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Background: Androgenetic alopecia (AGA) is a prevalent hereditary hair follicle disorder. Multiple observational epidemiological
researches have reported an observational correlation between obesity and AGA onset, whereas reliable evidence supporting their
intrinsic causal association is lacking.

Methods: Bidirectional two-sample Mendelian randomization (MR) design was performed to explore causal links between obesity
and AGA. The inverse variance weighted (IVW) random-effects model was set as the primary causal estimation method, supplemented
with weighted median, MR-Egger, simple mode and weighted mode approaches. Multiple sensitivity analyses, including heterogeneity
evaluation, horizontal pleiotropy detection and leave-one-out analysis, were conducted to verify result robustness.

Results: Forward MR (obesity—AGA) identified no statistically significant causal effect of obesity on AGA risk (IVW OR=1.01,
95% CI 0.98-1.04, P=0.58). Consistently, reverse MR (AGA—obesity) failed to verify a causal influence of AGA on obesity (IVW
OR=1.00, 95% CI 0.99-1.01, P=0.83). Subsequent pleiotropy testing and leave-one-out sensitivity analyses yielded concordant
outcomes without detectable horizontal pleiotropic bias.

Conclusion: This MR analysis excludes bidirectional causal associations between obesity and AGA. Previously observed epidemio-
logical correlations between the two phenotypes are plausibly driven by confounding variables rather than direct causation, providing
novel genetic epidemiological evidence for AGA pathogenic exploration.
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Introduction
Androgenetic alopecia (AGA) is one of the most common patterned alopecia diseases worldwide, with population-based
epidemiological data demonstrating approximately 50% lifetime prevalence in adult males and roughly 20-30%
prevalence in adult females across European cohorts based on published population statistics." Cumulative epidemiolo-
gical evidence indicates an obvious racial discrepancy in AGA morbidity: AGA incidence is markedly lower in East
Asian and African ancestral populations relative to Caucasian ethnic groups, supported by multiple cross-sectional and
cohort-based epidemiological surveys.'> AGA presents distinct clinical phenotypic differences by gender: male patients
commonly develop frontal M-type hairline recession alongside progressive vertex scalp thinning; female AGA features
preserved frontal hairline and diffuse crown hair rarefaction accompanied by gradual follicular miniaturization.” AGA
initiation and progression are jointly modulated by genetic susceptibility, androgen metabolism and environmental
exposure factors.

Accumulating contemporary clinical researches have observed epidemiological associations between AGA and
multiple metabolic disorders, including hypertension, dyslipidaemia and metabolic syndrome.*

Obesity constitutes a critical global public health crisis with persistently climbing worldwide prevalence over recent
decades.®” Mounting clinical evidence verifies obesity as an independent risk contributor to cardiovascular diseases, type
2 diabetes mellitus, multiple malignant tumours and osteoarthropathy.®? Within the field of dermatology, existing studies

have validated positive associations between obesity and psoriasis, hidradenitis suppurativa as well as atopic
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dermatitis.'®'? Several observational cohort researches further proposed potential connection between obesity and AGA
development,™'? yet existing observational findings are susceptible to confounders and reverse-causation bias, unable to
establish a definite causal relationship.

Given unresolved causal inference between obesity and AGA, this study adopted Mendelian randomization (MR)
methodology to eliminate the limitations of traditional observational studies. MR leverages genome-wide significant
genetic variants as instrumental variables to deduce causal effects independent of confounder interference.'* Therefore,
we implemented bidirectional two-sample MR to systematically assess potential bidirectional causal links between
obesity and AGA.

Materials and Methods

Data Sources Etonogestrel Implant

AGA GWAS summary statistics were retrieved from GWAS Catalog (accession ID: GCST90043616, Nature Genetics,
2021), consisting of 66,172 European ancestry AGA cases and 140,864 European ancestry control participants with
a total of 11,831,104 genotyped and imputed single-nucleotide polymorphisms (SNPs). Obesity-related GWAS summary
data originated from Finnish population database (phenotype E4 OBESITY), containing 31,499 European obese cases
and 468,693 non-obese controls, encompassing 21,327,062 qualified SNPs. All summary-level data were publicly
available open-access resources; according to domestic ethical management specifications for biomedical research

using published aggregated GWAS data, formal ethical approval was exempted for this analytical study.

Selection of Instrumental Variables (IVs)
All selected instrumental variables strictly complied with three core fundamental MR statistical assumptions:

Relevance assumption: Selected instrumental SNPs achieve genome-wide significant association with the correspond-
ing exposure phenotype, satisfying robust genetic instrument correlation;

Independence assumption: Genetic variants are not correlated with any known or unknown confounding factors that
jointly affect exposure and outcome traits;

Exclusion restriction assumption: Candidate SNPs affect disease outcome exclusively via modulating exposure
phenotype, without any independent direct effect on outcome beyond exposure pathway (Figure 1).

Concrete IV screening criteria: SNPs reaching genome-wide significance threshold P<5x10® for exposure trait;
linkage disequilibrium clumping set as R*<0.001 within 10,000kb genomic window to exclude redundant correlated
variants; F-statistic>10 was applied to guarantee strong instrument validity and avoid weak instrument bias.

Assumptions3 x

Assumptions3 x

Genetic Instruments SNPs Assumptions1 ¥ AGA besit Assumptions1 ¥ Genetic Instruments SNPs
associate with AGA P R obesity associate with obesity
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_______________________________ Confounders

Figure | Overview of the study design.
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Two-Sample Mendelian Randomization Analysis
Five MR analytical algorithms were applied in the current research: inverse-variance weighted (IVW), weighted median,
MR-Egger regression, simple mode and weighted mode.'*'

IVW random-effects model: primary analytical approach, suitable under slight between-SNP heterogeneity without
obvious directional horizontal pleiotropy;

MR-Egger regression: capable of detecting and adjusting unbalanced directional pleiotropy, relaxes exclusion
restriction assumption;

Weighted median: robust against partial outlier instrumental SNPs, consistent causal estimation when over half IVs
are valid genetic instruments;

Simple and Weighted mode: stable inference under extensive invalid instrumental variants.

Random-effects IVW was prioritized for primary causal estimation owing to detected between-variant heterogeneity

in subsequent statistical testing.

Sensitivity Analysis
Three categories of sensitivity tests were comprehensively arranged: horizontal pleiotropy test, between-instrument
heterogeneity assessment and leave-one-out iterative exclusion analysis, with detailed testing principles expanded as
requested by peer reviewer:

MR-Egger intercept test (mr_pleiotropy_test): intercept P>0.05 indicates absence of statistically significant direc-
tional horizontal pleiotropy;

Cochran’s Q-based heterogeneity test (mr_heterogeneity): Q-statistic P<0.05 confirms remarkable heterogeneity
across instrumental SNPs, necessitating random-effects IVW instead of fixed-effect model;

Leave-one-out analysis: sequentially eliminate individual single SNP from the IV set and repeat MR estimation to
identify outlier variants dominating overall causal results.

All statistical calculations were finished via TwoSampleMR package (R software v4.4.2).

Results
After standardized IV screening, total 53 qualified SNPs were enrolled as obesity instrumental variables for forward MR
analysis (Figure 2). Cochran Q heterogeneity test demonstrated significant inter-SNP heterogeneity (P< 0.05), so random-

Mendelian Randomization Analysis Forest Plot

Outcome ' Method nSNP P value OR (95% CI)
1
AGA -—OIL- MR Egger 53 0.43 0.96 (0.88 to 1.06)
1
-?- Weighted median 53 0.73 1.01 (0.96 to 1.06)
1 obesity => AGA
-IO- IVW-RE 53] 0.88 1.00 (0.97 to 1.04)
1
+ Simple mode 53 0.91 1.01 (0.91t0 1.12)
1
-Ib- Weighted mode 53 0.66 1.01 (0.95 to 1.08)
Outcome ' Method nSNP P value OR (95% CI)
1
obesity L~ MR Egger 212 0.06 1.04 (1.00 to 1.09)
1
-Ib- Weighted median 212 0.53 1.01 (0.98 to 1.04)
1 AGA -> obesity
-IO- IVW-RE 212 0.61 1.01 (0.98 to 1.03)
1
‘I—O—- Simple mode 212 0.08 1.08 (0.99t0 1.17)
1
-:0- Weighted mode 212 0.39 1.02 (0.97 to 1.08)
0.80.9 1 1.1

p < 0.05 was considered statistically significant
***p <0.001; ** p<0.01; *p <0.05

Figure 2 Forest plot of MR and reverse MR analyses for AGA and obesity.
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Figure 3 Scatter plots of MR analysis (A) and reverse MR analysis (B) for AGA and Obesity.

effects IVW was implemented as the primary outcome evaluation. Random-effects IVW showed no causal effect of
obesity on AGA risk (OR=1.01,95% CI 0.98-1.04,P=0.58). Estimation outcomes from the weighted median, MR-Egger,
simple mode and weighted mode all exhibited P>0.05, consistently ruling out causal association (Figure 3A).

MR-Egger intercept pleiotropy test yielded P=0.354>0.05, eliminating significant directional pleiotropic bias
(Table 1). Leave-one-out sequential deletion analysis confirmed no single outlier SNP could drastically alter pooled
MR effect size, validating result stability (Figure 4A).

Reverse Mendelian Randomization Analysis (AGA as Exposure, Obesity as Outcome)
A total of 212 genome-wide significant SNPs were selected as AGA instrumental variants for reverse MR analysis (Figure 2).
Heterogeneity testing indicated statistically significant between-variant dispersion (P<0.05), random-effects IVW was accord-
ingly adopted for causal calculation, which excluded causal influence of AGA on obesity (OR=1.00,95% CI 0.99-1.01,P=0.83).
The other four complementary MR methods generated consistent non-significant results (Figure 3B).

MR-Egger pleiotropy intercept P=0.067>0.05 without prominent horizontal pleiotropy (Table 1). Leave-one-out
sensitivity analysis verified robust pooled estimation free from single-SNP bias (Figure 4B).

Discussion

The present research is the first bidirectional two-sample MR focusing on causal association between obesity and AGA
based on large-scale publicly available GWAS summary data. Multiple complementary MR approaches uniformly
verified the absence of bidirectional causal links between obesity and AGA, solving the conflicting conclusions from
previous observational epidemiological investigations.

Table | Pleiotropy Test Results of MR and Reverse MR Analyses for
AGA and Obesity

Exposure | Outcome MR-Egger Pleiotropy-Test
Intercept SE P

Obesity AGA 0.00318647 | 0.003405972 | 0.3539119

AGA Obesity —0.003428275 | 0.001860792 | 0.06683028
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Figure 4 Leave-one-out plots of MR analysis (A) and reverse MR analysis (B) for AGA and Obesity.

AGA follicular pathological change mainly originates from elevated local scalp Sa-reductase and androgen receptor
expression within balding-region hair follicle dermal papilla cells. Excess androgen binding accelerates hair follicle
miniaturization via shortening the anagen hair cycle and prolonging the telogen resting phase.” Multiple cross-sectional
clinical researches have reported an epidemiological link between AGA and metabolic spectrum diseases, including
metabolic syndrome, hypertension and dyslipidaemia.*

Obesity is a multifactorial chronic metabolic disorder largely modulated by polygenic heredity and acquired lifestyle
factors.” ' Multiple observational surveys found higher BMI and waist circumference among AGA male patients
compared with non-alopecia controls,”® and several mechanistic hypotheses were previously proposed to explain
potential obesity-related AGA pathogenesis: (1) adipose tissue excess promotes peripheral hyperandrogenism to aggra-

13,2123

vate scalp follicular androgen-dependent atrophy; (2) obesity-induced insulin resistance impairs hair follicle stem

24-29

cell homeostasis and disrupts normal hair cycling; (3) decreased circulating vitamin D concentration in the obese

3033 (4) lipid metabolic disorder damages hair follicle stem cell survival

population accelerates follicular degeneration;
directly under obese status.>*

Nevertheless, multiple independent population-based cross-sectional researches failed to replicate positive obesity-
AGA correlation: Chinese college student population survey and an early-onset AGA cohort based on Han Chinese all
demonstrated irrelevant BMI and AGA incidence.”> 7 Such inconsistent observational outcomes are inevitably con-
founded by lifestyle, socioeconomic status and undetected confounding covariates, which highlights the necessity of MR-
based causal inference to minimize confounder and reverse-causation bias. Current MR results exclude a direct causal
effect between obesity and AGA, implying that the previously observed positive epidemiological correlation is induced
by shared confounding factors rather than intrinsic biological causation.

Our study possesses several limitations. Primarily, source GWAS data exclusively covered European ancestry cohorts,
restricting extrapolation of research conclusion to non-Caucasian ethnic groups; subsequent multi-ancestry GWAS-based
MR researches are required to validate our findings across diverse populations. Second, although random-effects IVW
was used to offset statistical heterogeneity from instrumental variants, potential residual cryptic pleiotropy cannot be
fully eliminated; an advanced multi-variable MR design can further optimize relevant limitation in future exploration.

Conclusion

By utilizing large-scale publicly available GWAS summary statistics and bidirectional two-sample MR design with
multiple complementary statistical algorithms and comprehensive sensitivity verification, this study provides robust
genetic evidence rejecting bidirectional causal relationships between obesity and AGA. Correlative epidemiological
associations reported by prior observational studies are likely driven by shared confounding factors instead of direct
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biological causation. Future translational researches should continuously explore molecular mechanisms linking meta-

bolic dysregulation and AGA pathogenesis, and replicate present findings among multi-ethnic cohorts with diverse

genetic backgrounds.
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