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Oxyresveratrol enhances hair
regeneration in human dermal
papilla cell and androgenetic
alopecia mouse model
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Alopecia, or hair loss, is a common dermatological condition caused by multiple factors. Oxyresveratrol
(ORV), a compound derived from the heartwood of Artocarpus lakoocha, is recognized for its potent
antioxidant properties, with recent studies highlighting its anti-inflammatory effect across various cell
types. This study aims to explore the therapeutic potential of ORV in treating alopecia. We evaluated
the effects of ORV on Human Follicle Dermal Papilla Cells (HFDPCs) and an androgenetic alopecia
(AGA) mouse model. Oxidative stress in HFDPCs was induced using hydrogen peroxide (H,0,),

and dihydrotestosterone (DHT) was used to simulate AGA in both HFDPCs and C57BL/6NJcl mice.

Our finding demonstrated that ORV significantly enhanced HFDPCs proliferation. In H,0,-induced
oxidative stress conditions, pretreatment with ORV decreased reactive oxygen species (ROS) levels
and reduced the production of pro-inflammatory cytokine. In the AGA model, ORV inhibited B-Catenin
phosphorylation in HFDPCs, thereby promoting hair growth and maintaining skin thickness, hair bulb
size, and count in mice. Overall, ORV demonstrated anti-inflammatory and hair-regenerative effects in
both in vitro and in vivo models of alopecia. These findings suggest that ORV is a promising candidate
for the treatment of hair loss.
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Hair loss, clinically termed alopecia, refers to the partial or complete absence of hair in areas where it normally
grows. As a significant aesthetic concern in dermatology, alopecia profoundly impacts patients’ quality of life,
often diminishing self-confidence and affecting social interactions. Among the various forms of alopecia, alopecia
areata (AA) and androgenetic alopecia (AGA) are the most types!. AA is a non-cicatricial alopecia characterized
by circular patches of hair loss?. A systematic review reports a global lifetime incidence of AA at around 2%, with
its prevalence increasing steadily with age’, and some studies suggest a slight predilection towards women®. In
contrast, AGA has a genetic predisposition and results from heightened androgen sensitivity. It predominantly
affects Caucasian, followed by Asians, African Americans, Native Americans, and Eskimos. In Caucasian men,
the incidence of AGA rises with age, affecting 50% by the age of 50 and up to 80% by the age of 70. AGA also
occurs frequently in women, with increased prevalence post-menopause>®.

The pathogenesis of AA involves a multifactorial interplay between genetic predisposition, environmental
influences, and the collapse of the immune privilege of hair follicles”®. Among environmental factors, stress
has been strongly implicated, leading to oxidative stress and the production of reactive oxygen species (ROS)
and reactive nitrogen species (RNS)®?. ROS, such as hydroxyl radical (OH-), hydrogen peroxide (H,0,), and
superoxide anion (O, ), play a significant role in initiating inflammation that can result in AA'’. Oxygen-
derived radicals drive acute inflammation with ROS being a key contributor to breakdown of immune privilege
in hair follicles. Therefore, protecting hair follicles from the harmful environmental oxidizing agents is crucial.
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AGA, the most prevalent form of hair loss, has garnered significant researcher interest. Its pathogenesis
involves a complex interaction of genetic, hormonal, and molecular factors. Central to AGA is dihydrotestosterone
(DHT), a potent androgen that binds to androgen receptors in hair follicles, leading to follicular miniaturization
and a shortened hair growth cycle!'!. Pro-inflammatory cytokines and proteins such as transforming growth
factor-beta (TGF-p), Dikkopf related protein 1 (DKK-1), and interleukin 6 (IL-6) contribute to inflammation
and follicular regression'>!3. Conversely, vascular endothelial growth factor (VEGF) promote hair growth
by supporting angiogenesis, which ensures an adequate supply of nutrients and oxygen to hair follicles'.
Additionally, the B-catenin signaling pathway plays a critical role in hair follicle development and cycling, with
its dysregulation associated with impaired follicle regeneration and maintenance, contributing to hair loss in
AGA®.

Oxyresveratrol (ORV), also known as 2,4,3’,5'-tetrahydroxystilbene, is a phytoalexin present in large
amounts in the heartwood of Artocarpus lakoocha. It has recently gained attention for its potent antioxidant, anti-
inflammation, antibacterial, antiviral, and anticancer activities'®!’. Studies indicate that ORV exhibited strong
antioxidative activity than resveratrol, mulberroside A, both recognized for their antioxidative properties's.
Moreover, ORV has shown superior DNA protection compared to Trolox, Vitamin E-like antioxidant!®. The
anti-inflammatory action of ORV has been demonstrated in various human cell types, including macrophages,
microglial cells, lens epithelial cells, and keratinocytes!®-2l. ORV effectively inhibits the expression and
production of pro-inflammatory cytokines, including IL-1, IL-6, and IL-§ 1202223,

With increasing research interest in natural compounds for hair loss treatment, several active substances
have been shown promise in supplementing or enhancing existing therapies. Building on previous evidence,
this study aims to investigate the therapeutic potential of ORV in alopecia treatment, which has not yet been
explored.

Results

Effect of oxyresveratrol on HFDPC proliferation

The proliferative effect of ORV on cells was evaluated using an MTT assay with 5,000 cells/well. ORV at a
concentration of 10 ug/ml significantly stimulated cell proliferation, yielding a proliferation rate of 116.97 + 8.58%
compared to the control (P<0.05; Fig. 1a). To elucidate the biological impact of ORV on HFDPC, the mRNA
expression levels of DKK1 and B-catenin were analyzed using RT-PCR. Treatment with ORV at concentrations
of 5 pg/ml and 10 pg/ml resulted in a significant reduction in DKK1 mRNA expression, with values of 0.59 £0.06
(P<0.001) and 0.46+0.07 (P<0.0001), respectively (Fig. 1b). Concurrently, ORV treatment at concentration
from 1 to 10 pg/ml led to an upregulation of 3-catenin mRNA expression, though no significant differences were
observed between the various dosages (Fig. 1c). The proliferative effect of ORV was further corroborated by
CFSE staining. After 4 days of treatment, cells treated with ORV at 5 and 10 pg/ml exhibited significantly lower
fluorescent intensity compared to the negative control (Fig. 1d,e).

Protective effect of oxyresveratrol under oxidative stress

HFDPCs were stimulated with 200 pM H,0, to induce oxidative stress. Pretreatment with ORV significantly
inhibited the mRNA expression of IL-1p, IL-6, and IL-8, as well as the protein production of IL-6 and IL-8
(Fig. 2a—e; P<0.001). To evaluate oxidative stress, ROS activity was measured by staining the cells with 2/,7'-
dichlorofluorescin diacetate (DCFDA). After 24 h of treatment, H,O,-treated cells exhibited significantly higher
mean fluorescence intensity compared to the negative control (2.48+0.49 vs. 1.29+0.21; P<0.01). Pretreatment
with ORV effectively prevented ROS production, resulting in no significant difference in mean fluorescence
intensity between the ORV group and the negative control (Fig. 2f,g). Therefore, ORV has demonstrated anti-
oxidative effect by suppressing pro-inflammatory cytokines.

Effect of oxyresveratrol in androgenetic alopecia model
To evaluate the effect of ORV on an AGA model, HFDPCs were pretreated with ORV before exposure to 100
nM DHT. Minoxidil at 10 pg/ml served as the standard treatment control for AGA. ORV enhanced VEGF
mRNA expression in a dose-dependent manner while maintaining VEGF protein levels comparable to the
untreated control (Fig. 3a,b). Additionally, the expression of DKK1, a key inhibitor of hair growth, remained
stable reduction at the mRNA level but exhibited a dose-dependent reduction in protein levels following ORV
treatment (Fig. 3c,d). At a concentration of 10 pg/ml, ORV significantly increased B-catenin mRNA levels
and decreased AR mRNA expression under DHT exposure (Fig. 3e,f). Overall, ORV demonstrated the most
beneficial effects on HFDPCs in comparison to the standard treatment.

Western blot analysis was used to further investigation into the intracellular mechanisms (Fig. 3g). ORV at
10 pg/ml significantly reduced intracellular AR expression compared to DHT-only treated cells (6.06 +0.98 vs.
18.05+1.84, P<0.0001) (Fig. 3h). Glycogen synthase kinase 3 beta (GSK-3p), a negative regulator of B-catenin,
prevents P-catenin degradation when phosphorylated, thereby promotes cell proliferation. ORV treatment
increased the ratio of phosphorylated GSK-3p to total GSK-3p compared to the DHT-only group (1.09+0.07
vs. 0.74+0.08, P<0.001) (Fig. 3i). Additionally, the ratio of active B-catenin to total -catenin was significantly
higher in the ORV-treated group compared to the DHT-only group (0.87+0.15 vs. 0.37+0.09, P<0.001),
showing no significant difference between the ORV-treated group and the negative control (Fig. 3j). These
finding demonstrated that ORV modulated several keys molecules involve in AGA.

Skin irritation test

To assess the irritant potential of ORV prior to in vivo experimentation, 3-D human epidermal tissues were
utilized. Results from the MTT assay indicated that exposure to ORV solutions ranging from 1 to 100 pg/ml did
not significantly impact tissue viability (Fig. 4).

Scientific Reports |

(2025) 15:17551 | https://doi.org/10.1038/s41598-025-02581z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

b c Fook
1301 * 1.5 1.5 *
seokeokok c
120+ 5= sk '% T
s %510 28 10
> 20 g
£ [ 20
= oS X =
5 110+ x9 =
— (R c Cc
2 T €8
3 E&os 2305
100 a e
20 T T T T 0.0 0.0
0 1 5 10 0 1 5 10 0 1 5 10
ORV (pg/ml) ORYV (pg/ml) ORV (pg/ml)
d 4 . . - e
Day 0-No stimulation Day 4-Media
; y i 300 Fokok
1 i **
<
>
©
T
§ 200
2
7]
c
= 2
f=
3 » i 100
g Day 4-ORV 5 Day 4-ORV 10 (7
3 o
3 ;
0
0 1 5 10
ORV (pg/ml)

[
>

CFSE intensity

Fig. 1. The proliferative effect of ORV on HFDPCs. A significant of cell proliferation after treated with ORV
for 24 h (a). Treating cells with ORV reduced the expression of DKK1 mRNA (b) and increased the expression
of B-catenin mRNA (c). ORV stimulates the proliferation of HFDPCs marked by the significant reduction of
CEFSE flourescent intensity after 4 days of treatment (d,e). *P<0.05, **P<0.01, ***P<0.001, ***P<0.0001.

Oxyresveratrol treatment reduces hair loss in an androgenetic alopecia mouse model

To evaluate the effect of ORV in an in vivo model, we used C57BL/6N]Jcl mice. The study was divided into
two stages. In the first stage we aimed to determine the optimal concentration of ORV using mice that were
simply shaved. The lotion concentration that stimulated the fastest hair growth was selected for the second stage
(Fig. 5a,b).

In the second stage, an AGA mouse model was created by administering weekly DHT injections. The
treatment lotion was applied to the dorsal area of the mice every other day. Minoxidil 3% was used as a standard
treatment for comparison. Hair growth rate was assessed by the rate of change in dark area coverage over time.
The minoxidil + ORV lotion resulted in the fastest hair growth, achieving full coverage by day 70. Lotions
containing either ORV or minoxidil alone showed slower hair growth, with no significant difference between
these two groups (Fig. 5c,d). In the AGA control group, dermoscopic images revealed areas of hair loss and
broken hairs leaving black dots, this phenomenon not observed in the treatment groups (Fig. 5e).

Histological analysis indicated significant differences between the treatment groups and the AGA control
in terms of the number of hair bulbs per mm, hair bulb diameter, and skin thickness (Fig. 6a). The highest
number of hair bulbs per mm was observed in the minoxidil + ORV lotion group (20+3.27), while the groups
treated with either ORV or minoxidil alone showed no significant difference from each other (16 +2.97 vs.
17 +3.42, respectively) (Fig. 6b). However, there were no significant differences among the three treatment
groups regarding hair bulb diameter and skin thickness (Fig. 6¢,d).

Discussion

Dermal papilla cells (DPCs), a subset of mesenchymal cells in the skin, play a critical role in regulating hair
follicle development and growth. They also serve as a reservoir of multipotent stem cells, making them highly
relevant in hair regeneration research?*?. Clinically, the size of the dermal papilla is reduced in balding follicles,
as seen in conditions like AA and AGA?®. Located at the base of the hair follicle, DPCs function as a signaling
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Fig. 2. The anti-inflammation effect of ORV due to oxidative stress. Oxidative stress was induced by treating
cells with H,0, 200 uM. Pretreating HFDPCs with ORV from 1 to 10 pg/ml for 24 h reduced the expression of
mRNA IL-1 (a), IL-6 (b) and IL-8 (c). The production of IL-6 (d) and IL-8 (e) to supernatant were inhibited
by ORV treatment. ORV helps to reduce ROS production due to H,0, stimulation: quantification of mean
fluorescent intensity of each group measured by a microplate reader (f), photographs taken by fluorescent
microscope (g);. **P<0.01, **P <0.001, ***P <0.0001.

hub, orchestrating hair growth by secreting factors that regulate the proliferation of adjacent hair matrix cells.
Thus preserving the inductive potential of DPCs in vitro is essential for successful hair follicle morphogenesis
and regeneration®”.

ORY, a potent antioxidant, has shown the dermatological benefits due to anti-inflammatory and antioxidant
properties, making it a potential candidate for treating various medical conditions, including alopecia which
often involve inflammation!®2%21:23, In this study, we explored the effects of ORV on hair loss using HFDPCs
and C57BL/6NJcl mouse model.

Our study demonstrates that ORV significantly increased proliferation of normal HFDPCs at concentration of
10 ug/ml, consistent with previous studies on other cell lines!”?*. The cell growth-promoting effect was validated
through MTT assay and CFSE assay. -catenin, a key player in hair follicle development, is crucial for promoting
the anagen phase of hair cycle and regulating keratinocyte differentiation?®. DKK1, a known antagonist of the
Wnt/p-catenin signaling pathway, inhibits hair follicle proliferation by downregulating -catenin®. In our study,
ORV treatment led to a reduction DKK1 expressin and upregulation of -catenin, promoting the proliferation
of HFDPCs.

We also established an oxidative stress-induced AA model in HFDPCs using 200 uM H,0, *. ORV
significantly inhibited the production of various pro-inflammatory cytokines, including IL-1p, IL-6, and IL-8, at
both mRNA and protein levels. Furthermore, the DCFDA assay confirmed that ORV reduced ROS levels, which
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Fig. 3. Effect of ORV on DHT-induced HFDPCs senescence. HFDFCs were treated with ORV at concentration
1, 5 and 10 pg/ml for 30 min, followed by expose to 100 nM DHT for 24 h. The ORV-pretreated group showed
an increase in stimulating factors for HFDPCs regeneration including VEGF (a,b) and mRNA of B-catenin

(e). Conversely, pretreatment with ORV reduced the expression of HFDPC growth inhibiting factors including
DKKI1 (c,d) and mRNA of AR (f). Western-blot analysis was performed to determine the intracellular impact
of ORV under DHT stimulation (g) The result revealed a decrease of AR protein expression level (h) and
increase in the ratio of phosphorylated GSK-3p/total GSK-3f as well as the ratio of non-phosphorylated
(active) B-catenin/B-catenin total in the ORV-pretreated group (i,j). GAPDH was used as the internal control.
*P<0.05,**P<0.01, **P<0.001, ***P<0.0001.
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Fig. 4. Skin irritation test. A 3-D human cultured epidermis model was utilized to evaluate the irritant
potential of ORV. The epidermal tissues were treated with ORV solutions at concentrations of 1, 5, 10, 50, and
100 pg/ml for 42 h. The mean relative tissue viability of three individual tissues exposed to the test substance
was determined using an MTT assay. A tissue viability of <50% is defined as indicative of irritation.

are known to trigger inflammation through NF-kB activation, a central regulator of inflammatory response>..

This suggest that ORV’s anti-inflammatory effects, mediated through the NF-«xB inhibition and may play a
critical role in its therapeutic potential, as supported by similar finding in keratinocytes and macrophages®*=2.

DHT, which binds to AR with highest affinity, is a primary factor in AGA pathogenesis. The binding of
DHT to AR upregulates inhibitors of HFDPCs proliferation such as DKK-1 and IL-6, leading to hair follicle
regression®. The upregulation of DKK-1 is particularly significant as it inhibits the Wnt/B-catenin signaling
pathway, thereby halting the proliferation of HFDPCs*%. Our result revealed that ORV at a 10 pg/ml effectively
suppressed DKK-1 expression while enhancing VEGF mRNA expression and maintaining VEGF production
in HEDPCs at levels comparable to control. VEGE a key mediator of angiogenesis, plays a pivotal role in
stimulating hair regeneration®. ORV’s influence on both VEGF and DKK-1 was observed at both the mRNA
and protein levels.

In addition, DHT stimulation increases AR production in HFDPCs, further exacerbating AGA3. Our study
demonstrated that ORV could suppress AR production, contributing to preservation of HFDPCs proliferation.
Furthermore, the Wnt/fB-catenin signaling pathway, which is vital for hair follicle morphogenesis and growth
was modulated by ORV. The phosphorylation of GSK-3p, which inhibit p-catenin degradation, was induced
by ORYV, thereby stabilizing p-catenin and promoting hair follicle proliferation®”-*. These findings highlight
ORV’s potential in modulating key pathways involved in hair growth, positioning it as a promising therapeutic
candidate for AGA.

Before progressing to in vivo experiments with mice, we evaluated the irritant potential of ORV using a 3D
human cultured epidermis model. According to the GHS standard, the MTT assay confirmed that ORV did not
induce skin irritation, thereby establishing it as a safe candidate for further study®.

Given AGA significant impact on quality of life and lacks a definitive treatment, we applied our finding to an
in vivo model. We developed a lotion containing ORV and compared its efficacy with minoxidil, the only FDA-
approved topical treatment for AGA*’, Previous studies have shown that DHT treatment leads to thinner dorsal
skin, reduced hair follicle proliferation, and increased apoptosis in C57BL/6 mice*!. We utilized DHT-induced
AGA mice to investigate whether ORV can help regenerate hair follicles. In our DHT-induced AGA mouse,
both ORV and 3% minoxidil demonstrated equivalent effectiveness in promoting hair growth. Furthermore, the
combined lotion of ORV and minoxidil produced superior results. Histological analysis revealed that ORV was
as effective as minoxidil in maintaining dorsal skin thickness and increasing the size and number of hair bulbs.
This finding consistent with in vitro finding of ORV induced DPCs proliferation through the p-catenin signaling
pathway.

This study is the first to demonstrate regenerative effect of ORV on DPCs and hair follicles alopecia models,
suggesting its potential as a promising treatment for hair loss primarily through via $-catenin signaling pathway
(Fig. 7). Future clinical studies in individuals with alopecia are necessary to validate the safety, efficacy and
practical applicability of ORV-based therapy for hair loss.

Materials and methods

Culture of hair follicle dermal papilla cell

All the media and reagents for HFPDCs culture were purchased from Cell Applications (#602K-05a, San Diego,
CA, USA). Cells were incubated at 37 °C in humidified incubator containing 5% CO,. Cells were pre-treated
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with ORV for 24 h before exposed to DHT for next 24 h. Then, samples were collected for further experiments.
The cellular passage did not exceed six occurrences across all experiments.

Reagents

Oxyresveratrol
ORYV from Artocarpus lakoocha, was kindly given by the Thailand’s Ministry of Public Health. The purity of ORV
was analyzed using ultra-performance liquid chromatography and had a purity greater than 95%. For the in vitro
cell culture experiment, ORV was dissolved in dimethyl sulfoxide (DMSO) and diluted with phosphate buffer
saline (PBS) to achieve the working concentration, with the final concentration of DMSO in the solution was less
than 1%. For the in vivo experiment on mouse hair regeneration model, ORV lotions were developed by Faculty
of Medicine, Chulalongkorn University.
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Fig. 6. ORV prevented the effects of DHT on the skin and hair follicles. Skin samples were collected and
subjected to hematoxylin and eosin staining, with histological images presented at x200 magnification (a).
Quantitative analysis included the number of hair bulbs, hair bulb diameter, and skin thickness across the
different treatment groups (b-d). **P<0.01, **P<0.001, ***P <0.0001.

Dihydrotestosterone
DHT commercially known as Stanolone (#A0462), was produced by TCI, Japan. The compound was dissolved
in DMSO and diluted with PBS to reach the desired working concentration.

Minoxidil

Minoxidil (#M1389, TCI, Japan) was used as the standard control in this study. The compound was dissolved
in ethanol and diluted with PBS for the in vitro cell culture experiment. For the mouse experiment, lotion
containing minoxidil was also developed by Faculty of Medicine, Chulalongkorn University.

Cell viability assay

To detect the cytotoxicity of ORV to HFDPCs, we seed 0.5x 10* cells/well in a flat-bottom 96-well plate (SPL
Life Sciences, Gyeonggi-do, Korea) with HFDPCs Growth Medium (#611-500, Cell Applications, San Diego,
CA, USA) at 37 °C in a humid 5% CO, atmosphere for 24 h. Then, cells were treated with ORV at desired
concentrations as determined in our previous study on keratinocytes®. Fifty microliters of MTT reagent
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) (#ab211091, Abcam Plc., Aibo Trading Co.,
Ltd., Shanghai, China) was added to each well and incubate in a 5% CO, incubator at 37 °C for 3 h. Next, optical
densities (OD) were measured at a wavelength of 490 nm using Varioskan microplate reader (Thermofisher
Scientific, Grand Island, NY, USA).

Cell proliferation assay

The proliferation assay was performed on HFDPCs using CFSE Cell Division Tracker kit (#423801, BioLegend,
San Diego, CA, USA). Cells were stained with CFSE (5-(and 6)-Carboxyfluorescein diacetate succinimidyl
ester) before being cultured in 6-well plate (SPL Life Sciences, Gyeonggi-do, Republic of Korea) and incubated
overnight. The next day, the cells were treated with ORV for 48 h. Before analysis, the cells were trypsinized
and washed with PBS. The cells were then resuspended in FACs buffer and the intensity of CFSE was measured
using BD" LSR II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). Data was analyzed using FlowJo 10
cytometry analysis software (FlowJo, Ashland, OR, USA).

RNA isolation, complementary DNA synthesis, quantitative real time-PCR analysis
Total RNA from cells was isolated using TRIzol reagent (Gibco, Carlsbad, CA, USA) according to the
manufacturer’s instructions. The first strand of cDNA was synthesized from 500 ng total RNA using iScript™
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Fig. 7. Diagram of mechanism of ORV in counteracting DHT-induced AGA in HFDPCs. ORV effectively
counters the degradation of B-catenin induced by DHT by promoting the phosphorylation of GSK-3p, thereby
preventing its interaction with p-catenin. This stabilization allows the active, non-phosphorylated p-catenin to
translocate into the nucleus, where it facilitates the proliferation of HFDPCs. Additionally, ORV enhances the
production of VEGE, a key factor in promoting hair regeneration, while simultaneously suppressing DKK1, a
critical inhibitor of hair growth.

cDNA Synthesis kit (#1708891, Biorad, Hercules, CA, USA). For real time-PCR, the amplification steps were
performed using iScript™ Reverse Transcription Supermix (#1708841, Biorad, Hercules, CA, USA) as follows: 1
cycle at 95 °C for 10 min, 40 cycles at 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 1 min (Table 1).

Enzyme-linked immunosorbent assay (ELISA)

The levels of supernatant cytokines and protein were measured using human IL-6 and IL-8 ELISA Kkits (#88-7066
and #8086-22, respectively; Thermofisher Scientific, Carlsbad, CA, USA), DKK1 ELISA kit (#DKK100B, R&D
systems, Minneapolis, MN, USA), VEGF ELISA kit (#466507, BioLegend, San Diego, CA, USA). Cell cultures
were performed in triplicate for each treatment condition. Concentrations were calculated using the standard
curve generated by a curve-fitting program.

ROS generation detection

ROS formation in HFDPCs was detected using a DCFDA/H2DCFDA-Cellular ROS Assay Kit (ab113851,
Abcam, Cambridge, UK) according to the manufacturers protocol. Fluorescent intensity was measured by
Varioskan microplate reader (Thermofisher Scientific, Grand Island, NY, USA) at Ex/Em =485/535 nm.

Western blot analysis

Western blot was utilized to collect intracellular protein. Cells were lysed with RIPA buffer (#9806, Cell Signaling
Technology, Danvers, MA, USA) containing protease/phosphatase inhibitor cocktail (#5872, Cell Signaling
Technology, Danvers, MA, USA). Protein concentration was determined using BCA Protein Assay kit (#7780,
Cell Signaling Technology, Danvers, MA, USA). Twenty pg of protein lysate was loaded onto 8-12% SDS-PAGE.
The protein was then transferred to nitrocellulose membrane (#1620112, Biorad, Hercules, CA, USA) at 70
volts for 75 min. The membrane was then blocked with 5% nonfat dry milk (#9999, Cell Signaling Technology,
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Gene Sequence T, (°C) | Length (base pairs)

Fw: 5'-ACC CAC TCC TCC ACCTTT-3’

GAPDH | 15/ CAC CAC CCT GTT GCT GTA G-3' 60 108

jL1p | PwS-ACAGATGAAGIGCICCITCCAS | g s
Rv: 5'-GTC GGA GAT TCG TAG CTG GAT-3"

iy Fw: 5'-GGC ACT GGC AGA AAA CAA CC-3' 0 o5
Rv: 5'-GCA AGT CTC CTC ATT GAA TCC-3'

s Fw: 5-GAG AGT GAT TGA GAG TGG ACCAC-3' | i

Rv: 5'-CAC AAC CCT CTG CAC CCA GTT T-3’

AR Fw: 5'-CTC TCA CAT GTG GAA GCT GCA AG-3' 60 137
Rv: 5'-TTT CCG AAG ACG ACA AGA TGG AC-3'

Fw: 5'-GCC AGC ACA TAG GAG AGA TG-3'

VEGF | py:5-CAC GCT CCA GGA CTT ATA CC-3/ 60 155

f-catenin | ¥ 5'-TTA GCT GGT GGG CTG CAG AA -5 0 l
Rv: 5'-GGG TCC ACC ACT AGC CAG TAT GA-3'

DKK.] | Ew:5-ATG CGT CAC GCT ATG TGC TG-3' " s

Rv: 5'-TGG AAT ACC CAT CCA AGG TGC TA-3'

Table 1. Sequence of primers used in this study.

Danvers, MA, USA) in 1x TBST for 60 min at room temperature and then incubated with primary antibodies
at 4 °C overnight. Primary antibodies were used in the study included: GAPDH (D16H11) XP' rabbit mAb
(#5174), Androgen Receptor (D6F11) XP" Rabbit mAb (#5153), p-Catenin (D10A8) XP' Rabbit mAb (#8480),
Non-phospho (Active) p-Catenin (Ser33/37/Thr41) (D13A1) Rabbit mAb (#8814), GSK-3f (D5C5Z) XP’
Rabbit mAb (#12456), Phospho-GSK-3f (Ser9) (D85E12) XP" Rabbit mAb (#5558). The following day, the
membrane was incubated in blocking buffer containing HRP-conjugate anti-rabbit secondary antibody (#7074)
followed by washing steps. All antibodies were purchased from Cell Signaling Technology (Danvers, MA,
USA). Protein bands were detected using UltraScience Pico Plus Western Substrate (Bio-Helix, New Taipei City,
Taiwan). GAPDH expression levels were used as an internal control. Band intensity of the proteins of interest
was quantified from triplicate Western blot images using Image Lab software version 6.1 (Bio-Rad Laboratories,
Hercules, CA, USA).

Skin irritation test with 3-D human cultured epidermis

A 3-D human cultured epidermis model (Labcyte EPI-MODEL 6D, Japan Tissue Engineering Co., Ltd (J-TEC))
was employed to assess the irritant potential of ORV before applying the substance to mouse skin at a broader
range of concentrations than previously studied. Initially, the human epidermal tissues were incubated in a CO,
incubator for 24 h. Subsequently, various concentrations of the ORV solution were applied to the surface of the
epidermal tissues, ensuring even distribution across the entire tissue, and incubated for an additional 42 h. Post-
incubation, the tissues were rinsed three times with PBS, followed by an MTT assay as per the manufacturer’s
protocol. According to the Globally Harmonized System of Classification and Labeling of Chemicals (GHS), a
substance is considered an irritant if the mean relative tissue viability of three individual tissues exposed to the
test substance is reduced to below 50% of the mean viability of the negative controls.

Mouse model

Seven-to-nine-week-old C57BL/6NJcl mice were purchased from Nomura Siam (Bangkok, Thailand). The
animals were maintained according to the standard animal care protocol approved by the Animal Care and
Use Committee of the Faculty of Medicine, Chulalongkorn University (No. 039/3566; approved on December
2023). Mice were housed in a husbandry unit with a 12 h light/dark cycle under thermoregulated (22+2 C) and
humidity-controlled (50 +10%) condition and provided with standard diet and water ad libitum. Throughout
the procedure, the mice were maintained under anesthesia using isoflurane administered via a ventilator. At the
conclusion of each phase, the mice were humanely euthanized using the cervical dislocation method.

Finding out the optimal concentration of ORV (Phase 1)

All mice were randomly assigned to five groups: no treatment, based-lotion, ORV low, ORV medium, ORV high,
with 3 mice in each group. After grouping, the mice had their back fur shaved. Then, lotion was applied every
other day for 3 weeks. The lotion formulation that promoted the fastest hair growth was selected for the next
phase of the study. Hair growth rate was assessed using Image J.

Effect of ORV on hair regeneration with androgenetic alopecia model (Phase 2)

The ORYV lotion with the optimal concentration identified in Phase 1 will be used in Phase 2. Mice were randomly
assigned to four groups: no treatment control, ORV lotion, ORV + minoxidil lotion, and minoxidil lotion. To
create the AGA model, all mice had their back fur shaved and were injected with DHT at a dose of 1 mg per
week. Subsequently, the treatment lotion was applied every other day to monitor its efficacy in stimulating hair
growth. Hair growth rate was assessed by Image J.

Scientific Reports |

(2025) 15:17551 | https://doi.org/10.1038/s41598-025-02581z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Pathology observation

The dorsal skin was fixed in 4% paraformaldehyde for 24 h prior to being embedded in paraffin. The paraffin-
embedded skin sections were mounted on glass slides and stained with hematoxylin and eosin (H&E) to analyze
the histology, skin thickness, hair bulb characteristics.

Statistical analysis

Statistical analysis was performed using GraphPad Prism version 9.0. For multiple comparison test, one-
way ANOVA was used. Pairwise comparisons were also performed to determine the statistical significance
of different ORV concentration groups. Unless otherwise noted, data were collected from triplicate samples,
and numerical values were presented in graphical formats as mean + standard deviation (SD). Difference was
considered statistically significant when the p value was less than 0.05.

Data availability

The data are available from the first and corresponding authors upon reasonable request.
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