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ABSTRACT

Androgenetic alopecia (AGA) is a common nonscarring hair loss condition that affects both men 
and women, often resulting in psychological distress and reduced quality of life. AGA patho-
genesis involves genetic predisposition and androgen influence, primarily dihydrotestosterone 
(DHT), which leads to hair follicle miniaturization and progressive hair thinning. AGA remains 
challenging to manage due to its chronic progression and the combined influence of genetic 
and environmental factors. Topical minoxidil and oral finasteride are the most widely used treat-
ments for AGA, addressing follicular miniaturization. However, their reliance on long-term use 
and potential for side effects or inconvenience has prompted increasing interest in alternative 
therapies. The mainstream of current AGA treatment can be categorized into androgen-targeting 
and non-androgen-targeting approaches. Finasteride and dutasteride, both 5-α-reductase inhib-
itors that reduce DHT levels in hair follicles, are key androgen-targeting treatments, with newer 
formulations like topical and injectable options emerging alongside traditional oral forms. 
Topical minoxidil remains central to non-androgen-targeted AGA treatments, though grow-
ing evidence supports the efficacy and safety of its low-dose oral form. Additionally, therapies 
like low-level light therapy, platelet-rich plasma, and exosome treatments are being explored. 
Recently, therapies targeting the androgen receptor, including small interfering RNA-based 
approaches, have been developed and are currently in clinical trial stages, offering innovative 
potential for AGA treatment. This review explores current and emerging treatments for AGA, 
addressing both androgen-targeted and non-androgen-targeted approaches with an emphasis 
on their mechanisms, efficacy, and safety. It ultimately aims to provide a comprehensive update 
on the latest advancements in AGA management.
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INTRODUCTION

Androgenetic alopecia (AGA) is a common type of nonscarring hair 
loss characterized by gradual, patterned hair thinning. Affecting 
both men and women, it is also referred to as male pattern hair 
loss (MPHL) or female pattern hair loss (FPHL). The prevalence of 
AGA increases with age, impacting about 80% of men and nearly 

50% of women among Caucasians by age 701. In Korea, the preva-
lence is slightly lower, with around 50% of men and 25% of women 
affected by age 702. AGA can significantly impact quality of life, 
often leading to psychological distress, reduced self-esteem, and 
social anxiety, particularly as visible hair loss progresses3. AGA is a 
multifactorial condition primarily driven by genetic predisposition 
and the influence of androgens, particularly dihydrotestosterone 

http://crossmark.crossref.org/dialog/?doi=10.5021/ad.25.042&domain=pdf&date_stamp=2025-11-04
https://orcid.org/0000-0003-1166-0189
https://orcid.org/0000-0003-3944-7777


(DHT) (Fig. 1). The condition results from a combination of 
genetic factors that increase hair follicle sensitivity to androgens, 
leading to a progressive miniaturization of hair follicles. In indi-
viduals with AGA, the enzyme 5-α-reductase converts testosterone 
into DHT, which binds to androgen receptors (ARs) in hair fol-
licles, particularly in susceptible areas like the frontal and vertex 
regions. This binding not only directly affects hair follicles but also 
triggers downstream signaling pathways, including the suppres-
sion of the Wnt/β-catenin pathway, which is crucial for hair follicle 
proliferation and maintenance. Additionally, DHT-AR interac-
tion promotes the release of paracrine factors like transforming 
growth factor (TGF)-β, which further contribute to follicular min-
iaturization by shortening the anagen phase of the hair growth 
cycle4. Over time, these processes transform terminal hairs into 
finer, vellus hairs, leading to visible thinning and the character-
istic patterned hair loss of AGA3,5. AGA is highly heritable, with 
genetic factors accounting for about 80% of predisposition and 
involving polygenic, multifactorial inheritance. Key genetic loci 
associated with AGA include the AR gene on Xq12, HDAC9 on 

chromosome 7p21.1, and the PAX1/FOXA2 locus on chromosome 
20p111,6. These genetic variations, along with environmental fac-
tors, contribute to AGA's diverse expression. In addition, AGA has 
been linked to other health factors like body mass index, meta-
bolic syndrome, and severe coronavirus disease 2019 outcomes1. 
Despite the high prevalence of AGA, effective management and 
treatment remain challenging due to its chronic nature and the 
various issues that can emerge throughout the long course of 
treatment. Currently, 5-α-reductase inhibitors, topical minoxi-
dil, and low-level light therapy (LLLT) have received approval for 
the treatment of AGA beside surgery. Among oral 5-α-reductase 
inhibitors, both finasteride and dutasteride are approved in sev-
eral countries, including South Korea, while only finasteride has 
received official approval in the United States. However, not only 
approved treatments but numerous non-approved treatments 
have shown to be effective in treating AGA. Moreover, there are 
active development and clinical trials of new therapies aimed at 
addressing the limitations of existing treatment options. The pres-
ent review provides an in-depth analysis of current non-surgical 
treatments for AGA, examining their mechanisms, efficacy, limita-
tions, and side effects. Additionally, it introduces novel treatments 
that have recently been developed or are currently under clinical 
investigation.

ANDROGEN-TARGETED THERAPIES

The main approaches to AGA treatment are largely classified into 
two main categories: androgen-targeted therapies and non-an-
drogen-targeted therapies (Table 1). Androgen-targeted therapy 
addresses AGA by suppressing the production of DHT, the main 
factor in its development, or its precursor, testosterone (Fig. 1).
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Fig. 1. Pathogenesis of androgenetic alopecia and action mechanisms of 
androgen-targeted therapies. 
DHT: dihydrotestosterone, AR: androgen receptor, siRNA: small interfering 
RNA.

Table 1. Current and emerging treatments for androgenetic alopecia
Treatment category Androgen-targeted Non-androgen-targeted
Approved 1. 5-α-reductase inhibitors 1. Topical minoxidil*,†

- Oral finasteride*,† 2. Low-level light therapy*,†

- Oral dutasteride†

- Topical finasteride†

2. Topical alfatradiol†

Non-approved or emerging 1. Systemic injectable 5-α-reductase inhibitors 1. Low-dose oral minoxidil
2. Oral anti-androgens 2. Platelet-rich plasma

- Spironolactone 3. Intradermal botulinum toxin
- Cyproterone acetate 4. Exosome therapy
- Flutamide

3. AR blocker
- Topical AR antagonist
- siRNAs targeting AR

AR: androgen receptor, siRNA: small interfering RNA.
*Food and Drug Administration-approved (US).
†Approved in countries other than the USA including Korea.



5-α-reductase inhibitors
1) Oral finasteride
Oral finasteride, Food and Drug Administration (FDA)-approved 
since 1997 for treating MPHL, is a widely used AGA therapy that 
inhibits the 5-α-reductase type II enzyme, the most potent isotype 
for converting testosterone into DHT in hair follicles. By reducing 
DHT levels in the serum, scalp, and prostate by about 60%–70%, 
finasteride slows hair loss and frequently promotes regrowth7. 
Standard treatment involves a daily dose of 1 mg, with notable 
effects typically visible within six months and sustained benefits 
observed with continued use for 10 years8,9. Studies have demon-
strated that finasteride is especially effective in the vertex area 
of the scalp, where it promotes better regrowth compared to 
the frontal regions10. In our retrospective study on 126 Korean 
male AGA patients, consistent use of 1 mg finasteride over five 
years halted the progression of hair loss in most patients, with 
85.7% showing improvement compared to their condition before 
treatment11. Oral finasteride has demonstrated superior efficacy 
compared to 5% minoxidil and has shown improved outcomes 
when used in combination with topical minoxidil compared to 
monotherapy12.

Although finasteride is primarily prescribed for male AGA, it 
is sometimes used off-label in women, especially postmenopausal 
women or those with hyperandrogenism, where higher doses of 
2.5 to 5 mg have been found to be more effective13,14. However, 
strict contraception is necessary due to its teratogenic potential, 
which poses a risk of fetal abnormalities in male fetuses.

While generally well tolerated, finasteride can cause side 
effects, primarily sexual, such as reduced libido, erectile dys-
function, and ejaculatory issues. In a meta-analysis examining 
the adverse sexual effects of 5-α-reductase inhibitors, finasteride 
showed a relative risk of 1.66 (95% confidence interval [CI], 
1.20–2.30)15. However, most studies reported these side effects 
were mild and reversible upon discontinuation, with some cases 
even noting improvement despite continued use5,16. Finasteride 
also lowers prostate-specific antigen (PSA) levels, potentially 
masking early signs of prostate cancer, which necessitates reg-
ular PSA monitoring, especially in those with a family history of 
prostate issues17,18. Additionally, rare cases of gynecomastia and 
male breast cancer have been reported, particularly with higher 
doses, possibly due to an altered estrogen-to-testosterone ratio, 
and monitoring for breast abnormalities in long-term users is 
advised19-21.

2) Oral dutasteride
Dutasteride is a potent option for managing AGA and functions 
by inhibiting both type 1 and type 2 5-α-reductase enzymes. 
Specifically, dutasteride is approximately 100 times more effec-
tive at inhibiting type 1 and three times more effective at inhibiting 

type 222. This profile gives it greater potency in reducing DHT lev-
els than finasteride. In addition, dutasteride has a significantly 
longer half-life (approximately 5 weeks) compared to finasteride 
(5–6 hours). Clinical studies, including large randomized control 
trials, have shown that dutasteride can enhance hair growth within 
three to six months, outperforming finasteride in both hair den-
sity and thickness at a daily dose of 0.5 mg23,24. Consequently, 
0.5 mg oral dutasteride is now approved for male AGA in Japan 
and South Korea, though it remains off-label in the US and many 
countries25. In a 5-year retrospective study conducted in Korea, 
0.5 mg dutasteride led to 89.9% of male AGA patients showing 
improvement and 93.9% achieving prevention of disease progres-
sion, with results comparable to long-term efficacy studies of 1 mg 
finasteride in male AGA patients26.

Dutasteride has similar sexual side effects to finasteride, 
including decreased libido, erectile dysfunction, and ejaculatory 
issues27. In a meta-analysis investigating the adverse sexual effects 
of 5-α-reductase inhibitors, the relative risk for dutasteride was 
1.37 (95% CI, 0.81–2.32)15. Although the risk was not statistically 
significant, this may be attributed to the limited number of stud-
ies on dutasteride.

A recent phase 3 clinical trial conducted in South Korea 
demonstrated that 0.2 mg dutasteride is non-inferior to the 0.5 mg 
dose in terms of efficacy for treating AGA, while showing a lower 
incidence of sexual side effects (unpublished data). Based on these 
findings, the 0.2 mg dutasteride formulation has recently been 
launched in South Korea.

3) Topical finasteride
Topical finasteride has emerged as a promising alternative for 
treating AGA, particularly in patients concerned about the sys-
temic side effects associated with oral finasteride. Conventionally, 
topical formulations of finasteride, including a 0.05% gel and a 
0.1% lotion, have shown efficacy in treating male AGA in smaller 
studies, demonstrating positive hair regrowth effects without 
significant sexual side effects1,28,29. A recent phase III trial demon-
strated that a 0.25% finasteride spray significantly increased hair 
count, achieving efficacy comparable to oral finasteride but with 
markedly lower systemic exposure and reduced impact on serum 
DHT levels, thereby minimizing the risk of sexual side effects30. 
Notably, a newer spray formulation using hydroxypropyl chitosan 
as a vehicle has been developed to reduce passive transfer of finas-
teride and enhance its penetration via a film-forming mechanism, 
further improving both its safety and effectiveness.

While effective for male AGA, topical finasteride in combi-
nation with minoxidil has also shown potential for FPHL. In a 
randomized double-blinded study, a topical combination of 0.25% 
finasteride and 3% minoxidil demonstrated significantly greater 
efficacy in improving hair diameter compared to minoxidil 
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solution alone31. Reported side effects are typically mild and 
localized, such as scalp irritation, making topical finasteride a 
well-tolerated option with a favorable safety profile.

4) Systemic injectable 5-α-reductase inhibitors
Recent advancements in AGA treatment include the develop-
ment of injectable formulations of 5-α-reductase inhibitors. 
Promising approaches utilize drug-loaded poly-lactic-co-glycolic 
acid (PLGA) microspheres or hexagonal liquid crystal phase to 
achieve controlled, long-term release, maintaining therapeu-
tic drug levels over extended periods with a single injection32. 
In an AGA mouse model, finasteride-loaded PLGA demonstrated 
the ability to significantly reduce serum DHT levels for several 
weeks following a single injection and achieved comparable hair 
regrowth to oral administration33. Phase II and III clinical trials 
have been conducted on finasteride (NCT04945226) or dutasteride 
(NCT06916793) injectables, exploring the pharmacokinetics and 
efficacy of monthly or tri-monthly injection regimens. These inno-
vative approaches aim to achieve controlled, long-term release of 
dutasteride, potentially providing a more effective and convenient 
treatment option for AGA compared to conventional oral or top-
ical therapies.

Oral anti-androgens
Anti-androgen therapy for AGA primarily targets the reduction 
of androgen activity. This approach is particularly effective for 
female AGA, especially in cases where hormonal influences play 
a significant role.

Spironolactone, a potassium-sparing diuretic, is commonly 
prescribed off-label for female AGA. It reduces androgen activity 
by blocking ARs in target tissues and inhibiting testosterone syn-
thesis in the adrenal glands3. The typical dosage ranges from 50 to 
200 mg per day. Sinclair et al.34 conducted a single-center, open-la-
bel study on 80 women (aged 12–79) with FPHL, treating them 
with 200 mg of spironolactone daily for 12 months. In addition, 
a randomized controlled trial found that a combination of 100 mg 
spironolactone and 2% minoxidil achieved better outcomes than 
5 mg finasteride and 2% minoxidil in female AGA patients35. 
Common side effects include electrolyte imbalances, breast ten-
derness, and irregular menses36.

Cyproterone acetate blocks ARs and reduces testosterone lev-
els by inhibiting gonadotropin release. It is especially beneficial 
in women with signs of hyperandrogenism, such as hirsutism or 
acne, which often accompany AGA37. However, cyproterone carries 
potential side effects, including weight gain, breast tenderness 
and mood changes, and should be used with caution29.

Flutamide is a strong nonsteroidal anti-androgen, flutamide 
binds directly to ARs to prevent testosterone from exerting its 
effects on hair follicles. While effective in some cases, it is not 

commonly used for AGA treatment due to its association with liver 
toxicity, which can limit its safety for long-term use29.

Topical alfatradiol
Alfatradiol (17α-estradiol) reduces DHT levels by weakly inhibiting 
5α-reductase and modulating androgen metabolism, and it has 
also been reported to stimulate hair follicular matrix cell prolif-
eration38. It is commonly applied as a 0.025% lotion twice daily. 
Research on its effectiveness has yielded mixed results: one study 
in women reported a decrease in hair count over 6 months, while 
2% minoxidil increased it39. However, another study found that 
alfatradiol improved the anagen-to-telogen hair ratio in the fron-
tal scalp, suggesting potential support for hair growth cycles38. 
In a phase IV study conducted in Korea focusing on FPHL, alfa-
tradiol treatment resulted in statistically significant increases in 
both hair count and hair diameter at 4 and 8 months compared 
to baseline38. In addition, combination therapy with alfatradiol 
lotion and topical minoxidil has also been suggested as an effective 
treatment option for FPHL40. While alfatradiol is considered safe 
for use without notable side effects, further studies are needed to 
clarify its efficacy as a treatment option.

NON-ANDROGEN-TARGETED 
THERAPIES
Minoxidil
1) Topical minoxidil
Topical minoxidil is the primary treatment for AGA and is also 
prescribed for other types of hair loss, such as alopecia areata 
and telogen effluvium1. Originally developed as an oral hyper-
tension medication, minoxidil was reformulated for topical use 
after increased hair growth was observed in patients taking it for 
blood pressure. The exact mechanism of minoxidil in hair growth 
remains unclear, but it is hypothesized to enhance scalp blood 
flow, activating potassium channels and increasing growth factors 
like vascular endothelial growth factor (VEGF) and prostaglandin 
E2 to prolong the anagen phase41. Additionally, minoxidil pro-
motes dermal papilla cell (DPC) survival by activating extracellular 
signal-regulated kinase (ERK) and Akt pathways and preventing 
apoptosis, further supporting hair growth41,42.

Topical minoxidil is available in various forms, including 
solutions, foams, and shampoos, with 2%, 3%, and 5% concentra-
tions. The 5% formulation is generally more effective, particularly 
in MPHL10, while both 2% and 5% concentrations have demon-
strated efficacy for FPHL. Notably, a randomized controlled study 
found that 5% foam used once daily was noninferior to 2% solu-
tion applied twice daily in increasing hair count and width but 
showed better tolerance43. Additionally, participants using 5% 
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foam reported less interference with hair styling. As a result, the 
most common regimen involves applying 5% foam once daily for 
women and twice daily for men, with a minimum recommended 
treatment period of six months to assess effectiveness. Potential 
side effects include scalp irritation—such as itching or redness—
often due to the propylene glycol in the solution29. Foam-based 
formulations, which are free from propylene glycol, can be an 
alternative for those with sensitive skin. Additionally, some users 
experience temporarily increased hair shedding at the beginning 
of treatment as hair cycles synchronize; this shedding usually 
subsides with continued use. Although minoxidil is generally con-
sidered safe, it is not advised during pregnancy due to insufficient 
data on its effects on fetal health.

2) Oral minoxidil
Oral minoxidil was initially limited in use for hair loss treatment 
due to side effects observed at its original doses (10–40 mg) for 
hypertension, including postural hypotension, fluid retention, 
tachycardia, pericarditis, and nausea. However, recent data on 
low-dose applications have demonstrated favorable results in both 
efficacy and safety, leading to renewed interest in this treatment 
option44,45. Dosing generally ranges from 2.5–5 mg daily for men 
and 0.25–1.25 mg daily for women. A recently published consen-
sus study indicated that a majority of experts agreed on the most 
frequently prescribed starting doses of low-dose oral minoxi-
dil (LDOM), which are 2.5 mg/day for men and 1.25 mg/day for 
women, with subsequent dose adjustments based on efficacy and 
adverse effects46. Studies have shown significant improvements in 
hair density in both sexes47,48.

The most common side effect is hypertrichosis, which 
occurs in approximately 10%–20% of patients, particularly at 
higher doses (5 mg), while lower doses yield fewer instances44. 
Hypertrichosis typically appears within the first three months of 
treatment, primarily affecting the sideburns, temples, arms, upper 
lip, and chin. It is generally mild and can be managed with hair 
removal methods (laser, waxing, shaving) or dose reduction, with 
only a small percentage of patients requiring treatment discontin-
uation46,49. Aside from hypertrichosis, other adverse effects such 
as lightheadedness (1.7%), fluid retention (1.3%), and tachycardia 
(0.9%) may rarely occur44. These effects are generally dose-de-
pendent and tend to resolve upon discontinuation of the drug. 
Recent studies have reported that LDOM does not have a signifi-
cant impact on blood pressure50,51.

Overall, LDOM presents a promising alternative, particu-
larly for FPHL patients who lack access to or do not benefit from 
potent 5-α-reductase inhibitors commonly used for MPHL. It is 
also valuable for MPHL patients who are unable to use 5-α-reduc-
tase inhibitors or who have had inadequate responses to these 
treatments.

LLLT
LLLT is a non-invasive AGA treatment approved by the FDA in 
2007 for men and 2011 for women3. It uses red or near-infrared 
light (600–950 nm) to stimulate hair follicles by enhancing mito-
chondrial activity, increasing ATP production, and promoting 
nitric oxide release52-54. These effects improve scalp blood flow 
and support follicular growth, potentially prolonging the anagen 
phase and encouraging hair regrowth.

In clinical studies, LLLT has shown potential in improving 
AGA. The typical treatment regimen involves 15–20 minute ses-
sions, once a day or three times a week, over a period of at least 
four to six months, with energy levels between 2 and 10 J/cm2. 
Comb-based and helmet-based devices have demonstrated sig-
nificant results in hair count and thickness in both randomized 
controlled trials and systematic reviews55-58. In our randomized 
double-blinded study conducted in Korea with 40 male and 
female AGA patients, 24 weeks of LLLT treatment significantly 
increased hair density and diameter without any serious adverse59. 
In another randomized study conducted in Korea using a different 
LLLT device, significant improvements in hair loss were observed 
in male and female AGA patients after 4 months of treatment60. 
An extension study revealed that continuous treatment for up to 
one year further enhanced hair density and diameter, with notable 
benefits observed across mild, moderate, and severe AGA groups 
(unpublished data).

LLLT is generally well tolerated with minimal side effects, 
including mild dryness, tenderness, or scalp irritation. While 
current findings support LLLT as a beneficial adjunct or alterna-
tive therapy for AGA, ongoing research aims to refine treatment 
parameters including light intensity, duration, and frequency, and 
confirm long-term efficacy to establish standardized protocols for 
optimal outcomes.

Platelet-rich plasma (PRP)
PRP therapy utilizes concentrated platelets and growth factors to 
promote healing and regeneration and has recently been applied 
to hair loss treatment. It stimulates DPC proliferation by enhanc-
ing fibroblast growth factor-7, β-catenin, and activating ERK and 
Akt pathways while promoting angiogenesis via VEGF, supporting 
active hair growth61-63. Studies have shown PRP to be effective, with 
significant improvements in hair density and thickness observed 
in both MPHL and FPHL64,65. However, individual response 
rates vary, and the treatment may be less effective in advanced 
AGA cases where follicles are severely compromised. In a study 
conducted in Korea using CD34+ cell-containing autologous PRP, 
two treatments administered at 3-month intervals significantly 
increased both hair count and thickness compared to baseline66.

PRP is well-tolerated, with side effects usually limited to tem-
porary scalp discomfort and minor bleeding. The treatment’s 
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limitations, however, include its high cost and the need for reg-
ular maintenance sessions, typically requiring an initial series of 
injections followed by follow-ups every few months. Additionally, 
there is a lack of standardized protocols in PRP preparation and 
application, leading to variable results across clinics.

Intradermal botulinum toxin
Botulinum toxin A (BoTX-A) has emerged as a potential treatment 
for AGA due to its effects on scalp muscle relaxation, which may 
improve blood flow and reduce the DHT-related suppression 
of hair follicles1. By alleviating scalp tension and inhibiting the 
release of TGF-β1—a factor influenced by DHT and linked to 
follicle miniaturization—BoTX-A helps create a healthier environ-
ment for hair growth67. Studies have shown promising results. In a 
24-week trial, BoTX-A injections resulted in notable increases in 
hair count and visual improvement67. Furthermore, BoTX-A injec-
tions combined with oral finasteride and minoxidil significantly 
improved hair density compared to finasteride and minoxidil 
alone68,69. Though these findings support BoTX-A as an effective 
adjunct to existing AGA treatments, further research is needed to 
clarify botulinum toxin's role as a treatment for AGA.

Exosomes
Exosomes are rich in growth factors, cytokines, and microR-
NAs that influence signaling pathways critical to hair follicle 
development and regeneration70. Stem cell-derived exosomes, 
often referring to the conditioned media obtained from culturing 
stem cells, can interact with target cells by binding to membrane 
receptors, activating signaling cascades that promote cell prolif-
eration and differentiation.

In AGA, exosomes show potential for promoting hair follicle 
regeneration by enhancing DPC proliferation and encouraging 
follicles to enter the anagen phase71,72. Preclinical studies have 
demonstrated that mesenchymal stem cell-derived exosomes 
may effectively increase hair growth and follicle activity in ani-
mal models of AGA73. Early clinical data, though limited, suggest 
comparable benefits for AGA patients. Studies have shown 
improvements in hair thickness and density, as well as enhanced 
photographic assessments, at 12 or 24 weeks following exosome 
treatment3,70,74. However, exosome therapy for AGA still faces 
several limitations. First, exosomes are currently approved only 
as cosmetics, restricting their use as injectables or medicinal 
treatments. Additionally, the lack of standardized application 
protocols, combined with low production yields and high costs, 
poses significant challenges. While the initial results are promis-
ing, additional research is needed to confirm long-term safety and 
efficacy, optimize dosing and application methods, and develop 
comprehensive guidelines before exosome therapy can be widely 
adopted as a routine AGA treatment.

NOVEL APPROACHES TARGETING THE AR

Recently, directly targeting the AR has gained attention as a prom-
ising therapeutic approach for AGA. Research has identified that 
DHT binding to AR in DPCs is a key driver of hair follicle minia-
turization, the hallmark of AGA. These innovative therapies aim 
to selectively inhibit AR activity in scalp hair follicles, providing 
effective treatment while reducing systemic side effects typically 
associated with androgen-targeting therapies.

Pyrilutamide, a topical AR antagonist, has shown promising 
results in recent phase II clinical trials (https://clinicaltrials.gov/
study/NCT05218642). Pyrilutamide has demonstrated efficacy in 
both MPHL and FPHL patients, significantly increasing hair count 
in men and improving both hair thickness and count in women. 
While mild local irritation was reported in some cases, no serious 
adverse effects were observed, highlighting its safety and efficacy. 
In addition, GT20029, a proteolysis-targeting chimera compound 
designed to degrade the AR, has demonstrated significant efficacy 
in treating MPHL in phase II clinical trials (https://clinicaltrials.
gov/study/NCT06692465).

Another advanced approach is small interfering RNA (siRNA) 
therapy, which utilizes RNA interference to silence AR gene. 
siRNA is inherently labile, requiring advanced technologies to 
enhance its stability for therapeutic applications. The development 
of self-assembled micelle inhibitory RNA has further enhanced this 
approach by avoiding immune activation and improving delivery 
to hair follicles75. Clinical trials in injection of both low and high 
doses showed encouraging results, with hair density improvements 
comparable to standard AGA treatments but with minimal side 
effects67. Another study investigated cell-penetrating asymmet-
ric siRNA, designed to specifically silence AR in targeted cells76. 
It offers distinct advantages over conventional siRNA, includ-
ing higher selectivity, stability, and efficiency, which enhance its 
therapeutic potential. In both human scalp tissue models and 
animal studies, injection of this siRNA reduced AR protein lev-
els, decreased markers associated with follicle regression, and 
increased hair follicle diameter76. These developments suggest that 
siRNA-based treatments could offer a more focused approach to 
managing AGA by directly targeting molecular pathways involved 
in hair follicle miniaturization without the systemic side effects 
associated with hormonal treatments. Further studies are neces-
sary to refine dosage, delivery methods, and long-term safety to 
bring these treatments closer to clinical use.

CONCLUSIONS & FUTURE DIRECTIONS

The management of AGA has evolved significantly, expanding 
from traditional therapies to a range of innovative treatments. 
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While conventional treatments such as 5-α-reductase inhibitors 
and minoxidil remain central to AGA management, emerging 
therapies like PRP, LLLT, botulinum toxin injections, exosome 
therapy provide valuable alternatives. These options may be par-
ticularly beneficial for patients who cannot use or respond poorly 
to conventional therapies and may also enhance outcomes when 
combined with traditional treatments. Future directions in 
AGA treatment should include the development of personalized 
treatment plans that incorporate a patient’s genetic, hormonal, 
and environmental factors to optimize outcomes. Advancements 
in delivery systems, such as injectable formulations and targeted 
siRNA technology, may further improve the efficacy and conve-
nience of AGA therapies. Continued research and clinical trials 
will be crucial to fully integrate these innovations, ultimately 
providing safer, more effective options for individuals affected 
by AGA.
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