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Hair is an intricate biological structure that originates from hair follicles (HFs), which are complex mini-organs embedded in the
skin. Each HF undergoes continuous cycles of growth (anagen), regression (catagen), and rest (telogen), driven by intricate
signaling pathways and interactions between epithelial and mesodermal cells. Te development of HFs requires the interplay of
several key signaling pathways, includingWnt, Shh, Notch, and BMP.TeWnt pathway is primarily involved in induction, Shh is
essential for early organogenesis and later stages of cytodiferentiation, Notch signaling governs the fate of HF stem cells, and BMP
plays a role in cytodiferentiation. Hair health is closely associated with psychological well-being and personal distress. While hair
loss (alopecia) does not impact biological health, it signifcantly afects social well-being. Terefore, a deep understanding of the
molecular mechanisms underlying HF development is crucial for developing treatments for hair-related problems and improving
hair health. Tis knowledge has led to signifcant advancements in therapeutic applications, particularly in treating hair loss
disorders, enhancing wound healing, and developing cosmetic treatments. Tis paper aims to review the molecular mechanisms
involved in HF development, with an emphasis on their potential impact on human health and well-being.
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1. Introduction

Hair is an intricate biological structure composed of dead
epithelial cells called keratinocytes, which condense into
fbers with remarkable tensile strength [1, 2]. As a dis-
tinguishing characteristic of mammals, hair plays several
vital roles, including regulating body temperature, providing
a barrier against physical injury and infectious agents,
dispersing sweat and sebum, enhancing sensory perception,
facilitating social interactions, and ofering camoufage
[3, 4]. In human societies, hair holds immense psychosocial
importance, infuencing personal identity, cultural norms,
and social interactions. Conversely, hair loss or excessive
hair growth due to various medical conditions can have
profound psychological and emotional efects, underscoring
the clinical signifcance of hair biology [4].

Hair shafts (HSs) originate from hair follicles (HFs),
which are complex mini-organs embedded in the skin. Te
HF structure includes the pilosebaceous unit, sebaceous and
apocrine glands, and the arrector pili muscle. Amature HF is
a sophisticated structure organized into several concentric
layers of epithelial cells, known as root sheaths, which
surround the HS [5]. HFs contain multipotent stem cells
(MSCs) capable of regenerating all skin derivatives, giving
them the remarkable ability to self-renew throughout an
individual’s life, continually producing new HSs. Each HF
undergoes continuous cycles of growth (anagen), regression
(catagen), and rest (telogen), driven by intricate signaling
pathways and interactions between epithelial and mesen-
chymal cells (MCs) [4, 6]. During morphogenesis, a critical
phase in HF development, ectodermal HF stem cells give rise
to all epithelial components of the HF, including sebaceous
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and apocrine glands, while mesodermal cells form the fol-
licular dermal papilla and connective tissue sheath [4, 7, 8].

HF development begins during fetal and perinatal skin
formation, and intriguingly, de novo HF formation can also
occur in adults after skin injury. Both embryonic HF de-
velopment and the postnatal hair cycle are conserved pro-
cesses regulated by a series of interactive signals between
epithelial and MCs [9]. Several signaling pathways, in-
cluding the wingless (Wnt), hedgehog, transforming growth
factor-β (TGF-β), fbroblast growth factor (FGF), and tumor
necrosis factor (TNF) families, are involved in HF devel-
opment and its regular cycles. HF morphogenesis encom-
passes three stages: induction, organogenesis, and
cytodiferentiation. During induction, Wnt-mediated sig-
naling from MCs leads to the formation of epidermal
thickenings called placodes. In the organogenesis stage,
interactions between placode epithelial cells and underlying
dermal fbroblasts form a dermal condensate and drive
epithelial cells to grow downward into the dermis. In the
cytodiferentiation stage, the dermal condensate becomes
surrounded by follicular epithelial cells, forming the dermal
papilla, which uses growth factors and morphogens to guide
the ectodermal shaping of the HF [10]. Various signaling
mechanisms identifed in mouse models, including spon-
taneous mutants and genetically engineered mice, have il-
luminated early HF morphogenesis [11].

Hair health is closely associated with personal distress
and psychological well-being. While hair loss (alopecia) does
not impact biological health, it signifcantly afects social
well-being. Terefore, a deep understanding of the molec-
ular mechanisms underlying HF development is crucial for
developing treatments for hair-related problems and im-
proving hair health. Advances in understanding the hair
growth cycle and the role of dihydrotestosterone (DHT) in
HF miniaturization have led to the development of drugs
like minoxidil, which prolongs the anagen phase, and
fnasteride, which inhibits DHT conversion, thereby re-
ducing hair loss and promoting regrowth [12, 13]. In treating
alopecia areata, an autoimmune disorder, Janus kinase
(JAK) inhibitors such as tofacitinib and ruxolitinib, block
infammatory pathways, leading to signifcant hair regrowth
[14, 15]. Furthermore, understanding signaling pathways
such as Wnt/β-catenin and BMP has enabled the bio-
engineering of HFs for potential baldness treatment, with
techniques such as 3D bioprinting and scafold-based ap-
proaches being explored [16, 17].

Insights into HF development have also enhanced stem
cell therapies, regenerative medicine, wound healing, and
cosmetic treatments. Studies on HF stem cell niches and
signals, such as TGF-β and FGF, have led to therapies like
microneedling combined with growth factors, and autolo-
gous cell-based therapy shows promise in clinical trials [18].
Incorporating HF-derived cells in skin grafts improves
vascularization and healing of chronic wounds and burns
[19]. Advances in HF biology have also led to the devel-
opment of topical treatments and dietary supplements that
support hair growth and health [20, 21]. Personalized

therapies based on genetic and environmental factors
infuencing hair growth aim to tailor treatments for more
efective outcomes and reduced side efects [20]. Tis paper
aims to review the molecular mechanisms involved in HF
development, emphasizing their potential impact on human
health and well-being.

2. Development of HF

Te development of HF during embryogenesis involves
three stages (Figure 1) including induction, organogenesis,
and cytodiferentiation, which are regulated through several
signaling pathways [23, 24] (Figure 2).

2.1. HF Induction. Localized thickening of epidermis which is
also known as hair placode is formed in HF induction. Te
placode is developed from a stem cell having G protein coupled
receptor 6 [26] (Figure 2). Te very frst signal necessary for
induction is Wnt [8]. Wnt is categorized as primary which
includes Wnts 3, 4, and 6 and is responsible for HF initiation
and secondary such as Wnts 2, 7b, 10a, and 10b which are
involved in the development of HF. Ligands of epidermal Wnt
stabilize and regulate dermal β-catenin signaling, which results
in HF initiation. Transgenic mice which express stabilized
β-catenin in their epidermis form excessive HFs with pre-
mature and expanded placode development. In contrary, the
ablation of β-catenin in the epidermis results in a failure of HF
initiation. Te activation of β-catenin expression is sequential,
which is started in upper dermis continued with the hair
placode epithelium and end within the dermal condensates.
Dermal signals regulate placode, which, in turn, regulates as-
sembling of underlying fbroblast [27–29].

Te signaling pathways of epithelial Wnt/β-catenin and
EDA/EDAR/NF-κB signaling pathways play very crucial
role in the initiation of HF and maintenance of primary
placodes [23]. Wnt/β-catenin controls the expression of
EDA as well as its receptor, EDAR. EDAR signaling is found
to be essential in refning Wnt/β-catenin pattern during
primary placodes induction. It is also revealed to suppress
signals of BMP, which inhibits the formation of placode [30].

Irregular placode borders with fused or string shaped
patches of cells were found in a condition where NF-κB or
Edar signaling is absent. Tis shows that NF-κB and Edar
play a signifcant role in determining the arrangement of
hair placode borders. NF-κB refnes the hair placode borders
indirectly by controlling Wnt signaling. Wnt signaling in-
hibitor, Dkk4, expression is controlled by NF-κB besides to
LEF/TCF/β-catenin. Competition between stimulating sig-
nals of placode formation such asWnt10b and β-catenin and
inhibitory signals such as Dkk4 determines the establish-
ment of regular hair placode array [31].

Condensation of dermal fbroblasts is occurred after
placode formation. FGF20 is found to mediate the con-
densation which is expressed in hair placodes. Te epithelial
Eda/Edar and Wnt/β-catenin signaling are necessary to
induce the expression of FGF20 and as to facilitate the
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condensation of the underlying dermis. During HF devel-
opment, FGF20 regulates primary as well as secondary
condensation. FGF signals show a role during multiple
stages of HF development. Te deletion of FGFR2B shows
slow HF development [32, 33]. Te induction of HF has also
been inhibited via FGF7 [34].

Further HF initiation at the placode stage prerequisites
a downregulation of keratinocyte growth factor (KGF) and
epidermal growth factor (EGF) molecules, which is achieved
only through downregulating their receptors (EGFR and
FGFR IIIb). Terefore, the ligands will remain unpaired
during the course of the initiation [33].

2.2. HF Organogenesis. Te creation of the hair germ, also
known as the follicular bud, begins with the condensation of
MCs beneath the placode during organogenesis (Figure 2).
Te hair germ then multiplies and invades the dermis,
forming the hair peg and the bulbous peg. Placode pro-
liferation and dermal condensation happen at the same time,
and signifcant keratinocyte proliferation signals the start of
organogenesis. Te proliferation of the mesenchymal con-
densate and the growth of epithelial cells downward into the
dermis are organized by a complex interaction of signals
conveyed between the epithelial placode and the underlying
mesenchymal condensate [23, 28].
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Figure 1: Embryonic developmental stages of the hair follicle [22].

Stage 0

Induction

Epidermis
Dermis

Organogenesis

Stage 1 (placode) Stage 2 (germ) Stage 3-5 (peg)

Cytodifferentiation

Interacting gradients of
activators and inhibitors
creating an inductive field
in the epidermis
(pre-germ). Specialised
dermal fibroblasts gather
underneath pre-germ.

Visible hair germ
(placode).
Promotion of placode
growth: Wnt/β-catenin.
EdaA1/EdaR/NF-κB.
Noggin/Lef-1. CTGF?
Ectodin?
P-cadherin.
Inhibition of placode
fate in surrounding cells
and placode growth:
Dkks (Dkk1, 2, and 4).
BMPs (2, 4 and 7)

Proliferation of
epidermal hair
germ cells:
Shh/Smo/Gli2, Wnt
(10b,10a)/Lef-1,
FGFs/FGF2R-IIIb.
TGFβ2?
Follistatin?
Formation of dermal
papilla:
Shh/Smo/Gli2,
PDGF-A.

See Table 2 for
molecular controls of
ORS, IRS and hair
shaft formation, polarity,
shaping, innervation
etc.

See Table 2 for molecular
controls of ORS, IRS and
hair shaft formation, polarity,
shaping, innervation etc.

Current Biology

Stage 6-8 (bulbous peg)

Figure 2: Stages of HF development with molecules and signaling pathways [25].
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In order for HF induction to proceed to organogenesis
stage, BMP should have to be blocked. Dermal Noggin was
found to inhibit BMP and regulate HF epithelial induction
through Lef1 [35, 36].

Shh signaling pathway has an important role in medi-
ating early hair organogenesis which is revealed in Shh
knockout mice [37]. Placode cells proliferate and produce
downgrowths following induction, thanks to two central
signaling pathways, namely, Shh and Pdgf. As development
progresses, Shh is frst expressed in the developing placode
and later confned to the tip of the downgrowing bulb in
contact with the DP [9].

BMP-mediated inhibition requires the production of
dermal Noggin. BMP inhibition mediated by dermal Noggin
was shown to be required for persistent Shh expression [38].
Shh Noggin activation is a complicated process. Cross-
interaction between epithelial and MCs is required for
both Noggin expression and signal exchange. Epithelial Shh
expression, epithelium laminin-511, epithelial platelet-
derived growth factor (PDGF), dermal integrin, and der-
mal expression of PDGFR are all required for noggin ex-
pression. Laminin-511, generated from epithelial cells,
interacts with mesenchymal integrin to promote the de-
velopment of primary cilia. Te primary cilia, in turn,
mediates epithelial-derived Shh to activate downstream Shh
efectors such patched, smoothened, and Gli to commence
signaling. Epithelial PDGF activates mesenchymal PDGFR,
which in turn activates dermal cells to secrete Noggin when
paired with Shh signaling. Noggin suppresses BMP signaling
in epithelial cells, allowing for the production of Lef1 and
thus the release of inhibited epithelial Wnt signaling. As
a result, laminin-511 enhances both mesenchymal Shh
signaling and epithelial Shh expression via Noggin-mediated
BMP inhibition [37].

In the lack of signals and Snail expression, HF devel-
opment will be hampered. TGF-2 signaling is required for
Snail induction as well as the Ras-mitogen-activated protein
kinase (MAPK) pathway activation in the bud. Snail is
a protein that controls cell growth and cell adhesion. As
a result, the TGF-2 signaling pathway accurately controls
epithelial proliferation, junctional remodeling, and bud
formation, allowing hair morphogenesis to proceed
normally [39].

2.3. Cytodiferentiation. Te edges of the down-growing
follicular epithelium progressively surround the dermal
condensate to form the DP. Signals from the DP will induce
the adjacent epithelial cells to diferentiate into the inner
root sheath (IRS), a structure in which the future HS will
develop (Figure 2). After the IRS is formed, the epithelial
cells surrounding the DP (also known as matrix cells)
commence diferentiating into distinct lineages to form the
diferent components of the HS that will grow inside the IRS
and in the end protruding through the epidermis. Cyto-
diferentiation is characterized by the development of dif-
ferent parts of HF. Several signaling molecules have been
identifed to regulate this process. Te diferentiation of IRS
is regulated by the transcription factors (TFs) named Gata3

and Cutl while HS diferentiation is regulated by BMP
signaling and TFs such as Msx2, FoxN1, and Hoxc13
[40–44].

In dermal papillae, Notch1 binds to the RBP-Jk binding
site on the promoter region. Tis binding activates the
expression of Wnt5a that mediates Notch signaling by
means of assisting FoxN1 gene expression. FoxN1 is re-
quired for HF keratinocyte development as well as for
signaling the particular transfer of pigment from melano-
cytes to hair cortical keratinocytes. Te underlying mes-
enchyme regulates HF diferentiation via the Notch-CSl
pathway, which includes Wnt5a and FoxN1 mediators
[45, 46].

DP through the expression of Sox2 controls diferenti-
ation of HS precursor. Sox2 directly targets BMP6 and
Sostdc1 so as to lead to parallel upregulation and down-
regulation of BMP6 and Sostdc1, respectively. Te role of
BMP6 is to inhibit cell migration. Sostdc1 is found to be
a potent BMP inhibitor. Terefore, Sox2 regulates the
growth of hair by directing the migration of precursor cells
through BMP-mediated interaction of epithelium and
mesenchymal crosstalk [47].

Another important signaling pathway identifed in HF
diferentiation is BMP/BMPRIA. BMPRIA is the only
known BMP receptor expressed in HFs. BMP has a great role
in epithelial stem cell maintenance and progenitor difer-
entiation. Te efect of BMP is mediated via its receptor,
BMPRIA, which is critical for precursor cell diferentiation
in the IRS and HS. GATA3 is induced by BMP4, and it acts
as a terminal diferentiation factor. BMP levels in turn are
maintained by GATA3 establishing a feedback loop.
Terefore, the activation of BMPRIA stimulates the difer-
entiation of IRS progenitor cells through GATA3. HS dif-
ferentiation is regulated by Wnt signaling via BMPRIA
signaling. Successive inhibition and activation of BMPRIA
in precursor cells maintain enough Lef1 and stabilized
β-catenin to activate the HF-specifc keratin and generate HS
[48]. It was shown that frstly active epithelial BMP4 acti-
vates Msx1 and a number of other TFs, which in turn induce
the expression of dermal or mesenchymal BMP4 [48].

3. StemCells andTheirRole inHFDevelopment

HF stem cells (HFSCs) in the bulge are a multipotent adult
stem cell population. Tey can periodically give rise to new
HFs and even regenerate the epidermis and sebaceous glands
during wound healing [49, 50]. Epithelial, melanocyte,
mesenchymal, and neural stem cells are abundant in the HF
and its connective tissue sheath. Te bulging part of the HF
contains adult epithelial HF stem cells [6]. Te activation of
HF stem cells occurs during the start of anagen, and the stem
cell begins to divide. Te daughter cells that have been
divided travel to the follicle’s base, where they multiply and
become transiently active matrix cells. Te diferentiation
potential of stem cells in the bulge to all cell lineages of the
adult HF was validated in vivo labeling and transplantation
investigations [51].

Te occurrence of severe infammatory damage to the
bulge results in cicatricial alopecia, which is permanent.
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Bulge stem cells only contribute to HF maintenance and
repairment if the skin is not damaged. Tey can, however,
also produce sebaceous glands and the interfollicular
epidermis [52].

Despite the fact that HF stem cells have varied functions,
including the potential to generate HFs, sebaceous glands,
and interfollicular epidermis, they are susceptible tomultiple
genetic mutations due to their long lifespan, and their
quiescent nature may facilitate carcinogen retention, making
them more prone to tumor development, for instance,
carcinoma of basal cell [53].

Wnt pathway activation genes are discovered to be
repressed in bulge stem cells, while Wnt inhibitors such as
Srfp1, Dab2, and TCF3 are shown to be overexpressed
when compared to nonbulge keratinocytes. Tis is in line
with the theory that Wnt signaling causes epithelial HF
stem cells to develop and take on a hair-like appearance.
BMP signaling is required for HF stem cell dormancy/
quiescence [54]. It was discovered that mice lacking
BMPR1a had a constant activation and aberrant pro-
liferation of HF stem cells, which leads to the loss of slow-
cycling cells. As expected, these mice reveal increased and
abnormal levels of Lef-1 and stabilized β-catenin in the
stem cell niche, indicating that BMP signaling may be
important for slowing the cell cycle and maintaining the
HF stem cell population by preventing the activation of
the Wnt pathway [55].

Slow cycling ensures stem cell survival, which is regu-
lated by low levels of c-myc and the expression of the TFs
LHX2 and Sox9. Inhibition of BMP by antagonists such as
Wnts and stabilized β-catenin [54] as well as elevated levels
of c-myc and Runx1 4 is required for stem cell activation
during the telogen–anagen transition.

Before birth, epithelial HF stem cells as well as their
progeny exist at the earliest stages of HF development. Sox9
expression in stem cells was discovered to be essential for the
creation of a proper matrix, outer root sheath, bulge, and
sebaceous gland after birth. On contrary, Lhx2 expression in
stem cells is present in the early placode and germ, but it
disappears later in HF development. Tese cells are de-
scribed as temporary amplifying cells which are involved in
prenatal HF initiation and development [56].

4. Molecular Regulation of HF Characteristics

4.1. Polarity ofHF. Te growth of HF in the skin occurs at an
angle pointing from front to back. Tis polarity could be
infuenced by Shh, which has an asymmetric expression
pattern in hair and feather follicles [51]. Te overexpression
of Shh in embryonic chick skin also induces the production
of larger feather buds that have lost their natural orientation,
according to another study [52].

It was observed that the overexpression of Wnt7a or
stabilized b-catenin in embryonic chick skin and over-
expression of Lef1 or stabilized b-catenin in transgenic
mouse skin result in altered follicular polarity and be able to
induce symmetrical expression of Shh in the follicle, sug-
gesting that WNT signals may lie upstream of Shh in
controlling polarity [53].

4.2. Control of HF Shape. It was observed that a mutation in
the genes encoding TGF-α, the TGF receptor and the TF
ETS2, cause diferent HF architecture and wavy hair,
demonstrating that these factors play signifcant roles in
regulating the shape of HFs [54]. Terefore, anything that
can afect those genes expression may contribute for the
numerous variations in hair texture seen among human
populations.

4.3. Mechanical Integrity of HSs. HS rigidity is an important
aspect of hair growth cycle in which a little deviation can
infuences hair shape. Many genetic changes are related to
hair fragility but their molecular mechanism in this regard is
not understood well. Desmosomes that anchor cell to
basement membrane is very critical for the integrity of
epithelial tissues. Hence, a mutation of a transmembrane
protein cadherin (which connects the cell to the basement
membrane in desmosomes), in developing hair may show
a decrease in HS rigidity. Te bald mice with a characteristic
of broken and twisted HSs found to sufer from non-
functional desmoglein 3 [55]. Similarly, increased HS fra-
gility was observed in a mutation of desmoglein four in
lanceolate mice [56].

Proper keratinization of the shaft appears to be the key to
form a fexible but almost unbreakable hair. Hence, the
presence of sufcient and balanced keratin synthesis is
mandatory. Even though hair brittleness may occur due to
various reasons, the analysis of mice with a fragile hair
phenotype shows the importance of genetics in controlling
keratinization. Terminal diferentiation process in HF was
shown to be disturbed by Hoxc13 and Hoxc13 defcient mice
showed signifcant hair fragility [56]. It was also observed
that over-expression of Wnt3 in the outer root sheath was
able to induce the fractures of HSs [57].

5. Application of HF
Development in Therapeutics

Hair health is associated with personal distress and psy-
chological well-being. Even though hair loss (alopecia) does
not afect humans’ biological health, it afects an individual’s
social well-being. So, treatment for hair problems and im-
proving hair health are obligatory [58]. Understanding HF
development has led to signifcant advancements in thera-
peutic applications, particularly in treating hair loss disor-
ders, enhancing wound healing, and developing cosmetic
treatments. One notable example is in the treatment of
androgenetic alopecia (pattern baldness). Research into the
hair growth cycle and the role of DHT in HFminiaturization
has led to the development of drugs such as minoxidil, which
prolongs the anagen phase of hair growth, and fnasteride,
which inhibits the conversion of testosterone to DHT,
thereby reducing hair loss and promoting regrowth [12, 13].

For alopecia areata, an autoimmune disorder causing
hair loss, understanding the immune mechanisms involved
in HF cycling has been crucial. Tis knowledge has led to the
use of JAK inhibitors such as tofacitinib and ruxolitinib,
which block the infammatory pathways that cause HF
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destruction, resulting in signifcant hair regrowth in afected
individuals [14, 15].

In regenerative medicine, understanding the signaling
pathways and cellular interactions necessary for HF formation
has enabled scientists to bioengineer HFs. For example, re-
search on the Wnt/β-catenin and BMP signaling pathways has
been used to create new HFs in vitro by combining epithelial
and MCs in specifc culture conditions. Tese bioengineered
follicles can potentially be transplanted to treat baldness.
Techniques such as 3D bioprinting and scafold-based ap-
proaches are being explored to construct complex tissue
structures that support hair growth [16, 17, 59]. Several plant-
derived chemicals such as Loliolide,Malva verticilata andTuja
orientalis have also been reported to promote hair growth by
activating Wnt/β-catenin signaling in various in vitro and
in vivo studies [60–62].

Stem cell therapies have also benefted from insights into
HF development. Studies on the niches and signals that
regulate HF stem cells, such as TGF-β and FGF, have led to
treatments that activate these cells. Microneedling combined
with growth factors is one such therapy that stimulates
dormant stem cells, promoting hair regrowth. Mesenchymal
stem cell-derived signaling and growth factors obtained by
platelets infuence hair growth through cellular proliferation
to prolong the anagen phase (FGF-7), induce cell growth
(ERK activation), stimulate HF development (β-catenin),
and suppress apoptotic cues (Bcl-2 release and Akt activa-
tion) [63]. Additionally, autologous cell-based therapy,
which involves the extraction, expansion, and reinjection of
a patient’s own HF stem cells, has shown promise in clinical
trials for treating hair loss disorders [18, 59, 64].

Understanding HF development has also improved wound
healing and skin grafting techniques. HFs play a crucial role in
skin homeostasis and wound healing, and incorporating HF-
derived cells in skin grafts has been shown to enhance vas-
cularization and healing of chronic wounds and burns
[19, 58, 65]. Tere is an increasing number of clinical and
experimental studies exploring the mechanisms by which HFs
contribute to skin recovery. Mouse tracing experiments
demonstrated that after skin injury, epithelial stem cellsmigrate
out of the follicle to support wound re-epithelialization, while
the MCs from the HF are mobilized to migrate into the wound
bed and contribute to the repair of the dermis. Accordingly,
there is a signifcant delay in wound healing in the absence of
HFs, observed both in experimental studies in mice and in
humans during clinical practice [66].

In the realm of cosmetic and anti-aging treatments, detailed
knowledge of HF biology has led to the development of ad-
vanced topical treatments containing growth factors, peptides,
and other bioactive molecules that support hair growth and
health. Moreover, dietary supplements enriched with vitamins
andminerals essential for HF function, such as biotin and zinc,
are widely used to maintain hair health [20, 21, 67–71].

Furthermore, insights into HF biology are guiding the
development of personalized therapies. By understanding
the genetic and environmental factors infuencing hair
growth, researchers aim to tailor treatments to individual
patients. Tis personalized approach may lead to more ef-
fective outcomes and reduced side efects compared to

traditional one-size-fts-all approaches [20, 65]. For instance,
advances in tissue engineering and stem cell research are
paving the way for innovative therapies that can regenerate
HFs and stimulate hair growth [65]. Additionally, un-
derstanding the dynamics of stem cell niches within HFs is
crucial for developing these personalized treatments [72].

6. Potential Challenges

Applying the knowledge of HF development to therapeutic
interventions faces several challenges and limitations that
must be addressed for successful clinical outcomes. One
signifcant challenge lies in the complexity of HF biology
itself. HF development is regulated by intricate molecular
pathways and interactions between epithelial cell and MC,
which can vary depending on the anatomical location and
individual genetics [16]. Tis complexity makes it chal-
lenging to replicate the natural processes of hair growth and
regeneration artifcially.

Another challenge is the heterogeneity of hair loss disorders
among patients. Androgenetic alopecia, alopecia areata, and
other forms of hair loss can have diferent underlying causes
and mechanisms, necessitating personalized treatment ap-
proaches [13, 15].What works for one type of hair loss may not
be efective for another, requiring a tailored approach based on
individual genetic predispositions and immune profles.

Furthermore, the clinical translation of bioengineered
HFs and stem cell therapies faces regulatory and safety
hurdles. While promising in preclinical studies, bio-
engineered follicles must demonstrate long-term function-
ality, including appropriate integration into the host tissue
and sustained hair growth, to be considered viable treat-
ments [17, 18]. Safety concerns also surround stem cell
therapies, particularly regarding potential tumorigenicity
and the need for rigorous quality control and monitoring of
injected cells.

Additionally, the fnancial cost of advanced hair loss
treatments remains a signifcant barrier to widespread
adoption. Many innovative therapies, such as JAK inhibitors
for alopecia areata or personalized stem cell treatments, can
be prohibitively expensive for patients without adequate
insurance coverage or healthcare support [14, 20].

Lastly, ethical considerations arise in the development
and application of HF therapies, particularly in the context
of genetic modifcation and manipulation of human cells.
Issues such as informed consent, equitable access to treat-
ments, and long-term implications for patients’ health and
well-being must be carefully evaluated [19].

Addressing these challenges requires multidisciplinary
collaboration between scientists, clinicians, regulatory au-
thorities, and patient advocacy groups to ensure that ad-
vancements in understanding HF development translate
into safe, efective, and accessible therapeutic interventions.

 . Conclusion

Development of HF requires a complex series of reciprocal
signals between the dermal epithelium and the underlying
dermal. Te precise initiating stimulus though has not been
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to be identifed, the phases can be morphologically classifed
as induction, organogenesis and cytodiferentiation. Having
enough understanding of molecules within the body and
signaling pathways that are responsible for HF formation
and also for hair growth is very crucial to achieve therapeutic
goals in the case of hair loss. Te therapeutic aims include
the ability to create new HFs, being able to change the
characteristics (such as size or shape) of existing follicles, and
to alter hair growth in existing follicles. Tis can be suc-
ceeded through specifcally targeting the key molecules
involved in HF development regulation, perhaps even to the
point of de novo induction of HF in adult human skin.
Currently, some promising medications have emerged from
the insights gained from the signaling pathways involved in
HF, providing some success in the treatment of HF ab-
normalities. Moreover, the HF and the mesenchyme sur-
rounding it are nowadays accepted as potential sources of
MSC populations, which raises the hope that stem cells in
adult human HFs might become applicable in regenerative
medicine. Striking advances have been made recently in our
understanding of HF development; however, its application
in stem cell based therapy for treatment of hair abnor-
malities remained limited because of carcinogenesis risk.
Terefore, in order to implement our knowledge on the
molecular mechanisms of HF development, further, more
in-depth research is necessary.
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