig. 1. Increased expression of TRPV3 in differentiating primary human keratinocytes. (A) Representative phase contrast images (200x magni-
fication) of keratinocytes during the differentiation process from Day 0 to Day 5 in a high-calcium (> 1.3 mM Ca’*) medium. (B) Representative immu-
noblot results showing changes in K14, K1, LRC, TRPV3, and GAPDH expression during keratinocyte differentiation. GAPDH was used as a loading con-
trol. (C) The basal marker K14 significantly decreased over time (*p = 0.01, ***p = 0.0002, ****p < 0.0001 vs. Day 0). (D) The early differentiation marker
K1 showed a significant increase (*p = 0.03, **p = 0.01 vs. Day 0). (E) The late differentiation marker LRC exhibited a significant rise (*p = 0.03, **p =
0.001 vs. Day 0). (F) TRPV3 levels markedly increased after Day 1 (**p = 0.002, ****p < 0.0001 vs. Day 0). Data are presented as mean + SEM from three
independent experiments. Statistical significance was determined using one-way ANOVA followed by Dunnett’s multiple comparisons test. TRPV3,
transient receptor potential vanilloid 3; K14, keratin 14; K1, keratin 1; LRC, loricrin.
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tained at 20°C + 1°C and 50% + 5% humidity. Barrier recovery
was calculated using the formula: % barrier recovery = [(TEWL
at 0 h — average TEWL of treated group at indicated time point) /
(TEWL at 0 h — average TEWL of normal group at indicated time
point)] x 100 [37].

Statistical analysis

The data are presented as the mean + standard error of the
mean (SEM). The statistical significance between each group was
determined using either a one-way or two-way analysis of vari-
ance (ANOVA).

RESULTS

Increased TRPV3 expression and activity during
keratinocyte differentiation

Undifferentiated primary human keratinocytes (Day 0, D0)
displayed uniform polygonal shapes, which became increas-
ingly flattened by Day 3 (D3) and Day 5 (D5) following calcium-

induced differentiation (Fig. 1A). By D5, the cells exhibited more
distinct boundaries, characteristic of terminal keratinocyte
differentiation [38-40]. Immunoblot analysis revealed a dy-
namic pattern of differentiation markers and TRPV3 expression
throughout this process. K14 levels dropped sharply by D3 (Fig.
1B, C). Conversely, both K1 and LRC showed significant increases
by D3 and maintained elevated levels through D5 (Fig. 1D, E).
Notably, TRPV3 expression significantly increased on D3 and
remained elevated by D5 (Fig. 1F).

The TRPV3 current (L;ypys), activated by 200 uM 2-APB, was
measured using the w-c patch clamp technique (Fig. 2). Represen-
tative current trace recordings demonstrate the differential Lyypy;
responses between undifferentiated and differentiated keratino-
cytes (Fig. 2A, C). The corresponding I-V relationships (at time
points indicated by black arrowheads) show minimal I;gpy; in DO
cells (Fig. 2B) but pronounced outwardly rectifying I;ppy; in D5
cells (Fig. 2D), with ruthenium red (RR) inhibition being more
prominent at negative voltages, consistent with known TRPV3
properties [27]. Comparing the expression of functional TRPV3,
the current density of Iyypys, normalized to plasma membrane
area (pA/pF), showed a tendency to increase on D3 and became
statistically significant on D5 (Fig. 2E).
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Fig. 2. Increased functional expression of TRPV3 during keratinocyte differentiation. (A) Representative current trace recording of primary hu-
man keratinocytes on Day 0. TRPV3 was activated with 200 M 2-APB, and RR was applied at the end to confirm the TRPV3 current (lgp3). (B) Related
I-V relationship curve (black arrow in A) at baseline, after 2-APB application, and following RR treatment. (C) Representative current trace recording of
primary human keratinocytes on Day 5. Note the increased |5 activated by 2-APB. (D) Related I-V relationship curve (black arrow in C) at baseline,
after 2-APB application, and following RR treatment on Day 5. (E) The average current amplitude of 2-APB-elicited lrgpy; at +90 mV from Day 0 to 5 (*p
=0.03 vs. Day 0). Data are presented as mean + SEM (n =9 for DO, n = 7 for D1, n = 9 for D3, and n = 7 for D5). Statistical significance was determined
using one-way ANOVA followed by Dunnett’s multiple comparisons test. TRPV3, transient receptor potential vanilloid 3; 2-APB, 2-aminoethoxydiphe-

nyl borate; RR, ruthenium red.
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To elucidate the implications of upregulated TRPV3 during dif- Inhibition of TRPV3 with RR significantly impeded kera-
ferentiation, we assessed [Ca]; levels using Fura-2 fluorescence tinocyte differentiation. This was evidenced by the sustained
ratio (Fy,q) imaging (Fig. 3). Fig. 3A depicts the time-course expression of K14, a marker of basal keratinocytes, by D5 in the
changes in F,,, in response to TRPV3 agonists (carvacrol and RR-treated group (Fig. 4A, B). The expression level of K1 in RR-
2-APB) in primary human keratinocytes at different stages of dif- treated cells remained relatively constant throughout the differ-
ferentiation. A significant elevation in basal Fi,; 5, was observed entiation period, showing only a slight increase at D5 without the
on D1 and D3 compared to DO (Fig. 3B). Interestingly, D5 kerati- significant upregulation typically seen during differentiation (Fig.
nocytes exhibited basal F, 5, lower than the control. 4A, C). Notably, the increase in TRPV3 expression normally seen

Upon examination of [Ca®]; levels in response to TRPV3 ago- during differentiation was absent in RR-treated cells (Fig. 4A, D).
nists, we observed an increase of [Ca®]; across all differentiation Conversely, treatment with TRPV3 agonists accelerated the
stages. TRPV3 agonists significantly increased the difference differentiation process. This was characterized by a more rapid

between the peak levels and the average basal levels (AF340/380) and pronounced decrease in K14 expression (Fig. 4E, F) and an
(Fig. 3C). This analysis revealed that while D5 keratinocytes ex- earlier upregulation of K1, evident as early as D1 (Fig. 4E, G).

hibited significantly lower basal [Ca®]; levels, their net increase in Quantitative analysis normalized to GAPDH revealed that K1 ex-
response to TRPV3 activation was comparable to that of DO kera- pression peaked at D1 and gradually decreased thereafter, show-
tinocytes. This suggests that while basal [Ca®], is reduced in fully ing a significant reduction by D5 (Fig. 4G). Intriguingly, TRPV3
differentiated keratinocytes, their TRPV3 channels maintain a expression decreased as differentiation progressed in the presence
high capacity for agonist-induced calcium influx. of TRPV3 agonists (Fig. 4E, H), contrasting with the pattern ob-
These results indicate a dynamic regulation of TRPV3 function served in control conditions.
throughout keratinocyte differentiation, with a potential dis-
sociation between TRPV3 expression, basal [Ca®],, and agonist- Evaluation of TRPV3 modulator on skin barrier
induced calcium influx in the terminal stages. recovery
Effects of TRPV3 agonists and antagonist on Proper differentiation and cornification of epidermal keratino-
keratinocyte differentiation cytes are crucial for skin barrier formation. To assess the potential
of TRPV3 modulators in promoting skin barrier recovery from
To elucidate the role of TRPV3 activation in keratinocyte dif- mechanical damage or clinically relevant conditions, we utilized
ferentiation, we treated primary human keratinocytes with either a tape-stripping barrier disruption model in mice. We applied
a TRPV3 agonist cocktail (2-APB + carvacrol) or a TRPV3 an- two different concentrations of TRPV3 agonist cocktails and an
tagonist (RR) and compared the results to a control group treated antagonist to the tape-stripped mouse back skin and compared
with the vehicle only. the rate of TEWL recovery over 72 h.
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Fig. 3. Intracellular calcium concentration increases during keratinocyte differentiation. (A) Time-course of Fura-2 fluorescence ratio (340/380
nm) changes in response to TRPV3 agonists (carvacrol + 2-APB) in primary human keratinocytes, showing DO (black), D1 (red), D3 (blue), and D5 (green)
of differentiation. (B) Quantification of basal intracellular free calcium levels ([Ca*'],) during keratinocyte differentiation. (C) The net increase in Fura-2
ratio (A340/380) calculated by subtracting the average basal [Ca>']; levels from the peak [Ca®"]; levels induced by TRPV3 agonists. Data are presented
as mean + SEM from each experiment including individual Fura-2 ratio values from 100 cells per group. ****p < 0.0001 vs. DO. Statistical significance
was determined using two-way ANOVA followed by Dunnett’s multiple comparisons test. TRPV3, transient receptor potential vanilloid 3; 2-APB,
2-aminoethoxydiphenyl borate; ns, not significant.
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Fig. 4. Distinct progression of differentiation in keratinocytes with TRPV3 modulation. (A) Representative immunoblot results showing changes
in K14, K1, and TRPV3 expression during keratinocyte differentiation with TRPV3 antagonist (10 uM RR) treatment. GAPDH was used as a loading con-
trol. (B-D) Quantification of protein expression in RR-treated keratinocytes: (B) K14, (C) K1, and (D) TRPV3. Note that the expression of all proteins re-
mained unchanged throughout the differentiation process. (E) Representative immunoblot results showing changes in K14, K1, and TRPV3 expression
during keratinocyte differentiation with TRPV3 agonist cocktail (300 uM carvacrol + 30 uM 2-APB) treatment. GAPDH was used as a loading control.
(F-H) Quantification of protein expression in agonist-treated keratinocytes: (F) K14 showed a marked decrease, (G) K1 significantly increased on Day
1 but dramatically decreased afterward, and (H) TRPV3 levels decreased significantly. Data are presented as mean + SEM from at least three indepen-
dent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 vs. DO. Statistical significance was determined using one-way ANOVA followed by Dunnett’s mul-
tiple comparisons test. TRPV3, transient receptor potential vanilloid 3; K14, keratin 14; K1, keratin 1; RR, ruthenium red; 2-APB, 2-aminoethoxydiphenyl

borate.

After 72 h post-tape-stripping, macroscopic examination of
the treated areas revealed noticeable differences in skin appear-
ance. The vehicle-treated group (Fig. 5A) showed typical signs of
barrier disruption, with visible redness and scaling. Interestingly,
the group treated with the moderate concentration of TRPV3
agonists (300 uM carvacrol + 30 uM 2-APB) exhibited mark-
edly improved barrier recovery (Fig. 5B). The skin appeared less
inflamed and more normalized compared to the vehicle control,
suggesting enhanced healing and barrier restoration. In contrast,
the higher concentration of TRPV3 agonists (3,000 uM carvacrol
+ 300 uM 2-APB) resulted in visibly worse skin condition (Fig.
5C). The treated area showed signs of increased inflammation
and erythema, indicating that excessive TRPV3 activation may
exacerbate skin barrier dysfunction and inflammatory responses.
The group treated with the TRPV3 antagonist RR (10 uM)
showed barrier recovery comparable to the vehicle control, with
no apparent improvement or worsening of the skin condition (Fig.
5D).

https://doi.org/10.4196/kjpp.24.324

Histological analysis substantiated the macroscopic observa-
tions. H&E staining of skin sections at 200x and 400x magnifica-
tion demonstrated that the moderate concentration of TRPV3
agonists encouraged a more organized epidermal structure and
enhanced barrier recovery. Conversely, the higher agonist con-
centration resulted in indications of excessive inflammation, in-
creased epidermal thickness, and disrupted epidermal structure
(Fig. 5A-D, middle and lower rows). Notably, the high-concentra-
tion treatment showed significant inflammatory cell infiltration,
as highlighted in the 1,000x magnification inset (Fig. 5C, bottom
row).

Quantitative analysis of inflammatory cell infiltration further
validated the histological observations (Fig. 5E). The high-con-
centration TRPV3 agonist group showed a significant increase in
inflammatory cell numbers compared to the vehicle control (p <
0.0001). Interestingly, both the moderate concentration TRPV3
agonist group and the TRPV3 antagonist group showed no sta-
tistically significant difference in inflammatory cell infiltration
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Fig. 5. Modulation of TRPV3 affects epidermal barrier recovery and inflammation in murine dorsal skin after tape-stripping. 72 h after tape-
stripping, mouse dorsal skin was examined macroscopically and histologically following different treatments. (A-D) The top panels show the macro-
scopic appearance of mouse dorsal skin. The bottom panels present corresponding hematoxylin & eosin (H&E) staining of skin sections at 200x and
400x magnification. (A) The vehicle control (0.02% DMSO) shows typical features of barrier disruption. (B) Moderate concentration TRPV3 agonist (300
uM carvacrol + 30 uM 2-APB) exhibits improved skin condition macroscopically; histologically demonstrates enhanced barrier recovery with a more
organized epidermal structure. (C) High concentration TRPV3 agonist (3,000 M carvacrol + 300 uM 2-APB) shows increased erythema macroscopi-
cally; histologically reveals increased epidermal thickness and significant inflammatory cell infiltration (the infiltrated inflammatory cells are indicated
by red arrows in the inset, 1,000x magnification). (D) TRPV3 antagonist (10 uM RR) appears similar to the vehicle control both macroscopically and his-
tologically. (E) Quantification of inflammatory cell infiltration in H&E-stained skin sections 72 h after tape-stripping and treatment. Data are presented
as mean + SEM of cells per high-power field (HPF) from three independent experiments. ****p < 0.0001 vs. the vehicle control. TRPV3, transient recep-

tor potential vanilloid 3; DMSO, dimethyl sulfoxide; 2-APB, 2-aminoethoxydiphenyl borate; RR, ruthenium red; ns, not significant.

compared to the control.

To further assess the impact of TRPV3 modulation on skin
barrier function, we measured TEWL over a 72-h period follow-
ing tape-stripping (Fig. 6). The group treated with the relatively
moderate concentrations of TRPV3 agonists (carvacrol 300 uM
and 2-APB 30 uM) showed a significantly improved barrier re-
covery rate compared to all other groups, particularly noticeable
in the early phase of recovery (1-9 h post-tape-stripping, p < 0.001).
On the contrary, the group treated with a high concentration of
TRPV3 agonists (3,000 uM carvacrol and 2-APB 300 uM) exhib-
ited hindered barrier recovery, particularly noticeable during the
initial hours (1-6 hours, p < 0.01 compared to the vehicle). The
group treated with TRPV3 antagonist (RR, 10 pM) exhibited a
barrier recovery profile similar to that of the vehicle control.

DISCUSSION

Key findings of our study are: 1) increased TRPV3 expression
and higher Iy, and agonist-induced [Ca™]; changes in differen-
tiating keratinocytes; 2) augmentation of differentiation markers
in TRPV3 agonist-treated keratinocytes; 3) enhanced recovery of
the murine skin barrier by moderate concentrations of TRPV3
agonists, while inflammatory changes by higher levels of agonists.

Our in vitro experiments with primary human keratinocytes
revealed a dynamic relationship between TRPV3 expression
and keratinocyte differentiation (Fig. 1). The physiological role
of TRPV3 in mouse keratinocytes was previously reported in
TRPV3-KO mice that showed defective epidermal barrier forma-
tion [26]. Mechanistically, it was suggested that the activation of
TRPV3 in vivo may lead to an increase in Ca’*-dependent pro-

www.kjpp.net
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Fig. 6. TRPV3 modulation influences barrier recovery rate after tape-stripping in mice. Transepidermal water loss (TEWL) measurements show-
ing barrier recovery rates at 0, 1, 3, 6,9, 24, 48, and 72 h after tape-stripping. The moderate concentration TRPV3 agonist group (300 uM carvacrol + 30
uM 2-APB, blue triangles) showed significantly enhanced barrier recovery, particularly in the early phase (1-9 h), compared to the vehicle control (black
circles). The high-concentration agonist group (3,000 uM carvacrol + 300 uM 2-APB, red squares) demonstrated impaired barrier recovery, especially
in the initial hours (1-6 h). The TRPV3 antagonist group (10 uM RR, green inverted triangles) showed no significant difference from the control. *p < 0.05,
**p < 0.01, ***p < 0.001, ****p < 0.0001 vs. the vehicle control. Data are presented as mean + SEM. For TEWL measurements, mice were sequentially
sacrificed for histological analysis at each time point, with initial n = 12 per group at 0 h and final n = 5 per group at 72 h. Statistical significance was
determined using two-way ANOVA followed by Dunnett’s multiple comparisons test. TRPV3, transient receptor potential vanilloid 3; 2-APB, 2-aminoe-

thoxydiphenyl borate; RR, ruthenium red.

duction/shedding/release of TGF-q or other EGFR ligands and
an elevation of transglutaminase activity, which leads to terminal
differentiation of keratinocytes. Our data provide additional
evidence for the role of TRPV3 in the differentiation of primary
human keratinocytes.

Interestingly, we observed that undifferentiated, proliferating
keratinocytes showed relatively small Iy, even with the stimula-
tion by 2-APB (Fig. 2A, B). When comparing the levels of TRPV3
protein and I;ypys, the expression of TRPV3 was significant on D3
while the amplitude of I;y,y; became significantly higher on D5.
The discrepancy might be due to the time-dependent trafficking
to the plasma membrane. Otherwise, the number of keratino-
cytes examined for the w-c patch clamp study might have been
less sufficient to reveal the overall changes of the TRPV3 expres-
sion under the Ca**-induced differentiation.

Our findings align with previous studies [41,42] in observing
an increase in basal [Ca®], as keratinocyte differentiation pro-
gresses (Fig. 3). Interestingly, we noted a sudden decrease in basal
[Ca™], at D5, which represents the terminal differentiation stage,
as confirmed by late differentiation markers (Fig. 1). This obser-
vation is consistent with previous studies reporting low [Ca®"]
. in the stratum corneum (SC) [41,42]. While these studies have
interpreted the low calcium levels in SC as potentially due to cell
death, our D5 cells remained viable and highly responsive to the
TRPV3 agonist 2-APB (Fig. 3). These findings suggest a poten-
tial regulatory mechanism modulating calcium signaling upon
complete differentiation, rather than cell death solely causing low
calcium levels. Our results offer new insights into calcium regula-
tion throughout the entire differentiation process, revealing that
[Ca™; levels do not continuously increase in terminal differentia-
tion. Instead, we observed a distinct point where calcium levels

https://doi.org/10.4196/kjpp.24.324

decreased, challenging previous assumptions. This unexpected
calcium decrease in fully differentiated keratinocytes may play a
yet unknown physiological role in terminal differentiation. The
acceleration of differentiation by TRPV3 agonists and its delay by
antagonists suggest that TRPV3 may serve as a molecular switch
regulating the transition from proliferating to differentiating ke-
ratinocytes. This finding has potential implications for disorders
characterized by aberrant keratinocyte differentiation, such as
psoriasis or ichthyosis [20,43-45]. Furthermore, the increase in
both TRPV3 expression and I'yypy; on D3 and D5 might suggest
a self-sustaining role of TRPV3 in the differentiation and matu-
ration of keratinocytes. Consistently, the application of RR, a
TRPV3 antagonist, impaired not only the differentiation of kera-
tinocytes but also the TRPV3 upregulation (Fig. 4A-D). However,
it has to be also noted that an in vitro application of TRPV3 ago-
nists reduced the expression of TRPV3 on D3 and D5 along with
the decreased differentiation marker, K1, on D5 following the
accelerated increase on DI (Fig. 4E-H). The results suggested that
forced persistent TRPV3 activation might impair the late-phase
differentiation or maturation.

Our in vivo experiment of TEWL also suggested contrasting
effects of TRPV3 agonists depending on their concentration (Fig.
6). Relatively moderate concentrations (300 uM carvacrol + 30
uM 2-APB) enhanced barrier recovery without significant in-
flammation, whereas the higher concentrations (3 pM carvacrol
+ 300 uM 2-APB) induced inflammatory signs and impaired the
barrier recovery. The results suggest the importance of appropri-
ate levels of TRPV3 activators as well as their possibility of thera-
peutic applications. Interestingly, the TRPV3 antagonist showed
no significant effect in our in vivo experiments. This may suggest
that basal TRPV3 activity is not critical for normal barrier recov-
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ery in the absence of additional stressors, or that compensatory
mechanisms involving other calcium channels in keratinocytes
come into play when TRPV3 is inhibited. These findings high-
light the potential for TRPV3-targeted therapies in skin disor-
ders, despite the challenge of a narrow therapeutic window. This
underscores the need for precise modulators and controlled dos-
ing strategies in clinical applications. Future studies examining
the effects of co-treatment with TRPV3 antagonists and agonists
could provide additional mechanistic insights into the specific-
ity of these responses. Such investigations could help determine
whether the beneficial effects of moderate TRPV3 activation and
the detrimental effects of excessive activation are both directly
mediated through TRPV3, potentially guiding the development
of more targeted therapeutic strategies.

Our study demonstrates the critical role of TRPV3 in modu-
lating keratinocyte differentiation, where activation accelerates
and inhibition delays the process, underscoring its significance
in epidermal homeostasis. We also propose a potential negative
feedback mechanism regulating TRPV3 levels during accelerated
differentiation, offering insight into the channel's complex dy-
namics. These findings provide compelling evidence for TRPV3's
nuanced role in skin barrier function and suggest that precise
modulation of TRPV3 activity could lead to innovative therapeu-
tic approaches in dermatology.
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