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Abstract

Androgenetic alopecia (AGA) is a condition of scalp hair growth 
characterized by progressive miniaturization of hair follicles and a 
reduction in the number of active follicles. In general, frontal, mid-scalp 
and crown hair follicles in postpubescent men and in postmenopausal 
women are susceptible to AGA. In rare cases, premenopausal women 
and prepubescent individuals are affected. In men, AGA is hypothesized 
to be caused by increased androgen signalling within susceptible hair 
follicles, altering the levels of locally produced signalling factors that 
sustain hair growth, whereas the molecular basis of AGA in women 
remains undetermined. AGA displays variability in its time of onset, 
severity and distribution patterns, and genome-wide association 
studies have uncovered more than 380 genomic loci associated 
with AGA, including genes involved in androgen and WNT pathways. 
Furthermore, epidemiological studies support substantial ancestral 
variation in AGA. Effective therapies for AGA include autologous 
transplantation of androgen-resistant occipital hair follicles, oral 
finasteride and topical minoxidil. Not all individuals with AGA respond 
to these therapies or comply with daily use of medicines, creating a 
need for new approaches. Emerging therapies for AGA include hair 
follicle-activating peptides, mRNA-containing liposomes, as well as 
bioengineering of new hair follicles. AGA has a negative socioemotional 
effect on affected individuals, and its prompt diagnosis and treatment 
can improve self-reported quality of life.
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the UK found a prevalence of AGA of 6% in women <50 years of age, 
increasing to 38% in those aged 70 years and older8. Another study in 
Türkiye found a prevalence of AGA in women of 23.9% with an age at 
onset of 40.35 ± 15.25 years compared with 67.1% and 31.18 ± 11.74 years, 
respectively, in men7. Furthermore, prepubescent children can also 
present with AGA-like hair loss, and this pattern is often associated with 
a strong family history of AGA. However, the incidence and prevalence 
AGA in this population remains undetermined9.

Role of ethnicity
The prevalence of AGA varies according to ancestry, although relevant 
comprehensive studies remain limited. Early-onset AGA (<30 years of 
age) is most common in men of South Asian ancestry, who also have a 
higher than average overall AGA prevalence of 58% during their fifties10. 
AGA occurs with lower frequencies in men of Central European descent 
(50% in men in their fifties)11 and African descent12. East Asian men are 
consistently reported as less affected than men of European ancestry 
throughout all decades of life6,13, whereas South Asian men display 
higher AGA prevalence in the vertex (the top portion of the scalp) than 
their European ancestry peers12.

Studies have found similar ancestral variations in women6,14–16. 
South Asian women have been reported to have AGA onset on average 
15 years earlier than white and Black women; for example, the mean 
age at onset was reported to be mid-thirties in South Asian women16 
and early fifties in women of white or Black ancestry. In addition, 
East Asian women reported lower hair loss frequencies (2–10%) by 
50 years of age than women primarily of European ancestry from Aus-
tralia (25%)6,14,15. Limited data exist on hair loss pattern distribution in 
women across different ancestral groups, although one cohort study 
noted bitemporal frontal hairline recession as the most prevalent 
pattern in women of European and African ancestry16. Moreover, 
Black women are highly likely to present with predominant AGA in the 
vertex as compared with other areas of the scalp16. By contrast, South 
Asian women are most likely to present with diffuse and widespread 
hair loss16.

Risk factors for AGA
Compelling epidemiological data exist in support of systemic condi-
tions, particularly the metabolic syndrome, as comorbidities with 
AGA17,18. Individuals with low levels of high-density lipoprotein that 
accompanies the metabolic syndrome have a high prevalence of AGA18. 
Furthermore, people with severe AGA were found to have 2.6 times 
higher odds of developing the metabolic syndrome than those with 
moderate AGA, whereas all people with AGA were nearly 2.5 times 
more likely to have low high-density lipoprotein levels than controls18. 
Although, one study noted no correlation between fasting glucose 
levels and the odds of developing AGA, other studies have found a 
relationship between AGA and insulin resistance19,20. Importantly, 
elevated glucose levels and insulin levels are associated with increased 
conversion of testosterone to dihydrotestosterone (DHT)21,22. Never-
theless, further studies are needed to establish a causal relationship 
between the metabolic syndrome and AGA. Furthermore, metabolic 
interventions have gained attention in the context of AGA treatment 
and prevention. High-fibre diets, such as the Mediterranean diet, con-
fer a protective effect against AGA development23, whereas high-fat, 
high-glycaemic Western diets are associated with an increased risk 
of AGA24. In East Asian men with historically low AGA prevalence, fre-
quent consumption of sweetened beverages has been identified as a 
potential risk factor for the development of AGA25. The use of GLP1 

Introduction
Androgenetic alopecia (AGA) is a genetic condition characterized by a 
visible decrease in scalp hair coverage. AGA causes miniaturization of 
hair follicles that produce progressively thinner and shorter hair fibres 
(known as vellus hair). The hair follicles stay quiescent between bouts 
of growth for progressively extended periods of time1. In an individual 
without AGA, the scalp skin contains ~100,000 hair follicles of which 
~90% grow thick and long hair fibres (known as terminal hair) at any 
given time. By contrast, in advanced AGA, this percentage of terminal 
hair fibres drops drastically to <10%.

Although AGA does not directly lead to death or morbidity, it is 
a distinct physiological state commonly driven by increased levels 
of androgen signalling within scalp hair follicles in genetically pre-
disposed individuals. In this regard, the molecular pathogenesis of 
AGA differs from that of other forms of hair loss, particularly alopecia 
areata — an autoimmune disease driven by breakdown of the immune 
privilege of the hair follicle and the ensuing immune attack on its epi-
thelial cells2. Nevertheless, similar to other forms of hair loss, AGA can 
trigger profound negative psychological effects in affected individuals 
owing to social pressure to maintain ‘good hair’. In addition, AGA is 
highly prevalent; for example, it affects ~50 million men and ~30 mil-
lion women in the USA alone, and tens of millions people worldwide 
seek hair loss therapies3. This increased demand has nurtured intense 
research efforts into delineating the genetic, molecular and cellular 
bases of AGA pathogenesis, and has triggered pharmaceutical and 
biotechnology companies to develop novel therapeutics with better 
efficacy for managing AGA. Driven by these factors, our current under-
standing of AGA pathogenesis has greatly expanded, and numerous 
therapeutic strategies have entered preclinical and clinical stages of 
evaluation4.

In this Primer, we describe the epidemiology, known risk factors 
and the current state of knowledge regarding the molecular basis of 
AGA pathogenesis, emphasizing the role of androgens and genetics. 
Next, we present common approaches to diagnosis and classification 
of AGA severity. We then discuss potential preventive approaches and 
current standard-of-care management strategies, as well as the effect 
of AGA on quality of life (QOL). Finally, we outline the promising pre-
clinical research and development efforts that aim to create the next 
generation of efficacious AGA therapeutics.

Epidemiology
Incidence and prevalence by age
AGA affects both men and women; AGA in women is also referred to 
as female-pattern hair loss. The incidence of AGA varies across age, 
ethnicity and geography, although an accurate representation of its 
epidemiology is challenging owing to marked differences in study 
designs. Nonetheless, a general trend is that AGA has a high prevalence 
in postpubescent men and has a late onset in women, coinciding with 
the menopause5. A large-scale study involving 10,132 people with AGA 
of East Asian ancestry put its overall prevalence in men at 14.1% and 
in women at 5.6%6. Among men, AGA prevalence increased with age, 
rising from 2.3% among people in their twenties to 46.9% among people 
in their seventies, with the prevalence in intermediate decades of life 
of 4.0% during the thirties, 10.8% during the forties, 24.5% during the 
fifties and 34.3% during the sixties. By contrast, the prevalence of AGA 
among East Asian women was low, affecting 0.2% of women during their 
twenties, but increased markedly among women in their sixties (11.7%) 
reaching a prevalence of 24.7% at 70 years of age6. These age-dependent 
dynamics have been confirmed in independent studies7,8. A study in 
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receptor agonists (GLP1RA) to treat metabolic diseases has sparked a 
lot of interest in their effect on AGA. Some studies have suggested that 
GLP1RA may precipitate transient hair shedding (also known as telogen 
effluvium)26, whereas a case report noted significant improvement in 
AGA following tirzepatide monotherapy27.

Studies have not established a definitive association between 
alcohol consumption and AGA28,29. However, smoking more than ten 
cigarettes per day30 and the use of anabolic steroids and exogenous tes-
tosterone have been shown to accelerate AGA31. Systemic conditions, 
including inflammatory scalp diseases, anaemia, thyroid dysfunction 
and any underlying triggers of telogen effluvium may worsen AGA32,33, 
and so does excessive sun exposure, as it increases the risk of cutaneous 
neoplasms34.

Mechanisms/pathophysiology
The mechanism of AGA is complex and yet to be fully understood. How-
ever, AGA pathophysiology critically involves an interplay between 
the genetic makeup of affected individuals and androgens, which 
detrimentally affect hair growth-promoting signalling factor levels 
by hair follicle cells.

Hair follicle
The hair follicle is the target tissue of AGA pathogenesis. During active 
growth, terminal scalp hair follicles are shaped as elongated cylin-
ders, extending from the epidermis into the dermal adipose layer35 
(Fig. 1). The upper segment of the hair follicle, situated between 
the hair-associated sebaceous gland and the arrector pili muscle, 
contains a self-renewing population of epithelial stem cells, known 
as bulge cells36,37. At the base of the hair follicle (that is, the bulb), 
fast-dividing epithelial matrix cells give rise to differentiating daugh-
ter cells, which assemble into a hardened hair fibre that grows above 
the skin surface and a surrounding inner root sheath that remains below 
skin level. In association with matrix cells are melanocytes that produce 
pigment38 and dermal papilla fibroblasts that serve as the pivotal sig-
nalling centre, regulating numerous characteristics of a growing hair 
fibre, including its length and pigmentation35,39.

In AGA, terminal hair follicles undergo miniaturization toward a 
diminutive vellus state, markedly reducing their length40–42 and dermal 
papilla volume43 (Fig. 1). Dermal papilla fibroblasts express numer-
ous genes associated with androgen signalling and are regarded as 
critical pathogenic cells in AGA. Furthermore, single-cell chromatin 
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Fig. 1 | Hair follicle miniaturization and hair growth cycle. In androgenetic 
alopecia, large, terminal scalp hair follicles (panel a), that extend deep into 
the dermal adipose layer and produce thick and long hair fibres, undergo 
miniaturization, transforming into vellus hair follicles (panel b), which retract 
upwards into the dermis and produce thin and short hair fibres. Hair follicle 
miniaturization is accompanied by degeneration of the arrector pili muscle 
(APM) and its detachment from the hair follicle with the resulting space being 
filled by adipocytes. The hair growth cycle (panel c) consists of three consecutive 
phases: anagen, catagen and telogen. During anagen, bulge stem cells proliferate, 
generating several types of epithelial hair progenitors, including matrix cells, 

which are located in the lowermost portion of a growing hair follicle, adjacent 
to the dermal papilla. Hair fibre is produced as the result of differentiation by 
postmitotic progeny of matrix cells. Under physiological conditions, the anagen 
phase in a typical adult human scalp hair follicle lasts ~5–7 years. Upon transition 
to catagen phase, a large proportion of follicular epithelial cells undergo 
apoptosis, leading to regression of the lower hair follicle and formation of an 
epithelial strand, followed by dermal papilla and a connective tissue streamer. 
The catagen phase lasts 2–3 weeks, and is followed by the telogen phase, a period 
of relative quiescence, that lasts 2–3 months.
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analysis supports this notion, revealing that many AGA-associated 
genomic traits link to open chromatin regions that are specific to der-
mal papilla fibroblasts44. As AGA progresses, morphological changes 
extend beyond the hair follicles. In particular, arrector pili muscle 
disconnects from its attachment site on the bulge and the resulting 
space becomes filled with dermal adipocytes45,46. Experiments in mice 
suggest that arrector pili muscle serves as the signalling centre for 
epithelial stem cells47, although the role of muscle disengagement from 
the bulge in AGA pathogenesis remains undetermined.

The hair growth cycle
All hair follicles grow in recurrent cycles, consisting of consecutive 
phases of anagen (when follicles are actively making hair fibre), cata-
gen (when follicles undergo involution) and telogen (when follicles 
rest, awaiting a new cycle)48 (Fig. 1). In a typical adult, terminal scalp 
hair follicles spend ~5–7 years in continuous anagen phase, which 
supports the production of a characteristically long hair fibre. Upon 
transition to catagen, a large portion of follicular epithelial cells, includ-
ing matrix cells, undergo death by apoptosis. As the apoptotic wave 
propagates through the hair follicle, its epithelial cylinder below the 
bulge collapses into a strand that then retracts upward, followed by the 
dermal papilla fibroblasts and connective tissue streamer, a tail-shaped 
extracellular matrix structure48–50. Although dermal papilla fibroblasts 
are largely spared from apoptosis, they resorb their extracellular matrix 
and compact closely with one another. Catagen phase in scalp hair 
follicles lasts ~2–3 weeks, which is followed by telogen phase that typi-
cally lasts 2–3 months39. At the onset of a new anagen phase, previously 
quiescent stem cells proliferate, generating new epithelial cells that 
then re-form the active portion of a growing hair follicle, including 
new epithelial matrix of the bulb.

The hair growth cycle is intricately regulated by numerous sig-
nalling factors. Although most molecular insights come from murine 
studies51, some of the findings have been validated in humans. For 
example, similar to long-haired strains of mice, humans carrying 
loss-of-function variant of FGF5 grow excessively long body hair and 
eyelashes52. This growth arises from prolonged anagen phase and sug-
gests a physiological role for FGF5 in timely anagen-to-catagen transi-
tion. In addition, evidence in mice demonstrates that WNT signalling is 
essential during the onset and progression of anagen phase. Similarly, 
the level of WNT ligands increases during the telogen-to-anagen tran-
sition in human hair follicles53, whereas a loss-of-function variant of 
WNT10A has been associated with short anagen syndrome (a condition 
in which hair does not grow beyond a short length owing to an unusually 
short anagen phase)54. This finding suggests an essential role for WNT 
signalling in initiating and sustaining a long-lasting anagen phase54,55. 
The TGFβ ligand SCUBE3 is cyclically expressed by dermal papilla 
fibroblasts at the onset of anagen phase in mice, and when micro-
injected into the skin, it triggers precocious stem cell activation as 
evidenced by faster regrowth of new hair than physiological growth56. 
Dermal papilla-specific SCUBE3 expression and its anagen-inducing 
effect are conserved in humans, as revealed by protein microinjec-
tion studies in human-on-mouse occipital hair follicle xenografts56. 
In benign lesions known as hairy naevi, the human melanocytes 
overexpress the CD44-binding signalling factor, osteopontin, which 
is physiologically expressed by dermal papilla fibroblasts57. When 
naevi occur in non-scalp skin, naturally vellus hair follicles enclosed 
within them become terminal, frequently enter anagen phase and 
produce long scalp-like hair fibres58. Osteopontin microinjections or 
its genetic overexpression in mice also potently activate stem cells 

as evidenced by hair regrowth faster than physiological growth58. 
Other growth factors with validated roles in human hair follicle biology 
include anagen-promoting IGF1 (ref. 59), HGF60, MSP61, FGF7 (ref. 62), 
catagen-promoting TGFβ2 (ref. 63), IL-6 (ref. 64) and prolactin65. The 
above examples, although not exhaustive, underscore substantial 
conservation of the core gene regulatory network of the hair growth 
cycle between mice and humans.

Androgens
Androgen signalling has a central role in AGA pathogenesis66. Unlike its 
core molecular function, the prominent signalling effect of androgens 
on the hair growth cycle is distinct to humans67 and other primates, 
such as the stump-tailed macaque68. Testosterone and DHT are two 
principal androgens associated with AGA in men69. DHT is produced 
locally in the skin from testosterone by 5α-reductase enzyme, which 
has two isoforms, type I and II70,71 (Fig. 2). Owing to its greater potency 
and stability, DHT is considered as the primary pathogenetic androgen 
in AGA72. Indeed, men with genetic variants that lead to deficiency 
in 5α-reductase type II have normal testosterone levels, but do not 
develop AGA73. In addition, PCR analysis of microdissected hair follicles 
showed that mRNA for 5α-reductase type I is expressed throughout 
the hair follicle, but mRNA for 5α-reductase type II is predominantly 
localized to the dermal papilla74,75 — an expression pattern supported 
by single-cell RNA sequencing studies76,77. Moreover, higher levels and 
activity of 5α-reductase types I and II were reported in frontal scalp hair 
follicles than in occipital scalp hair follicles in people with AGA78–81.

DHT exerts its effects through androgen receptor, which is 
expressed by dermal papilla fibroblasts in androgen-sensitive individu-
als. However, dermal papilla fibroblasts do not express the androgen 
receptor in androgen-resistant scalp skin regions82–84, a difference that 
may arise from increased DNA methylation in AR in these skin regions85. 
Furthermore, the expression of androgen receptor is greatly increased 
in frontal dermal papilla fibroblasts of individuals with AGA84, which 
may be a consequence of the positive feedback loop86. High expression 
of the DHT-producing 5α-reductase type II and DHT-binding androgen 
receptor by frontal dermal papilla fibroblasts in people with AGA sup-
ports their central role in the miniaturization of hair follicles. However, 
the precise downstream mechanism remains incompletely understood. 
Androgen-affected dermal papilla fibroblasts undergo premature 
senescence87–89, which may irreversibly deplete their population. More-
over, the activation of androgen receptor in dermal papilla fibroblasts 
suppresses WNT ligands and IGF1, but promotes IL-6 (refs. 64,90,91) 
and TGFβ1 (ref. 84) — paracrine changes that probably detrimentally 
affect the proliferation of epithelial hair follicle cells.

Unlike in men, androgen signalling is not clearly implicated in 
AGA pathogenesis in women92. However, women with hyperandro-
genic disorders, such as polycystic ovary syndrome, often develop 
early-onset AGA93. In addition, an AGA-like clinical presentation also 
occurs in women with complete androgen insensitivity syndrome94. 
Clinical data show that 5α-reductase inhibitors are less efficacious 
in women with AGA than in men at approved doses for AGA95–98. The 
possibility of androgen-independent pathogenesis is supported by 
AGA-like clinical presentation in individuals with hypogonadism and 
in prepubescent children9.

Inflammation
Conventionally, AGA is classified as a non-inflammatory condition, 
and individuals taking immunosuppressive medicines, such as ster-
oids, for unrelated conditions do not become protected against AGA. 
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However, histological evidence supports immune cell infiltrates sur-
rounding miniaturizing hair follicles in men with AGA99–101. Moreover, 
transcriptomic studies reveal upregulation of proinflammatory factors 
in balding scalp skin compared with occipital scalp skin102,103. Specifi-
cally, proinflammatory prostaglandin D2 and its synthase are consider-
ably overexpressed in AGA-affected scalp, particularly in mast cells, 
and in vitro treatment of occipital hair follicles in anagen phase with 
prostaglandin D2 inhibits their growth104. Future research is needed 
to determine which specific proinflammatory pathways are involved 
and at what stages of AGA pathogenesis do they contribute to hair 
follicle miniaturization and/or secondary histopathological changes 
in the balding scalp.

Genetics
The hereditary nature of AGA is well documented, especially in men105. 
Although early studies suggested a Mendelian inheritance pattern106, 
subsequent research has confirmed a polygenic model of AGA107,108. 
Nonetheless, the relevance of genetic factors in AGA in women requires 
further research109. The proportion of variance in AGA caused by genetic 
factors in twin studies is h2

twins = 0.79–0.81, whereas in pedigree-based 
studies, it is h2

pedigree = 0.62 (refs. 110–112). Numerous genome-wide asso-
ciation studies (GWAS) have identified an association between variants 
in >380 genomic loci with the development of AGA55,110,113–119. These loci 
explain ~39% of the phenotypic variance in male AGA110 and implicate 
numerous specific genes (Box 1). First, the most prominent association 
was observed in variants of AR and SRD5A2 (encoding 5α-reductase 
type II). In addition, other genes involved are known hair growth cycle 
regulators, such as WNT10A, FGF5 and EDA2R. Further associations were 
observed in genes implicated in WNT signalling pathway including DKK2, 
FZD10 and FAM53B, and genes involved in the androgen pathway such 
as TOP1, FAM9B, HDAC4 and HDAC9 (refs. 55,113,120). Finally, variants 
in transcriptional factors such as EBF1, TWIST1 and TWIST2, are associ-
ated with AGA. Bioinformatic analyses also suggest a role for oestrogen 

and melatonin signalling, and genes involved in epidermis develop-
ment, apoptosis, adipogenesis and immunological processes113,121,122. 
Collectively, GWAS underscore the high relevance of locally acting and 
hormonal signals involved in normal hair growth, and suggest a potential 
contribution of immune function in AGA pathogenesis113. Importantly, 
these findings also show the pleiotropic nature of AGA and the shared 
molecular basis with immune-related phenotypes, as well as cardiovas-
cular and neurodegenerative diseases110,113. In contrast to common risk 
variants, the contribution of rare variants on a population level seems 
negligible110,123. However, rare variants might still contribute to indi-
vidual risks. Indeed, exome analysis on 72,469 men from the UK Biobank 
cohort identified HEPH, CEPT1 and EIF3F as novel risk variants for AGA, 
and revealed association between genes of relevance, such as WNT10A, 
HOXC13 and LPAR6, to rare monogenic hair disorders and AGA123.

Although most AGA-associated genetic data to date originate 
from studies on European populations, epidemiological research 
on AGA underscores substantial ancestral variations6,124. Limited 
available data from GWAS in non-European populations reveal addi-
tional risk loci, including at 10q23.3 near GRID1 in the Latin American 
population125 and several suggestive associations in African and East 
Asian populations126,127. Furthermore, shared genetic determinants 
between European and East Asian populations were observed at 9q21.31 
and 20p11 (refs. 127,128), and at the X-chromosomal AR–EDA2R locus 
between Latin American and European populations. No replication was 
achieved for AR–EDA2R locus in East Asian populations, either owing to 
implicated variants showing low frequency or being even monomor-
phic in these ancestries127,128. Additional studies in ancestrally diverse 
cohorts are required to expand the genetic basis of AGA and, ultimately, 
to enable individualized hair loss risk prediction and management.

Risk of skin cancer
Patients with AGA have an increased risk of melanoma and non-
melanoma scalp skin cancers, including basal cell carcinoma and 
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Fig. 2 | Pathogenesis of AGA. Androgen signalling in androgenetic alopecia 
(AGA)-susceptible scalp hair follicle. In dermal papilla fibroblasts, testosterone 
is metabolized to dihydrotestosterone (DHT) by 5α-reductase enzyme. DHT 
binds to androgen receptor (AR) in the cytoplasm, forming a DHT–AR complex, 

which translocates to the nucleus and regulates downstream gene transcription, 
such as suppression of WNT ligands and IGF1, and upregulation of IL-6 and TGFβ1. 
These effectors, in turn, reduce proliferation of hair follicle epithelial cells.
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squamous cell carcinoma129–131. Elevated cancer risk is attributed to 
the denuding effect of hair loss on scalp skin, resulting in its increased 
exposure to solar ultraviolet light129,130. Additionally, pleiotropic sin-
gle nucleotide polymorphisms in genes involved in pigmentation 
have been implicated in the association between AGA and the risk of 
non-melanoma skin cancers129. Careful screening for skin cancers should 
be considered during full-body examinations in patients with AGA.

Diagnosis, screening and prevention
Clinical features
In men, AGA progressively affects androgen-sensitive scalp regions, 
such as frontal, mid-scalp and crown skin, and generally spares 
androgen-resistant parietal and occipital skin (Fig. 3). Typically, men 
with AGA present with bitemporal frontal hairline recession, vertex thin-
ning, or a combination of both, with the predominant clinical course 
following the Hamilton–Norwood scale132,133 (Fig. 3). In contrast, women 
with AGA commonly present with hair loss on the crown but not the 
frontal-temporal hairline, as defined by the Ludwig scale92,134 (Fig. 3). 
Early AGA in women can be compared to a Christmas tree with widening 
of the central parting, which is more pronounced anteriorly135 (Fig. 4). 
Advanced AGA in women may present with diffuse thinning across the 
entire upper scalp, and may extend to the parietal and occipital skin136. 
However, AGA in men tends to progress to complete baldness of the 
upper scalp; total baldness in any scalp region is uncommon in women.

The Hamilton–Norwood scale and the Ludwig scale classify clini-
cal severity of hair loss in the majority of men and women with AGA, 
respectively137. However, outliers exist that may hamper classification. 

Some men may exhibit preservation of the frontal hairline, resembling 
the Ludwig scheme138, or rarely may experience recession of the occipi-
tal hairline, a presentation known as retrograde AGA139. Development 
of kinked hair texture (that is, hair with abnormal twists and bends), 
particularly in the frontal scalp and sideburns is a potential early mani-
festation of AGA in men140,141. Bitemporal recession in women following 
the Hamilton–Norwood scheme may also occur, and it is more common 
after menopause and may indicate hyperandrogenism142. To overcome 
the clinical overlap between the Hamilton–Norwood and the Ludwig 
types of AGA, the basic and specific (BASP) classification was introduced 
as the universal system for classifying AGA in men and women143 (Fig. 3). 
Rarely, focal areas of complete baldness, resembling scarring alopecia, 
may also occur in postmenopausal women. However, laboratory testing 
typically reveals hair follicle miniaturization rather than true scarring144.

Quantitative assessment
Although pattern formation is the hallmark feature of AGA and becomes 
increasingly apparent with time, its early stages in men and relatively 
diffuse characteristics in women necessitate objective testing based on 
quantitative approaches (Fig. 3). Trichoscopy is a non-invasive imag-
ing method used for assessing people presenting with excessive hair 
shedding. On trichoscopy, AGA is characterized by increased variation 
in scalp hair diameter owing to progressive hair follicle miniaturiza-
tion (Fig. 4). High-magnification trichoscopy can be used to quantify 
this change, and variation exceeding 20% establishes the diagnosis145. 
On imaging, vellus hairs appear short, <0.03 mm in diameter, hypopig-
mented and sometimes, coiled. Openings of miniaturized hair follicles 
on the skin surface may present as pigmented dots, which are either 
empty or contain vellus hairs. A threshold of >10% or more than seven 
vellus hairs in the frontal scalp under 40× magnification is diagnostic 
for AGA in women and early-stage AGA in men146.

Trichoscopy is a valuable quantitative tool for the diagnosis of 
early-stage AGA. However, if it is inconclusive, additional tests can be 
performed. The pull test is another non-invasive quantitative approach 
that involves grasping and gently tugging on 50–100 hair strands at 
once and then counting pulled hairs. The results are confirmative 
of AGA when six or more hairs are pulled in the androgen-sensitive 
scalp, which indicates a shortened and partially synchronized hair 
growth cycle, a characteristic feature of AGA. The pluck test has greater 
accuracy than the pull test, as it measures anagen to telogen ratio of 
plucked hairs147. Positive results of the pull test or pluck test across the 
entire scalp may, instead, indicate telogen effluvium, necessitating 
further evaluation, including measurements of blood iron, ferritin and 
vitamin D, and thyroid-stimulating hormone levels32. Laboratory tests 
measuring total blood testosterone and sex hormone-binding globulin 
are particularly important in people presenting with acne, seborrhoea 
or hirsutism, as these may be clinical signs of an underlying endocrine 
disorder148. Further, in young women with AGA, ovarian ultrasonog-
raphy is recommended to screen for polycystic ovary syndrome149. 
In most people with hair loss, non-invasive methods and blood tests 
provide sufficient diagnostic accuracy, rendering additional invasive 
tests unnecessary. However, in challenging instances, histopathology 
on 4 mm scalp skin biopsies may facilitate diagnosis. Horizontal tissue 
sections enable precise hair counting, whereas vertical sections aid in 
assessing scalp inflammation.

Differential diagnosis
Several conditions can mimic AGA, particularly in their early 
stages. Although its distinct pattern makes AGA diagnosis in men 

Box 1 | Selected genes with androgenetic 
alopecia risk loci
 

Genome-wide association studies have identified >380 risk loci 
commonly associated with androgenetic alopecia. Selected 
genes linked to those risk loci are listed, categorized based on 
their primary role in androgen signalling, hair growth cycling and 
transcriptional regulation.

Androgen signalling
	• AR
	• SRD5A2
	• TOP1
	• FAM9B
	• HDAC4
	• PRKD1

Hair cycling
	• WNT10A
	• FGF5
	• EDA2R
	• DKK2
	• FZD10
	• FAM53B
	• RSPO2
	• WNT3
	• WNT6
	• LGR4
	• TCHH

Transcription factors
	• EBF1
	• TWIST1
	• TWIST2
	• TBX15
	• RUNX3
	• RUNX1
	• IRF4
	• PAX3
	• SOX13
	• PRRX1
	• ZHX3
	• TCF12

http://www.nature.com/nrdp


Nature Reviews Disease Primers |            (2025) 11:73 7

0123456789();: 

Primer

straightforward, diagnosing AGA in women is often challenging, 
owing to its diffuse pattern and the high prevalence of other forms of 
alopecia (Fig. 3), necessitating thorough medical history and clinical 
assessment150. Three major types of scarring alopecia can occur in 
scalp areas of women affected by AGA151. The most prominent type is 
central centrifugal cicatricial alopecia (CCCA), a chronic, progressive 
scarring alopecia predominantly affecting women of African descent 
(Fig. 5). CCCA typically manifests as hair loss at the vertex with slow 
centrifugal expansion. In its early stages, CCCA may resemble AGA, but 
on trichoscopy it displays characteristic white or grey halos surround-
ing hair follicle openings152. In advanced CCCA, affected skin appears 
shiny owing to extensive hair follicle destruction, and it can be defini-
tively diagnosed on biopsy, which reveals fibrosis and inflammation153. 
The next major type is frontal fibrosing alopecia (FFA), a common scar-
ring alopecia that often accompanies AGA, particularly in postmeno-
pausal women. FFA is characterized by progressive frontal–temporal 
hairline recession and partial or total eyebrow loss (Fig. 5). Additionally, 
hair loss on arms and legs is also frequently observed. Early FFA can 
be overlooked in people with concomitant AGA unless the hairline is 
specifically examined by trichoscopy, revealing the absence of vellus 
hairs154. The third type is fibrosing alopecia in a pattern distribution 
(FAPD). Histopathologically, FAPD shares features of both AGA and 
lichen planopilaris, a chronic scalp skin inflammatory condition155 
(Fig. 5). People with FAPD often report scalp itching or dysaesthesia 
(feeling of discomfort upon skin touch), resulting in frequent misdi-
agnosis as AGA associated with seborrhoeic dermatitis156. Importantly, 
FAPD is an absolute contraindication for hair transplantation owing to 
its scarring nature157. In all types of scarring alopecia, destruction of hair 
follicles and associated sebaceous glands results in the loss of visible 
follicular openings on the skin surface, giving it a ‘slick’ appearance. 
Signs of inflammation can help differentiate scaring alopecia from 
AGA, unless AGA is associated with conditions such as seborrhoeic 
dermatitis or psoriasis.

AGA should also be differentiated from non-scarring hair loss con-
ditions, which commonly include endocrine therapy-induced alopecia 
and persistent chemotherapy-induced alopecia (PCIA). Endocrine 
therapy-induced alopecia presents as patterned alopecia in women 
undergoing adjuvant endocrine therapy for hormone receptor-positive 
breast cancer158. Endocrine therapy-induced alopecia closely resembles 
AGA and can be effectively treated with minoxidil, that is typically 
used to manage patients with AGA158,159. A history of treatment with 
aromatase inhibitors or selective oestrogen receptor modulators in the 
previous 24 months supports the differential diagnosis. PCIA is defined 
by incomplete hair regrowth within 6 months of chemotherapy com-
pletion and manifests as diffuse hair loss (Fig. 5). Androgen-sensitive 
scalp is often severely affected, prompting misdiagnosis as AGA. Yet, 
unlike AGA, chemotherapy-induced alopecia often involves loss of 
pubic, axillary, eyebrow and eyelash hair, and histopathology reveals 
a marked reduction in terminal hair follicles without perifollicular 
inflammation or scarring160.

Other hair loss disorders include telogen effluvium and loose ana-
gen syndrome. These conditions can be differentiated from AGA by the 
reduction in hair density and positive hair pull test beyond androgen-
sensitive scalp areas161. Microscopic examination of pulled hair fibres 
shows only telogen-shaped hairs in telogen effluvium, but a mix of 
telogen-shaped and anagen-shaped hairs in loose anagen syndrome162. 
Additionally, self-inflicted hair loss, called trichotillomania, and traction 
alopecia may also resemble early AGA, but show a negative hair pull 
test and differing trichoscopy150. In addition to scalp hair, evaluation 

of facial and body hair density and distribution, as well as nails, can aid 
in differential diagnosis. Absence of eyebrows, eyelashes or body hair 
may suggest diffuse autoimmune alopecia areata2. Nail abnormali-
ties are uncharacteristic of AGA, but may accompany alopecia areata, 
lichen planus or certain nutritional deficiencies163.

Prevention
Patients at most risk of developing AGA include those with a strong 
family history of hair loss on either the maternal or the paternal side, 
or those experiencing visible hair thinning at a young age (that is, 
<30 years of age)164. In such cases, preventative treatment with early 
use of topical minoxidil (see below) is a relatively safe method to 
stave off the progression of AGA. Although not recommended by cur-
rent guidelines, the preventative use of oral finasteride (see below) 
is increasing. Currently, no evidence exists for the preventive use of 
dietary or lifestyle changes for AGA, and studies with greater power 
are required in this area.

Management
The goals of AGA treatment range from slowing down further hair loss 
to stimulating new hair growth, to provide individuals with cosmeti-
cally satisfactory scalp hair density. Current FDA-approved medicines 
for AGA include topical minoxidil and oral finasteride for men, and 
low-strength topical minoxidil for women (Table 1). With both drugs, 
which are administered daily, clinically meaningful improvements in 
hair growth can take up to 6 months to achieve owing to latency in the 
reversal of hair follicle miniaturization (Fig. 6).

Minoxidil
Minoxidil is a vasodilator, initially developed for hypertension. How-
ever, in trials of oral minoxidil, female participants reported undesir-
able hypertrichosis (excessive hair growth), and a notable minority 
of patients experienced life-threatening pericardial effusion, limiting 
its use165. Thereafter, its topical formulation was found to promote 
scalp hair growth166, and in 1988, the FDA approved the use of topical 
minoxidil for the treatment of AGA. In hair follicles, minoxidil becomes 
converted to minoxidil sulfate by SULT1A1 (ref. 167). The precise mecha-
nism of action of minoxidil remains unknown, although it probably 
involves the opening of ATP-dependent potassium channels on der-
mal papilla fibroblasts, including ABCC8 and ABCC9 (refs. 168,169), 
thereby altering their membrane potential with as-yet undetermined 
downstream effects. Mutations in ABCC9 lead to constitutive activation 
of the ATP-sensitive potassium channel and cause Cantu syndrome, 
which is characterized by congenital hypertrichosis170. This association 
provides a potential mechanistic link to the mode of action of minoxidil. 
Naturally varying expression levels of SULT1A1 by hair follicle cells are 
believed to underpin clinically observed variability in the responsive-
ness of topical minoxidil171. Currently, off-label use of low-dose oral 
minoxidil has gained popularity for the treatment of AGA172, as low 
doses are not associated with blood pressure anomalies in most people. 
Moreover, oral minoxidil is preferred by some people for being more 
affordable and user-friendly than topical formulations, and its safety 
has also been documented172.

5α-Reductase inhibitors
5α-Reductase inhibitors, including finasteride, were originally 
developed to treat benign prostate hyperplasia, as patients with 
5α-reductase type II deficiency have reduced serum DHT levels and 
an under-developed prostate173. These individuals also seem to be 
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resistant to hair loss. Subsequently, oral finasteride was approved 
by the FDA for the treatment of AGA in men174. Numerous long-term 
studies support the safety and efficacy of finasteride use in men with 

AGA, as well as in benign prostate hyperplasia175–177. Yet, finasteride, 
which inhibits only 5α-reductase type II, has limited efficacy in some 
people. This limitation paved the way to the use of dutasteride, a dual 

Hamilton–Norwood scale

Ludwig scale

BASP classification

Trichoscopy
Increased variation in diameters of 
scalp hair shaft (>20%)

Pull test
More than 6 hairs pulled from 
50–100 hair strandsClinical features
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inhibitor of type I and II 5α-reductase178. Oral dutasteride, used off-label 
for the treatment of AGA, has better efficacy than and similar toler-
ability to finasteride, although up to 6% of people experience mild and 
reversible erectile difficulties and a lowered libido179. In a meta-analysis 
of monotherapies for AGA in men, oral dutasteride was found to be 
superior to oral finasteride and low-dose oral minoxidil180. Since the 
mid-2010s, topical minoxidil has been slowly being replaced by its 
oral counterpart, and oral 5α-reductase inhibitors are being increas-
ingly abandoned for their off-label topical versions. This change is in 
part owing to FDA warning regarding the risk of depression and sui-
cidal ideation181 and in part owing to the risk of developing prolonged 
impotence after drug cessation182. Driven by these factors, topical 
finasteride is becoming an increasingly common off-label option that 
is as effective as topical minoxidil in early comparative studies183 with 
fewer adverse effects than oral finasteride. Intralesional dutasteride 
is also starting to be used off-label184,185, although its efficacy requires 
additional investigation.

Although the role of androgen signalling in female AGA remains 
unclear, finasteride has demonstrated efficacy in treating hair loss in 
postmenopausal women. However, its use in this population is off-label, 
with limited safety data available. Additionally, finasteride is con-
traindicated in women who are pregnant, may become pregnant, are 
breastfeeding or have an oestrogen-sensitive cancer186.

Hair transplantation
People who have experienced slowing of hair loss following optimal 
pharmacological therapy are prime candidates for hair transplantation 
to address the residual symptoms of AGA. Hair transplantation relies on 
the donor dominance principle, whereby hair follicles maintain their 
original growth characteristics after being grafted to a different body 
site187. Hair transplantation aims to redistribute hair follicles sourced 
from the occipital scalp across skin regions affected by AGA188–190 
(Fig. 7). Adhering to the donor dominance principle, androgen-resistant 
occipital hair follicles remain unaffected by AGA upon engraftment80. 
However, as the grafted hair follicles do not alter androgen sensitiv-
ity of hair follicles native to the recipient site, initial cosmetic results 
commonly wane over time as AGA progresses.

Suitability for hair transplantation is mainly determined by four 
factors191. First, age is an important consideration. Men in their early 
twenties, especially with family history of hair loss, are regarded as 
poor candidates. Their continuing AGA is likely to be aggressive, com-
monly uncovering patches of long grafted hairs. Second, donor skin 
characteristics are an important factor. The amount of available donor 
hair follicles is rate limiting, and people with low hair density, especially 
when presenting with diffuse AGA, are regarded as poor candidates. 
Third, the degree of hair loss must be considered. Individuals with mild 
and moderate AGA are generally well suited for hair transplantation, 
whereas those with advanced AGA are eligible only as long as they have 

a wide donor area with high hair density. Finally, people with unrealistic 
expectations are poor candidates for hair transplantation.

Hair transplantation is typically performed as an outpatient pro-
cedure. Surgical techniques have evolved from grafting large, 3–4 mm 
skin punches, which produces an undesirable doll’s hair look, to folli-
cular unit transplantation, which uses solitary hair follicles or natural 
groups of two to four hair follicles and produces more natural aesthetic 
outcomes than conventional methods192–194. Donor hair follicles are typ-
ically obtained via strip harvesting or follicular unit extraction, with the 
latter method being currently preferred195. Strip harvesting removes 
large skin regions followed by their microdissection into follicular 
units, whereas follicular unit extraction uses 0.8–1.0 mm punches to 
directly incise skin around follicular units, which are then removed with 
forceps196 (Fig. 7). Strip harvesting necessitates suturing and leads to a 
large linear scar, whereas follicular unit extraction microwounds heal 
by secondary intention with minimal scarring. Although commonly the 
donor area is shaved prior to harvesting, newer instrumentation allows 
harvesting follicular units with long hair shafts, which conceals donor 
skin wounds and facilitates a preview of the final, long-hair appearance 
in the recipient area197–199 (Fig. 7).

The number of grafts is estimated in advance according to the 
donor and recipient area characteristics. Hair implantation is per-
formed using different devices, with modern versions comprising a 
hollow needle into which follicular units are loaded and a piston, which 
propels follicular units into the recipient skin. A typical transplanta-
tion procedure grafts 1,500–3,000 follicular units, which translates 
to 3,000–7,500 individual hair follicles200, has graft survival rate of 
85–93%, and aims to achieve a density of 30–45 follicular units per 
square centimetre, a target which may necessitate follow-up transplan-
tation session. Hair follicles enter telogen phase after grafting and shed 
hair fibres shortly after the procedure. As transplanted hair follicles can 
take 2–4 months to re-enter anagen phase, it can take between 6 and 
12 months to achieve cosmetically meaningful hair coverage. Hence, 
the follow-up transplantation session should only be considered 1 year 
after transplantation.

Surgical complications occur in ~5% of transplantation proce-
dures201, and include folliculitis, prolonged paraesthesia and telogen 
effluvium in the recipient area. Yet, most common complications 
arise from poor technique, which include donor site depletion owing 
to overharvesting of follicular units, unnatural looking hairline 
and transplanted hair misdirection202. Hair transplantation is a sur-
gical procedure with a profound artistic component, in which the 
surgeon’s skills are paramount for satisfactory results and minimal 
complications.

Adjunctive therapies
Many adjunctive therapies are offered for AGA, with low-level 
light therapy (LLLT), platelet-rich plasma (PRP) injections, and 

Fig. 3 | Scalp regions and hair loss scales in AGA. a, Regional differences in 
androgen-induced hair loss in men. Androgenetic alopecia (AGA) primarily 
affects androgen-sensitive scalp, including frontal (blue), mid-scalp (mauve) 
and crown–vertex (yellow) regions. AGA generally spares androgen-resistant 
scalp, including parietal and occipital regions (black). b, The Hamilton–Norwood 
scale for assessing severity and progression of male AGA. Stages are indicated 
with Roman numerals and substages with additional letters. c, The Ludwig scale 
that describes severity and progression of female-pattern hair loss. Stages are 
indicated with Roman numerals. d, The basic and specific (BASP) classification 

for the universal categorization of AGA across sexes. Basic and specific hair loss 
types are indicated as combinations of letters and numbers, and AGA types as 
combinations of basic and specific alphanumeric types. Letters L, M, C and U 
represent four basic types of hair loss: L indicates ‘linear’ type; M and C indicate 
hair loss with the hairline shaped as the letter M or the letter C, respectively; and 
U indicates hair loss when the hairline recedes beyond the vertex and resembles 
the letter U. Letters F and V represent two specific types of hair loss. e, Diagnostic 
algorithm for AGA. SHBG, sex hormone-binding globulin; TSH, thyroid-
stimulating hormone; VitD, vitamin D.
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microtrauma-inducing procedures being the most prevalent. In 
patients with AGA, adjunctive therapies are typically combined with 
the use of finasteride and/or minoxidil, especially when the patient 
decides against hair transplantation. Systematic reviews have demon-
strated efficacy for some of these therapies; however, most primary 
studies are afflicted by considerable inconsistencies in protocols and 
techniques203–206. LLLT devices are regarded as safe by the FDA, but 
PRP injections and microneedling are off-label treatment modalities. 
Limited clinical evidence and lack of standardized protocols and guide-
lines for these therapies have led to many unsupported claims as to 
their efficacy.

Low-level light therapy. LLLT, in which polarized infrared light of 
600–1,600 nm wavelength is directed to the scalp, is thought to 
stimulate anagen phase re-entry through several complementary 
mechanisms207, including by promoting epithelial cell proliferation 
and secretion of signalling factors, such as FGF7 (ref. 208). Although 
some controlled trials have shown that LLLT significantly induces hair 
regrowth in people with AGA209, other reports are mixed and show 
substantial variation210.

PRP injections. PRP is a common outpatient procedure, whereby 
autologous venous blood is centrifuged to obtain a platelet-rich frac-
tion, which is then injected intradermally203,211. PRP is classified based 
on its composition into pure PRP, leukocyte and PRP, pure platelet-rich 

fibrin, and leukocyte and platelet-rich fibrin. Whether the inclusion of 
leukocytes provides PRP with therapeutic benefits remains debated212. 
Activation of PRP prior to its injection might not be necessary as clini-
cal studies have shown no significant difference in efficacy between 
activated PRP and non-activated PRP213. Spontaneous degranulation 
of activated platelets after exposure to dermal collagen and thrombin 
upon injection is postulated to release various growth factors, which 
in scalp skin may stimulate anagen phase re-entry by AGA-affected hair 
follicles. Yet, PRP injections were not superior to sham injections in a 
split-head (in which both injections are done in the same participant, 
one on the left and another on the right side of the head) randomized 
controlled study214, a conclusion supported by other studies on PRP 
using saline injections as placebo215,216. This suggests that microtrauma 
resulting from the act of injection, rather than PRP, may be a potential 
hair growth stimulus.

Microneedling. Microneedling, in its many forms, may be an effective 
adjunct treatment for AGA217. Both mechanical and laser devices can 
inflict skin microtrauma. At present, definitive evidence on the ideal 
protocol, modality and intensity of microtrauma for AGA is lacking218–220. 
Although the hair growth-promoting mechanism of microneedling 
remains undetermined, it may involve activation of cellular and 
molecular pathways that are part of the physiological wound healing 
programme221,222, including upregulation of cytokines, such as TNF, IL-1β, 
and IL-6 (ref. 223). As with all adjunctive therapies that do not have FDA 

Terminal
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Vellus hairs

Hair 
diameter 
variation

a   Male AGA III AGA IV AGA V AGA VI

AGA VII b   Female AGA I c   Trichoscopy: Occipital scalp AGA-a�ected frontal scalp

Fig. 4 | Clinical manifestations of AGA. a, Representative photographs of 
individuals with androgenetic alopecia (AGA), stages III through VII based on the 
Hamilton–Norwood scale, showing progressive hair loss in the frontal, mid-scalp 
and vertex regions. b, Representative image of an individual with female-pattern 
hair loss stage I based on the Ludwig scale. c, Representative trichoscopy 

photographs of the occipital (left) and frontal (right) scalp from the same person 
with AGA. Blue arrows indicate terminal hair fibres. Red arrows indicate vellus 
hair fibres in the frontal scalp that are thin, short and hypopigmented. The frontal 
scalp exhibits variation in hair diameter.
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approval, patients should be counselled to refrain from self-administered 
microneedling, which runs the risk of scarring and infection.

Emerging therapies
Emerging modalities for the management of AGA are numerous and 
include topical prostaglandin analogues224,225, intradermal microinjec-
tions of botulinum toxin226,227, synthetic peptides mimicking growth fac-
tors, exosomes derived from sources such as mesenchymal stem cells or 
dermal papilla fibroblasts228, and intradermal injections of autologous 
mesenchymal cells, such as hair follicle-associated fibroblasts229. The 
prostaglandin analogue, latanoprost, was approved for the treatment 
of hypotrichosis of the eyelashes following the observation of increased 
eyelash growth in patients with glaucoma receiving latanoprost eye 
drops224. A pilot clinical study investigating topical 0.1% latanoprost for 
AGA in men demonstrated increased scalp hair density225,230. Further-
more, studies have evaluated the use of botulinum toxin injections for 

managing AGA in men, and its therapeutic benefit remains uncertain, 
with conflicting outcomes reported across clinical trials226,227. Addition-
ally, consideration of the cost-effectiveness of incorporating botulinum 
toxin into AGA treatment regimens is warranted231. Clinical trials on 
autologous mesenchymal cell injections suggest that they increase 
hair density and hair fibre diameter in both men and women with 
AGA229,232. However, the technical complexity of this approach, which 
involves cell harvesting, culture, freezing and thawing, might limit its 
broad clinical application. Overall, implementation of these emerging 
modalities remains limited owing to the lack of comprehensive clinical 
data documenting efficacy and safety.

Quality of life
In many modern societies, a full head of hair is regarded as a conven-
tionally desirable physical attribute. The detrimental effect of AGA on 
QOL rivals that of other skin diseases with obvious presentation, such 

a   CCCA

b   FFA d   PCIA e   Lichen planopilaris + FAPD

CCCA trichoscopy c   FAPD trichoscopy

Hair 
shaft
variation

Fig. 5 | Major differential diagnosis of androgenetic alopecia. a, Representative 
photograph (left) of an individual with central centrifugal cicatricial alopecia 
(CCCA), characterized by hair loss in the vertex and mid-scalp regions with 
centrifugal pattern. Representative trichoscopy photograph of CCCA scalp 
(right) shows white halos surrounding hair follicle openings (large white arrows) 
and a honeycomb pigmented network (small white arrow). b, Representative 
photograph of an individual with frontal fibrosing alopecia (FFA), showing 
extensive hair loss in the frontal region. c, Representative trichoscopy photograph 

of a person with fibrosing alopecia in a pattern distribution (FAPD), displaying 
increased variation in hair diameter and scalp inflammation (black arrowhead) 
with peripilar casts (black arrows). d, Representative photograph of an individual 
with persistent chemotherapy-induced alopecia (PCIA), presenting as diffuse 
hair loss. e, Representative photograph of an individual with lichen planopilaris 
and FAPD, presenting as hair loss in the frontal and mid-scalp regions with signs of 
scarring and inflammation.

http://www.nature.com/nrdp


Nature Reviews Disease Primers |            (2025) 11:73 12

0123456789();: 

Primer

as alopecia areata or acne vulgaris233. Hair loss negatively impacts the 
affected individual’s self-image and self-confidence, and alters social 
behaviour, causing health-related impairments in QOL. A study inves-
tigating the detrimental psychosocial effects of AGA found that hair 
loss can increase negative socioemotional events, such as looking older 
or feeling less attractive, having lower self-esteem, and decreased life 
satisfaction compared with the general population221. These adverse 
psychosocial effects, confirmed by many other studies, are more 
common in women than in men with AGA234.

In a meta-analysis of 41 studies involving 7,995 people, the Skin-
dex-29 score, calculated based on a self-reported questionnaire tailored 
to hair, showed an association between AGA and moderate impairment 
of QOL, especially in the emotion dimension233,235. Subgroup analysis 
of questionnaire-based Dermatology Life Quality Index scores found 
no statistically significant difference in QOL between men and women, 
although other studies have found greater psychological burden and 
QOL impairment in women than in men with AGA236. This finding is 
probably because, in many modern societies, hair loss is viewed as a 

a   Oral finasteride + topical 5% minoxidil b   Oral dutasteride + topical 5% minoxidil
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Fig. 6 | Efficacy of pharmaceutical treatments. a, Representative photographs 
of the scalp of a person with androgenetic alopecia (AGA) before (top) and 
10 years after (bottom) treatment with a combination of oral finasteride and 
topical 5% minoxidil, showing prominent hair regrowth. b, Representative 

photographs of the scalp of a person with AGA before (top) and 2.5 years 
after (bottom) treatment with a combination of oral dutasteride and topical 
5% minoxidil, showing substantial hair density improvement.

Table 1 | Profiles of selected AGA therapies

Therapy FDA approval status Efficacya Mechanism of action Adverse effects Refs.

Dutasteride Off-label 86.89 Dual type I and II 5α-reductase inhibitor Mild and reversible erectile difficulties and 
lowered libido

179

Finasteride Approved 62.13 Type II 5α-reductase inhibitor Decreased libido; erectile dysfunction; 
suicidality; psychological adverse events

253,254

5% Minoxidil Approved 53.1 Unknown; potentially alters membrane potential 
by opening ATP-dependent potassium channels 
on dermal papilla fibroblasts

Irritation; allergic contact dermatitis; 
photoallergic reaction; hypertrichosis

255

2% Minoxidil Approved 49.16

LLLT Cleared 51.18 Unknown; potentially stimulates anagen re-entry 
by telogen HFs

Dry skin; scalp irritation 256

Profiles are based on a meta-analysis study that compared the efficacy of monotherapies for androgenetic alopecia (AGA)180. HF, hair follicle; LLLT, low-level laser therapy. aEfficacy of regimens 
is expressed as the increase in total hair density (measured as hairs per square centimetre) at 24 weeks after treatment.
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Outlook
Since the 2000s, our understanding of AGA genetics and pathogenesis 
has remarkably increased, with new therapeutic targets emerging from 
next-generation genomic sequencing and functional molecular studies 
on hair follicles in vivo and in vitro. The impetus to develop new thera-
peutics for AGA by pharmaceutical and biotechnology companies is 
likely to change the future landscape of hair loss management.

Future genetic research holds promise for advancing our under-
standing of the molecular underpinnings of AGA. Going forward, 
whole-genome sequencing across ancestrally diverse populations will 
be essential for generating a holistic view of the genetic landscape of 
AGA and for elucidating population-specific versus universally shared 
genetic risk factors of patterned hair loss. Furthermore, functional 
annotation of already identified risk variants remains a critical chal-
lenge. To this end, a multiomics approach that combines genomic, 
transcriptomic, epigenomic and proteomic data, will be key in assign-
ing specific risk variants to specific skin domains, cell types and hair 
growth-associated biological events. As the volume of genomic data 
grows and understanding deepens, precision medicine will become 
achievable for AGA, with genetically informed risk predictions guiding 
the selection of individually tailored treatment regimens.

Further investigation of cellular and signalling mechanisms of hair 
follicle miniaturization is crucial. Specifically, future work is needed 
to determine what hair growth-altering modifications are driven by 

natural consequence of ageing in men but not in women. Young indi-
viduals, <30 years of age, and single persons with AGA are especially 
prone to psychological problems, with reduced QOL237. By contrast, 
being married or having a partner, and receiving medical treatments 
are associated positively with QOL233.

Importantly, physician-rated hair loss severity has been found 
not to be a factor affecting QOL, whereas self-rated hair loss severity 
is, indicating that individual perception is more important in terms 
of psychological well-being than an objective assessment. Treatment 
of AGA, therefore, can have a profound and early positive impact on 
psychosocial functioning. For instance, the use of topical minoxidil has 
been associated with meaningful improvements in QOL238. Similarly, 
marked improvements in QOL in women with diffuse hair loss have 
been noted in those treated with low-dose oral minoxidil239. In men, 
QOL improvements were also noted following treatment with oral 
finasteride, suggesting that commencing appropriate treatment is 
an effective intervention for the psychosocial impact of AGA240. Few 
studies have examined the impact of hair transplantation on QOL and 
psychosocial functioning. Hair transplantation showed promise in 
improving psychological function 1 year after the procedure, enhanc-
ing self-esteem and increasing satisfaction with physical appearance in 
treated individuals188,190,241. Thus, prompt clinical evaluation and treat-
ment referral remain critical for achieving overall treatment success 
and positive psychosocial well-being in individuals with AGA.

a   Before hair transplantation

After hair transplantation

b   FU harvesting after shaving

d   Implantation of FUs with long hair shafts e   Long-hair FU grafting

c   Shaved FU grafting

1 2 3

1 2 3

Fig. 7 | Hair transplantation. a, Representative photographs of an individual 
with androgenetic alopecia (AGA) stage V before (top) and 1 year after 
transplantation of 3,700 follicular unit (FU) grafts (bottom), showing substantial 
hair restoration. b, After hair shaving, FUs are harvested using a 0.95 mm punch 
attached to a motorized device (1) and extracted with forceps (2). Representative 
extracted FUs with intact terminal anagen hair follicles (green arrowhead) are 
shown (3). c, Appearance of the frontal scalp skin prior to (top) and 24 h after 

transplantation of 2,100 shaved FUs (bottom) in an individual with AGA stage IV. 
d, Hair transplantation technique using long-hair FUs. FUs are harvested from 
the donor area with their long hair fibres preserved (1). The yellow arrowhead 
indicates a single FU. FUs with long hair fibres are loaded into an implanter device 
(2) and then implanted into the recipient area (3). e, Appearance of the vertex 
scalp skin prior to (left) and after transplantation of long-hair FUs (right) in a 
person with AGA stage III vertex.
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androgens in dermal papilla fibroblasts. This includes an androgen 
receptor-dependent premature cellular senescence programme87,88, 
as well as androgen receptor-dependent gene regulatory network 
changes, particularly its negatively affected signalling growth factor 
genes. Future strategies for selectively depleting senescent dermal 
papilla fibroblasts242 or selectively augmenting otherwise depleted 
dermal papilla-specific growth factors56,58 may emerge as effective 
strategies for preventing and reversing hair follicle miniaturization.

Future epidemiological studies should focus on understanding the 
relationship between androgen-dependent hair loss and scarring alo-
pecia. In Japanese populations and in Black women, studies have shown 
analogous spatial co-distribution of scarring alopecia and AGA16,243. 
Rather than being two separate hair loss conditions, CCCA might possi-
bly be a fibrosed variant of AGA, developing in individuals predisposed to 
inflammatory dysregulation244. If this is indeed the case, future research 
should determine factors influencing the progression of AGA towards 
scarring. In addition, the association between the metabolic syndrome 
and the impact of various modifying factors on AGA must be better 
understood. As we better understand the role of metabolic dysfunc-
tion on skin biology and in particular, on hair growth, we may consider 
instituting lifestyle changes and medical remedies aimed at improving 
overall health as part of the therapeutic approach to treating hair loss.

Regarding the management of AGA, substantial changes are 
anticipated. First, approved treatments are repurposed into differ-
ent modes of administration4, enabling customization of treatments. 
Second, novel delivery methods for existing drugs, such as intral-
esional injections of dutasteride184 or application of minoxidil-laden 
microneedles245, are being actively explored. In this regard, larger 
studies on the safety and efficacy of these delivery modalities are 
required for future regulatory approval. Third, the current popular 
adjunctive treatments for AGA require greater clinical scrutiny and 
in-depth investigation of their mechanisms of action. Specifically, 
microtrauma-based treatment modalities, microneedling, ablative and 
non-ablative lasers are being used globally for AGA, but protocols vary 
greatly, and reported results are operator-dependent246. Additional 
experimental and translational work is required to uncover specific 

hair growth-promoting molecular pathways stimulated by skin micro-
trauma and to develop protocols optimized for stimulating these path-
ways. Furthermore, newly identified paracrine signalling activators of 
human hair growth, such as osteopontin58 or SCUBE3 (ref. 56), might be 
the next generation of microinjectable AGA therapeutics, in the form 
of either recombinant peptides or peptide-encoding mRNAs formu-
lated within lipid nanoparticles. Next, bioengineering of hair-bearing 
human skin equivalents will eventually offer an alternative treatment 
for different forms of hair loss, including AGA and scarring alopecia. 
Although new human hair follicles can be produced in embryonic 
stem cell-derived organoids247 or via cell seeding into micropatterned 
extracellular matrix constructs248–251, considerable future progress is 
necessary to assure that bioengineered hair follicles competently grow 
cyclically and produce desirable hair fibre morphologies in terms of 
their length, texture and pigmentation252. Lastly, as we enter the age 
of artificial intelligence, new treatments for AGA may also arise from 
employing computational tools to model the complexity of the human 
hair growth cycle and to perform predictive mathematical simula-
tions on AGA pathogenesis. Conceivably, such in silico approaches 
could screen and rank therapeutic candidates, so that only the most 
promising ones can advance to functional validation.

Published online: xx xx xxxx
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