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Abstract

Characteristic signs of alopecia are gradual thinning, disruption of structural features, and the hair development cycle (anagen,
catagen, telogen) against the background of miniaturization of hair follicles, which leads to baldness and psychological stress in
patients. Despite the rapid development and clinical application of synthetic pharmacological, cellular/acellular, and molecu-
lar drugs, no effective therapeutic agent against alopecia has yet been developed. Great hopes are pinned on the improvement
of therapeutic strategies with the introduction of exosomes into practical application, which contain a wide array of active
substances for the targeted stimulation of hair follicle activity (anagen inducers) through the regulation of intracellular signal-
ing cascades, growth factors, and microRNAs. The review discusses in detail the microRNAs and their intracellular targets that
control hair follicle morphogenesis. It also focuses on the prospects of using stem cell exosomes from various sources for the
treatment of alopecia, providing a clinical rationale for potential benefits and risks.

Introduction

Alopecia is a disease characterized by progressive hair loss caused
by various mechanisms, among which genetic and environmental
factors, as well as sensitivity to hormonal changes, play an impor-
tant role.!> Alopecia, therefore, has a multifactorial predisposition
and is divided into different types.® Alopecia is associated with a
number of comorbidities and remains an economic and psychoso-
matic burden for the individual and society.

The most common form of hair thinning and baldness is an-
drogenetic alopecia (AGA), which varies in its pathogenetic and
clinical features and affects between 23% and 87% of the world’s
population. The pathogenesis of the disease is characterized by
multifactoriality, based on a combination of genetic predisposition
(autosomal dominant inheritance with variable penetrance is most
typical) and external factors (androgens) that negatively influence
the development of the hair follicles (HFs) and lead to metabolic
aging of hair.+-¢

The development of AGA is based on the vellus-like transfor-
mation of the hair during repeated growth cycles (regeneration) of
the scalp, the shortening of the anagen phase,” and the miniaturiza-
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tion of the HFs with disruption of their structure and the cyclical
development of the hair. The disease affects HFs and their struc-
tures, including the dermal papilla (DP), which is a niche for the
development of epithelial progenitor cells, and the DP microenvi-
ronment, which regulates hair regeneration (anagen, catagen, telo-
gen). AGA is associated with a weakening of the DPs, a spheroidal
structure that supplies the HF with nutrients and oxygen. A direct
correlation has been found between the thickness of the hair shaft
and the number of DPs.? A gradual progression of the disease is ob-
served, which cannot be controlled with conventional therapeutic
approaches based on the use of vasodilators and 5-alpha-reductase
inhibitors, and in some cases is only partially effective in halting
disease progression (partial regrowth of hair).® At the same time,
the process of progressive hair loss inevitably causes cosmetic and
psychological problems, leading to a negative perception of the
body, social functioning, the patient’s self-perception,'” and psy-
chological stress, regardless of age or stage of baldness.? The
pathogenesis of AGA is caused by excessive production or activity
of male sex hormones as the main factor of cytokine action on
the microenvironment and the genetically determined expression
of androgen receptors.® Type II So-reductase converts the male
sex hormone (testosterone) into the potent androgen dihydrotes-
tosterone, which binds to the androgen receptors of the follicle in
the scalp, leading to a progressive depletion of HF, manifesting as
miniaturization of the HF,%!! against the background of increasing
active hypertrophy of the sebaceous glands (SGs) in response to
the action of sex hormones.!?

The therapy of AGA aims to stop follicle miniaturization by
blocking the enzyme type II Sa-reductase, improving blood supply
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(as a factor for potential stem cell differentiation), stimulating folli-
cle growth through the use of stem growth factors and platelet-rich
plasma products, and increasing hair density. Therefore, the most
accessible method of treating AGA is palliative treatment with
drugs (finasteride—a blocker of the enzyme type II Sa-reductase,
minoxidil—a drug with an angioprotective effect),!>!3 as well as
the use of prostaglandins. The drugs have a number of limitations
and side effects. The use of finasteride carries the risk of develop-
ing irritability and sexual dysfunction,® against the background of
a short-term effect in patients with AGA.? The main antiandrogens
used in women with AGA include cyproterone acetate, spirono-
lactone, and flutamide.!* Surgical treatment—the transplantation
of autologous HFs from the occipital and temporal areas (donor
zone) to the frontal and parietal areas (recipient zone)—is cur-
rently an effective method of treating alopecia with a good and
stable aesthetic result in the medium term (six months).! However,
the method has limitations for its wide application in patients with
AGA due to the duration and painfulness of the surgical proce-
dures and the limited, non-renewable number of autologous graft
HFs in the donor areas."'! As a result, in the late stages of AGA,
there are not enough donor HFs available for transplantation (more
than 10,000 HFs) to achieve an aesthetic result after surgery. In
addition, limiting factors for surgical treatment of AGA include
the postoperative three- to six-month rehabilitation period, the
desocializing effect of surgery, and the risk of dysfunction of the
transplanted HF's as a result of an unaltered microenvironment (to
which the HFs are transferred).!> Among the therapeutic (and early
postoperative) strategies for the treatment of alopecia, a method
of photobiomodulation using a laser to stimulate HFs is used.!?
Microneedling therapy is also used. In addition, a technique is em-
ployed in which microscopically small punctures are made in the
scalp using a special device or thin needles (microneedling). The
micro-injuries increase blood circulation and the local concentra-
tion of growth factors, which promotes the activation of HFs.!?

In the treatment of autoimmune alopecia, JAK inhibitors are
used to block the activity of JAK enzymes, which are involved
in the regulation of cellular immune-inflammatory reactions.!?
Experience of positive use in the treatment of AGA has not been
confirmed. Alternative methods for the treatment of AGA include
the search for new properties and the combined use of compounds
of biologically active substances (e.g., caffeine) with non-steroidal
anti-inflammatory drugs.!? The most recent promising and active-
ly developing therapeutic approach, which enables a personalized
approach to the problem of each individual patient with AGA, is
molecular cell therapy.! Cell therapy utilizes multipotent/pluripo-
tent stem cells from various tissue sources, as well as blood- and
fibroblast-based products. When comparing the efficacy of blood
products, which include platelet-rich plasma and platelet lysate,
it should be noted that the latter has an advantage due to an addi-
tional processing step that leads to an increase in the concentration
of growth factors.!3

Cell-free therapy mainly uses extracellular vesicles/exosomes
derived from mesenchymal stem cells (MSCs), MSCs derived
from MSC (pre-) conditioned medium or supernatant,'® micro-
RNAs (miRs), and growth factors to activate hair follicle stem
cells (HFSCs).!! Exosomes are nanoscale or microscale bilayer
structures (vesicles) that are surrounded by a lipid layer and have
a diameter of up to 200 nm. They are secreted by cells and con-
tain proteins, bioactive substances, and nucleic acids that regulate
the vital functions of the recipient cells.'”!® Studies show that ex-
osomes stimulate the regeneration of HFs due to their high content
of active components and miRs.!%2? In particular, exosomes from
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stem cells come into contact with recipient cells via membrane
molecules (receptors) and trigger intracellular signals that activate
HFs. The interaction and subsequent fusion of exosomes with the
target cell membrane ensure the intracellular transfer of exosomes
contents and have a positive effect on the functional potential and
growth of HFs.!%2122 The research areas dealing with the regen-
erative potential of exosomes, whose main source is stem cells, are
actively developing. An important aspect is the inexhaustible po-
tential and theoretically proven safety of exosomes (which needs
further investigation) in regulating the growth and development of
HFs. It is expected that a sufficient number of future studies that
practically confirm the high regenerative and biotherapeutic poten-
tial of exosomes in vitro and in animal models will allow the field
to enter the clinical trials phase and open up new opportunities for
the development of molecular drugs that can solve the problem of
treating AGA and specifically control the development of HFs.!%-23
However, an effective, safe, and widely accepted treatment for
AGA with long-term efficacy has not yet been developed.®?*

Alopecia is characterized by a progressive disturbance in the
alteration and ratio of HFSCs and dermal papillary cells (DPCs).?
Functional changes in stem cells are associated with a disruption of
molecular signaling cascades, against a background of differential
expression of miRs and growth factors, accompanied by a change
in the microenvironment of HFs. In particular, HFs from differ-
ent scalp regions (frontal, occipital) of AGA patients were char-
acterized by transcriptomic alterations associated with ephrin and
Hippo signaling cascades, leading to dysregulated HF growth and
miniaturization.? The miRs that have been upregulated in human
DPCs include miR-106a/b, miR-125b, miR-221, and miR-410.27
In the context of AGA, miR-133b expression was impaired at vari-
ous scalp sites, affecting the Wnt signaling pathway and the subse-
quent processes of DPC proliferation,?® HF growth, and develop-
ment. In addition, pathological development and differentiation of
keratinocytes were observed in AGA due to the low expression of
miR-324-3p in HFSCs.?

This review aims to describe the molecular genetic aspects of
exosomes derived from different tissues and cells, and the molecu-
lar components (growth factors, miRs) they contain in exos, in the
control of vital activity and activation of HFSCs through intracel-
lular signaling, considering the hair growth cycle in relation to the
morphological stages (anagen, catagen, telogen), and to identify
the main potential pathogenetic pathways for the development of
AGA, taking into account the role of exosomes.

Anatomy of the HF

The HF is an appendage of the skin and regulates the growth and
regeneration of the cuticle and scalp in the postnatal period.3® The
HF is a self-renewing miniature organ of the skin consisting of
eight cell layers and is the result of a neuroectodermal-mesoder-
mal interaction whose morphogenesis (induction, organogenesis,
cytodifferentiation) is regulated by exogenous and endogenous
factors,>3! including various signaling pathways (Wnt, Hedge-
hog, Notch, bone morphogenetic protein (BMP)), genetic, epi-
genetic factors, growth factors, and cytokines associated with the
HF microenvironment formed by the epidermal component, the
dermis, and the hypodermis (loose connective tissue and adipose
tissue).12:30,32-36

Four morphological regions can be distinguished in the hair,
which are subdivided from the dermis downwards and comprise
the infundibulum, the isthmus, the suprabulbar zone, and the bulb.
The hair shaft originates in the funnel region, which is morpholog-
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Fig. 1. Anatomy of the hair. The hair follicle consists of eight cell layers and four morphological regions can be distinguished in the hair, which are subdivided
from the dermis downwards and comprise the infundibulum, the isthmus, the suprabulbar zone and the bulb. DPC, dermal papillary cells; HFSC, hair follicle

stem cells.

ically defined by the area between the openings of the HF and the
SG and has a relatively constant cellular composition. Next comes
the isthmus—the area between the opening and the smooth muscle
fibers (arrector pili muscle (APM)) that raise the hair, which is
located in the papillary dermis. The isthmus contains a population
of stem cells involved in epidermal regeneration (Glil+Lgr6+).
Below the isthmus, where the APM attaches, is the suprabulbar
region or lower segment of the HF (lower follicle, hair bulge).
Beneath the suprabulbar region is a spherical structure—the hair
bulb, which includes the DP, which forms the base of the HF, outer
root sheath (ORS), and inner root sheath (IRS).3?5 The DP is sup-
plied by the neurovascular network in the neighboring layer of the
hair matrix (Fig. 1). The precursor and matrix cells of the HF colo-
nize the bulb and the dermal sheath by proliferative processes. The
matrix cells act as germ cells and support the hair cycle, while the
progenitor cells have high regenerative potential and prevent skin
damage and restore the DP.?

HFSCs colonize HF segments,15 but HFSCs from the isthmus
and the zone between APM and ORS are highly clonogenic and can
form cells of the interfollicular epidermis, HF, and SG.*? Human
HFSC markers include pleckstrin homology-like domain, family
A, member 1 (PHLDAI),>” EpCAM/Ber-EP4, and characteristic
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molecules of telogenic hair germs.?® Purified human bulge HFSCs
express keratin 15 and cluster of differentiation 200 (CD200). The
HF goes through cyclical physiological phases: anagen (growth),
catagen (involution), telogen (resting phase), and exogen (release
of telogen effluvium or hair breakage). The signals that control
the processes occurring in HFSCs are generated directly in the HF
and control the cyclicity of the phases of HF regeneration/morpho-
genesis,* including the long phase of hair growth—anagen (two
to six years on the scalp and in the area of a person’s mustache
and beard, two years on the body),'? which is characterized by the
priming and rapid proliferation of HFSCs in the hair germ, gener-
ating transit-amplifying cells that form the hair shaft and IRS,
and the subsequent activation of HFSCs in the bulge, which medi-
ates the formation of ORS.!2 This is followed by a two-week cata-
gen phase characterized by a decline in the cell cycle, short-term
regression of the matrix and hair ORS, mediated by apoptosis in
the cells of the bulb,?? triggered by fibroblast growth factor (FGF)
5, brain-derived neurotrophic factor (BDNF), p75, p53, transform-
ing growth factor beta (TGFp)1, and bone morphogenetic protein
receptor type 1A (BMPRIa).

This is followed by the telogen phase—two to three months of
quiescence of the HFSCs, during which some HFSCs undergo mi-
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gration.’® The lower ORS cells differentiate into the inner bulge
cells (Krt6+), the hair germ develops from the middle cells, and
the upper cells form a new bulge.?? At the same time, telogen is
associated with high expression of estrogen receptors. The action
of 17-B-estradiol has an inhibitory effect on the HF cycle and stops
the anagen phase.3® HFSCs therefore exhibit heterogeneity: part
of the cells of the follicular layer do not participate in HF regen-
eration (isthmic stem cells), while the cells of the lower part can
regenerate ORS HF.#? [sthmic stem cells are characterized by low
content of a6-integrin and are CD34-negative. A universal pluri-
potent population of HFSCs located near the SG, whose progeny
reside in the ORS of the HF, has also been described.*!

Epidermal stem cells of the central isthmus above the bulge are
Wnt-independent, Lgr6-positive, and give rise to HF, SG, and in-
terfollicular epidermis.*? In addition, HFSCs in the isthmus and
inferior bulge can form HF and epidermis (cell line and mouse
studies) by migrating into the epidermis.** HFSCs can form a pool
of transient-amplifying cells, which are involved in the healing of
acute wounds.!? The stem cells of the upper bulge are normally
quiescent but have the potential to self-renew and form hair and
SG.#! In particular, K15+, Lgr5+, Glil+ stem cell progeny from
the upper bulge promote the formation of sebocytes and also neu-
ronal, endothelial, and fat cells outside the HF via B-catenin, me-
diating wound healing.*! The activation and vital activity of stem
cells in the bulge is subject to strict control by the daughter stem
cells of the bulge, which initiate self-renewal processes in the ana-
gen stages.* The stem cells act on the DP by interacting with the
germinal matrix cells isolated by the basement membrane. They
are important for the activation of hair growth and for signal trans-
mission during repair.3845

Fat formation is synchronized with the activation of HFSCs. In
this case, the maximum number of progenitor cells in the subcuta-
neous adipose tissue is recorded at the time of HFSC activation.3
Severe stages of cachexia with a lack of subcutaneous adipose tis-
sue are accompanied by severe alopecia.

The lower part of the hair bulb contains a multicellular tissue
structure—the DP—which supports hair growth and the HF by in-
teracting with capillaries and nerve endings.3® The DP contains a
pool of dermal stem cells involved in the regeneration of the new
dermal sheath (outer layer of the HF) during the phases of the hair
cycle.? DPCs are found at the base of the HF and are responsi-
ble for its formation and regeneration. The DPC markers alkaline
phosphatase (ALP) and versican induce HF formation. ALP is di-
rectly related to HF formation and is a biomarker of this process
induced by DPCs.#47 Versican expression is B-catenin-dependent
and maintains or stimulates the growth of DPCs, initiating the HF
cycle.*7*8 Thus, HFSCs of different localizations mediate normal
function and passage of the hair through cyclic stages and actively
respond to the microenvironment and molecular factors.

Intracellular signaling cascades and molecules that regulate
the phases of HF development

The entry of some HF stem cells into the anagen phase occurs
when a certain concentration of stem cell-activating factors is
reached in the microenvironment.*® Activated HFSCs ensure hair
growth and tissue regeneration.*!-50

In the final stage of telogen, the secondary hair germ cells and
the DP are activated and produce proteins that initiate anagen. Two
important molecular participants have been identified—insulin-
like growth factor (IGF) 1 and FGF7—which are synthesized by
the DP. These factors interact with the surface glycoproteins of ma-
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trix keratinocytes and control the development and cyclicity of the
HEF. In addition to IGF1 and FGF7, anagen induction depends on
molecules belonging to the TGF-f, BMP, WNT, Sonic Hedgehog,
Homeobox, and neurotrophin (NT) families.’

WNT

The molecular intracellular WNT cascade regulates HF formation
and growth through basal plate and placodes, regulates morpho-
genesis, and mediates the transition to the HF stage.?* The canoni-
cal WNT signaling cascade comprises the protein families WNT,
Frizzled, Dishevelled, B-catenin, and the Axin/glycogen synthase
kinase (GSK)-3/APC protein complex. WNT is secreted under the
influence of the transmembrane transporter Wntless, the expres-
sion of which is observed in HF after hair formation. Wnt proteins
act as morphogens in the induction of primary HF,® the formation
of placodes,® and the transition to anagen.® The WNT family
includes primary WNTs (WNT3, WNT4, WNT6), which are re-
quired for HF induction, and secondary WNTs (WNT2, WNT7b,
WNT10a, WNT10b), which are involved in HF development.3
Overexpression of versican and WNT/B-catenin leads to aggrega-
tion of specialized mesenchymal fibroblasts under the epidermis,
giving rise to the placode.’

The first WNT that triggers HF initiation is unknown; the sec-
ond is Wnt5a. Stable -catenin activity in the dermis controls epi-
thelial thickening and plaque formation. Subsequently, fibroblasts
regulate the formation of the dermal condensate, the precursor of
DP,? via WNT/B-catenin and FGF20. Wntla regulates the stability
of DP properties and is involved in HF recovery processes.® During
IRS formation, Wntla is activated by BMP secretion, upregulating
the transcription factor GATA-3 and modulating the differentiation
of IRS precursors, or maintaining sufficient levels of the intracel-
lular protein Lefl (target of DIx3) and stabilized B-catenin for hair
shaft growth.® WNT3a is expressed in HF in the anagen bulge zone
and in melanocytes and regulates proliferation, differentiation, and
pigment deposition.3! The expression of WNT3a was analyzed in
the progenitor cells of the root sheath, bulb, hair bulge, epidermis,
and melanin stem cells of HF.

Wnt10b regulates placode border formation and is directly de-
pendent on nuclear factor kappa B (NF-«kB) induced by WNT/B-
catenin signaling.? The size of the placode is determined by the
interaction of NF-kB with dickkopf-related protein 4 (DKK4).?
WNT10b is expressed during anagen and promotes epithelial dif-
ferentiation and early HF development.3> Wnt10b regulates the
formation of IRS from primary epithelial cells.’ During telogen,
the critical moment for anagen activation is the presence and high
expression of WNT10b in the HF microenvironment.3?

Wntla, 3a, 7a, and 7b stimulate the WNT/B-catenin pathway
in DPCs, which is responsible for hair development.?® GSK-3p,
which regulates self-renewal and cell function, also negatively
regulates Wnt signaling through phosphorylation at Ser9 and sta-
bilizes B-catenin.® Thus, activation of the Wnt cascade is accompa-
nied by intracellular accumulation of B-catenin and its transfer to
the nucleus, stimulating the expression of target genes for renewal
and proliferation: Axin2, Lef1,%3¢ WNT3A, and secreted frizzled-
related protein 1 (SFRP1).2® Hair removal stimulates the produc-
tion of tumor necrosis factor (TNF)-a, which leads to activation
of scalp keratinocytes and increased expression of the WNT3,
WNT10a, and WNTI10b genes. In addition to activating the WNT
signaling cascade, TNF-a also activates NF-kB and thus regulates
hair regeneration processes.?” B-Catenin is expressed in HF stem
cells, hair germs, and hair bulges during HF regeneration and in-
teracts with the nuclear complex of DNA-binding proteins T cell
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factor/lymphoid enhancer factor family (LEF/TCF), initiating the
transcription of genes (c-myc, Cyclin D1) responsible for cell pro-
liferation, apoptosis, cell cycle, and differentiation of HFSCs.

The Wnt cascade controls the exit from the quiescent stage
and the activation of the anagen stage through the development of
stem cells in the bulge area. In AGA, a violation of the functional
potential of stem cells is associated with impaired Wnt signaling.
Probability loci associated with Wnt ligand biogenesis and class
B/2 molecular pathways are involved in the pathogenesis of hair
loss. The Wnt/B-catenin cascade was found to control and main-
tain the development of DPCs.3* Investigations revealed that the
regulation of androgen receptors is controlled by six loci in seven
genes, which are conditionally divided into groups. The genes in
the first group include genes associated with Wnt (RSPO2, LGR4,
WNT10A, WNT3, DKK2, SOX13, TWIST2, TWIST1, IQGAPI,
PRKDI1), genes associated with apoptosis (DFFA, BCL2, IRF4,
TOP1, MAPT), and a group combining various genes, including
androgen receptor and TGF-f signaling (RUNX3, RUNX2, ALPL,
PTHLH, RUNXI, AR, SRD5A2, platelet-derived growth factor
(PDGF)-A, PAX3, FGF5). It is assumed that the anagen stage is
shortened by contrasts in genes that control apoptosis.®® Activa-
tion of the WNT/B-catenin signaling cascade leads to nuclear ex-
pression of the genes Axin2, Tef/Lef, Lgr5, WNT3A, SFRP1, and
Blimpl. It has been shown (in mice) that Wnt ligands are con-
tinuously produced by the ORS and maintain HFSC activity. At
the same time, the IRS-HFSC secretes Wnt inhibitors: DKK and
SFRP1, which ensure a quiescent state during telogen.*

As mentioned, activation of the Wnt signaling pathway regu-
lates intranuclear Tcf/Lef transcription factors. Tcf3/4 downregu-
lates important genes of the Wnt signaling pathway and inhibits
HFSC activation. When Tcf3/4 interacts with B-catenin, the sup-
pressive effect is blocked.5® The activation of B-catenin depends
on Lefl expression and regulates gene expression in HF cells.!!
Expression of the LgrS gene is upregulated in HFSCs (genetic
marker) localized in the bulge, promoting their self-renewal and
upregulating the Sonic hedgehog (Shh) pathway to promote dif-
ferentiation of HFSCs during the anagen phase.?® The Blimp1 gene
is a target and mediator of DP-inducing signaling pathways includ-
ing TGF-B and WNT/B-catenin.>

The high local concentration of dihydrotestosterone in AGA
is associated with high expression of genes that inhibit WNT/-
catenin signaling: SFRP2, SERPINF1 (PEDF), DKKI1, and IG-
FBP3, resulting in activation of TGF-f expression and reduced
HF growth.%!! Reduced regulation of SERPINF1 stimulates the
proliferation of DPCs, promotes HF growth, and prolongs the ana-
gen stage. The use of recombinant PEDF protein produced unclear
results. Reduced regulation of SFRP2 induces WNT signaling.57-58
SFRP2 also increases the expression of WNT3a, enhancing WNT
signaling pathway activity.>® Exogenous SFRP2 inhibits DPC pro-
liferation.®® DKK 1 has been shown to be a potential biomarker for
obesity and reduces HF enlargement and hair width,®%-6! linking
AGA development to age and obesity.6%63

Thus, the Wnt signaling pathway plays an important role in
HFSC activation and promotes the transition to the anagen phase
by regulating the expression of target genes responsible for pla-
code formation and HF development. During the hair cycle, WNT
protein expression changes, peaking in anagen and gradually de-
creasing until it ceases in telogen.3'

Notch

Another membrane receptor that transmits a signal into the cell and
regulates gene expression is Notch.®* Notch regulates stem cell po-
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tential, adhesion, epidermal cell localization, and cellular differ-
entiation by repressing p63.3 Notchl is an important regulator of
hair growth due to its potentiating effect on Wnt5a expression in
DP and its activating effect on FoxN1 expression in keratinocytes,
which are localized in the hair cortex and induce their differentia-
tion.? Notch is involved in the protection and maintenance of HF
function by regulating the skin microbiota (preventing dysbiosis)
and protecting stem cells from inflammatory destruction.®s

Shh

The Shh glycoprotein is a signaling molecule and an inductive
factor that regulates the signaling pathway determining cell fate.
In the absence of Shh protein, the Patched and Smoothened (Smo)
components of the signaling pathway interact, resulting in inhibi-
tion of Smo.%® Shh interacts with Patched and releases Smo via
the transcription factor Gli, which activates it and transports it
into the nucleus to initiate gene transcription, including Cyclin
D1 and N-myc.%’

The Shh signaling pathway is involved in HF morphogen-
esis during embryonic development.®® Although it is not required
for HF development, it regulates epithelial proliferation and HF
growth. During the anagen phase, Shh is strongly expressed in
the follicular matrix and acts as a mitogen that accelerates telogen
exit.3%% In addition, DP maturation is determined by dermal ex-
pression of Shh, which activates specific morphogenesis genes.3

The initial phase of hair formation is associated with the produc-
tion of the proteins Noggin and Shh in the placode. Noggin inhibits
BMP activity by increasing the expression of the transcription factor
Lefl, leading to activation of the Shh signaling pathway that regu-
lates DP maturation. Conversely, Noggin-BMP contact suppresses
the expression of E-cadherin, which is overexpressed in HF-defi-
cient mice.® Furthermore, activation of downstream targets of the
Shh signaling pathway (Sm, Gli, etc.) can be controlled by forma-
tion of the laminin-511—f-integrin complex (ligand-receptor).

Shh is also secreted by perifollicular nerve endings to support
Glil+Lgr6+ HFSCs that regulate epidermal regeneration.’® Shh is
involved in root sheath cell differentiation via activation of Sox9.
GATA-3 is expressed during epidermal cell stratification and IRS
differentiation. Cultl is required for epithelial HF differentiation.?
Selective local expression of the Sox4 and Shh genes is observed
in HF, whereas no expression occurs in the bulge.?® Thus, activa-
tion of the Shh signaling pathway controls anagen and HF mor-
phogenesis.

BMP

BMPs belong to the family of secreted glycoproteins of the
TGF-p superfamily and influence tissue and organ development.
BMPs regulate cellular processes through ligand-receptor inter-
actions,”® forming a heterodimeric complex that phosphorylates
Smad1/5/8,7" followed by interaction with Smad4 and transloca-
tion to the nucleus. Smad1/5/8 also activates transcription factors
that regulate the proliferation and differentiation of HFSCs.”? The
activation of BMP is associated with cessation of hair growth, con-
sistent with studies on the BMP antagonist Noggin, which shortens
the refractory period and initiates hair regeneration.

The ratio of high BMP6 expression to low Sostdl expression
mediates hair shaft growth via Sox2.3> BMP7 also influences HF
stem differentiation after birth in cashmere goat.”> BMP signaling
influences the refractory period and regeneration time in telogen.
Myofibroblasts can be reprogrammed into adipocytes via BMP
signaling during wound healing of new HF by activating the ex-
pression of adipocyte transcription factors.”
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TGF-p

TGF-B family proteins play an important role in the pathogenesis
of AGA.” TGF-B2 activates Smad2/3 in HFSCs and promotes en-
hancement of the regeneration process.® TGF-B2 suppresses target
genes of the BMP signaling cascade (BMP/Smadl/5 — ID3) by
activating Tmeff1, stimulating HFSCs, and triggering anagen.>7*
In anagen, gradual suppression of TGF-f signaling is observed,
with increased WNT/B-catenin and Ki-67 activity.!! Interaction of
TGF-B with the specific surface glycoprotein endoglin (Egn) on
the HFSC surface ensures switching between BMP and Wnt sign-
aling. The effector of BMP and Wnt signaling pathways, Smad4,
forms heterodimers to control Egn expression in HFSC homeo-
stasis.3S

During anagen in DPCs, interaction of the SMAD3 gene with
SMAD2/SMAD4 was observed, leading to suppression of nuclear
expression of versican and B-catenin, resulting in AGA develop-
ment.!!

Ectodysplasin A (EDA) receptor (EDAR)

EDA/EDAR/NF-kB maintains the primary placode and regulates
Shh-mediated HF organogenesis via secretion of cyclin D1.3

The EDAR signaling pathway consists of the EDA ligand, the
transmembrane receptor EDAR, and the intracellular binding pro-
tein EDARADD, and is involved in HF development and the HF
cycle.?® EDA and EDAR belong to the TNF superfamily. Struc-
turally, EDAR is divided into an extracellular N-terminal ligand-
binding domain, a single transmembrane domain, and an intra-
cellular death domain.3” The latter interacts with EDARADD to
initiate transcription of target genes.’® The highest expression of
EDA, EDAR, and EDARADD is observed in late anagen, gradu-
ally decreasing throughout the HF cycle and reaching a minimum
in telogen.’® Thus, anagen activation is controlled by the EDAR
signaling pathway and determines normal hair development.

Hypoxia-inducible factor 1-alpha (HIF-1a)

The hypoxic microenvironment provides signals that regulate stem
cell self-renewal and differentiation.”’” HIF-1a, the major tran-
scription factor in the hypoxic signaling pathway, is normally de-
graded by hydroxylation via proline hydroxylase. The HIF subunit
is prolyl-hydroxylated under normoxic conditions by members of
the egg-laying nine (EGLN) family (prolyl hydroxylase domain
(PHD)-2), leading to its rapid degradation.?” Under hypoxia, free
radicals inhibit proline hydroxylase activity and increase HIF-1a
gene expression.”® Suppression of PHD-2 promotes HIF-1a activ-
ity and induces transcription of hypoxia response element (HRE)
genes, including vascular endothelial growth factor (VEGF),
chemokine (C-C motif) ligand 5, and endothelins ET-1 and ET-2.%7
Key genes associated with the HIF-1a signaling pathway include
EGLNI1, EGLN3, SERPINEI, HMOXI, TIMPI, and IL6R.*"

The HIF signaling pathway regulates hair development, resto-
ration, and regeneration. HIF controls HF regeneration by influ-
encing the shape and size of the DP.7%80 Hair growth is similar
to wound healing, in which HIF-1a stimulates neovascularization
and collagen/elastin formation.® Anagen is characterized by in-
creased vascularization. HIF-enhancing factor binds and removes
iron ions, which act as cofactors for PHD. Inactivation of PHD
promotes the accumulation of uncleaved HIF-10, which binds to
HIF-1p, dimerizes, and generates active HIF. The activation of an-
giogenesis and regeneration processes is triggered by transcription
of HRE genes.? In DPCs, exposure to hypoxia leads to increased
proliferation via modulation of lactate dehydrogenase activity.®!
Additionally, hypoxia stimulates hair induction in a paracrine man-
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ner through the generation of reactive oxygen species and produc-
tion of cytokines and growth factors.8283

AGA is associated with decreased vascularization and nutrient
supply due to reduced VEGF expression in HF.2” In the scalp, AGA
is associated with decreased HIF1 A expression and indirect inhibi-
tion of hair growth genes.?? Suppression of EGLN1/3 expression
has been found to induce DPC proliferation by activating HF via
the HIF-1a-VEGF signaling cascade.?’” Furthermore, blocking
EGLNI activates anaerobic glycolysis regulated by the HIF path-
way, controlling HF metabolism in AGA.%* Hypoxia activate the
HIF signaling pathway, promoting new blood vessel formation and
triggering regeneration processes in the DP cells.® Administration
of HIF-stimulating factor has a positive effect on hair restoration
in vitro.8® Thus, proliferation and migration of DP daughter cells
were observed in 3D DPC cultures (hanging drop method) when
stimulators of the HIF-1a signaling pathway, such as deferoxam-
ine and deferiprone, were added (similar to the effects of minoxidil
and caffeine).?’ However, HIF modulators/PHD inhibitors have
been shown to shorten the kenogenic phase and accelerate the on-
set of anagen.?8 Therefore, HIF-1a stimulates HF and mediates
the onset of anagen phases while shortening HF latency.??

Exosomes

Molecular mediators control the formation and cyclic transitions of
HF. Vesicles contain a considerable amount of them, release them
from the cells, and change the functional potential and properties
of the target cells. The concept of extracellular vesicles summa-
rizes several classes of nanovesicles that are secreted by most cells
as intercellular mediators, including exosomes (30-200 nm) and
microvesicles (30-1,000 nm) containing miRs, messenger RNAs
(mRNAs), non-coding RNAs, DNA,! and proteins, including cy-
tokines and growth factors.

Exos are formed by endocytosis and excreted by the mechanism
of exocytosis.?5 Exos that form from endosomes are characterized
by a similar set of membrane glycoproteins. Annexins, flotillin,
GTPases from the families of transport and fusion proteins, Alix,
TSG101 (which regulates the formation of multivesicular bodies),
Hsp20, Hsp60, Hsp70, tetraspanins (CD9, CD63, CD81, CD82),
phospholipases, and proteins covalently bound to membrane lipid
molecules are expressed on the surface of exo0s.8¢ It was found
that exosomes derived from DP,37-90 dermal fibroblasts, keratino-
cytes,”! HFSC,*>%3 adipose-derived stem cells (ADSC) and condi-
tioned medium (containing exos) derived from MSC can be used to
activate the proliferation of HFSC and hair growth. Human MSCs
from the umbilical cord,®1120:94-102 hSCs from the dental pulp.'%3

Exos can be of natural origin or produced artificially. However,
the use of synthetic liposomes and nanovesicles for the delivery of
therapeutic molecules (miRs) has encountered the problem of their
biocompatibility and safety, which favors the use of exosomes of
natural origin.'®* At the same time, the development of science
in this direction is unstoppable, and several human clinical trials
have already been registered using exos artificially enriched with
certain miRs. However, a limiting factor is the lack of large-scale
preclinical studies in animals that ensure an optimally developed
scheme for the maintenance of cell cultures producing exosomes,
as well as the dosage and conditions for drug administration.'*
At the same time, the nature of endogenous mechanisms for miR
loading/sorting in exosomes is under active investigation, but the
factors that determine active or passive loading have not yet been
clucidated. Important features of exosomes are their composition,
which is characterized by the content of lipids and proteins on their
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surface, and their nanomechanical (colloidal) properties, which de-
termine the interaction with the recipient cell.!**

Composition of exosomes (miRs in hair growth)

miRs and hair growth

miRs are 18-25 nm long RNAs that regulate gene expression by
influencing mRNA.3* Exosomes protect miRs from degradation
by RNases and mediate their effect within the recipient cells, there-
by influencing biological processes.’® The key epigenetic regula-
tors responsible for the development and regeneration of HF are
miRs, which are found in the skin and in HF.105

miR-1 influences the development of HF by controlling genes
responsible for the proliferative potential and differentiation of
HFSCs. miR-1 overtranscription suppresses the division processes
of HFSC by inducing differentiation, affecting the expression of
IGF1 receptor (IGFIR) and LEFI genes.'"® LEF1 has been found
to be required for Wnt signal transduction. Anagen is character-
ized by high expression of the LEF1 transcription factor, leading
to activation of the f-catenin signaling pathway, inducing differen-
tiation of bulge stem cells and preventing apoptosis of HFSCs.38

miR-21 stimulates HF development by inactivating BMP4 and
inhibiting the mRNA of Pten, Pdcd4, Tim4, Tmp1.? miR-22 is in-
creased in catagen/telogen compared to anagen. miR-22 controls
the HF cycle by regulating the formation of IRS and hair shaft
and repressing the activity of DLX3, FOXN1, and HOXC13.107:108
miR-22 is a post-transcriptional controller of the HF cycle, stimu-
lating the transition to catagen, activating the Wnt/B-catenin cas-
cade, and increasing the mRNA expression of WNT3A, AXIN2,
LEF1, and SEPRP1 genes in DPC, which ensures hair regrowth.
miR-22-5p inhibits the proliferation of HFSC by targeting LEF1
and Foxn1.%7 miR-24 affects HFSC differentiation in mice by in-
hibiting Tcf-3 (keratinocyte stem cell regulator) during the anagen
phase of HF, leading to HF developmental defects.!? miR-29a/b1
affects LRP6, Ctnnb1, Bmprla and suppresses Wnt signaling and
BMP, whose expression is induced during the HF cycle, shortening
hair by suppressing HFSC and matrix cell differentiation.? It was
found that the suppressive effect of miR-29a-5p on EDAR has a
negative effect on the formation of hair placodes.!!? Since miR-29
can be characterized by multidirectional effects by grouping sev-
eral miRs (miR-29a, miR-29b, miR-29¢) under the term miR-29,
overexpression of miR-29a/b1l in mouse HFSCs leads to inhibi-
tion of their activation by blocking the Wnt signaling pathway via
the target LRP, resulting in hair loss.!!! Interesting results were
obtained in animal models (mice), which showed a significant de-
crease in miR-29a expression in the anagen,''? indicating the need
for a detailed study of this miR.

miR-31 affects the development of HF, as evidenced by the high
expression of this miR in mutant nude mice."® miR-31-5p spe-
cifically blocks the activity of AXIN1, which suppresses the Wnt
signaling cascade by reducing B-catenin.!'*!!5 The miR-31 target
genes also include DKK 1, SMAD3/4,''7 RAS p21 activator pro-
tein 1, which increases the level of mitogen-activated protein ki-
nase (MAPK) 1/3 and promotes hair growth.!'® On the other hand,
miR-31 impaired hair growth in transgenic mice.'"® In humans,
miR-31 was upregulated in HF aging.'?°

miR-103/107 homologs target DKK 1 and AXIN2.121-123 [t was
found that the expression of miR-103/107 in epidermal keratino-
cytes decreases with increasing age of the organism (mice).!?*
This may suggest a role for this miR in regulating the growth and
development of HF. miR-122-5p induces angiogenesis by specifi-
cally activating VEGF and reducing endothelial cell metabolism.
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In addition, miR-122-5p acts as a blocker of the TGF-f signaling
cascade and activates hair regeneration processes. These data are
supported by the effect of Exos-miR-122-5p on DPC in AGA, the
suppression of SMAD3/p-SMAD3, and the restoration of versican
and PB-catenin levels.!! miR-122-5p affects Wnt2 mRNA.? miR-
125 is highly expressed in alopecia DPCs.'?5 miR-125b inhibits
the expression of Blimpl and vitamin D receptor genes, thereby
arresting HFSC differentiation and disrupting stem cell renewal.®3
miR-126 is highly expressed in HF, but no further studies have
been performed.3

miR-130b-5p targets Wntl0a and DKK1.!26:127 Qverexpression
of miR-133b is observed in AGA, which negatively affects the
B-catenin signaling pathway in HFSCs.2® NOTCH1 was found as
a co-target gene for miR-133 in ovine HFs.!?® The target of miR-
140-5p is BMP2, which leads to the activation of proliferative pro-
cesses in the ORS and HF matrix.> miR-149 expression decreases
during differentiation of HFSCs, and when overexpressed, limited
proliferation/differentiation of HFSCs is observed by blocking
MAPKI1/ERK2 signaling, followed by a decrease in FGF2 and c-
MYC gene expression.'? miR-152 is expressed in HF, has one
target—the mRNA of the DKK/ gene—and inversely correlates
with the level of DKK1.13 miR-152 expression increases during
aging of skin fibroblasts. miR-152 is involved in the regulation of
inflammatory processes.!3!

miR-181a-5p stimulates the Wnt/B-catenin cascade and in-
duces HFSC division.” Animal studies (sheep) have identified a
target gene—the Galpha i2 protein—for miR-181a, which is able
to stimulate the Wnt/B-catenin cascade in DPC, inhibit cell divi-
sion processes, and trigger DPC."3? miR-195-5p induces HF by
targeting the LRP6 protein (in DPs) and blocking Wnt/B-catenin
activity.»'3 miR-195-5p is expressed in exosomes of DPCs and
affects genes that induce proliferative processes that regulate hair
growth.3* However, induced overexpression of miR-195-5p in
DPCs inhibits their proliferation.!33

High expression of miR-203a-3p, which targets the Smadl
gene, is observed in differentiated HFSCs. miR-203a-3p represses
Smadl expression and mediates BMP induction, thereby pre-
serving the properties of HFSCs.!3¢ In addition, miR-203 inhib-
its DKK1 mRNA,"37 activates the Wnt/B-catenin pathway, and
induces anagen hair growth.!3® miR-205 is expressed in HFSCs.
Lack of miR-205 expression leads to proliferation arrest in HF-
SCs by impairing the PI3K signaling pathway.? miR-214 inhibits
B-catenin by targeting the Enhancer of Zeste homolog 2 and sup-
presses HFSC proliferation and differentiation.> miR-214 also af-
fects Sox9 and polypyrimidine tract-binding protein 1 in HFSCs.
On the other hand, high miR-214 expression leads to abnormal
hair length.? The overexpression of miR-214 reduces the number
of HFs and slows down the hair growth cycle. Lower miR-214
expression in exosomes of DPCs induces reprogramming of adi-
pose tissue stem cells in DPCs.!3* miR-218-5p activates the regen-
erative potential of HFSCs by activating B-catenin signaling,2-%
and by targeting (inhibiting) the SFRP2 gene (mice).’ miR-218-5p
upregulates the Ctnb gene to promote HF neogenesis.'3* miR-339-
Sp is downregulated during HFSC differentiation, regulates DLXS
and Wnt3a genes, and inhibits Wnt/B-catenin signaling.!#’

miR-1285-3p has the target genes LEFI, DIx3, Foxnl, and
Sosdcl and affects cellular differentiation by accelerating the
transition from HF to telogen. Increased expression of miR-1285-
3p impairs HFSC proliferation by decreasing the expression of
KI67, PCNA, and AKT proteins, and increasing the expression of
S100A3, K6, and Notchl proteins, thereby blocking hair growth
by activating the NOTCH signaling pathway.** In addition, miR-


https://doi.org/10.14218/GE.2025.00058

Gene Expr

1285-3p inhibits the proliferation of HFSCs through the activation
of human HFSCs.* Let-7b modulates EDA gene expression via
post-transcriptional regulation of the TGF-I receptor.?

Infusion of DPC exosomes into HF affected the B-catenin and
Shh signaling pathways, resulting in prolonged anagen and cata-
gen phases during hair development.!#! The cellular microenviron-
ment, consisting of dermal and subcutaneous fibroblasts, plays an
important role in the functional potential of HFSCs. Melanocytes
are formed from melanocyte-derived MSCs that are localized in
a niche. Epithelial cells of the scalp produce TGF-f and Wnt and
thus determine the viability and functional properties of MSCs. On
the other hand, MSCs are influenced by cells of the extracellular
matrix, in particular by the action of integrins in the basal layer.3

The expression of the following miRs was found to be increased
in DP in AGA: miR-221, miR-125b, miR-106, miR-410.% High ex-
pression of miR-133b, miR-141-5p, miR-652-5p, miR-520d-5p,
miR-1247-5p, and decreased expression of miR-378d, miR-4286,
miR-3607-6p were observed in AGA-affected regions. The high-
est expression of miR-133b, miR-141-5p, miR-652-5p, and miR-
1247-5p was observed in AGA areas compared to the control.?®
Thus, there is a long list of miRs expressed by single cells or local-
ized in exosomes that influence the activation/quiescence of HF-
SCs. A closer examination of their properties and targets in rela-
tion to recipient cells and target genes will determine their clinical
potential for the treatment of AGA.

Growth factors and hair growth

VEGF, PDGF, and bFGF induce HF growth. VEGF regulates the
formation of blood vessels, the development of HF, and its proper-
ties.3® PDGF has a stimulatory effect on the growth and develop-
ment of HF in adipose tissue models (mice) through activation of
HFSC.'? The production of PDGF-AA with a paracrine effect was
observed in the DPC, and its effect was directed toward the develop-
ment and maintenance of HF.!3* PDGF and FGF2 have a synergis-
tic effect by promoting proliferation and maintaining the inductive
capacity of DPC.*” FGF-2 contacts the receptor, activates signaling,
and induces the expression of the CTNB gene.!* CTNB controls
genes responsible for the cell cycle and cell division (Cyclin D1, c-
Mpyec, and Ctnb). After activation, Ctnb accumulates in the cytoplasm
and is transported to the nucleus, where it regulates the transcrip-
tional activity of anagen maintenance factors in the HF development
cycle.'*? FGF7/keratinocyte growth factor (KGF) and epidermal
growth factor (EGF) activate HF cells. The initiation phase is asso-
ciated with high expression of ligands and low expression of recep-
tors for these growth factors.> Anagen arrest is associated with the
activity of FGFS5, the absence of which leads to a prolonged anagen
phase and the formation of extra-long hair shafts in mice.?* Anagen
arrest is also regulated by EGF receptors.’

IGF1 is a multifunctional cell growth factor that is involved in
the basic life processes of cells.!** IGF1 controls cell division, the
synthesis of various proteins, hair growth, and hair loss.'#5 IGF1
is involved in the processes of epidermal regeneration and HF
(in rats). IGF1 exerts a stimulatory effect on bone marrow (BM)-
MSCs by activating the ERK1/2 cascade, leading to suppression
of the inflammatory response, inhibition of proinflammatory cy-
tokine secretion, and activation of regenerative processes in skin
and HF.'*® The development of AGA is accompanied by a high
local concentration of dihydrotestosterone, which interacts with
the androgen receptor, resulting in the inactivation of IGF1 and the
initiation of MAPK and PI3K/AKT signaling under the influence
of miR-221."47 In addition, AGA is associated with increased ex-
pression of miR-122 in the HF, which triggers apoptosis of hDPC
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and downregulates the expression of the IGFIR gene.'*8

EGF ensures HF regeneration by mediating the activation of
MSCs. 149

Irisin, which belongs to the myokines (VEGF, IGF1, FGF),
regulates hair growth. Irisin affects various cellular properties, in-
creases proliferative activity and mitochondrial potential in hDPCs
by stimulating GSK-3/B-catenin, and induces target genes of the
Wnt signaling pathway, leading to hair growth and hair shaft elon-
gation (in humans).'* Irisin induces rapid anagen onset and medi-
ates accelerated hair growth in mice (C57BL/6).15

NTs regulate the formation of the most important morphologi-
cal parameters of hair. In particular, NT-3 and NT-4, which are
derived from a glial cell line, stimulate the formation of hairs char-
acteristic of AGA under stress: with a smaller shaft diameter and
reduced density.'5!

Glial cell-derived neurotrophic factor (GDNF) induces HF for-
mation (mice).'5? The mechanism of action of the GDNF ligand
family is mediated by its interaction with the glial cell-derived
neurotrophic factor receptor alpha (GFRA) (mainly the GFRA1
isoform) and the activation of RET tyrosine kinase.'>* In RET-
null cells, the neural cell adhesion molecule interacts directly with
GDNF-GFRAL and regulates intercellular communication.'5* On
the other hand, the neural cell adhesion molecule mediates cell-
cell and matrix adhesion, which is associated with DPC aggrega-
tion in vivo.*’” GDNF and NRTN regulate the HF cycle in mice,
and blocking the Gfral/Gfra2 genes enhances HF regression and
disrupts the hair cycle.!%15¢ GDNF producers are stem cell bulge
cells with regenerative potential in terms of restoring the HF and
skin by regulating hair formation and wound healing.'5?

BDNF is associated with depression and hair growth.'” Hair
loss in women is associated with low serum levels of BDNF
(which is associated with psychiatric and neurodegenerative disor-
ders, chronic stress, and depression).!*® In addition, higher cortisol
levels and lower BDNF levels have been observed in patients with
AGA."5! However, a previous study reported high BDNF expres-
sion in supernatants obtained from DP at balding sites.!>® BDNF
may also promote the transition from HF to catagen by modulating
TNF-a/keratin 17-mediated apoptosis.®> Thus, there are a number
of growth factors and neurotrophic factors that may exert a stimu-
latory effect on hair growth and HF development by directly influ-
encing the cellular microenvironment or HFSCs.

Clinical application of exosomes from different sources

Exos structure: Application of exosomes from different
sources for HFSC activation

In addition to the internal content, an important aspect of the use
of exosomes against AGA is the unique surface composition of
these lipid-containing particles. The proteins Wnt3a and Wnt7b
are expressed on the surface of exos and activate the Wnt cascade
in the recipient cells. In addition, exosomes express membrane-
associated Hedgehog signaling proteins. Interaction of exosomal
surface proteins (macrophage exosomes) Wnt3a and Wnt7b with
Frizzled4 and LRP5/6 receptors on DPCs leads to activation of
the Wnt cascade, which regulates their proliferation, motility, hair
shaft elongation, and the growth of HFs.3¢ In addition, Wnt3a mol-
ecules, which activate Wnt signaling,3® prevent inactivation of the
Wnt cascade by dihydrotestosterone and suppress TGF-f3 signaling
in AGA (Fig. 2).611

Exos derived from macrophages (MAC-Exos)

Perifollicular macrophages (MFs) activate epithelial stem cells of
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Fig. 2. The influence of microRNAs and growth factors contained in exosomes of various origins on the hair follicle cycle. ADSC, adipose-derived stem cell;
BM, bone marrow; BDNF, brain-derived neurotrophic factor; CB, cord blood; DF, dermal fibroblast; DPC, dermal papillary cell; EGR, early growth response;
EGF, epidermal growth factor; FGF, fibroblast growth factor; GDNF, glial cell line-derived neurotrophic factor; HFSC, hair follicle stem cell; MAC, macrophag-
es; MSC, mesenchymal stem cell; NT, neurotrophin; PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth factor.

the skin and regulate HF growth.3® MFs produce TNF and trigger
the AKT/B-catenin signaling cascade, activating HFSCs.3¢

There is evidence that MFs are present in the HF microenvi-
ronment and secrete Wntl10a, which induces Wnt signaling and
increases Axin2 and Lef2 gene expression. MAC-Exos (from MF
culture supernatants) express Wnt3a/Wnt7b molecules on the
membrane, which enable exos to contact the cellular Frizzled and
LRP5/6 receptors and stimulate the WNT cascade in HF-DPCs in
vitro (Balb/c mouse model), resulting in thickening of the skin and
an increase in HF.3¢ The effect of MAC-Exos on DPCs was char-
acterized by an anti-apoptotic effect (increased gene expression of
Bcl-2) against a background of activation of Akt phosphorylation
and induction of versican and ALP gene activity. MAC-Exos dou-
ble the thickness of the human hair shaft by activating VEGF and
KGF in DPCs.3¢ The method of obtaining MFs is the least invasive
compared to the isolation of MSCs from adipose tissue or BM and
opens up the prospect that exos can be used in applied applications
as hair growth promoters in AGA.

Bone marrow-derived exos

Preclinical studies on the secretome of BM-derived MSCs have
shown that they could be used as stimulators for hair growth and
regeneration. MSCs activated the proliferation of epidermal cells
in mice (in vivo), inhibited MF infiltration, and reduced the pro-
duction of reactive oxygen species (activation of matrix metallo-
proteinase and destruction of collagen tissue).!®” A study in which
BM-MSCs were grown under hypoxic conditions and then inject-
ed into the scalp or papules of patients with alopecia resulted in
improved hair growth, 61,162

ExoCel and ExoFlo are promising new therapies that utilize
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the therapeutic potential of exosomes, as supported by a system-
atic review of preclinical/clinical data on exosomes.'®* ExoFlo is
a drug based on exos derived from BM-MSCs, tested for steril-
ity, and stored in facilities registered with the U.S. Food and Drug
Administration that comply with Current Good Tissue Practice.!%
However, large-scale studies are needed for this class of drugs to
establish standardized application protocols and test the feasibility
of widespread use in clinical practice.

Exosomes from adipose tissue (ADSC-Exos)

Within the subcutaneous adipose tissue layer containing progeni-
tor cells (hereinafter referred to as ASCs), intercellular interactions
mediated by PDGF occur during the anagen phase.!** ASCs can
differentiate in the adipo- and osteo-direction via the expression
of leptin or osteopontin, markers that are characteristic of DPCs at
different stages of HF development.!34

In the anagen phase, the thickness of the adipose tissue increas-
es, and adipocytes begin to proliferate. The transition from catagen
to telogen is characterized by a high production of BMP2 by adi-
pocytes, which regulates the resting state in the niche, decreases in
late telogen, and promotes the activation of HF-MSCs.?® Anti-HC
transformations inhibit adipogenesis; epithelial cells send signals
that activate adipocyte expansion. The HFs absorb nutrients from
the microvessels, which change during the hair growth cycle; ana-
gen is associated with the induction of angiogenesis and the activa-
tion of bulge and matrix cells.*® ADSCs control the HF cycle and
are an essential part of the microenvironment.® The growth and
development of the HF is related to the ADSCs that surround the
DPCs and optimize the microenvironment of the HF.1%5 ADSCs
also influence HF morphogenesis by producing growth factors that
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regulate growth, enhance DPC viability, and initiate HF regenera-
tion under hypoxic conditions.*’

Administration of condensed ADSC medium had a positive ef-
fect on hair growth.® ADSC-Exos are characterized by a spindle-
shaped form and express CD9, CD81, and TSG101 molecules on
the surface, inducing the Wnt cascade, ALP, and versican expres-
sion in DPCs. ADSC-Exos neutralize the effects of DHT (and
DKK1) by activating pGSK-3f expression (Wnt cascade) and sup-
pressing TGF-f, thereby restoring hair growth through anagen in-
duction.®!" ADSC-exos highly express miR-122-5p, which down-
regulates miR-22 expression in DPCs.'!2? In addition, ADSCs can
transdifferentiate into DPC-type cells and induce hair growth.!3*

Supernatants from ADSC cultures exposed to hypoxia altered
DPC signaling,*” increased p-ERK/p-AKT phosphorylation and acti-
vation of ERK1/2 and AKT (MAPK) cascades,*” and promoted DPC
growth and HF formation by upregulating genes regulating prolifera-
tion, differentiation, and angiogenesis,*” and reduced apoptosis.'®

HIF-1lo-mediated induction of ERK1/2 leads to the expres-
sion/secretion of MSC growth factors, particularly ADSC-derived
(VEGF, bFGF, PDGF),*” which stimulate HF growth. Activated
HIF-1 binds to the HRE site with the nucleotide sequence ACGTG
and forms the cyclic adenylate response element-binding protein
HIF-1-p300/CBP, which initiates gene transcription. Genes con-
taining one or more HREs are targeted and regulated by HIF-1a,167
particularly the BMP7 gene, inhibiting its repressive role in HF
morphogenesis.*’

Overexpression of the HIF-la gene increased the expression
of VEGF, bFGF, and PDGF in ADSCs. Hypoxia also promoted an
increase in the expression of VEGFA, VEGFB, VEGFC, PDGFB,
PDGFD, FGF2 (bFGF), IGFBP5, and IGFIR (Rapl, Ras, MAPK,
PI3K-AKT, and HIF pathway genes). The transcription factor HIF-
la inhibited the promoter of the BMP family gene BMP7 and re-
duced its protein expression in cultured ADSCs,*” which could also
contribute to the transition of HF from the telogen to anagen stage.

Dermal papillary cell exosomes

Exos from isolated human DP exert stimulatory effects and pro-
long anagen time by inducing the expression of B-catenin and
Shh (when administered to mice).!%%16 DPCs express a-SMA,
laminin, fibronectin, and CD133.!7° DPC-Exos regulate the activ-
ity of epidermal cells, promote hair growth and regeneration, stim-
ulate anagen HF, and induce proliferation and migration of ORS
cells. In 3D-DPC-Exos cultures, cell proliferation of DPC and
ORS cells (in human HF) was observed due to increased expres-
sion of growth factors (IGF-1, KGF, HGF).!7! Injection of human
3D/2D DPC-Exos spheres together with epidermal cells into mice
enhanced HF neogenesis.!”! 4The induction of HF neogenesis by
DPC-Exos was also confirmed in a mouse model with skin lesions.
The effect of DPC-Exos on fibroblasts in mice and other mammals
was characterized by abundant blood flow to the HF,'72-174 which
activates hair growth via the Wnt/p-catenin cascade.
DPC-Exos-derived miR-22-5p was able to inhibit the prolifera-
tion of HFSC via its direct target gene LEF1.%7 In addition, miR-
22-5p reduced the luciferase activity of FOXP1.87 DPC-Exos-
localized miR-218-5p activated the Wnt/B-catenin cascade and
restored hair growth.'® Similarly, has-miR-181a-3p expressed in
DPC-Exos promoted cell proliferation and hair growth. Depend-
ing on the phase of HF development, different expression levels
of miR-181 were observed, targeting the activation of the Wnt
signaling pathway, proliferation of HFSCs, and HF growth.?’ In
addition, sequencing revealed that DPC-Exos contain a number
of functionally important miRs that regulate hair growth and de-
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velopment, including let-7f-5p and miR-22-5p as target regulators
of genes involved in hair growth and differentiation, involved in
the formation and differentiation of HF/microenvironmental cells
(HFSCs, keratinocytes) and intercellular communication (DIx3,
Foxnl, Hoxcl3, Sostdc), genes of the VEGF and Wnt signaling
pathways (miR-1, miR-122), BMP (miR-21-5p), Runx (miR-378-
3p, miR-145-5p), ERK (miR-592), and TGF (miR-106a-5p).%”

In one study,?® the targeting effect of DPC-Exos on HFSCs was
demonstrated, which was reflected in significant expression levels
of a large number of target genes (3,702). The strongest increase
in gene expression was observed for the LEF1 gene, an important
regulator of the HF life cycle.8® DPCs express genes important
for the morphogenesis of HF in the postnatal hair cycle (versican,
SMA, SOX2, CTNB, and ALPL),'75 and produce exos containing
miR-214, miR-218-5p, and miR-195-5p.13* At the same time, het-
erogeneity of DPC subpopulations has been observed.!0

Dermal fibroblast exosomes

Extracellular vesicles of stimulated human dermal fibroblasts con-
tained Norrin, a specific activator of the NDP gene. Norrin is also
secreted in DPC-stimulated vesicles/exos and activates HF devel-
opment processes by acting ex vivo on cells of the microenviron-
ment (keratinocytes). Norrin’s specific receptor is Frizzled4 and is
probably responsible for the activation of dermal fibroblasts and
hair growth.!”?

Exos from human umbilical cord blood MSCs

Ex0s-MSCs from umbilical cord blood contain miR-181, which
reduces burn-induced inflammation (rats).!® In addition, exos
from umbilical cord blood stimulated regenerative processes in the
skin by activating the Wnt cascade and factors responsible for the
growth of new blood vessels.

Thus, exosomes from various sources could serve as potential
effectors in the fight against AGA by inducing the growth and
development of HFs. Despite significant progress in the study of
exosomes and their components, there are still many unanswered
questions regarding their future successful application in the clinic.

Conclusions

Studies on the functional potential of exosomes and their modu-
lating properties on hair growth have been demonstrated in cell
cultures and animal models. A feature of exosomal therapy is its
low immunogenicity compared to cell therapy. Currently, many
aspects of the effect of exos on HFs and HFSCs are still unclear,
as the number of studies is insufficient and it is a relatively new
direction in science. The most important unresolved problems in
the use of exos in clinical practice include: the lack of investi-
gation of the main basic processes that can be affected by exos
from a molecular and genetic point of view; the safety of exosome
treatment; and effective treatment methods with a precise descrip-
tion (protocol) of exos sources, methods of their isolation, content
(components) of exosomes, storage, methods of administration,
exact dosages, and frequency of repeated administration of exos
or their individual components. However, even at this stage of de-
velopment, the potential success of this scientific direction in the
treatment of alopecia is assumed, which is supported by modern
and comprehensive studies in humans.
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