4

Journal of Biosciences and Medicines, 2026, 14(3), 566-584

““ Scientific https://www.scirp.org/journal/jbm
0 “ Research :
94% Publishing ISSN Online: 2327-509X

o,

ISSN Print: 2327-5081

Pathophysiology of Androgenetic Alopecia and
Implications for Treatment: An Overview of
Current Literature

Neha Iskal, Esther Nwozo?, Hafsa Hassan3, Navya Peddireddy?,
Alejandra Sataray-Rodriguezs, Kelly Frasier¢”

!School of Medicine, Wayne State University, Detroit, MI, USA

“The Lewis Katz School of Medicine at Temple University, Philadelphia, PA, USA

3College of Medicine, Northeast Ohio Medical University, Rootstown, OH, USA

“Texas College of Osteopathic Medicine, University of North Texas Health Science Center, Fort Worth, TX, USA
Reno School of Medicine, University of Nevada-Reno, Reno, NV, USA

*Department of Dermatology, Northwell Health, New Hyde, NY, USA

Email: *kellymariefrasier@gmail.com

How to cite this paper: Iska, N., Nwozo,
E., Hassan, H., Peddireddy, N., Sataray-
Rodriguez, A. and Frasier, K. (2026) Patho-
physiology of Androgenetic Alopecia and
Implications for Treatment: An Overview
of Current Literature. Journal of Biosci-
ences and Medicines, 14, 566-584.
https://doi.org/10.4236/jbm.2026.143042

Received: August 7, 2025
Accepted: March 24, 2026
Published: March 27, 2026

Copyright © 2026 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

Abstract

Androgenetic alopecia (AGA) is the most common form of hair loss, affecting
both men and women through a progressive follicular miniaturization. While
historically considered a non-inflammatory and cosmetic condition, growing
evidence reveals a multifactorial pathogenesis involving genetic predisposition,
hormonal dysregulation, sebaceous gland alterations, lipidomic changes, and lo-
calized inflammation. Androgens, particularly dihydrotestosterone (DHT), play
a central role in AGA by inducing follicular miniaturization, promoting peri-
follicular fibrosis, and altering sebaceous gland structure and function. Ge-
netic variants, including polymorphisms in the androgen receptor (AR) gene,
influence individual susceptibility and therapeutic response. Additionally, dis-
ruptions in lipid metabolism and immune privilege contribute to the inflam-
matory microenvironment and follicular degeneration observed in AGA-af-
fected scalps. Current management strategies include topical minoxidil, 5a-re-
ductase inhibitors like finasteride and dutasteride, and adjunctive therapies tar-
geting inflammation and seborrheic conditions. Emerging treatments, however,
offer regenerative potential by restoring follicular cycling, improving vascu-
larization, and modulating inflammatory pathways. This review synthesizes
current understanding of AGA pathophysiology and explores evolving treat-
ment modalities aimed at halting disease progression, improving hair density,
and restoring scalp homeostasis. By addressing the condition as both a der-
matologic and systemic phenomenon, future therapies may expand beyond
cosmetic outcomes to more holistic and personalized care approaches.
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1. Introduction

AGA is a form of non-inflammatory, non-scarring alopecia that impacts both men
and women [1]. AGA is the most common form of hair loss in men affecting nearly
50% of men before the age of 50, and also 40% of women by the age of 70 [2] [3].
AGA is characterized by a gradual and distinct patterned hair loss, with a variable
presentation dependent on sex [4] [5]. In men, AGA preferentially affects the tem-
ples, vertex and mid frontal scalp [4]. In women, the anterior hairline is preserved
and thinning occurs primarily at the crown and along the part line [4]. Nonetheless,
while AGA progresses in both men and women, for men AGA can produce com-
plete baldness, whereas total baldness in any area is rare for women [5].

AGA morbidity is primarily psychological, with some concerns regarding re-
duced protection from environmental stressors. Notably, AGA correlates with a
slightly increased risk of squamous cell carcinoma (SCC), basal cell carcinoma
(BCC), and melanoma of the head and neck [6]. Furthermore, since hair serves as
an essential component of an individual’s self-image, AGA can have a significant
impact on self-perception in those diagnosed. While many individuals with AGA
cope well, those with the most extensive hair loss, early onset, and with the strong
belief that their balding is progressive, are among the most distressed [7].

Given the prevalence and impact of AGA, considerable efforts are underway to
outline the pathophysiology behind the disease. As an overview, for both sexes,
hair follicle miniaturization remains the histological hallmark of AGA, character-
ized by shrunken dermal papillae, structures located at the follicular base that are
directly related to the size of the corresponding hair shafts produced [8]. Ulti-
mately, hair loss in AGA is multifactorial, but involves the replacement of large
terminal follicles by small vellus hairs [9] [10]. While the true pathogenesis of
AGA remains obscure, this paper aims to explore the etiology thought to underlie
AGA, including genetic, hormonal, and pathophysiological mechanisms includ-
ing the miniaturization of hair follicles, sebaceous gland overpopulation, amongst
other changes. Furthermore, considering the landscape of variably effective treat-
ment, we also hope to overview current solutions and subsequently propose new

areas for innovation.

2. Genetic Influences

AGA is highly heritable and exhibits polygenic inheritance. Twin studies have iden-
tified heredity as accounting for nearly 80% of the predisposition to baldness [11]

[12]. Genetic factors modify the magnitude and character of hair follicle response to
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circulating androgens. Since baldness risk increases with the number of affected fam-
ily members, AGA inheritance is also speculated to be polygenic [13] [14]. Genome-
wide association studies have identified various risk loci, including genes involved in
encoding the AR and those that regulate non andro-gen-dependent pathways, in-
cluding the Wnt-B-catenin and Notch signalling pathways [15] [16].

Advances in genetic testing also have applications for AGA. One gene poly-
morphism-based diagnostic test has the ability to predict the chances of future AGA
with considerable accuracy [14] [17]. This screening test works by reporting the
presence of an X-chromosome located AR gene variant implicated in determining
the hair follicle’s response to DHT, a highly potent androgen intimately involved in
AGA pathogenesis [14] [17]. Knowing an individual’s predisposition is particularly
important considering that early intervention achieves the most desirable outcomes
in AGA [18]. Furthermore, another gene test has been developed to characterize
individual response to finasteride therapy [19]. This test measures CAG repeat length
on the AR gene, and individuals with a shorter repeat length experience greater ther-

apeutic effects in response to finasteride treatment [19].

3. Hormonal Influences

Androgens, such as testosterone and DHT, are critical regulators of human hair
follicle growth. Furthermore, their actions differ by body site, a phenomenon re-
ferred to as the “androgen paradox” [20]. While androgens stimulate hair growth
in areas like the beard and axillae, they induce hair follicle miniaturization on the
scalp in AGA [20]. Androgens play an essential role in AGA by interacting with
ARs expressed in hair follicle dermal papilla cells [21].

The development of AGA is driven by increased local androgen metabolism,
rather than systemic hormone levels. In AGA, men typically have normal circu-
lating testosterone levels but demonstrate heightened local conversion of testos-
terone to DHT, via increased 5a-reductase activity, particularly in androgen-sen-
sitive areas such as the vertex and frontal scalp [21] [22]. Elevated DHT binds to
ARs in hair follicles’ dermal papillary cells, leading to the gradual miniaturization
of terminal hairs into vellus-like hairs, eventually leading scalp hair thinning [21].
Additionally, DHT promotes perifollicular fibrosis, an irreversible process closely
related to hair follicle degradation [23]. AGA is also associated with reduced ac-
tivity of the aromatase enzyme [24]. Aromatase is responsible for converting an-
drogens into estrogens, the latter of which exhibit protective effects against follic-
ular miniaturization [21]. Decreased aromatase expression in the scalp regions
affected by AGA further contributes to the accumulation of active androgens in
these areas, aggravating hair loss [21].

Sebaceous glands also play a role in the pathophysiology of AGA. Increased
sebaceous gland activity, driven by androgens, leads to excessive sebum produc-
tion, which may also contribute to microinflammation and oxidative stress in the
follicular environment [24]. This inflammatory milieu accelerates follicular min-

iaturization and disrupts sebaceous gland function [24]. The inflammatory re-
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sponse in AGA-affected scalp areas accelerates tissue remodeling, leading to an
eventual reduction in follicular stem cell activity and contributes to the progres-
sive nature of AGA [25]. Unique Cases Informing Hormonal AGA Pathogenesis

Observations from individuals with atypical hormonal profiles provide com-
pelling evidence for the critical role of androgens in the pathogenesis of AGA.
Eunuchoid patients, including prepubertal castrated men or individuals with con-
genital hypogonadism, typically do not develop AGA due to their lack of signifi-
cant androgen exposure [23]. James Hamilton’s seminal studies in the 1940s
demonstrated that castrated males did not develop AGA unless they were admin-
istered exogenous testosterone, confirming the necessity of androgens in AGA
development [21]. Moreover, these individuals exhibited significantly lower se-
bum production, reinforcing the relationship between androgens, sebaceous gland
activity, and scalp conditions [24]. Similarly, individuals with type 2 5a-reductase
deficiency exhibit a female-pattern distribution of axillary and pubic hair, little or
no beard growth, and typically do not develop AGA, likely due to decreased DHT
levels [20].

However, the true role of hormones in AGA is likely more nuanced. In Com-
plete Androgen Insensitivity Syndrome (CAIS), mutations in the AR gene lead to
the absence of functional ARs. Even though these individuals have normal or even
increased circulating androgen levels, they typically do not develop AGA because
the hair follicles cannot respond to androgen signaling [25]. Interestingly, while
CALIS prevents the development of classic male pattern baldness, there are reports
of some individuals with CAIS developing a pattern of hair thinning resembling
female pattern hair loss (FPHL) [26]. The etiology of this phenomenon is still un-
clear, but its presence suggests that factors beyond androgen signaling. For exam-
ple, genetic predisposition, microinflammation, or aberrant estrogen signaling
could also contribute to hair loss in these cases [20]. One possibility is that cyto-
chrome P450 enzymes aromatize androgens into oestrogens, which may inhibit
hair growth by acting on the oestrogen receptor 8 expressed in human scalp hair
follicles [27]. Nonetheless, consistent relationships between FPHL and androgen
excess have yet to be established [27]. These insights broaden the therapeutic
framework for AGA, suggesting that treatment strategies may extend beyond an-
drogen-targeted approaches to also consider the roles of estrogenic signaling, ge-

netic predisposition, and inflammation [20].

4. Pathophysiology
4.1. Hair Cycle in AGA

The hair growth cycle is a complex, tightly regulated process consisting of four
primary phases, involving growth, transition, resting, and shedding, called anagen,
catagen, telogen, and exogen, respectively [28]. The anagen phase is characterized
by active cell proliferation within the hair bulb, leading to the production of the
hair shaft [29]. In the scalp, the anagen phase typically lasts between two to eight
years and determines the final length of the hair [29]. The catagen phase follows,
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lasting approximately 2 to 3 weeks, during which hair growth ceases, and the hair
follicle undergoes apoptosis-driven regression [30]. The telogen phase lasts about
two to three months, involving resting of the old hair and simultaneous new hair
development at the hair follicle base [31]. Lastly, the exogen phase describes the
termination of telogen and initiation of anagen phase, of which new hair grows
upward, pushing the old hair out and culminating in shedding [28].

In androgenetic alopecia (AGA), the normal hair cycle is disrupted, leading to
progressive miniaturization of hair follicles and altered cycling dynamics. In AGA
affected areas, increased AR density enhances DHT binding, resulting in the pro-
longed activation of androgen-responsive genes responsible for regulating hair fol-
licle cycling [26]. Androgen-mediated signaling shortens the anagen phase while
increasing the duration of the telogen phase, leading to progressive follicular min-
iaturization [32] [33]. Successive cycles result in the substitution of terminal hairs
for thinner, less pigmented vellus hairs, which lack the robustness of healthy scalp
hair [23]. The reduced duration of the anagen phase limits hair shaft elongation

and contributes to the visible thinning characteristic of AGA.

4.2. Hair Follicle Miniaturization

Hair follicle miniaturization is the defining pathological feature of androgenetic
alopecia (AGA), and involves the progressive reduction in hair follicle size, lead-
ing to the transformation of thick terminal hairs into fine, short vellus hairs [34].
This miniaturization process is largely driven by inflammatory and microenvi-
ronmental changes, but is best understood as a result of increased follicular sensi-
tivity to DHT. DHT binds to ARs in the dermal papilla cells of the hair follicle,
initiating signaling pathways that induce apoptosis of follicular cells and trigger
the premature entry into the catagen phase [34]. The miniaturization process in
AGA is often accompanied by DHT mediated perifollicular fibrosis, which creates
a rigid extracellular matrix around the follicle, impairing its ability to regenerate
and enter the anagen phase effectively [35]. This process results in shorter, thinner
hair shafts and an overall reduction in hair density [35]. Over successive cycles,
the eventually follicle’s ability to regenerate diminishes, leading to baldness and

thinning.

4.3. Glandular Changes

As mentioned previously, sebaceous glands are highly sensitive to androgens and
play a significant role in the pathophysiology of AGA. These glands secrete sebum
to lubricate the scalp and hair, helping to seal in moisture and prevent skin desic-
cation [36]. In AGA, sebaceous glands undergo morphological changes, exhibit-
ing increased ductal branching and lobulations, or altered lipid metabolism [37].
Although sebaceous glands in miniaturized follicles may appear disproportion-
ately enlarged, this phenomenon is not due to true glandular hypertrophy, but
instead as a result of shrinkage of the surrounding hair follicle [33] [37].

In AGA-affected scalps there is increased binding affinity of sebaceous gland
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cells for DHT, which leads to upregulated sebum production [37]. Excess sebum
can create an occlusive environment around hair follicles, promoting microin-
flammation and oxidative stress, further accelerating follicular miniaturization
[37]. Additionally, the sebaceous glands in AGA patients express significantly
higher levels of ARs compared to non-AGA scalps, making them more responsive
to circulating androgens [38]. Understanding the role of sebaceous gland altera-
tions in AGA underscores the importance of addressing glandular changes. By
targeting both the follicular and glandular components, clinicians can optimize

treatment outcomes and improve scalp health in AGA patients.

4.4. Lipid Alterations

Lipidomics has allowed for novel ways to investigate AGA. There are significant
changes in lipid content and metabolism in AGA, relative to healthy controls [39].
Variants of phosphatidylcholine (PC), the most biologically active phospholipid
considered to possess regenerative and antioxidant effects, were noted to be sig-
nificantly decreased in AGA [39] [40]. Autophagy plays a key role in initiating
hair follicle activation and is initiated by phosphatidylethanolamine (PE), another
phospholipid also found to be significantly decreased in AGA [37]-[41]. Amongst
PE and PC, phosphatidylglycerol (PG) and phosphatidylinositol (PI), related to
inflammatory response reduction and hair follicle regeneration respectively, were
also significantly reduced in AGA patients [39] [42] [43]. Furthermore, triglycer-
ide metabolites were found to be significantly increased in the scalp of male AGA
patients, relative to female AGA patients, indicating the role sex may play in lipid
metabolism [39]. Subsequently, lipidomics has considerable potential to identify

key diagnostic biomarkers aiding in AGA diagnosis and characterization.

4.5. Inflammation Alterations

Although AGA. is typically classified as a non-inflammatory, non-scarring form
of hair loss, histological evidence of inflammation has been reported. Mononu-
clear cells and lymphocytic infiltrates have been observed in nearly half of male
AGA scalp samples [44]. Mast cell degranulation and fibroblast activation within
hair follicle fibrous shifts has also been observed [44]. Moreover, T cell infiltrates
are prominent in the region of the follicular bulge, a critical source of hair follicle
stem cells [45]. Perifollicular infiltration of lymphocytes and mast cells, promote
fibrosis and compromise follicle function, contributing to hair follicle miniaturi-
zation in AGA [44]. Critically, the hair bulge of human anagen hair follicles rep-
resents a site of relative immune privilege [46]. However, disruption of hair follicle
immune privilege in AGA can be characterized by upregulation of MHC-1 and II
expression, rendering hair follicles susceptible to inflammatory attack, and ulti-
mately culminating in hair loss [46].

Macroscopic Patterns and Microscopic Progression in AGA

AGA follows a characteristic and progressive pattern of hair loss that macro-

scopically varies between males and females [2] [4]. Macroscopically, AGA typi-
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cally begins at the frontal hairline, temples, and vertex of the scalp, gradually pro-
gressing to a receding hairline and thinning at the crown, which may eventually
merge into larger bald areas [2]. In men, this is commonly classified using the
Norwood-Hamilton scale, while the Ludwig scale is used for women, where dif-
fuse thinning over the crown occurs while maintaining the frontal hairline [4].
Microscopically, AGA shows certain distinct alterations. Notably, AGA is char-
acterized by miniaturization of hair follicles within scalp follicular units [34]. Ter-
minal hair follicles progressively transform into finer, shorter vellus hairs, due to
the effects of DHT and altered hair cycle dynamics [34]. This miniaturization re-
sults in a decrease in hair shaft diameter and length, leading to the clinical appear-
ance of thinning hair [34]. Miniaturization is accompanied by a reduced number
of terminal hairs within each follicular unit, with affected areas showing a higher
proportion of vellus hairs compared to unaffected scalp regions [44]. In AGA, the
follicular microenvironment also displays fibrotic changes, further contributing
to disease progression. Increased extracellular matrix deposition and reduced vas-
cularization in the scalp regions of AGA-affected individuals prevents nutrients
from being delivered to hair follicles [23]. Over time, the accumulation of DHT-
mediated perifollicular fibrosis and reduced vascularization further limits follicu-

lar regeneration, exacerbating hair loss [23].

5. Pharmaceutical Management

5.1. Topical Minoxidil

Topical minoxidil is amongst the most frequent therapies currently employed for
AGA with proven efficacy, which works by enhancing blood supply in the scalp
and thereby stimulating hair growth [47]. Minoxidil induces opening of potas-
sium channels, thereby resulting in subsequent vasodilation and improved supply
of oxygen and nutrition to miniaturized follicles [48]. This drug works by pro-
longing the growth phase of the hair cycle, which enables follicles to produce a
thicker and healthier hair strand [48]. It is available in 2% and 5% formulation;
effective in both men and women [33] [35]. Minoxidil is applied to the scalp, mak-
ing this a rather convenient and noninvasive treatment; however, it needs to be
used continuously to sustain any response [33]. The discontinuation of therapy
generally results in resumption of miniaturization of hair follicles, highlighting
the need for long-term compliance [33]. Most patients tolerate minoxidil well,
though some develop scalp irritation, dryness, or even unwanted excessive hair

growth on the face, which may be disturbing for some individuals [33].

5.2. Topical Antibiotics/Antifungals

Topical antibiotics and antifungals are not primary therapies for AGA, but do play
an adjunctive role in the treatment of AGA, particularly in the presence of comor-
bid seborrheic dermatitis [49]. Antibiotics, such as clindamycin, are effective in
reducing inflammation by targeting bacterial overgrowth that may contribute to

localized irritation [47]. Ketoconazole, an antifungal, is an effective treatment for
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seborrheic dermatitis produced by the yeast Malassezia [47]. Ketoconazole also
inhibits the action of DHT on the scalp, thereby reducing sebum production [47]
[50]. By reducing fungal colonization and sebum production, ketoconazole helps
develop a more hospitable scalp for hair growth [47] [50]. Regular use of ketocon-
azole reduces itching, flaking, and erythema and serves as an effect adjunct to
other active treatments of AGA [50].

5.3. Finasteride

Finasteride forms the backbone of the management of AGA, due to its primary
action against DHT production. Finasteride is a selective type II 5a-reductase in-
hibitor, preventing the conversion of testosterone into DHT [34]. In fact, several
studies have identified that with continued therapy, finasteride significantly im-
proves hair density and thickness, especially over the crown and mid-scalp areas
[34]. It is taken orally in a standard dosage of 1 mg daily and is approved by the
FDA for the treatment of male pattern hair loss [34]. Adverse effects include im-
paired libido, erectile dysfunction, and gynecomastia, which, although no doubt
distressing, are relatively uncommon and usually reversible on cessation [34] [51].
Due to its teratogenic effects, finasteride is contraindicated in women of childbear-
ing age [34]. Nonetheless, finasteride remains one of the most effective pharma-
cological options available for arresting the progression of AGA and promoting

hair regrowth in affected individuals.

5.4. Dutasteride

Dutasteride is a 5-alpha reductase inhibitor, similar to finasteride, but it inhibits
both type I and type II isoforms of the enzyme, making it a significantly more
potent effector [51] [52]. Dutasteride’s broader mechanism of action leads to
greater suppression of DHT production, increasing hair count and shaft thickness
in more advanced, or treatment-resistant, cases of AGA [51]-[53]. However, du-
tasteride is associated with a higher side effect profile, including: sexual dysfunc-
tion, mood changes, and hormonal imbalances [53]. While highly effective, du-
tasteride’s use requires careful patient selection and monitoring, as the potential
side effects can outweigh the benefits in some individuals [53]. In women, dutas-

teride is rarely used due to its teratogenic risks and systemic hormonal effects.

5.5. Spironolactone

Spironolactone represents the most common oral antiandrogen for female pa-
tients with AGA, especially when associated with signs of hyperandrogenism like
in PCOS [54]. Spironolactone exerts an antiandrogenic effect via AR blockade and
via suppression of testosterone synthesis, effectively slowing balding and promot-
ing follicular regrowth [55]. It has been administered in dosages ranging from 50
- 200 mg/day, depending on the severity of hair loss and the underlying hormonal
profile of the patient [55]. Its use warrants caution, given the possibilities for side

effects such as menstrual irregularities, mammary tenderness, dizzy spells, and
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hyperkalemia [55]. Spironolactone is also contraindicated in pregnancy, due to its
teratogenic properties [55]. Despite these precautions, spironolactone remains a
safe and effective option for many women with AGA, offering a targeted approach

to managing androgen-mediated hair loss.

5.6. Prostaglandin Analogues

Prostaglandin analogues, such as latanoprost and bimatoprost, are an innovative
class of treatments originally developed for managing glaucoma [56]. These agents
have been found to stimulate hair growth by extending the anagen phase and in-
creasing hair follicle size, resulting in thicker and darker hair strands [57]. Bima-
toprost, in particular, is FDA-approved for enhancing eyelash growth and is being
explored for its potential in treating scalp hair loss [57]. Topical application of
prostaglandin analogues allows for localized effects with minimal systemic absorp-
tion, reducing the risk of side effects [57] [58]. Early clinical studies have shown
promising results, with increased hair density and improved hair quality in treated
areas. However, these treatments are still in the experimental stage for AGA, and
more extensive research is needed to establish their long-term safety and efficacy.
Side effects, though rare, may include localized irritation or darkening of the skin
around the application site [56] [59]. Prostaglandin analogues represent an excit-
ing frontier in AGA management, offering a novel mechanism of action that com-

plements existing therapies.

6. Surgical Management

Hair transplant is a popular and dependable approach for treating AGA, alongside
other types of alopecia. During the procedure, healthcare professionals transfer
androgen-resistant hair follicle units from the occipital region to areas impacted
by AGA [60]. There are two predominant methods for harvesting donor’s hair:
hair follicular unit strip surgery (FUSS) and follicular unit extraction (FUE) [61]-
[63]. FUE is the more common procedure, due to significant advantages includ-
ing: less apparent scarring, increased harvestable grafts, and decreased postoper-
ative pain [61] [62]. FUSS, however, maintains a shorter operative time, less bleed-
ing at donor site, and allows for denser packing of follicular units leading to more
favorable cosmetic results [61]-[63]. Despite the appeal of hair transplant for AGA,
many patients are less than ideal candidates, including those with diffuse unpat-
terned alopecia, alopecia areata, insufficient hair loss, and unrealistic expectations
[64]. Therefore, healthcare professionals must remain stringent in screening po-
tential candidates.

7. Non-Pharmaceutical Management
7.1. Photobiomodulation
Photobiomodulation (PBM), commonly known as low-level light therapy (LLLT),

has emerged as a non-pharmaceutical intervention for AGA by leveraging specific
wavelengths of red (620 - 700 nm) and near-infrared (700 - 1440 nm) light to
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stimulate cellular processes [65] [66]. These wavelengths are absorbed by chro-
mophores within cells, triggering the production of nitric oxide (NO) and modu-
lation of reactive oxygen species (ROS), which in turn activate redox-sensitive sig-
naling pathways that enhance cellular proliferation, migration, and differentiation
in hair follicle and perifollicular cells [65] [66]. This process helps to counteract
oxidative stress and inflammation, which are key contributors to follicular minia-
turization in AGA.

PBM utilizes a variety of cellular pathway signalling mechanisms. A primary
mechanism underlying PBM’s efficacy is the activation of mitochondrial cyto-
chrome c oxidase, which boosts adenosine triphosphate (ATP) synthesis, thereby
increasing cellular energy and supporting follicular regeneration [67]. Addition-
ally, PBM has been shown to upregulate the Wnt//-catenin signaling pathway, a
key driver of hair follicle development and growth, while downregulating the trans-
forming growth factor-beta (TGF-f) pathway, which contributes to follicular min-
iaturization and hair loss [67]. By promoting Wnt/S-catenin signaling, PBM en-
courages hair follicle stem cell activation, thereby extending the anagen (growth)
phase of the hair cycle [67].

The therapeutic potential of PBM is supported by clinical evidence, demon-
strating significant improvements in hair density and shaft diameter among pa-
tients receiving LLLT compared to controls [68]. This suggests that PBM not only
prevents further hair loss but also actively contributes to hair regrowth by improv-
ing follicular function. Furthermore, PBM has been shown to enhance cell viabil-
ity, proliferation, and migration in dermal papilla cells, reinforcing its role in stim-
ulating hair growth [67]. These effects help maintain a functional hair follicle
niche, ensuring continuous hair regeneration. By improving mitochondrial func-
tion, modulating critical signaling pathways, and fostering a healthier follicular
microenvironment, PBM presents a promising, safe, and non-invasive strategy for
managing AGA [65] [67]. The multifaceted OBM mechanism of action positions

it as an effective alternative or adjunct therapy to conventional AGA treatments.

7.2. Platelet-Rich Plasma

Platelet-rich plasma (PRP) therapy has gained attention as a non-pharmaceutical
treatment for androgenetic alopecia (AGA) [68] [69]. PRP is an autologous prep-
aration of plasma with a high concentration of platelets and associated growth
factors, such as platelet-derived growth factor (PDGF), epidermal growth factor
(EGF), and vascular endothelial growth factor (VEGF) [69]. These growth factors
are believed to promote hair growth by enhancing cellular proliferation, differen-
tiation, and angiogenesis in hair follicles [69]. Additionally, PRP acts to support
the release of growth factors that stimulate the proliferation of dermal papilla cells,
prolong the anagen phase of the hair cycle, and enhance vascularization around
hair follicles, leading to increased hair density and thickness [70]. Treatment with
PRP leads to significant increases in hair count, hair density, and the percentage

of anagen hairs, relative to controls, highlighting PRP’s role in follicular regener-
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ation [69]-[72]. Ultimately, PRP therapy presents a promising, safe, and effective
treatment modality for AGA, with mounting clinical evidence supporting its effi-

cacy in improving hair growth parameters.

7.3. Stem Cell Therapy

Stem cell therapy leverages the regenerative potential of various stem cell types to
promote hair follicle restoration. Mesenchymal stem cells (MSCs), particularly
those derived from adipose tissue and hair follicles, secrete growth factors and
cytokines that stimulate dermal papilla cell proliferation, prolong the anagen
phase of the hair cycle, and enhance vascularization in the perifollicular region
[72] [73]. For example, MSC suspension, derived from autologous hair follicles,
has been observed to contribute to notable increases in terminal hair proportion
and shaft diameter, particularly benefiting patients with advanced follicular min-
iaturization [73]. Autologous micrografts containing adipose tissue-derived stem
cells (ADSC) have also exhibited a significant increase in mean hair density im-
provement at 23 and 24 weeks post-treatment, with no severe side effects observed
[72] [74].

In particular, ADSC-Exosome therapy serves as a promising treatment for AGA
due to its potential to enhance hair follicle regeneration through multiple molec-
ular pathways. Exosomes are small extracellular vesicles that facilitate intercellular
communication by transferring proteins, lipids, and RNA, thereby influencing key
biological processes in recipient cells [75] [76]. One of the primary mechanisms
through which ASC-Exosomes promote hair growth is the activation of the
Wnt/S-catenin signaling pathway, a critical regulator of hair follicle development
and stem cell activity [75]-[77]. By increasing the expression of S-catenin and
other hair growth-associated genes such as alkaline phosphatase (ALP) and versi-
can (VCAN), ASC-Exosomes stimulate the proliferation and differentiation of
dermal papilla cells, key contributors to hair follicle maintenance and growth [76]
[77]. ADSC-Exosomes carrying miR-122-5p effectively counteracted DHT-in-
duced follicular suppression while simultaneously enhancing S-catenin expres-
sion and VCAN levels [76]. Additionally, ADSC exosomes have been shown to
inhibit the TGF- f/SMAD3 pathway, which is implicated in hair follicle miniatur-
ization and AGA progression [76]. Notably, ADSC-Exosomes carrying microRNA-
122-5p have also been found to antagonize the inhibitory effects of DHT on hair
follicles by downregulating TGF-f1/SMAD3 signaling, thereby fostering a pro-
growth follicular environment [78]. Another essential mechanism involves en-
hanced angiogenesis, wherein exosomes promote vascularization around hair fol-
licles, ensuring adequate nutrient and oxygen supply for sustained hair growth
[75].

Stem cell therapy, especially utilizing ADSC-Exosomes, exhibits substantial
clinical evidence to back its efficacy in AGA treatment. Collectively, current liter-
ature indicates that stem cell therapy offers a promising and effective approach

for AGA management, with substantial improvements in hair density, follicular
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health, and overall patient satisfaction.

7.4. Current Issues with Treatments

Despite the availability of various treatments for AGA, several issues persist that
limit their effectiveness and patient satisfaction. 5-alpha reductase inhibitors, such
as finasteride and dutasteride, are effective, but are associated with concerns about
sexual adverse effects, which can deter patients from long-term use [34] [51] [53].
Topical finasteride offers a safer alternative with fewer systemic effects, but its ef-
ficacy compared to oral formulations remains under investigation [78]. Oral
minoxidil, although effective, is not FDA-approved for AGA and can cause side
effects like hypertrichosis, dizziness, and lower limb edema, which may limit its
use [79]. PRP therapy shows promise, but the heterogeneity in treatment proto-
cols and lack of standardized procedures make it difficult to compare results
across studies and establish definitive efficacy [78] [80]. LLLT is another non-
pharmaceutical option with demonstrated efficacy, but the evidence is limited,
and its effectiveness compared to other treatments or as an adjunct therapy is not
well established. Emerging treatments, such as pyrilutamide and GT20029, are
still in the investigational stages, and their long-term safety and efficacy need fur-
ther validation [81]. Additionally, mesotherapy with dutasteride and scalp thread-
ing are newer approaches with limited evidence supporting their effectiveness,
highlighting the need for more robust clinical trials [82] [83]. While the pipeline
for new treatments is promising, the current landscape of AGA therapy is marked
by limitations in efficacy, safety concerns, and a lack of standardized treatment

protocols.

8. Future Directions

Future research in AGA is increasingly focused on uncovering its connections
with systemic comorbidities and developing novel, targeted treatments. AGA has
been linked to metabolic syndrome, cardiovascular disease, and insulin resistance,
suggesting that it may serve as a clinical marker for broader systemic health con-
cerns [84]. Increasing grade of AGA has been associated with an increased risk of
coronary artery disease (CAD) [85]. Although the true mechanism behind this
association remains unknown, it has been proposed that CAD and AGA could
share a similar pattern of inheritance [86]. Nonetheless, the Alarin peptide, impli-
cated in metabolism regulation and vasoactive biologic activity, has been noted to
have receptors in dermal papillae and may represent a potential link between AGA
and metabolic syndrome [87]. Insulin resistance has also been noted to play a
pathogenic role in AGA by contributing to local tissue hypoxia leading to progres-
sive hair follicle miniaturization due to microvascular insufficiency [76]. Under-
standing AGA pathophysiological linkage to systemic conditions could shift the
perception of AGA from a cosmetic condition to a potential indicator of underly-
ing health risks, warranting more comprehensive clinical assessment.

In parallel, emerging treatment modalities aim to move beyond traditional anti-
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androgen approaches, targeting the diverse mechanisms involved in AGA pro-
gression. Regenerative therapies, such as PRP and ADSC stem cell-derived exo-
somes, amongst others, are being explored for their ability to stimulate hair follicle
growth, reduce inflammation, and improve scalp vascularization. Although early
studies are encouraging, standardized protocols and larger clinical trials are
needed to validate their long-term efficacy and safety.

Advances in gene therapy and molecular targeting are also expanding the future
treatment landscape. With greater understanding of the genetic factors that pre-
dispose individuals to AGA, personalized genetic therapies targeting AR sensitiv-
ity and 5a-reductase activity are becoming more feasible. Additionally, anti-in-
flammatory agents and immune-modulating treatments are gaining attention,
given emerging evidence of localized inflammation and immune privilege collapse
in AGA-affected follicles. Novel topical treatments designed to restore scalp ho-
meostasis and protect hair follicle stem cells could complement existing therapies
and slow disease progression.

The future of AGA management lies in a more personalized, multi-modal ap-
proach that integrates genetic profiling, hormonal assessments, and regenerative
strategies. By addressing the various components of AGA, clinicians can offer
more comprehensive and cost-efficacious treatment options for their patients.
Ongoing research into the systemic implications of AGA and the development of
innovative therapies will be essential not only for enhancing cosmetic outcomes,
but also for broadening the scope of treatment to address underlying pathological

conditions.

9. Conclusion

AGA is a complex, multifactorial condition shaped by genetic susceptibility, an-
drogen signaling, follicular microenvironment changes, and inflammatory influ-
ences. While current treatments primarily target androgen pathways, emerging
evidence supports a broader therapeutic approach that includes modulation of
inflammation, lipid metabolism, and regenerative strategies. As our understand-
ing of AGA deepens, future management will likely rely on a personalized, multi-
modal framework that not only addresses cosmetic concerns, but also considers
the systemic impacts of the disease. Continued research is essential to refine ex-
isting therapies and reveal innovative solutions that improve both clinical out-

comes and patient quality of life.
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