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Abstract

Androgenetic alopecia (AGA) is a progressive hair disorder with a substantial psychosocial impact. Current therapies have variable
efficacy and adherence challenges. Exosomes are emerging as regenerative candidates. We systematically appraised preclinical
(in vivo / in vitro) evidence on exosome-based intervention for AGA following the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) 2020 guidelines, searching PubMed and Scopus. Eligible studies evaluated exosome or extracellular
vesicle interventions in androgen-related alopecia models. Of 352 records, 16 studies met inclusion criteria, most employing male
C57BL/6 mice with testosterone or dihydrotestosterone (DHT) induction alongside assays in dermal papilla cells (DPCs) and hair
follicle stem cells. Sources include mesenchymal stem cell derived, DPC-derived, platelet-rich plasma derived, and engineered/
primed exosomes, predominantly delivered via local intradermal/subcutaneous routes or topical microneedles/hydrogels over 2
to 4 weeks. Across studies, exosomes improved hair coverage and density, anagen/telogen ratio, follicle diameter, dermal thick-
ness, and proliferation markers, while reducing apoptosis; mechanistic signals consistently showed reactivation of Wnt/B-catenin
and down-modulation of TGF-B/SMAD3, with additional angiogenic support, anti-inflammatory effects, and mitigation of oxidative
stress, and adverse signals were minimal in animals. Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE)
appraisal indicated generally low risk with common concerns regarding blinding and allocation concealment. Overall, exosome

therapy demonstrates compelling preclinical efficacy for AGA via multi-target regenerative mechanisms.
Keywords: androgenetic alopecia, exosomes, extracellular vesicles, hair regeneration, dermal papilla

Received: 28 November 2025 | Returned for modification: 4 June 2026 | Accepted: 2 July 2026

Introduction

Androgenetic alopecia (AGA) is a progressive condition character-
ized by miniaturization of hair follicles. It is estimated to affect up
to 80% of men and 50% of women over age 50. In men, it manifests
as a characteristic pattern of baldness in the vertex and frontotem-
poral areas, whereas in women it often presents as diffuse hair
thinning at the crown of the head. In addition to physical manifes-
tations, AGA can have significant psychosocial impacts, affecting
self-esteem, body image, and social interactions. The pathogenesis
of AGA is a multifactorial interaction of genetic and hormonal fac-
tors. Dihydrotestosterone (DHT), produced from testosterone via
the enzyme 5-a-reductase, plays a central role. DHT binds to the
androgen receptor (AR) in dermal papilla cells (DPCs), triggering a
series of molecular events that shorten the anagen (growth) phase
and prolong the telogen (resting) phase, ultimately leading to hair
follicle shrinkage. Genetic factors, including polymorphisms in
the AR gene and other genes involved in hair growth pathways,
also significantly influence individual susceptibility. Recent evi-
dence also suggests that low-grade inflammation around the hair
follicles contributes to the pathogenesis of AGA (1, 2).

The main Food and Drug Administration (FDA)-approved
therapies, topical minoxidil and oral finasteride, have limitations.
Minoxidil is a vasodilator that prolongs the anagen phase, but its
effects are often temporary and require lifelong use. Finasteride, a
s-a-reductase inhibitor, is effective in reducing DHT levels but can
cause unwanted side effects such as sexual dysfunction and gyne-
comastia (3, 4). Other regenerative therapies, such as platelet-rich
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plasma (PRP) and hair transplantation, also have drawbacks. PRP
plasma exhibits high variability in results, and hair transplanta-
tion is invasive and expensive, and it does not prevent further loss
of non-transplanted hair follicles (5—7). Exosomes (30—150 nm),
a type of extracellular vesicle (EV), carry protein and microRNA
(miRNA) cargo that can reprogram recipient cells, offering a cell-
free regenerative strategy potentially overcoming safety and logis-
tical hurdles of cell therapies. Stem cell-derived exosomes have
been shown to possess remarkable capabilities in tissue regen-
eration, including promoting cell proliferation, angiogenesis, and
immune modulation (8—11). This potential makes exosomes ideal
candidates for innovative therapies for AGA, offering a more natu-
ral and comprehensive approach. We systematically reviewed
preclinical evidence on exosome-based AGA interventions, sum-
marizing efficacy, mechanisms, safety, and gaps.

Methods

This systematic review was conducted in accordance with the Pre-
ferred Reporting Items for Systematic Review and Meta-Analysis
(PRISMA) 2020 guidelines to ensure replicability and reproduc-
ibility (12). The review protocol was not prospectively registered,
and no external funding influenced the design, data collection, or
reporting process.

Search strategy and search terms

A comprehensive literature search was conducted using the Pub

175



A. Nareswari et al.

Acta Dermatovenerol APA | 2026;35:175-185

Med and Scopus databases to identify relevant studies published
between January 2015 and November 2025. The search strategy fol-
lowed Medical Subject Headings (MeSH) terminology combined
with Boolean operators to maximize coverage. The keywords
used included (“exosomes” OR “extracellular vesicles”) AND
(“androgenetic alopecia” OR “hair loss” OR “hair regeneration”)
OR (“stem cell-derived exosomes”) AND (“AGA” OR “hair growth”)
OR (“exosomes” AND “dermal papilla cells” AND “proliferation”).
The selection process adhered strictly to the PRISMA framework,
encompassing the stages of identification, removal of duplicates,
title and abstract screening, full-text evaluation, and final inclu-
sion. Two independent reviewers (A. N. and P. D.) conducted all
stages of screening and selection, and any disagreements were
resolved by consensus with a third reviewer to ensure objectivity
and minimize bias.

Eligibility criteria

The inclusion criteria encompassed experimental preclinical
studies conducted either in vivo using animal models or in vitro
using cell culture systems relevant to AGA. Eligible studies in-
volved the administration of exosomes or EVs, regardless of their
origin, dosage, delivery route, or modification method. Studies
were considered relevant if they investigated androgen-induced
alopecia models, particularly those employing testosterone propi-
onate (TP) or DHT induction in mice, or used cell models derived
from human or murine DPCs and hair follicle stem cells (HFSCs).
Only studies published in English or Indonesian, available as full
text, and published within the designated 10-year period (2015-
2025) were included. Studies were excluded if they were conduct-
ed in humans, designed as case reports, case series, or reviews,
or did not involve exosome-based interventions. Nevertheless, the
reference lists of review articles were manually screened to iden-
tify additional eligible primary studies not captured in the initial
database search.

Data extraction

Data were extracted independently by two reviewers using a
standardized data extraction form to ensure consistency and
minimize transcription errors. Extracted information included the
author’s name, year of publication, study design, animal strain or
cell type, method of alopecia induction, details of exosome isola-
tion and administration (source, dosage, delivery route, and treat-
ment duration), and principal outcomes related to hair growth or
follicle regeneration. Mechanistic data such as modulation or
molecular pathways—for example, wingless related integration
site (Wnt) / B-catenin, transforming growth factor beta (TGF-B)/
SMADS3, or vascular endothelial growth factor (VEGF) / cluster of
differentiation (CD31)—were recorded, along with any reported
adverse events or abnormal findings. In cases of disagreement,
the two reviewers discussed discrepancies and reached consen-
sus through verification of the original article.

Risk of bias assessment

The methodological quality and internal validity of the animal
studies included were evaluated using the Systematic Review
Centre for Laboratory Animal Experimentation (SYRCLE) Risk of
Bias tool (13). This tool, adapted from the Cochrane Collaboration
framework, assesses multiple domains of potential bias specific to
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animal research, including sequence generation, baseline compa-
rability, allocation concealment, random housing, blinding of car-
egivers and outcome assessors, completeness of outcome data, se-
lective outcome reporting, and other potential sources of bias. Each
domain was rated as having a low, high, or unclear risk of bias.

Data synthesis

Given the substantial heterogeneity among the studies included
regarding animal species, exosome source, dose, delivery route,
treatment duration, and measured outcomes, a qualitative nar-
rative synthesis was employed instead of a meta-analysis. The
synthesis integrated findings related to hair regrowth, follicular
morphology, and molecular mechanisms while highlighting con-
sistent biological pathways involved in the therapeutic action of
exosomes. The data were organized thematically to reflect the
main mechanistic domains, including proliferation, apoptosis,
angiogenesis, inflammation, oxidative stress, and stemness pres-
ervation.

Results and discussion
Data extraction

The study selection process is illustrated in Figure 1, which pre-
sents the PRISMA 2020 flow diagram summarizing the identifica-
tion, screening, and inclusion phases of the systematic review. A
total of 352 records were retrieved from the two electronic data-
bases searched. After full-text review, 16 studies met all inclusion
criteria and were incorporated into the qualitative synthesis. Each
of these studies provided in vivo, in vitro, or combined preclinical
evidence on the therapeutic potential of exosomes or extracellu-
lar vesicles in androgenetic alopecia models.

Risk of bias assessment

The methodological quality of the studies included was evaluated
using the SYRCLE Risk of Bias (RoB) tool, which assesses bias do-
main adapted from the Cochrane framework for animal research.
The overall summary of assessment is presented in Figure 2A, and
the detailed study-level distribution across individual bias do-
mains is shown in Figure 2B.

Overall, the majority of studies demonstrated a low risk of bias
in most domains evaluated, suggesting adequate internal validity
and reliable methodological execution. Domains such as random
group allocation, baseline group similarity, reporting of dropouts,
freedom from selective outcome reporting, and absence of other
biases were consistently rated as low risk across nearly all studies.
This indicates that most experiments were conducted with proper
control of confounding factors and transparency in reporting out-
comes.

However, certain methodological concerns were identified.
The domains related to blinding procedures—specifically, blinded
group allocation, blinded intervention, and blinded outcome as-
sessment—showed a mix of unclear and high risk of bias because
several studies did not explicitly state whether investigators or as-
sessors were blinded during treatment administration and data
evaluation. Similarly, the random housing and random outcome
assessment domains were occasionally rated as unclear, suggest-
ing that allocation concealment and randomization during hous-
ing or data analysis were not always adequately described.
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Despite these limitations, the overall methodological quality
of the studies included remains acceptable, with most exhibiting
low risk in key areas that influence study validity.

Study subject

A total of sixteen experimental studies met the inclusion criteria
and were analyzed in this review (Table 1). The majority of these
investigations employed C57BL/6 mice as experimental subjects,
accounting for more than 80% of all animal studies included. Al-
most all used male mice with dorsal hair depilation to synchro-
nize the hair growth cycle before treatment, allowing consistent
evaluation of anagen induction and hair regrowth. A few studies
utilized other strains, such as C57BL/6N and BALB/c, but these
were less frequent and primarily served as complementary mod-
els. In addition to animal experiments, several studies incorporat-

ed human-derived cell models to strengthen mechanistic insights.
Human DPCs were the most frequently used, appearing in more
than 60% of the studies included, often employed to validate in
vivo findings through proliferation, migration, and gene expres-
sion assays. Other commonly used cell types included HFSCs, hu-
man umbilical vein endothelial cells (HUVECS), fibroblasts, and
macrophage cell lines (RAW264.7). The combination of in vivo
mouse models and in vitro human or murine cell assays was par-
ticularly prominent in recent publications (2023—2025), reflecting
a trend toward integrated mechanistic and phenotypic validation
of exosome-based therapies for androgenetic alopecia (3, 14—28).

The C57BL/6 mouse strain is widely regarded as the stand-
ard model for hair cycle research due to its highly synchronized
follicular cycling after birth. Following depilation, dorsal skin
in these mice predictably transitions from telogen (resting) to
anagen (growth) phase, which is easily monitored by visual skin
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Figure 1 | PRISMA 2020 flow diagram of study selection.
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Figure 2 | Risk of bias assessment using the Systematic Review Centre for Laboratory Animal Experimentation (SYRCLE) risk of bias tool. (A) Summary chart showing
the overall percentage of studies classified as having low (green), unclear (yellow), or high (red) risk of bias across ten methodological domains. Most domains,
including random allocation, baseline comparability, outcome reporting, and other biases, demonstrated predominantly low risk. Higher or unclear risks were pri-
marily observed in domains related to blinding and random housing. (B) Study-level risk of bias matrix for all sixteen included studies, displaying the judgment of
each bias domain per study. Most studies exhibited low risk of bias, though a few demonstrated unclear or high risk in blinding and randomization-related criteria.
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pigmentation changes. This synchronization allows precise tim-
ing of interventions, allowing controlled delivery of exosomes
or other treatments and facilitating consistent documentation of
hair regrowth. Furthermore, strains such as C57BL/6 and BALB/c
are inbred, providing genetic homogeneity that enhances repro-
ducibility and minimizes biological variability across experi-
ments. These characteristics make them ideal for preclinical test-
ing, mechanistic studies, and drug screening (29—36).

The architecture and cycling properties of mouse hair follicles
are structurally analogous to those in humans, and their response
to androgens (such as DHT or TP) reliably mimics key features of
human AGA, including follicle miniaturization, delayed anagen,
and hair density loss. Mice are cost effective, are easy to house
and handle, and yield ample numbers for statistical analysis.
Their small size and established genome further allow for genetic
modification and in vivo mechanistic exploration (29—36).

Androgenetic alopecia model

Nearly all studies included in this review employed an androgen-
induced model of alopecia to replicate the pathophysiological fea-
tures of human AGA. The most frequently used induction agent
was TP, administered either subcutaneously or topically at doses
ranging from 0.5 to 5 mg/kg/day for 21 to 28 consecutive days. This
approach effectively induces follicular miniaturization and de-
layed anagen onset. The second most common induction method
involved DHT, administered via intradermal, subcutaneous, or
intraperitoneal routes at concentrations between 0.5 and 30 mg/
kg, typically given daily or every 2 to 3 days over a period of 1 to
4 weeks. Successful establishment of AGA was verified through
characteristic findings, including absence of hair regrowth, min-
iaturized follicles, reduced dermal thickness, delayed anagen en-
try, and suppressed cellular proliferation markers such as Ki67 or
proliferating cell nuclear antigen (PCNA). A minority of studies
adopted non-androgen-dependent models, in which alopecia
was induced through depilation or telogen synchronization with-
out hormonal manipulation. These models, reported in studies
such as those by Jiao et al. (17), Rajendran et al. (24), and Shrestha
et al. (25), were primarily utilized to evaluate regenerative mecha-
nisms rather than androgen-specific pathways (3, 14—28).

TP is used as an induction agent by mimicking the human en-
docrine environment. While being administered (commonly sub-
cutaneously or topically), TP is absorbed and locally converted
to DHT by the enzyme 5a-reductase present in skin and hair fol-
licles. DHT is the more potent androgen responsible for AGA. In-
creased local DHT results in activation of AR in DPCs, suppression
of Wnt/B-catenin signaling, shortened anagen (growth) phase and
accelerated transition to catagen/telogen, miniaturization of hair
follicles, and reduced hair density—hallmarks of AGA pathophysi-
ology. This androgen-driven model provides a physiologically
relevant framework for studying the molecular and regenerative
effects of exosome therapy. It allows for controlled modulation of
androgen signaling and recapitulates the gradual, progressive fol-
licular suppression observed in human disease. As such, TP and
DHT-induced mouse model remain the gold standard for preclini-
cal evaluation of novel interventions targeting androgen-mediated
hair loss (31, 37).

Intervention and outcomes

Exosome source types include mesenchymal stem cell-derived

exosomes (MSC-Exos), with the most frequent source from adipose
tissue, umbilical cord, or bone marrow. Others include DPC—-de-
rived exosomes (DPC-Exos); PRP-derived exosomes (PRP-Exos),
especially in 2025 studies; and modified/engineered exosomes
loaded with microRNA (miR-122-5p), drugs (curcumin or finas-
teride), growth factors (VEGF-A, Wnt family member 10B [WNT10B],
or fibroblast growth factor 7 [FGF7]), or functional materials (sele-
nium nanozyme or gold nanoparticles). Hypoxia-primed or rapam-
ycin-primed MSC exosomes also emerged as promising methods to
improve exosome potency and stability. Less common but notable
alternatives included milk-derived extracellular vesicles (mEVs)
and hybrid vesicles combining exosomes with liposomal carriers
(3, 14—28).

The delivery route was a key determinant of efficacy and tissue
penetration. Subcutaneous administration was the predominant
approach, accounting for approximately 70% of studies, followed
by intradermal injections designed to mimic clinical mesothera-
py or PRP protocols. Topical nanocarrier systems, including mi-
croneedle patches, hydrogels, and liposome-based formulations,
were increasingly utilized in recent studies (2024-2025) to en-
hance localized delivery and prolong exosome retention. The typi-
cal treatment duration ranged from 2 to 4 weeks, with repeated
administration either daily or every 2 to 3 days. Localized systems
such as hydrogels or microneedle platforms required fewer dos-
es—typically three to four administrations at 3-day intervals—and
some experimental protocols explored the efficacy of single-dose
injections with sustained results; for example, Shrestha et al. (25)
and Yan et al. (28).

Percentages and fractions reported in this and the following
paragraph are calculated over the 15 studies for which compara-
ble quantitative data could be extracted; the remaining study of
the 16 included did not report outcomes in a form that permit-
ted tabulation alongside the others. Across nearly all studies
included, exosome therapy produced robust improvements in
hair regrowth. Quantitatively, 100% of studies reported visible
enhancement in hair coverage, density, and shaft diameter, and
80% demonstrated significant increases in the anagen/telogen
(A/T) ratio. Approximately 60% observed increased dermal thick-
ness, and 73% documented elevated proliferation markers (Ki67
and PCNA) in follicular keratinocytes or DPCs. Indicators of ap-
optosis reduction—including decreased terminal deoxynucleoti-
dyl transferase dUTP nick end labeling (TUNEL) positivity and
caspase-3 expression—were reported in 40% of studies, whereas
angiogenic enhancement (increased VEGF and CD31) appeared in
53%. Comparative analyses revealed that, in two-thirds (= 67%) of
studies, exosome-based interventions were superior or equivalent
to minoxidil or finasteride, establishing their strong preclinical
therapeutic potential (3, 14—28).

Dominant pathogenesis mechanisms are as follows. AR-Wnt/
B-catenin axis suppression (androgen-induced B-catenin block-
ade) was identified in 13/15 studies (87%). The TGF-B/SMAD3
pathway result in apoptosis and growth suppression was found
in 7/15 studies (47%). Inflammation (*"interleukin [IL]-6, tumor
necrosis factor-alpha [TNF-a], microinflammation in follicle mi-
lieu) was identified in 6/15 studies (40%). Reactive oxygen species
(ROS) accumulation was found in 4/15 studies (27%), predomi-
nantly newer studies with nanozyme-loaded EVs. Angiogenesis
impairment such as microvascular rarefaction and VEGF down-
regulation was identified in 5/15 studies (33%). Stemness loss in
HFSCs (reduced CD200, K15, Lgrs/6, etc.) was found in 5/15 stud-
ies (33%). Immune system/immune cell contributions were iden-
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tified in 2/15 studies (13%); these are not a dominant aspect, but
an emerging one (3, 14—28).

As explained previously, exosome therapy in AGA thus works
via multi-pronged molecularly targeted mechanisms including
activating Wnt/B-catenin, inhibiting TGF-B/SMAD3, reducing in-
flammation and apoptosis, promoting angiogenesis, mitigating
oxidative stress, and preserving stemness and proliferation sign-
aling, providing a fundamentally regenerative, cell-free approach
beyond conventional drugs (3, 14—28). Exosomes, especially those
derived from MSCs, DPCs, and modified/engineered sources, carry
bioactive proteins, mRNAs, and microRNAs (e.g., Wnt3a, Wntiob,
miR-181a-5p, and miR-22-5p) that directly activate the canonical
Wnt/B-catenin pathway in DPCs and hair follicle stem cells. Exo-
some cargo activates Wnt ligands and inhibits glycogen synthase
kinase-3p (GSK3B), preventing phosphorylation and degradation
of B-catenin. This results in -catenin nuclear translocation, which
upregulates the target genes required for follicle entry into anagen
(growth phase), cell proliferation (Ki67, PCNA), matrix production,
restoration of follicle proliferation, reversal of DHT/AR-induced
B-catenin blockade, and robust hair regrowth (14, 24, 38, 39).

Exosomes, notably those enriched with miR-122-5p and other
regulatory microRNAs, counteract the DHT-induced upregulation
of TGF-B1/SMAD3 in DPCs and matrix cells. miR-122-5p in exosome
cargo binds to SMAD3 mRNA, reducing its translation and thereby
suppressing the downstream pro-apoptotic signaling. This leads
to decreased caspase-3 activation and reduced follicular apopto-
sis. In TGF pathways, this maintains follicular viability, prevents
miniaturization, and sustains the anagen phase (39). Exosomes
suppress the expression of inflammatory cytokines (IL-6, TNF-a)
released by damaged or androgen-stressed DPCs and surround-
ing skin cells. Exosome cargo (miRNAs and anti-inflammatory
proteins) inhibits the NF-xB pathway and inflammatory gene
transcription. It promotes M2 macrophage polarization, increas-
ing anti-inflammatory microenvironment. This pathway reduces
microinflammation, prevents perifollicular fibrosis/scarring, and
supports regenerative repair (38, 40).

Exosomes are loaded with angiogenic factors (VEGF, FGF7,
and WNT10B), as seen in engineered variants (e.g., EX104), and
they stimulate vascular endothelial cell function in the follicular
niche. Exosome upregulation of VEGF and CD31 enhances new
capillary formation and promotes proliferation, migration, and
tube formation in endothelial cells. This restores microvascular
supply, supports active hair follicle metabolism, and accelerates
regrowth and density (3, 38, 41).

Exosome components neutralize excess ROS in skin/hair fol-
licle cells. Exosomes increase glutathione protein expression and
decrease matrix metalloproteinases (MMP) involved in ROS-in-
duced damage. They augment cell survival and collagen synthesis
via phosphorylated extracellular signal regulated kinase (P-ERK)
and signal transducer and activator of transcription (STAT6) path-
ways. As antioxidants, exosomes preserve hair follicle integrity,
prevent atrophy, and support robust regrowth under stress con-
ditions (40). Exosomes upregulate HFSC markers (K15, Lgrs, and
CD200), enhancing self-renewal and differentiation potential.
Activation of the rat sarcoma virus oncogene homologue (RAS)
/ extracellular signal regulated kinase (ERK) / mitogen activated
protein kinase (MAPK) signaling pathway by exosome cargo up-
regulates stemness-associated gene expression, which prevents
AR-induced stem cell exhaustion and supports entry into anagen.
This mechanism maintains the stem cell pool, allowing sustained
cycles of hair regeneration.
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Exosome-derived factors (e.g., VEGF and miR-129-2-3p) activate
PI3K/AKT signaling. Enhanced AKT1 phosphorylation leads to
increased cell survival, growth, and anti-apoptotic mechanisms.
Direct inhibition of caspase-3 results in decreased follicular ap-
optosis and improved viability. This activation fosters follicle re-
generation and prevents premature cell death. Supporting data
show that proteomic and transcriptomic analysis of exosomes
confirms enrichment for growth/regenerative factors, and proven
ability to modulate gene expression in DPCs/HFSCs. Other stud-
ies state that engineered exosomes (e.g., EX104) with optimized
cargo outperform conventional therapies in murine AGA models
and show enhanced follicle regeneration, capillary density, and
proliferation.

Other findings and safety considerations

Across the studies included, exosome-based interventions
showed favorable safety profiles and excellent biocompatibility.
Most experiments reported no systemic toxicity, with animals
maintaining stable body weight, normal grooming behavior, and
preserved organ histology upon microscopic examination. Local
adverse effects were minimal; for example, studies utilizing PRP-
Exos occasionally noted mild transient erythema or swelling at in-
jection sites, which resolved spontaneously without intervention
or histologic damage.

Formulation approaches also contributed to safety and sus-
tained efficacy. The incorporation of exosomes into hydrogel ma-
trices was found to slow degradation, extend local retention, and
prolong therapeutic action. Similarly, milk-derived mEVs showed
high scalability, low immunogenicity, and good tissue compatibil-
ity, supporting their potential as an affordable, mass-producible
delivery system. Modified or engineered vesicles, including sele-
nium nanozyme-encapsulated exosomes (Se-HEVs) and synthet-
ic hybrid EVs (engineered EVs), maintained favorable biosafety
while demonstrating superior regenerative efficacy in promoting
follicular proliferation and angiogenesis.

However, several translational challenges were acknowledged.
The murine hair cycle is highly synchronized and significantly
shorter than in humans, which may lead to exaggerated regrowth
responses and limit clinical extrapolation. Moreover, only a few
studies considered economic feasibility and production scal-
ability, particularly in comparison to established therapies such
as minoxidil and finasteride, which remain more cost effective
and widely accessible. Despite these challenges, the consistent
demonstration of safety and efficacy across multiple preclinical
models strongly supports the translational potential of exosome-
based therapies for androgenetic alopecia (3, 14—28).

Study limitations

The main limitation is translational gaps between animal models
and human disease. Although mouse hair cycles can be synchro-
nized and manipulated for assessment, species differences mean
that the results may not fully reflect human AGA pathophysiology
and treatment responses. In addition, exosome sources, dosing,
delivery methods, and regimens varied widely among studies,
making direct comparison and standardization difficult. Some
engineered or modified exosomes showed enhanced effects. Few
studies systematically evaluated long-term safety, cost-effective-
ness, and practicality compared to conventional therapies such as
minoxidil and finasteride. High variability and lack of large-scale
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randomized controlled human trials limit certainty regarding the
efficacy, optimal administration, and reproducibility of exosome-
based AGA treatment.

Conclusions

Exosome therapy demonstrates strong potential as a novel and
effective regenerative approach for the treatment of AGA, as
evidenced by consistent findings across preclinical in vivo and
in vitro studies. Exosomes derived from MSCs, DPCs, and PRP
markedly promote hair regrowth through multifaceted biological
mechanisms, primarily by reactivating the Wnt/B-catenin sign-
aling pathway and suppressing the TGF-B/SMAD3 axis. Beyond
restoring follicular proliferation, exosomes exert anti-apoptotic,
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