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Hypoxia-Derived Mesenchymal Stem Cell Exosomes
Downregulate CXCL12 and Upregulate IL-10 Expression
in a Murine Model of Androgenic Alopecia
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Background: Androgenic alopecia (AGA) is characterized by hair follicle miniaturization and chronic inflammation mediated
by dihydrotestosterone (DHT). Current therapies primarily target hormonal pathways and do not adequately address
inflammatory dysregulation. Exosomes derived from hypoxia-conditioned mesenchymal stem cells (EH-MSCs) exhibit
enhanced immunomodulatory properties. However, their effects on key inflammatory mediators in AGA remain unclear.
This study evaluated the effects of EH-MSCs on CXCL12 and IL-10 expression in a DHT-induced AGA mouse model.
Materials and methods: Male C57BL/6 mice were allocated into five groups: healthy control, DHT-induced alopecia
without treatment, DHT-induced alopecia treated with topical minoxidil, and EH-MSCs administered at 100 or 200 uL/
kgBW. Alopecia was induced by subcutaneous DHT injection for 17 days. Following model validation, treatments were
administered on days 25 and 32. CXCL12 and IL-10 expression in dorsal skin tissue was analyzed using RT-PCR on day 39.
Results: DHT induction significantly increased CXCL12 expression and reduced IL-10 levels (p<0.05). EH-MSC administration
dose-dependently downregulated CXCL12 (1.73+0.57 and 1.54+0.44 fold-change) and upregulated IL-10 expression
(3.10+0.75 and 3.29+0.67 fold-change), demonstrating greater immunomodulatory effects compared with minoxidil.
Conclusion: EH-MSCs effectively modulated inflammatory biomarkers by suppressing CXCL12 and enhancing IL-10
expression in a DHT-induced AGA model, suggesting their potential as an immunoregenerative therapeutic strategy for
androgenic alopecia.
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Introduction

Alopecia is a common condition affecting both men and
women worldwide, with androgenic alopecia being the
most prevalent subtype. Androgenetic alopecia affects up
to 50% of men by the age of 50 and approximately 40%
of women over 70 years, with reported prevalence rates of
30-40% in Asian men and 10-20% in Asian women.'> AGA
is characterized by progressive hair follicle miniaturization
driven by genetic predisposition and androgen sensitivity,
particularly to DHT. Beyond cosmetic concerns, AGA
can significantly impair quality of life and contribute to
psychological distress.>*

Beyond its cosmetic implications, alopecia can
significantly impair quality of life, leading to reduced
self-esteem, social anxiety, and psychological distress.>¢
Conventional therapies such as minoxidil and finasteride
have shown efficacy in promoting hair regrowth. However,
they are limited by side effects, variable responsiveness,
and recurrence upon discontinuation.”® These limitations
highlight
therapeutic approaches that combine efficacy and safety.

the need for regenerative medicine-based

Such strategies, including the use of mesenchymal stem
cells (MSCs) and their secretome or exosomes, have
emerged as promising modalities for tissue repair and hair
follicle regeneration.

Recent advances in regenerative medicine have
introduced exosomes derived from MSCs as promising
candidates for tissue repair and immunomodulation.®!?
Previous studies have demonstrated that exosomes derived
from dermal papilla cells or umbilical cord MSCs stimulate
hair follicle proliferation and activate proliferative signaling
pathways, including RAS/ERK.!>!¢ MSC-derived exosomes
also enhance tissue repair by upregulating growth factors
such as fibroblast growth factor-1 (FGF-1) and stromal
cell-derived factor-1 (SDF-1), thereby accelerating wound
healing.'” As key mediators of hair follicle morphogenesis
and regeneration, FGF-1 and SDF-1 suggest that similar
regenerative pathways may underlie the therapeutic
potential of exosomes in androgenetic alopecia. In addition,
MSCs and their secretome exert immunomodulatory effects
by suppressing pro-inflammatory cytokines and increasing
interleukin-10 (IL-10) production, which is essential for
follicular immune homeostasis.'!!>!8

Consistently, exosomes from various cell sources
have been shown to promote hair growth and follicular

Hypoxia-MSC Exosomes Modulate CXCL12 and IL-10

regeneration, with dermal papilla cell-derived exosomes

activating P-catenin signaling and enhancing the
proliferation of dermal papilla and outer root sheath cells."
Similarly, adipose-derived stem cell (ADSC) exosomes
accelerate hair growth by upregulating the Wnt/B-catenin
pathway and promoting perifollicular angiogenesis.?
However, most studies utilized exosomes obtained under
normoxic conditions, despite evidence that hypoxia
enhances the regenerative and anti-inflammatory potency of
MSC-derived exosomes. To date, no study has examined the
effects of EH-MSCs on CXCL12 and IL-10 expression in
androgenetic alopecia. This study aims to address this gap
by investigating the effects of EH-MSCs on CXCL12 and
IL-10 expression in an in vivo DHT-induced androgenic
alopecia model using C57BL/6 mice. By examining both
a pro-inflammatory chemokine (CXCL12) and an anti-
inflammatory cytokine (IL-10). The findings may contribute
to the development of novel exosome-based therapies
that address not only follicular regeneration but also the

inflammatory mechanisms underlying alopecia.
Materials and methods

Experimental Design

This study employed an experimental in vivo design,
defined as an experimental approach that involves
random allocation of subjects into control and treatment
groups, manipulation of the independent variable (DHT
induction and exosome treatment), and observation of the
dependent variables (CXCL12 and IL-10 expression) after
the intervention. This randomized post-test-only control
group design allows for the determination of a cause-and-
effect relationship between the treatment and the observed
biological outcomes. All procedures carried out in this study
complied with the ethical approval outlined in the ethical
statement subsection.

MSCs Isolation, Hypoxic Conditioning, and Exosome
Isolation

Umbilical cords were collected aseptically from 21-day
pregnant C57BL/6 mice and washed with phosphate-
buffered saline (PBS) (Cat. No. D8537, Merck KGaA,
Darmstadt, Germany) to remove blood and debris. The
Wharton’s jelly was separated, minced, and cultured in
Dulbecco’s Modified Eagle Medium—low glucose (DMEM-
LG) (Cat. No. 11885-084, Gibco™, Thermo Fisher
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Scientific, Massachusetts, USA) supplemented with 10%
fetal bovine serum (FBS) (Cat. No. 10270-106, Gibco™,
Thermo Fisher Scientific, Massachusetts, USA) and 1%
penicillin—streptomycin (Cat. No. 15140-122, Gibco™,
Massachusetts, USA). Cells were incubated at 37 °C with
5% CO, and 21% O, under normoxic conditions.

cultured
MSCs were observed using an inverted microscope
(Olympus CKX53, Tokyo, Japan) to
fibroblast-like spindle
For immunophenotyping, cells were detached using
Accutase (Cat. No. AT104, Innovative Cell Technologies,
San Diego, CA, USA), washed with PBS, and resuspended
at 1x10° cells/mL. Cells were stained with fluorochrome-
conjugated antibodies against CD29 (PE; Cat. No. 303006,
BioLegend, California, USA), CD90 (FITC; Cat. No.
328108, BioLegend, California, USA), CD31 (PE-Cy7,
Cat. No. 303118, BioLegend, California, USA), and CD45
(APC; Cat. No. 368510, BioLegend, California, USA) for
30 minutes in the dark at room temperature. Labeled cells

Morphological characteristics ~ of
confirm

adherence and morphology.

were analyzed using a BD FACSCanto II flow cytometer
(Becton Dickinson, USA) and data were processed with
FlowJo software (Tree Star, Ashland, OR, USA). For
differentiation assays, MSCs at passage 3—5 were seeded
at 2x10*cells/cm? and  cultured in
21 days. Osteogenic differentiation was induced using
StemPro™ Osteogenesis Differentiation Kit (Cat. No.
A1007201, Thermo Fisher Scientific, Massachusetts, USA),
followed by staining with Alizarin Red S (Cat. No.
AS5533, Sigma-Aldrich, Missouri, USA) to detect calcium
deposition. Chondrogenic differentiation was induced using
StemPro™ Chondrogenesis Differentiation Kit (Cat. No.
A1007101, Thermo Fisher Scientific, Massachusetts,
USA) and visualized with Alcian Blue 8GX  staining
(Cat. No. A3157, Sigma-Aldrich, Missouri, USA) to
confirm proteoglycan formation.

induction media for

For  hypoxic  preconditioning, cultures were
transferred into a modular hypoxia chamber (Cat. No.
27310, Stemcell Technologies, Vancouver, Canada)
maintained at 5% O,, 5% CO,, and 90% N, for 24 hours.
The conditioned medium was collected and processed using
tangential flow filtration (TFF; Cat. No. CEXS100AO01,
Repligen, Waltham, MA,  USA) to
The exosome protein concentration was determined by
bicinchoninic acid (BCA) assay (Cat. No. 23225, Thermo
Fisher Scientific, Massachusetts, USA), yielding an average

of 80 pug/mL.

obtain exosomes.
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Exosome Characterization

Isolated exosomes were characterized using flow cytometry
(BD FACSCanto II, Becton Dickinson, USA) for the
surface markers CD9 and CD63 (Cat. Nos. 312102 and
353018, respectively, BioLegend, San Diego, CA, USA).
Due to equipment limitations, particle size and morphology
analysis (TEM/NTA) and negative marker (calnexin)
evaluation were not performed. However, the use of
tangential flow filtration (TFF; 100 kDa molecular weight
cut-off) ensured the isolation of nanosized vesicles within
the exosomal range, and the presence of specific markers
CD9 and CD63 was consistent with exosomal identity.

Animal Model and Treatment Protocol

Healthy male C57BL/6 mice aged 6-8 weeks with a body
weight ranging from 18-25 g were used. The animals
were acclimatized for one week before experimentation
and maintained under controlled laboratory conditions
with ad libitum access to food and water. Sample size
was calculated using Federer’s formula, yielding at least
five mice per group. To anticipate possible mortality, one
additional animal was included in each group, resulting in
six mice per group and a total of 34 mice, including those
allocated for validation.

Androgenetic alopecia was induced by daily
subcutaneous administration of DHT (Sigma-Aldrich, Cat.
No. D073, USA) at a dose of 0.1 mg/mouse for 17 days. The
development of alopecia was documented photographically
every three days and confirmed microscopically using
hematoxylin—eosin (H&E; Cat. No. HHSI16, Sigma-
Aldrich, Missouri, USA) staining.

After validation, the animals were randomly allocated
into five experimental groups (n = 6 per group). Hair
shaving was performed on all groups as a technical control.
A healthy control group receiving no DHT or therapeutic
intervention (G1); a DHT-induced alopecia group serving as
an untreated positive control (G2); a DHT-induced alopecia
group treated with topical 2% minoxidil (Kirkland™, USA)
(G3); and two DHT-induced alopecia groups treated with
intraperitoneal injections of EH-MSCs at doses of 100 uL/
kg body weight (G4) and 200 pL/kg body weight (GY).

Exosome injections were given twice at one-week
intervals (days 25 and 32), while minoxidil was applied
topically once daily throughout the treatment period. The
intraperitoneal route was selected for EH-MSC exosome
administration to ensure optimal systemic absorption
and bioavailability of nanosized vesicles, enabling their
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paracrine and immunomodulatory effects on target tissues,
including hair follicles. In contrast, minoxidil was applied
topically as the standard treatment for androgenetic alopecia
to exert local vasodilatory effects on the scalp. The use of
different routes of administration therefore reflects the
distinct pharmacological mechanisms of each treatment,
local action for minoxidil versus systemic paracrine
signalling for exosomes.

Tissue Harvesting and RNA Isolation

On day 39, all animals were euthanized using ketamine
(80 mg/kg) and xylazine (10 mg/kg) intraperitoneally.
Dorsal skin tissues were harvested aseptically, immersed in
RNAlater (Invitrogen™, Waltham, MA; Cat. No. AM7020),
andstored at—80°C. Total RNA was extracted using TRIzol™
reagent ( Cat. No. 15596026, Invitrogen™, California,
USA), and purity was verified using a NanoDrop™ 2000
spectrophotometer (Thermo Scientific, USA).

Quantitative Real-Time PCR (qRT-PCR)

Complementary DNA (cDNA) synthesis was performed
using the SuperScript™ IV  First-Strand Synthesis
System (Cat. No. 18091050, Thermo Fisher Scientific,
Massachusetts, USA). qRT-PCR was conducted using a
Bio-Rad CFX96 Real-Time PCR Detection System with
the following primers (Table 1). Relative gene expression
was calculated using the AACt method, with GAPDH as the
housekeeping gene.

Statistical Analysis

Statistical analyses were performed using SPSS software.
Data were tested for normality and homogeneity before
analysis. One-way ANOVA was used to compare expression
levels among groups, followed by post hoc least significant
difference (LSD) and Tamhane tests where appropriate.
Differences were considered statistically significant at p<
0.05.

Results
Validation of Mesenchymal Stem Cells and Exosomes

(MSCs) were
umbilical

Mesenchymal stem cells successfully
of 21-day
pregnant C57BL/6 mice and cultured up to passages
3-5. Morphologically, the cultured MSCs  exhibited

a fibroblast-like, spindle-shaped appearance and adhered

isolated from the cords

firmly to the surface of the culture flask (Figure 1A).

Hypoxia-MSC Exosomes Modulate CXCL12 and IL-10

Flow cytometric analysis confirmed the MSC phenotype,
demonstrating high expression of CD29 (98.8%) and
CD90 (98.7%) and low expression of hematopoietic and
endothelial markers CD45 (0.36%) and CD31 (4.81%)
(Figure 1B).

The multipotency of MSCs was verified through
differentiation assays. Alizarin Red staining confirmed
osteogenic differentiation, while Alcian Blue staining
verified chondrogenic differentiation (Figure 2A and 2B).
Adipogenic differentiation was not performed due to the
limited number of primary MSCs and the need to preserve
early-passage cells for exosome production. According
to the international society for cellular therapy (ISCT)
criteria, osteogenic and chondrogenic differentiation were
considered sufficient to confirm MSC multipotency.

MSCs were
hypoxic conditions at 5% oxygen for 24 hours using a

After validation, incubated under
hypoxia chamber. The conditioned medium containing the
MSC secretome was then collected and processed using a
tangential flow filtration system equipped with 100-500
kDa molecular weight cut-off membranes to obtain hypoxia-
derived MSC exosomes (EH-MSCs). Flow cytometry
analysis confirmed the positive expression of exosomal
surface markers CD9 and CD63, indicating successful
isolation of exosomal fractions (Figure 3). Quantification of
exosomal protein using the bicinchoninic acid (BCA) assay
showed a concentration of approximately 8 pg per 100 uL,
equivalent to 80 pg/mL.

Although morphological and particle-size analyses
(TEM and NTA) and negative marker validation (calnexin)
were not performed due to equipment limitations, the
combination of size-selective isolation by TFF and the
presence of exosome-specific markers (CD9 and CD63)
successful
(EH-

provides sufficient evidence supporting the
isolation of hypoxia-derived MSC exosomes
MSCs).

Validation of the Androgenic Alopecia Model (AGA)

The AGA model was established in C57BL/6 mice
through DHT induction. Macroscopic evaluation revealed
that healthy control mice exhibited dense hair coverage,
whereas DHT-induced
loss and reduced hair density (Table 2). Microscopic

mice displayed marked hair

observation further confirmed follicular miniaturization
in alopecia mice compared with healthy controls (Figure
4). These findings validated the successful induction of the
androgenic alopecia model.
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Table 1. Primer sequences used for quantitative real-time PCR analysis.

Gene Forward Primer (5 -3°) Reverse Primer (3'-5")
CXCLI2 ATGCCCATGCCGATTCTT AGAGCTGCAGGGTCAAGG
IL-10 GCTCTTACTGACTGGCATGAG CGCAGCTCTAGGAGCATGTG
GAPDH GAAGGTGAAGGTCGAGTC GAAGATGGTGATGGGATTTC

Modulation of CXCLI2 Expression Following DHT
Induction and Treatment
Analysis of CXCLI12 expression demonstrated significant
variations among the experimental groups (Table 3). The
DHT-induced alopecia group (G2) exhibited the highest
CXCLI12 expression (3.15+0.53-fold relative to the control),
whereas the healthy control group (G1) showed the lowest
expression levels (1.00+£0.35-fold). Treatment with minoxidil
(G3) reduced CXCL12 expression to 2.17+0.68-fold, while
administration of EH-MSC EH-MSCs were administered at
doses of 100 uL/kgBW and 200 uL/kgBW, corresponding
to exosomes containing approximately 8 pg and 16 pg of
total exosomal protein further suppressed expression to
1.7340.57-fold and 1.54+ 0.44-fold, respectively (Figure 5).
Normality testing using the Shapiro—Wilk test
confirmed that all groups had normally distributed data
(p>0.05), and homogeneity was verified with Levene’s test
(»>0.05). One-way ANOVA analysis revealed a statistically
significant difference across the groups (p<0.05). Post
hoc LSD testing indicated that CXCL12 expression in the
DHT group (G2) was significantly higher compared with
all other groups, while treatment groups (G3-G5) showed
progressively reduced expression levels compared with G2
(Table 3). The graphical representation (Figure 6) illustrated

a clear downward trend in CXCL12 expression following
therapeutic intervention, with the lowest values observed in
the EH-MSC 200 pl group.

Upregulation of IL-10 Expression Following Treatment
IL-10 expression also varied significantly between groups
(Table 4). The highest IL-10 levels were observed in the EH-
MSC 200 pl group (G5) at 3.29+0.67 fold-change, followed
by the EH-MSC 100 pul group (G4) at 3.10+0.75 fold-change,
and the minoxidil group (G3) at 1.74+0.39 fold-change. The
healthy control group (G1) demonstrated baseline levels
(1.01+0.16 fold-change), while the DHT-induced alopecia
group (G2) exhibited the lowest concentration (0.74+0.28
fold-change).

Normality testing using the Shapiro-Wilk test
indicated normally distributed data (p>0.05). However,
the Levene’s test showed non-homogeneous variances
across groups (p<0.05). Therefore, intergroup comparisons
were conducted using Tamhane’s post hoc test. Results
demonstrated that IL-10 expression in the treatment groups
(G3, G4, and G5) was significantly higher than in both G1
and G2. Graphical analysis confirmed a marked increase
in IL-10 expression in the treated groups, with the highest
upregulation observed in the EH-MSC 200 pl group.
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Figure 1. Morphology and Immunophenotype of MSCs. A: Morphological appearance of MSCs showing fibroblast-

like, spindle-shaped cells adhering to the culture surface. B: Flow cytometry analysis of MSC surface markers showing
high expression of CD29 (98.8%) and CD90 (98.7%), and low expression of hematopoietic and endothelial markers CD45
(0.36%) and CD31 (4.81%), confirming the MSC phenotype. Scale bar: 50 pum.
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R | ||
Figure 2. Morphology and immunophenotype of MSCs.
A: Morphological appearance of MSCs showing fibroblast-
like, spindle-shaped cells adhering to the culture surface. B:
Flow cytometry analysis of MSC surface markers showing
high expression of CD29 (98.8%) and CD90 (98.7%), and
low expression of hematopoietic and endothelial markers
CD45 (0.36%) and CD31 (4.81%), confirming the MSC
phenotype. Scale bar: 50 pm.

Discussion

Validation of the alopecia model indicated that DHT
induction reproduced key morphological features of
human AGA, including visible hair thinning and follicular
miniaturization, as observed through macroscopic and
histological assessment (Table 2 and Figures 4). These
changes are consistent with previous reports that DHT
binds to androgen receptors in dermal papilla cells, leading
to shortened anagen phases and follicular regression.?!
The macroscopic and microscopic findings in this study
align with those models and establish a reliable basis for
therapeutic intervention testing.

The present study demonstrated that EH-MSCs
modulated key inflammatory biomarkers in a murine
model of DHT-induced androgenic alopecia. The most
notable findings were the downregulation of CXCL12
and the upregulation of IL-10, particularly at higher EH-

S
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Figure 3. Exosome characterization. Flowcytometry

analysis confirming the expression of exosomal surface

markers CD9 and CD63 in hypoxia-derived MSC exosomes

(EH-MSCs).

Hypoxia-MSC Exosomes Modulate CXCL12 and IL-10

MSC doses (Figures 5 and 6). These results suggest that
hypoxic conditioning may enhance the immunomodulatory
properties of MSC-derived exosomes, indicating their
potential as a supportive approach in AGA management.
The findings emphasize the dual immunoregulatory
mechanism of EH-MSCs, simultaneously suppressing pro-
inflammatory and enhancing anti-inflammatory mediators
rather than implying therapeutic superiority over existing
treatments.

One of the key findings was the significant suppression
of CXCL12 expression in the EH-MSC treatment groups
Elevated
CXCL12 in the alopecia control group is in accordance with

compared with the DHT-induced group.*

the chemokine’s known role in promoting inflammatory
cell migration and sustaining a pro-inflammatory follicular
microenvironment.*>** The reduction of CXCL12 following
EH-MSC administration suggests that these exosomes
modulate local inflammation, potentially preventing the
recruitment of immune cells that contribute to follicular
damage. Previous studies have reported that MSC exosomes
attenuate CXCL12-driven inflammation in cardiovascular
and autoimmune models, which corroborates the present
findings.?' This immunomodulatory effect is likely mediated
by the transfer of microRNAs and proteins enriched under

Table 2. Macroscopic validation of the androgenetic
alopecia model and treatment response.

After One week after shaving

Acclimatization (baseline observation) Day 30 Day 39

G1

G2

G3

G4
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Figure 4. Microscopic validation
morphology in androgenic alopecia (H&E staining).
A: Healthy control group: the red arrow indicates normal
hair follicles in the anagen phase, showing intact bulb
structure, organized follicular orientation, and dense dermal
papilla cells. B: DHT-induced AGA group: the black arrow
indicates miniaturized hair follicles with reduced bulb

diameter and disrupted follicular alignment, consistent with

hypoxic conditions, further highlighting the advantages of
exosomes derived from hypoxia-preconditioned MSCs.?*?

The second major finding was the marked increase
in IL-10 expression after EH-MSC treatment. IL-10 is a
pivotal anti-inflammatory cytokine that helps maintain
hair follicle immune privilege and prevents autoimmune-
mediated follicular damagel4. The restoration and even
upregulation of IL-10 in treated groups compared with
both healthy and DHT-induced controls indicate that EH-
MSCs not only counteract the inflammatory state but may
also enhance the protective immunological milieu around
hair follicles. Importantly, hypoxia has been shown to
upregulate 1L-10 through hypoxia-inducible factor (HIF)-
lo—dependent pathways, which may explain the superior
results observed in EH-MSCs compared with normoxic

Table 3. CXCL12 expression analysis data.
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0.5+ * <0.01
** <005

CXCL12 Expression (fold change)

T T T T

Gl G2 G3 G4 G5

Figure 5. Pairwise comparison of fold CXCLI12
expression between groups using post hoc LSD test.

exosomes.*? Consistent with our findings, hypoxia-
induced MSC exosomes were reported to suppress pro-
angiogenic and inflammatory signalling in UVB-induced
hyperpigmentation.” MSC secretome has also been shown
to restore immune cell balance by enhancing CD4* and
CDS8* T cell proliferation while modulating PD-1/PD-L1
signalling in severe inflammatory conditions.?”

Comparison with minoxidil, the current standard
therapy, highlights the different therapeutic axis explored
in this study. While minoxidil primarily acts through
vasodilation and prolongation of the anagen phase, EH-
MSCs demonstrated dual immunomodulatory activity,
characterized by downregulation of CXCLI12 and
upregulation of IL-10.2%° It should be noted, however,
that this study did not include a normoxic MSC exosome
control group, and therefore claims of superiority cannot be
made. Instead, these results underscore the potential of EH-
MSCs as a novel immunomodulatory approach that targets
inflammatory imbalance contributing to AGA pathology.

Group
Variable
Gl G2 G3 G4 G5 p-

(fold-change)  (fold-change) (fold-change) (fold-change) (fold-change) value
CXCL12 1.05+0.35 3.15+0.53 2.17+0.68 1.73+£0.57 1.54+0.44
Shapiro Wilk 0.38 0.87 0.79 0.17 0.49
Levene test 0.53
One Way Anova 0.00
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Table 4. IL-10 expression analysis data.

Hypoxia-MSC Exosomes Modulate CXCL12 and IL-10

Group
Variable
G1 G2 G3 G4 G5 p-

(fold-change)  (fold-change) (fold-change) (fold-change) (fold-change)  value
IL-10 1.01£0.16 0.74+0.28 1.74+0.39 3.10+0.75 3.29+0.67
Shapiro Wilk 0.95 0.08 0.96 0.18 0.15
Levene test 0.02
One Way Anova 0.00

Minoxidil primarily acts by enhancing vascularization
and prolonging the anagen phase, but it does not directly
address inflammatory dysregulation, which is increasingly
recognized as a contributing factor in AGA. The superior
outcomes with EH-MSCs suggest that therapies targeting
both regenerative and immunological pathways may achieve
better clinical efficacy than those acting on proliferative
mechanisms alone.*

These findings highlight the potential of EH-MSCs
as a dual-function therapy for AGA, promoting follicular
regeneration while modulating immune imbalance. To our
knowledge, this is the first study to simultaneously assess
CXCL12 suppression and IL-10 upregulation by EH-MSCs
in an AGA model.’ By demonstrating a dose-dependent
effect on these markers, this research provides mechanistic
insight into how hypoxia-derived exosomes can restore a
favorable follicular microenvironment.*'*> The results also
support the broader therapeutic potential of EH-MSCs
for chronic inflammatory conditions beyond alopecia,
aligning with recent literature emphasizing exosome-based

immunomodulation in regenerative medicine.”® Several

4.07]
3.5+

3.0
2.5
2.0—
1.5—

_|_
1.0

J_ * <001
0.5 ** < 0.05
0.0

Gl G2 G3 G4 G5
Figure 6. Pairwise comparison of fold IL-10 expression

—

between groups using post hoc LSD test.

limitations should be considered when interpreting these
findings. The use of a single animal model with a small
sample size limits generalizability to clinical settings.
Additionally, the focus on CXCL12 and IL-10 expression
overlooks the complex molecular pathways involved in
androgenic alopecia. The lack of long-term evaluation
prevents assessment of the durability and safety of hypoxia-
derived MSC exosome therapy. Future studies should
use larger, diverse models, extend follow-up to evaluate
sustained effects and safety, and apply multi-omics to
explore broader mechanisms. Ultimately, well-designed
clinical trials are necessary to confirm the translational
potential of EH-MSC:s for treating androgenic alopecia.

Conclusion

Hypoxia-derived mesenchymal stem cell exosomes
significantly downregulated CXCLI12 and upregulated
IL-10 expression in a DHT-induced murine model of
androgenic alopecia. These findings suggest that EH-MSCs
modulate inflammatory pathways and may contribute to a
more favorable follicular microenvironment that supports
tissue regeneration. Compared with minoxidil, EH-MSCs
exhibited distinct immunomodulatory effects, highlighting
their potential as an alternative immunoregenerative

approach for androgenic alopecia.
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