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Abstract
Background  Hair density traits, including follicular unit density (FUD) and hairs per follicular unit (HFU), are influenced by environmental and 
genetic factors. Understanding these determinants can refine our knowledge of hair growth patterns and enable more targeted interventions. 
Historically, large-scale research has been constrained by difficulties in precise phenotyping.
Objectives  To identify environmental and genetic factors associated with hair density in East Asian populations and to explore shared genetic 
influences among other hair traits and hair disorders.
Methods  We performed quantitative assessments of FUD and HFU using trichoscopic images from 5735 East Asian individuals. Accurate 
phenotyping was achieved through deep learning-based analyses with manual correction. We used multiple regression to evaluate demo-
graphic, lifestyle and reproductive factors, and conducted genome-wide association studies (GWAS), meta-analysis and a combined GWAS 
(C-GWAS) for hair density, hair curliness, eyebrow thickness and beard thickness. Significant associations were compared with published 
results on male pattern baldness (MPB). Gene–finasteride use interactions were evaluated via mixed linear models in longitudinal UK Biobank 
data.
Results  Age, sex, body mass index and menopausal status were significantly associated with FUD and HFU. Three genetic loci, rs11940736 
at 4q28.1 (near SPRY1), rs10908366 at 1p34.3 (near RSPO1) and rs3771033 at 2q23.3 (intron NRP2), showed significant associations with 
hair density, with functional annotations implicating these genes in hair follicle development. In particular, rs3771033 was a significant expres-
sion quantitative trait locus for NRP2, where the T allele correlated with lower NRP2 expression but higher FUD. We also found substantial 
genetic overlap among hair density traits, hair curliness, eyebrow thickness, beard thickness and MPB. In UK Biobank analyses, rs3771033 
exhibited allele-specific treatment effects on finasteride response in MPB.
Conclusions  We identified three loci that shape hair density in East Asian populations. Our results clarify the genetic and environmental 
architecture underlying hair density traits and suggest that genotype-specific responses to finasteride may open new avenues for the per-
sonalized management of hair disorders.
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Hair density, defined by the number of hair follicles per unit 
scalp area [follicular unit density (FUD)] and the number of 
hair strands per follicular unit [hairs per follicular unit (HFU)], 
plays a pivotal role in determining perceived hair thickness 
and fullness. This trait varies substantially among individuals 
and across ethnic groups, indicating a strong genetic influ-
ence.1–5 Moreover, variations in hair density can serve as 
early clinical markers of conditions such as baldness, nutri-
tional deficiencies and hormonal imbalances,6–8 emphasiz-
ing its clinical significance.

Descriptive studies indicate that FUD tends to be high-
est among White populations, followed by East Asian and 
African populations,1,4 whereas HFU displays an inverse 
pattern, with African populations generally exhibiting more 
hairs per follicular unit than White and East Asian popula-
tions.3–5 While other hair-related traits such as hair curliness, 

eyebrow thickness, beard thickness and male pattern bald-
ness (MPB) have been extensively studied via large-scale 
genome-wide association studies (GWAS),9–15 the genetic 
foundations of hair density remain comparatively understud-
ied. This knowledge gap largely stems from the challenging 
phenotyping protocols, which often involve shaving regions 
of the scalp (an aesthetic barrier to participant recruitment), 
and the labour-intensive nature of accurately quantifying the 
phenotype.

In this study, we conducted quantitative assessments of 
FUD and HFU using trichoscopic images from a large cohort 
of East Asian individuals of Chinese Han descent, focusing 
on the occipital scalp, an area largely unaffected by andro-
gen-driven hair loss.16,17 By performing GWAS on these data 
and integrating the results with existing findings on hair curl-
iness, eyebrow thickness, beard thickness and MPB, we 

What is already known about this topic?

•	 Hair density, determined by follicular unit density and hairs per follicular unit, varies across individuals and ethnic groups, indicating 
a strong genetic component.

•	 Variations in hair density have clinical relevance, serving as diagnostic markers in conditions like baldness.
•	 The genetic and environmental determinants of hair density remain underexplored, mainly due to challenges in accurate phenotyping.

What does this study add?

•	 A cohort of 5735 Chinese Han participants clarifies key environmental factors that influence hair density.
•	 Three newly identified genetic loci (SPRY1, RSPO1, NRP2) modulate hair density traits, with functional links to hair follicle develop-

ment.
•	 There is substantial genetic overlap among hair density traits, hair curliness, eyebrow thickness, beard thickness and male pattern 

baldness (MPB), along with evidence of genotype-specific responses to finasteride in MPB.

What is the translational message?

•	 Identification of SPRY1, RSPO1 and NRP2 provides potential targets for hair regeneration therapies.
•	 Insights into the shared genetic foundations of related traits and disorders may facilitate the development of treatments that address 

multiple conditions simultaneously.
•	 Genotype-specific finasteride responses open avenues for personalized treatment in hair loss management.

Lay summary

Hair loss is caused by common conditions such as male pattern baldness. The condition affects millions of people worldwide and can 
have an impact on a person’s confidence and quality of life.

This study was carried out by researchers in China, to try to understand the causes of differences in hair density in East Asian people. 
We aimed to identify genetic and environmental factors that determine how thick or full a person’s hair appears.

Using advanced genetic techniques, we examined the DNA from 5735 Chinese Han participants. We also assessed hair density 
through detailed imaging techniques. We also considered other factors like age, sex, BMI (‘body mass index’) and menopausal status. 
We found that three important genes were linked to hair density. These genes are called ‘SPRY1’, ‘RSPO1’ and ‘NRP2 ’. They were also 
associated with hair loss conditions like male pattern baldness. We also found that people with certain genetic variations respond dif-
ferently to a common hair loss medication called ‘finasteride’. This suggests that treatments could be personalized based on a person’s 
genetics.

Our findings offer hope for more effective, tailored, hair loss treatments in the future. Understanding the genetic factors involved in 
hair density could lead to new therapies. This study also highlights how important genetics and lifestyle are in managing hair health. 
Future research should explore these genetic links further. It should also test personalized treatment approaches to improve outcomes 
for people experiencing hair loss.
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aimed to elucidate the shared genetic and environmental 
underpinnings of these hair-related phenotypes.

Materials and methods

Study participants

After all quality control procedures, 5735 individuals were 
included in this study. The discovery dataset included 2915 
participants [mean (SD) age 56.2 (9.5) years, 64.3% women 
(n = 1875/2915)] from the Taizhou Longitudinal Study (TZL) 

cohort.18 The replication dataset comprised 2820 indi-
viduals [mean (SD) age 49.9 (12.8) years, 63.6% women 
(n = 1794/2820)] from the National Survey of Physical 
Traits (NSPT) cohort [Figure 1; Table S1 (see Supporting 
Information)].19

Trichoscopy image analysis and phenotype 
quantification

Trichoscopy images were captured from the occipital region 
of the scalp, covering approximately 0.63 cm². FUD and 
HFU were primarily quantified manually, with deep learning 

Figure 1  Descriptive statistics and population structure for hair density traits in the Taizhou Longitudinal Study (TZL) and National Survey of Physical 
Traits (NSPT) cohorts. (a) Schematic of study design and computational analyses. (b) Density plots of age distribution stratified by sex in the TZL and 
NSPT cohorts (left panel). Principal component (PC) analysis plot (right panel) showed genetic similarity between the TZL and NSPT cohorts (blue 
and green, respectively) compared with global populations from the 1000 Genomes Project. (c) Phenotypic distributions of follicular unit density 
(FUD) and hairs per follicular unit (HFU) in the TZL and NSPT cohorts. (d) Phenotypic correlations between FUD, HFU, age and sex in the TZL and 
NSPT cohorts. (e) Genetic and phenotypic correlations among hair-related traits, including FUD, HFU, hair curliness and eyebrow thickness. AFR, 
African; C-GWAS, combined GWAS; EAS, East Asian; EUR, European; GWAS, genome-wide association studies. Graphical illustration was created 
in BioRender. Peng, Q. (2025) https://BioRender.com/bpm1lz1.
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models assisting in expediting the process, followed by 
manual review and correction to ensure precision.

Full details of the methods used for phenotyping, quality 
control, descriptive statistics, GWAS, meta-analysis, replica-
tion analysis, combined GWAS (C-GWAS), functional anno-
tations, longitudinal analysis and other statistical analysis are 
provided in Appendix S1 (see Supporting Information).

Results

Phenotyping, sample characteristics and 
environmental factors

Hair density phenotypes followed normal distributions 
in both cohorts [mean (SD) FUD 49.9 (9.6) follicular units 
(FU) cm–2 in TZL, and 56.6 (9.6) FU cm–2 in NSPT; mean 
(SD) HFU 1.99 (0.25) hairs per FU in TZL and 2.05 (0.32) 
hairs per FU in NSPT] [Figure 1; Table S2 (see Supporting 
Information)]. FUD was significantly negatively correlated 
with HFU (P = 1.46 × 10–32), meaning that for each additional 
HFU, FUD decreased by an average of 6.34 cm–2. Every 
10-year increase in age resulted in a significant reduction of 
1.95 cm–2 in FUD (P = 2.03 × 10–50) and a reduction of 0.05 
in HFU (P = 6.83 × 10–45; Table S2). Men exhibited signifi-
cantly higher FUD than women (mean difference 4.19 cm–2; 
P = 1.39 × 10–39) in both cohorts, while the impact of sex on 
HFU was minimal (P = 3.64 × 10–3).

Table S1 details the distribution of 17 demographic, life-
style and reproductive factors that were tested for asso-
ciation with hair density using multiple regression (Table 
S3; see Supporting Information). Body mass index (BMI) 
had a negative association with FUD (P = 2.98 × 10−6), with 
every 10-unit increase in BMI corresponding to a 2.0 cm–2 
decrease in FUD and a positive association with HFU 
(P = 9.05 × 10−5), corresponding to an increase of 0.1 hairs 

per follicle. Menopausal status was correlated with lower 
FUD (P = 1.06 × 10–3). Conversely, earlier age at menarche 
had a positive association with HFU (P = 2.00 × 10–5), while 
an older age at first pregnancy was associated with lower 
HFU (P = 1.04 × 10–3). These findings align with previous 
reports on the influence of BMI and menopause on the 
risk of hair loss.20–22 Furthermore, we found no credible evi-
dence to support the effect of smoking, alcohol consump-
tion or nutrition on hair density.

Using longitudinal data from the UK Biobank (n = 219 172, 
followed for 13 years), survival analysis using a Cox model 
confirmed that BMI had a highly significant yet marginal 
effect on the risk of MPB (hazard ratio 1.09 per 10-unit 
increase in BMI; P = 1.98 × 10−6). Thus, it is plausible that 
the effect of BMI on MPB may stem from its impact on 
FUD and HFU.

Genome-wide association studies identified three 
hair density-associated loci

Genomic principal component analysis combining our 
study cohorts with reference data from the 1000 Genomes 
Project (1000GP) confirmed that our participants grouped 
closely with East Asian populations (Figure 1). Heritability 
estimates (h²) obtained using genome-wide complex trait 
analysis were substantial, at 0.42 (SE 0.04) for FUD and 
0.30 (SE 0.05) for HFU. In the TZL cohort, additional phe-
notypic measures of hair curliness and eyebrow thickness 
were available from previously reported GWAS,12,23 allowing 
us to calculate phenotypic and genetic correlations among 
FUD, HFU, hair curliness and eyebrow thickness (Figure 1). 
Notably, the genetic correlations were consistently stronger 
than the phenotypic correlations, exemplified by a genetic 
correlation of 0.23 between HFU and eyebrow thickness 
vs. a phenotypic correlation of 0.08, indicating that environ-
mental factors may contribute considerably to the observed 

Figure 2  Meta-analysis of hair density identified novel signals in East Asian populations. Manhattan plot and quantile–quantile plot of the meta-
analysis result for (a) follicular unit density (FUD) and (b) hairs per follicular unit (HFU). (c) Regional association plots for the identified loci from left to 
right: rs3771033 (near NRP2, FUD-associated), rs10908366 (near RSPO1, HFU-associated) and rs11940736 (near SPRY1, HFU-associated). Effect 
sizes (dots) and standard error (bars) are shown for the Taizhou Longitudinal Study (TZL; red) and National Survey of Physical Traits (NSPT; blue) 
cohorts. chr, chromosome; CI, confidence interval; SNP, single nucleotide polymorphism.
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variation in these traits, in agreement with previous find-
ings.24

We performed discovery GWAS for HFU and FUD in the 
TZL cohort, and found no evidence of genomic inflation 
[linkage disequilibrium score regression intercept < 1.03, 
λ < 1.03; Figure S1 (see Supporting Information)]. For HFU, 
we identified a novel association at 4q28.1, where 225 single 
nucleotide polymorphisms (SNPs) in high linkage disequilib-
rium (r² > 0.5) met genome-wide significance (P < 5 × 10–8). 
The leading SNP, rs11940736 (P = 9.38 × 10–10), lies intronic 
to SPATA5. Replication testing for rs11940736 in the NSPT 
cohort validated the same direction of effect (P = 3.23 × 10–3).  
For FUD, the discovery GWAS did not yield any genome-
wide significant signals.

We next conducted a meta-analysis that integrated the 
discovery and replication cohorts (Figure 2, Table 1). For HFU, 
two loci surpassed the genome-wide significance threshold: 
one at rs11940736 (P = 3.62 × 10–11) replicating the discovery 
signal, and a novel signal at 1p34.3 marked by rs10908366 
(P = 4.17 × 10–9). For FUD, the meta-analysis uncovered a 
significant association at 2q23.3, where rs3771033 within 
the intronic region of NRP2 attained genome-wide signifi-
cance (P = 4.52 × 10–9). Conditional GWAS analysis that con-
trolled these lead SNPs did not reveal further significant loci. 
Further sex-stratified meta-analysis did not reveal any new 
loci (Figure S2; see Supporting Information).

4q28.1

The 4q28.1 locus was the only region that met our stringent 
discovery replication criteria. The lead SNP, rs11940736, con-
sistently influenced HFU in the TZL (β = 0.04, P = 9.38 × 10–

10) and NSPT (β = 0.02, P = 3.23 × 10–3) cohorts, with no 
effect observed on FUD. Analysis using the 1000GP dataset 
showed a trend where the derived C allele of rs11940736, 
associated with higher HFU, decreased in frequency from 
European populations (0.87) to East Asian populations 
(0.54), with African populations showing an intermediate 
frequency (0.66). This allele distribution contrasts with 
global HFU patterns, where African populations exhibit the 
highest HFU. Therefore, the 4q28.1 locus does not account 
for the differences found in HFU.

Within the 4q28.1 region (123.8–124.3 Mbp), 225 SNPs 
were primarily concentrated around SPATA5. Functional 
annotation identified that rs302530 (in high linkage dise-
quilibrium with lead SNP rs11940736, r² = 0.81), which also 
showed a genome-wide statistically significant association 
with HFU (P = 6.25 × 10–9), overlaps one of the few open 
chromatin peaks in this region (Figure 3b). This chroma-
tin peak, unique to SPRY1 expression (a gene adjacent to 
SPATA5), is supported by single-cell RNA (scRNA) and sin-
gle-cell ATAC (assay for transposable-accessible chroma-
tin) data.25 Enhancer activity at this peak is shown by skin 
histone modification tracks,26,27 and falls within the same 
topologically associating domain as SPRY1 (Figure 3c).28 
Additionally, rs302530 is located at a CTCF (CCCTC-binding 
factor) transcription factor binding site in skin (Figure 3e). 
SPRY1 is a protein-coding gene involved in the negative reg-
ulation of the fibroblast growth factor (FGF) receptor signal-
ling pathway. Previous studies have reported that knockout 
of Spry1 and Spry2 in mouse eyelid epithelial cells induces 
upregulation of FGF expression and activation of the Wnt Ta
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signalling pathway.29 Similarly, the loss of Spry1 in mouse 
mammary fibroblasts leads to upregulation of the ERK path-
way, promoting epithelial expansion and migration through 
paracrine signalling and extracellular matrix remodelling.29 
scRNA sequencing (scRNAseq) data have further revealed 
that (i) Spry1 expression initiates in the mouse dermal papilla 
(DP) at E16.5, aligning with the onset of hair follicle devel-
opment and persisting through the newborn stage;25,30,31 
and (ii) SPRY1 is highly expressed in human DP (Figure 3f). 
Collectively, these findings suggest that rs302530 acts as 
an enhancer, modulating SPRY1 expression in the DP.

1p34.3

At the 1p34.3 locus, SNP rs10908366 demonstrated a con-
sistent effect on HFU across the TZL (β = 0.03, P = 8.01 × 10–6) 
and NSPT (β = 0.03, P = 1.77 × 10–4) cohorts. Analysis of the 
1000GP dataset revealed moderate frequency differences 
for the derived C allele across populations (fEAS = 0.42, 
fEUR = 0.50, fAFR = 0.46, where EAS denotes East Asian, 
EUR denotes European and AFR denotes African). SNP 
rs10908366 is in an intergenic region, 21 kb upstream 
of RSPO1. Histone modification annotations show that 
rs10908366 is positioned within a skin-specific enhancer 
region. According to 3DSNP database annotations,32 this 
locus exhibits three-dimensional interactions with the adja-
cent RSPO1 (Figure S3; see Supporting Information). RSPO1 
is an agonist of the Wnt/β-catenin signalling pathway, 

acting as a ligand for LGR4–6 (leucine-rich repeat-con-
taining G-protein coupled receptors) and activating the 
canonical Wnt signalling pathway. Studies have shown 
that Rspo1 expression is upregulated before the transition 
of hair follicles from the telogen to the anagen phase. In 
vitro experiments have demonstrated that Rspo1 can acti-
vate the Wnt/β-catenin signalling pathway, with exogenous 
R-Spondin1 inducing early entry of mouse hair follicles into 
the anagen phase.33 Further examination of Rspo1 expres-
sion in publicly available scRNAseq data from mouse hair 
follicles revealed robust expression in the DP. Similarly, 
scRNAseq data from human scalp show RSPO1 expression 
specifically within the DP (Figure S3). These findings sup-
port our hypothesis that rs10908366 may regulate RSPO1 
expression via an enhancer mechanism in the DP, potentially 
influencing HFU by activating the Wnt signalling pathway.

2q23.3

At the 2q23.3 locus, rs3771033 demonstrated a consist-
ent effect on FUD across the TZL (β = 0.97, P = 1.28 × 10–4) 
and NSPT (β = 1.39, P = 4.33 × 10–5) cohorts. Additionally, 
this SNP showed a nominally significant association with 
HFU in the meta-analysis (β = –0.02, P = 4.88 × 10–5). The 
derived T allele exhibits a notably lower frequency in 
African populations (fEAS = 0.34, fEUR = 0.35, fAFR = 0.09), 
suggesting a potential impact on global hair density varia-
tions. Fixation index (FST) analysis confirmed differentiation 

Figure 3  Functional analysis of the 4q28.1 locus associated with hairs per follicular unit (HFU). (a) Regional association plot for the 4q28.1 locus. The 
lead single nucleotide polymorphism (SNP) rs11940736 and causal SNP rs302530 are highlighted. The zoomed-in view shows histone modification 
marks of the region. (b) Genome accessibility track visualization of the 4q28.1 locus [chromosome (chr) 4: 122196794-123696795, hg38]. Links 
represent significant peak-to-gene correlations between the region containing rs302530 and SPRY1. (c) Visualization of chromatin interaction by Hi-C 
data on normal human epidermal keratinocyte (NHEK) and IMR-90 cell lines. (d) Effect of derived alleles of rs302530 shows a contribution to HFU 
in the Taizhou Longitudinal Study (TZL) and National Survey of Physical Traits (NSPT) cohorts. (e) Functionality scores of rs302530, scored across 
enhancer, promoter, transcription factor binding site (TFBS) and other regulatory categories. (f) Expression of SPRY1 in different cell types of mouse 
dorsal skin and human scalp skin. ATAC, assay for transposable-accessible chromatin; DC, dermal condensate; DP, dermal papilla; NHDF, normal 
human dermal fibroblast; NHLF, normal human lung fibroblast; TSS, transcription start site.
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between African populations and others at rs3771033 
(FST = 0.18), indicating possible natural selection influences 
(Figure 4c).

Histone modification tracks from Roadmap (https://
epigenomegateway.wustl.edu/browser/) revealed strong 
enhancer activity at rs3771033, particularly with H3K4me1 
and H3K27ac marks in fibroblasts and keratinocytes (Figure 
4d). GTEx data indicated a significant association between 
rs3771033 and NRP2 expression in skin (β = –0.11, 
P = 1.8 × 10–5; Figure 4e),34 suggesting that the C to T allele 
shift reduces NRP2 expression. NRP2, a member of the 
neuropilin family that interacts with vascular endothelial 
growth factor, is involved in cardiovascular development, 
axon guidance and tumorigenesis, and is essential for 
hair follicle morphogenesis by guiding the polarization of 
dermal condensate precursors into DP.31 scRNAseq data 
from mouse hair follicles show high Nrp2 expression in 
dermal condensate at E16.5 (a key hair follicle development 
stage) with reduced expression in DP at newborn stage 
(P0). In human scalp single-cell data, NRP2 is also highly 
expressed in DP (Figure 4f). These findings suggest that 
rs3771033 may regulate NRP2 expression via an enhancer 
mechanism, influencing DP development and hair morpho-
genesis.

Combined genome-wide association studies of 
hair density, eyebrow thickness, beard thickness 
and hair curliness

We used C-GWAS to increase statistical power and iden-
tify additional loci associated with hair density by lever-
aging shared genetic factors across multiple hair traits.35 
Specifically, we integrated findings from six previous 
GWAS on hair-related phenotypes, including eyebrow thick-
ness, beard density and hair curliness,9–13 encompassing 
diverse ancestries. Before the C-GWAS, we separately 
performed meta-analysis on hair curliness and eyebrow 
thickness (Figure S4; see Supporting Information).9–13 Our 
C-GWAS combined the results of these meta-analyses with 
the GWAS on beard density and our own meta-analysis 
on FUD and HFU. We excluded the MPB GWAS by Yap 
et al.,15 owing to its exceptionally large sample size using 
UK Biobank data, which risked disproportionately amplify-
ing MPB signals.

C-GWAS identified 16 significant loci, including the 3 
loci discovered in our meta-analysis. Among these, three 
additional loci – PREP (6q21), GATA3 (10p14) and MAF 
(16q23.2) – were identified through their association with 
hair density, reflecting our goal of increasing the power to 

Figure 4  Functional analysis of the 2q23.3 locus associated with follicular unit (FU) density (FUD). (a) Effect of derived alleles of rs3771033 
contribute to FUD (FU cm–2) in the Taizhou Longitudinal Study (TZL) and National Survey of Physical Traits (NSPT) cohorts. (b) The geography of 
allele frequency on rs3771033. (c) Bar plot showing the derived allele frequency and fixation index (FST) value for rs3771033. (d) Visualization of 
epigenetic tracks H3K4me1 and H3K27ac at the region around rs3771033, annotated by Roadmap. (e) Expression quantitative trait locus analysis by 
GTEx shows an association between rs3771033 genotypes and the expression of NRP2 in fibroblasts and sun-exposed skin. (f) Expression of NRP2 
in different mouse dorsal skin and human scalp skin cells. AFR, African; AMR, American; DC, dermal condensate; DP, dermal papilla; EAS, East 
Asian; EUR, European.
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identify additional hair density-related signals (Figure 5, Table 
2). At the 1p34.3 locus near RSPO1 (rs10908366), we found 
a two-order-of-magnitude increase in significance, driven by 
HFU (P = 4.17 × 10–9) and eyebrow thickness (P = 7.30 × 10–5).  
A similar increase was found at the 6q21 locus near PREP 
(rs714530), driven by HFU (P = 3.55 × 10–3), eyebrow thick-
ness (P = 6.17 × 10–4) and beard thickness (P = 3.98 × 10–7). 
At 10p14 near GATA3 (rs1415885), significant contribu-
tions were made by FUD (P = 4.91 × 10–3) and hair curliness 
(P = 2.04 × 10–13). Finally, the 16q23.2 locus within MAF 
(rs4632145) showed increased significance based on FUD 
(P = 6.42 × 10–3) and hair curliness (P = 1.64 × 10–12), marking 
the first report to date of MAF influencing hair curliness. 
Collectively, these findings underscore the utility of a multi-
trait approach to amplifying statistical power, facilitating the 
discovery of novel loci associated with hair density.

Shared genetic factors between hair density and 
male pattern baldness

We investigated whether key SNPs identified in studies of 
MPB by Yap et al. also affected our hair density phenotypes 
(Table S4; see Supporting Information).15 Among the 598 
reported MPB SNPs, 458 were available in our dataset. 
Thirty of these were nominally significantly associated with 
FUD and 39 with HFU (P < 0.05), exceeding the expected 
5% under the null (binomial test P < 1 × 10–5). Notably, 
RSPO1 and NRP2 – two loci from our hair density GWAS – 
achieved genome-wide significance in MPB, suggesting a 
shared genetic architecture.

In a subset of the NSPT cohort, we explored the relation-
ship between hair density and hair loss severity and found 
that hair loss had a minimal impact on hair density-asso-
ciated signals (Appendix S1, Figure S5; see Supporting 
Information), suggesting that the overlap between hair den-
sity and MPB loci is unlikely to be driven by hair loss.

A phenome-wide association study in the GWAS Atlas 
(4756 phenotypes; https://atlas.ctglab.nl/) and Biobank 
Japan (230 phenotypes; https://biobankjp.org/en/) revealed 
no additional significant associations outside MPB for our 
hair density SNPs [Figure 6a; Figure S6, Table S5 (see 
Supporting Information)].

Gene–hormone and finasteride interactions in hair 
density

In a combined sample of 3669 women from the NSPT and 
TZL cohorts, we evaluated 3 SNPs identified by our GWAS 
for hair density and tested their interactions with 6 hor-
mone-related factors (Table S6; see Supporting Information). 
Nominal significance emerged for rs3771033 in interaction 
with age at menopause (P = 8.44 × 10–3) and age at first 
pregnancy (P = 2.33 × 10–2), whereby women carrying the 
T allele who had a later menopause or a later first preg-
nancy showed higher FUD. Noncarriers did not exhibit these 
trends. Considering that rs3771033 is also associated with 
MPB, we were prompted to investigate whether it interacts 
with finasteride, a hormone-related treatment for MPB. To 
explore this hypothesis, we leveraged treatment record data 
from the UK Biobank to assess genotype-specific effects on 
finasteride efficacy. A significant gene–treatment interaction 
(P = 2.6 × 10–3) indicated that T-allele carriers had a notably 
better finasteride response than noncarriers at baseline, as 
well as after approximately 13 years of follow-up (Figure 6b). 
In contrast, rs10908366 (P = 0.71) and rs302530 (P = 0.25) 
did not exhibit a significant genotype-specific response to 
finasteride. We then extended the same analysis to an addi-
tional set of 598 SNPs reported by Yap et al. as MPB risk vari-
ants and discovered that 1 SNP (rs12737859; P = 3.64 × 10–6) 
[Figure 6c; Table S7 (see Supporting Information)]15 survived 
multiple testing of 598 independent tests, which demon-
strated an even stronger interaction effect than rs3771033. 

Figure 5  Combined genome-wide association studies (C-GWAS) across hair-related traits identified additional signals. (a) C-GWAS incorporating 
follicular unit density (FUD), hairs per follicular unit (HFU), meta-analysed results for hair curliness, eyebrow thickness and beard thickness.9–13 The 
C-GWAS P -values (upper panel) are compared with the lowest P -values from individual-trait GWAS (MinGWAS: lower panel) at the –log10 scale. 
(b) Radar plots illustrating the phenotypic variance explained by single nucleotide polymorphisms, highlighting the multitrait genetic effects.
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Notably, rs12737859 lies in an intron of ECE1, a gene that 
processes endothelin and regulates vascular tone and tissue 
homeostasis. In parallel, rs3771033 resides within NRP2, 
which encodes a co-receptor for vascular endothelial growth 
factor, which modulates local blood flow and angiogenesis. 
ECE1 and NRP2 thus appear to be integral to maintaining a 
supportive vascular and microenvironmental milieu for hair 
follicles, especially under the reduced dihydrotestosterone 
conditions induced by finasteride. These findings highlight 
a potentially critical role for genotype-specific modulation 
of vascular and endothelin pathways in hair development 
and underscore the utility of targeted pharmacogenomic 
approaches.

Discussion

In our study of 5735 East Asian individuals, significant influ-
ences on hair density traits were identified from age, sex, 
BMI, age of menarche, age at first pregnancy and meno-
pause status, with age negatively correlating with both FUD 
and HFU. Our GWAS pinpointed three loci that affect hair 
density: rs11940736 at 4q28.1 near SPRY1 affecting HFU; 
rs10908366 at 1p34.3 near RSPO1 also impacting HFU; 
and rs3771033 at 2q23.3 within NRP2 influencing FUD. 
The significance of rs11940736 was validated in an inde-
pendent cohort. These loci modulate hair traits by regulating 
genes critical for hair follicle development and morphogen-
esis. C-GWAS analysis identified additional loci relevant 
to hair density, demonstrating the power of leveraging 
shared genetic factors across multiple hair-related pheno-
types. Notably, shared genetic signals with MPB and other 
hair-related traits point to overlapping biologic mechanisms, 
suggesting that interventions targeting these pathways 
may yield multifaceted therapeutic benefits. Our data indi-
cated that genotype-specific responses to finasteride (e.g. 
at NRP2 and ECE1) modulate vascular support within the 
follicular microenvironment, hinting at the high potential for 
pharmacogenomics in hair loss treatment.

For phenotype quantification, we used deep learning 
models, subsequently manually correcting the data due to 
limitations in accuracy.11,36 We analysed the occipital scalp, 
which is less affected by androgen-induced hair loss,16,17 
although men still showed a higher FUD, indicating poten-
tial androgenic effects. Despite there being no significant 
findings near the androgen receptor gene,37,38 our results 
emphasize the role of multiple genetic and hormonal path-
ways in hair density.

Our findings underscore the complexity of the genetic reg-
ulation of hair biology, involving the Wnt signalling pathway 
and others.39–41 Although the identified SNPs explain only a 
portion of the heritability, they offer insights into the molec-
ular mechanisms affecting HFU and FUD. Environmental 
factors and gene–environment interactions are also likely 
to contribute, as indicated by higher genetic vs. phenotypic 
correlations.

Given that our GWAS cohorts consisted exclusively 
of East Asian individuals, the generalizability of our find-
ings to broader populations is limited, warranting future 
association and functional studies in different popula-
tions. Understanding these mechanisms may lead to tar-
geted treatments for hair growth disorders and enhance Ta
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personalized medicine in dermatology. Our GWAS also 
identifies potential targets like SPRY1, RSPO1 and NRP2 for 
the development of treatments for hair disorders, with impli-
cations for managing conditions like hair loss across multiple 
related disorders.
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