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Abstract: Androgenetic Alopecia (AGA) is a common type of alopecia. The pathogenesis of AGA involves genetic predisposi
tion, androgen metabolism, inflammation, fibrosis, and impaired energy metabolism. The choice of therapeutic agents for the 
treatment of AGA remains controversial globally, with finasteride and minoxidil being the only two widely recognized and 
legally approved therapeutic options. In recent years, significant progress has been made in the development of drugs targeting 
different pathogenic mechanisms of AGA. This article reviews the main drugs currently used for AGA treatment. By summariz
ing their mechanisms of action and clinical efficacy, it aims to provide a comprehensive theoretical basis and clinical reference 
for the treatment of AGA. 
Keywords: androgenetic alopecia, pathogenesis, pharmacotherapy, research progress

Introduction
Androgenetic alopecia (AGA), as a non-cicatricial alopecia, is characterized by progressive miniaturization of hair follicles 
(HFs) and shortening of the hair growth cycle, and is the most common form of alopecia.1 To understand this pathological 
process, it is essential to grasp the fine anatomical structure of the hair follicle (HF). From a longitudinal perspective, the HF 
can be divided into three key segments: the funnel, the isthmus, and the bulb. Among them, the bulb contains the matrix cells 
and the dermal papilla (DP), which is the core functional area of hair growth. The bulge formed by the proliferation of outer 
hair root sheath cells at the attachment of the arrector pili muscle in the isthmus serves as the stem cell nest and participates in 
HF cycle regeneration. In the cross-section, the HF is composed of inner root sheath, outer root sheath, and connective tissue 
sheath from inside to outside, and the inner and outer root sheaths constitute the support and guidance structure of the hair 
shaft. The synergistic action of these structures maintains the normal hair growth cycle: anagen, catagen, and telogen.2

AGA occurs in both men and women. In the male group, AGA is mainly characterized by a backward shift of the 
hairline on the forehead and thinning of the hair in the temporal region, called male pattern hair loss (MPHL). In contrast, 
in women, AGA is characterized by diffuse thinning of hair in the parietal region, but most do not involve the forehead 
hairline, called female pattern hair loss (FPHL).3

Although finasteride and minoxidil have so far only been approved by the Food and Drug Administration (FDA) for 
legal treatment of AGA,4 there have been significant advances in the medical treatment of AGA in recent years. At present, 
the commonly used therapeutic drugs cover a variety of mechanisms of action, including improving the inhibition of 
androgen effect, promoting local blood circulation, reducing inflammation, delaying the fibrosis process, and regulating HF 
energy metabolism. These drugs provide diversified options for the treatment of AGA through multi-target intervention.

In this review, we systematically describe the main pathogenesis of AGA, including androgen metabolism, local 
inflammatory response, perifollicular fibrosis, and HF energy metabolism disorders. The mechanisms of action of 
different classes of therapeutic drugs, including antiandrogens, anti-inflammatory drugs, and vasodilators, are discussed 
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in particular, and their clinical efficacy and potential limitations are analyzed in detail (Figure 1). For a comprehensive 
comparison of current treatment options, we summarize the main pharmacological therapies for AGA in Table 1, 
including their mechanisms of action, route and dose of administration, and adverse effects. By systematically evaluating 
the advantages and disadvantages of existing medical interventions, we aim to provide an evidence-based foundation for 
clinical decision-making and to guide the future development of optimized therapeutic strategies for AGA.

Methods
This review method involves a comprehensive literature search in the PubMed database, with a focus on the research 
progress in the pathogenesis and drug treatment of AGA. The search included studies published from 2005 to 2025, with 
inclusion criteria including clinical trials, systematic reviews, meta-analyses, and original research articles investigating 
the pathogenesis and treatment of AGA. Abstracts of conferences and non-peer-reviewed publications, as well as studies 
with insufficient sample size, lack of statistical rigor, and data redundancy or duplication, were excluded.

The Pathogenesis of Androgenetic Alopecia
The exact pathogenesis of AGA has not been fully elucidated. Previous studies on AGA mainly focused on androgen 
metabolism and genetic background, but recent studies have revealed the multifaceted nature of the pathogenesis of 
AGA, including local inflammatory response, perifollicular fibrosis, and HF energy metabolism disorders, which are also 
considered to be important mechanisms of AGA.5

Figure 1 The pathogenesis and therapy of androgenetic alopecia.
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Table 1 Summary of Main Current Pharmacotherapy for AGA

Treatments Mechanism of Action Route and Dose of 
Administration

Adverse Effects

Antiandrogen drugs

Finasteride A type II 5α-R inhibitor Oral (1mg/day) Sexual dysfunction, gynecomastia, and 
psychological symptoms

Topical(50–200μL/day); 
0.25% spray or 1% gel

Scalp pruritus, burning sensation, 
irritation, and contact dermatitis

Dutasteride A type I and II 5α-Rs inhibitor Oral (0.5mg/day) Sexual dysfunction, gynecomastia, and 

psychological symptoms

Spironolactone A potent ARA with mild 5α-reductase 

inhibitory activity

Oral (100–200mg/day) Menstrual irregularities, dizziness or 

headaches, facial hirsutism, skin rashes, 

and hyperkalemia
Topical (twice daily); 
1% gel or 5% solution

Flutamide A selective ARA Oral (62.5–250mg/day) Potential for hepatotoxicity

Bicalutamide A non-steroidal selective ARA Oral (50mg/day) Mild and transient elevated liver enzyme 

levels, temporary amenorrhea, 
endometrial hyperplasia, and migraine

Cyproterone 
acetate

A competitive antagonist of the nuclear 
androgen receptor

Oral (2mg/day); 
Often combined with ethinyl 

estradiol

Weight gain, menstrual disturbances, and 
breast pain

Anti-inflammatory drug

Ketoconazole An imidazole antifungal drug; Anti- 
inflammatory; Reduces testosterone 

synthesis

Topical (2–3 times weekly); 
2% shampoo

No obvious adverse effects

Vasodilator

Minoxidil Induces vasodilation; 
Up-regulates the expression of VEGF; 

Anti-inflammatory and regulates the hair 

cycle

Oral (0.25–5mg/day) Hypotension, fluid retention, 
hypertrichosis, and hypersensitivity 

reactions

Topical (1mL once, twice daily); 

Available in 2% and 5% solutions as 

well as foaming agents

Hypertrichosis, scalp erythema, pruritus, 

irritant reactions, contact dermatitis, and 

application site acne and cysts

Botulinum toxin Causes dose-dependent muscle paralysis; 

Improves blood supply and oxygenation 
in HFs

30-100 units, 1–4 treatments Injection site reactions, temporary 

muscle weakness, and rare systemic 
effects

Energy metabolism-related drugs

Melatonin Improves mitochondrial dysfunction Topical (1mL, once daily in the 

evening); 
0.1% solution

No obvious adverse effects

Nutritional supplement

Vitamins Improve the microenvironment of HFs; 

Alleviate oxidative stress; 
Support the hair growth cycle

Daily as needed No obvious adverse effects

(Continued)
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Androgen
Androgens play a pivotal role in the pathogenesis of AGA. Recent investigations have elucidated the intricate mechanisms 
through which androgens regulate follicular biology via multiple molecular pathways. From a cellular signaling perspective, 
androgens modulate the secretion of various bioactive factors from dermal papilla cells (DPCs) through paracrine and 
autocrine mechanisms, thereby influencing the HF growth cycle. Specifically, androgen stimulation induces DPCs to release 
Dickkopf-related protein 1 (DKK-1), a molecular mediator that triggers programmed cell death in outer root sheath cells.6 

Concurrently, DPC-derived interleukin-6 (IL-6) cytokine suppresses the proliferative capacity of follicular matrix cells, 
while transforming growth factor-beta (TGF-β) secretion is closely associated with vascular calcification processes.7 At the 
molecular level, androgens upregulate C-X-C Motif Chemokine Ligand 12 (CXCL12) chemokine expression in dermal 
fibroblasts, leading to a significant elevation in androgen receptor (AR) mRNA levels within DPCs, ultimately resulting in 
the miniaturization of human HFs in culture conditions, which is potentially linked to inflammation-mediated alopecia.8,9 

Furthermore, androgens interfere with the Wnt/β-catenin signaling pathway, inhibiting the differentiation potential of hair 
follicle stem cells (HFSCs), while simultaneously activating the phosphatidylinositol 3-kinase (PI3K)/AKT pathway to 
antagonize the cytoprotective effects of vascular endothelial growth factor (VEGF), thereby promoting HFSC apoptosis.10 

These findings provide novel insights into the molecular pathogenesis of AGA.

Microinflammation
Microinflammation plays an important role in the pathogenesis of AGA, and its role at the clinical, histological, and 
transcriptomic levels has been supported by several studies. Unlike cicatricial alopecia, the inflammatory response of 
AGA appears as a slow and subtle process, hence the name “microinflammation”. This persistent microinflammatory 
environment is closely related to the HF miniaturization process, which is one of the core pathological features of 
AGA.11 HF miniaturization is usually accompanied by the destruction of vertical muscles (arrector pili muscle) around 
HFs and the proliferation of sebaceous glands, which leads to increased oil secretion on the scalp surface, and often 
coexists with scalp inflammation such as seborrheic dermatitis, which can provide a more favorable microenvironment 
for the development of pro-inflammatory microorganisms.12 Histological studies have shown the presence of lymphocyte 
infiltration, activated T cells, and HF mast cell degranulation in balding areas of AGA patients.13 Activated T cells and 

Table 1 (Continued). 

Treatments Mechanism of Action Route and Dose of 
Administration

Adverse Effects

Trace elements Improve the microenvironment of HFs; 
Alleviate oxidative stress; 

Support the hair growth cycle

Daily as needed No obvious adverse effects

Other drugs

Bimatoprost PGE2 analogues Topical (once daily); 
0.03% solution

No obvious adverse effects

Latanoprost PGF2ɑ analogues Topical (once daily); 
0.1% solution

No obvious adverse effects

Cetirizine Inhibits the release of PGD2; 
Stimulates the release of PGE2

Topical (1mL once, twice daily); 
1% solution

No obvious adverse effects

Caffeine Increases cAMP to promote cell 
proliferation and metabolism; 

Antioxidant

Topical (2mL once, twice daily); 
0.2% solution

No obvious adverse effects

Adenosine Increases cAMP to promote 

mitochondrial energy metabolism

Topical (3mL once, twice daily); 

0.75% solution

No obvious adverse effects
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dendritic cells mainly infiltrate the upper region of the HF funnel, including the raised region where HFSCs are located, 
and are accompanied by pathological changes of perifollicular sheath fibrosis.5 These findings suggest that chronic 
inflammation in the infundibular part of the HF may directly or indirectly affect the periodic regeneration function of 
HFSCs through the secretion of a variety of soluble factors, thereby participating in the process of HF miniaturization.11

Microcirculation, Energy Metabolism and Nutrition
The nutritional supply to HFs primarily depends on adequate blood perfusion, and dysfunction of the scalp microcircula
tion is one of the critical pathological mechanisms underlying hair loss. Impaired scalp microcirculation leads to 
a reduction in blood flow velocity and volume, thereby compromising the oxygenation and nutrient delivery to HFs, 
ultimately resulting in hair loss.14 Studies have demonstrated that the transcutaneous oxygen pressure (TcPO₂) in the 
frontal scalp region of men with AGA is only 60% of that in healthy individuals, indicating significant microvascular 
abnormalities in the affected tissues of AGA patients.15

From a molecular perspective, androgens play a pivotal role in the dysregulation of blood perfusion in AGA. As 
mentioned earlier, androgen stimulation can induce DPCs to secrete TGF-β, which promotes the apoptosis of micro
vascular endothelial cells in the dermal papilla of balding scalp regions in AGA progression. This process leads to 
vascular calcification, resulting in the degeneration of the microvascular network and a reduction in blood flow. Such 
microcirculatory disturbances further exacerbate the ischemic and hypoxic state of the pilosebaceous unit, suppressing 
the activity of HFSCs and disrupting the normal hair growth cycle.7 With the persistent reduction in local blood supply, 
HFs gradually enter the catagen phase, characterized by a decrease in follicle size, thinning of hair shaft diameter, and 
shortening of the anagen phase. Ultimately, this leads to follicular atrophy and miniaturization. Additionally, micro
circulatory dysfunction can induce perifollicular fibrosis, further limiting the regenerative capacity of HFs. Therefore, 
improving scalp microcirculation and enhancing perifollicular microcirculation may represent a crucial therapeutic 
strategy for managing AGA.15

Mitochondrial dysfunction affects the normal physiological function of HFs mainly by interfering with the energy 
metabolism process of hair follicle cells. Impaired mitochondrial function leads to reduced ATP levels and increased 
reactive oxygen species (ROS), which can lead to oxidative damage of cellular components and ultimately trigger 
premature senescence or entry of HFs into the degenerative phase. In addition, excessive ROS can activate the apoptotic 
pathway, which further aggravates hair follicle cell death and leads to alopecia.2

Healthy hair growth is closely related to nutritional status, and this influence runs through all stages of the hair growth 
cycle. When the body has insufficient energy or specific nutrients, it will not only interfere with the normal growth cycle of 
hair, but also may affect the structural integrity of hair and the pigmentation process.16 With a deeper understanding of the 
association between HF energy metabolism disorders and AGA, therapies that regulate mitochondrial activity and supplement 
key nutrients (such as vitamins and trace elements) are becoming potential auxiliary means to delay the process of hair loss.

Fibrosis
Fibrosis exhibits a significant pathophysiological correlation with AGA. Clinicopathological observations showed that 
about 37% of AGA patients showed significant inflammatory infiltration and fibrotic changes in the area around the 
atrophied HFs. Studies have revealed that the peripheral scalp muscles of AGA patients, including occipital, frontal, 
auricular, and temporal muscles, are often in a state of chronic and involuntary tension, which subsequently induces 
inflammatory responses in AGA-susceptible tissues, and persistent inflammatory cell infiltration leads to perifollicular 
fibrosis.17 This fibrotic change results in impaired HF microcirculation, which is manifested by reduced local blood flow 
and inadequate tissue oxygen supply. This chronic hypoxic microenvironment further aggravates the hair loss process, 
forming a vicious cycle.18 In addition, androgens can promote the fibrosis process in two ways: on the one hand, they 
increase the number of mast cells and collagen fiber synthesis; On the other hand, the production of procollagen is 
stimulated by up-regulating the expression of TGF-β1 in scalp fibroblasts.5 Furthermore, the study found that fibrosis- 
related genes were overexpressed in AGA-affected HF bulge, and the fibrosis in the promenade region was positively 
correlated with AGA-affected HF miniaturization, which may directly harm the function of HFSC, lead to decreased HF 
regeneration ability, and accelerate the progress of AGA.5,19
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The Pharmacotherapy of Androgenetic Alopecia
Antiandrogen Drugs
5α-Reductase Inhibitors
5α-Reductases (5α-Rs) are a group of enzymes widely present in various organs and tissues (including three isoforms: 
type I, II, and III), responsible for catalyzing the conversion of testosterone into dihydrotestosterone (DHT), a metabolite 
with significantly higher affinity for the AR. By inhibiting the activity of 5α-Rs, 5α-reductase inhibitors (5αRIs) 
effectively block the transformation of testosterone into DHT, thereby reducing systemic DHT levels. This mechanism 
has been shown to play a beneficial role in promoting hair growth.20

Currently, the primary 5αRIs used in the treatment of AGA include finasteride and dutasteride.21 Finasteride 
selectively inhibits type II 5α-Rs, whereas dutasteride demonstrates inhibitory effects on both type I and type II isoforms. 
In a study conducted by Hobo et al, the concentrations of these drugs and DHT were measured in the hair of 1087 male 
patients with MPHL. The results revealed that finasteride and dutasteride reduced scalp DHT levels by approximately 
64% and 92%, respectively.22 Their main side effects include sexual dysfunction, gynecomastia, and psychological 
symptoms such as anxiety and depression.23,24 Due to its potentially higher risk of side effects, dutasteride is generally 
considered a second-line treatment option.25 Additionally, a meta-analysis by Nobari et al indicated that finasteride also 
exhibits efficacy in FPHL, particularly when administered at higher doses (5 mg/day) for at least one year.26 Despite its 
effectiveness, finasteride has not been approved by the FDA for use in women due to its potential hormonal side effects. 
However, it may be considered as an off-label treatment for postmenopausal women in second-line therapy.

Oral 5αRIs are effective in the treatment of AGA, but may cause unwanted side effects, resulting in poor long-term 
tolerance in patients. Recent studies have explored local therapy as an alternative.27 In the latest Phase III randomized 
controlled trial (RCT), topical finasteride spray (50–200μL/day) resulted in a significant increase in the change from 
baseline in the number of hairs in the target area at week 24 compared with placebo.28 As compared with oral 5αRIs, 
topical finasteride causes few systemic side effects, such as sexual dysfunction. Most adverse effects of topical finasteride 
were confined to the application site, for example, scalp pruritus, burning sensation, irritation, and contact dermatitis.29 

Furthermore, combination therapy with topical minoxidil and finasteride may enhance therapeutic outcomes, offering 
a synergistic approach to AGA management.30,31

Androgen Receptor Antagonists
Androgen receptor antagonists (ARAs) play a significant role in the treatment of FPHL by competitively inhibiting the 
binding of DHT to AR, thereby effectively reducing sebum production and preventing follicular miniaturization.32 

Commonly used ARAs for managing AGA include spironolactone, flutamide, bicalutamide, and cyproterone acetate, 
among others.

Spironolactone, a potent ARA with mild 5α-reductase inhibitory activity, has emerged as the preferred off-label 
antiandrogen for the treatment of FPHL. Clinical studies have demonstrated that spironolactone can halt disease 
progression in over 90% of FPHL cases.33 Common side effects associated with oral spironolactone include menstrual 
irregularities, dizziness or headaches, facial hirsutism, skin rashes, and hyperkalemia.34 Furthermore, combination 
therapy with oral spironolactone and topical minoxidil has been shown to be both effective and well-tolerated in 
FPHL patients.35 Topical formulations of spironolactone offer a safer alternative to oral administration and are suitable 
for both male and female patients. This route of administration shows promise as a viable option for individuals who 
exhibit suboptimal responses to minoxidil.34

Flutamide, as a selective ARA, has shown some efficacy in the treatment of AGA, but it is not widely used due to its potential 
liver toxicity. In contrast, bicalutamide, as a non-steroidal selective ARA, has shown higher affinity and better safety than 
flutamide. Jha et al divided 120 FPHL patients into a spironolactone group (100mg/day) and a bicalutamide group (50mg/day). 
The study showed that compared with the spironolactone group, the bicalutamide group showed more obvious improvement in 
treatment effect (p=0.139).36 Common adverse reactions of bicalutamide include mild and transient elevated liver enzyme levels, 
temporary amenorrhea, endometrial hyperplasia, and migraine.37 On the whole, bicalutamide not only has better efficacy in the 
treatment of FPHL, but also has higher safety, which may be a better treatment option than spironolactone.36
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Cyproterone acetate is a synthetic steroid that has antiandrogenic and anti-gonadotropic effects and is a competitive 
antagonist of the nuclear androgen receptor (NR3C4).38 A 12-month controlled trial comparing 2% minoxidil with 
cyproterone acetate for the treatment of FPHL found that minoxidil was more effective in patients with a lower body 
mass index (BMI) and no signs of hyperandrogenism, whereas cyproterone acetate was more effective in those with 
a higher BMI and hyperandrogenism.39 Common adverse effects include weight gain, menstrual disturbances, and breast 
pain. Women of childbearing age need to use the drug for contraception.40

Anti-Inflammatory Drugs
Antifungal Drugs
Ketoconazole (KCZ), as an imidazole antifungal drug, has been widely used in the treatment of seborrheic dermatitis. In 
recent years, studies have found that 2% concentration of KCZ shampoo can improve hair density in AGA and the size 
and proportion of HFs during growth.41 KCZ is thought to play an anti-inflammatory role by inhibiting the activity of 
5-lipid oxidase and reducing the production of inflammatory mediators. Secondly, it can inhibit the steroid-producing 
pathway and reduce testosterone synthesis, thereby reducing the accumulation of DHT in the scalp, which has 
a synergistic effect with finasteride.42 Animal experiments showed that the hair regeneration rate of the KCZ-treated 
group was significantly higher than that of the control group, and the ratio of bare skin area was significantly reduced. In 
clinical studies, an increase in hair diameter from baseline was generally observed in patients using KCZ.41 In addition, 
KCZ may be more effective in AGA patients with seborrheic dermatitis due to its significant antifungal properties. 
Although there is limited evidence of increased hair shaft diameter and hair regeneration in human subjects following 
topical KCZ treatment, and even some studies failed to observe significant changes, without significant side effects, 
topical KCZ holds promise as a low-risk adjunct or alternative therapy for the treatment of AGA. Large-scale RCTs are 
also needed to further validate the efficacy of KCZ as monotherapy and adjuvant therapy for AGA.43

Isotretinoin
Isotretinoin, A synthetic retinoid analogue, has been widely used in the treatment of a variety of skin diseases, including 
acne vulgaris, psoriasis, and basal cell carcinoma.44 Its mechanism of action is mainly through binding with retinoic acid 
receptors in the nucleus, thereby regulating a variety of cell activities, such as cell cycle progression, keratinocyte 
differentiation, apoptosis, and regulating the expression of interleukin-2 (IL-2), interferon γ (IFN-γ) and other cytokines, 
thus affecting the function of T cells and B lymphocytes.45 Isotretinoin exerts anti-inflammatory effects by negatively 
regulating toll-like receptors 2 and 4 (TLR-2 and TLR-4) in keratinocytes, sebum cells, monocytes, and immune cells, 
and inhibits sebum secretion by significantly reducing the size and activity of sebum glands (up to 90%).46

Although studies have suggested that isotretinoin may be associated with hair loss, clinical observations suggest that 
only a small number of patients report hair loss as an adverse effect, and that the occurrence of hair loss is associated 
with age, higher cumulative doses, and longer duration of treatment.47,48 Notably, in recent years, isotretinoin has been 
considered as a potential treatment option for frontal fibrotic alopecia (FFA) due to its significant anti-inflammatory and 
sebum-inhibiting effects.44

Based on its mechanism of action, we believe that in the treatment of AGA, especially in AGA patients with 
seborrheic dermatitis, the combination of low-dose isotretinoin therapy may have potential benefits, which can reduce the 
inflammatory response of balding scalp in AGA patients to a certain extent, reduce sebum secretion, and improve the 
scalp microenvironment, thus providing an auxiliary effect for the treatment of AGA.

Vasodilators, Energy Metabolism-Related Drugs and Nutritional Supplements
Minoxidil
Minoxidil, a potent vasodilatory agent, exerts its therapeutic effects primarily through the activation of ATP-sensitive 
potassium channels on vascular smooth muscle cells, thereby inducing vasodilation. Concurrently, it upregulates the 
expression of VEGF, which stimulates angiogenesis and subsequently enhances blood perfusion and nutrient delivery to 
HFs, creating a favorable microenvironment for hair growth.24,49,50 Furthermore, minoxidil demonstrates significant anti- 
inflammatory properties by downregulating the expression of pro-inflammatory cytokines, including IL-2 and 
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prostacyclin, thereby mitigating the inflammatory cascade associated with AGA. Of particular interest is its ability to 
modulate the Wnt/β-catenin signaling pathway within DPCs, which not only prolongs the anagen phase of the hair cycle 
but also facilitates the transformation of vellus hairs into terminal hairs.51

Extensive clinical investigations have substantiated the remarkable efficacy of topical minoxidil in promoting hair 
regrowth. A 12-month longitudinal study involving 904 male patients with AGA demonstrated that 62% of participants 
exhibited significant improvement in scalp coverage following twice-daily application of 5% minoxidil solution, while 
84.3% of the cohort reported varying degrees of new hair growth.52 Common adverse effects include hypertrichosis, 
scalp erythema, pruritus, irritant reactions, contact dermatitis, and application site acne and cysts, though these typically 
manifest as mild, self-limiting conditions with low incidence rates.53

Topical minoxidil demonstrates significant efficacy in hair regrowth, with over 50% of patients showing improvement 
within six months, establishing it as a primary treatment for alopecia. However, its ability to completely halt hair loss 
progression remains limited. In recent years, the scientific community has shifted its focus toward investigating the 
feasibility of systemic administration routes. A comprehensive systematic review and meta-analysis conducted by Sobral 
et al, encompassing four clinical trials with a total cohort of 227 participants, revealed comparable therapeutic outcomes 
between oral and topical formulations, with no statistically significant differences in adverse event profiles.54 The oral 
route, while associated with potential systemic effects such as hypotension, fluid retention, hypertrichosis, and hyper
sensitivity reactions, has shown favorable tolerability at lower doses (0.25–5mg). In summary, oral minoxidil can be used 
as an alternative for patients with intolerance or poor compliance to topical preparations, but more large-scale studies are 
needed to further verify it.55

In addition, minoxidil may cause temporary hair loss (“shedding period”) in the early stage of treatment, which is 
common in clinical practice and often leads to anxiety or even discontinuation of treatment. The study showed that this 
temporary alopecia usually appeared within the first 12 weeks of treatment and lasted longer in the 2% minoxidil group 
than in the 5% group. Notably, after 20 weeks of treatment, hair loss was significantly lower than baseline in both groups, 
confirming the ability of minoxidil to prolong anagen, ultimately reducing hair loss and promoting regrowth.56 Attempts 
were made to alleviate the shedding period by combining low-dose oral minoxidil with topical minoxidil, but the study 
by Nohria et al found that this overlapping treatment regimen did not significantly reduce the occurrence of temporary 
alopecia.57 Therefore, clinicians should inform patients of this possible temporary side effect in advance to enhance 
treatment compliance and emphasize that long-term use can achieve the best results.

Botulinum Toxin
Botulinum toxin type A (BoNT-A) is a neurotoxin produced by Clostridium botulinum. Its mechanism of action is to inhibit 
the release of neurotransmitters, cause dose-dependent muscle paralysis, and induce muscle relaxation, thereby reducing the 
pressure on the peripheral vasculature and increasing local blood flow, thereby improving the blood supply and oxygenation 
of HFs. At the same time, it can inhibit the production of pro-inflammatory cytokines to reduce inflammation, further 
relieve vascular pressure, and enhance blood circulation.58 Notably, BoNT-A has been found to down-regulate the 
expression of TGF-β1, which is a key regulator mediating androgen-dependent perifollicular fibrosis.59–61

Zhang et al, ‘s study results showed that among the 24 patients who received 50 U BoNT treatment, after 6 months of 
treatment, 11 patients showed significant hair regeneration (>10% from baseline), 8 patients showed slight improvement, 
5 patients showed no change, and no patients had adverse reactions.62 A randomized open-label trial conducted by Zhou 
et al in 63 AGA patients compared the effects of BoNT-A alone with BoNT-A in combination with finasteride, 
confirming that BoNT-A is a safe and effective treatment option for AGA and is more effective when combined with 
finasteride.63 Overall, BoNT-A showed positive therapeutic effects in promoting hair growth and improving AGA, and 
could serve as a potential treatment option for patients with different types of hair loss.64

Melatonin
As a substance with significant antioxidant and DNA repair functions, melatonin can reduce HF damage by improving 
mitochondrial dysfunction.2,65 A controlled clinical study conducted by Fischer’s group confirmed the favorable efficacy 
of topical melatonin formulations for FPHL: AGA patients in the experimental group showed a significant increase in 
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growth phase hair in the occipital region (+8.7%), compared with only 3.9% in the control group.66 Based on the existing 
research evidence, melatonin has shown potential application value in delaying hair aging and treating early AGA, 
providing a new treatment option for male and female patients with alopecia.

Nutritional Supplements
Nutritional supplements such as vitamins and trace elements may play an indirect role in the adjuvant treatment of AGA 
by improving the microenvironment of HFs, alleviating oxidative stress, and supporting the hair growth cycle. For 
example, vitamin D may regulate the HF cycle, while B vitamins such as folic acid and biotin, which act as catalysts in 
the process of nucleic acid synthesis and amino acid metabolism, may participate in the pathogenesis of AGA by 
regulating DPC proliferation.67,68 Elements such as iron, zinc, copper, and selenium play key roles in immune regulation, 
inflammation control, and antioxidant defense.69 Most clinical data support the association between the deficiency of 
these vitamins and trace elements and AGA.70–72 Although clinical studies have shown that these nutritional supplements 
are helpful in correcting AGA in the deficient state, their efficacy alone is limited, and they usually need to be used in 
combination with mainstream treatments (such as minoxidil and finasteride).73 In the future, more well-designed studies 
with large samples are needed to clarify the best intervention timing, dosage, and combination strategy of various 
nutrients in the prevention and treatment of AGA.

Antifibrotic Drugs
In the current clinical treatment of AGA, there is a lack of drugs specifically targeting the fibrosis process, and most 
treatment options mainly work through indirect pathways. Taking BoNT-A as an example, it can effectively relieve 
perivascular pressure and promote local blood circulation by inducing scalp muscle relaxation, thereby delaying the 
progression of fibrosis. In the field of anti-fibrosis drug research and development, pirfenidone, as a TGF-β inhibitor, has 
been approved by the European Union EMA (2011) and the United States FDA (2014) for the treatment of idiopathic 
pulmonary fibrosis.74 Its mechanism involves the regulation of TGF-β1/TAK1/MKK3/p38 MAPK signaling cascade, 
which inhibits pro-inflammatory cytokines and fibrosis factors, and then significantly inhibits the proliferation and 
collagen synthesis of fibroblasts.75 Although the drug is currently mainly used in pulmonary fibrosis, its potential 
value in the treatment of AGA deserves further exploration.

Other Drugs
Prostaglandins
The growth of hair is significantly regulated by prostaglandin (PG). The study found that in the hair loss area of AGA 
patients, the expression levels of prostaglandin E2 (PGE2) and prostaglandin F2ɑ (PGF2ɑ) were significantly reduced, 
while the level of prostaglandin D2 (PGD2) was significantly increased.76,77 Specifically, PGD2 negatively affects HF 
growth by inhibiting hair growth through multiple mechanisms, including promoting AR expression, activating AKT 
signaling, and inhibiting Wnt signaling. In contrast, PGE2 and PGF2ɑ promote the transition of HFs from resting to 
growth, thereby stimulating hair growth.78 These findings reveal the complex role of prostaglandins in the regulation of 
hair growth and provide a theoretical basis for the development of new hair loss treatment strategies.

Prostaglandin analogues, such as bimatoprost (PGE2 analogues) and latanoprost (PGF2ɑ analogues), have shown 
promising applications in the treatment of AGA. Bimatoprost was approved by the FDA in 2008 for the treatment of low 
eyelashes due to its significant hair growth-promoting effect.79

Studies have shown that bimatoprost can promote the synthesis of hair in scalp HFs and effectively stimulate fur 
regeneration in mice in animal experiments.79 Subedi’s team further found that 5% of bimatoprost applied topically in 
AGA mouse models was more effective than minoxidil at the same concentration, with a lower incidence of adverse 
reactions.80 In clinical studies, prostaglandin analogues have also shown significant therapeutic effects. An RCT in men 
with mild AGA showed that after 24 weeks of treatment with 0.1% latanoprost, both terminal and vellus hair density in 
the treated area increased significantly from baseline values and from placebo groups.81

Cetirizine is a second-generation histamine H1 receptor antagonist, but it also inhibits the release of PGD2 and 
stimulates the release of PGE2.82 In a triple-blind randomized clinical trial conducted by Alavi et al, 60 patients with 
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FPHL were randomly assigned to receive 1% cetirizine local treatment or 2% minoxidil local treatment. After 6 months 
of treatment, hair diameter and density improved in both groups, but the improvement was more significant in the 
minoxidil group. Although less effective than minoxidil, topical cetirizine treatment can still bring good results in 
patients with FPHL.83 Studies by Mostafa et al showed that cetirizine was equally effective against MPHL, with no 
adverse effects reported.82

Overall, prostaglandins have shown superior efficacy to placebos in the treatment of hair loss and have a high safety 
profile, making them a topical treatment option for AGA, especially for patients who have not responded well to other 
treatments. Nevertheless, determining the optimal dose of prostaglandins for AGA treatment still requires further research.

Caffeine
As the most widely used central nervous stimulant in the world, caffeine has shown a unique mechanism of action in the 
field of hair biology. Studies have shown that caffeine, as a phosphodiesterase inhibitor, can interact with the adenosine 
pathway to increase intracellular cyclic adenosine monophosphate (cAMP) levels, thereby up-regulating cell signaling 
pathways that promote cell proliferation and metabolic activity in HF. At the same time, caffeine has antioxidant 
properties that prevent degeneration processes in cells.84 In addition, some studies have found that caffeine can not 
only up-regulate the expression level of insulin-like growth factor 1 (IGF-1), but also inhibit the expression of TGF-β1 
mediated by DHT, which provides a theoretical basis for its application in the treatment of hair loss.85,86

In an in vitro study, Fischer’s team conducted an in-depth analysis of scalp samples from AGA patients using an 
organ culture model and found that 5μg/mL testosterone significantly inhibited HF growth, while 0.001–0.005% caffeine 
effectively reversed this inhibition.87 Further studies have found that caffeine has excellent transdermal absorption 
properties, can penetrate deep into the HF in a few minutes, and can maintain a residence time of more than 48h after 
repeated cleaning, which provides a pharmacokinetic basis for its local application.88

In clinical studies, a multicenter non-inferior study (n=210) conducted by Dhurat et al compared the efficacy of 
caffeine topical solution with 5% minoxidil solution for MPHL. The results showed that the two treatment regimens had 
a comparable clinical effect in improving the proportion of HFs in the growing phase (p=0.574), suggesting that topical 
preparations of caffeine may be a potential alternative to minoxidil.89 These findings provide strong evidence-based 
medical evidence for the use of caffeine in the field of hair loss treatment.

Adenosine
Adenosine is a purine nucleoside produced by dephosphorylation of adenosine monophosphate (AMP), which plays 
a key role in tissue protection and repair.90 Its mechanism of action is mainly through activating the adenosine receptor 
signaling pathway, increasing the level of intracellular cAMP, and then promoting the cAMP-mediated mitochondrial 
energy metabolism. In addition, adenosine activates the Wnt/β-catenin signaling pathway by regulating the activity of 
glycogen synthetase kinase 3β (Gsk3β) in human DPC.91 Together, these findings reveal the multiple mechanisms of 
action of adenosine in regulating the biological processes of HFs.

Several studies have shown that adenosine has a significant effect in promoting hair growth. Kim et al found through 
in vitro culture of human HFs that adenosine not only extends the growth period of hair, but also increases the density 
and thickness of hair and reduces the ratio of fine hair to terminal hair.90 In addition, some researchers have found that 
adenosine can effectively promote hair growth and increase hair density in the growth phase of Japanese AGA patients.92 

In addition, when comparing the efficacy of topical 5% minoxidil and 0.75% adenosine solution in the treatment of AGA, 
adenosine was not found to be statistically significantly better than minoxidil. However, patients are more satisfied with 
adenosine, mainly because it prevents hair loss more quickly and promotes new growth.93 Still, these findings need to be 
validated and explored in depth with larger sample sizes or further studies with different drug dosages.

JAK Inhibitors
JAK inhibitors can inhibit the production of inflammation-related cytokines by targeting the Janus kinase-signal transducer 
and activator of transcription (JAK-STAT) signaling pathway. Therefore, they have shown remarkable therapeutic effects in 
the treatment of alopecia areata (AA) and scarring alopecia.94 At present, scholars are also exploring whether JAK 
inhibitors can be used for the treatment of AGA. Meephansan et al found that topical application of tofacitinib (a kind 
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of JAK inhibitor) promoted hair growth more than minoxidil in C57BL/6 mice (P < 0.001), possibly by increasing VEGF 
levels and reducing inflammation, suggesting that tofacitinib may be a potential treatment option for AGA.95 However, Yale 
et al reported four cases of AGA-like alopecia after regrowth of hair in patients with AA treated with JAK inhibitors.96 

Fiore et al further observed 14 patients with AA and found that although JAK inhibitors improved the symptoms of AA, 
there was no change in the alopecia grade of AGA, suggesting that JAK inhibitors may have limited efficacy in AGA.97 In 
conclusion, the role of JAK inhibitors in the treatment of AGA still needs to be verified by more studies.

Combination Therapies
Compared with single therapy, combination therapy has shown more significant therapeutic advantages in the clinical 
intervention of AGA, so its clinical application is increasingly widespread. Chen et al used a network meta-analysis to 
confirm that combination strategies, including the combination of local and systemic agents and the synergy of medical 
and adjuvant therapy, were the most effective of all interventions. In terms of mechanism of action, combination therapy 
can significantly improve the therapeutic effect through multi-target synergy, while avoiding the increase in the incidence 
of adverse reactions.98

The meta-analysis of 5 RCTs by Chen et al showed that finasteride combined with minoxidil was more effective than 
a single drug and had similar safety.99 Hamza et al divided 60 AGA patients into three groups: 5% minoxidil group, 1% 
spironolactone group, and combination treatment group. The results showed that 90% of patients in the minoxidil group 
improved, 80% of patients in the spironolactone group responded, and all patients (100%) in the combination group had 
a clinical response, confirming the synergistic effect of the combination drugs.100 Bazargan et al further compared the 
efficacy of different combination regimens for FPHL. In this study, 60 female AGA patients were treated for 16 weeks, 
and it was found that minoxidil combined with spironolactone was better than minoxidil combined with finasteride in 
terms of doctors’ satisfaction, hair density, and hair loss improvement, suggesting that spironolactone may be more 
suitable for female patients.101

Hassan et al compared vitamin D therapy alone with vitamin D plus minoxidil and showed that the combination 
group was superior to the monotherapy group in both clinical assessments and dermoscopic evaluation.102 In addition, 
other combined treatment strategies, such as drugs (minoxidil/finasteride, etc.) combined with low-intensity laser therapy 
(LLLT), microneedles, platelet-rich plasma (PRP), or hair transplantation surgery, have shown more significant advan
tages than single treatment.

Conclusion
The pathogenesis of AGA is complex, involving multiple physiological and pathological processes. This review of 
different classes of drugs reveals the diversity and pertinence of current treatment strategies. Conventionally approved 
AGA therapies (topical minoxidil and oral finasteride) have limited efficacy and individual variation. In recent years, 
studies on oral minoxidil and topical finasteride have gradually increased and shown certain efficacy. In particular, 
a novel formulation of topical finasteride has passed phase III clinical trials and is on the market, providing patients with 
a more convenient and potentially less side-effect treatment option. In addition, other drugs such as spironolactone, 
adenosine, caffeine, and prostaglandins have also been proven to be effective, further enriching the treatment options. 
Adjunctive therapies such as anti-inflammatory drugs, melatonin, and nutritional supplements can improve the micro
environment of HFs and delay the process of hair loss through multi-target effects. In terms of local treatment, emerging 
therapies such as botulinum toxin type A injection and PRP have also shown potential, especially when combined with 
conventional drugs, which may achieve better efficacy.

However, there are still some limitations of current treatment regimens, for example, the safety of long-term use, 
patient compliance, and durability of efficacy have not been fully resolved. Future research directions should focus on the 
development of new drugs, optimization of combination treatment strategies, and exploration of precision treatment 
models based on individualized medicine, to achieve the goal of more efficient and safer AGA treatment.
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