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Abstract: Hair loss is influenced by various stresses and disruptions in the hair growth
cycle within hair follicles. The activation of these follicles is primarily driven by dermal
papilla cells, which play a central role in the progression of the hair growth cycle and for-
mation. Many studies are being carried out on various natural plants to improve hair loss.
In this study, we assessed the potential of Astragalus sinicus, known as a pharmacological
herb, in mitigating damage to human follicle dermal papilla cells (HFDPCs) caused by
dihydrotestosterone (DHT). We found that Astragalus sinicus extracts (ASEs) facilitated
wound healing and elevated alkaline phosphatase expression in DHT-damaged HFDPCs.
ASEs also significantly reduced reactive oxygen species (ROS) generated by DHT and
increased ATP levels by restoring mitochondrial membrane potential in damaged cells.
Furthermore, we demonstrated that ASEs substantially enhanced the phosphorylation lev-
els of the AKT/ERK pathway and activated the Wnt signaling pathway in DHT-damaged
HFDPCs. Taken together, we suggest that ASEs may be a potential ingredient for enhancing
hair loss treatment.

Keywords: Astragalus sinicus; dihydrotestosterone; human follicle dermal papilla cells; hair
growth; Wnt/ 3-catenin signaling

1. Introduction

Hair is found on various parts of the human body and performs several critical func-
tions, including body protection, heat insulation, camouflage, sebaceous secretion, sensory
perception, and social interactions [1]. That is why hair loss is an important concern for
many people today. Hair loss is characterized by a reduction in hair density, hair thinning,
or both, and can result from both hormonal and non-hormonal causes [2]. Androgenetic
alopecia (AGA), commonly known as male pattern baldness, is a multifactorial condition
characterized by a specific pattern of baldness [3].

AGA is characterized by the gradual shrinking of hair follicles, which occurs due
to alterations in the hair growth cycle dynamics. This leads to the transformation of the
terminal hair follicle into villus-like hairs, with a gradual shortening in the anagen phase
and a lengthening in the telogen phase [4]. The condition is mainly driven by 5-alpha-
reductase and its byproduct, DHT, which induces miniaturization of hair follicles and
shortens successive anagen cycles [5]. Increased oxidative stress affects the pathogenesis
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of androgenic alopecia and the secretion of known follicle-inhibitory factors [6,7]. How-
ever, the underlying molecular mechanisms of androgen-related hair loss remain largely
unknown [8].

Hair follicles are living mini-organs composed of dermal and epidermal cells. Dermal
papilla cells, derived from the mesodermal layer, play a crucial role in the formation of
human hair follicles [9]. HFDPCs are the major regulatory cells within the hair follicle,
inducing hair formation and growth through reciprocal interactions with epithelial cells [10].
HFDPCs are located at the bottom of a hair follicle and control the hair growth cycle. There
are three phases in the cycle of hair growth: growth (anagen), regression (catagen), and
rest (telogen) [11]. Accelerating the telogen-to-anagen transition or delaying the anagen-
to-catagen shift can mitigate hair miniaturization and prevent hair loss [12]. Pathways
involved in regulating follicle cycle development primarily include Wnt/ 3-catenin, sonic
hedgehog (SHH), and transformation growth factor - (TGF-f3). Especially, the Wnt/3-
catenin pathway is pivotal for follicle morphogenesis and primary follicle formation [13,14].
The activated Wnt/3-catenin pathway plays key roles in morphogenesis, growth, and
regeneration of follicles [15]. Additionally, alkaline phosphatase (ALP), which is crucial
for growth phase induction and wound-induced hair neogenesis, is increased by Wnt/3-
catenin signaling [16].

Although there are various drugs and treatment strategies to improve such hair loss,
it has been reported that chemicals contained in natural products have properties that stim-
ulate hair growth [17]. Polyphenols, abundantly present in plants, are gaining recognition
for their significant contributions to health, and more than 1000 species of polyphenols
have been identified by technological advances in recent years [18]. Polyphenols and other
antioxidants have been documented for their roles in preventing hair loss and promoting
hair growth [19].

Astragalus sinicus is a perennial herbaceous legume native to East Asia, including
Japan, southern China, and central Korea [20]. It is primarily cultivated in rice paddies,
where it enhances soil fertility through nitrogen fixation, benefiting rice cultivation [21].
Research on Astragalus sinicus reveals that its tender young leaves and stems are edible and
have been traditionally utilized in medicine to address ailments such as excessive sweating,
hypertension, and diabetes [22]. Astragalus sinicus chemical components contain chemical
components and structures such as triterpenoid saponins, flavonoids, and glycosides [23].
Previous reports have shown positive results regarding its anti-inflammatory and antioxi-
dant properties [24,25]. It has been hypothesized that chemical components like flavonoids
may have a beneficial effect on improving hair loss [26].

In this study, we investigated whether Astragalus sinicus extracts (ASEs) can be used
as a potential cosmetic and therapeutic agent to improve HFDPC damaged by DHT and
promote hair growth.

2. Materials and Methods
2.1. Preparation of ASEs

Astragalus sinicus was collected in early May from the farmland Hampyeong-gun,
Jeollanam-do. It was naturally dried under sunlight for 2 days. Two kg of dried aerial parts
of Astragalus sinicus were then extracted with 40 L of 70% ethanol /water mixture (v/v) at
80 °C for 6 h. The extract was filtered with a filter cloth, and the filtrate was concentrated
using a vacuum evaporator under the following conditions: 10~20 kPa, 40 rpm, and 50 °C.
Subsequently, it was freeze-dried for 48 h, yielding 0.5 kg of ASE powder. The freeze-dried
powder was vacuum-sealed and stored frozen for experimental use.
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2.2. Cell Culture

HFDPCs acquired from PromoCell (Heidelberg, Germany) were cultured using a
dermal papilla cell growth medium, supplemented with a mix of growth factors and
1% streptomycin/penicillin in a 5% CO, incubator at 37 °C. Additionally, ready-to-use
HFDPC Medium and a Detach kit from PromoCell (Heidelberg, Germany) were used for
cell cultivation. The Detach kit, composed of HEPES BSS solution, Trypsin/EDTA solution,
and trypsin neutralization solution (Heidelberg, Germany), was utilized to enhance the
subculturing environment of HFDPCs. Cells were detached using the Detach kit and
transferred to 75 mm tissue culture flasks once they reached 80-90% confluence, typically
every 3 days.

2.3. Cell Viability Assay

An EZ-cytox cell-based assay kit (DoGenBio, Seoul, Republic of Korea) was utilized
to assess cell viability. HFDPCs (2 x 10* cells per well) were cultured in a microplate
and incubated for 24 h. HFDPCs were treated with ASEs at concentrations of 5, 10, and
50 ppm for 24 h. Ten uL EZ-cytox reagent was added to each well, and 100 pL dermal
papilla cell growth medium was introduced into each well for 1 h at 37 °C incubation.
The absorbance at 450 nm was recorded using a Synergy HTX microplate reader (BioTek,
Winooski, VT, USA).

2.4. Cell Proliferation Assay

HFDPCs were seeded in a confocal dish and incubated for 24 h. Cells were exposed to
5 uM DHT, 1 uM minoxidil, and 100 ppm ASEs with 10 uM working solution of EAU for
24 h. Following the treatment, 1 mL of 3.7% formaldehyde was added and left to incubate
for 15 min. Each sample was incubated for 15 min at room temperature. Each sample was
washed twice with 3% BSA in PBS, and 1 mL of PBS with 0.5% Triton X-100 was added,
and samples were incubated for 20 min. Each sample was then washed twice with 3% BSA
in PBS, adding 0.5 mL of Click-iT® reaction cocktail each time, and incubated for 30 min.
Each sample was washed once with 3% BSA in PBS, 1 mL of 1X Hoechst 33,342 solution
was added, and samples were incubated for 30 min. Finally, each sample was washed twice
with PBS, 1 mL PBS was added, and the samples were measured with fluorescence imaging.
FITC and DAPI measurements were performed using an Eclipse Ti2 fluorescence live-cell
imaging microscope (Nikon, Tokyo, Japan). Fluorescence signal intensities were quantified
using Fiji Image ] software 1.8.0 (win 64 bit) for analysis.

2.5. Wound Healing Assay

HFDPCs were seeded in a 6-well plate. The cells were incubated at 37 °C until they
reached approximately 80% confluence after 24 h. A 200 uL pipette tip was then used to
create a horizontal scratch through the center of the confluent cell layer. The cells were
washed once with DPBS, and a fresh medium was added. HFDPCs were subsequently
treated with 5 uM DHT, 1 pM minoxidil, and ASEs at concentrations of 10 ppm, 50 ppm,
and 100 ppm, respectively. Wound healing was monitored at 0 and 24 h marks post-
wound creation. Images of both treated and untreated control cells were captured using
phase-contrast microscopy (Microscope ECLIPSE Ts2, Nikon, Tokyo, Japan).

2.6. Alkaline Phosphatase Staining (ALP) Assay

HFDPCs were seeded in a 24-well plate, and 500 pL of culture medium was added
to each well. Consequently, HFDPCs were treated with 5 uM DHT, 1 uM minoxidil, and
ASEs at concentrations of 100 ppm. Then, 1x PBST was prepared using 0.05% Tween 20.
Fixing solution (0.4 mL) was applied to each well of a plate and incubated for 2 min. After
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incubation, the fixing solution was removed and the fixed cells were washed twice with
1 mL of 1x PBST. Following the final wash, the remaining liquid was aspirated and 0.4 mL
of AP Staining Solution was added to each well. The cells were incubated for 24 h, ensuring
they were protected from light during this period. Subsequently, the cells were rinsed with
DPBS. The colonies exhibiting purple staining were subsequently counted and compared
to unstained colonies under a Nikon light microscope (ECLIPSE Ts2, Nikon, Tokyo, Japan).
The degree of staining was quantified using Fiji Image ] software (win 64 bit) for analysis.

2.7. Measurement of Intracellular ROS

HFDPCs were seeded at 2 x 10% cells/mL in a confocal dish and incubated for 24 h.
The cells were exposed to 5 uM DHT, 1 pM minoxidil, and 100 ppm ASEs individually for
24 h. Cells were rinsed twice with DPBS, after which the 20 mM 2,7-Dichlorofluorescin
diacetate (DCF-DA) solution provided in the H2DCFDA-Cellular ROS Assay Kit (Abcam,
Cambridge, UK) was diluted to a final concentration of 10 uM and incubated for 20 min.
After staining, the cells were again washed with DPBS, and 500 pL of DPBS was added for
fluorescence measurement. FITC and DIC measurements were performed using an Eclipse
Ti2 fluorescence live-cell imaging microscope (Nikon, Tokyo, Japan). Fluorescence signal
intensities were quantified using Fiji Image ] software (win 64 bit) for analysis.

2.8. Measurement of Membrane Potential in Mitochondria

HFDPCs were plated in a confocal dish and incubated for 24 h. Cells were individually
treated with 5 uM DHT, 1 uM minoxidil, and 100 ppm ASEs for 24 h. Cells were washed
with DPBS, followed by diluting the 1 mM JC-1 solution from the JC-1—Mitochondrial
Membrane Potential Assay Kit (Abcam, Cambridge, UK) to a final concentration of 10 uM
and incubating for 15 min. The cells were washed out again with DPBS, and 500 L of DPBS
was added for fluorescence analysis. RITC, FITC, and DIC measurements were taken using
an Eclipse Ti2 fluorescence live-cell imaging microscope (Nikon, Tokyo, Japan), followed
by merging the images. Fluorescence signal intensities were quantified using Fiji Image |
software (win 64 bit) for analysis.

2.9. Live Cell ATP Assay

HFDPCs were seeded at 2.5 x 10% cells/mL in confocal dishes and incubated for 24 h.
Cells were treated with 5 uM DHT, 1 uM minoxidil, and 100 ppm ASEs, individually, for
24 h. Once the cells were ready, they were washed twice with DPBS. Subsequently, to
prepare the ATP Red™ working solution, 1 mL of cell culture medium was added to every
5 pL of ATP Red™ Stock Solution from the Cell Meter™ Live Cell ATP Assay Kit (AAT
Bioquest, Pleasanton, CA, USA). A volume of 500 uL of the working solution was applied,
and the plate was incubated for 30 min. After removing the ATP Red™ working solution,
the cells were washed twice with DPBS. Subsequently, MitoLite™ Green FM (AAT Bioquest,
Pleasanton, CA, USA) was diluted from 1 mM to 100 nM to prepare the MitoLite™ Green
FM staining solution. A volume of 500 pL was then added and incubated for 30 min. Cells
were imaged using an Eclipse Ti2 fluorescence live-cell imaging microscope (Nikon, Tokyo,
Japan) with RITC and FITC filters. Fluorescence signal intensities were quantified using
Fiji Image ] software (win 64 bit) for analysis.

2.10. Western Blot Analysis

HFDPCs were plated in dishes and incubated for 24 h. Cells were treated with DHT
5 uM, 1 uM minoxidil, and ASEs (10, 50, and 100 ppm) for 24 h. Cells were washed
with DPBS, and protein extraction was performed using RIPA buffer. The proteins were
sonicated for 5 min and centrifuged at 12,000 rpm, 10 min, and 4 °C. The supernatants were
harvested, and the total protein concentration was assessed by the Pierce™ BCA Protein
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Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). The proteins were equalized
with 4x LDS sample buffer diluted in RIPA buffer and heated on a heat block at 70 °C for
10 min. The membranes were incubated by 5% non-fat dry milk in TBS-T with 0.1% Tween
20. After blocking, primary antibodies including phospho-ERK/ERK, phospho-AKT/AKT,
phospho-GSK-33/GSK-3f3, and 3-catenin (Cell Signaling Technology, Danvers, MA, USA)
were incubated overnight on the shaker. After that, the secondary antibody was incubated
for 2 h and washed with TBS-T for 10 min. The immunoreactive bands were finally detected
using the ECL reagent (1:1), the images were captured using the Invitrogen iBright 1500
(Waltham, MA, USA), and the data were analyzed with Fiji Image] software (Windows
64-bit).

2.11. Statistical Analysis

The data are shown as the mean + standard deviation (SD) of three independent
experiments. All statistical analyses, including t-tests and nonparametric tests, were
conducted using GraphPad Prism 8.0.1 software (San Diego, CA, USA) through a t-test
to compare two groups and analysis of variance (ANOVA) to analyze differences among
multiple groups.

3. Results
3.1. The Effects of ASEs on Cell Viability and Proliferation in HFDPCs

To study the effects of ASEs on cell viability in HFDPCs, we treated the cells with
ASEs at concentrations of 10 ppm, 50 ppm, and 100 ppm for 24 h. Cell viability was
assessed using the EZ-cytox assay. The results demonstrated that ASE treatment markedly
enhanced cell viability in HFDPCs compared to the control group (Figure 1A). A significant
increase in the EdU-positive cells was observed in the ASE-treated group compared to the
negative control (Figure 1B). Based on these findings, we also demonstrated that the cell
proliferation rate was enhanced by ASEs at 24 and 48 h compared to the DHT-damaged
HFDPCs (Figure 1C).

3.2. ASEs Improved Cellular Migration of HFDPCs Damaged by DHT

Assessing the mobility of HFDPCs is crucial for hair growth and regeneration, par-
ticularly in their contribution to follicle structure formation [10]. Thus, we conducted a
wound healing assay to assess the effects of ASEs on cell migration in HFDPCs damaged
by DHT. After 24 h, the DHT-treated group exhibited suppressed cell growth, whereas the
group treated with both DHT and minoxidil showed a marked increase in cell migration.
Furthermore, ASEs exhibited a significant dose-dependent enhancement in wound healing
(Figure 2).
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Figure 1. Cell viability and cell proliferation of ASEs in HFDPCs. (A) Cell viability of ASEs at
different concentrations, was assessed by EZ-cytox assay. (B) Cells were treated with 5 uM DHT,
1 uM minoxidil, or 100 ppm ASEs for 48 h. Cell proliferation was determined by EdU staining assay
(scale bars, 100 um). (C) Cell proliferation was measured by EdU staining assay after 24 and 48 h.
Cell viability and proliferation were determined as the percentage (%) of viable cells compared to the
untreated cells. All data are presented as mean £ SD (n = 3). These images were acquired from three
independent experiments. * p < 0.05 compared to the control group.

3.3. ASEs Improved the ALP Activity of HFDPCs Damaged by DHT

Alkaline phosphatase (ALP), the prominent marker of HFDPCs, was identified as
a critical marker for hair growth promotion [27,28]. It has been suggested that the hair
inductivity of HFDPCs is closely related to ALP activity [29]. HFDPCs are essential for
hair growth and regeneration in regressed hair follicles. As expected, we observed a
significant increase in ALP expression in the group treated with 1 uM minoxidil, the
positive control, compared to the group treated with DHT-damaged HFDPCs. Similarly, a
substantial increase in ALP expression was observed in the group treated with 100 ppm
ASEs (Figure 3.)
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Figure 2. The wound healing effect of ASEs in DHT-damaged HFDPCs. The wound healing assay
was conducted for 24 h with HFDPCs damaged by 5 uM DHT. Cells were treated with ASEs at
concentrations of 10, 50, and 100 ppm, as well as with 1 pM minoxidil, for 24 h (scale bars, 20 um).
Each image was captured using a phase-contrast microscope. These images were acquired from three
independent experiments (1 = 3).
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Figure 3. Effects of ASEs on the expression levels of ALP in DHT-damaged HFDPCs. (A) The ALP
assay was performed on HFDPCs damaged by 5 uM DHT. HFDPCs were pre-treated with 100 ppm
ASEs and 1 uM minoxidil for 24 h, followed by exposure to 5 pM DHT to induce damage (scale
bars, 20 um). (B) ALP activity was increased in HFDPCs treated with ASEs. These images were
acquired from three independent experiments (1 = 3). ** p < 0.01, *** p < 0.001 compared to the only
DHT-treated group.
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3.4. ASEs Reduced DHT-Induced ROS Levels in HFDPCs

ROS production has endogenous and exogenous sources [30]. Stress and external
oxidants, including air pollutants, cigarette smoke, and ionizing radiation, influence the
redox (reduction-oxidation) status of cells [31,32]. Stress-induced alopecia is driven by
factors such as androgen excess, genetic factors, and exposure to oxidative stress, which
leads to the formation of ROS [33]. DHT elevates intracellular ROS levels, leading to cell
death and growth arrest [34]. We hypothesized that ASEs would reduce ROS in HFDPCs
damaged by DHT. Thus, we compared the ROS levels between the DHT-treated and the
ASE-treated groups damaged by DHT with DCF-DA staining. Interestingly, we observed
that the ASE-treated group had lower cellular ROS levels compared to the DHT-treated
group (Figure 4).
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Figure 4. Effects of ASEs on ROS levels in HFDPCs damaged by DHT. The measurement of ROS
levels was performed for HFDPCs damaged by 5 uM DHT. (A) One hundred ppm ASEs and 1 uM
minoxidil were pre-treated for 24 h followed by 5 uM DHT damage. (B) Reduced ROS levels in
damaged HFDPCs treated with DHT from ASEs. DCF-DA images were captured using an Eclipse
Ti2 fluorescence live-cell imaging microscope (scale bars, 100 pm), and the intensity of the green
fluorescence (FITC) correlates with the concentration of ROS. These images were acquired from three
independent experiments (1 = 3). ** p < 0.01 compared to the only DHT-treated group.
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3.5. ASEs Restored Mitochondrial Potential and ATP Levels in DHT-Damaged HFDPCs

The anagen phase of hair growth involves cell division in the dermal papilla, which
increases energy demands and reliance on mitochondrial respiration [35,36]. Consequently,
mitochondrial function plays a critical role in hair growth regulation [37,38]. We assessed
changes in mitochondrial membrane potential in DHT-damaged HDFPCs treated with
ASEs using the JC-1 assay.

Depending on the membrane potential, JC-1 dye accumulates in the mitochondria,
with normal mitochondrial membrane potential indicated by red fluorescence from JC-1
aggregates and damaged membrane potential indicated by green fluorescence from JC-1
monomers. We observed strong red fluorescence in ASEs damaged by 5 uM DHT. In
contrast, the group treated with 5 uM DHT alone exhibited green fluorescence compared to
the control group (Figure 5A,B). These results suggest that ASEs restored mitochondrial
potential in HFPDCs damaged by DHT.
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Figure 5. Effects of ASEs on mitochondrial potential and ATP activity in DHT-damaged HFDPCs.
(A) HFDPCs were pre-treated with 100 ppm ASEs and 1 pM minoxidil for 24 h. JC-1 images
were captured using Eclipse Ti2 fluorescence live-cell imaging (scale bars, 100 um). Red puncta
(RITC) indicates hyperpolarized mitochondria while green puncta (FITC) indicates depolarized
mitochondria. (B) Mitochondrial membrane potential was increased in HFDPCs treated with ASEs.
(C) ATP assay was performed under the same conditions. Red puncta (RITC) represents ATP
activity while green puncta (FITC) represents mitochondria dye (scale bars, 50 um). (D) ATP activity
was higher in HFDPCs treated with ASEs. These images were acquired from three independent
experiments (1 = 3). * p < 0.05, ** p < 0.01 compared to the only DHT-treated group.

Based on this observation, we hypothesized that ASEs would increase ATP activity
through enhanced mitochondrial function. The key function of mitochondria is the pro-
duction of ATP via oxidative phosphorylation [39]. Therefore, disruption of mitochondrial
oxidative phosphorylation may inhibit the differentiation and proliferation of hair stem
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cells and delay hair regeneration [40,41]. To test this hypothesis, we measured ATP activity
in the mitochondria of DHT-damaged HFDPCs treated with ASEs using Live Cell ATP
assays, indicating that living cells are indicated by red fluorescence. We observed that
ATP activity was higher in ASE-treated cells damaged by 5 uM DHT compared to the
DHT-treated group (Figure 5C,D).

These results support our hypothesis that ASEs increased ATP activity through en-
hanced mitochondrial function.

3.6. ASEs Were Involved in the ERK/AKT Signaling Pathway and Wnt/B-Catenin Pathway in
DHT-Damaged HFDPCs

The ERK and AKT signaling pathways serve as critical modulators of cellular prolifer-
ation [42,43]. The ERK signaling pathway is essential for promoting cell proliferation in
various cell types [44,45], including HFDPCs, and enhances hair induction by activating
the AKT pathway [46,47]. The Wnt/ 3-catenin pathway is critical for the development and
growth of hair follicles [48,49]. -catenin expression in both hair follicle mesenchymal
cells and epithelial cells plays vital roles in sustaining hair follicle development, as well
as in the proliferation and differentiation of hair follicle stem cells [50,51]. In addition,
GSK-3p signaling is necessary for regulating diverse biological processes, including cell
proliferation, hair growth, and hair regeneration [52,53].

To investigate the signaling mechanism of ASEs, we conducted a Western blot analysis
to assess their impact on the phosphorylation of ERK, AKT, -catenin, and GSK-3f3. In
the DHT-treated group, the phosphorylation levels of p-AKT, p-AKT, p-GSK-3f3, and the
expression levels of 3-catenin were decreased (Figure 6). In contrast, in DHT-treated
HFDPCs exposed to ASEs, the phosphorylation levels of p-AKT, p-ERK, and p-GSK-3f3
and the expression levels of 3-catenin were elevated dose-dependently (Figure 6).
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Figure 6. Effects of ASEs on the phosphorylation level of AKT/ERK, p-Catenin, and GSK-3f in
HFDPCs damaged by DHT. HFDPCs treated with ASEs (10, 50, and 100 ppm) for 24 h were harvested
and analyzed for p-ERK, ERK, p-AKT, AKT, p-GSK, GSK, -catenin, and p-actin using Western blot
assay. (A) Relative expression band of each protein in the ASE-treated group. (B) Bar graph showing
relative expression levels of AKT, ERK, 3-Catenin, and GSK-3f in ASE-treated groups. All data were
shown as the mean &+ SD (n = 3). * p < 0.05, ** p < 0.01, compared to the only DHT-treated group.
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These results indicate that ASEs activated the ERK/AKT signaling pathway and the
GSK-3f3/ B-catenin signaling pathway in HFDPCs damaged by DHT.

4. Discussion

Alopecia is associated with various psychosocial issues, including depression, low self-
esteem, and reduced social engagement [54,55]. As a result, there is an ongoing demand for
novel and effective treatments for hair loss [56,57]. AGA is a prevalent hair loss condition
influenced by genetic and hormonal factors, characterized by androgen-driven progressive
thinning of scalp hair in a specific pattern [58,59]. The current treatments for AGA are
oral finasteride and topical minoxidil. Oral minoxidil is increasingly used and has proven
efficacy [60,61]. There are current limitations of DHT-targeted therapy. Finasteride and
minoxidil are the most used DHT-targeted therapies that focus on reducing the enzymatic
activity of 5a-reductase (finasteride) or increasing hair follicle blood flow (minoxidil) [62].
However, finasteride fails to address the inflammatory and oxidative stress responses
that affect the miniaturization of hair follicles [63]. Minoxidil improves blood supply but
does not directly regulate the cellular signaling pathway or inhibit inflammatory cytokine
activity [64]. Therefore, natural extracts are gaining attention as potential safe alternatives
for improving hair loss.

Astragalus sinicus is a traditional legume crop in the genus Astragalus [65]. Astragalus
sinicus has an important role in maintaining soil fertility [66]. However, since no study has
investigated the potential of ASEs to improve hair loss in HFDPCs damaged by DHT, we
attempted this study for the first time.

In our study, we investigated whether ASEs could increase hair growth in DHT-
damaged HFDPCs. Treatment with ASEs increased the proliferation rate (Figure 1C) and
activated the migration of cells in HFDPCs damaged by DHT (Figure 2). In addition,
alkaline phosphatase activity, a marker of the hair follicle cell growth cycle, was enhanced
(Figure 3). ROS is a key factor in hair loss, and ASEs were shown to effectively sup-
press ROS levels compared to the DHT-damaged group (Figure 4). Mitochondria are
membrane-bound organelles that play crucial roles in various cellular processes, including
ATP production, metabolism, calcium signaling, redox signaling, and apoptosis [67,68].
Interestingly, ASEs restored mitochondrial function in DHT-damaged HFDPCs (Figure 5A).
In addition, ASEs increased ATP activity by utilizing the membrane potential recovery
capacity of mitochondria (Figure 5C). Activation of the Wnt/ 3-catenin pathway promotes
hair cycle and regeneration [69,70]. In the absence of the Wnt pathway activation, (3-catenin
accumulates in the cytoplasm, where it is ubiquitinated and degraded by GSK-3f3, which
forms a complex with APC/Axin/GSK-3f3 [71,72]. The elevated levels of 3-catenin in the
nucleus activate target genes, including cyclin D1, which facilitates cell proliferation [72,73].
Based on this, we confirmed that treatment with ASEs enhanced the expression level of
[-catenin and increased the phosphorylation level of GSK-3f3 (Figure 6). AKT is a critical
protein that functions downstream of the P13K pathway to regulate the cellular response to
external stimuli [74,75]. Phosphorylated AKT is found in mitochondria and nuclei, where
it interacts with different molecules [74,76]. We demonstrated that ASEs inhibit 3-catenin
degradation, activate its nuclear migration, and induce cell growth through the ERK/AKT
pathway, suggesting that ASEs may effectively prevent hair loss (Figure 7).

According to a recent study, natural remedies have gained popularity due to their
reduced effects and side effects on the scalp, thanks to their complex vegetable-based
ingredients [77]. ASEs provide a unique opportunity to integrate into existing and new
hair regeneration strategies. ASEs can complement natural compounds such as caffeine
or biotin, creating a comprehensive, multi-target approach to scalp health and hair follicle
activation [78]. Although ASEs show potential for hair improvement effects, further
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research such as ex-vivo hair organ culture is needed. Additionally, more studies are
necessary to ensure effective penetration and bioavailability with ASEs. Clinical trials are
also needed to evaluate the safety and efficacy of hair loss.

Whnt
S = Testosterone
Cytoplasm Frizzled
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DHT

Hair Growth

Cell cycle
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(Dihydrotsetosterone)
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Figure 7. A schematic diagram shows how ASEs activate the ERK/AKT and [3-catenin pathway.
ASEs suppressed ROS in HFDPC damaged by DHT and activated the ERK/AKT pathway and
f3-catenin. This intervention led to the improvement and prevention of hair loss.

5. Conclusions

ASEs may potentially address the current gap in hair enhancement methods by con-
tributing to oxidative stress relief and promoting HFDPCs through the activation of the
Wnt/3-Catenin pathway. Therefore, ASEs could serve as promising ingredients for hair-
promoting effects.
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