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Purpose: Obesity is well established as a key contributor to multiple age-related diseases; however, its impact on facial aging (FA)
remains equivocal. We aimed to elucidate the causal effects of various obesity phenotypes on FA with gender- and age-specific
attention, as well as determine the potential mediating mechanisms in these relationships.

Patients and Methods: A two-sample, multivariable, and mediation MR analysis was employed. BMI, representing general obesity,
and BMI-adjusted WHR, representing central obesity, were derived from the most comprehensive meta-analysis GWAS conducted by
the GIANT consortium. Additionally, we utilized sex- and/or age-stratified GWAS summary statistics for both BMI and BMI-adjusted
WHR. We performed a two-step MR analysis incorporating 44 potential mediators to elucidate potential mediating pathways
underlying this causal relationship. Sensitivity and reverse MR analyses were performed to assess the findings’ robustness rigorously.
Results: MR analyses indicated that higher genetically predicted BMI was associated with accelerated FA, though this effect was not
observed in women under 50. As for WHR not stratified by sex and age, no association between WHR and FA was found. However, in
men over 50, higher genetically predicted WHR was significantly associated with an increased risk of FA. Furthermore, several
factors, including myocardial infarction, smoking, and premature menarche, were identified as independent risk factors for FA,
independent of high BMI. Myocardial infarction, daily smoking, circulating levels of RAGEs, ischemic stroke, and multiple sclerosis
were also found to mediate the causal relationship between BMI and FA partially.

Conclusion: Our study reveals distinct and significant variations in the effects of different obesity phenotypes on the acceleration of
FA, with these effects exhibiting gender- and age-specific patterns. The findings underscore the critical importance of weight
management as a potential intervention for mitigating FA. Furthermore, this research contributes to a deeper understanding of the
etiology of FA.

Plain Language Summary:

(1) Established causal relationship between obesity and accelerated facial aging.
(2) Identified gender- and age-specific effects of BMI and WHR on facial aging risk.
(3) Uncovered potential mediators like RAGEs and smoking in BMI-FA link.
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Graphical Abstract
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Introduction

Facial aging (FA) is a multifaceted process driven by both intrinsic biological aging and extrinsic environmental
influences. As intrinsic biological aging advances, there is a marked decline in dermal elasticity and texture, coupled
with the progressive atrophy of bone, muscle, and adipose tissue in the maxillofacial region, culminating in an
irreversible aged appearance. Concurrently, chronic exposure to ultraviolet (UV) radiation and deleterious lifestyle
choices, such as smoking, have been implicated in the acceleration of FA.' The manifestation of FA can profoundly
affect an individual’s psychological well-being, potentially instigating or aggravating issues such as diminished self-
esteem and eliciting a spectrum of adverse emotional responses, including anger and sadness.® As a result, there is a huge
effort to pursue facial rejuvenation, which also imposes substantial financial burdens on individuals and exacerbates the
strain on healthcare systems.”

Obesity has escalated to pandemic proportions and is recognized as a significant etiological factor in age-related
pathologies across various organs and systems;” however, its influence on FA remains equivocal. Individuals with obesity
often present with a more youthful facial appearance. Several studies have also observed that individuals with higher
body mass index (BMI) tend to exhibit a lower perceived facial age and fewer wrinkles, a phenomenon likely attributable
to increased facial adiposity.® This excess fat may smooth the skin by outwardly stretching it, mimicking the rejuvenating
effects achieved through facial fillers in cosmetic procedures.* However, Gunn et al reported opposing results, with
higher BMI associated with higher facial age after adjusting for wrinkle grades.” The conclusions of current studies are
constrained by the methodological limitations inherent to observational designs, including small sample sizes and
residual confounding. Consequently, the relationship between obesity and FA remains inconclusive.
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Randomized controlled trials (RCTs) are the gold standard for establishing causality, yet their implementation is often
hindered by substantial financial, temporal, and human resource constraints, as well as ethical considerations. Mendelian
randomization (MR), leveraging genetic variants as instrumental variables, offers an alternative approach to infer causal
relationships between exposures and outcomes, mitigating the influence of confounding, measurement error, and reverse
causation.®” In light of these challenges, the present study employed a range of analytical methodologies, including two-
sample, multivariable, and mediation MR, to eclucidate for the first time the differential effects of various obesity
phenotypes on FA and gender- and age-specific patterns in these effects. Furthermore, prior MR studies on obesity-FA
causal relationships and mediators focused solely on a limited set of variables (HbA1C, CHD, IS), with some (eg,
HbA1C) relying on small-sample GWAS. To address these limitations, we used larger-sample GWAS and 44 factors
across nine categories (cardiovascular, immune, nervous, endocrine, skin-related, plus lifestyle/biological aging markers)
to explore mediating mechanisms of this causal association.

Methods

Data Sources

Study Exposure

General and central obesity were quantified using BMI and WHR, respectively. The GWAS summary statistics employed
encompassed 322,154 and 212,244 individuals of European ancestry, respectively.'®'" Additionally, GWAS summary
statistics stratified by sex (male and female) and by age group (above and below 50 years) were also used in this study.
The sample sizes for these stratified categories varied between 50,095 and 171,977 individuals, also of European
ancestry.'? All datasets were obtained from the GIANT consortium (Table 1).

Table | Data Sources Used in the Analyses for the Current Study

Phenotype Source PMID Total or Ancestry
Cases/
Controls
Exposure
Body Mass Index (BMI) BMI (Without Age/Sex Stratified) GIANT 25673413 3,24,870 European
BMI (Male Only) 1,52,893
BMI (Female Only) 1,71,977
BMI (Male, >50 years) 2642697 | 93,201
BMI (Female, >50 years) 1,06,497
BMI (Male, <50 years) 50,095
BMI (Female, <50 years) 70,692
Waist-to-Hip Ratio adjusted WHRadjBMI (Without Age/Sex 25673412 2,12,244 European
for BMI (WHRadjBMI) Stratified)
WHRadjBMI (Male Only)) 95,883
WHRadjBMI (Female Only) 1,16,361
WHRadjBMI (Male, >50 years) 26426971 93,201
WHRadjBMI (Female, >50 years) 1,06,497
WHRadjBMI (Male, <50 years) 50,095
WHRadjBMI (Female, <50 years) 70,692
(Continued)
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Table 1 (Continued).

Mediator

Cardiovascular Disease- Coronary Artery Disease NA 29212778 122,733/ European

related 424,528
Myocardial Infraction CARDIoGRAMplusC4D | 26343387 | 43,676/128,199 | European
Hypertension FinnGen 36653562 | 55,917/162,837 | European
Systolic Blood Pressure ICBP 30224653 7,57,601 European
Diastolic Blood Pressure

Immune System Disease Ankylosing Spondylitis FinnGen 36653562 599/217,431 European
Allergic Disease (Asthma, Hay Fever or MRC-IEU 29083406 180,129/ European
Eczema) 180,709
Systemic Lupus Erythematosus 26502338 5,201/9,066 European
Primary Sclerosing Cholangitis IPSCSG 27992413 2,871/12,019 European
Celiac Disease NA 22057235 12,041/12,228 European

Nervous System Disease Alzheimer’s Disease ADGC 26502339 | 21,982/41,944 European
Schizophrenia PGC 26502340 | 52,017/75,889 European
Ischemic Stroke MEGASTROKE 29531354 | 34,217/406,111 | European
Multiple Sclerosis IMSGC 21833088 | 9,722/17,376 European

Endocrine System Disease Hypothyroidism FinnGen 26502341 | 26,342/59,827 European
Type 2 Diabetes DIAGRAM 26502342 | 74,124/824,006 | European
Sex Hormone-Binding Globulin (SHBG) UK Biobank 34226706 3,97,043 European
Levels

Serum Indices Triglycerides Level GLGC 26502343 1,88,577 European
Total cholesterol Level European
HDL cholesterol Level European
LDL cholesterol Level European
Fasting Glucose Level MAGIC 20081858 46,186 European
Fasting Insulin Level 38,238 European
Homeostasis Model Assessment of 37,037 European
Insulin Resistance (HOMA-IR)
Proinsulin Level 21873549 10,701 European
Glycated Hemoglobin (HbAlc) Level NA 1,44,060 European
Urate Level GUGC 23263486 1,10,347 European
C-Reactive Protein Level MRC-IEU 30388399 2,04,402 European
Serum Albumin Level 34594039 3,15,268 European
Receptor for advanced glycosylation 33067605 21,758 European
end products Level

(Continued)
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Table | (Continued).

Women’s Health-related Breast cancer (Female) BCAC 29059683 122,977/ European
105,974
Age at First Birth (Female) NA 34211149 5,42,901 European
Age At Menarche (Female) ReproGen 28436984 2,52,514 European
Lifestyle-related Sleep Duration MRC-IEU 27494321 1,27,573 European
Cigarettes smoked per day GSCAN 30643251 3,37,334 European
Age of smoking initiation 3,41,427 European
Alcohol Consumption Within family GWAS 31745073 83,626 European
consortium
Coffee Intake UK Biobank 29892013 4,28,860 European
Skin Disease and Tumor Basal Cell Carcinoma GWAS Catalog 33549134 | 17,416/375,455 European
Melanoma Skin Cancer UK Biobank 34662886 | 3,751/372,016 European
Seborrhoeic Keratosis FinnGen 36653562 | 2,434/207,482 European
Sicca Syndrome 1,290/213,145
Biological Aging Proxy Telomere Length NA 36450978 4,72,174 European
Intrinsic Epigenetic Age Acceleration NA 34187551 34,461 European
Outcome
Facial Aging UK Biobank 32339537 4,23,992 European

Study Outcome

The GWAS summary statistics data for FA was obtained from the UK Biobank (UKB). As the most well-known and open
biobank in the world, the UKB has collected standardized blood, urine, and saliva samples, as well as comprehensive
demographic, socioeconomic, lifestyle, and health information from 500,000 participants across the UK since its
establishment in 2006. FA was evaluated through non-subjective perceived age, which was determined via
a questionnaire. The findings indicated that out of 419,992 respondents, 8,630 reported appearing older than their
biological age, 103,300 reported appearing their biological age, and 312,062 reported appearing younger than their
biological age. Participants were categorized as follows: 1 if they reported looking younger, 0 if they reported looking
older, and 0.5 if they reported looking their age. These assessments were conducted by third-party observers, independent
of the participants and researchers, unaware of the participants’ actual ages. Researchers coded participants’ FAs based
on their perceived and actual ages. It utilized a mixed linear model analysis, which considers covariates such as age, sex,
and study centre and accounts for relatedness. FA was identified as an ordered categorical variable. Subsequently,
statistics on the linear scale were transformed into log odds ratios using a Taylor expansion series (Table 1).'"*

Other Data Sources
A comprehensive summary of additional data sources is provided in Supplementary Table 1. These sources encompass

a diverse array of diseases: coronary artery disease, myocardial infarction, hypertension, ankylosing spondylitis,
hypothyroidism, seborrhoeic keratosis, sicca syndrome, systemic lupus erythematosus, alzheimer’s disease, schizophre-
nia, type 2 diabetes, ischemic stroke, melanoma skin cancer, and basal cell carcinoma; biomarkers: systolic and diastolic
blood pressure, c-reactive protein level, serum albumin level, receptor for advanced glycosylation end products (RAGEs)
level, lipid levels (including triglycerides, total cholesterol, HDL cholesterol, LDL cholesterol), fasting blood glucose
level, fasting insulin level, homeostasis model assessment of insulin resistance (HOMA-IR), proinsulin level, glycated
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hemoglobin (HbAlc) level, urate levels, sex hormone-binding globulin (SHBG) levels, telomere length, intrinsic
epigenetic age acceleration; other phenotypes or traits: sleep duration, age at first birth, age at menarche, cigarettes
per day, age of smoking initiation, alcohol consumption, coffee intake. Sample sizes varied from 10,701 to 898,130, with
all participants being of European ancestry.

MR Design

MR should be conducted under three fundamental premises: (1) genetic variations are strongly related to exposure; (2)
genetic variations are independent of any potential confounders; and (3) genetic variations are independent of the
outcome, except by means of exposure (Figure 1). In addition, other assumptions should be met, which include the
linearity and absence of statistical interactions.*'* We conducted a two-sample, multivariable, and mediation MR
analysis leveraging data from well-established large cohorts and consortia. Our investigation primarily focused on
assessing the causal effect of obesity on FA and discerning whether general and central obesity exert differential effects.
Besides, gender- and age-specific patterns in these effects were also studied. In our mediation MR analysis, we
incorporated factors that, although not identified as confounders following rigorous confounder screening, could
plausibly serve as mediators in the obesity-induced FA pathway due to the similarity between confounding and mediating
effects in causal inference.'> Additionally, we included factors previously reported to have a causal association with FA
further to elucidate potential mediating mechanisms (Table 1).
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The ptions underlying Mendelian Rand (MR) analysis are as follows:

(1) the genetic instrumental variable(s) should be strongly associated with the risk factor of interest (e.g. BMI);

(2) there should be no confounding variables that influence both the risk factor and the outcome, and these variables should not be associated with the genetic instrument associated with risk factor and outcome either;
(3) there should be no other pathways from the genetic instrument to the outcome other than through the risk factor of interest. In practice, the last assumption is often violated due to horizontal pleiotropy, where the
genetic instruments affect other factors that independently influence the outcome. This can result in biased MR estimates, either overestimating or underestimating the true effect of the risk factor on the outcome.

Two-step MR analysis was conducted to detect potential mediators: Step 1, casual effect of exposure on potential mediators (beta 1); Step 2, casual effect of potential mediators on outcome (beta 2).
Assuming the direct causal effect of exposure on the outcome is beta 0.

Figure | Summary of Mendelian Randomization and Its Assumptions.
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Instrumental Variables Selection

To identify enough SNPs (number > 3) in common between exposure and outcome, SNPs with genome-wide suggestive
significance (P-value <5 x 10®) were selected. None of the instrumental SNPs were in linkage disequilibrium (LD), as
this situation may cause a misleading outcome. To achieve this, a clumping process was employed, wherein SNPs were
clumped based on LD in the given genome region. Independent SNPs were identified through the clumping process,
using a threshold of r*<0.001 and a window size of 10,000 kb. The calculation of R? and F-statistics utilized the
following formulas: R* = 2 x (1-EAF) x EAF x BETA? and F = (R?/1-R?) x (N-K-1/K), where EAF denotes the effect
allele frequency of the SNP, BETA represents the effect size of the SNP on the phenotype, N stands for the sample size in
the GWAS study, and K denotes the number of SNPs selected for the Mendelian randomization analysis after filtering.
When F-statistics <10, we deemed the genetic variation used as weak IV, possibly introducing some bias into the results.
Hence, SNPs with F-statistics <10 were excluded.'®

Statistical Analysis

We primarily employed the fixed effects inverse variance weighted (IVW-FE) method in two-sample MR analysis to explore
the causal associations between different types of obesity (proxy by BMI and WHR, respectively) and FA. Furthermore, we
applied the weighted median, MR-Egger, and MR-PRESSO methods for additional analyses. The Egger-Intercept method and
MR-PRESSO distortion test were used for sensitivity analysis to assess the potential pleiotropic effects of the included SNPs
as genetic instrumental variables. This evaluation aimed to detect horizontal pleiotropy, which could bias causal estimates in
the main MR analysis. A lack of horizontal pleiotropy was inferred when the P-value > 0.05. Heterogeneity was assessed using
Cochran’s Q test and the MR-PRESSO global test. If heterogeneity was detected (P-value < 0.05), the multiplicative random
effects IVW (IVW-MRE) should be predominantly used to evaluate causal effects. Additionally, a “leave-one-out” analysis
was performed to assess the impact of each SNP on the results. By sequentially excluding each SNP and recalculating the
combined effect of the remaining SNPs, we evaluated the suitability of each SNP as a genetic instrumental variable by
comparing these effects with previous MR analysis results. Forest, scatter, and funnel plots were also generated to aid in

sensitivity analysis (Supplementary Figures 1—2).8’17*]9

Although various methods have been employed for sensitivity analysis, we also utilized Phenoscanner V2 to conduct
confounding analysis on the SNPs selected for MR analysis.* No apparent confounding factors were identified below the
threshold of P-value < 5 x 10 ®. Hence, we explored traits significantly associated with P-value < 1 x 107°. Our
multivariable MR analysis employed the IVW method to adjust for multiple factors selected by Phenoscanner V2, within
a comprehensive model. Given the nature of multiple comparisons, Bonferroni correction was applied to rectify the
outcomes. The critical P-value for correction is contingent upon the number of exposures and outcomes integrated into
the model, calculated as critical P-value = 0.05/E/C (where E and C represent the number of exposures and outcomes,
respectively). If potential confounding bias is identified after multivariable MR analysis, genetic instrumental variables
(SNPs) associated with the confounding factors should be removed. Then, the causal effect needs to be recalculated. If no
confounding bias exists, these factors can be included in the following mediation analysis.?!

We conducted a mediation analysis (two-step MR analysis), to explore the mediators influencing the causal relationship
between exposure and outcome. The method was as follows: Step 1, to extract SNPs from the exposure GWAS, filtering out
SNPs in linkage disequilibrium, and then to extract remaining SNPs from the GWAS of mediators. Then, the causal effect
(beta 1) of exposure on the mediators was calculated. Step 2 is to use the same methodology to calculate the causal effect
(beta 2) of the mediator on the outcome. Assuming the direct causal effect of exposure on the outcome is beta 0. (1) If the
P-values for beta 0, betal, and beta2 were all significant, and there is no evidence of reverse causal relationships, this indicates

a causal relationship between the exposure and outcome, potentially mediated in part by the mediators. The proportion of
S BIxB2

T B3P p2
represents the MR effect of the exposure on mediator k, 3, represents the MR effect of mediator k on the outcome adjusted for

mediation effects was estimated using a specific formula (E(%) = ). In this formula, regression coefficient 3
genetically determined exposure, and B3 represents the MR effect of exposure on the outcome adjusted for genetically
determined mediator k. The indirect causal effect of exposure on the outcome was calculated through f,x f3,. All regression
coefficients were obtained through the inverse-variance weighted (IVW) method, assuming no correlation between the
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mediators. (2) if beta 0 shows significant differences but at least one of beta 1 or 2 is insignificant, this indicates that in the
causal relationship between exposure and outcome, this mediator variable does not mediate the relationship. (3) If beta 0 does
not exhibit significant differences, while both beta 1 and beta 2 are significant, it can be inferred that this mediator completely
mediates the relationship between exposure and outcome**(Figure 1).

In this study, we utilized R software (version 4.2.3). Various R packages and their associated functions were
employed, including TwoSampleMR, MVMR, MRPRESSO, VariantAnnotation, gwasglue, MendelianRandomization,
ieugwasr, data.table, and ggplot2.

Results

Instrumental Variables Selection

In this study, the genetic instrumental variables employed exhibited proportions of variance (R*) ranging from 0.2% (for
Melanoma Skin Cancer) to 35.3% (for SHBG Levels). Furthermore, the F-statistics for all instrumental variables (IVs)
used for exposure, outcome, and other phenotypes exceeded 10 (range: 13.434 for Primary Sclerosing Cholangitis to
1841.894 for Ankylosing Spondylitis), indicating no weak instrument bias in the genetic IVs employed in this study, as
detailed in the Supplementary Table 2.

Causal Association of BMI with FA

Without Age/Gender Stratified

A robust causal relationship between genetically predicted BMI and FA was identified (IVW-MRE: OR = 1.054, 95% CI
= 1.040-1.069, P-value = 2.515E-14) (Figure 2 and Supplementary Table 3). While horizontal pleiotropy did not impact
the causal inference, some degree of heterogeneity was observed (Supplementary Table 4).

Gender Stratified

The analysis revealed a significant causal association between genetically predicted BMI and FA in both males and
females (IVW-MRE: Males: OR = 1.063, 95% CI = 1.032-1.096, P-value = 6.489E-05; Females: OR = 1.040, 95% CI =
1.017-1.064, P-value = 6.975E-04) (Figure 2 and Supplementary Table 3). Although horizontal pleiotropy did not affect
these results, some degree of heterogeneity was observed (Supplementary Table 4).

Gender and Age Stratified

Among males over 50 years of age, the IVW-MRE did not indicate a statistically significant causal relationship between
genetically predicted BMI and FA; however, the Weighted Median and MR-Egger methods demonstrated significance,
consistent with the IVW-MRE findings IVW-MRE: OR = 1.042, 95% CI = 0.992-1.094, P-value = 0.103; Weighted
Median: OR = 1.058, 95% CI = 1.011-1.108, P-value = 0.015; MR-Egger: OR = 1.416, 95% CI = 1.204-1.665, P-value =
0.001). In females over 50 years, a significant causal relationship was also observed (IVW-MRE: OR = 1.027, 95% CI =
1.003-1.051, P-value = 0.028). For individuals under 50 years, the only significant finding was in males, where a genetically
predicted increase in BMI heightened the risk of FA IVW-FE: OR = 1.059, 95% CI = 1.028-1.090, P-value = 1.364E-04)
(Figure 2 and Supplementary Table 3). These causal associations remained robust against horizontal pleiotropy, with hetero-

geneity influencing the results only in males under 50 years (Supplementary Table 4). None of the above causal inferences are

affected by reverse causation (Supplementary Table 5).

Causal Association of WHR with FA

Without Age/Gender Stratified

IVW, weighted median, MR-Egger, and MR-PRESSO methods demonstrated no evidence of a causal relationship
between WHR and FA (Figure 2 and Supplementary Table 3).

Gender Stratified

We identified a significant causal association between genetically predicted WHR and FA exclusively in males (IVW-FE: OR
=1.087, 95% CI = 1.022—1.155, P-value = 0.008) Figure 2 and Supplementary Table 3). Sensitivity analyses confirmed that
this finding was robust, with no indication of horizontal pleiotropy or heterogeneity (Supplementary Table 4).
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Exposure Outcome Methods Forest Plot OR (95% CI) P-Value
IVW-MRE 1.045 (1.025 ~ 1.065)  4.956E-06
Weighted Median 1.044 (1.025 ~ 1.063)  2.858E-06
MR-Egger 1.015 (0.960 ~ 1.073) 0.596
MR-PRESSO 1.056 (1.043 ~ 1.069)  3.567E-12
IVW-MRE 1.054 (1.040 ~ 1.069)  2.515E-14
Weighted Median 1.046 (1.028 ~ 1.065)  4.064E-07
MR-Egger 1.047 (1.004 ~ 1.091)  3.419E-02
MR-PRESSO NA NA
IVW-MRE 1.058 (1.017 ~ 1.101) 0.006
Weighted Median 1.084 (1.049 ~ 1.120)  1.488E-06
MR-Egger 1.100 (0.988 ~1.225) 0,093
MR-PRESSO 1.062 (1.032 ~ 1.093)  3.513E-04
IVW-MRE 1.063 (1.032 ~1.096)  6.489E-05
Weighted Median 1.083 (1.046 ~1.121)  5.439E-06
MR-Egger 1121 (1037~ 1.211)  0.008
MR-PRESSO NA NA
IVW-MRE aal 1.030 (1.004 ~ 1.057) 0.024
| Weighted Median o~ 1.027 (1.001 ~ 1.054)  0.044
MR-Egger —— 1.029 (0.959 ~1.104)  0.430
. MR-PRESSO - 1.041 (1.019 ~ 1.064)  8.168E-04
BMI (Female) FA (Female) MR-PRESSO Outlier Test removes outlief bias driven by rs16851483 and rs7531118
IVW-MRE gl 1.040 (1.017 ~ 1.064)  6.975E-04
Weighted Median o 1.030 (1.002 ~ 1.060) 0.037
MR-Egger == 1.039 (0.978 ~ 1.104)  0.227
MR-PRESSO NA NA
IVW-MRE —— 1.028 (0.961 ~ 1.100) 0.422
Weighted Median —— 1.057 (1.009 ~ 1.108) 0.020
MR-Egger - 1.022 (0.757 ~1.378)  0.891
MR-PRESSO == 1.062 (1.022~1.104)  0.008
BMI (Male, >50 years) FA (Male) MR-PRESSO Outlier Test removes outlief bias driven by rs1222069 and rs13107325
IVW-MRE —— 1.042 (0.992 ~ 1.094) 0.103
Weighted Median — 1.058 (1.011 ~ 1.108) 0.015
MR-Egger e | 1.416 (1.204 ~ 1.665)  0.001
MR-PRESSO NA NA
IVW-MRE gl 1.018 (0.988 ~ 1.049) 0.234
Weighted Median - 1.029 (1.001 ~ 1.059) 0.042
MR-Egger = 1.118 (1.029 ~ 1.215) 0.018
MR-PRESSO 2 gl 1.021 (0.996 ~ 1.045) 0.113
BMI (Female, > 50 years) FA (Female) Leave-one-out Analysis removes fiull estimates driven by rs990871
IVW-MRE 2l 1.027 (1.003 ~ 1.051) 0.028
Weighted Median - 1.031 (1.002 ~ 1.061) 0.034
MR-Egger —— 1.096 (1.025~1.172)  0.018
MR-PRESSO NA NA
IVW-FE == 1.059 (1.028 ~1.090)  1.364E-04
Weighted Median == 1.074 (1.039 ~1.111)  3.001E-05
EMIGES S LX) l\g/IR-Egger —— 1.155 (1056 ~ 1.262)  3.414E-02
MR-PRESSO NA NA

IVW-MRE 1.013 (0.983 ~1.043)  0.400
Weighted Median 0.995 (0.969 ~1.021)  0.692
MR-Egger 1.036 (0.941 ~ 1.141)  0.478
MR-PRESSO 1.021 (1001 ~1.042)  0.055
IVW-MRE 1.020 (0.992 ~1.049)  0.153
Weighted Median 1.022 (0.999 ~ 1.046)  0.062
MR-Egger 1.048 (0.916 ~1.199)  0.500
MR-PRESSO 1.009 (0.986 ~1.032)  0.451
IVW-MRE 1.028 (0.910 ~1.161)  0.662
Weighted Median 1.058 (0.977 ~ 1.146)  0.164
MR-Egger 1.098 (0.989 ~1.219)  0.844
MR-PRESSO 1.083 (1.040 ~ 1.128)  0.018
IVW-FE 1.087 (1.022 ~ 1.155)  0.008
Weighted Median 1.078 (1.000 ~ 1.163)  0.049
MR-Egger 1113 (0.973~1273)  0.336
MR-PRESSO NA NA
IVW-FE 0.996 (0.981 ~1.011) 0598
Weighted Median 0.997 (0973 ~1.021)  0.802
MR-Egger 0.974 (0.916 ~1.035) 0400
MR-PRESSO NA NA
IVW-MRE 1.011 (0.962~1.063)  0.659
Weighted Median 1.029 (0.978 ~1.082)  0.267
MR-Egger 0.957 (0.735~1.247) 0754
MR-PRESSO 1.005 (0.965 ~1.047)  0.806
IVW-FE 1.038 (1.000 ~ 1.078)  0.049
Weighted Median 1.031 (0.981 ~ 1.083)  0.231
MR-Egger 1.087 (0.901 ~1.311)  0.409
MR-PRESSO NA NA
IVW-MRE 1.012 (0.983 ~1.042)  0.411
Weighted Median 1.019 (0.989 ~ 1.049)  0.225
MR-Egger 0.988 (0.844 ~ 1.157)  0.886
MR-PRESSO 1.014 (0.993 ~1.035)  0.228
IVW-FE 1.040 (1.000 ~1.082)  0.051
Weighted Median 1.023 (0.980 ~1.068)  0.296
MR-Egger 0.936 (0.760 ~1.153)  0.553
MR-PRESSO NA NA
IVW-MRE 0.998 (0.971 ~1.026)  0.892
Weighted Median 0.982 (0.952~1.014) 0269
MR-Egger 0.934 (0.783 ~1.113)  0.465
MR-PRESSO NA NA

Figure 2 Result of Univariate Analysis of Mendelian Randomization estimates of BMI and WHR on Facial Aging.
Abbreviations: BMI, Body Mass Index; WHRadjBMI, WHR adjusted for BMI; FA, Facial Aging; IVW-MRE, Inverse Variance Weighted (multiplicative random effects);
IVW-FE, Inverse Variance Weighted (fixed effects); MR-PRESSO, Mendelian Randomization Pleiotropy Residual Sum and Outlier.
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Gender and Age Stratified

A significant causal relationship was observed only in the subgroup of males over 50 years, where higher genetically predicted
WHR was associated with an increased risk of FA (IVW-FE: OR = 1.038, 95% CI = 1.000-1.078, P-value = 0.049) (Figure 2
and Supplementary Table 3). Sensitivity analyses supported the reliability of this association, with no evidence of horizontal

pleiotropy or heterogeneity (Supplementary Table 4). None of the above causal inferences are affected by reverse causation

(Supplementary Table 5).

Confounding Analysis

We conducted a comprehensive confounding analysis on the selected BMI-associated SNPs (Without Age/Gender Stratified),
utilizing the Phenoscanner V2 platform. This analysis identified 31 potential confounders, which were systematically categorized
into seven principal groups: cardiovascular disease-related, immune system-related, nervous system-related, endocrine system-
related, serum indices, women’s health-related, and lifestyle-related factors (Figure 3 and Supplementary Table 1). To evaluate

the potential influence of these confounding factors on the causal relationship between BMI and FA, we performed
a multivariable Mendelian Randomization (MR) analysis. Our findings demonstrate that none of the identified confounders
significantly modulated the causal effect of BMI on FA (IVW: OR = 1.058, 95% CI = 1.023-1.094, P-value = 1.046E-03 <
1.560E-03). Consequently, these 31 factors were subsequently considered as potential mediators in our mediation analysis
(Supplementary Table 6).

Mediation MR Analysis

Two-Sample MR Analysis

Potential Mediators on FA

We employed two-sample MR to interrogate the causal relationships between 44 potential mediators—comprising 31 factors
identified through confounding analyses and 13 derived from extant literature—across nine categories, and the risk of FA
(Table 1). The analysis identified significant causal effects of genetically predicted myocardial infarction, primary sclerosing
cholangitis, celiac disease, ischemic stroke, multiple sclerosis, elevated SHBG levels, cigarette consumption, high coffee
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Figure 3 Result of Confounding Analysis.
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intake, basal cell carcinoma, melanoma, and sicca syndrome, all of which were associated with an elevated risk of FA.
Additionally, genetically predicted lower levels of urate and RAGEs, earlier age at menarche in females, and shorter telomere
length were also linked to an increased FA risk. Conversely, there was no causal relationship between HbA 1c and FA, although
their causal relationship was reported in earlier MR Studies (Figure 4 and Supplementary Table 3). Moreover, our analysis did

not reveal any evidence of reverse causality (Supplementary Table 5).

BMI on Potential Mediators

Our findings demonstrate a causal relationship between genetically predicted BMI and several factors, including
myocardial infarction, ischemic stroke, multiple sclerosis, age at menarche (female), cigarette consumption, urate levels,
RAGE:s levels, SHBG levels, coffee intake, and melanoma (Figure 5 and Supplementary Table 3). Furthermore, we

detected evidence of a reverse causal relationship between BMI and age at menarche (female), urate levels, SHBG levels,
and coffee intake (Supplementary Table 5).

Multivariable MR Analysis

Building upon the preceding analyses, we further investigated the mediating roles of myocardial infarction, daily
cigarette consumption, RAGEs levels, ischemic stroke, and multiple sclerosis in the causal pathway linking BMI to
facial aging. Our findings reveal that the effect of BMI on facial aging is partially mediated by these factors, with
myocardial infarction, daily cigarette consumption, RAGEs levels, ischemic stroke, and multiple sclerosis accounting for
7.456% (95% CI: 0.513% ~ 13.252%), 15.660% (95% CI: 6.552% ~ 23.548%), 4.702% (95% CI: 0.007% ~ 31.302%),
5.857% (95% CI: 0.540% ~ 12.525%), and 2.725% (95% CI: 0.064% ~ 6.675%) of the total causal effect, respectively
(Figure 6 and Supplementary Table 7).

Discussion
In this study, utilizing the largest sample of GWAS data, we primarily employed two-sample, multivariable, and
mediation MR analysis to investigate the relationship between obesity and FA. Our findings revealed that: (1)
Genetically predicted higher BMI, indicative of general obesity, was associated with an increased risk of accelerated
FA. This association was further corroborated in both sex groups when utilizing sex-stratified GWAS datasets. Notably,
when using sex- and age-stratified GWAS summary statistics of BMI, only in women under 50, there was no causal
relationship between genetically predicted BMI and FA; (2) A causal relationship between genetically predicted BMI-
adjusted WHR, indicative of central obesity, and FA was not observed when using GWAS data of BMI-adjusted WHR
not stratified by sex and/or age. However, when utilizing sex-stratified GWAS datasets, a higher genetically predicted
WHR was associated with an increased risk of accelerated FA in males. Upon further utilizing sex- and age-stratified
GWAS datasets, this association was confined to men over the age of 50; (3) Regardless of obesity or not, genetically
predicted myocardial infarction, primary sclerosing cholangitis, celiac disease, ischemic stroke, multiple sclerosis, basal
cell carcinoma, melanoma, sicca syndrome, elevated serum levels of SHBG and RAGEs, reduced urate levels, earlier age
of menarche in females, daily smoking, high coffee intake, and shorter TL were identified as risk factors for FA. Contrary
to previous reports, we did not find a causal relationship between HbAlc levels and FA;*' (4) Myocardial infarction,
daily smoking, circulating RAGEs levels, ischemic stroke, and multiple sclerosis might partially mediate the association
of BMI on FA.

FA serves as a significant extrinsic manifestation of the aging process.”> With advancing biological age, there is
a progressive reduction in bone density, muscle mass, and fat volume within the maxillofacial region, contributing to FA
manifestations. Beyond the inherent, irreversible biological aging process, environmental factors such as UV radiation
and smoking have been established as external risk factors that exacerbate FA.' Although obesity is strongly associated
with various age-related diseases, including coronary heart disease, type 2 diabetes, and non-alcoholic fatty liver disease,
etc, it is noteworthy that metabolic disturbances associated with obesity resemble those observed in normal aging,
suggesting that obesity may act as an accelerant of the aging process.”**> However, the impact of obesity on FA remains
contentious. Obesity imparts a younger appearance to the face (lower perceived age) by increasing facial adiposity, which
can reduce the appearance of wrinkles through the mechanical expansion of the skin.” Nevertheless, the deleterious
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Mediator Outcome Methods Forest Plot OR (95% CI) P-Value
IVW-MRE 1005 (0.999~1.012)  0.115
Weighted Median 1,009 (1000~ 1.017)  0.041
MR-Egger 1.018 (1.003 ~ 1.033) 0.030
MR-PRESSO 1.002 (0.995~1.008)  0.654
IVW-MRE 1.007 (1000~ 1.013)  0.048
Weighted Median 1,009 (1001 ~1.017)  0.029
MR-Egger 1,020 (1006~ 1.035)  0.011
MR-PRESSO NA NA
IVW-MRE 1.002 (1000~ 1.004)  0.023
‘Weighted Median 1.003 (1.000 ~ 1.005) 0.038
MR-Egger 1,002 (0.999~1.005)  0.275
MR-PRESSO NA NA
[ IVW-FE 1002 (1001 ~1.004)  0.009
- Weighted Median 1.003 (1001 ~1.005)  0.003
@tz £ MR-Egger 1.003 (1001 ~1.006)  0.021
MR-PRESSO NA NA
IVW-MRE 1014 (1002 ~1.027)  0.024
) Weighted Median —_—— 1009 (0.995~1.023)  0.222
HEETRT G FA MR-Egger 1.033 (0966 ~1.104)  0.360
MR-PRESSO NA NA
IVW-MRE 2 1.004 (1001 ~1.007)  0.021
) ) Weighted Median B 1.005 (1001 ~ 1.009) 0008
SO L MR-Egger —— 1.005 (0.999 ~ 1.011) 0.126
MR-PRESSO NA NA
IVW-MRE —o— 1.006 (1000 ~1.013)  0.067
Weighted Median ——i 0.993 (0.985~1.002)  0.122
MR-Egger —e— 0.997 (0,987~ 1.008)  0.626
MR-PRESSO —— 1.007 (1001 ~1.013)  0.028
SHBG Levels FA MR T [, S 11600570, s 11600570, 15138840, s 1421085, 151529868, 1517036326, 152293579...
IVW-MRE == 1.007 (1.001 ~ 1.013) 0.017
Weighted Median —— 0.994 (0,986 ~1.001) 0085
MR-Egger —e— 1004 (0.995~1.013)  0.416
MR-PRESSO NA NA
IVW-MRE 1.022 (1006~ 1.039)  0.008
Weighted Median 1035 (1022 ~1.047)  8.589E-08
MR-Egger 1,035 (1006~ 1.064)  0.028
MR-PRESSO 1021 (006 ~1.037)  0.012
IVW-MRE 1.020 (1005 ~1.036) ~ 9.674E-03
Weighted Median 1.009 0.992~1.025)  0.308
MR-Egger 0.994 (0,960 ~1.028) 0728
MR-PRESSO NA NA
IVW-MRE 1057 (1015~ 1.100)  0.007
Weighted Median 1.047 (1007 ~1.088)  0.020
MR-Egger 1031 0.951~1.117)  0.468
MR-PRESSO 1.040 (1.004~1.077)  0.035
IVW-MRE 1.040 (1.004~1.077)  0.028
Weighted Median 1,037 (0.998~1.077)  0.066
MR-Egger 1025 (0.957~1.099)  0.482
MR-PRESSO NA NA
IVW-FE 0.987 (0.981 ~0.994)  3.730E-04
Weighted Median 0.984 (0.975~0.992)  2.516E-04
MR-Egger 0.981 (0,969 ~0.994) 0007
MR-PRESSO NA NA
IVW-FE 0.986 (0.978 ~0.995)  1.819E-03
Weighted Median 0.982 (0.971~0.994)  2.433E-03
MR-Egger 0.977 0.952~1.002)  1.241E-01
MR-PRESSO NA NA
IVW-MRE 0.990 (0.982~0.998) 0020
Weighted Median 0.990 (0.978~1.002)  0.108
MR-Egger 1005 (0.981~1.029)  0.695
MR-PRESSO 0.990 (0.983 ~0.998)  9.527E-03
IVW-MRE 0.988 (0.980~0.997)  0.005
Weighted Median 0.990 (0.978~1.003)  0.120
MR-Egger 1.003 (0.980 ~1.026)  0.807
MR-PRESSO NA NA
IVW-MRE 0.988 (0.974~1.002)  0.085
Weighted Median 0.984 (0.970~0.997) 0020
MR-Egger 0.962 (0.939~0.986) 0002
MR-PRESSO 0.983 (0.972~0.995)  0.005
IVW-MRE 0.985 (0.974~0.996)  0.008
Weighted Median 0.984 0.970~0.997)  0.020
MR-Egger 0.977 (0.957~0.997)  0.024
MR-PRESSO NA NA
IVW-MRE f—— 1013 (1.002~1.024)  0.016
. Weighted Median e 1.003 (0.998 ~1.008)  0.236
LN E LA MR-Egger 1.012 (0.989 ~1.037)  0.313
MR-PRESSO NA NA
IVW-FE 1.008 (1.005 ~ 1.011)  2.659E-06
Weighted Median 1.009 (1005~ 1.013)  5.121E06
MR-Egger 1.012 (1005~ 1.019)  1.889E-01
MR-PRESSO NA NA
IVW-MRE 6.053 (1.981 ~ 18.499)  1.584E-03
Weighted Median 11.057 (5.854 ~20.883)  1.293E-13
MR-Egger 7.880 (3.224~19.261)  LI31E-03
MR-PRESSO 5.361 (1675~ 17.156)  6.621E-02
IVW-MRE 5.361 (1675~ 17.156)  4.661E-03
Weighted Median 6.537 (2.946 ~ 14.509)  3.913E-06
MR-Egger 5.477(0.987~30375)  0.429
MR-PRESSO NA NA

Figure 4 Result of Univariate Analysis of Mendelian Randomization estimates of Potential Mediators on Facial Aging.
Abbreviations: SHBG, Sex Hormone-Binding Globulin; RAGEs, Receptor for Advanced Glycosylation End Product; FA, Facial Aging; IVW-MRE, Inverse Variance Weighted
(multiplicative random effects); IVW-FE, Inverse Variance Weighted (fixedeffects); MR-PRESSO, Mendelian Randomization Pleiotropy Residual Sum and Outlier.
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Exposure Meidator Methods Forest Plot OR (95% CI) P-Value
IVW-FE e 1.469 (1.305 ~1.653) 1.759E-10
o B Weighted Median = 1.448 (1.224 ~1.713)  1.580E-05
BMI Mygcardial Infarction MR-Egger —_— 1.486 :LOS(I ~ z.nn; 2.861E-02
MR-PRESSO (outlier-corrected) NA NA
IVW-MRE L o 1.166 (1.041 ~ 1.306) 0.008
Weighted Median —— 1.240 (1.077 ~ 1.427) 0.003
MR-Egger e 1.140 (0.819 ~ 1.586) 0.441
MR-PRESSO (outlier-corrected) —— 1.171 (1.066 ~ 1.287) 0.002
BMI Ischemic Stroke MR-PRESSO Outlier Test removes outlier bias driven by rs2176598 and rs7903146
IVW-MRE —— 1.169 (1.055 ~ 1.294) 0.003
Weighted Median e 1.242 (1.085 ~ 1.421) 0.002
MR-Egger e ——— 1.164 (0.866 ~ 1.564) 0.319
MR-PRESSO (outlier-corrected) NA NA
F )
h —_——————— 1
——i
——t
e ]
——t
——i
—e—i
—
——
e
IVW-MRE * 0.980 (0.948 ~1.012) 0.222
Weighted Median - 0.987 (0.953 ~ 1.022) 0.448
MR-Egger —a— 0.981 (0.890 ~ 1.081) 0.694
MR-PRESSO (outlier-corrected) L 0.960 (0.938 ~0.983) 1.233E-03
BMI Telomere Length MR-PRESSO Outlier Test femoves outlier bias driven by rs11057405, rs12986742, rs3888190, and rs7138803
IVW-MRE L 0.963 (0.939 ~ 0.988) 0.004
Weighted Median > 0.973 (0.940 ~ 1.008) 0.124
MR-Egger - 0.973 (0.904 ~ 1.047) 0.467
MR-PRESSO (outlier-corrected) NA NA
r T T T T T T d
0 0.5 1 1.5 2 25 3 35 4

Figure 5 Result of Univariate Analysis of Mendelian Randomization estimates of BMI on Potential Mediators.
Abbreviations: BMI, Body Mass Index; RAGEs, Receptor for Advanced Glycosylation End Product; IVW-MRE, Inverse Variance Weighted (multiplicative random effects);
IVW-FE, Inverse Variance Weighted (fixed effects); MR-PRESSO, Mendelian Randomization Pleiotropy Residual Sum and Outlier.

Methods Forest Plot OR (95% CI) P-Value Mediation effect and 95% CI(%)
Body Mass Index (Unadjusted) IVW _—— 1.045 (1.025 ~ 1.065)  4.956E-06
Body Mass Index (Adjusted for Myocardial Infarction) IVW e 1.042 (1.023 ~ 1.062) 9.715E-06
Myocardial Infarction (Adjusted for BMI) VW et 1.009 (1.000 ~1.017)  4.700E-02 7.456% (0.513% ~13.252%)

Body Mass Index (Adjusted for Multiple Sclerosis) IVW P et 1.053 (1.034 ~1.072 3.862E-08
Multiple Sclerosis (Adjusted for BMI) IVW 2.l 1.004 (1.000 ~ 1.007 3.440E-02 2.725% (0.064% ~ 6.675%
Body Mass Index (Adjusted for Telomere Length) IVW = 1.049 (1.027 ~1.071)  9.774E-06
Telomere Length (Adjusted for BMI) IVW e ) 0.992 (0.974 ~1.010)  3.754E-01
r T T T T T T d
0.92 0.94 0.96 0.98 1 1.02 1.04 1.06 1.08

Figure 6 Result of Mediation Analysis.

effects of obesity on FA may manifest subtly over an extended period. Research has demonstrated that obesity may
diminish the water content of the stratum corneum, elevate transepidermal water loss (TEWL), reduce dermal collagen
density, thin the dermis, and increase the accumulation of AGEs in the skin, all of which collectively contribute to
premature facial skin aging.”® Furthermore, the gradual accumulation of facial fat due to obesity can eventually lead to
skin sagging, which is commonly perceived as an aged appearance.”’ Thus, the onset of FA associated with obesity may
not be immediate but rather a protracted process. MR is a robust method for inferring causality based on genetic
variations. By leveraging genetic variants, MR effectively mitigates the influence of confounding factors and provides
insights into the lifelong effects of risk factors on outcomes. This method is particularly suitable for investigating the

impact of obesity on FA.®
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Employing Mendelian randomization, we established that genetically predicted elevation in body mass index (BMI),
a marker of general obesity, is causally linked to accelerated facial aging (FA), thereby corroborating earlier epidemiological
findings.” The underlying pathophysiology may involve obesity-driven systemic inflammation, oxidative stress, and accu-
mulation of advanced glycation end-products (AGEs), which collectively impair dermal collagen integrity and skin elasticity,
culminating in premature aging.”?® Our study further delineates the sex- and age-stratified effects of obesity on FA. While
general obesity accelerated FA across all male age groups, its influence in females was primarily evident after age 50,
suggesting a sexually dimorphic pattern. These observations align with anatomical studies indicating that males exhibit greater
susceptibility to periocular aging—such as infraorbital hollowing and eyelid ptosis—potentially due to structural differences
in midfacial fat distribution and bone support.>”** Additionally, behavioral factors including higher rates of smoking and
ultraviolet exposure among men may further exacerbate these morphological changes. In contrast, no significant association
was observed between BMI-adjusted waist-to-hip ratio (WHR)—an indicator of central adiposity—and FA in the main
analysis. However, stratified analyses revealed a specific risk among older males (>50 years), implicating visceral adipose
tissue (VAT) as a potential effector. VAT functions as an active endocrine organ, secreting pro-inflammatory adipokines (eg,
IL-6, TNF-a) and mediators such as progranulin (PGRN), which promote tissue remodeling and systemic aging. The age-
dependent accumulation of VAT in men may thus underpin the subgroup-specific effect of WHR on FA.>* Overall, general
obesity exerted a more consistent influence on FA than central obesity, likely due to its broader impact on subcutaneous facial
fat deposition, which may compromise skin biomechanics and facilitate sagging.”*>' Moreover, male participants demon-
strated heightened FA susceptibility relative to females, particularly in later life.

As no significant causal relationship between genetically predicted WHR adjusted by BMI and FA was observed in our
unstratified analysis, we focused on BMI-related SNPs, GWAS, and disease traits, identifying several potential confounders
for inclusion in the multivariate models. This approach provided deeper insights into the causal pathways and potential
mediating mechanisms, given the often overlapping nature of confounding and mediation in causal inference.'> Our multi-
variable MR analysis revealed a robust causal association between elevated BMI and increased risk of FA, which remained
consistent even after adjusting for 31 potential confounders. These confounders were then incorporated into the mediation
analyses, from which we selected 13 factors strongly associated with FA progression, based on prior research,>'**¢ to
explore their mediating roles in the causal relationship between BMI and FA. Obesity is a well-established risk factor for
numerous age-related diseases, including coronary heart disease, diabetes, and stroke, and is closely associated with
deleterious lifestyle behaviors such as smoking and excessive alcohol consumption. In the first step of our mediation analysis,
we confirmed the causal relationships between BMI and myocardial infarction, daily smoking, serum RAGE levels, ischemic
stroke, and multiple sclerosis, with no evidence of reverse causality. Furthermore, aging is strongly associated with disruptions
in metabolic and energy homeostasis, cardiovascular and renal dysfunction, cognitive decline, respiratory disease, auto-
immune disorders, cancer, and unhealthy lifestyle factors like smoking and alcohol use.*” Our second step of mediation
analysis highlighted myocardial infarction, daily smoking, low serum RAGE levels, ischemic stroke, and multiple sclerosis as
key mediators of the link between elevated BMI (general obesity) and FA progression. Consistent with findings from Chen
et al, our results corroborated the mediating roles of ischemic stroke and daily smoking in the causal pathway from obesity to
FA, though our analysis, using a larger GWAS dataset, did not identify HbA1c as a mediator as Chen et al founded, nor did it
find any causal association with FA.>' While no studies to date have directly established association between FA and either
multiple sclerosis or myocardial infarction, both conditions are strongly linked to obesity and aging process,”’ warranting
further investigation. Additionally, lower circulating levels of RAGEs have been shown to correlate negatively with diabetes,
obesity, and insulin resistance. RAGEs play a vital role in mitigating the deleterious effects of AGEs (advanced glycation end-
products), which contribute to tissue and cellular aging, including skin aging. AGEs accumulation in skin tissues has been
employed as a crucial biomarker for assessing skin aging. From a translational standpoint, our findings provide actionable
insights into facial aging (FA) alleviation. First, given the consistent causal association between genetically predicted BMI and
FA—poarticularly in males and women over 50—targeted weight management (eg, lifestyle interventions to reduce general
adiposity) emerges as a primary strategy to attenuate FA risk, consistent with our observation that BMI-driven FA acceleration
is modifiable by targeting obesity directly. Second, as cardiovascular factors (myocardial infarction, ischemic stroke) and
circulating RAGE levels function as key mediators, enhancing cardiovascular health (eg, primary prevention of cardiovascular
events, dietary or pharmacological modulation of RAGE/AGEs pathways) can indirectly alleviate FA by disrupting these
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mediating pathways. Third, in subgroups with distinct risk profiles (eg, men over 50 with elevated waist-to-hip ratio [WHR]),
personalized interventions integrating weight control and cardiovascular health monitoring may yield greater efficacy, as our
stratified analyses underscore this population’s susceptibility to central obesity-related FA. Our study thus not only elucidates
the biological mechanisms linking obesity to FA (eg, sex-age specificity, mediating cascades) but also establishes a basis for
evidence-based early interventional strategies—including weight management and cardiovascular health optimization—to
reduce FA risk in high-risk populations (eg, obese men aged >50 years).

Despite the large sample size of MR studies compared to traditional research, our study still has some unavoidable
limitations: (1) Due to the lack of GWAS data from other ethnicities, the GWAS used in our study only included
individuals of European descent. (2) There is some heterogeneity in the genetic instrumental variables used in the
analysis. As GWAS data were used, it was not possible to explore stratified effects or nonlinear relationships due to age,
health status, or gender. (3) MR studies typically explore the lifelong impact of risk factors on outcomes, making it
challenging to reveal causal effects at different stages of disease progression. Moreover, we must recognize that MR
analysis suggests causality less directly than randomized controlled trials (RCTs), and more high-quality RCT evidence is
needed to supplement and support these findings.

Conclusion

Our study demonstrates notable differences in how distinct obesity types affect FA acceleration, which exhibits sex- and
age-specific patterns. The findings highlight the significance of weight management as a potential intervention to
alleviate FA. Furthermore, this research advances understanding of FA etiology. From a public health standpoint, these
results endorse targeted weight management approaches for high-risk groups (eg, obese men aged >50 years) to reduce
premature FA, filling a key gap in population-level aging prevention.

Abbreviations

FA, Facial Aging; BMI, Body Mass Index; WHR, Waist-to-Hip Ratio; GWAS, Genome Wide Association Study; MR,
Mendelian Randomization; RAGEs, Receptor for Advanced Glycosylation End Products; RCTs, Randomized Controlled
Trials; GIANT, Genetic Investigation of ANthropometric Traits; UKB, UK Biobank; HOMA-IR, Homeostasis Model
Assessment of Insulin Resistance; HbAlc, Glycated Hemoglobin; SHBG, Sex Hormone-Binding Globulin; LD, linkage
Disequilibrium; SNP, Single Nucleotide Polymorphism; IVW-FE, Inverse Variance Weighted; UV, Ultraviolet.

Data Sharing Statement
Details of each of the three two-sample MR methods that were used and calculations of the proportion of the mediation
effect are included in the Supplementary Material. The data that support the findings of this study are available within the

paper, Supplementary Information, and Source Data File.

Data on BMI and WHR was contributed by GIANT Consortium and can be downloaded from (https://portals.broad
institute.org/collaboration/giant/index.php/-GIANT consortium). Data on facial aging was contributed by UK Biobank
(http://www.nealelab.-is/uk-biobank). Data on myocardial infraction was contributed by CARDIoGRAMplusC4D (https://
www.cardiogram-plusc4d.org/). Data on hypertension, ankylosing spondylitis, hypothyroidism, seborrhoeic keratosis,

sicca syndrome was contributed by Finngen (https://www.finngen.fi/en). Data on systolic blood pressure and diastolic

blood pressure was contributed by ICBP. ICBP summary data can be assessed through request to ICBP steering committee.
Contact Mark Caulfield (ku.ca.lumg@dleifluac.j.m) or Paul Elliott (ku.ca.lairepmi@ttoille.p) to apply for access to the
data. Data on allergic disease (asthma, hay fever or eczema), systemic lupus erythematosus, c-reactive protein level, serum
albumin level, receptor for advanced glycosylation end products level, and sleep duration was contributed by MRC-IEU
(https://gwas.mrcieu.ac.uk/). Data on primary sclerosing cholangitis was contributed by IPSCSG (https://www.ipscsg.org/).

Data on Alzheimer's disease was contributed by ADGC (http://www.adgenetics.org/). Data on schizophrenia was con-
tributed by PGC (https://pgc.unc.edu/). Data on ischemic stroke was contributed by MEGASTROKE (https://www.
megastroke.org/). Data on multiple sclerosis was contributed by IMSGC (https://imsgc.net/). Data on type 2 diabetes
was contributed by DIAGRAM (https://www.diagram-consortium.org/). Data on triglycerides, total cholesterol, HDL

cholesterol, LDL cholesterol level was contributed by GLGC (https://www.lipidgenetics.org/). Data on fasting glucose
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