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and activation of the Wnt/[3-catenin signaling
pathway in human dermal papilla cells
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Abstract

Androgenic alopecia (AGA) is a common condition of hair loss, triggered by excessive 5a-dihydrotestosterone
(50-DHT) generated via 5a-reductase activity. This study investigated the anti-alopecia effects of Ishophloroglucin
A (IPA), a compound isolated from the brown seaweed /shige okamurae. Molecular docking analysis revealed

that IPA exhibits higher binding affinity to 5a-reductase than finasteride. In human dermal papilla cells (HDPCs),
IPA inhibited both 5a-reductase activity and androgen receptor (AR) expression, reduced levels of dickkopf-
related protein 1 (DKK1), transforming growth factor beta 1 (TGF-1), and interleukin-6 (IL-6), and activated the
Whnt/B-catenin signaling pathway by promoting glycogen synthase kinase-3 beta (GSK3[3) phosphorylation and
upregulating beta-catenin (3-catenin) expression. Additionally, IPA increased the expression of fibroblast growth
factor (FGF) and vascular endothelial growth factor (VEGF), both of which are associated with hair growth
promotion. These findings suggest that IPA is a promising therapeutic candidate for treating AGA.
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signaling
Introduction
Androgenic alopecia (AGA) is the most prevalent type
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The condition is primarily attributed to genetic factor
and androgen-driven miniaturization hair follicles. Indi-
viduals with AGA typically exhibit excessive dihydrotes-
tosterone (DHT) accumulation, heightened 5a-reductase
activity, and elevated androgen receptor expression in
scalp regions prone to hair loss [3, 4]. This androgen-rich
environment disrupts hair follicle homeostasis, resulting
in altered hair cycling, prolonged telogen (resting phase),
and premature termination of anagen (growth phase),
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which ultimately leads to follicular shrinkage and pro-
gressive hair thinning the hallmarks of AGA [5, 6].

Recent many studies highlight the pivotal role of the
Wnt/B-catenin signaling pathway in activating and main-
tenance hair follicle stem cells, thereby regulating hair
regeneration and cycling. Dysregulation of this path-
way in AGA contributes to follicular aging and ongoing
hair loss. Given its crucial role in maintaining follicular
integrity, targeting the Wnt/B-catenin axis has emerged
as a promising therapeutic strategy to counteract AGA-
induced follicular degeneration [7, 8].

Currently, Food and Drug Administration(FDA)
approved drugs such as finasteride and minoxidil are
widely used to treat AGA. However, these treatments
require at least 4 to 6 months of continuous use before
visible results appear and must be maintained indefi-
nitely to preserve their effects [9]. In addition, clinical
application is hindered by inconsistent efficacy and unde-
sirable side effects such as decreased sexual function,
increased skin sensitivity, and scalp dryness, necessitat-
ing the exploration of alternative therapeutic agents with
enhanced safety and efficacy profiles [10, 11].

As a result, there is an increasing study for safe and
effective natural alternatives with hair growth-promoting
properties [12]. Marine-derived bioactive compounds
have gained attention for their pharmacological poten-
tial, particularly in dermatological applications [13, 14].

Among them, polyphenolic phlorotannins from brown
seaweeds have demonstrated antioxidant, anti-inflam-
matory, and hair growth-promoting properties [15, 16].
Ishophloroglucin A (IPA), a phlorotannin isolated from
Ishige okamurae, has demonstrated various biological
activities [17], yet its effects on AGA and hair regrowth
remain largely uncharacterized.

Given the critical involvement of the Wnt/B-catenin
signaling pathway in hair follicle regeneration, this study
aims to investigate the therapeutic potential of IPA in
promoting hair growth through the modulation of this
pathway in human dermal papilla cells (HDPCs). We
found that IPA increased proliferation, migration, and
expression of key hair growth markers in hDPCs and
activated the Wnt/B-catenin pathway.

We found that IPA increased hDPCs proliferation,
migration, and the expression of key hair growth mark-
ers, as well as activated the Wnt/B-catenin pathway.
These findings offer new insights into the application of
IPA as a natural therapeutic agent for AGA, providing an
alternative to conventional pharmacological treatments
and supporting the broader use of marine-derived func-
tional ingredients in the pharmaceutical and cosmeceuti-
cal industries.
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Materials and methods

Materials and reagents
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS), and antibiotics (peni-
cillin and streptomycin) were purchased from Gibco BRL
(Life Technologies, Burlington, ON, Canada). The growth
medium were purchased from CEFO,,,-HDP(CEFO,
Seoul, Republic of Korea). Primary antibodies were pur-
chased from Cell Signaling Technology (Danvers, MA,
USA).

Molecular docking of 5a-reductase

Molecular docking studies of Ishophloroglucin A(IPA)
and finasteride into the type 2 5a-reductase were per-
formed using the flexible docking and the calculated
binding energy protocols in Discovery Studio 2024 (Bio-
via, San Diego, CA, USA). The full protein structure of
5a-reductase (PDB ID: 7BW1) was downloaded from
protein data bank (www.rcsb.org). The docking site was
defined from the binding pocket of nicotinamide ade-
nine dinucleotide phosphate (NADP)-dihydrofinasteride
including entry port (xyz coordinates: 9.81962—1.3815
9.27069, radius 23.5 A) based on the previous paper [http
s://doi.org/10.21203/rs.3.rs-40159/v1].

Extraction and isolation of IPA

Ishige okamurae was collected in June 2021 along the
eastern coastline of Jeju Island, Korea. The harvested
biomass underwent thorough washing with running
tap water to eliminate residual salts and sand particles
adhered to the surface. The cleaned samples were subse-
quently subjected to freeze-drying to preserve bioactive
constituents. Once dried, the material was finely pulver-
ized using a mechanical grinder and extracted with 70%
ethanol to obtain the ethanol-soluble fraction of I oka-
murae (IOE). Following extraction, IPA was isolated from
IOE using a previously established protocol [14]. In brief,
fractionation of IOE was conducted via centrifugal parti-
tion chromatography, and the collected fractions under-
went further purification through a semi-preparative
HPLC system equipped with a YMC-Pack ODS-A col-
umn (10 mm, 250 mm, 5 um). The identity of IPA was
confirmed by comparing its MS and NMR profiles with
the spectral data reported by Ryu et al. (2018). A sum-
mary of the reference spectral information is provided in
Supplementary Table S1.

Cell culture

Human dermal papilla cells (HDPCs) were obtained
from CEFO Co., Ltd. (Seoul, Korea) and maintained in
CEFOgro-HDP growth medium, which consists of a
basal medium supplemented with essential nutrients and
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penicillin/streptomycin. Cells were incubated at 37 °C,5%
CO, and 95% air.

Measurement of cell proliferation

Cell proliferation was evaluated using an MTT colori-
metric assay. HDPCs were seeded in 24-well plates and
incubated overnight. The cells were then treated with IPA
at 20, 40, and 80 nM, concentrations selected based on
preliminary MTT assays showing no cytotoxicity within
this range and clear dose-dependent cellular responses.
Finasteride (20 nM) was used as a positive control. After
24 h of treatment, MTT solution was added to each well
and incubated for 3 h. The resulting formazan crystals
were dissolved in DMSO, and absorbance was mea-
sured at 540 nm using a microplate reader (Synergy HTX
Multi-Mode 121 Reader, BioTek Instruments, Winooski,
USA).

Measurement of cell migration assay

The cell migration of IPA on cell (HDPCs cell) was
assessed using a Culture Insert-2 Well (ibidi GmbH,
Munich, Germany). The dish were treated with different
concentrations of IPA and Finasteride for 24 h. Prolif-
eration rate was quantified by measuring the remaining
uncovered area with the Image] software program (Ver-
sion 1.43; Broken Symmetry Software, Bethesda, MD,
USA).

Measurement of 5a-reductase and DHT inhibitory activity
The inhibitory effect of IPA on 5a-reductase activity was
evaluated using a purified enzyme—substrate reaction
system provided in the Type II 5a-Reductase (SRD5A2)
Inhibition Kit (iPhase, IPHA-SRD5A2-KIT, Guangzhou,
China). In this assay, recombinant human SRD5A2 cata-
lyzes the NADPH-dependent reduction of testosterone
to dihydrotestosterone (DHT), and inhibition was quan-
tified by calculating ICs, values according to the manu-
facturer’s procedure. To determine the effect of IPA on
androgen-induced DHT production in cells, human der-
mal papilla cells (HDPCs) were stimulated with testos-
terone and treated with IPA or finasteride. Intracellular
DHT levels were measured using a Human Dihydrotes-
tosterone (DHT) ELISA Kit (Abebio, Wuhan, China) fol-
lowing the manufacturer’s instructions.

Measurement of TGF-f1 and IL-6 inhibitory activity

The TGF-P1 and IL-6 inhibitory activity of IPA in HDPCs
cells was assessed using the human TGF-f1 and IL-6
ELISA kit (R&D Systems, Minneapolis, MN, USA), fol-
lowing the recommended procedures.

Measurement of VEGF and FGF activity
The VEGF and FGF activity of IPA in HDPCs cells was
assessed using the human VEGF and FGF ELISA kit
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(R&D Systems, Minneapolis, MN, USA), following the
recommended procedures.

Western blot analysis

The molecular mechanisms underlying the effects of IPA
on hair follicle regeneration were assessed by evaluat-
ing protein expression levels in HDPCs. Following cell
lysis with RIPA buffer, lysates were obtained by centrif-
ugation at 13,000 rpm for 15 min at 4 °C. Equal protein
concentrations of the samples were loaded onto a 15%
SDS-PAGE gel for electrophoretic separation and trans-
ferred to nitrocellulose membranes (Bio-Rad, Hercules,
CA, USA). The membranes were blocked with 5% non-
fat dry milk in TBS-T (TBS containing 0.05% tween,
pH 7.4) for 1.5 h at room temperature and subsequently
incubated with primary antibodies for overnight at 4°C.
After washing with TBS-T, the membranes were treated
with secondary antibodies for 2 h at RT. Protein bands
were detected using a chemiluminescence imaging sys-
tem (FUSION SOLQ, Vilber Lourmat, Paris, France) and
quantified with Image] software.

Statistical analysis

All the experiments were conducted in triplicate. The
data are expressed as mean tstandard error (SD) and
analyzed by one-way analysis of variance (ANOVA).
Analysis of the results was performed using the SPSS sta-
tistical program (Version 28, IBM, Armonk, NY, USA).
Significant differences (p <0.05) between the groups were
identified using the Tukey post hoc test.

Results

Molecular docking analysis

We assessed the inhibitory capacity of IPA against human
type II 5a-reductase (PDB ID: 7BW1) in comparison
with finasteride. As summarized in Table 1 and illus-
trated in Fig. 1, the calculated binding free energy of the
5a-reductase IPA complex was markedly more favor-
able than that of the 5a-reductase—finasteride complex.
Within the catalytic pocket, IPA engaged in a diverse net-
work of interactions, including three salt-bridge contacts
with Lys29, Argl05, and Lys237; six conventional hydro-
gen bonds formed with Glu36, Ser6, Lys237, Val27, Lys29,
and Argl05; two cation—m interactions with Argl05 and
Argl14; and six m—alkyl hydrophobic contacts involving
Phe227, Phe234, Tyr178, Tyr183, Leu23, and Leulll. IPA
was additionally stabilized by extensive van der Waals
contacts with Met236, Gly32, Glyl1l5, Thr4, GIn56,
Trp35, and Tyr98. In contrast, finasteride displayed a
much simpler interaction profile, forming only three
conventional hydrogen bonds with Glul97, Asn160, and
Asn193, along with four m—alkyl hydrophobic contacts at
Phel18, Phe223, Phe194, and Leu224, and several van der
Waals contacts. A previous study presented the binding
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Table 1 Comparative binding energy of finasteride and IPA for the active site of 5a-reductase

IPA

Finasteride

Binding energy(kcal/mol) —1354.85
Hydrogen bond
Salt bridge

Conventional H-bond

ARG105, LYS237, LYS29
Cation-m interaction ARG114, ARG105
ni-1 T-shaped stacking PHE223, LEU23
n—Alkyl hydrophobic contact

van der Waals contacts

GLU36, LYS237, SER6, LYS29, VAL27, PHE234, ARG105

GLU36, SER6, LYS237,VAL27, LYS29, ARG105

PHE227,PHE234, TYR178, TYR183, LEU23, LEU111
MET236, GLY32, GLY115, THR4, GLN56, TRP35, TYR98

—81.385

GLU197, ASN160, ASN193

Not observed

GLU197, ASN160, ASN193

Not observed

Not observed

PHE118,PHE223, PHE194, LEU224

GLY115, GLN56, GLN33, SER31, GLU57, ARG94, ASP164

site and entry port of NADP-dihydrofinasteride, a sub-
strate of 5a-reductase that includes Leu23, Tyr33, Trp53,
Leulll, and Phe223 [18]. IPA is bonded to the entire
NADP-dihydrofinasteride binding pocket, having entered
through the entry port and covered the surface of the
NADP binding site. These results demonstrate that IPA
exhibits a substantially broader and stronger interaction
repertoire within the 5a-reductase active site, suggesting
superior inhibitory potential compared with finasteride.

Cell proliferation and migration effect of IPA in HDPCs cells
To establish non-cytotoxic dosing, HDPCs cells were
exposed to IPA (20, 40, and 80 nM) and finasteride (20
nM) for 24 h and viability was assessed by MTT assay
(Fig. 2A). IPA treatment at concentrations of 20, 40,
and 80 nM did not affect HDPCs viability, maintaining
over 95% survival compared to controls. We next per-
formed a scratch assay to evaluate IPA and finasteride
effect on hDPCs cells migration. Confluent monolay-
ers were scratched, treated with IPA and finasteride and
imaged at 24 h (Fig. 2B). Quantitative analysis of prolif-
eration rate (Fig. 2C) showed a concentration-dependent
increase in migration: each IPA dose significantly acceler-
ated gap closure compared to untreated (control) group
(***p <0.001).

5a-reductase inhibitory activity and effects of IPA on DHT
production in testosterone-stimulated hDPCs
5a-Reductase catalyzes the NADPH-dependent conver-
sion of testosterone to dihydrotestosterone (DHT), a key
androgen implicated in the development of androgenic
alopecia [3, 4]. Based on the strong binding interaction
predicted in our molecular docking analysis, we next
examined whether IPA could inhibit 5a-reductase activ-
ity in testosterone-stimulated HDPCs. As presented in
Table 2, IPA showed an ICs, value of 304.14 pM, which
was lower than that of finasteride (506.10 uM), indicat-
ing a comparatively stronger inhibitory tendency toward
type II 5a-reductase.

We then evaluated the downstream consequence of
this enzymatic inhibition by measuring intracellular DHT
levels. As shown in Fig. 3, IPA significantly reduced DHT
production in a dose-dependent manner. DHT levels

were markedly lower compared with both the untreated
control group (###p<0.001) and the testosterone-only
group (***p<0.001). These findings confirm that IPA
suppresses testosterone-to-DHT conversion in HDPCs,
consistent with its higher inhibitory potency toward
5a-reductase.

Effects of IPA on growth factor in testosterone-stimulated
HDPCs cells

Insulin-like growth factor-1 (IGF-1) and vascular endo-
thelial growth factor (VEGEF) are key paracrine mediators
secreted by dermal papilla cells to drive proliferation and
perifollicular angiogenesis [19]. As depicted in Fig. 4A
and B, exposure to testosterone (20 nM) markedly
reduced secretion of both IGF-1 and VEGF in hDPCs
cells relative to untreated controls (#p<0.05). Subse-
quent treatment with IPA (20-80 nM) restored IGF-1
and VEGF levels in a dose-dependent manner, with IPA
(80 nM) significantly increasing levels compared to the
testosterone-only group. These results indicate that IPA
effectively reverses the androgen-induced downregula-
tion of IGF-1 and VEGEF, thereby restoring a pro-anabolic
milieu favourable for hair follicle growth.

Cytokine productions inhibitory activity of IPA in
testosterone-stimulated HDPCs cells

Cytokines such as transforming growth factor-pf1 (TGE-
B1) and interleukin-6 (IL-6) are upregulated by the
androgen receptor—-DHT complex during the onset of
androgenic alopecia. These mediators drive premature
entry of hair follicles into the telogen phase and pro-
mote keratinocyte apoptosis, thereby impairing follicular
growth [20-22]. As shown in Fig. 5A, testosterone stim-
ulation caused a marked elevation of TGF-p1 in hDPCs
cells relative to untreated controls. Subsequent treatment
with IPA (20-80 nM) resulted in a concentration-depen-
dent suppression of TGF-B1, with the IPA (20-80 nM)
dose eliciting a significantly greater reduction than finas-
teride. In parallel, IL-6 overproduction induced by testos-
terone was effectively attenuated by IPA across the tested
concentrations (Fig. 5B). These findings suggest that IPA
effectively counteracts androgen-induced inflammatory
responses.



Kim et al. Applied Biological Chemistry (2026) 69:4

Page 5 of 11

PHE
A:216
cys
; TYR HIS
A:119 A91 A:90
PHE PHE TRP
L2 A219 GLU :
LU AST A201
A:111 GLY )
A:115
A197
ARG e’ ASN
A:114 W A:193
AASN
— o Ll ikt :160
// g
& ¢
' ASP
< A:164
ARG
PHE A94
AL, PHE
SER AS6 TYR A:194 LEU
A31 : A33 A224
& TYR
A98
Interactions
I: van der Waals I:l Alkyl
- Conventional Hydrogen Bond I: Pi-Alkyl
s
2 8 w
R ARG Alll A7
AL78 A GLY \
. . ° s m A5
&z lgas TR A
MET . _‘_ - "m{ 43 PHE AS6
4 \ X “ VWY
N MR
) SER ) L £l
ARG X :
THR o Alle -~ — \® o
i e =4 &8 ‘I GLY { :
oHE P / e
A2M
™R /
....... A% A
{ ' 27,
\ \ :
-8, :
/ 3 / \
i A
7/
Interactions
[ ] van der Waals —1 Pi-Cation
|: Salt Bridge |:l Pi-Anion
|:| Attractive Charge [: Pi-Sulfur
- Conventional Hydrogen Bond = Pi-Pi Stacked
:] Carbon Hydrogen Bond |:| Pi-aAlkyl

Fig.1 Computational prediction of IPA, finasteride and type 2 5a-reductase by molecular docking analysis. 3D structure of type 2 5a-reductase-finasteride
complex (A), 2D view of the type 2 5a-reductase-finasteride complex (B), 3D structure of type 2 5a-reductase-IPA complex (C), and 2D view of the type

2 5a-reductase-IPA complex (D) are shown

Effects of IPA on androgen receptor (AR) signaling pathway
in testosterone-stimulated HDPCs cells

In androgenic alopecia, testosterone is converted by
5a-reductase into DHT, which binds AR and drives
DKK1 expression; DKK1 then antagonizes Wnt/p-
catenin signaling, precipitating follicular miniaturiza-
tion [23, 24]. To investigate whether Ishophloroglucin A
(IPA) could counteract this cascade, we performed west-
ern blotting for AR and DKK1 in testosterone-stimulated

hDPCs cells. As expected, testosterone significantly
upregulated both AR and DKK1 compared to vehicle
controls. Co-treatment with IPA (20-80 nM) resulted in
a concentration-dependent suppression of these proteins,
with IPA achieving a greater reduction in AR pathway
activation (Fig. 6). These results indicate that IPA effec-
tively attenuates androgen-induced AR activation and
subsequent DKK1 overexpression, thereby supporting
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phosphorylation enhances cell survival and GSK3p
inhibition permits B-catenin stabilization to drive pro-
liferation [25, 26]. To assess the ability of IPA to reacti-
vate these axes under androgenic stress, HDPCs cells
were treated with testosterone (20 nM) followed by IPA
(20, 40, 80 nM) or finasteride (20 nM) and key signaling
nodes were assessed by western blot (Fig. 7). Testoster-
one significantly suppressed p-AKT, p-GSK3p, B-catenin
and PCNA compared to vehicle controls. IPA treatment
restored all four markers in a clear dose-dependent man-
ner, with the highest IPA concentration providing a much
greater recovery than finasteride at the same dose (*p <
0.05). These results demonstrate that IPA more effectively
reactivates the Wnt/p-catenin pathway, which is essential
for hair follicle regeneration.

Discussion

Androgenetic alopecia (AGA) is primarily attributed to
androgen-related hormonal imbalances, which promote
gradual, non-scarring miniaturization of hair follicles and

shorten the anagen phase in genetically predisposed men
and women [1]. Central to the pathogenesis of AGA is the
excessive accumulation of dihydrotestosterone (DHT)
due to upregulated type II 5a-reductase activity [3, 4]. As
a result, pharmacological inhibition of 5a-reductase has
become a key strategy in AGA management. Finasteride,
a competitive type II 5a-reductase inhibitor, is approved
as a first-line treatment to slow follicular miniaturiza-
tion and maintain hair density [9]. however, its use has
been linked to a range of adverse effects, including sex-
ual, neurological, psychiatric, endocrine, metabolic, and
ophthalmological complications, as well as an increased
risk of high-grade prostate cancer [10, 11]. Therefore, the
increased use of drugs for the increasing prevalence of
hair loss in recent years has resulted in significant physi-
cal and psychological burdens, leading to research into
innovative treatment strategies [27, 28].

Consequently, there is growing interest in natural bio-
active compounds such as polysaccharides, proteins, lip-
ids, and polyphenols as safer alternatives for managing
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hair loss [29, 30]. Notably, marine-derived molecules
have shown potential to inhibit 5a-reductase, stimulate
dermal papilla cell proliferation, and promote anagen
entry by modulating the Wnt/fB-catenin pathway [31, 32].

Ishophloroglucin A (IPA), a phlorotannin isolated from
the brown alga I okamurae, has demonstrated diverse
biological activities and an excellent safety profile in both
in vitro and in vivo studies [17]. However, its efficacy in
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counteracting androgen-induced hair follicle disruption
remains largely unexplored. The present study first dem-
onstrates that IPA exerts potent anti-androgenic alopecia
effects in HDPCs cell by targeting multiple pathological
mechanisms underlying AGA.

Molecular docking has become an essential computa-
tional approach in early-phase drug discovery, offering
valuable insights into how small molecules interact with
their target proteins at the molecular level. This tech-
nique not only simulates the spatial fit of ligands within
enzymatic active sites but also estimates the strength
and specificity of their interactions, providing a rational
basis for predicting pharmacological activity [33, 34]. In
the present study, molecular docking simulations were
conducted to examine the binding characteristics of IPA
toward type II 5a-reductase, a key enzyme implicated in
the pathophysiology of AGA. IPA formed an extensive
interaction network within the catalytic pocket, includ-
ing three salt bridges, six hydrogen bonds, two cation—-m
interactions, two T-shaped m—m stackings, six m—alkyl
interactions, and numerous van der Waals contacts. In
contrast, finasteride exhibited clearly fewer interactions,
forming only one hydrogen bond and two alkyl contacts,
along with a markedly higher docking energy score.

These in silico findings were further substantiated
by a purified enzyme-based assay: IPA demonstrated
a lower IC;, value (304.14 uM) than finasteride (506.10
uM), indicating superior inhibitory capacity toward type
II 5a-reductase. Consistently, IPA suppressed testoster-
one-to-DHT conversion in a dose-dependent manner,
confirming that the strong binding affinity predicted in
the docking simulation translates into functional inhibi-
tion of the enzyme. Since type II 5a-reductase catalyzes
the NADPH-dependent reduction of testosterone to
DHT, blockade of this enzymatic step directly accounts
for the reduced DHT levels observed in the assay [3, 4].
Together, these findings demonstrate that IPA acts as an
effective enzymatic inhibitor and provides a biochemical
basis for its downstream biological activities observed in
HDPCs. However, the present dataset does not clarify
whether IPA inhibits 5a-reductase through a competitive
or non-competitive mechanism. Because IC;, values and
endpoint DHT measurements cannot distinguish inhibi-
tion types, detailed kinetic analyses employing variable
substrate concentrations will be required to define its
precise mode of inhibition. Although molecular dock-
ing strongly suggested that IPA interacts directly with
the catalytic pocket of 5a-reductase, the present study
did not include a direct target-engagement assay, such
as DARTS, pull-down, or finasteride-competition analy-
sis. The functional evidence obtained from the purified
enzyme assay and the suppression of testosterone-to-
DHT conversion supports that IPA acts on 5a-reductase;
however, biochemical validation of physical binding is
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still required. Future studies incorporating DARTS or
competition assays with finasteride will be essential to
confirm that IPA occupies the same binding pocket and
to elucidate its precise interaction mode with SRD5A2.

During the anagen phase, vascular endothelial growth
factor (VEGF)-mediated angiogenesis plays a critical
role in delivering oxygen and nutrients to actively grow-
ing hair follicles, thereby influencing follicle size and hair
shaft diameter [35]. Insulin-like growth factor 1 (IGF-1)
has also been identified as a key regulator of hair follicle
development, sustaining anagen progression and modu-
lating the transition to catagen. Dysregulation of IGF-1
signaling has been implicated in the pathogenesis of AGA
[36, 37]. Mechanistically, IGF-1 promotes the prolifera-
tion of dermal papilla cells and inhibits apoptosis, thereby
contributing to follicular maintenance and survival [38].
In the present study, IPA treatment significantly restored
IGF-1 and VEGF levels in testosterone-stimulated human
dermal papilla cells (HDPCs), compared with testoster-
one treatment alone. This restoration of key trophic fac-
tors suggests that IPA may help to reestablish a follicular
microenvironment favorable for growth and regenera-
tion under androgenic stress. Additionally, IPA effectively
suppressed testosterone-induced upregulation of pro-
inflammatory cytokines, including transforming growth
factor-p1 (TGF-P1) and interleukin-6 (IL-6), both of
which are known to trigger premature follicular regres-
sion and apoptosis. These findings support the potential
of IPA to attenuate the inflammatory microenvironment
associated with AGA progression and maintain hair fol-
licle integrity.

AGA is closely associated with alterations in the
Wnt/B-catenin signaling pathway, which is essential for
the regulation of hair follicle morphogenesis and cycling.
This pathway governs the proliferation and differentia-
tion of follicular cells [39]. However, this signaling axis
can be disrupted by androgenic stimuli particularly by
dihydrotestosterone (DHT) which enhances the activ-
ity of glycogen synthase kinase-3 beta (GSK3p), a nega-
tive modulator of the Wnt pathway. Activated GSK3p
sequentially phosphorylates B-catenin at specific residues
(Thr4l, Ser37, and Ser33), marking it for ubiquitination
and subsequent degradation via the proteasome system
[40]. In contrast, phosphorylation at Ser9 inhibits GSK3[3
activity, thereby preserving [B-catenin stability and sus-
taining Wnt signaling [41].

To explore the modulatory potential of IPA on andro-
gen-disrupted pathways, we conducted an in vitro
evaluation using human dermal papilla cells (HDPCs).
Testosterone exposure heightened the activity of GSK3,
which in turn led to a decrease in B-catenin levels a hall-
mark of impaired Wnt/p-catenin signaling. Remark-
ably, IPA administration reversed these alterations in
a dose-dependent fashion, evident through reduced
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phosphorylation of GSK3p at activating residues and
restored P-catenin expression. These findings indicate
that IPA can mitigate androgen-induced suppression of
Wnt signaling, supporting its role in maintaining hair
follicle integrity. Notably, this regulatory pattern is con-
sistent with other marine-derived phlorotannins, such as
diphlorethohydroxycarmalol (DPHC), which have pre-
viously shown similar bioactivity in HDPCs [15]. This
suggests a broader therapeutic potential of marine poly-
phenols in targeting multiple hair loss mechanisms with
improved safety profiles.

In conclusion, IPA isolated from I okamurae demon-
strated a multi-pronged mechanism of action against
androgenetic alopecia. It not only inhibited type II
5a-reductase activity but also reactivated suppressed
growth factors such as VEGF and IGF-1, modulated pro-
inflammatory cytokines, and restored Wnt/p-catenin
signaling in HDPCs cell. These combined effects suggest
that IPA holds strong promise as a naturally derived can-
didate for treating AGA. Future preclinical and clinical
studies are warranted to validate these effects and explore
its translation into therapeutic application.
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