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Abstract

Male pattern baldness (MPB) is a highly prevalent condition with a complex, poorly
understood molecular basis that limits therapeutic innovation. This study aimed to bridge
the gap between statistical genetic associations and biological function by identifying and
prioritizing causal proteins and pathways involved in MPB. Using data from 24,069 men in
the UK Biobank, we performed a proteome-wide association study of 2911 plasma proteins
with self-reported MPB severity via multivariable ordinal logistic regression, adjusting for
age, Body Mass Index (BMI), ethnicity, lifestyle, socioeconomic factors, and testosterone
levels. Significant proteins underwent pathway enrichment analysis. Genetic integration
included MAGMA for gene-level aggregation and tissue prioritization, transcriptome-wide
association studies (TWAS) with GTEx models, conditional fine-mapping, and validation
in an independent scalp biopsy transcriptomics dataset (GSE90594). Druggability and
pleiotropy were evaluated using databases and phenome-wide association studies. Forty-
seven proteins were significantly associated with MPB severity, enriched in pathways
involving epidermis development, hair cycle regulation, and cell adhesion. Multi-omic
integration prioritized five independent candidate genes: CD38, FGF5, TACSTD2, DPEP1,
and PLB1. Transcriptomic validation confirmed differential expression in balding scalp
for CD38 (upregulated) and TACSTD2, PLB1 (downregulated). CD38 was identified as
druggable with low pleiotropic risks. This study elucidates the molecular architecture
of MPB, revealing novel biological pathways beyond canonical androgen signaling. By
prioritizing promising non-hormonal targets like CD38, our findings provide a robust,
evidence-based framework to guide the development of future therapeutic interventions
for this common condition.
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1. Introduction

Male pattern baldness (MPB), a highly prevalent condition affecting up to 80% of men
by the age of 70 [1]. While often perceived as a cosmetic issue, it is associated with a signifi-
cant psychosocial impact that can affect quality of life [2]. Currently available treatments
include the oral 5a-reductase inhibitor finasteride, the topical vasodilator minoxidil, and
surgical hair transplantation [3]. Furthermore, compelling epidemiological evidence has
linked MPB to a higher risk of systemic diseases, including cardiovascular disease, prostate
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cancer, and metabolic syndrome, positioning it as a potential clinical marker for male
health [4-6]. These epidemiological associations transform MPB from a skin-limited condi-
tion into a unique window into an individual’s broader cardiometabolic and tumor risk
profile, necessitating a deeper understanding of the underlying molecular basis. However,
the precise molecular pathways driving its progression remain incompletely elucidated,
representing a key barrier to therapeutic development.

The hair follicle undergoes a continuous, cyclical process of growth consisting of three
distinct phases: anagen (active growth), catagen (regression), and telogen (rest), followed
by shedding of the hair shaft (exogen) and re-entry into anagen [7]. The duration of the
anagen phase is the primary determinant of hair length and is tightly regulated by a
complex interplay of signaling molecules within the follicular microenvironment [8]. The
pathophysiology of MPB involves three key features: follicular miniaturization, alteration
of the hair cycle, and perifollicular inflammation [9]. While this process is multifactorial, the
principal androgen implicated in genetically susceptible individuals is dihydrotestosterone
(DHT). DHT exerts its effects by binding to androgen receptors in the hair follicle, which
not only shortens the anagen (growth) phase but may also prolong the telogen (resting)
phase [10]. This interaction triggers complex signaling cascades, such as the Wnt/f3-
catenin and TGF-p pathways, ultimately leading to the progressive transformation of
large, pigmented terminal hairs into fine, pale vellus hairs [11,12]. Furthermore, a low-
grade, chronic inflammatory infiltrate is often observed around the follicles, potentially
contributing to fibrosis and the irreversibility of the condition [13].

Following initial twin studies that estimated a heritability of up to 80% for MPB [14],
genome-wide association studies (GWAS) have offered a more precise genetic inventory,
identifying 63 risk loci that together account for approximately 39% of the phenotypic
variance [15]. While these discoveries have been instrumental in confirming the complex
genetic architecture of MPB, they primarily identified broad chromosomal regions of risk.
The specific molecular intermediaries—particularly the proteins—that functionally connect
these genetic variants to the pathophysiology of hair follicle miniaturization are still largely
uncharacterized. This study therefore directly confronts a central challenge of the post-
GWAS era: the systematic translation of statistical genetic associations into a functional
understanding of disease biology and the identification of specific proteins that mediate
genetic risk.

Proteomics offers a powerful approach to bridge this critical gap between genetics and
pathophysiology by characterizing the functional molecular intermediaries. Nevertheless,
previous studies in this field have often been limited by small sample sizes, insufficient
control for critical confounding factors, or a narrow scope of protein analysis, thus failing
to yield robust and replicable findings [16,17]. To overcome these limitations, we under-
took a comprehensive, large-scale investigation using data from over 20,000 men in the
UK Biobank. By integrating large-scale plasma proteomics with multivariable-adjusted
regression, pathway analysis, and genetic methods such as transcriptome-wide association
studies (TWAS), this study aims to provide a multi-omics framework to elucidate the
molecular architecture of MPB and reveal targets for future intervention.

2. Results
2.1. Participant Characteristics

This study included a total of 24,069 male participants from the UK Biobank. The
baseline demographic, lifestyle, and clinical characteristics of the cohort, stratified by four
levels of MPB severity based on a validated pictogram-based self-assessment (Level 1:
unaffected; Level 2: frontotemporal balding; Level 3: frontotemporal and vertex balding;
Level 4: complete vertex baldness; Section 4.1), are presented in Table 1. The overall mean
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age of the cohort was 57.05 (SD 8.33) years, with a mean Body Mass Index (BMI) of 27.84
(SD 4.23) kg/m?. Statistically significant differences were observed across all measured
baseline characteristics among the hair loss severity groups.

Table 1. Baseline characteristics of the population with male pattern baldness.

Characteristics Overall (n = 24,069) Level 1 (n = 7848) Level 2 (n = 5448) Level 3 (n = 6382) Level 4 (n = 4391) p-Value
Age, years, mean (SD) 57.05 (8.33) 55.71 (8.55) 55.57 (8.56) 58.91 (7.64) 58.59 (7.77) <0.001
BMI, kg/m?, mean (SD) 27.84 (4.23) 27.78 (4.33) 27.59 (4.12) 27.89 (4.20) 28.20 (4.20) <0.001
Ethnicity, n (%)
Other 2168 (9.0) 830 (10.6) 421 (7.7) 518 (8.1) 399 (9.1) <0.001
White 21,901 (91.0) 7018 (89.4) 5027 (92.3) 5864 (91.9) 3992 (90.9)
Smoking status, n (%)
Current 3003 (12.5) 1108 (14.1) 693 (12.7) 768 (12.0) 434 (9.9) <0.001
Never 11,591 (48.2) 3854 (49.1) 2601 (47.7) 3015 (47.2) 2121 (48.3)
Prefer not to answer 78 (0.3) 19(0.2) 22(0.4) 24 (0.4) 13 (0.3)
Previous 9397 (39.0) 2867 (36.5) 2132 (39.1) 2575 (40.3) 1823 (41.5)
Alcohol intake,
units/month, median 13.00 [3.50, 25.00] 13.00 [3.50, 26.00] 14.00 [4.00, 25.00] 13.00 [4.00, 25.00] 12.00 [3.00, 24.50] 0.012
[1QR]
Education, n (%)
low 4578 (19.0) 1388 (17.7) 959 (17.6) 1285 (20.1) 946 (21.5) <0.001
moderate 11,364 (47.2) 3676 (46.8) 2646 (48.6) 2991 (46.9) 2051 (46.7)
high 8127 (33.8) 2784 (35.5) 1843 (33.8) 2106 (33.0) 1394 (31.7)
Townsend Deprivation
Tndex. mediom [1OR] —2.07 [~3.64,0.84] ~1.94[-3.63, 1.07] —2.01[~3.60, 0.73] —2.24[-3.69,0.67] —2.08 [~3.63, 0.80] <0.001
Testosterone, nmol/L, 11.99 3.71) 11.86 (3.72) 12,09 3.77) 11.99 (3.66) 12,09 (3.69) 0.002

mean (SD)

BMI, body mass index; SD, standard deviation; IQR, interquartile range. The Townsend Deprivation Index is a
composite area-level measure of socioeconomic deprivation, with higher (less negative) values indicating greater
deprivation.

Specifically, the severity of hair loss demonstrated a clear positive association with both
increasing age and BMI (both p < 0.001). Participants with the most severe hair loss (Level 4)
were, on average, older (mean age 58.59 years) and had a higher BMI (mean 28.20 kg/m?)
compared to those with the mildest hair loss, who had a mean age of 55.71 years and a mean
BMI of 27.78 kg/m?. Similar trends were noted for lifestyle and socioeconomic factors. The
proportion of previous smokers and individuals with a low level of education progressively
increased with the severity of hair loss (both p < 0.001). While serum testosterone levels
showed a statistically significant difference between the groups (p = 0.002), the absolute
mean values exhibited only minimal variation, ranging from 11.86 nmol/L to 12.09 nmol /L.

2.2. Plasma Proteome-Wide Associations with Male Hair Loss Severity

In the proteome-wide association study involving 2911 plasma proteins, multiple
proteins were identified as significantly associated with the severity of male hair loss af-
ter applying a stringent Bonferroni correction. In Model 1, which was adjusted for age,
ethnicity, and BMI, 60 proteins showed significant associations with hair loss severity
(Figure 1A). This number was reduced to 43 proteins in Model 2, which incorporated addi-
tional adjustments for lifestyle and socioeconomic factors (Figure 1B). After further adjust-
ment for serum testosterone levels in Model 3, a total of 47 proteins remained significantly
associated. Among these, a core set of 41 proteins exhibited highly robust associations,
maintaining statistical significance across all three models (Figure 1C). The inclusion of
serum testosterone in Model 3 did not weaken the overall number of associations but
instead modified the set of significant proteins, increasing the count from 43 to 47. This
suggests that testosterone may play a complex modulatory role beyond that of a simple
confounder. Notably, four proteins—sex hormone-binding globulin (SHBG), fibroblast
growth factor-binding protein 1 (FGFBP1), cathepsin B (CTSB), and 11-beta-hydroxysteroid
dehydrogenase type 1 (HSD11B1)—emerged as significant only after adjustment for to-
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tal testosterone levels. Detailed information on the relevant proteins in the models was
provided in Supplementary Tables S1-53.
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Figure 1. Proteome-wide association and functional enrichment analysis of proteins associated with
male hair loss severity. (A) Volcano plots displaying the odds ratios (ORs) for the association between
2911 plasma proteins and the severity of hair loss. The horizontal dashed line represents the FDR
significance threshold. Model 1, adjusted for age, ethnicity, and BMI, showing 60 significantly associ-
ated proteins. (B) Model 2, additionally adjusted for lifestyle and socioeconomic factors, showing
43 significant proteins. (C) The core set of 41 proteins that remained statistically significant across all
three models (including Model 3, which also adjusted for testosterone). (D) Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis of the identified hair loss-associated pro-
teins. (E) Gene Ontology (GO) enrichment analysis showing significantly enriched terms categorized
by Biological Process, Cellular Component, and Molecular Function. (F) Functional network analysis
visualizing the interconnected modules of enriched biological pathways, highlighting a large module
central to hair cycle regulation and a secondary module related to antimicrobial peptide production.
The color of the nodes corresponds to the Normalized Enrichment Score (NES).
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2.3. Functional Characterization of Proteins Associated with Hair Loss Severity

To elucidate the underlying biological functions of the proteins associated with hair
loss severity, we performed pathway and functional enrichment analyses. The associated
proteins were significantly enriched in Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways including ‘Cell adhesion molecules (CAMs)’, ‘Cytokine-cytokine receptor interac-
tion’, and “ECM-receptor interaction” (Figure 1D). Gene Ontology (GO) analysis provided a
more granular view. For Biological Process, we observed significant enrichment in ‘epider-
mis development’, ‘hair cycle process’, and ‘cell-cell adhesion’. For Cellular Component,
the proteins were primarily localized to the ‘cornified envelope’ and ‘desmosome’, while
Molecular Function analysis highlighted an enrichment in “peptidase regulator activity’
(Figure 1E). These findings were synthesized through a functional network analysis, which
visualized a large, interconnected module central to hair cycle regulation and a separate
secondary module linking antimicrobial peptide production with endopeptidase inhibitor
activity (Figure 1F). The consistently positive Normalized Enrichment Scores (NES) across
the network indicate that these biological processes are systematically involved in the
progression of hair loss severity.

2.4. Prioritization of MPB-Associated Tissues and Validation of Candidate Genes

This study began with a set of 47 candidate genes, selected based on the significant
association of their corresponding plasma proteins with MPB in the UK Biobank. To
investigate the genetic mechanisms underlying these candidates, we first performed a
gene-property analysis using MAGMA to identify the most relevant tissues. This anal-
ysis, which included 50 non-female-specific tissues from GTEx v8, revealed significant
enrichment in 35 tissues (Figure 2A). The most significant enrichment signals fell into
several broad categories, including male-reproductive tissues (e.g., Prostate, Testis), skin
(e.g., Skin_Sun_Exposed_Lower_leg, Cells_Cultured_fibroblasts), the vascular system (e.g.,
Artery_Tibial, Artery_Aorta), and the nervous system (e.g., Nerve_Tibial). This suggests
these tissues are primary sites where the genetic regulation of the candidate genes influences
the pathophysiology of MPB.

To further validate these candidates, we next performed analyses at both the gene
and transcript levels. First, gene-level association analysis using MAGMA confirmed that
8 genes were significantly associated with MPB (False Discovery Rate, FDR < 0.05; Supple-
mentary Table 54). Second, a TWAS using FUSION identified 17 genes showing significant
expression-level associations in the prioritized tissues (FDR < 0.05; Supplementary Table S5
and Figure 2C).

2.5. Integration of Analyses Identifies Core MPB Candidate Genes

To identify the most robust candidates supported by multiple lines of evidence, we
integrated the results from the MAGMA and FUSION analyses. This comparison revealed
a core set of 6 genes that were significantly associated with MPB at both the overall gene
level MAGMA) and the expression level (FUSION). These seven overlapping genes are
CD38, TACSTD2, FGF5, DPEP1, PLB1, SDC1 and SHBG (Table 2). This finding highlights
a small group of high-confidence candidates, reinforcing their potential causal role in
the pathogenesis of MPB. To further distinguish independent drivers within this group,
we performed a conditional and joint (COJO) analysis. This fine-mapping step revealed
that five of the genes—CD38, TACSTD?2, FGF5, DPEP1 and PLBI—remained significant,
classifying them as jointly significant and representing robust, independent associations
(indicated in green in Supplementary Figure S1). In contrast, the signal for SDC1 and
SHBG were attenuated and no longer significant, suggesting they are marginally significant
gene whose associations were likely driven by LD with a primary signal (indicated in
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blue in Supplementary Figure S1). This integrated approach thus refines our findings to
a high-confidence set of five genes with strong evidence for an independent role in the
pathogenesis of MPB.
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Figure 2. Genetic Validation and Tissue Prioritization of MPB-Associated Candidate Genes.
(A) Results of the MAGMA gene-property analysis across 50 non-female-specific GTEx v8 tissues.
The bar plot shows the enrichment of male pattern baldness (MPB) genetic associations within genes
expressed in each tissue, with 35 tissues showing significant enrichment. (B) UpSet plot illustrating
the overlap between the initial 47 candidate genes (from the UKB proteins), genes with significant
gene-level associations (MAGMA), and genes with significant expression-level associations (FUSION).
The central intersection highlights the seven genes (CD38, TACSTD2, FGF5, DPEP1, PLB1, SDC1, and
SHBG) that are significant in both MAGMA and FUSION analyses. (C) Heatmap of the TWAS results
from FUSION. This plot shows the association significance for genetically predicted gene expression
and MPB risk, identifying 17 genes that surpassed the transcriptome-wide FDR < 0.05 threshold Red
indicates statistically significant results (p < 0.05), and darker shades correspond to smaller p-values.
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Table 2. Multi-omic evidence summary for high-confidence candidate genes in male pattern baldness.

. . Expression-Level Scalp Tissue
Proteomic Gene-Level Genetic . . i e
Gene Symbol Name Association (Model  Evidence MAGMA Genetic Evidence Validation Causal Inference
Yy o (TWAS.Z & Top (GSE90594 Status (COJO Result)
3 OR [95% CI) ZSTAT) " o
Tissue) Direction)
cyclic ADP .
CD38 ribose hydrolase 1.17 [1.10-1.25] 3 3.23 Upregulated Independent
FGF5 Fibroblast growth 0.57 [0.53-0.60] 721 5.02 No significant Independent
factor 5 change
Tumor-associated
TACSTD2 calcium signal 0.84 [0.78-0.91] 2.98 —3.37 Downregulated Independent
transducer 2
PLB1 Phospholipase B1 0.78 [0.75-0.81] 2,57 -3.26 Downregulated Independent
DPEP1 Dipeptidase 1 0.62 [0.59-0.65] 6.56 -3.85 ic;gmﬁcam Independent
Sex hormone No significant .
SHBG “binding globulin 0.85 [0.81-0.90] 3.35 ~3.05 change Marginal
SDC1 Syndecan-1 0.76 [0.72-0.80] 6.1 —-2.92 Downregulated Marginal
OR, odds ratio; CI, confidence interval, MAGMA, Multi-marker Analysis of GenoMic Annotation; TWAS,
transcriptome-wide association study; COJO, conditional and joint analysis.
2.6. Validation of Prioritized Genes in Human Scalp Tissue
To corroborate our integrative analysis with direct evidence from diseased tissue,
we investigated the expression of the prioritized genes in the GSE90594 scalp biopsy
dataset [18]. The analysis revealed that CD38 was significantly upregulated in androge-
netic alopecia scalp tissue compared to controls (adjusted p < 0.05), while PLB1, SDC1,
and TACSTD?2 were significantly downregulated (adjusted p < 0.05 for each) (Figure 3).
No significant expression differences were observed for DPEP1, FGF5, and SHBG. The
concordance between our predictions and the observed differential expression in relevant
tissue provides strong orthogonal support, strengthens the credibility of our analysis, and
highlights these candidates for functional follow-up.
A B C
39 —ps-

® I P
@ ° &

€D38 Gene Expression

°
s

O | | f

N w
8

FGF5 Gene Expression
TACSTD2 Gene Expression
2
a3

=
g

@)

PLB1 Gene Expression
® © 3 2

Normal

T

Alopecia Normal Alopecia Normal Alopecia

o

©
@

®

©

>

SHBG Gene Expression
»

DPEP1 Gene Expression

IS
°

®

SDC1 Gene Expression
= & &
> 0 kY

=
kS

140

‘Alopecia Normal Alopecia Normal ‘Alopecia

R

Normal

Alopecia

Figure 3. Transcriptomic Validation of Prioritized Genes in Human Scalp Tissue. Violin plots
illustrating the differential expression of seven prioritized genes in scalp biopsies from the GSE90594
dataset, comparing 14 individuals with androgenetic alopecia (Alopecia) to 14 healthy controls
(Normal). The plots correspond to the following genes: (A) CD38, (B) FGF5, (C) TACSTD2, (D) PLB1,
(E) DPEP], (F) SHBG, and (G) SDCL1. * p < 0.05; ** p < 0.01; ns: not significant.
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2.7. Druggability and Pleiotropic Effects of Target Proteins

Among the proteins associated with MPB, only CD38 was identified as a target for
existing drugs in the DGIdb database (Supplementary Table S6). To evaluate the potential
for adverse pleiotropic effects from modulating CD38, a Phenome-Wide Association Study
(PheWAS) was conducted. The analysis of a genetic proxy for plasma CD38 levels revealed
no significant associations with any of the tested phenotypes after stringent correction
for multiple testing (Supplementary Figure S2). These results suggest that therapeutically
targeting CD38 is unlikely to cause major off-target side effects.

3. Discussion

By integrating large-scale plasma proteomics with multi-layered genetic analyses
in more than 20,000 men, this study tackled a central challenge of the post-GWAS era:
translating statistical genetic associations into a functional understanding of disease biol-
ogy. This comprehensive approach established a robust, evidence-based framework for
prioritizing candidate drivers of MPB. The analysis began with a proteome-wide screen
that identified 47 plasma proteins strongly associated with MPB severity. These candidates
were systematically refined through gene-level, expression-level, and conditional genetic
analyses, resulting in five prioritized independent candidate genes: CD38, FGF5, TACSTD2,
DPEP1, and PLBI1. This process provided a strong, evidence-based foundation for further
biological investigation, moving beyond association to generate testable hypotheses about
the molecular mechanisms underlying MPB.

Our results are highly consistent with the original transcriptomic analysis of
GSE90594 dataset by Michel et al,, who also reported significant upregulation of
CD38 and broad activation of inflammatory pathways. While the original study
linked CD38 primarily to immune cell recruitment, our multi-omic integration extends
these findings by proposing CD38-mediated NAD* depletion as a metabolic driver of
follicular senescence (‘inflammaging’).

Our hypothesis for MPB integrates the established roles of androgen signaling and
chronic inflammation with principles of metabolic aging by proposing a functional role
for the ecto-enzyme CD38. CD38 is a multifunctional enzyme established as a primary
consumer of nicotinamide adenine dinucleotide (NAD™) in aging tissues, and its upregula-
tion is potently induced by pro-inflammatory signals secreted by senescent cells [19,20].
NAD" is an essential coenzyme for cellular energy metabolism, and its age-related decline
is a central hallmark of the aging process [21]. Based on these established findings, we
hypothesize that, in genetically susceptible individuals, persistent androgen signaling and
resulting chronic inflammation could induce cellular senescence in the follicular niche [22],
leading to an inflammatory microenvironment whose SASP factors upregulate CD38 [23].
The subsequent depletion of the local NAD" pool could trigger a bioenergetic crisis in the
metabolically active cells of the anagen hair follicle, impairing their function and leading
to progressive miniaturization [24]. This ‘localized inflammaging” model reframes MPB
as a potential process of premature biological aging within the scalp and suggests that
the molecular machinery driving hair loss may overlap with that driving age-related dys-
function in other organs. Consequently, strategies aimed at inhibiting local CD38 activity
or restoring the follicular NAD™ pool through precursor supplementation may represent
novel approaches for mitigating the metabolic dysfunction underlying MPB [24,25].

Anti-CD38 monoclonal antibodies, including isatuximab and daratumumab, are FDA-
approved for multiple myeloma, demonstrating that CD38 can be safely and effectively
targeted in humans. This raises the possibility of developing strategies—potentially re-
quiring localized delivery—to modulate its enzymatic activity in conditions of NAD*
depletion [26-28]. More accessible approaches involve natural CD38 inhibitors such as the
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flavonoids apigenin, quercetin, and luteolinidin, which show protective effects in preclini-
cal models of metabolic and inflammatory diseases [29-33]. In parallel, experimental NAD*
boosting therapies using precursors such as NMN, NR, and vitamin B3 derivatives aim to
restore depleted NAD* pools by either inhibiting NAD-degrading enzymes or providing
substrates for NAD" synthesis [34-36]. To assess potential pleiotropic adverse effects, we
performed a PheWAS using a genetic proxy for CD38 levels. As detailed in our results, the
analysis revealed no significant associations with any tested phenotypes after stringent
multiple-testing correction, suggesting that therapeutic targeting of CD38 is unlikely to
cause major off-target effects.

Further supporting an inflammatory component, dipeptidase 1 (DPEP1) may act as a
protective factor, consistent with its established role in modulating inflammatory pathways.
DPEP1 is a zinc-dependent metalloproteinase that hydrolyzes and inactivates leukotriene
D4 (LTD4), a potent pro-inflammatory lipid mediator [37]. This function is critical in various
pathological settings; for example, DPEP1 has been shown to act as an adhesion receptor
mediating neutrophil recruitment in models of lung and liver inflammation [38]. Its role is
also well established in the kidney, where it contributes to inflammation and injury [39].
The protective signal for DPEP1 in our study is therefore notable, as its ability to regulate
potent inflammatory mediators may be particularly relevant to the microinflammatory
environment that contributes to hair follicle miniaturization in MPB.

The identification of well-established hair biology genes, including FGF5 and SHBG,
provides strong internal validation of the multi-omic discovery pipeline. The convergence
of this multi-stage analysis on known, biologically relevant genes further supports its ability
to identify novel and equally valid candidates. FGF5 is a canonical negative regulator of the
hair cycle and a key molecular switch that signals the termination of the anagen (growth)
phase [40,41]. However, our findings reveal a more complex picture: FGF5 was associated
with protection in plasma proteomics, risk in the TWAS, and no significant change in bulk
scalp tissue analysis. These seemingly contradictory results likely reflect the complexity of
its regulation. Because FGF5 is expressed locally in the outer root sheath during a narrow
window at the end of the anagen phase, its signal may be diluted in bulk tissue analyses [42].
Moreover, systemic FGF5 levels may be regulated by feedback mechanisms that do not
directly reflect its local follicular activity. The TWAS result, indicating that genetically
predicted higher FGF5 expression is associated with MPB risk, aligns with its established
function as a key initiator of the catagen (regression) phase. This suggests that the biological
role of FGF5 may depend strongly on the timing and location of its expression.

This knowledge positions FGF5 inhibition as a promising strategy for treating hair loss.
Although no pharmaceuticals targeting this pathway have been approved by regulatory
agencies such as the FDA, alternative approaches have introduced FGF5-inhibiting products
to consumers. Researchers have developed topical formulations containing botanical
extracts with FGF5-inhibiting activity. These products have been evaluated in placebo-
controlled clinical trials, which confirmed that their efficacy arises from prolonging the
anagen phase rather than reactivating dormant follicles. One trial reported a significant
improvement in the anagen-to-telogen ratio and a 44.2% increase in growing follicles after
16 weeks [43].

Unlike FGF5 and DPEP1, which act within local tissue environments, SHBG reflects
systemic hormonal and metabolic status. As the primary transporter of androgens, SHBG
shows an inverse correlation with bioactive free testosterone, explaining its strong pro-
tective association with MPB at the plasma protein level [44]. Beyond androgen binding,
low SHBG levels are increasingly recognized as markers of insulin resistance and hyper-
glycemia, particularly in early-onset androgenetic alopecia [45]. This positions circulating
SHBG as a robust systemic biomarker that integrates both hormonal and metabolic risk
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profiles. In contrast, genetic fine-mapping revealed only a marginal association with the
SHBG gene, suggesting that its statistical signal likely reflects linkage disequilibrium with a
neighboring causal gene. This distinction highlights that although plasma SHBG is a clini-
cally informative risk indicator, common genetic variants regulating its systemic levels may
not be direct causal drivers within the hair follicle—an important insight from integrating
proteomic and genetic data.

Beyond canonical pathways, TACSTD2 and PLB1 implicate epithelial barrier dys-
function as a previously underappreciated contributor to MPB. TACSTD2 (Trop-2) is a
transmembrane glycoprotein that maintains epithelial barrier integrity through interactions
with tight junction proteins such as claudins [46]. Its marked downregulation in balding
scalp suggests epithelial destabilization that may render follicular units more vulnerable
to miniaturizing signals, consistent with the epithelial barrier hypothesis in chronic in-
flammatory skin diseases [47]. Concurrently, PLB1 encodes a phospholipase with dual
A1/A2 activities expressed in human epidermis that promotes barrier function by convert-
ing lipids into free fatty acids. Reduced PLB1 expression may therefore disrupt the lipid
composition required for follicular microenvironment integrity [48,49]. Together, these
findings suggest that MPB progression involves impaired barrier function through both
structural and lipid-mediated pathways, offering new insights beyond the conventional
androgen-centric view.

This investigation is notable for its large scale, leveraging the UK Biobank cohort for
robust statistical power, and for its innovative multi-omic integration, which establishes a
coherent chain of evidence from systemic biomarkers to potential local drivers. Despite
these strengths, several methodological limitations must be acknowledged. A primary
limitation is the reliance on systemic (plasma) proteomics as a proxy for local (scalp) biology.
The observed associations may reflect protein production in other tissues correlated with
both MPB status and plasma levels. It remains unclear whether circulating proteins or those
secreted locally by hair follicles are the primary mediators. Tissue-level proteomic studies
are needed to confirm the local relevance of these findings. Another major challenge is
the absence of a large-scale expression quantitative trait loci (eQTL) resource from human
hair follicle tissue. Consequently, our TWAS analyses relied on data from other tissues,
such as skin, which may not fully capture the genetic regulatory architecture of hair follicle
cells. Additionally, the UK Biobank cohort is predominantly of European ancestry, which
may limit the generalizability of our findings. The prevalence, genetic architecture, and
environmental modifiers of MPB are known to vary across ethnic populations. Replication
of this multi-omic framework in geographically and ethnically diverse cohorts will be
important to determine whether the identified associations are consistent or whether
population-specific signals emerge. Furthermore, psychological factors such as stress and
depression, which have been implicated in hair loss, were not incorporated as covariates
in the present analysis. The complex bidirectional relationship between psychological
conditions and MPB warrants a dedicated investigation with an appropriate analytical
framework, and represents an important direction for future research.

Validation in the GSE90594 scalp biopsy dataset provided supporting evidence for
several candidates, but its modest sample size and reliance on bulk RNA sequencing impose
constraints. Bulk RNA analysis averages gene expression across cell types, potentially
obscuring signals from rare but critical populations such as stem cells, dermal papilla
cells, or immune infiltrates. To overcome these limitations and extend our hypotheses,
single-cell and spatial transcriptomics should be applied to scalp biopsies from individuals
at different stages of MPB. Recent studies demonstrate that these technologies can resolve
the heterogeneous landscape of hair follicles in androgenetic alopecia, identifying key cell
populations and pathways in disease progression. Applying these approaches would allow
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candidate genes to be mapped to specific cell types, providing a high-resolution view of
their roles in follicular miniaturization and advancing targeted insights into MPB.

4. Materials and Methods

This study integrates a cross-sectional proteome-wide association study in the UK
Biobank with a post-GWAS analysis (Figure 4). We first identified proteins associated with
MPB, then used genetic data (MAGMA, TWAS) to prioritize genes. By integrating these
multi-omic results, we selected a core set of candidate genes for transcriptomic validation,
druggability assessment, and safety evaluation via a Phe WAS.

/@ Post-GWAS analysis

UK Biobank GWAS dataset for male

2923 plasma proteins via the pattern baldness

Multivariable ordinal logistic

Olink platform l
[ J i ) )
l Multi-marker Analysis of GenoMic
Covariates: age, BMI, ethnicity, smoking, Annotation (MAGMA)
alcohol, education, TDI and testosterone l

Transcriptome-Wide Association Study

X (FUSION)
regression models

| |

Significant proteins (Bonf. p <

0.05) Significant genes ( p < 0.05)

I |
l

; Core genes selection

Drug repurposing analysis
QD (DrugBank)

m Phenome-Wide Association
Study (PheWAS)

Figure 4. Multi-omic study design integrating proteome-wide association analysis with a post-GWAS
pipeline to identify and prioritize candidate genes for male pattern baldness.

4.1. Study Population

This study utilized data from the UK Biobank (UKB), a large-scale, long-term prospec-
tive cohort study that recruited over 500,000 participants aged 40-69 across the United
Kingdom between 2006 and 2010. All participants provided written informed consent, and
the UK Biobank has approval from the North West Multi-centre Research Ethics Committee.
This research was conducted under UK Biobank application number [687300].

Participants for the hair loss analysis were drawn from the male cohort of the UK
Biobank. This analysis utilizes data from the initial assessment visit between 2006 and 2010,
where participants were recruited and gave consent. Using a touch-screen questionnaire,
participants self-reported their degree of MPB by selecting one of four pictograms that
best matched their hair pattern. The scores were defined as follows: 1—Unaffected; 2—
Frontotemporal balding; 3—Balding of the frontotemporal region and vertex; and 4—
Complete baldness of the top of the scalp. The initial assessment included 226,801 male
participants, making this the largest investigation of self-reported MPB to date. For this
study, individuals with incomplete phenotypic data for this measure were excluded.

4.2. Plasma Proteomic Profiling

Plasma protein measurements were obtained from the UK Biobank Pharma Proteomics
Project (UKB-PPP), which profiled approximately 54,000 participants. Baseline blood
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samples, collected between 2006 and 2010, were stored in EDTA tubes at —80 °C prior to
analysis. The proteomic profiling was conducted using the Olink® Explore 3072 platform,
measuring 2923 unique proteins across eight panels (cardiometabolic, cardiometabolic II,
inflammation, inflammation II, neurology, neurology II, oncology, and oncology II). Protein
expression levels were quantified as Normalized Protein eXpression (NPX) values on a
log?2 scale. Following extensive quality control, proteins with missing values in >20% of
participants were excluded. All protein levels were standardized before being used in
subsequent analyses. Finally, 2911 proteins were enrolled and investigated in this study.

4.3. Covariate Assessment

A comprehensive set of covariates was collected at the baseline assessment visit
through touchscreen questionnaires, verbal interviews, and physical measurements. These
included age and BMI, which were treated as continuous variables based on their mea-
sured values. Lifestyle factors included smoking status (categorized as ‘never’, ‘former’,
or ‘current’). Total alcohol consumption was calculated based on self-reported weekly or
monthly intake of various beverages. Standard units of alcohol were assigned as follows:
2 units (16 g) per pint of beer/cider, 1.5 units (12 g) per glass of wine or other alcoholic bev-
erages, and 1 unit (8 g) per measure of spirits. Socioeconomic factors included educational
attainment, which was classified into three groups: high (college or university degree),
moderate (A-levels, AS-levels, O-levels/GCSEs, NVQ/HND/HNC, or other professional
qualifications), and low (none of the above), and the Townsend Deprivation Index (TDI), a
composite area-level measure of socioeconomic deprivation derived from census data on
unemployment, non-car ownership, non-home ownership, and household overcrowding,
with higher values indicating greater deprivation. Additionally, serum testosterone levels,
obtained from biochemical assays, were included as a standardized continuous variable.

For the baseline characteristics comparison across the four hair loss groups, statis-
tical tests were chosen based on the data distribution. Continuous variables following
a normal distribution (e.g., age, BMI, testosterone) were presented as mean (standard
deviation) and compared using one-way Analysis of Variance (ANOVA). Continuous vari-
ables with a skewed distribution (e.g., alcohol units, Townsend Deprivation Index) were
presented as median (interquartile range) and compared using the Kruskal-Wallis test.
Categorical variables (e.g., smoking status, education level) were presented as counts (per-
centages) and compared using the Chi-squared (x?) test. A p-value of <0.05 was considered
statistically significant.

4.4. Statistical Analysis

To investigate the association between 2911 standardized plasma protein levels and
the severity of hair loss, treated as an ordinal variable (from 1 = no hair loss to 4 = severe
hair loss), we performed a series of multivariable ordinal logistic regression analyses
to calculate Odds Ratios (ORs) and their corresponding 95% Confidence Intervals (ClIs).
We employed three sequentially adjusted models to control for potential confounding;:
Model 1 adjusted for age, ethnicity, and BMI; Model 2 further adjusted for smoking status,
alcohol consumption, educational attainment, and the Townsend Deprivation Index; Model
3 included all covariates from Model 2 with additional adjustment for serum testosterone
level. To account for multiple testing across all proteins, the primary threshold for statistical
significance was set using the stringent Bonferroni correction. Additionally, we applied
the Benjamini-Hochberg procedure to control the FDR at 5% in exploratory analyses to
identify potential associations warranting further investigation.
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4.5. Pathway Enrichment

To explore the underlying biological mechanisms of the identified hair loss-associated
proteins, we performed pathway enrichment analysis using the R package clusterProfiler
(version 4.10.0), utilizing gene set databases encompassing GO terms (Biological Process
(BP), Cellular Component (CC), and Molecular Function (MF)) and the KEGG. Faced with
the challenge of interpreting the resulting large and often redundant list of pathways,
we further employed the R package aPEAR (Advanced Pathway Enrichment Analysis
Representation) (version 1.2.0). This tool aids in interpretation by leveraging gene-set
similarities to group redundant pathways into interconnected clusters. aPEAR then assigns
a biologically meaningful name to each cluster and visualizes the results as a network,
enabling a more objective and automated overview of the key biological themes.

4.6. GWAS Sources for MPB

We utilized publicly available GWAS summary statistics for MPB from a study by
Yap et al. [50]. This large-scale GWAS was conducted on 205,327 males of European
ancestry from the UK Biobank. The analysis included a total of 18,065,087 autosomal
and 1,064,602 X-chromosome single nucleotide polymorphisms (SNPs). In the original
study, the MPB phenotype was adjusted for age, assessment center, ethnicity, and the
first 40 genetic principal components to account for population structure. For complete
details on the quality control procedures and analysis methods, please refer to the original
publication by Yap et al.

4.7. Gene-Level Aggregation and Tissue Prioritization Using MAGMA

To convert SNP-level associations to gene-level signals, we performed a gene-based as-
sociation analysis using MAGMA (version 1.08), a tool that accounts for linkage disequilib-
rium (LD) between SNPs [51]. SNPs from the MPB GWAS were mapped to protein-coding
genes (NCBI Build 37), with a 5 kb upstream and 1.5 kb downstream window around
each gene. We used the European panel from the 1000 Genomes Project Phase 3 as the LD
reference panel to model the SNP correlation structure [52]. An FDR method was used to
correct for multiple testing across all tested genes. As the GWAS cohort consisted entirely
of males, four female-specific tissues (Vagina, Uterus, Ovary, and Fallopian Tube) were
excluded from the Genotype-Tissue Expression (GTEx) v8 project’s list of tissues. This
analysis tested, for each of the remaining 50 tissues individually, whether tissue-specific
gene expression levels were predictive of MPB-related genetic associations. The analysis
controlled for potential confounders such as gene size and SNP density. An FDR correction
was applied to the results from the 50 tissue-specific analyses, and tissues that passed this
significance threshold were selected for further TWAS analysis.

4.8. Transcriptome-Wide Association Study Using FUSION

For the TWAS, we employed the FUSION software (version 3.0) to identify genes
whose genetically predicted expression is associated with MPB. We utilized pre-computed
gene expression prediction models from the GTEx v8 project for the tissues prioritized in
the MAGMA analysis. These models were built using SNPs within a 1 Mb window of each
gene’s transcription start and end sites, with five regularized linear models (Best Linear
Unbiased Prediction (BLUP), Bayesian Sparse Linear Mixed Model (BSLMM), LASSO,
Elastic Net, and the top cis-eQTL) being evaluated for each gene-tissue pair [53]. The
model with the best cross-validation performance, as determined by R?, was selected for
each gene-tissue pair. The association test was performed using the MPB GWAS summary
statistics and the 1000 Genomes EUR panel as the LD reference, with a transcriptome-wide
FDR < 0.05 used to define significant associations.
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4.9. Fine-Mapping of Independent Signals

To identify independent genetic signals, we conducted a COJO analysis using FU-
SION, which fits a joint model including all significant genes in a locus to estimate their
conditional effects. Genes that remained significant after conditioning were classified as
jointly significant (independent signals), while those whose associations were attenuated
were classified as marginally significant [54].

4.10. Transcriptomic Validation in an Independent Dataset

Given the lack of available eQTL (expression quantitative trait loci) data from human
hair follicle tissue, we sought to provide direct histological evidence for genes priori-
tized by our plasma protein and TWAS analyses. To achieve this, we validated their
differential expression using the public transcriptomic dataset GSE90594, deposited in the
NCBI Gene Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/, accessed on
21 February 2026). This dataset was generated by Michel et al. [18]. This dataset comprises
vertex scalp biopsies from 14 males with androgenetic alopecia and 14 healthy male con-
trols. A targeted differential expression analysis was performed on the log2-transformed
expression values using the limma package in R. p-values were adjusted for multiple com-
parisons using the Benjamini—-Hochberg method, with a significance threshold of <0.05.
Results were visualized as violin plots using the ggplot2 package.

4.11. Druggability and Safety Assessment

The druggability of hair loss-associated proteins was systematically evaluated using
the Drug-Gene Interaction Database (DGIdb), the Open Targets database, and the Therapeu-
tic Target Database. We queried the database to identify established drug-gene interactions
for our proteins of interest. To assess the potential for pleiotropic side effects and eval-
uate therapeutic safety, a subsequent PheWAS was conducted using summary statistics
from AstraZeneca’s PheWAS Portal (https:/ /azphewas.com/). This gene-based analysis
utilizes genetic variants strongly associated with the target gene’s expression (primarily
cis-expression Quantitative Trait Loci, or cis-eQTLs) as genetic instruments to investigate
the phenome-wide consequences of the cumulative effects of genetically predicted expres-
sion of each target gene. This analysis leveraged comprehensive genetic and phenotypic
information from approximately 450,000 participants in the UK Biobank, encompassing a
wide range of both binary and continuous traits. A genome-wide significance threshold of
p <1 x 1078 was applied to identify any potential off-target effects.

5. Conclusions

This comprehensive multi-omic study, integrating plasma proteomics with advanced
genetic analyses in more than 20,000 men from the UK Biobank, elucidates the molecular ar-
chitecture of MPB. Refining proteome-wide associations through gene-level, transcriptome-
wide, and conditional analyses, we prioritized five independent candidate genes—CD38,
FGF5, TACSTD2, DPEP1, and PLB1—thereby validating established regulators and un-
covering novel roles in epithelial integrity, lipid metabolism, and inflammaging. CD38
implicates a testable hypothesis linking chronic inflammation, cellular senescence, and
NAD™ depletion to follicular miniaturization. These insights advance understanding of
MPB pathophysiology and highlight promising non-hormonal therapeutic targets for future
interventions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms27042052 /s1.

https://doi.org/10.3390/ijms27042052


https://www.ncbi.nlm.nih.gov/geo/
https://azphewas.com/
https://www.mdpi.com/article/10.3390/ijms27042052/s1
https://www.mdpi.com/article/10.3390/ijms27042052/s1
https://doi.org/10.3390/ijms27042052

Int. J. Mol. Sci. 2026, 27, 2052 15 of 17

Author Contributions: Conceptualization, L.P., C.L. and PM.; Methodology, L.P., C.L. and PM.;
Software, L.P. and C.L.; Validation, L.P.; Formal analysis, L.P.; Investigation, L.P., SK. and HK.;
Resources, L.P.,, C.L. and HK,; Data curation, L.P.; Writing—original draft, L.P.; Writing—review and
editing, L.P. and H.-G.M,; Visualization, L.P. and U.D.; Supervision, U.D., H.-G.M. and ].J.; Project
administration, L.P., H.-G.M. and J.J. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The UK Biobank database received ethical clearance from
the North West Multi-Center Research Ethics Committee with approval numbers: 11/NW /0382,
16/NW /0274, and 21/NW /0157 (approved on 17 June 2011, 13 May 2016 and 29 June 2021). As
this analysis used anonymised data accessed through UK Biobank’s established research access
procedures, no additional institutional ethics committee approval was required.

Informed Consent Statement: This research was conducted using UK Biobank data. Informed
consent was obtained by the UK Biobank from all participants at recruitment. This study is a
secondary analysis of de-identified UK Biobank data and did not require the authors to obtain
additional informed consent.

Data Availability Statement: The data used in this study were obtained from the UK Biobank under
application number [687300]. The datasets presented in this article are not readily available because
of the UK Biobank data access and sharing restrictions. Requests to access the datasets should be
directed to UK Biobank.

Acknowledgments: We thank the staff of the UK Biobank for their invaluable contributions to this
study. We also gratefully acknowledge Michel et al. for generating and publicly sharing the GSE90594
scalp biopsy transcriptomic dataset through the NCBI Gene Expression Omnibus.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.

S

10.
11.

12.

13.

Ho, C.H.; Sood, T.; Zito, PM. Androgenetic Alopecia. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2025.
Muiioz-Barba, D.; Soto-Moreno, A.; Haselgruber-de Francisco, S.; Sinchez-Diaz, M.; Arias-Santiago, S. Impact of Alopecia Areata
on Major Life-changing Decisions: Prevalence and Associated Factors. Acta Derm. Venereol. 2025, 105, adv43039. [CrossRef]
Adil, A.; Godwin, M. The effectiveness of treatments for androgenetic alopecia: A systematic review and meta-analysis. . Am.
Acad. Dermatol. 2017, 77, 136-141.e5. [CrossRef]

He, H.; Xie, B.; Xie, L. Male pattern baldness and incidence of prostate cancer: A systematic review and meta-analysis. Medicine
2018, 97, €11379. [CrossRef]

Keum, N.; Cao, Y.; Lee, D.H.; Park, S.M.; Rosner, B.; Fuchs, C.S.; Wu, K.; Giovannucci, E.L. Male pattern baldness and risk of
colorectal neoplasia. Br. J. Cancer 2016, 114, 110-117. [CrossRef]

Liu, L.-P; Wariboko, M.A; Hu, X.; Wang, Z.-H.; Wu, Q.; Li, Y.-M. Factors associated with early-onset androgenetic alopecia: A
scoping review. PLoS ONE 2024, 19, e0299212. [CrossRef] [PubMed]

Schneider, M.R.; Schmidt-Ullrich, R.; Paus, R. The hair follicle as a dynamic miniorgan. Curr. Biol. 2009, 19, R132-R142. [CrossRef]
Alonso, L.; Fuchs, E. The hair cycle. J. Cell Sci. 2006, 119, 391-393. [CrossRef] [PubMed]

Asfour, L.; Cranwell, W.; Sinclair, R. Male Androgenetic Alopecia. In Endotext; Feingold, K.R., Ahmed, S.F., Anawalt, B., Blackman,
M.R., Boyce, A., Chrousos, G., Corpas, E., de Herder, W.W.,, Dhatariya, K., Dungan, K., et al., Eds.; MDText.com, Inc.: South
Dartmouth, MA, USA, 2000.

Tai, T.; Kochhar, A. Physiology and Medical Treatments for Alopecia. Facial Plast. Surg. Clin. N. Am. 2020, 28, 149-159. [CrossRef]
Kang, J.-1.; Kim, 5.-C.; Kim, M.-K,; Boo, H.-J.; Kim, E.-].; Im, G.-J.; Kim, Y.H.; Hyun, ].-W.; Kang, J.-H.; Koh, Y.-S,; et al. Effects of
dihydrotestosterone on rat dermal papilla cells in vitro. Eur. J. Pharmacol. 2015, 757, 74-83. [CrossRef]

Im, S.T.; Mun, H.; Kang, N.; Heo, S.-].; Lee, S.-H. Anti-androgenetic effect of diphlorethohydroxycarmalol on testosterone-induced
hair loss by inhibiting 5x-reductase and promoting Wnt/ 3-catenin signaling pathway in human dermal papilla cells. Toxicol.
Vitro 2025, 104, 106017. [CrossRef] [PubMed]

Fu, H.; Zhao, W,; Jiang, L.; Shan, S. Single-Nucleus and Bulk RNA Sequencing Reveals the Involvement of Natural Killer and
CD8+ T Cells in the Progression of Androgenetic Alopecia. J. Inflamm. Res. 2025, 18, 7033-7046. [CrossRef]

https:/ /doi.org/10.3390/ijms27042052


https://doi.org/10.2340/actadv.v105.43039
https://doi.org/10.1016/j.jaad.2017.02.054
https://doi.org/10.1097/MD.0000000000011379
https://doi.org/10.1038/bjc.2015.438
https://doi.org/10.1371/journal.pone.0299212
https://www.ncbi.nlm.nih.gov/pubmed/38451966
https://doi.org/10.1016/j.cub.2008.12.005
https://doi.org/10.1242/jcs.02793
https://www.ncbi.nlm.nih.gov/pubmed/16443746
https://doi.org/10.1016/j.fsc.2020.01.004
https://doi.org/10.1016/j.ejphar.2015.03.055
https://doi.org/10.1016/j.tiv.2025.106017
https://www.ncbi.nlm.nih.gov/pubmed/39922549
https://doi.org/10.2147/JIR.S522458
https://doi.org/10.3390/ijms27042052

Int. J. Mol. Sci. 2026, 27, 2052 16 of 17

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Nyholt, D.R.; Gillespie, N.A.; Heath, A.C.; Martin, N.G. Genetic basis of male pattern baldness. |. Investig. Dermatol. 2003, 121,
1561-1564. [CrossRef]

Heilmann-Heimbach, S.; Herold, C.; Hochfeld, L.M.; Hillmer, A.M.; Nyholt, D.R.; Hecker, J.; Javed, A.; Chew, E.G.Y.; Pechlivanis,
S.; Drichel, D.; et al. Meta-analysis identifies novel risk loci and yields systematic insights into the biology of male-pattern
baldness. Nat. Commun. 2017, 8, 14694. [CrossRef]

Charoensuksira, S.; Meephansan, J.; Vanichvongvan, R.; Somparn, P.; Tangtanatakul, P.; Wongpiyabovorn, J.; Suchonwanit, P.
Comparative proteomic analysis of male and female androgenetic alopecia: Elucidating gender-specific molecular patterns. Arch.
Dermatol. Res. 2024, 316, 721. [CrossRef]

Panchaprateep, R.; Pisitkun, T.; Kalpongnukul, N. Quantitative proteomic analysis of dermal papilla from male androgenetic
alopecia comparing before and after treatment with low-level laser therapy. Lasers Surg. Med. 2019, 51, 600-608. [CrossRef]
[PubMed]

Michel, L.; Reygagne, P.; Benech, P; Jean-Louis, F,; Scalvino, S.; Ly Ka So, S.; Hamidou, Z.; Bianovici, S.; Pouch, J.; Ducos, B.; et al.
Study of gene expression alteration in male androgenetic alopecia: Evidence of predominant molecular signalling pathways.
Br. ]. Dermatol. 2017, 177, 1322-1336. [CrossRef] [PubMed]

Hogan, K.A.; Chini, C.C.S.; Chini, E.N. The Multi-faceted Ecto-enzyme CD38: Roles in Inmunomodulation, Cancer, Aging, and
Metabolic Diseases. Front. Immunol. 2019, 10, 1187. [CrossRef]

Covarrubias, A.].; Kale, A.; Perrone, R.; Lopez-Dominguez, J.A.; Pisco, A.O.; Kasler, H.G.; Schmidt, M.S.; Heckenbach, I.; Kwok,
R.; Wiley, C.D.; et al. Senescent cells promote tissue NAD+ decline during ageing via the activation of CD38+ macrophages. Nat.
Metab. 2020, 2, 1265-1283, Correction in: Nat. Metab. 2021, 3, 120-121. https:/ /doi.org/10.1038 /s42255-020-00328-w. [CrossRef]
Covarrubias, A.J.; Perrone, R.; Grozio, A.; Verdin, E. NAD+ metabolism and its roles in cellular processes during ageing. Nat. Rev.
Mol. Cell Biol. 2021, 22, 119-141. [CrossRef] [PubMed]

Redmond, L.C.; Limbu, S.; Farjo, B.; Messenger, A.G.; Higgins, C.A. Male pattern hair loss: Can developmental origins explain
the pattern? Exp. Dermatol. 2023, 32, 1174-1181. [CrossRef]

Chini, C.C.S.; Cordeiro, H.S.; Tran, N.L.K.; Chini, E.N. NAD metabolism: Role in senescence regulation and aging. Aging Cell
2024, 23, €13920. [CrossRef]

Tarragd, M.G.; Chini, C.C.S.; Kanamori, K.S.; Warner, G.M.; Caride, A.; de Oliveira, G.C.; Rud, M.; Samani, A.; Hein, K.Z.; Huang,
R.; et al. A Potent and Specific CD38 Inhibitor Ameliorates Age-Related Metabolic Dysfunction by Reversing Tissue NAD+
Decline. Cell Metab. 2018, 27, 1081-1095.e10. [CrossRef]

Chini, E.N.; Chini, C.C.S.; Espindola Netto, ].M.; de Oliveira, G.C.; van Schooten, W. The Pharmacology of CD38/NADase: An
Emerging Target in Cancer and Diseases of Aging. Trends Pharmacol. Sci. 2018, 39, 424-436. [CrossRef]

van de Donk, N.W.C.J.; Richardson, P.G.; Malavasi, F. CD38 antibodies in multiple myeloma: Back to the future. Blood 2018, 131,
13-29. [CrossRef] [PubMed]

Nijhof, I.S.; Casneuf, T.; van Velzen, J.; van Kessel, B.; Axel, A.E.; Syed, K.; Groen, RW.J.; van Duin, M.; Sonneveld, P.; Minnema,
M.C; et al. CD38 expression and complement inhibitors affect response and resistance to daratumumab therapy in myeloma.
Blood 2016, 128, 959-970. [CrossRef] [PubMed]

Lokhorst, H.M.; Plesner, T.; Laubach, J.P; Nahi, H.; Gimsing, P.; Hansson, M.; Minnema, M.C.; Lassen, U.; Krejcik, J.; Palumbo, A;
et al. Targeting CD38 with Daratumumab Monotherapy in Multiple Myeloma. N. Engl. J. Med. 2015, 373, 1207-1219. [CrossRef]
Zhang, S.; Xue, X.; Zhang, L.; Zhang, L.; Liu, Z. Comparative Analysis of Pharmacophore Features and Quantitative Structure-
Activity Relationships for CD38 Covalent and Non-covalent Inhibitors. Chem. Biol. Drug Des. 2015, 86, 1411-1424. [CrossRef]
Escande, C.; Nin, V.; Price, N.L.; Capellini, V.; Gomes, A.P.; Barbosa, M.T.; O’'Neil, L.; White, T.A.; Sinclair, D.A.; Chini, E.N.
Flavonoid apigenin is an inhibitor of the NAD+ ase CD38: Implications for cellular NAD+ metabolism, protein acetylation, and
treatment of metabolic syndrome. Diabetes 2013, 62, 1084-1093. Erratum in Diabetes 2014, 63, 1428. [CrossRef]

Kellenberger, E.; Kuhn, I.; Schuber, F.; Muller-Steffner, H. Flavonoids as inhibitors of human CD38. Bioorg. Med. Chem. Lett. 2011,
21,3939-3942. [CrossRef]

Boslett, J.; Hemann, C.; Zhao, Y.J.; Lee, H.-C.; Zweier, ].L. Luteolinidin Protects the Postischemic Heart through CD38 Inhibition
with Preservation of NAD(P)(H). J. Pharmacol. Exp. Ther. 2017, 361, 99-108. [CrossRef] [PubMed]

Shu, B.; Feng, Y.; Gui, Y.; Lu, Q.; Wei, W.; Xue, X.; Sun, X.; He, W.; Yang, J.; Dai, C. Blockade of CD38 diminishes lipopolysaccharide-
induced macrophage classical activation and acute kidney injury involving NF-«B signaling suppression. Cell. Signal. 2018, 42,
249-258. [CrossRef]

Zhou, B.; Wang, D.D.-H.; Qiu, Y.; Airhart, S.; Liu, Y.; Stempien-Otero, A.; O’Brien, K.D.; Tian, R. Boosting NAD level suppresses
inflammatory activation of PBMCs in heart failure. J. Clin. Investig. 2020, 130, 6054—-6063. [CrossRef]

Li, D.-J,; Sun, S.-J.; Fu, J.-T.; Ouyang, S.-X.; Zhao, Q.-].; Su, L.; Ji, Q.-X,; Sun, D.-Y; Zhu, ].-H.; Zhang, G.-Y.; et al. NAD+-boosting
therapy alleviates nonalcoholic fatty liver disease via stimulating a novel exerkine Fndc5/irisin. Theranostics 2021, 11, 4381-4402.
[CrossRef]

https:/ /doi.org/10.3390/ijms27042052


https://doi.org/10.1111/j.1523-1747.2003.12615.x
https://doi.org/10.1038/ncomms14694
https://doi.org/10.1007/s00403-024-03453-8
https://doi.org/10.1002/lsm.23074
https://www.ncbi.nlm.nih.gov/pubmed/30843235
https://doi.org/10.1111/bjd.15577
https://www.ncbi.nlm.nih.gov/pubmed/28403520
https://doi.org/10.3389/fimmu.2019.01187
https://doi.org/10.1038/s42255-020-00328-w
https://doi.org/10.1038/s42255-020-00305-3
https://doi.org/10.1038/s41580-020-00313-x
https://www.ncbi.nlm.nih.gov/pubmed/33353981
https://doi.org/10.1111/exd.14839
https://doi.org/10.1111/acel.13920
https://doi.org/10.1016/j.cmet.2018.03.016
https://doi.org/10.1016/j.tips.2018.02.001
https://doi.org/10.1182/blood-2017-06-740944
https://www.ncbi.nlm.nih.gov/pubmed/29118010
https://doi.org/10.1182/blood-2016-03-703439
https://www.ncbi.nlm.nih.gov/pubmed/27307294
https://doi.org/10.1056/NEJMoa1506348
https://doi.org/10.1111/cbdd.12606
https://doi.org/10.2337/db12-1139
https://doi.org/10.1016/j.bmcl.2011.05.022
https://doi.org/10.1124/jpet.116.239459
https://www.ncbi.nlm.nih.gov/pubmed/28108596
https://doi.org/10.1016/j.cellsig.2017.10.014
https://doi.org/10.1172/JCI138538
https://doi.org/10.7150/thno.53652
https://doi.org/10.3390/ijms27042052

Int. J. Mol. Sci. 2026, 27, 2052 17 of 17

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Rajman, L.; Chwalek, K.; Sinclair, D.A. Therapeutic Potential of NAD-Boosting Molecules: The In Vivo Evidence. Cell Metab. 2018,
27,529-547. [CrossRef]

Wang, L.; Tian, G. Insight into dipeptidase 1: Structure, function, and mechanism in gastrointestinal cancer diseases. Transl.
Cancer Res. 2024, 13, 7015-7025. [CrossRef] [PubMed]

Choudhury, S.R.; Babes, L.; Rahn, ]J.J.; Ahn, B.-Y.; Goring, K.-A.R.; King, ].C.; Lau, A.; Petri, B.; Hao, X.; Chojnacki, A.K; et al.
Dipeptidase-1 Is an Adhesion Receptor for Neutrophil Recruitment in Lungs and Liver. Cell 2019, 178, 1205-1221.e17. [CrossRef]
[PubMed]

Lau, A.; Rahn, J.].; Chappellaz, M.; Chung, H.; Benediktsson, H.; Bihan, D.; von Méassenhausen, A.; Linkermann, A.; Jenne, C.N,;
Robbins, S.M.; et al. Dipeptidase-1 governs renal inflammation during ischemia reperfusion injury. Sci. Adv. 2022, 8, eabm0142.
[CrossRef] [PubMed]

Higgins, C.A.; Petukhova, L.; Harel, S.; Ho, Y.Y,; Drill, E.; Shapiro, L.; Wajid, M.; Christiano, A.M. FGF5 is a crucial regulator of
hair length in humans. Proc. Natl. Acad. Sci. USA 2014, 111, 10648-10653. [CrossRef]

Zhao, J.; Lin, H.; Wang, L.; Guo, K,; Jing, R.; Li, X.; Chen, Y;; Hu, Z.; Gao, S.; Xu, N. Suppression of FGF5 and FGF18 Expression by
Cholesterol-Modified siRNAs Promotes Hair Growth in Mice. Front. Pharmacol. 2021, 12, 666860. [CrossRef]

Hébert, ].M.; Rosenquist, T.; Gotz, J.; Martin, G.R. FGF5 as a regulator of the hair growth cycle: Evidence from targeted and
spontaneous mutations. Cell 1994, 78, 1017-1025. [CrossRef]

Burg, D.; Yamamoto, M.; Namekata, M.; Haklani, J.; Koike, K.; Halasz, M. Promotion of anagen, increased hair density and
reduction of hair fall in a clinical setting following identification of FGF5-inhibiting compounds via a novel 2-stage process. Clin.
Cosmet. Investig. Dermatol. 2017, 10, 71-85. [CrossRef]

Goldman, A.L.; Bhasin, S.; Wu, FC.W,; Krishna, M.; Matsumoto, A.M.; Jasuja, R. A Reappraisal of Testosterone’s Binding in
Circulation: Physiological and Clinical Implications. Endocr. Rev. 2017, 38, 302-324. [CrossRef]

Arias-Santiago, S.; Gutiérrez-Salmerén, M.T.; Buendia-Eisman, A.; Girén-Prieto, M.S.; Naranjo-Sintes, R. Sex hormone-binding
globulin and risk of hyperglycemia in patients with androgenetic alopecia. J. Am. Acad. Dermatol. 2011, 65, 48-53. [CrossRef]
[PubMed]

Goldenberg, D.M,; Stein, R.; Sharkey, R.M. The emergence of trophoblast cell-surface antigen 2 (TROP-2) as a novel cancer target.
Oncotarget 2018, 9, 28989-29006. [CrossRef]

Sun, N.; Ogulur, I.; Mitamura, Y.; Yazici, D.; Pat, Y.; Bu, X,; Li, M.; Zhu, X,; Babayev, H.; Ardicli, S.; et al. The epithelial barrier
theory and its associated diseases. Allergy 2024, 79, 3192-3237. [CrossRef]

Tu, Y.; Gu, H,; Li, N,; Sun, D.; Yang, Z.; He, L. Identification of Key Genes Related to Immune-Lipid Metabolism in Skin Barrier
Damage and Analysis of Inmune Infiltration. Inflammation 2025, 48, 2051-2068. [CrossRef]

Maury, E.; Prévost, M.C.; Nauze, M.; Redoules, D.; Tarroux, R.; Charvéron, M.; Salles, ].P.; Perret, B.; Chap, H.; Gassama-Diagne,
A. Human epidermis is a novel site of phospholipase B expression. Biochem. Biophys. Res. Commun. 2002, 295, 362-369. [CrossRef]
[PubMed]

Yap, C.X,; Sidorenko, J.; Wu, Y.; Kemper, K.E.; Yang, ].; Wray, N.R.; Robinson, M.R.; Visscher, PM. Dissection of genetic variation
and evidence for pleiotropy in male pattern baldness. Nat. Commun. 2018, 9, 5407. [CrossRef] [PubMed]

de Leeuw, C.A.; Mooij, ].M.; Heskes, T.; Posthuma, D. MAGMA: Generalized gene-set analysis of GWAS data. PLoS Comput. Biol.
2015, 11, €1004219. [CrossRef]

1000 Genomes Project Consortium; Auton, A.; Brooks, L.D.; Durbin, R.M.; Garrison, E.P,; Kang, H.M.; Korbel, ].O.; Marchini, J.L.;
McCarthy, S.; McVean, G.A.; et al. A global reference for human genetic variation. Nature 2015, 526, 68-74. [CrossRef]

Gusev, A.; Ko, A ; Shi, H.; Bhatia, G.; Chung, W.; Penninx, BW.J.H.; Jansen, R.; de Geus, E.J.C.; Boomsma, D.I.; Wright, FA; et al.
Integrative approaches for large-scale transcriptome-wide association studies. Nat. Genet. 2016, 48, 245-252. [CrossRef] [PubMed]
Liao, C.; Laporte, A.D.; Spiegelman, D.; Ak¢imen, E,; Joober, R.; Dion, P.A.; Rouleau, G.A. Transcriptome-wide association study
of attention deficit hyperactivity disorder identifies associated genes and phenotypes. Nat. Commun. 2019, 10, 4450. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/ijms27042052


https://doi.org/10.1016/j.cmet.2018.02.011
https://doi.org/10.21037/tcr-2024-2436
https://www.ncbi.nlm.nih.gov/pubmed/39816548
https://doi.org/10.1016/j.cell.2019.07.017
https://www.ncbi.nlm.nih.gov/pubmed/31442408
https://doi.org/10.1126/sciadv.abm0142
https://www.ncbi.nlm.nih.gov/pubmed/35108057
https://doi.org/10.1073/pnas.1402862111
https://doi.org/10.3389/fphar.2021.666860
https://doi.org/10.1016/0092-8674(94)90276-3
https://doi.org/10.2147/CCID.S123401
https://doi.org/10.1210/er.2017-00025
https://doi.org/10.1016/j.jaad.2010.05.002
https://www.ncbi.nlm.nih.gov/pubmed/21511365
https://doi.org/10.18632/oncotarget.25615
https://doi.org/10.1111/all.16318
https://doi.org/10.1007/s10753-024-02174-4
https://doi.org/10.1016/S0006-291X(02)00657-5
https://www.ncbi.nlm.nih.gov/pubmed/12150957
https://doi.org/10.1038/s41467-018-07862-y
https://www.ncbi.nlm.nih.gov/pubmed/30573740
https://doi.org/10.1371/journal.pcbi.1004219
https://doi.org/10.1038/nature15393
https://doi.org/10.1038/ng.3506
https://www.ncbi.nlm.nih.gov/pubmed/26854917
https://doi.org/10.1038/s41467-019-12450-9
https://www.ncbi.nlm.nih.gov/pubmed/31575856
https://doi.org/10.3390/ijms27042052

	Introduction 
	Results 
	Participant Characteristics 
	Plasma Proteome-Wide Associations with Male Hair Loss Severity 
	Functional Characterization of Proteins Associated with Hair Loss Severity 
	Prioritization of MPB-Associated Tissues and Validation of Candidate Genes 
	Integration of Analyses Identifies Core MPB Candidate Genes 
	Validation of Prioritized Genes in Human Scalp Tissue 
	Druggability and Pleiotropic Effects of Target Proteins 

	Discussion 
	Materials and Methods 
	Study Population 
	Plasma Proteomic Profiling 
	Covariate Assessment 
	Statistical Analysis 
	Pathway Enrichment 
	GWAS Sources for MPB 
	Gene-Level Aggregation and Tissue Prioritization Using MAGMA 
	Transcriptome-Wide Association Study Using FUSION 
	Fine-Mapping of Independent Signals 
	Transcriptomic Validation in an Independent Dataset 
	Druggability and Safety Assessment 

	Conclusions 
	References

