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Abstract

Hair regrowth through mechano-stimulation and other therapeutic approaches has emerged as a significant area of
research in regenerative medicine. This review examines recent advances in hair regeneration strategies, with a particular
focus on mechanical stimulation and complementary treatments. Studies have demonstrated that skin stretching can
activate hair follicle stem cells and promote hair growth under specific conditions and durations. This process involves
intricate signaling interactions, particularly through the WNT and BMP pathways, and follows a two-stage mechanism that
recruits and modulates the function of macrophages. Mechanical stimulation induces the release of growth factors such as
HGF and IGF-1, which activate stem cells and support hair follicle regeneration. Beyond mechanical activation, emerging
hair restoration therapies, including MSC transplantation, MSC secretome therapy, and platelet-rich plasma treatments,
have shown promising results. These innovative strategies overcome the limitations of conventional therapies, offering
effective solutions for various types of hair loss. Additionally, here we discuss the molecular mechanisms underlying
hair follicle growth and repair, the influence of external factors, and novel hair follicle formation processes, such as
chimeric follicle development and follicular neogenesis. Special attention is given to the roles of dermal papilla cells and
their interactions with mesenchymal cells in promoting hair regrowth. The key strategies and underlying mechanisms
discussed in this review will drive future research and potential clinical applications.
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Hair loss affects individuals worldwide, impacting both
appearance and mental well-being. Conditions like alope-
cia disrupt the natural hair growth cycle or damage folli-
cles, leading to hair loss.! Current treatments, including
medications, surgery, and therapies with platelet-rich
plasma (PRP), offer varying success rates and often require
ongoing commitment.” Despite these advances, a lasting
solution for all patients remains elusive.

Recent advances in mechanobiology provide new
insights into hair regrowth by exploring how mechanical
forces regulate the behavior of hair follicle stem cells

(HFSCs).> Understanding the biomechanical cues that
influence HFSC activity and differentiation becomes
important for innovative regenerative therapies.®
Mechanobiology, which examines how physical forces
like matrix stiffness and stretching impact cellular and
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Figure |. Number of articles published on *“Hair
regeneration” in the last |0years according to PubMed,
demonstrating consistent growth over the years and indicating
an expanding research scope.

tissue processes, is rapidly gaining attention.*> Cells detect
these forces through receptors such as integrins and ion
channels, which activate key signaling pathways like YAP/
TAZ and Wnt/B-catenin.® While mechanobiology has long
been explored in areas like bone repair and wound healing,
its role in hair regrowth is beginning to show promise, par-
ticularly in modulating regenerating cellular activity.”
Hair follicles go through distinct growth (anagen), transi-
tion (catagen), and rest (telogen) phases.” Specialized cells
in the bulge region regulate this cycle by responding to envi-
ronmental cues such as matrix stiffness and interactions
with dermal papilla cells.!® Mechanobiology-based thera-
pies thus aim to harness these cues to activate or enhance the
regenerative capacity of the regenerating cells.!! For
instance, modifying the stiffness of the extracellular matrix
(ECM) has been shown to influence HFSC activation,
thereby promoting hair growth.'>!3 Furthermore, stimula-
tion devices have demonstrated promise in improving blood
flow and activating growth mechanisms that enhance hair
follicle function.' Targeting mechanotransduction path-
ways, which mediate how cells respond to mechanical sig-
nals, could offer novel solutions for managing hair loss.'?
Moreover, studies have underscored the critical role of
the hair follicle microenvironment in promoting hair
growth.!>1¢ Specific T cells have been shown to protect
HFSCs from systemic damage, highlighting the complex
interplay between immune factors and follicle health.!”!8
By integrating engineering principles with these biological
insights, new solutions for hair loss can be developed. In
particular, viewing hair follicle regulation from a mecha-
nobiological perspective can enhance therapeutic treat-
ments for alopecia. Future therapies will likely need to
address both immune and mechanical factors to effectively
promote hair regrowth, which can offer a more compre-
hensive approach to hair restoration. Figure 1 illustrates

the steady increase in the number of articles published on
hair regeneration over the past decade, highlighting the
growing interest and the need for further expansion in this
research field.

While previous works have primarily emphasized bio-
chemical therapies or stem cell transplantation strategies,
here we uniquely highlight the mechanical regulation of
HFSCs and their surrounding microenvironment, propos-
ing a comprehensive mechanobiological framework for
hair regeneration. For this, we begins with an overview of
the structure and mechanisms underlying hair loss and
regeneration, followed by a discussion of the key mecha-
notransduction pathways involved in hair follicle renewal.
We then explore the therapeutic potential of mechanobio-
logical approaches in hair restoration and conclude with an
outlook on future directions, clinical implications, and
potential advancements in the field.

Hair structure, loss, and regeneration

Anatomy of the hair follicle: A brief overview

The hair follicle is a complex, dynamic structure responsible
for the production and growth of hair. It is located within the
skin, specifically in the dermis layer, and extends into the
subcutaneous tissue (as shown in Figure 2) is crucial for
uncovering hair growth mechanisms and developing effec-
tive treatments for hair loss. This section explores the essen-
tial layers and components of the hair follicle, highlighting
their roles in maintaining follicle health and regulating the
hair growth cycle.

Outer root sheath (ORS). The outer root sheath (ORS)
forms the outermost layer of the hair follicle, extending
from the skin surface to the follicle base, where it connects
with the epidermis and consists of stratified epithelium.?
It provides structural support, houses blood vessels that
supply essential nutrients for hair growth, and plays a key
role in immune privilege, shielding the follicle from auto-
immune attacks.”?> The ORS bulge region serves as a
niche for HFSCs, which are critical for hair regeneration.
Recent studies have expanded our understanding of the
ORS, identifying the follicular trochanter, an epithelial
protrusion near the bulge, as a potential marker for
HFSCs, expressing CD200 and keratin 15.23 This struc-
ture may reflect distinct stages of ORS remodeling during
the hair cycle. Furthermore, the ORS has been implicated
in mechanotransduction. ORS cells respond to mechani-
cal stimuli by releasing ATP, serotonin, and histamine,
which activate surrounding sensory neurons, suggesting a
role in tactile sensation.?* These finding suggests a novel
mechanism by which the hair follicle contributes to tactile
sensation. Although direct confirmation study on melano-
cyte stem cells in the ORS is lacking, previous research
has shown that follicular melanocytes can migrate along
the ORS in response to specific stimuli, highlighting a
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Figure 2. The structure of hair follicle. () The hair follicle is composed of four primary sections: the bulb, suprabulb, isthmus, and
infundibulum. (b) When viewed in a cross-section, the hair follicle presents as a cylindrical structure comprising eight concentric
layers. These layers form three main components: the outer root sheath (ORS), the inner root sheath (IRS), and the hair shaft. The
IRS consists of four distinct layers: the companion layer, Henle’s layer, Huxley’s layer, and the IRS cuticle. The hair shaft itself is
made up of three parts: the medulla, cortex, and hair cuticle. The connective tissue sheath (CTS) surrounds the entire hair follicle,
providing mechanical support and helping maintain its shape and integrity, especially during hair growth and mechanical stress

(modified from Cuevas-Dias Duran et al.'?).

potential role for the ORS in hair pigmentation, warrant-
ing further investigation.?

Inner root sheath (IRS). The inner root sheath (IRS) lies
between the outer root sheath and the hair shaft, compris-
ing three distinct layers: Henle’s layer, Huxley’s layer, and
the IRS cuticle.? It plays a crucial role in hair develop-
ment by serving as a structural barrier that separates the
growing hair from the outer root sheath, ensuring the
proper environment for follicular maturation.

Recent works have elucidated the critical function of
IRS in hair formation. An et al., identified keratin 71
(KRT71) as essential for optimal hair shaft formation,
offering potential targets for hair regeneration therapies.?’
This aligns with earlier findings demonstrating the impor-
tance of KRT71 in maintaining hair follicle integrity.?
Additionally, the IRS expresses key proteins that contrib-
ute to its specialized function. Trichohyalin, a structural

protein, is retained within IRS cells and plays a pivotal role
in forming the rigid framework of the follicle.”
Furthermore, the expression of certain S100 proteins in the
innermost IRS layers suggests their involvement in normal
follicular physiology.*

Dermal papilla. The dermal papilla (DP), located at the
base of the hair follicle, is composed of specialized fibro-
blasts that regulate hair growth by functioning as a key
signaling center.3!3? It secretes various growth factors and
morphogens that orchestrate the hair cycle, activating hair
follicle stem cells to initiate new growth phases.?!? Nota-
bly, dermal papilla cells also possess the ability to induce
new follicle formation during embryonic development and
wound healing 3

Molecular studies have identified at least four distinct
subpopulations, each contributing to different layers of
the hair shaft and sheaths.3? Additionally, Kang et al.
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demonstrated that 5-bromo-3,4-dihydroxybenzaldehyde
(a marine-derived Wnt activator shown to enhance DP
cell proliferation) promotes hair growth by activating the
Wnt/B-catenin and autophagy pathways while inhibiting
TGF-P signaling in DP cells.?* Under substate mechani-
cal cues (>2 kPa stiffness), DP cells upregulate Wnt10b
and FGF7 secretion, initiating epithelial-mesenchymal
interactions that drive neo-folliculogenesis in vivo.
Further insights into dermal papilla function continue
to emerge. Zhang et al. revealed that the Shh gene regu-
lates DP cell proliferation and apoptosis, influencing its
differential expression during the secondary hair follicle
cycle in cashmere goats.** These findings provide a deeper
understanding of hair growth regulation and offer new
potential targets for therapeutic hair regeneration.

Bulge region and HFSCs. The bulge region of the hair folli-
cle serves as a critical niche for HFSCs, which possess
multipotent capabilities and play a fundamental role in hair
follicle regeneration.*3° Acting as a stem cell reservoir,
HFSCs contribute to the hair growth cycle by responding
to signals from the dermal papilla and surrounding micro-
environment, thereby initiating new growth phases.*
Beyond their role in hair regeneration, these stem cells
also participate in wound healing by aiding in skin repair
following injury.3¢

HFSCs exhibit remarkable plasticity, with studies dem-
onstrating that nestin-expressing HFSCs can differentiate
into neurons, glial cells, keratinocytes, and smooth muscle
cells in vitro.’” These cells have also shown promise in
nerve regeneration and functional recovery in spinal cord
injury models, highlighting their potential for broader
regenerative applications.® Furthermore, the bulge region
has been identified as a source of nestin-expressing stem
cells that can migrate to the DP and surrounding skin tis-
sues during wound healing, further emphasizing their role
in tissue repair and regeneration.®

HFSCs are highly heterogeneous, with recent studies
offering deeper insights into their diverse functional sub-
populations. For example, K19-expressing cells within
the bulge region have been identified as label-retaining
cells, suggesting K19 as a potential marker for skin stem
cells.*’ This discovery highlights the complexity of hair
follicle cycling regulation and opens new avenues for
investigating HFSC behavior, with implications for future
therapeutic strategies in hair restoration and regenerative
medicine.

Hair shaft. The hair shaft, the visible portion of the hair
above the skin, is composed of three distinct layers, each
contributing to the structural and functional integrity of the
hair. The innermost layer, the medulla, is present only in
thick hairs and is absent in finer hair types.*! Surrounding
the medulla is the cortex, which provides the hair with its
mechanical strength and determines its pigmentation.*!
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Figure 3. The hair growth cycle consists of three distinct
phases. Anagen: the active growth phase, driven by matrix

cell proliferation and dermal papilla nourishment. Catagen: a
regression phase in which the follicle detaches from the dermal
papilla, ceasing growth and beginning regression. Telogen: a
dormant phase that persists until the hair sheds and the cycle
restarts (modified from Chen et al.**).

The outermost layer, the cuticle, consists of overlapping
keratinized cells that form a protective barrier, shielding
the inner structures from environmental damage and
mechanical stress.*!

Advances in microscopy and modeling have deepened
our understanding of the molecular and structural proper-
ties of hair shaft. Using advanced light microscopy,
Fellows et al. analyzed the cellular composition of human
hair, revealing distinct fluorescence lifetimes across cuti-
cle cell layers.*? These findings suggest variations in
chemical environments within different cuticle layers,
improving our knowledge of hair structure and the impact
of chemical treatments. Additionally, James et al. devel-
oped a physically accurate reflectance model for fur fibers,
incorporating key structural components of the hair shaft,
such as the cortex, cuticle, and medulla.*® This model pro-
vides valuable information on the optical properties of hair
and fur, which are influenced by internal structural
variations.

While direct evidence linking mTOR signaling to hair
shaft thickness is not yet confirmed, related research con-
tinues to uncover the intricate biological mechanisms gov-
erning hair formation.*! These studies contribute to a
deeper understanding of hair biology and may inform the
development of novel therapeutic strategies for hair growth
disorders and structural hair damage.

Hair growth cycle

The hair growth cycle consists of three main phases—ana-
gen, catagen, and telogen—that regulate hair development
and renewal (as illustrated in Figure 3). The anagen phase,
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lasting 2—8 years, is the active growth stage where hair fol-
licles proliferate and elongate.** With aging, this phase
shortens, leading to hair thinning and reduced follicle
count. Premature anagen termination can accelerate hair
loss. The catagen phase is a brief transitional stage
(~2 weeks) where hair detaches from the DP, and epithelial
cells undergo apoptosis, initiating follicle regression.'>#*
Disruptions in dermal papilla relocation can lead to prema-
ture follicle termination and shedding. The telogen phase
(~2-3months) is the resting stage, during which 9% of
scalp hair remains dormant before new growth begins.** If
hair enters telogen prematurely, it can result in telogen
effluvium, causing excessive shedding. The exogen phase
marks the final stage, where new hair growth pushes out
the old strand, completing the cycle.

Role of HFSCs in hair cycling

HFSCs, located in the bulge area near the sebaceous gland,
are critical for the regeneration of hair follicles.*® During
the telogen (resting) phase, these cells remain quiescent,
preserving their regenerative potential for future cycles.*’
Upon the transition to the anagen (growth) phase, HFSCs
activate, proliferate, and differentiate into various cell
types required for hair growth, including keratinocytes and
melanocytes, which are essential for hair formation and
pigmentation, respectively.*

A defining characteristic of HFSCs is their remarkable
plasticity, enabling them to adapt and differentiate into dis-
tinct cell types over time.*> Additionally, HFSCs are self-
renewing, maintaining a constant pool of stem cells that
supports both the structural integrity and esthetic appear-
ance of hair.*’ This regenerative capacity ensures continu-
ous hair follicle turnover throughout an individual’s
lifespan.*

HFSCs divide asymmetrically, generating both special-
ized progeny and new stem cells, thus preserving the stem
cell population while contributing to hair follicle regenera-
tion.*’ Furthermore, HFSCs are highly responsive to envi-
ronmental signals, particularly chemical cues like Wnt
proteins, which trigger the activation of HFSCs and initi-
ate the anagen phase.’>?

Importantly, they exhibit mechanosensitivity, respond-
ing to changes in the ECM stiffness, which influences their
behavior and function.'® This ability to sense and adapt to
mechanical forces highlights the importance of the stem
cell niche in regulating stem cell fate.'333 Mechanosensitive
HFSCs can detect alterations in their microenvironment,
allowing them to adjust their regenerative potential accord-
ingly.'>%° This feature is crucial for maintaining hair folli-
cle homeostasis, ensuring proper tissue organization and
function during the cycling process.'*>?

The unique combination of dormancy during telogen
and rapid activation during anagen allows HFSCs to drive
the cyclical regeneration of hair follicles throughout

adulthood.'>!333 Understanding and potentially harnessing
the mechanisms governing HFSC behavior presents prom-
ising avenues for developing therapies for hair loss and
other hair growth-related disorders.

Microenvironmental factors influencing HFSCs

The activity of HFSCs is intricately regulated by their sur-
rounding microenvironment, often referred to as the
niche.® Within this niche, a dynamic interplay of bio-
chemical signals and mechanical forces interacts with cell-
to-cell communication, controlling HFSC behavior, such
as their transition from dormancy to activation and differ-
entiation.”> These interactions ultimately regulate the
phases of hair growth and shedding.

Biochemical signals are crucial in influencing HFSC
activity. For example, bone morphogenetic proteins
(BMPs) play a key role in maintaining HFSC quiescence
during the telogen phase of the hair growth cycle. BMPs
achieve this by inhibiting cell cycle progression and sup-
pressing pathways that promote HFSC activation.’> In
contrast, Wnt proteins stimulate HFSC activity. When Wnt
signaling is increased, it encourages HFSC proliferation
and differentiation, facilitating the transition from telogen
to the anagen phase.’>**%> The coordinated action of Wnt
proteins, fibroblast growth factors (FGFs), and transform-
ing growth factor-beta (TGF-f) creates a finely tuned sign-
aling environment that governs HFSC behavior.>>4+

Conversely, the ECM factors are increasingly recog-
nized as critical regulators of HFSC function. The stiffness
of the ECM surrounding HFSCs can significantly influ-
ence their behavior by modulating cellular tension and
activating specific signaling pathways.'?!33 For instance,
a softer ECM tends to maintain HFSC quiescence by
reducing cellular tension and inhibiting the activation of
transcription factors like YAP and TAZ.'3 Conversely, a
stiffer ECM increases cellular tension, triggering pathways
that promote HFSC activation and differentiation.'® These
mechanical cues are transduced through integrins, which
connect the ECM to the cytoskeleton, mediating the
response to mechanical signals.'?

Another significant factor is the interaction between
HFSCs and DP cells, which reside at the base of the hair
follicle. The DP cells act as a central signaling hub, releas-
ing factors such as Wnts and FGFs that directly influence
HFSC activation and development.®> The close proximity
of DP cells to HFSCs facilitates rapid, targeted regulation
of HFSC activity, ensuring efficient communication for
hair follicle cycling.

The regulation of HFSCs by their microenvironment
underscores the critical need to consider these biochemical
signals and mechanical cues when developing targeted
therapies for hair regrowth. By elucidating the interactions
between these factors, we can design treatments that opti-
mize the regenerative capacity of HFSCs, resulting in



Journal of Tissue Engineering

)
OncostatinM) )

r 2
Late & Enhanced Early Telogen Late Telogen >
Telogen Y 9 Early Anagen

® C Corticosterone . ’ Adipocytes FGF7
° e - FGF10
DP Cells Macrophages PP Cells DPCells  BMP inhibition

2

. TGFB2
\0) Whnt activation

Fibroblasts

Corticosterone
Stress

f

HFCS Proliferation

Figure 4. Microenvironmental factors regulating hair follicle stem cells (HFSCs) during the telogen-to-anagen transition. (Left)

Late & Enhanced Telogen: High BMP (Bone Morphogenetic Protein)

signaling and low Gasé expression maintain HFSC quiescence.

Elevated corticosterone levels, linked to stress, prolong telogen. (Middle) Early Telogen: BMP4, BMP6, and FGFI8 from fibroblasts,
adipocytes, and DP (dermal papilla) cells sustain quiescence, while macrophages secrete Oncostatin M, modulating HFSC activity.
(Right) Late Telogen to Early Anagen: Gasé increases while BMP signaling decreases, promoting HFSC activation. Additional factors
such as TGFB2, Wnt activation, FGF7, and FGFI0 contribute to BMP inhibition and hair cycle re-entry. This figure highlights the
systemic (corticosterone) and local (BMP, Gasé, FGF, Whnt) factors governing HFSC fate and hair follicle regeneration (modified

from Quist et al.>¢).

more effective hair regeneration strategies. In the follow-
ing, we further detail the molecular pathways associated
with microenvironmental influences on hair loss and
regeneration (Figure 4).

Molecular pathways involved in hair growth

Multiple canonical pathways sense and transduce mechan-
ical cues into HFSC responses (as summarized in Table 1).
The Wnt/B-catenin pathway, activated by substrate strain
or shear, leads to nuclear accumulation of B-catenin and
transcription of proliferation genes such as cyclin DI,
mediated by Lef-1, thereby promoting anagen entry®
Conversely, BMP2/4 signaling through Smadl/5 main-
tains HFSC quiescence by upregulating cell-cycle inhibi-
tors (e.g. p21),°" while TGF-B1/3 acting via Smad2/3
triggers catagen initiation and apoptosis in the lower
follicle.*® The Notch pathway (Jagged1-Notchl) regulates

cell fate decisions: Notch intracellular domain interacting
with RBP-Jk downstream drives differentiation, particu-
larly in the matrix and inner root sheath.” Finally, PI3K/
Akt activation, often downstream of integrin engagement,
phosphorylates Akt, which in turn activates mTOR to sup-
port HFSC survival and differentiation under mechanical
stretch.®

Wht/B-catenin signaling pathway. The Wnt/B-catenin sign-
aling pathway plays a key role in regulating hair follicle
development and hair growth. Specifically, the canonical
Wnt/B-catenin pathway is crucial for the regulation of
HFSCs> Sustained B-catenin expression in HFSCs at the
hair germ and bulge activates the LEF/TCF complex, pro-
moting the transcription of downstream target genes such
as c-Myc and cyclin D1. This enhances HFSC activation,
proliferation, and regulated differentiation during hair
regeneration.®* The Wnt/B-catenin pathway is thought to
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Table |. Mechanotransduction pathways involved in HFSC functions.

Mechanotransduction
pathway

Key downstream regulators

HFSC functions Ref.

Whnt/B-catenin B-catenin — TCF/Lef-1 — cyclin D1

BMP2/4 Smad|/5/Smad4 — p21, p27

TGF-B1/3 Smad2/3/Smad4 — pro-apoptotic genes
Notch (Jagged |- NICD — RBP-Jx — differentiation genes
Notchl)

PI3K/Akt Akt - mTORCI/2 — translation factors

Chu et al.3, Myung et al.®'

Hu et al.®?, Kandyba et al.”’

Proliferation (anagen entry)
Quiescence (telogen
maintenance)

Catagen initiation & apoptosis .58

Botchkarev et a
Differentiation (matrix & IRS ~ Turkoz et al.*
layers)

Survival & differentiation
under stretch

Chen et al.?%, Hu et al.®?

be the key driver for transitioning hair follicles from the
resting phase to the growing phase and is involved in all
stages of hair follicle development.®*** Despite being evo-
lutionarily ancient, many components of the Wnt signaling
pathway are essential for cellular growth, proliferation,
and normal tissue repair.5>-%

TGF-B/BMP signaling pathway. The TGF-3 and BMP signal-
ing pathways are integral regulators of hair follicle devel-
opment and the hair growth cycle. These pathways play
opposing roles in the regulation of hair follicle dynamics,
particularly in the transition between different phases of
the hair growth cycle. BMPs are a large subgroup of the
TGF-P family.®”%® Vertebrates express more than 10 types
of BMPs, which share a conserved structure with other
TGF-B family members. BMP-2 and BMP-4, in particular,
have been widely studied in the context of hair follicles
and show periodic expression changes throughout the hair
follicle cycle.®”-%° Hair follicle growth progresses through
two phases: the early growth phase (I-1V) and the late
growth phase (V-VI). BMP-2 expression is minimal dur-
ing the early growth phase (I-IV) and progressively
increases during the late growth phase (V—VI). In the qui-
escent phase, BMP-2 expression peaks, then declines as
the follicle enters the late quiescent period.®®%

BMP signaling, particularly through BMP2 and BMP4,
maintains HFSC quiescence by activating Smad1/5 path-
ways. This signaling suppresses proliferation, antagonizes
Whnt activation, and preserves the resting state of HFSCs
during the telogen phase. BMPs also promote terminal dif-
ferentiation and help regulate chromatin states that rein-
force stem cell dormancy. Disruption of BMP signaling
leads to premature activation of HFSCs, impaired hair fol-
licle maintenance, and cycling defects.”®!

In contrast, TGF-f signaling, primarily TGF-f1 and
TGF-B3 through Smad2/3, promotes the transition of hair
follicles from growth (anagen) to regression (catagen) by
inducing apoptosis and suppressing epithelial prolifera-
tion. While BMP signaling preserves stemness and
supports the resting and differentiation phases, TGF-3
signaling facilitates follicle regression and stem cell clear-
ance. Together, these opposing pathways tightly regulate

hair follicle cycling and homeostasis by balancing quies-
cence and activation.’®72

Notch signaling pathway. The Notch signaling pathway is
another essential regulator of hair follicle development
and hair growth. The mammalian Notch receptor family
consists of four receptors (Notchl-4) and five ligands,
which engage in cell-to-cell interactions: Delta-like 1 (DII-
1, DII-3, DIl-4), Jagged-1, and Jagged-2.”* Ligand binding
triggers three cleavages of the Notch extracellular domain,
releasing the Notch intracellular domain, which translo-
cates to the nucleus to activate the transcription of target
genes such as hairy and enhancer of split, runt-related tran-
scription factor, and Notch inhibitory membrane protein.
This signaling cascade subsequently activates the Wnt/p3-
catenin pathway, influencing a variety of biological pro-
cesses. Notch signaling plays a pivotal role in maintaining
hair follicle shape during morphogenesis but has minimal
effect on cell fate.”*”* In embryonic development, Notch
signaling influences the final stages of hair follicle forma-
tion. Mice lacking Notch signaling exhibit short, fine, and
curly hair. Notchl is expressed in cortical precursor cells,
while Notch2 and Notch3 are activated in mitotic progeny
during the hair follicle growth phase.”

PI3K/AKT signaling pathway. The PI3K/AKT signaling
pathway is a critical regulator of various cellular processes,
including cell survival, proliferation, differentiation, and
metabolism. It plays an essential role in the regulation of
hair follicle development and hair growth, particularly in
promoting hair follicle stem cell activation, survival, and
the progression of the hair growth cycle. The PI3K/AKT
pathway is integral to hair follicle growth and regeneration
in in vitro models. Following injury to the hair follicle or
epidermis, AKT phosphorylation increases, which upregu-
lates the hair cycle.®®® In studies investigating the role of
PI3K in hair growth, Chen et al. used the PI3K inhibitors
perifosine (krx-0401) and LY294002, finding that PI3K
inhibition blocked the transition from telogen to anagen.®
Conversely, PTEN inhibitors, which activate PI3K, pro-
moted this transition. Furthermore, PI3K/AKT signaling
has been shown to enhance the function of interfollicular
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epidermal stem cells and HFSCs, while also stimulating
the release of growth factors and cytokines that accelerate
wound healing and hair regeneration.”® These findings
highlight the multifaceted role of PI3K/AKT signaling in
hair cycle regulation and growth.””

Factors contributing to hair loss

Hormones. Hormones such as thyroid hormones, dihy-
drotestosterone (DHT), estrogen, and testosterone are crit-
ical regulators of hair growth and the hair cycle. Both
hypothyroidism and hyperthyroidism can promote the
transition from anagen to telogen, leading to telogen efflu-
vium (TE) and diffuse hair loss. As noted by Vincent and
Yogiraj, diffuse hair loss is a common sign of thyroid dys-
function, particularly in individuals aged 0—40 years, while
alopecia areata (AA) and androgenic alopecia (AnA) are
more prevalent in those over 40years old.”® The relation-
ship between thyroid dysfunction and alopecia becomes
more pronounced with age.”

DHT, an androgen produced by the metabolism of tes-
tosterone through the enzyme 5-alpha-reductase type 2,
plays a key role in androgen-dependent hair follicles.
While androgens stimulate hair growth in certain regions,
DHT contributes to follicular miniaturization in andro-
genic alopecia. By binding to androgen receptors in the
hair follicle, DHT shortens the anagen phase, lengthens the
telogen phase, and induces apoptosis in hair follicle cells.®

Estrogen is thought to have a protective effect against
hair loss, despite testosterone’s conversion to DHT accel-
erating hair loss. This is supported by observed changes in
hair parameters during pregnancy, postpartum, and meno-
pause, periods marked by fluctuations in estrogen levels.
During pregnancy, elevated estrogen levels increase hair
growth and diameter, while reducing shedding. However,
other pregnancy-related changes, such as increased levels
of progesterone, prolactin, and growth factors, may also
contribute.?!' In contrast, postpartum TE is associated with
a drop in estrogen and progesterone. Similarly, meno-
pause-related estrogen deficiency contributes to decreased
hair density, shorter anagen phases, and conditions like
female-pattern androgenic alopecia (FPAnA).3! Evidence
suggesting that the frontal hairline is often spared in
FPAnA, due to clevated aromatase activity (which con-
verts androgens to estrogen), further supports estrogen’s
protective role in hair loss.?>%> However, further research
is needed to clarify the pathophysiological mechanisms by
which estrogen influences hair loss.

Stress. Stress can contribute to hair loss through several
mechanisms, but it is just one of many potential causes.
The relationship between stress and hair loss has been
widely studied. Substance-P dependent inflammatory
pathways are implicated in stress-induced alopecia, and
stress can also mediate the transition from anagen to

telogen, contributing to TE.3? Cortisol, the primary stress
hormone, regulates the hair cycle and proteoglycan syn-
thesis.?? Elevated cortisol levels have been associated with
both male and female androgenic alopecia, compared to
healthy individuals. Proteoglycans, such as versican,
decorin, and glycosaminoglycans, play critical roles in the
hair cycle.®*%7 Versican helps protect cells from oxidative
stress-induced apoptosis, while decorin promotes anagen
and stimulates hair growth. Excessive cortisol levels, how-
ever, impair proteoglycan synthesis and promote their
breakdown, which negatively impacts hair follicle func-
tion.?*8087 Inhibiting cortisol could therefore support ana-
gen phase promotion and hair growth by maintaining
proteoglycan levels. 8687

Inflammation. Inflammation is closely associated with the
progression of alopecia by promoting the transition from
anagen to telogen, which is implicated in several subtypes
of hair loss, including stress-induced alopecia, AnA, and
AA. Chronic and systemic inflammatory disorders disrupt
the balance between the anagen and telogen phases, con-
tributing to conditions like telogen effluvium (TE).% In
various non-stressed in vivo mouse models, inflammatory
mechanisms such as excessive mast cell activation, peri-
follicular macrophage accumulation, and the involvement
of Substance P, known for its pro-inflammatory effects on
immune and epithelial cells, have been shown to exacer-
bate stress-induced hair loss.®>** Furthermore, a murine
study found an increase in Substance P-immunoreactive
nerve fibers in the skin during the early stages of AA. Sub-
cutaneous administration of substance P induces mast cell
degranulation and promotes the transition to the catagen
phase.”’ These findings underscore the role of inflamma-
tion and substance P in regulating both stress-induced alo-
pecia and AA.

Mechanical cues and
mechanotransduction pathways in
hair regeneration

ECM mechanics and remodeling

The ECM surrounding HFSCs plays a pivotal role in regu-
lating their behavior and controlling hair follicle cycling.'3
Far more than a mere structural scaffold, the ECM serves as
an active communication hub, dynamically influencing the
quiescence, activation, and differentiation of HFSCs.!>!3
Understanding the composition and mechanical properties
of the ECM is essential for unraveling the complex mecha-
nisms governing hair regeneration and identifying potential
therapeutic strategies for hair loss conditions.'?!3

The ECM of the hair follicle is composed of various
macromolecules, each contributing to its structural integ-
rity and functional properties.'>!* Collagen types I, 111, and
IV form the backbone of the ECM, providing tensile
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strength and serving as a scaffold for cell adhesion and
migration. This collagen network supports cellular interac-
tions within the follicular niche, enabling the maintenance
of stem cell functions.?”°! Fibronectin, a critical glycopro-
tein in the ECM, facilitates cell-ECM interactions by bind-
ing to integrins on the cell surface, thereby mediating cell
adhesion and migration. These processes are integral for
HFSC function and the progression of the hair cycle.”
Furthermore, laminin, a key component of the basement
membrane, is indispensable for the structural organization
of the hair follicle. It interacts with cell surface receptors
on HFSCs, regulating their behavior, including self-
renewal, adhesion, and differentiation.””> Elastin fibers,
although less abundant than collagen, contribute to the
elasticity and resilience of the ECM, enabling the hair fol-
licle to withstand repeated growth and regression cycles
without compromising structural integrity.”> Tenascin-C,
an ECM glycoprotein, plays a key role in hair follicle mor-
phogenesis and cycling. Its spatiotemporally regulated
expression supports cell adhesion, migration, and prolif-
eration during the anagen phase.**

Alternatively, proteoglycans, including heparan sulfate
proteoglycans, are another crucial component.”®% These
complex molecules enhance matrix hydration and viscoe-
lasticity, creating a dynamic environment that can respond
to mechanical stresses.”®* Additionally, proteoglycans
serve as reservoirs for growth factors, sequestering and
presenting key signaling molecules to HFSCs and other
cells within the niche.”®* Hyaluronic acid, a non-sulfated
glycosaminoglycan, further supports the ECM promoting
tissue hydration, facilitating cell migration and signaling
through interactions with cell surface receptors.”

Together, these diverse ECM components work together
to create a complex and dynamic microenvironment that
supports HFSC function and regulates hair follicle cycling.
The interplay between these molecules and their interac-
tions with cells are essential for maintaining the balance
between HFSC quiescence and activation throughout the
different phases of the hair growth cycle.

Beyond composition, ECM mechanics are crucial for
hair follicle maintenance and regeneration. In particular,
stiffness plays a pivotal role in modulating HFSC behavior
and is dynamically regulated during the hair follicle
cycle."® During the resting telogen phase, the ECM is rela-
tively soft, which helps maintain HFSC quiescence by sta-
bilizing BMP signaling.”*'! Conversely, during the
anagen phase, increased ECM stiffness activates mechano-
sensitive receptors, including integrins, which initiate
signaling pathways such as YAP/TAZ and Wnt/B-
catenin.’®! These pathways are essential for HFSC acti-
vation, proliferation, and hair growth, as discussed also in
the following sections.”*™'°! Given its pivotal role, the
modulation of ECM stiffness represents a promising thera-
peutic strategy for hair loss. By altering ECM mechanical
properties using biomaterials or pharmacological agents, it

may be possible to regulate HFSC activity and stimulate
hair growth, offering new treatment avenues for conditions
such as alopecia, as further discussed in the following sec-
tions. BMP2/4 act as telogen quiescence factors, while col-
lagen I and III deposition peaks during anagen, reinforcing
HFSC anchorage to the basement membrane.

One important aspect is that ECM is dynamically
remodeling, an essential process in hair follicle cycling,
which involves the continual adaptation of both the com-
position and mechanical properties of the ECM. This
remodeling occurs in response to the changing needs of
HFSCs and the surrounding cells throughout the hair fol-
licle cycle.”*'%! Proper regulation of ECM remodeling is
thus crucial for maintaining a functional niche for HFSCs
and ensuring the correct progression of the hair cycle.”” As
discussed, during the telogen phase, the ECM remains not
only soft but also relatively stable, providing an environ-
ment that supports HFSC quiescence and stem cell mainte-
nance through reducing mechanical stresses.”®'°! This
unique ECM environment prevents premature activation
of HFSCs, allowing them to remain in a dormant state until
they receive the appropriate signals to enter the anagen
phase.

The balance between ECM production and degradation
is thus critical for maintaining ECM stability. Fibroblasts,
which produce ECM components, work in concert with
ECM-degrading enzymes, such as matrix metalloprotein-
ases, to maintain this equilibrium. This careful regulation
ensures that the ECM structure remains intact during telo-
gen, providing a stable niche for the quiescent HFSCs.%
Additionally, the ECM during telogen serves as a reservoir
for quiescence-promoting factors, such as BMPs. These
factors are sequestered within the ECM, allowing for their
controlled release during the resting phase. This retention
mechanism ensures that signaling molecules necessary for
HFSC maintenance are available when needed, thereby
supporting the quiescent state of HFSCs. 25298

As the hair follicle transitions from telogen to anagen,
ECM remodeling occurs to facilitate the activation and
proliferation of HFSCs. Changes in ECM composition,
such as increased collagen deposition and fibronectin reor-
ganization, help create a stiffer matrix, which triggers
mechanosensitive pathways involved in HFSC activation
and hair growth. This remodeling process ensures that the
ECM adapts to the mechanical and biochemical demands
of the growing hair follicle.!®%-103

Integrin-mediated FAK signaling: Linking ECM
mechanics to cells

Integrin-mediated FAK signaling plays an important role
in linking the mechanical properties of the ECM to cel-
lular responses. Integrins, which connect the ECM to the
cytoskeleton, are essential for detecting and transmitting
mechanical signals within HFSCs.® When ECM stiffness
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increases or mechanical pressure is applied, integrins
aggregate into focal adhesions, activating of FAK.!%
These focal adhesions are complex protein assemblies
that include adaptor proteins like talin and vinculin,
which connect integrins to the actin cytoskeleton. These
structures act as mechanosensors, with their size and
composition changing in response to mechanical forces,
thereby modulating downstream signaling cascades. %106
These series of events in focal adhesion activation rein-
forces mechanotransduction signaling that influences
HFSC behaviors.

At the core of integrin and focal adhesion signaling is
FAK, which activates two primary signaling pathways:
MAPK/ERK and PI3K/Akt.!%1% In response to mechani-
cal stress, the MAPK/ERK pathway promotes cell growth
and survival, stimulating transcription factors that regulate
HFSC activation and hair follicle regeneration.'”
Concurrently, the PI3K/Akt pathway supports HFSC sur-
vival and metabolism, ensuring energy availability during
the anagen phase.!'®!!! Akt signaling also governs cell
cycle progression and prevents cell death, facilitating the
expansion of HFSCs for hair follicle development.’®
Moreover, FAK signaling is crucial for reshaping the cel-
lular architecture, enabling HFSC activation and move-
ment during hair follicle regrowth.”>!12113 FAK regulates
Rho GTPases and other cytoskeletal regulators to orches-
trate the cellular changes required for HFSCs to respond to
mechanical signals.!!4-116

Cytoskeletal mechano-players: Transmitting
mechanosignals to the nucleus

The cytoskeleton plays an essential role in mechanotrans-
duction within HFSCs, acting as both a sensor and trans-
mitter of mechanical signals to intracellular pathways.
Comprising three key components, actin filaments, micro-
tubules, and intermediate filaments, the cytoskeleton is
fundamental for translating extracellular mechanical cues
into cellular responses. These structural elements work
together to modulate cellular behavior in response to
mechanical stimuli, directly influencing HFSC function
and hair follicle cycling, !¢

Among other elements, actin filaments are central
to generating intracellular tension, operated through acto-
myosin contractility.!'”?! This process is regulated by
RhoA GTPase, which activates actin polymerization and
promotes the formation of stress fibers.!?7'2* The myosin
motor proteins interact with actin filaments, generating ten-
sion that transmits mechanical signals to the nucleus. 2313
These forces regulate the nuclear translocation of
YAP/TAZ, critical effectors in mechanotransduction.!'®
The activation of YAP/TAZ in turn modulates gene expres-
sion, driving HFSC proliferation during the anagen phase,
while lower tension conditions in telogen help maintain
HFSC quiescence.’*"!32 This dynamic modulation of

actin-mediated tension is crucial for controlling hair folli-
cle growth and regeneration (Figure 5).

On the other hand, microtubules, which provide struc-
tural support under compressive forces, also serve as tracks
for intracellular transport, facilitating the proper position-
ing of cellular components during mechanical stress.!'*-12!
These tubules interact with focal adhesions, key sites for
mechanosensitive signaling, thereby influencing pathways
like FAK-MAPK/ERK that govern HFSC proliferation
and differentiation (Figure 5).'2'"'2* Furthermore, the
dynamic reorganization of microtubules is crucial during
cell migration, particularly in the anagen phase, when hair
follicle cells need to reposition to support hair growth.

Lastly, intermediate filaments, such as keratins in epi-
thelial cells and vimentin in mesenchymal cells, play a piv-
otal role in protecting HFSCs from shear stress and
deformation.'?® These filaments distribute mechanical
forces across the cytoplasm and interact with the nuclear
lamina to directly transmit forces to the chromatin, influ-
encing gene expression.''®!" Intermediate filaments are
particularly important during the catagen phase, when the
hair follicle undergoes structural regression and the
cytoskeleton must withstand significant mechanical stress.’

Recent studies have further elucidated the role of
cytoskeletal dynamics in HFSC behaviors.*'?° For exam-
ple, Ruan et al. has highlighted the role of ZO-1, a tight
junction protein, in enhancing the self-renewal of pre-
hematopoietic stem cells derived from OCT4-reprogramed
human HFSCs."*® This process is mediated through
cytoskeletal remodeling, demonstrating the critical involve-
ment of the cytoskeleton in regulating stem cell behavior.
These findings underscore the potential for therapeutic
interventions targeting cytoskeletal components to promote
hair regeneration and improve hair loss treatments.

YAP/TAZ signaling: A central mediator of
mechanotransduction

The Yes-associated protein (YAP) and transcriptional
coactivator with PDZ-binding motif (TAZ) are critical in
the mechanotransduction process in HFSCs.!'® These pro-
teins serve as key mediators, responding to mechanical
stimuli and regulating HFSC behavior.'*! When exposed
to mechanical stress or increased ECM rigidity, YAP and
TAZ translocate from the cytoplasm to the nucleus, where
they interact with TEAD transcription factors (Figure
5).1%2

In the nucleus, the YAP/TAZ-TEAD complex binds to
specific genomic regions, activating genes involved in cell
growth, survival, and development.'*? During the telogen
phase, low mechanical tension in the scalp during telogen
could indeed contribute to cytoplasmic retention of YAP/
TAZ through phosphorylation-dependent mechanisms.!?!
This sequestration is crucial for maintaining HFSC quies-
cence during telogen, preventing premature activation.!®!
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Recent findings indicate that modulating YAP and TAZ
activity can significantly affect HFSC behavior and hair
follicle cycling; promoting YAP activity can drive the pro-
gression to anagen, while suppressing YAP and TAZ
extends the telogen phase.!'®!13* These studies suggest that
targeting YAP/TAZ signaling may offer therapeutic poten-
tial for treating hair loss disorders.

Whnt/B-catenin pathway: Synergy with YAP/TAZ
in anagen promotion
As previously discussed, the Wnt/B-catenin pathway is

integral to hair follicle development, and its signaling is
modulated by mechanical forces during the anagen

phase.!3*!3> When exposed to mechanical stress, B-catenin
is less likely to undergo degradation, leading to its accu-
mulation in the cytoplasm. This stabilization occurs
through the disruption of the catenin destruction complex
and activation of mechanosensitive proteins that bind to
B-catenin.'3®!137 As B-catenin levels rise, it translocates to
the nucleus, where it interacts with TCF/LEF transcription
factors to activate genes involved in cell cycle progression
and HFSC activation.®3

Recently, the interplay between Wnt/B-catenin and
YAP/TAZ pathways during the anagen phase has become
particularly significant. Both pathways are modulated by
mechanical signals and converge to regulate genes that
promote stem cell activation and proliferation.'3*'3 This
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synergy ensures a coordinated response to signals that
drive the transition from telogen to anagen and support
continuous hair growth.!37-142

Calcium signaling via piezol channels: Rapid
Mechanotransduction Pathway

Piezol channels are pivotal the rapid sensing of mechani-
cal forces in various cell types, including HFSCs.!** These
specialized ion channels are capable of detecting changes
in membrane tension, allowing calcium ions to enter the
cell and initiate a cascade of intracellular signaling
events.!** In HFSCs, mechanical stress activates Piezol
channels, causing a rapid influx of calcium ions, which
triggers the activation of calcium-dependent enzymes, par-
ticularly calcium/calmodulin-dependent protein kinase II
(CaMKII).!*3-145 CaMKII activation has wide-ranging
effects on cellular function, including the regulation of
cytoskeletal dynamics through its influence on Rho
GTPases, such as RhoA, Racl, and Cdc42.146-148

The calcium-dependent modulation of Rho GTPases is
essential for the adaptability of HFSCs, particularly during
early stages and the onset of the hair growth cycle.!*” The
rapid respond to mechanical changes enables HFSCs to
integrate mechanical cues with other signaling stimuli,
fine-tuning their activation and proliferation. Importantly,
calcium signaling via Piezol channels does not operate in
isolation but interacts with other mechanotransduction
pathways, particularly integrin-mediated signaling.'>° The
rapid calcium influx through Piezol channels modulates
focal adhesion dynamics and integrin clustering, affecting
downstream signaling cascades such as FAK and MAPK/
ERK pathways.!*-148 This crosstalk between calcium and
integrin signaling creates a complex network of mecha-
notransduction that allows for both rapid and sustained
responses to mechanical stimuli.!*-14

Furthermore, calcium signaling influences the activity
of mechanosensitive transcription factors such as YAP/
TAZ, where calcium-dependent activation of kinases mod-
ulates their phosphorylation state and nuclear transloca-
tion, thus transcriptional activity.'® This interaction adds
another layer of regulation to mechanotransduction, link-
ing rapid calcium signaling to longer-term transcriptional
changes.!3%!15! Recent study, such as the work by Deng
et al.,, have demonstrated the critical role of Piezol-
mediated mechanotransduction in HFSC homeostasis and
hair regeneration, highlighting its potential as a therapeutic
target for hair loss disorders.!> The study showed that in a
murine AGA model, cyclic strain (10%) induced strain-
mediated overactivation of YAP/TAZ in the connective tis-
sue sheath, depleting progenitors via increased apoptosis
assays and premature catagen morphology.

In summary, calcium signaling via Piezol channels rep-
resents a rapid and dynamic mechanotransduction path-
way in HFSCs. Its interaction with other signaling

cascades, including integrin-mediated pathways and tran-
scriptional regulators like YAP/TAZ, creates a sophisti-
cated system for sensing and responding to mechanical
forces. This intricate signaling network is crucial for regu-
lating HFSC behavior and hair follicle cycling, offering
potential avenues for therapeutic interventions in hair
regeneration and related fields.

Mechano-therapeutic targets and
mechano-stimulation approaches for
hair regeneration

Therapeutic targets of mechanosensitive
molecules

The mechanotransduction pathways governing HFSC
behaviors present a wealth of potential therapeutic targets
for hair regeneration. As discussed in Part 3, HFSCs
respond to mechanical cues through a complex network of
mechanosensitive molecules, including integrins, focal
adhesion complexes, cytoskeletal elements, ion channels,
and downstream signaling effectors. Furthermore, the
mechanical properties and composition of ECM are criti-
cal regulators of HFSC fate. Therefore, targeting these
extracellular and intracellular molecules involved in
mechanotransduction offers innovative strategies to modu-
late HFSC activity and promote hair growth.

First, therapeutic strategies aimed at modulating ECM
stiffness and composition can be used to promote HFSC
activation and proliferation.'® For instance, ECM-derived
biomaterials or small molecules that promote collagen syn-
thesis and crosslinking increased ECM stiffness, thereby
stimulating integrin activation and downstream signaling
pathways such as YAP/TAZ and Wnt/B-catenin.”l:!5%154
Conversely, interventions that soften the ECM during telo-
gen phase, such as inhibition of collagen crosslinking via
LOX inhibitors, may help maintain HFSC quiescence and
prevent premature activation.'>>37 Other ECM compo-
nents, such as hyaluronic acid, proteoglycans, fibronectin,
and laminin, can also be targeted to modulate ECM
mechanics and the resulting cellular mechanosignaling.

In terms of intracellular molecules, integrins represent
key targets to reinforce or attenuate the ECM cues to the
cytoskeleton and nucleus. Small molecules or antibodies
that selectively activate or inhibit specific integrin sub-
types can modulate HFSC behaviors. For example, ago-
nists that enhance integrin clustering and focal adhesion
formation can promote FAK activation and downstream
signaling cascades, driving HFSC activation and hair
growth. Inhibiting integrin signaling, on the other hand,
may be beneficial in conditions where excessive HFSC
activation leads to premature depletion of the stem cell
pool.

As a central hub in integrin-mediated signaling, FAK pre-
sents a compelling therapeutic target.!®"17 FAK inhibitors
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Table 2. Key mechanosensitive therapeutic targets in hair regeneration.

Therapeutic target

Mechanism of action

Therapeutic implications

Integrins
(e.g. B, a6)

YAP/TAZ

Piezol

Mediate cell-ECM adhesion and transmit mechanical
signals to activate FAK and downstream pathways;
regulate cytoskeletal remodeling and HFSC
activation

Act as mechanosensitive transcriptional co-
activators; translocate to the nucleus in response to
ECM stiffness or stretch; promote proliferation and
stemness of HFSCs

Mechanosensitive ion channel that rapidly responds

Targeting integrin signaling can enhance HFSC
activation and hair follicle regeneration, and improve
the efficacy of mechanical stimulation therapies

Modulating YAP/TAZ activity may boost hair growth
and follicle regeneration, and synergize with other

regenerative signals

Pharmacological or mechanical activation of Piezol

to membrane tension; mediates Ca2+ influx and

activates downstream signaling cascades
Whnt/[-catenin

anagen initiation

Canonical pathway activated by mechanical cues and
cross-talk with YAP/TAZ; regulates HFSC fate and

can stimulate HFSC proliferation and hair growth

Enhancing Wnt/f3-catenin signaling via mechanical
or pharmacological means can promote robust hair
regeneration

can modulate the activity of downstream pathways
such as MAPK/ERK and PI3K/Akt, thereby controlling
HFSC proliferation, survival, and differentiation,!03-106:108-110
However, the careful selection of FAK inhibitors with speci-
ficity for HFSCs and minimal off-target effects is essential to
avoid potential side effects.

The role of cytoskeletons in transmitting mechanical
forces makes them a valuable therapeutic target. Drugs
that modulate actin polymerization, microtubule dynam-
ics, or intermediate filament assembly could influence
HFSC behavior. For instance, promoting actin polymeriza-
tion and stress fiber formation can enhance actomyosin
contractility and YAP/TAZ nuclear translocation, driving
HFSC activation and proliferation. Conversely, disrupting
cytoskeletal tension can maintain HFSC quiescence during
telogen, 18120

Piezol channels, which serve as rapid sensors of
mechanical forces, offer another potential therapeutic tar-
get. Agonists that activate Piezol channels triggers a rapid
influx of calcium ions, stimulating CaMKII activation and
downstream signaling pathways involved in HFSC activa-
tion. #2144 However, precise regulation of Piezol activity
is necessary to prevent excessive calcium influx and
potential cytotoxicity.

Given the central role of YAP/TAZ in mechanotrans-
duction, targeting these transcription factors represents a
promising therapeutic strategy for hair regeneration. Small
molecules that promote YAP/TAZ nuclear translocation
and TEAD binding stimulate HFSC proliferation and hair
growth. Conversely, inhibitors that prevent YAP/TAZ
nuclear entry or disrupt YAP/TAZ-TEAD interaction can
suppress HFSC activation and extend the telogen phase
(Figure 5).13!

The synergistic activation of Wnt/p-catenin pathway
with YAP/TAZ during the anagen phase presents an attrac-
tive target for hair regeneration.!*'3® Small molecules
that stabilize 3-catenin promote its nuclear translocation or
enhance its interaction with TCF/LEF transcription

factors, stimulating HFSC activation and hair growth.®
However, careful regulation of Wnt signaling is essential
to avoid potential side effects, such as the formation of
skin tumors,3:63-65

In summary, the intricate mechanotransduction path-
ways governing HFSC behaviors offer a diverse array of
therapeutic targets for hair regeneration. By selectively
modulating the activity of ECM components, integrins,
cytoskeletal elements, ion channels, and downstream sign-
aling effectors, it may be possible to precisely control
HFSC fate and promote hair growth in a variety of hair
loss conditions. Further research is needed to identify and
validate these therapeutic targets and develop safe and
effective mechanotherapeutic strategies for hair regenera-
tion. The following section highlights several exemplary
studies related to these approaches (Table 2).

Mechano-stimulation approaches

Mechanobiology offers innovative approaches for treating
hair loss disorders by targeting the mechanical cues that
regulate HFSC behaviors. This emerging field has led to
the development of various therapeutic strategies, includ-
ing non-invasive mechanical stimulation devices and bio-
materials designed to modulate the ECM and intracellular
mechanosignaling.

In fact, many conventional devices that employ the
mechanical stimulation concept have been developed for
hair regeneration, each employing different approaches to
deliver mechanical forces to the scalp (Figure 6). Scalp
massage tools are handheld devices designed to provide
gentle, consistent mechanical stimulation to the scalp,
often featuring textured surfaces or vibrating elements to
enhance their effects.’*® These tools stimulate blood flow,
relax scalp muscles, and activate mechanosensitive path-
ways in HFSCs.!3® Studies have shown that regular scalp
massage can increase hair thickness and reduce hair
shedding.!s
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Figure 6. Strategies for hair regeneration through application
of mechanical stimuli or mechanobiological activation of

cells. The figure categorizes the strategies into conventional
mechanical treatments and advanced mechanobiological
therapies. In particular, the latter includes external stimulation
(e.g. stretching, electric stimulation, ultrasound, and infrared-A
(IRA) radiation), mechanical-tuned hydrogels and scaffolds,
nanoparticles for targeted drug or protein delivery, and
microneedles with delivery capacity (created with BioRender.
com).

Similarly, Low-Level Light Therapy (LLLT) devices
with mechanical vibration (20-60Hz) and mild pressure
(10-30kPa) applied for 10-30min daily have demon-
strated synergistic effects on hair growth. While LLLT
promotes cellular energy production, mechanical vibration
activates Piezol channels and other mechanosensitive
pathways.!3"132 Clinical trials have demonstrated that
LLLT devices with mechanical vibration can significantly
improve hair density and thickness.!>16

Alternatively, vacuum therapy devices, which create
negative pressure on the scalp, are also used for hair
growth. This method increases blood flow, stimulates col-
lagen production, and activates HFSCs.!®! While research
on vacuum therapy for hair growth is limited, earlier stud-
ies suggest potential benefits, though clear mechanisms
require further elucidation.

From another angle, acupuncture and acupressure
involve stimulating specific points on the body, including
the scalp, using needles or manual pressure.'®? These tech-
niques are believed to promote blood flow, reduce inflam-
mation, and activate HFSCs.'®? Some studies have shown
that acupuncture can improve hair growth in individuals
with alopecia areata.'®?

More recently, microneedle devices often employ nee-
dle lengths of 0.5-1.5mm and treatment durations of

5—-10min per session, two to three times per week to induce
mechanical micro-injury and stimulate regenerative path-
ways have been used for applying mechanical forces to
scalp and help hair growth.!9*!% For instance, derma-roll-
ers create micro-injuries in the scalp, and studies revealed
the system can stimulate collagen production and growth
factor release.'®1% While technically creating micro-inju-
ries, the procedure is minimally invasive, and the primary
effect is mechanical stimulation. The micro-injuries trig-
ger the wound healing response, which involves the release
of growth factors and the activation of HFSCs. Studies
have shown that microneedling can improve hair growth,
particularly when combined with topical treatments like
minoxidil, which opens K channels on DP cells, increas-
ing VEGF secretion and microvascular growth to support
the anagen phase. 63163

While these approaches of applying mechanical forces
have been used clinically and have often demonstrated the
efficacy, the exact mechanisms of improving the hair
growth such as the mechanotransduction molecules
involved and the signaling pathways are largely undiscov-
ered, warranting further research areas to advance the clin-
ical applications of those apparatus for targeted and more
effective therapeutic effectiveness.

On the other stream, advanced biomaterials with con-
trolled mechanical properties or delivery capabilities have
emerged as promising platforms to modulate HFSC behav-
iors and promote hair regeneration (Figure 6). Designed to
mimic the natural ECM conditions with specific mechani-
cal properties found in different phases of the hair follicle
cycle, these biomaterials provide a controlled microenvi-
ronment that can influence HFSC functions and fate.
Furthermore, nano- and microscale biomaterials are engi-
neered to encapsulate and deliver therapeutic molecules,
such as drugs, proteins, and genes, targeting key mechano-
biological pathways to restore hair follicle functions.

As highlighted, the stiffness of the ECM plays a crucial
role in regulating HFSC behaviors throughout the hair fol-
licle cycle.'>!*#53 During the telogen phase, the ECM sur-
rounding HFSCs is relatively soft, which can help maintain
stem cell quiescence; in contrast, the anagen phase is char-
acterized by a stiffer ECM, which can promote HFSC
activation and proliferation.!>!3*53 By engineering
biomaterials with specific stiffness properties tuning to
the hair cycle, it would be possible to recreate these mechan-
ical cues in vivo and to control HFSC functions in hair
regeneration process (Figure 7(a)). For this purpose, soft
hydrogels, among other biomaterials, can be developed
to mimic the mechanical properties of the telogen-like
environment,!>134133.100 These materials typically have a
low elastic modulus, similar to that of the natural ECM dur-
ing the resting phase of the hair follicle cycle."* Koester
et al. investigated how matrix stiffness influences HFSC
potency and gene activation. They modified HFSC organoid
cultures using hydrogels with tunable stiffness mimicking
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Figure 7. ECM stiffness modulated by biomaterials to mimic in vivo niche and enhance hair regeneration. (a) An overview of effect
of ECM stiffness on HFSC behaviors. (b) Soft ECM conditions, mimicked by hydrogels (~0.5 kPa), maintain HFSC quiescence during
the telogen phase, whereas (c) stiff ECM conditions (2—10kPa), recreated using collagen-based scaffolds, promote HFSC activation
and proliferation during the anagen phase.'** (d) Biomaterials, such as PEG hydrogels, with tunable ECM stiffness can be used to

study HFSC self-renewal and differentiation.

young (1-3kPa) and aged (5—6kPa) basement membranes
(BMs). In soft hydrogels mimicking young BMs, both
young and aged HFSCs demonstrate comparable activation
of bivalent self-renewal and differentiation genes. This
environment maintained chromatin accessibility and
reduced mechanical stress on HFSCs, effectively restoring
their regenerative potential. The softer matrix allowed for
greater nuclear deformability, facilitating the expression of
key genes such as SOX9 and LHX2, essential for HFSC
function (Figure 7(b)).!3166.167

Conversely, stiffer hydrogels (5-6kPa) that simulate
aged BMs exhibited a detrimental effect on HFSC func-
tion. This increased stiffness attenuates gene activation in
young HFSCs, mirroring the impaired functionality
observed in aged stem cells. The stiffer environment led to
decreased chromatin accessibility at bivalent promoters,
effectively silencing critical genes necessary for stem cell
activation and self-renewal.'? The aging process induced
significant changes in the ECM composition, notably
through increased collagen accumulation. This remodeling

further resulted in a stiffer BM, typically around 5-6kPa.
The stiffer niche exerted mechanical stress on HFSCs,
compressing chromatin and repressing the transcription of
genes vital for self-renewal and differentiation.'>1%
Interestingly, studies suggest that moderately stiff scaf-
folds (around 5 kPa) may enhance HFSC proliferation and
differentiation in certain contexts. This apparent contradic-
tion highlights the complex relationship between matrix
stiffness and stem cell behavior. The mechanosensitive
YAP/TAZ signaling pathway has emerged as a key player
in mediating the effects of ECM stiffness on HFSCs.!!®
This pathway is known to promote cell proliferation and is
crucial for epidermal stem cell self-renewal and differen-
tiation. Activation of YAP/TAZ signaling in response to
increased matrix stiffness may contribute to enhanced
HFSC proliferation and hair follicle regeneration under
certain conditions.''® However, it is important to note that
YAP/TAZ activity tends to decrease with age, correlating
with reduced proliferative potential of epidermal progeni-
tors. This age-related decline in YAP/TAZ signaling may
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partially explain the impaired regenerative capacity of
HFSCs in older individuals. These findings collectively
suggest that optimizing scaffold stiffness and targeting
mechanosensitive pathways like YAP/TAZ can offer
promising strategies for enhancing HFSC function and
promoting hair follicle regeneration. Further research is
needed to fully elucidate the complex interplay between
ECM properties, mechanotransduction pathways, and
HFSC behavior in the context of hair follicle biology and
regenerative medicine (Figure 7(c)).!>!8

As noted, one of the key advantages of using engi-
neered biomaterials is the ability to provide a controlled
microenvironment for HFSCs. This level of control allows
for isolating the effects of mechanical cues on HFSC
behaviors, which is challenging to achieve in vivo due to
the complex interplay of various factors in the hair follicle
niche (Figure 7(d)). By systematically varying the stiffness
of the hydrogel, they were able to identify optimal mechan-
ical conditions for maintaining HFSC stemness and pro-
moting their differentiation into hair follicle lineages.

In parallel, these biomaterials can be combined with
growth factors or drugs to further enhance their efficacy in
promoting hair growth (Figure 8(a)). For example, the gela-
tin-based hydrogels, when incorporated with bFGF and
VEGF (50ng/mL each), showed synergistic effects in pro-
moting HFSC proliferation and hair follicle formation in
comparison to either the scaffold or growth factor alone
(Figure 8(b)).'*®1%° Similarly, Wu et al. created hybrid
hydrogel system that combined mechanical cues with con-
trolled release of minoxidil, a widely used hair growth-pro-
moting drug (Figure 8(c)).'” This approach allowed for
sustained delivery of the drug while providing appropriate
mechanical stimulation to HFSCs, resulting in enhanced
hair growth in a mouse model of alopecia. Other bioactive
molecules have also been incorporated to modulate HFSC
behavior. Abu et al. developed a chitosan-based scaffold
functionalized with laminin-derived peptides, which
enhanced HFSC adhesion and promoted their maintenance
in a 3D culture system (Figure 8(d))."”!

Lastly, these biomaterials offer exciting possibilities for
engineering hair follicle constructs utilizing advanced tech-
nologies such as 3D bioprinting and organoid systems.
These innovative platforms can recapitulate the intricate in
vivo cell-cell and cell-matrix interactions, thereby applica-
ble for in vivo implantation or drug testing in ex vivo cul-
ture systems (Figure 9). Recently, Yao et al. explored 3D
bioprinted scaffolds with gradient stiffness properties to
recreate the complex mechanical microenvironment of the
hair follicle.!” This approach allowed for the spatial organ-
ization of key cell populations involved in hair follicle for-
mation, including HFSCs, dermal papilla cells, and
epithelial progenitors, enabling controlled differentiation
and promoting hair follicle morphogenesis. Mechanistically,
the stiffness gradient guided HFSC migration and prolifera-
tion while regulating Wnt/B-catenin and BMP signaling

pathways, both critical for follicular fate determination and
cycling.

While research on hair regeneration remains in its early
stages, insights from 3D bioprinting, organ-on-chip plat-
forms, and organoid technologies in other biomedical
fields can be leveraged for hair tissue engineering in the
near future.

However, despite the promise of biomaterials in modu-
lating HFSC behaviors, several challenges must be
addressed before clinical translation. These include fine-
tuning mechanics of biomaterials to dynamically mimic
the in vivo niche, optimizing degradation profiles to align
with the hair growth cycle, ensuring adequate vasculariza-
tion of engineered constructs, and developing methods for
large-scale production and quality control of these
advanced materials. Recent research on hair-on-a-chip
models aims to address limitations in current hair follicle
research by replicating the hair follicle microenvironment
more accurately. These models offer potential for studying
hair follicle morphogenesis, regeneration, and the hair fol-
licle cycle.'”>!" Optimization of hair follicle spheroids,
including co-culture with various cell types and growth
factor transfection, has shown promise in creating full-
thickness skin equivalents containing hair in vitro.
Additionally, hair-on-chip technologies are being explored
for noninvasive biomarker detection and drug delivery
applications, offering advantages over conventional sam-
pling methods.'”

As discussed, biomaterials engineered with specific
physicochemical properties offer a powerful strategy for
modulating HFSC behaviors and promoting hair regenera-
tion. By mimicking the natural mechanical cues found in
different phases of the hair follicle cycle, these materials
may provide a controlled microenvironment that can influ-
ence HFSC functions and fate. Furthermore, integrating
these materials with growth factors, drugs, and other bio-
active molecules enhances their potential as versatile plat-
forms for next-generation hair loss treatments. As research
in this field continues to progress, these biomaterial-based
approaches may lead to more effective and personalized
therapies for various forms of alopecia and other hair loss
disorders.

Future perspectives and conclusions

In this review, we have explored the critical role of
mechanical cues and mechanotransduction pathways in
regulating HFSC behaviors and hair regeneration. We
highlighted the importance of the ECM and mechanical
stimuli, intracellular mechanosensitive elements, and the
mechanosignaling processes in mediating the HFSC
responses. By dissecting their intricate interactions, we
sought to provide a framework for understanding the
mechanobiology of hair regeneration and identifying
potential therapeutic targets for hair loss disorders.
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Figure 8. Biomaterial-based strategies for enhancing HFSC function and hair follicle regeneration. (a) Hydrogels and porous
scaffolds combined with growth factors or drugs stimulate HFSC activation. (b) Gelatin-based scaffolds incorporating basic
fibroblast growth factor (bFGF) promote HFSC proliferation via MAPK/ERK signaling, enhancing hair follicle formation. (c) A hybrid
hydrogel system delivers mechanical cues and sustained minoxidil release, activating VEGF-mediated vascularization and YAP/TAZ
signaling to drive HFSC proliferation. (d) Chitosan scaffolds functionalized with laminin-derived peptides enhance HFSC adhesion
through integrin binding, supporting long-term HFSC maintenance in 3D culture.

While multiple signaling pathways influence hair
regeneration, mechanosignaling is particularly crucial,
given the exquisite sensitivity of HFSCs to mechanical
forces and their microenvironment. Harnessing this pro-
cess can offer a promising avenue for developing novel
hair loss treatments. For this purpose, an array of molecu-
lar targets within the mechanosignaling network can be
proposed; ECM components, integrins, FAK, cytoskeletal

proteins, Piezol channels, and transcription factors like
YAP/TAZ and B-catenin, which can be strategically modu-
lated to regulate HFSC fate and promote hair growth.

In this mechano-modulation scenario, some non-inva-
sive devices have been developed and are currently in
clinical use, such as scalp massage tools, LLLT devices
with vibration, microneedling devices, and vacuum ther-
apy devices. However, these devices face limitations,
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Figure 9. Advanced approaches for engineering hair follicle constructs, such as 3D bioprinting, organoid culture systems,

and organ-on-chip platforms. (a) 3D bioprinting enables precise spatial organization of key cell populations, including HFSCs,
dermal papilla cells, and epithelial progenitors, while gradient stiffness scaffolds regulate HFSC migration and proliferation via
mechanotransduction pathways such as Wnt/f-catenin and BMP signaling. (b) Organoid culture systems recapitulate in vivo-like
cell-cell and cell-matrix interactions, promoting follicular morphogenesis and functional hair follicle development. (c) Organ-on-chip
platforms create dynamic microenvironments for real-time monitoring of HFSC behavior and drug screening. These cutting-edge
technologies offer promising avenues for personalized regenerative therapies and in vitro hair growth models.

including variability in effectiveness, the need for consist-
ent use, and limited long-term data. More importantly, the
mechanistic studies of these devices are largely lacking,
highlighting the need for future research to optimize device
parameters, elucidate activated pathways, and develop
controllable and targetable methods to enhance the thera-
peutic efficacy.

More precise designs of mechano-therapeutic approaches
are thus under investigation, focusing on modulating
ECM mechanics and targeting specific mechanobiological
pathways. Notable approaches include ECM-based thera-
pies utilizing biomaterial scaffolds and ECM-modifying
enzymes, integrin-targeting strategies with peptides and
antibodies, FAK modulation via small molecule inhibitors,
and cytoskeletal remodeling agents. Furthermore, mechano-
stimulation can be integrated with genetic modifications or
advanced 3D tissue engineering techniques, such as

bioprinting and organoid systems, to enhance therapeutic
efficacy and expand applications, including ex vivo drug
testing platforms.

A critical yet often overlooked aspect is cellular cross-
talk, specifically HFSC-DP cell interactive mechanosignal-
ing. These reciprocal interactions are essential for hair
follicle development and cycling. Disruptions in this com-
munication can contribute to hair loss disorders, suggesting
that therapies enhancing HFSC-DP cell mechanosignaling
may be more effective than those targeting HFSCs alone. In
this context, mechano-active platforms that stimulate
HFSC-DP feedback signaling ex vivo hold significant
potential. Creating controlled mechanical environments
may optimize HFSC and DP cell functions for transplanta-
tion, either by utilizing exosomes from mechanically stim-
ulated cells or by directly culturing cells into organoids for
transplantation.
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For clinical translation, several challenges must be
addressed. The materials and devices used in mechano-
therapeutic approaches must meet stringent safety and effi-
cacy standards for regulatory approval, such as those set
by the FDA. For cell-based therapies, there are additional
challenges related to cell sourcing, expansion, and deliv-
ery. It is also essential to develop robust methods for char-
acterizing and standardizing the mechanical properties of
biomaterials and devices to ensure consistent and repro-
ducible results. The development of standardized proto-
cols and regulatory guidelines will be essential for bringing
mechanotherapeutic approaches to the clinic.

In conclusion, mechanobiology offers an exciting frontier
for treating hair loss disorders. By harnessing the mechanical
cues to regulate HFSC behaviors, we can develop innova-
tive, effective therapies for hair regeneration. As research in
this area continues to advance, emerging mechano-therapeu-
tic strategies—integrating biomaterials, devices, and cell-
based approaches—may offer new hope for individuals
struggling with hair loss. A deeper understanding of the
mechanotransduction pathways in HFSCs and the crosstalk
with DP cells, combined with the development of biomate-
rial engineering and regulatory frameworks, will be pivotal
in driving these therapies toward clinical translation.

ORCID iDs

Sun Young Nam
Jonathan C. Knowles
Hae-Won Kim

https://orcid.org/0000-0001-7567-2344
https://orcid.org/0000-0003-3917-3446
https://orcid.org/0000-0001-6400-6100

Ethical consideration

There are no human participants in this article and informed con-
sent is not required.

Funding

The author(s) disclosed receipt of the following financial support
for the research, authorship, and/or publication of this article:
This work was supported by the National Research Foundation
(NRF), Republic of Korea (RS-2021-NR060095, RS-2024-
00348908, RS-2023-00220408).

Declaration of conflicting interests

The author declared no potential conflicts of interest with respect
to the research, authorship, and/or publication of this article.

References

1. Choi EK, Kim IR, Chang O, et al. Impact of chemother-
apy-induced alopecia distress on body image, psychoso-
cial well-being, and depression in breast cancer patients.
Psychooncology 2014; 23: 1103-1110.

2. Gupta A and Carviel J. Meta-analysis of efficacy of
platelet-rich plasma therapy for androgenetic alopecia. J
Dermatolog Treat 2017, 28: 55-58.

3. Chu SY, Chou CH, Huang HD, et al. Mechanical stretch
induces hair regeneration through the alternative activa-
tion of macrophages. Nat Commun 2019; 10: 1524.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Zhang Y, Cui J, Cang Z, et al. Hair follicle stem cells pro-
mote epidermal regeneration under expanded condition.
Front Physiol 2024; 15: 1306011.

Wang K, Wen D, Xu X, et al. Extracellular matrix stiff-
ness—the central cue for skin fibrosis. Front Mol Biosci
2023; 10: 1132353.

Di X, Gao X, Peng L, et al. Cellular mechanotransduction
in health and diseases: From molecular mechanism to ther-
apeutic targets. Signal Transduct Target Ther 2023; 8: 282.
Watson VE, Faniel ML, Kamili NA, et al. Immune-
mediated alopecias and their mechanobiological aspects.
Cells Dev 2022; 170: 203793.

Shafaat S, Roman Regueros S, Chapple C, et al. Estradiol-
17B [E2] stimulates wound healing in a 3D in vitro tissue-
engineered vaginal wound model. J Tissue Eng 2023; 14:
20417314221149207.

Lin X, Zhu L and He J. Morphogenesis, growth cycle and
molecular regulation of hair follicles. Front Cell Dev Biol
2022; 10: 899095.

Li KN and Tumbar T. Hair follicle stem cells as a skin-
organizing signaling center during adult homeostasis.
EMBO J2021; 40: e107135.

Gentile P, Scioli MG, Bielli A, et al. Stem cells from
human hair follicles: first mechanical isolation for imme-
diate autologous clinical use in androgenetic alopecia and
hair loss. Stem Cell Investig 2017; 4: 58.

Lee JH and Choi S. Deciphering the molecular mecha-
nisms of stem cell dynamics in hair follicle regeneration.
Exp Mol Med 2024; 56: 110-117.

Koester J, Miroshnikova YA, Ghatak S, et al. Niche stiff-
ening compromises hair follicle stem cell potential during
ageing by reducing bivalent promoter accessibility. Nat
Cell Biol 2021; 23: 771-781.

Avci P, Gupta GK, Clark J, et al. Low-level laser (light)
therapy (LLLT) for treatment of hair loss. Lasers Surg
Med 2014; 46: 144-151.

Oak AS, Bagchi A, Brukman MJ, et al. Wnt signaling
modulates mechanotransduction in the epidermis to drive
hair follicle regeneration. Sci Adv 2025; 11: eadq0638.
Kageyama T, Shimizu A, Anakama R, et al
Reprogramming of three-dimensional microenviron-
ments for in vitro hair follicle induction. Sci Adv 2022; 8:
eadd4603.

Cohen JN, Gouirand V, Macon CE, et al. Regulatory T
cells in skin mediate immune privilege of the hair follicle
stem cell niche. Sci Immunol 2024; 9: eadh0152.

Kiselev A and Park S. Immune niches for hair follicle
development and homeostasis. Front Physiol 2024; 15:
1397067.

Cuevas-Diaz Duran R, Martinez-Ledesma E, Garcia-
Garcia M, et al. The biology and genomics of human hair
follicles: a focus on androgenetic alopecia. Int J Mol Sci
2024; 25: 2542.

Bayer-Garner IB, Sanderson RD and Smoller BR.
Syndecan-1 is strongly expressed in the anagen hair fol-
licle outer root sheath and in the dermal papilla but expres-
sion diminishes with involution of the hair follicle. Am J
Dermatopathol 2002; 24: 484—489.

Bertolini M, McElwee K, Gilhar A, et al. Hair follicle
immune privilege and its collapse in alopecia areata. Exp
Dermatol 2020; 29: 703-725.


https://orcid.org/0000-0001-7567-2344
https://orcid.org/0000-0003-3917-3446
https://orcid.org/0000-0001-6400-6100

20

Journal of Tissue Engineering

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Welle MM. Basic principles of hair follicle structure,
morphogenesis, and regeneration. Vet Pathol 2023; 60:
732-747.

Xing YZ, Guo HY, Xiang F, et al. Recent progress in hair
follicle stem cell markers and their regulatory roles. World
J Stem Cells 2024; 16: 126.

Agramunt J, Parke B, Mena S, et al. Mechanical stimu-
lation of human hair follicle outer root sheath cultures
activates adjacent sensory neurons. Sci Adv 2023; 9:
eadh3273.

Chou WC, Takeo M, Rabbani P, et al. Direct migration
of follicular melanocyte stem cells to the epidermis after
wounding or UVB irradiation is dependent on Mc1r sign-
aling. Nat Med 2013; 19: 924-929.

Joshi RS. The inner root sheath and the men associated
with it eponymically. Int J Trichology 2011; 3: 57-62.
An SY, Kim HS, Kim SY, et al. Keratin-mediated hair
growth | its underlying biological mechanism. Commun
Biol 2022; 5: 1270.

Jacinto JG, Markey AD, Veiga IM, et al. A KRT71 loss-
of-function variant results in inner root sheath dysplasia
and recessive congenital hypotrichosis of Hereford cattle.
Genes 2021; 12: 1038.

Kazem S, Van Der Meijden E, Wang RC, et al.
Polyomavirus-associated ~ Trichodysplasia  spinulosa
involves hyperproliferation, pRB phosphorylation and
upregulation of p16 and p21. PLoS One 2014; 9: ¢108947.
Krahl D and Sellheyer K. The neuroepithelial stem cell
protein nestin is a marker of the companion cell layer
of the adult and developing human hair follicle. Br J
Dermatol 2009; 161: 678-682.

Chu X, Zhou Z, Qian X, et al. Functional regeneration
strategies of hair follicles: advances and challenges. Stem
Cell Res Ther 2025; 16: 77.

Zhang HL, Qiu XX and Liao XH. Dermal papilla cells:
from basic research to translational applications. Biology
(Basel) 2024; 13: 842.

Kang JI, Choi YK, Han SC, et al. 5-Bromo-3.4-
dihydroxybenzaldehyde promotes hair growth through
activation of wnt/B-catenin and autophagy pathways and
inhibition of TGF-f pathways in dermal papilla cells.
Molecules 2022; 27: 2176.

Zhang J, Liu Y, Chang J, et al. Shh gene regulates the pro-
liferation and apoptosis of dermal papilla cells to affect
its differential expression in secondary hair follicle growth
cycle of cashmere goats. Animals (Basel) 2024; 14: 2049.
Veijouye SJ, Abazar Y, Heidari F, et al. Bulge region as a
putative hair follicle stem cells niche: a brief review. fran
J Public Health 2017, 46: 1167.

Zheng W and Xu CH. Innovative approaches and advances
for hair follicle regeneration. ACS Biomater Sci Eng 2023;
9:2251-2276.

Wu W, Wu XL, Ji YQ, et al. Differentiation of nestin-
negative human hair follicle outer root sheath cells into
neurons in vitro. Mol Med Rep 2017; 16: 95-100.
Hejazian LB, Akbarnejad Z, Ghoroghi FM, et al
Augmenting peripheral nerve regeneration using hair fol-
licle stem cells in rats. Basic Clin Neurosci 2022; 13: 57.
Uchugonova A, Duong J, Zhang N, et al. The bulge area
is the origin of nestin-expressing pluripotent stem cells of
the hair follicle. J Cell Biochem 2011; 112: 2046-2050.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Driskell 1, Oeztuerk-Winder F, Humphreys P, et al.
Genetically induced cell death in bulge stem cells reveals
their redundancy for hair and epidermal regeneration.
Stem Cells 2015; 33: 988-998.

Schneider MR, Schmidt-Ullrich R and Paus R. The hair
follicle as a dynamic miniorgan. Curr Biol 2009; 19:
R132-R142.

Fellows AP, Casford MT and Davies PB. Nanoscale
molecular characterization of hair cuticle cells using inte-
grated atomic force microscopy—infrared laser spectros-
copy. App!l Spectrosc 2020; 74: 1540-1550.

James V], Richardson JC, Robertson TA, et al. Fibre dif-
fraction of hair can provide a screening test for Alzheimer’s
disease: a human and animal model study. Med Sci Monit
2005; 11: 57.

Natarelli N, Gahoonia N and Sivamani RK. Integrative
and mechanistic approach to the hair growth cycle and hair
loss. J Clin Med 2023; 12: 893.

Chen CL, Huang WY, Wang EHC, et al. Functional
complexity of hair follicle stem cell niche and therapeu-
tic targeting of niche dysfunction for hair regeneration. J
Biomed Sci 2020; 27: 43.

Li ST, Suen WJ, Kao CH, et al. Gasdermin A3—mediated
cell death causes niche collapse and precocious activation
of hair follicle stem cells. J Invest Dermatol 2020; 140:
2117-2128.

Chang CH, Tsai RK and Yu HS. Apoptosis coordinates
with proliferation and differentiation during human hair
follicle morphogenesis. J Dermatol Sci 2005; 39: 9-16.
Wang X, Lin Y, Yan L, et al. Intensive stress impedes hair
follicle growth through triggering cell cycle arrest of hair
follicle stem cells. FASEB J 2025; 39: €70460.

Sun P, Wang Z, Li S, et al. Autophagy induces hair fol-
licle stem cell activation and hair follicle regeneration by
regulating glycolysis. Cell Biosci 2024; 14: 6.
Yamaguchi HL, Yamaguchi Y and Peeva E. Hair
regrowth in alopecia areata and re-pigmentation in vitiligo
in response to treatment: commonalities and differences. J
Eur Acad Dermatol Venereol 2024.

Chacon-Martinez CA, Klose M, Niemann C, Glauche I
and Wickstrom SA. Hair follicle stem cell cultures reveal
self-organizing plasticity of stem cells and their progeny.
EMBO J2017; 36: 151-164.

Wu P, Zhang Y, Xing Y, et al. The balance of Bmp6 and
Wnt10b regulates the telogen-anagen transition of hair fol-
licles. Cell Commun Signal 2019; 17: 1-10.

Gattazzo F, Urciuolo A and Bonaldo P. Extracellular
matrix: a dynamic microenvironment for stem cell niche.
Biochim Biophys Acta Gen Subj 2014; 1840: 2506-2519.
Daszczuk P, Mazurek P, Pieczonka TD, et al. An intrinsic
oscillation of gene networks inside hair follicle stem cells:
an additional layer that can modulate hair stem cell activi-
ties. Front Cell Dev Biol 2020; 8: 595178.

Choi BY. Targeting Wnt/B-catenin pathway for develop-
ing therapies for hair loss. Int J Mol Sci 2020; 21: 4915.
Quist SR and Quist J. Keep quiet—how stress regulates
hair follicle stem cells. Signal Transduct Target Ther
2021; 6: 364.

Kandyba E, Hazen VM, Kobielak A, Butler SJ, et al.
Smad1 and 5 but not Smad8 establish stem cell quiescence
which is critical to transform the premature hair follicle



Nam et al.

21

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

during morphogenesis toward the postnatal state. Stem
Cells 2014; 32: 534-547.

Botchkarev V, Handjiski B, Metz M, et al. Control of
murine hair follicle regression (catagen) by TGF-betal in
vivo. FASEB J 2000; 14: 752-760.

Turkoz M, Townsend RR and Kopan R. The Notch intra-
cellular domain has an RBPj-independent role during
mouse hair follicular development. J Invest Dermatol
2016; 136: 1106-1115.

Chen Y, Fan Z, Wang X, et al. PI3K/Akt signaling path-
way is essential for de novo hair follicle regeneration.
Stem Cell Res Ther 2020; 11: 1-10.

Myung PS, Takeo M, Ito M, et al. Epithelial Wnt ligand
secretion is required for adult hair follicle growth and
regeneration. J Invest Dermatol 2013; 133: 31-41.

Hu XM, Li ZX, Zhang DY, et al. A systematic summary
of survival and death signalling during the life of hair fol-
licle stem cells. Stem Cell Res Ther 2021; 12: 453.
DasGupta R and Fuchs E. Multiple roles for activated
LEF/TCF transcription complexes during hair follicle
development and differentiation. Development 1999; 126:
4557-4568.

Lim CH, Kaminaka A, Lee SH, et al. Dermal B-catenin
is required for hedgehog-driven hair follicle neogenesis. J
Invest Dermatol 2025; 145: 42-49.¢e2.

Liu J, Xiao Q, Xiao J, et al. Wnt/B-catenin signalling:
function, biological mechanisms, and therapeutic oppor-
tunities. Signal Transduct Target Ther 2022; 7: 3.

Heaton ES, Hu M, Liu T, et al. Extracellular matrix-
derived peptide stimulates the generation of endocrine
progenitors and islet organoids from iPSCs. J Tissue Eng
2023; 14:20417314231185858.

LiY, Lv X, Wang S, et al. BMP7 functions to regulate
proliferation of dermal papilla cells in Hu Sheep. Genes
(Basel) 2022; 13: 201.

Wilson N, Hynd P and Powell B. The role of BMP-2 and
BMP-4 in follicle initiation and the murine hair cycle. Exp
Dermatol 1999; 8: 367-368.

Huchedé P, Meyer S, Berthelot C, et al. BMP2 and BMP7
cooperate with H3.3K27M to promote quiescence and
invasiveness in pediatric diffuse midline gliomas. Elife
2024; 12: RP91313.

Plikus MV, Mayer JA, de La, Cruz D, et al. Cyclic dermal
BMP signalling regulates stem cell activation during hair
regeneration. Nature 2008; 451: 340-344.

Genander M, Cook PJ, Ramskold D, et al. BMP signal-
ing and its pPSMAD1/5 target genes differentially regulate
hair follicle stem cell lineages. Cell Stem Cell 2014; 15:
619-633.

Botchkarev VA and Kishimoto J. Molecular control of
epithelial-mesenchymal interactions during hair follicle
cycling. J Investig Dermatol Symp Proc 2003; 8: 46-55.
Lewis AK, Frantz GD, Carpenter DA, et al. Distinct
expression patterns of notch family receptors and ligands
during development of the mammalian inner ear. Mech
Dev 1998; 78: 159-163.

Wang H, Zhang X, Gui F, et al. In vitro effects of recombi-
nant human neuritin on hair cell recovery post-gentamicin
injury in SC lineage-tracing models: involvement of Notch
and FGFR signaling. Neurochem Int 2025; 105935.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Lanford PJ, Lan Y, Jiang R, et al. Notch signalling path-
way mediates hair cell development in mammalian coch-
lea. Nat Genet 1999; 21: 289-292.

Wang X, Chen H, Tian R, et al. Macrophages induce
AKT/B-catenin-dependent Lgr5+ stem cell activation
and hair follicle regeneration through TNF. Nat Commun
2017; 8: 14091.

Kang JI, Choi YK, Koh YS, et al. Vanillic acid stimulates
anagen signaling via the PI3K/Akt/B-catenin pathway in
dermal papilla cells. Biomol Ther (Seoul) 2020; 28: 354.
Colin-Pierre C, El Baraka O, Danoux L, et al. Regulation
of stem cell fate by HSPGs: implication in hair follicle
cycling. NPJ Regen Med 2022, 7: 77.

Hussein RS, Atia T, Dayel SB, et al. Impact of thyroid
dysfunction on hair disorders. Cureus 2023; 15: e43266.
Kang JI, Kim SC, Kim MK, et al. Effects of dihydrotestos-
terone on rat dermal papilla cells in vitro. Eur J Pharmacol
2015; 757: 74-83.

Hu HM, Zhang SB, Lei XH, et al. Estrogen leads to
reversible hair cycle retardation through inducing prema-
ture catagen and maintaining telogen. PLoS One 2012; 7:
e40124.

Rossi A, Caro G, Magri F, et al. Clinical aspect, pathogen-
esis and therapy options of alopecia induced by hormonal
therapy for breast cancer. Explore Target Antitumor Ther
2021; 2: 490.

Shin H, Choi SJ, Cho AR, et al. Acute stress-induced
changes in follicular dermal papilla cells and mobilization
of mast cells: implications for hair growth. Ann Dermatol
2016; 28: 600-606.

Cheng Y, Lv LJ, Cui Y, et al. Psychological stress impact
neurotrophic factor levels in patients with androgenetic
alopecia and correlated with disease progression. World J
Psychiatry 2024; 14: 1437.

Thom E. Stress and the hair growth cycle: cortisol-induced
hair growth disruption. J Drugs Dermatol 2016; 15: 1001—
1004.

Ahmed M and Ffrench-Constant C. Extracellular matrix
regulation of stem cell behavior. Curr Stem Cell Rep 2016;
2: 197-206.

Pfisterer K, Shaw LE, Symmank D, et al. The extracellular
matrix in skin inflammation and infection. Front Cell Dev
Biol 2021; 9: 682414.

Waleed R, Sarthak S and Jeff B. Immune modulation of
hair follicle regeneration. NPJ Regen Med 2020; 5: 103.
Peters EM, Liotiri S, Bod6 E, et al. Probing the effects
of stress mediators on the human hair follicle: substance
P holds central position. 4m J Pathol 2007; 171: 1872—
1886.

Kim C, Shin JM, Kim D, et al. Role of substance P in reg-
ulating micro-milieu of inflammation in alopecia areata.
Ann Dermatol 2022; 34: 270.

Estrach S, Tosello L, Tissot FS, et al. Fibronectin mesh-
work controls epithelial stem cell fate. bioRxiv 2021:
2021.05.26.445735.

DeRouen MC, Zhen H, Tan SH, et al. Laminin-511 and
integrin beta-1 in hair follicle development and basal cell
carcinoma formation. BMC Dev Biol 2010; 10: 1-15.
Starcher B, Aycock RL and Hill CH. Multiple roles for
elastic fibers in the skin. J Histochem Cytochem 2005; 53:
431-443.



22

Journal of Tissue Engineering

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Midwood KS and Orend G. The role of tenascin-C in tis-
sue injury and tumorigenesis. J Cell Commun Signal 2009;
3:287-310.

Ha HC, Zhou D, Fu Z, et al. Novel effect of hyaluronan
and proteoglycan link protein 1 (HAPLNT1) on hair follicle
cells proliferation and hair growth. Biomol Ther (Seoul)
2023; 31: 550.

Yi R. Concise review: mechanisms of quiescent hair folli-
cle stem cell regulation. Stem Cells 2017; 35: 2323-2330.
Jahin I, Phillips T, Marcotti S, et al. Extracellular matrix
stiffness activates mechanosensitive signals but limits
breast cancer cell spheroid proliferation and invasion.
Front Cell Dev Biol 2023; 11: 1292775.

Abreu CM and Marques AP. Recreation of a hair follicle
regenerative microenvironment: successes and pitfalls.
Bioeng Transl Med 2022; 7: €¢10235.

Jang H, Jo Y, Lee JH, et al. Aging of hair follicle stem
cells and their niches. BMB Rep 2022; 56: 2.

Han X, Gao G, Sun N, et al. Comparative proteomic anal-
ysis of the telogen-to-anagen transition in cashmere goat
secondary hair follicles. Front Vet Sci 2025; 12: 1542682.
Wang M, Wang M, Jiang J, et al. THSD4 promotes hair
growth by facilitating dermal papilla and hair matrix inter-
actions. Theranostics 2025; 15(8): 3571-3588.

Ji S, Zhu Z, Sun X, et al. Functional hair follicle regen-
eration: an updated review. Signal Transduct Target Ther
2021; 6: 66.

Estrach S, Vivier CM and Féral CC. ECM and epithelial
stem cells: the scaffold of destiny. Front Cell Dev Biol
2024; 12: 1359585.

Guan JL. Role of focal adhesion kinase in integrin signal-
ing. Int J Biochem Cell Biol 1997; 29: 1085-1096.

Zhou J, Aponte-Santamaria C, Sturm S, et al. Mechanism
of focal adhesion kinase mechanosensing. PLoS Comput
Biol 2015; 11: 1004593.

Bell S and Terentjev EM. Focal adhesion kinase: the
reversible molecular mechanosensor. Biophys J 2017,
112: 2439-2450.

Guan JL. Focal adhesion kinase in integrin signaling.
Matrix Biol 1997; 16: 195-200.

Zhou J, Du T, Li B, et al. Crosstalk between MAPK/ERK
and PI3K/AKT signal pathways during brain ischemia/
reperfusion. ASN Neuro 2015; 7: 1759091415602463.

He Y, Sun MM, Zhang GG, et al. Targeting PI3K/Akt
signal transduction for cancer therapy. Signal Transduct
Target Ther 2021; 6: 425.

Wen L, Miao Y, Fan Z, et al. Establishment of an efficient
primary culture system for human hair follicle stem cells
using the rho-associated protein kinase inhibitor Y-27632.
Front Cell Dev Biol 2021; 9: 632882.

Teng Y, Fan Y, Ma J, et al. The PI3K/Akt pathway:
emerging roles in skin homeostasis and a group of non-
malignant skin disorders. Cells 2021; 10: 1219.

Essayem S, Kovacic-Milivojevic B, Baumbusch C, et al.
Hair cycle and wound healing in mice with a keratinocyte-
restricted deletion of FAK. Oncogene 2006; 25: 1081—
1089.

Chang F, Lemmon CA, Park D, et al. FAK potentiates
Racl activation and localization to matrix adhesion sites:
a role for BPIX. Mol Biol Cell 2007; 18: 253-264.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

Lorenzo-Martin LF and Bustelo XR. The Rho GTPase
exchange factor Vav2 promotes extensive age-dependent
rewiring of the skin stem cell transcriptome. bioRxiv 2022:
2022.09.27.509634.

Olszewski C, Maassen J, Guenther R, et al
Mechanotransductive differentiation of hair follicle stem
cells derived from aged eyelid skin into corneal endothe-
lial-like cells. Stem Cell Rev Rep 2022: 1-18.

Kaunas R, Nguyen P, Usami S, et al. Cooperative effects
of Rho and mechanical stretch on stress fiber organization.
Proc Natl Acad Sci U S A 2005; 102: 15895-15900.

Scott KE, Fraley SI and Rangamani P. Transfer function
for YAP/TAZ nuclear translocation revealed through spa-
tial systems modeling. bioRxiv 2020: 2020.10.14.340349.
Kim JY and Quan T. Emerging perspectives of YAP/TAZ
in human skin epidermal and dermal aging. Ann Dermatol
2024; 36: 135.

Brangwynne CP, MacKintosh FC, Kumar S, et al.
Microtubules can bear enhanced compressive loads in
living cells because of lateral reinforcement. J Cell Biol
2006; 173: 733-741.

LiY, Kucera O, Cuvelier D, et al. Compressive forces sta-
bilize microtubules in living cells. Nat Mater 2023; 22:
913-924.

Orii R and Tanimoto H. Structural response of microtu-
bule and actin cytoskeletons to direct intracellular load. J
Cell Biol 2025; 224.

Wang JG, Miyazu M, Xiang P, et al. Stretch-induced cell
proliferation is mediated by FAK-MAPK pathway. Life
Sci 2005; 76: 2817-2825.

Haston S, Pozzi S, Carreno G, et al. MAPK pathway con-
trol of stem cell proliferation and differentiation in the
embryonic pituitary provides insights into the pathogen-
esis of papillary craniopharyngioma. Development 2017;
144: 2141-2152.

Guo Y, Song Y, Xiong S, et al. Mechanical stretch induced
skin regeneration: molecular and cellular mechanism in
skin soft tissue expansion. /nt J Mol Sci 2022; 23: 9622.
Sjoqvist M, Antfolk D, Suarez-Rodriguez F, et al. From
structural resilience to cell specification—Intermediate
filaments as regulators of cell fate. FASEB J 2021; 35:
e21182.

Ndiaye AB, Koenderink GH and Shemesh M. Intermediate
filaments in cellular mechanoresponsiveness: mediat-
ing cytoskeletal crosstalk from membrane to nucleus and
back. Front Cell Dev Biol 2022; 10: 882037.

Danielsson BE, George Abraham B, Mintyld E, et al.
Nuclear lamina strain states revealed by intermolecular
force biosensor. Nat Commun 2023; 14: 3867.
Sanghvi-Shah R and Weber GF. Intermediate filaments
at the junction of mechanotransduction, migration, and
development. Front Cell Dev Biol 2017; 5: 81.

Folgueras AR, Guo X, Pasolli HA, et al. Architectural
niche organization by LHX2 is linked to hair follicle stem
cell function. Cell Stem Cell 2013; 13: 314-327.

Ruan Y, Huang X, Sun P, et al. ZO-1 boosts the in vitro
self-renewal of pre-haematopoietic stem cells from
OCT4-reprogrammed human hair follicle mesenchymal
stem cells through cytoskeleton remodeling. Stem Cell Res
Ther 2024; 15: 480.



Nam et al.

23

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Pankratova MD, Riabinin AA, Butova EA, et al. YAP/
TAZ signalling controls epidermal keratinocyte fate. Int J
Mol Sci 2024; 25: 12903.

Dupont S, Morsut L, Aragona M, et al. Role of YAP/TAZ
in mechanotransduction. Nature 2011; 474: 179-183.
Wang J, Fu Y, Huang W, et al. MicroRNA-205 promotes
hair regeneration by modulating mechanical properties of
hair follicle stem cells. Proc Natl Acad Sci U S A 2023;
120: €2220635120.

Shin DW. The molecular mechanism of natural products
activating Wnt/B-catenin signaling pathway for improving
hair loss. Life 2022; 12: 1856.

Bai R, Guo Y, Liu W, et al. The roles of WNT sign-
aling pathways in skin development and mechanical-
stretch-induced skin regeneration. Biomolecules 2023;
13: 1702.

Benham-Pyle BW, Sim JY, Hart KC, et al. Increasing
B-catenin/Wnt3A activity levels drive mechanical strain-
induced cell cycle progression through mitosis. Elife
2016; 5: €19799.

Case N, Ma M, Sen B, et al. B-Catenin levels influence
rapid mechanical responses in osteoblasts. J Biol Chem
2008; 283:29196-29205.

Enshell-Seijffers D, Lindon C, Kashiwagi M, et al. -
catenin activity in the dermal papilla regulates morpho-
genesis and regeneration of hair. Dev Cell 2010; 18:
633-642.

Samuel MS, Lopez JI, McGhee EJ, et al. Actomyosin-
mediated cellular tension drives increased tissue stiff-
ness and [-catenin activation to induce epidermal
hyperplasia and tumor growth. Cancer Cell 2011; 19:
776-791.

Lien WH, Polak L, Lin M, et al. In vivo transcriptional
governance of hair follicle stem cells by canonical Wnt
regulators. Nat Cell Biol 2014; 16: 179-190.

Azzolin L, Panciera T, Soligo S, et al. YAP/TAZ incor-
poration in the 3-catenin destruction complex orchestrates
the Wnt response. Cel/ 2014; 158: 157-170.

Xu Z, Wang W, Jiang K, et al. Embryonic attenuated
Wnt/B-catenin signaling defines niche location and
long-term stem cell fate in hair follicle. Elife 2015; 4:
e10567.

Coste B, Mathur J, Schmidt M, et al. Piezol and Piezo2
are essential components of distinct mechanically acti-
vated cation channels. Science 2010; 330: 55-60.

Coste B, Xiao B, Santos JS, et al. Piezo proteins are pore-
forming subunits of mechanically activated channels.
Nature 2012; 483: 176-181.

Liu H, Hu J, Zheng Q, et al. Piezol channels as force sen-
sors in mechanical force-related chronic inflammation.
Front Immunol 2022; 13: 816149.

Hoffman BD, Grashoff C and Schwartz MA. Dynamic
molecular processes mediate cellular mechanotransduc-
tion. Nature 2011; 475: 316-323.

Lawson CD and Ridley AJ. Rho GTPase signaling com-
plexes in cell migration and invasion. J Cell Biol 2018;
217: 447-457.

Ge J, Li W, Zhao Q, et al. Architecture of the mamma-
lian mechanosensitive Piezol channel. Nature 2015; 527:
64-69.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Lorenzo-Martin LF, Menacho-Marquez M, Fernandez-
Parejo N, et al. The Rho guanosine nucleotide exchange
factors Vav2 and Vav3 modulate epidermal stem cell
function. Oncogene 2022; 41: 3341-3354.

Xie Y, Chen D, Jiang K, et al. Hair shaft miniaturization
causes stem cell depletion through mechanosensory sig-
nals mediated by a Piezol-calcium-TNF-a axis. Cell Stem
Cell 2022; 29: 70-85.¢6.

Khalilimeybodi A, Fraley S and Rangamani P.
Mechanisms underlying divergent relationships between
Ca2+ and YAP/TAZ signalling. J Physiol 2023; 601(2):
483-515.

Deng Z, Yang L, Duan S, et al. Aberrant connective tissue
sheath contraction drives premature hair follicle regres-
sion by inducing progenitor cell depletion in androgenetic
alopecia. bioRxiv. 2023. doi:10.1101/2023. (Preprint)
Schrader J, Gordon-Walker TT, Aucott RL, et al. Matrix
stiffness modulates proliferation, chemotherapeutic
response, and dormancy in hepatocellular carcinoma cells.
Hepatology 2011; 53(4): 1192—-1205.

Lim R, Banerjee A, Biswas R, et al. Mechanotransduction
through adhesion molecules: Emerging roles in regulating
the stem cell niche. Front Cell Dev Biol 2022; 10: 966662.
Xiong L, Zhevlakova I, West XZ, et al. TLR2 regulates
hair follicle cycle and regeneration via BMP signaling.
eLife 2024; 12: e89335.

Nicolas-Boluda A, Vaquero J, Vimeux L, et al. Tumor
stiffening reversion through collagen crosslinking inhibi-
tion improves T cell migration and anti-PD-1 treatment.
eLife 2021; 10: e58688.

Choi K, Park SH, Park SY, et al. The stem cell quiescence
and niche signaling is disturbed in the hair follicle of the
hairpoor mouse, an MUHH model mouse. Stem Cell Res
Ther 2022; 13: 211.

Koyama T, Kobayashi K, Hama T, et al. Standardized
scalp massage results in increased hair thickness by induc-
ing stretching forces to dermal papilla cells in the subcuta-
neous tissue. Eplasty 2016; 16: ¢8.

Gupta AK, Taylor D and Nouri K. Lasers for treatment of
androgenetic alopecia: an in-depth analysis. Lasers Med
Sci 2025; 40(1): 1-12.

Fan SMY, Cheng YP, Lee MY, et al. Efficacy and safety
of a low-level light therapy for androgenetic alopecia: a
24-week, randomized, double-blind, self-comparison, sham
device-controlled trial. Dermatol Surg 2018; 44(10): 1411—
1420.

Shibato J, Takenoya F, Kimura A, et al. Examining the
effect of Notocactus ottonis cold vacuum isolated plant
cell extract on hair growth in C57BL/6 mice using a com-
bination of physiological and OMICS analyses. Molecules
2023; 28(4): 1565.

Lee HW, Jun JH, Lee JA, et al. Acupuncture for treating
alopecia areata: a protocol of systematic review of ran-
domised clinical trials. BMJ Open 2015; 5(11): e008841.
Fertig R, Gamret A, Cervantes J, et al. Microneedling for
the treatment of hair loss? J Eur Acad Dermatol Venereol
2018; 32(4): 564-569.

Abdi P, Awad C, Anthony MR, et al. Efficacy and safety
of combinational therapy using topical minoxidil and
microneedling for the treatment of androgenetic alopecia:



24

Journal of Tissue Engineering

165.

166.

167.

168.

169.

a systematic review and meta-analysis. Arch Dermatol
Res 2023; 315(5): 2775-2785.

Ding YW, Li Y, Zhang ZW, et al. Hydrogel forming
microneedles loaded with VEGF and Ritlecitinib/polyhy-
droxyalkanoates nanoparticles for mini-invasive androge-
netic alopecia treatment. Bioact Mater 2024; 38: 95-108.
Rhodes AD, Duran-Mota JA and Oliva N. Current pro-
gress in bionanomaterials to modulate the epigenome.
Biomater Sci 2022; 10(20): 5081-5091.

Kim MJ, Ahn HJ, Kong D, et al. Modeling of solar
UV-induced photodamage on the hair follicles in
human skin organoids. J Tissue Eng 2024; 15: 2041731
4241248753.

Kang D, Liu Z, Qian C, et al. 3D bioprinting of a gelatin-
alginate hydrogel for tissue-engineered hair follicle regen-
eration. Acta Biomater 2023; 165: 19-30.

Hu S, Liang Y, Chen J, et al. Mechanisms of hydrogel-
based microRNA delivery systems and its application
strategies in targeting inflammatory diseases. J Tissue Eng
2024; 15:20417314241265897.

170.

171.

172.

173.

174.

175.

Wu X, Huang X, Zhu Q, et al. Hybrid hair follicle stem
cell extracellular vesicles co-delivering finasteride and
gold nanoparticles for androgenetic alopecia treatment. J
Control Release 2024; 373: 652—-666.

Abu Bakar MH, Mohd Noor N, Ahmad Sukari H, et al.
Proliferation and differentiation of human hair follicle
stem cells on chitosan-skin engineered template in vitro.
Int J Adv Sci Eng Inf Technol 2017, 7(1): 42-48.

Yao B, Wang Y, Zhu D, et al. 3D-printed degradable hair
follicle hanging drop scaffolds integrated with tissue engi-
neered skin promotes hair follicle regeneration in vitro. Int
J Bioprinting 2025; 11(1): 8535.

Jeong S, Na Y, Nam HM, et al. Skin-on-a-chip strategies
for human hair follicle regeneration. Exp Dermatol 2023;
32(1): 13-23.

Xian C, Zhang J, Zhao S, et al. Gut-on-a-chip for disease
models. J Tissue Eng 2023; 14: 20417314221149882.
Jeong S, Nam HM and Sung GY. Optimization of hair
follicle spheroids for hair-on-a-chip. Biomater Sci 2024;
12(4): 1693-1706.



