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Biological aging has been linked to multiple psychological disorders, yet its extrapolation to suicide remains absent. We aimed to
examine the associations of biological aging with suicidal ideation (SI) and suicide attempt (SA) and to explore possible moderators
of the associations. A total of 124,529 middle and older participants from the UK Biobank were included. Phenotypic age
(PhenoAge) indicating biological aging was calculated based on chronological age and nine clinical biomarkers. The residuals of
PhenoAge regressed on chronological age were utilized to quantify biological aging, termed PhenoAge acceleration (PAA).
Approximately one-third of baseline participants completed mental health follow-up questionnaires including suicide-related
information. Multivariate logistic regression models were performed to estimate the associations. 2718 (2.2%) SA and 5207 (4.4%) SI
cases were documented. Compared with participants in the lowest quartile of PAA, those in the highest quartile had a 21.8% [odds
ratio (OR) = 1.218; 95% confidence interval (Cl): 1.087-1.198) and 12.5% (OR = 1.125, 95% Cl: 1.035-1.224) higher odds of SA and S|,
respectively. Biologically older participants (PAA > 0) were more likely to report SA (OR = 1.104, 95% Cl: 1.018-1.198) and SI

(OR = 1.064, 95% Cl: 1.003-1.129). Gender, age, socioeconomic status (SES), physical activity, and somatic and psychiatric disorders
could modify the associations (P for interaction <0.05). Our findings indicated that PAA-measured aging might be positively
associated with SA/SI. Interventions aimed at slowing aging might contribute to suicide prevention, especially among males, young

adults, low SES, the physically inactive, and vulnerable populations.
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INTRODUCTION

Annually, over 700,000 individuals globally succumb to suicide,
comprising 1.3% of the total mortality [1]. As the leading risk
factors for suicide deaths, suicide attempts (SA) and suicidal
ideation (SI) place a profound burden on society and have
emerged as a significant public health crisis. Data from the World
Health Organization (WHO) revealed that each suicide death is
preceded by more than twenty SA [2]. Individuals who reported SI
in the past 1 year had a significantly higher prevalence of future
suicide [3]. Identifying emerging risk factors for SA and Sl is
paramount in the effort to prevent suicide deaths. While
chronological age has been extensively studied as risk factors
for suicide, biological age might offer unique insights by reflecting
physiological processes, such as inflammatory response, metabolic
health, and immune function [4, 5].

Biological age has been demonstrated as a better predictor of
aging-related adverse outcomes than chronological age [6, 7].
To date, a variety of measurements of biological age have been
proposed, ranging from biomarkers at the individual level to the
integration of multi-omics aging clocks [4-8]. Among these,
Phenotypic age (PhenoAge), a clinical biomarker-based measure
of biological age [5, 9], has been developed and independently
validated to predict morbidity and mortality in diverse popula-
tions [6, 10]. Although previous studies have demonstrated a

possible association between suicide and biological aging,
almost all studies to date have examined whether suicide may
lead to accelerated biological aging [11-15]. However, no study
has yet investigated whether biological aging itself can serve as
a predictor of suicide. Notably, a recent large population-based
cohort study has pointed to biological aging itself as a risk factor
for anxiety/depression, which is a recognized risk factor for
suicide [16]. It is reasonable to hypothesize that biological aging
may be a potential risk factor for SA/SI. Biological aging might
influence suicidal behaviors through mechanisms such as
dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis
[17, 18], systemic inflammatory disorders [19, 20], and stress-
related hormonal disturbances [21, 22]. Additionally, PhenoAge
acceleration (PAA), quantifying the difference between Pheno-
Age and chronological age, has been reported to perform well
in differentiating the risk of several adverse outcomes
[10, 16, 23]. Hence, investigating the role of PAA in suicidal
behaviors could be instrumental in providing new perspectives
on suicide prevention.

To characterize extant literature gaps, we conducted a
prospective cohort study to examine the associations of PAA-
measured biological aging with SA/SI and to explore whether the
associations are modified by sociodemographic, lifestyle, and
health-related factors.
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MATERIALS AND METHODS

Study participants

The current study utilized data from the UK Biobank, one of Europe’s
largest prospective cohorts with continuous follow-up, recruiting over
500,000 middle-aged and elderly participants (aged 37-73 years) in the
United Kingdom from 2006-2010. In brief, participants in the UK Biobank
provided information on the sociodemographic, lifestyle, environmental,
and genetic determinants of a range of complex conditions through
completing touchscreen questionnaires and medical examinations. A
thorough description of the cohort was documented in earlier research
[24]. To ensure the accuracy and reliability of the collected data, the UK
Biobank implemented rigorous quality control measures across all stages
of data collection, including standardized procedures for biological sample
collection, data entry, and physical measurements. The biological samples,
such as blood, urine, and saliva, were processed and stored under strict
protocols to prevent degradation, with biochemical analyses conducted
using validated laboratory techniques [25]. Additionally, extensive data
linkage with electronic health records from the National Health Service
(NHS) ensures the reliability of disease information. Informed consent was
obtained from all participants before recruitment. The UK Biobank project
received ethical approval from the Northwest Multi-center Research Ethics
Committee (http://www.ukbiobank.ac.uk/ethics/). The authors declare that
all procedures in this study were in accordance with the Declaration of
Helsinki.

Between 2016 and 2017, about one-third of the initial participants
(n=157,366) completed a mental health questionnaire that contained
information related to suicide [26]. Of these, 1922 participants who did not
provide comprehensive data on SA/SI were excluded from this study.
Second, participants who did not have the complete biomarker data
required to calculate PhenoAge were omitted (n = 28,078). Furthermore,
we excluded participants missing information on covariates (n=2837).
Finally, a total of 124,529 eligible participants were included in the formal
analysis (Supplementary Fig. 1).

Assessment of exposures

Consistent with previous well-validated UK Biobank studies [10, 16, 23],
PhenoAge was calculated using the Gompertz proportional hazard model
[5], which integrates all-cause mortality prediction scores derived from
nine clinical biomarkers—namely albumin, alkaline phosphatase, creati-
nine, glucose, C-reactive protein, lymphocyte percentage, mean cell
volume, red cell distribution width, and white blood cell count—and
chronological age (‘BioAge’ package in R software). The missing informa-
tion for these biomarkers in this study and the corresponding Field IDs in
the UK Biobank are shown in Supplementary Table 1. The percentage of
missing data for these biomarkers ranged from 4.1% for red blood cell
distribution width to 14.1% for glucose. To quantify biological aging, a
linear regression model was applied to regress PhenoAge on chronological
age, thereby calculating the residual value, referred to as PAA. PAA greater
than zero were defined as indicating individuals who are biologically older
than their chronological age. A detailed description of PhenoAge is
outlined in Supplementary Methods.

Definition of outcome

In the UK Biobank’s online mental health follow-up survey (2016-2017),
participants first responded to the question, “Have you deliberately
harmed yourself, whether or not you meant to end your life?” (Data-Field:
20480). If the response was affirmative, they then were probed, “Have you
harmed yourself with the intention to end your life?” (Data-Field: 20483).
Responses of ‘no’ to either question resulted in a score of 0, signifying the
absence of SA, and ‘yes’ to both led to a score of 1, indicating the presence
of SA. Sl was defined by the question, “How often have you been bothered
by the thoughts that you would be better off dead or of hurting yourself in
some way?” (Data-Field: 20513). Participants who answered ‘not at all’ were
considered to be free of Sl, otherwise, they did. The definition of SA and SI
employed in the study has been confirmed by prior studies [27, 28].

Assessment of covariates

We considered sociodemographic characteristics [including chronological
age (continuous), sex, ethnicity (white vs. others), educational level (college
or university vs. others), employment status (employed vs. unemployed),
and Townsend Deprivation Index (TDI, continuous)], lifestyle factors
[including smoking, alcohol consumption, physical activity (PA), sleep
duration, and body mass index (BMI)], and health-related factors [including
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hypertension, diabetes, coronary heart disease (CHD), stroke, and
psychiatric disorders] as potential covariates. Chronological age was
determined by subtracting the date of birth from the date of attending
the baseline recruitment. The TDI covered information on social class,
employment and housing, and reflected area-level deprivation, with higher
scores indicating higher deprivation [29]. Based on previous studies
[29-31], we stratified each lifestyle factor into healthy and unhealthy
categories. The unhealthy categories encompassed current smokers, once
or more per week of alcohol consumption, <7 or >9h/day of sleep
duration, BMI > 25 kg/mz, and <150 min/week of moderate-intensity PA or
<75 min/week of vigorous-intensity PA. Details on the assessment of
lifestyle factors are presented in Supplementary Table 2. Psychiatric
disorders include depression, anxiety, bipolar disorder (BD), and schizo-
phrenia at baseline. Health-related factors were identified by the
International Classification of Diseases, Tenth Revision (ICD-10) codes
among the “First occurrence fields” of health-related outcomes from the
UK Biobank (Data Category: 1712). Missing information and Field IDs in the
UK Biobank for covariates are provided in Supplementary Table 3. The
proportion of missing data for all covariates was less than 1%, with the
highest being PA (0.8%).

Statistical analyses

ANOVA or Wilcoxon rank-sum tests were performed for continuous variables
[expressed as mean (standard deviation, SD) or median (interquartile range,
IQR)], and Chi-square tests were utilized for categorical variables [presented
as frequency (%)), to describe baseline characteristics by biological aging or
SA/SI. Multivariable logistic regression models were utilized to explore the
associations of PAA with the odds of SA/SI, with results presented as odds
ratios (OR) and 95% confidence intervals (Cl). Three models with stepwise
adjustments for covariates were conducted: Model 1 adjusted for socio-
demographic factors; Model 2 accounted for lifestyle factors plus Model 1;
Model 3 augmented Model 2 with health-related factors. First, to estimate
the odds of SA/SI ascribed to high PAA, we analyzed PAA as categorical
variables (Quartiles), considering the lowest PAA (Quartile 1) as the reference
group. The trend tests were conducted by designating quartiles as
continuous variables. Subsequently, the PAA was standardized and
processed as a continuous variable to calculate OR per SD increment. Also,
to assess the impact of PAA on SA/SI in participants with the same
chronological age, we calculated the OR for biologically older participants,
using biologically younger as the reference group. The restricted cubic
spline (RCS) (‘rcssci’ package in R software) model was applied to investigate
the dose-response relationship between PAA and SA/SI [32].

To explore whether possible moderators of the associations between
PAA and SA/SI, subgroup analyses were performed by sex (male vs.
female), age (<60 years vs. =60 years), education (college or university vs.
others), TDI (<median vs. =median), employment status (being employed
vs. others), lifestyles (healthy vs. unhealthy), and health-related factors (yes
vs. no). Likelihood tests were conducted to test the significance of the
moderation effect by including or excluding the interaction term between
PAA and the stratification factor in Model 3.

To augment the robustness of the findings, several sensitive analyses
were conducted. First, considering that childhood adversity may influence
the relationship between the exposure of interest and SA [33, 34], the
study further adjusted for childhood adversity based on Model 3.
Childhood adversity was evaluated using the Childhood Trauma Screen,
a widely used online scale including physical abuse and neglect, emotional
abuse and neglect, and sexual abuse [33]. Detailed evaluations of
childhood adversity can be found in Supplementary Table 4. Second, we
reran the primary analysis after filling in covariates with missing values
using multiple imputation techniques (‘mice’ package in R software). Third,
we reanalyzed the associations without adjusting for psychiatric disorders
or excluding individuals with psychiatric disorders at baseline. Fourth, we
reran the association analyses after further adjustment for neurological
disorders, including dementia and Parkinson’s disease. Fifth, to minimize
the effect of reverse causation bias, we reran the analyses after excluding
participants who self-reported suicide attempts or self-harm (UK Biobank
Field ID: 20002) at baseline. Sixth, we re-examined the associations using
the quintile categorization of PAA. Seventh, we additionally adjusted for
the effects of cancer at baseline. Eighth, the associations were reanalyzed
after excluding patients with depression or cardiovascular diseases (CVD,
including CHD and stroke) at baseline.

All analyses were conducted by SAS 9.4 (SAS Institute, Cary, NC, USA)
and R Statistical Software (version 4.2.2). A two-tailed P value < 0.05 was
regarded as statistically significant.
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RESULTS

Baseline characteristics

The study comprised 124,529 participants [mean age (SD), 55.9
(7.7) years; 44.2% were male], and 2718 (2.2%) SA and 5207
(4.2%) S| cases were recorded at follow-up. 39.6% of participants
were biologically older. The biologically younger and older
groups had nearly identical mean chronological ages, yet they
exhibited a mean biological age disparity of 6.6 years.
Biologically older individuals were more likely to be in the age
group 60 and older. Compared with biologically younger
individuals, those who were biologically older tended to be
male, non-white, have lower socioeconomic status (SES, includ-
ing less educated and unemployment), face high levels of
poverty, possess unhealthy lifestyles, and suffer from physical or
psychiatric disorders at baseline (Table 1). Similar findings were
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obtained when describing baseline characteristics stratified by
SA or S| (Supplementary Table 5).

Longitudinal associations of PAA with SA and SI

RCS analysis did not reveal a nonlinear association between PAA
and SA (nonlinear P>0.05) (Fig. 1). Table 2 displays the
associations of PAA with SA and SI. After adjusting for various
potential confounders in Model 3, we found that compared with
participants in the lowest quartile of PAA, those in the highest
quartile had a 21.8% (OR=1.218, 95% ClI: 1.087-1.198, P for
trend < 0.001) and 12.5% (OR=1.125, 95% Cl: 1.035-1.224, P for
trend < 0.001) higher likelihood of SA and SI, respectively.
Furthermore, the OR for per SD increment in PAA was 1.051
(95% Cl: 1.013-1.091) and 1.051 (95% Cl: 1.022-1.080) for SA and
SI, respectively. When dichotomizing PAA, we observed that

Table 1. Descriptive statistics of participants by biological aging.

Characteristics Overall

(N =124,529)

Suicidal attempt, n (%) 2718 (2.2)
Suicidal ideation, n (%) 5207 (4.2)
Phenotypic age acceleration®, years, mean (SD) —0.6 (4.3)
Phenotypic age, years, mean (SD) 49.3 (8.9)
Chronological age, years 55.9 (7.7)
Age groups, n (%)

<60 years 76,294 (61.3)

260 years 48,235 (38.7)
Female, n (%) 69,528 (55.8)
College or university degree, n (%) 57,152 (45.9)
Being employment, n (%) 80,305 (64.5)

White, n (%)

Townsend deprivation index, median (IQR) —2.5(—3.8,
Current smokers, n (%) 8901 (7.1)
Alcohol consumption once or more per week, n (%) 92,956 (74.6)
BMI, mean (SD) 26.8 (4.5)

Abnormal sleep duration, n (%)
Physical inactivity, n (%)
Prevalent hypertension, n (%)

121,151 (97.3)

28,150 (22.6)
53,942 (43.3)
27,079 (21.7)

Prevalent diabetes, n (%) 4094 (3.3)
Prevalent CHD, n (%) 4320 (3.5)
Prevalent stroke, n (%) 1732 (1.4)

Prevalent psychiatric disorders, n (%)

Components of phenotypic age, mean (SD)

17,379 (14.0)

Albumin, g/L 45.4 (2.6)
Alkaline phosphatase, U/L 81.0 (23.8)
Creatinine, umol/L 71.7 (15.3)
Glucose, mmol/L 5.1 (1.1)
CRP, mg/dL 0.2 (0.4)
Lymphocyte percent, n (%) 29.1 (7.3)
Mean cell volume, fL 82.8 (5.1)
Red cell distribution width, n (%) 13.4 (0.9)
White blood cell count, 1000 cells/ul 6.7 (1.8)

CHD coronary heart disease, CRP C-reactive protein, SD standard deviation, /QR interquartile range.
“Biological older and younger respectively represent Phenotypic age acceleration >0 and <0.

PPhenotypic age acceleration represented the residual derived from a linear regression of Phenotypic Age on chronological age. The average Phenotypic age
acceleration in the biologically younger group was —3.2 + 2.2 years, suggesting 3.2 years younger than chronological age.
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Biological aging® P value
Biologically younger Biologically older
(N =75,248) (N =49,281)
1475 (2.0) 1243 (2.5) <0.001
2833 (3.8) 2374 (4.8) <0.001
-32(22) 4 (3.6) <0.001
46.8 (7.9) 53.2 (8.8) <0.001
56.0 (7.6) 55.8 (8.0) <0.001
<0.001
46,331 (61.6) 29,963 (60.8)
28,917 (38.4) 19,318 (39.2)
46,231 (61.4) 23,297 (47.3) <0.001
35,669 (47.4) 21,483 (43.6) <0.001
48,830 (64.9) 31,475 (63.9) <0.001
73,523 (97.7) 47,628 (96.6) <0.001
—0.2) —2.5(—3.9, —04) —2.3(-3.7,0.1) <0.001
3758 (5.0) 5143 (10.4) <0.001
57,312 (76.2) 35,644 (72.3) <0.001
26.1 (4.0) 27.8 (5.0) <0.001
16,382 (21.8) 11,768 (23.9) <0.001
31,627 (42.0) 22,315 (45.3) <0.001
14,528 (19.3) 12,551 (25.5) <0.001
1329 (1.8) 2765 (5.6) <0.001
2076 (2.8) 2244 (4.6) <0.001
858 (1.1) 874 (1.8) <0.001
10,050 (13.4) 7329 (14.9) <0.001
45.8 (2.5) 447 (2.6) <0.001
78.1 (20.6) 85.4 (27.4) <0.001
68.4 (12.2) 76.8 (18.0) <0.001
4.9 (0.6) 5.3 (1.5) <0.001
0.2 (0.2) 3 (0.6) <0.001
30.8 (6.9) 26.6 (7.2) <0.001
81.9 (4.6) 84.3 (5.5) <0.001
13.1 (0.6) 14.0 (1.1) <0.001
6.2 (1.4) 7.5 (2.1) <0.001
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P-overall = 0.012
P-nonlinear = 0.138

Estimation
95% CI

OR (95 % CI) for suicide attempts

OR (95 % CI) for suicidal ideation

P-overall = 0.001
0.363

Estimation
95% CI

P-nonlinear

20
PAA

Fig. 1

0 20 10
PAA

Dose-response relationship of Phenotypic age acceleration with suicide attempts and suicidal ideation. PAA phenotypic age

acceleration, OR odds ratio, Cl confidence interval. Model adjusted for age, sex, education, ethnicity, employment, Townsend Deprivation
Index, smoking, alcohol consumption, physical activity, sleep duration, body mass index, hypertension, diabetes, coronary heart disease,

stroke, and psychiatric disorders.

Table 2.

Phenotypic age Odds of suicide attempt

acceleration

Cases (%) Model 1

OR (95% CI) P value
Per SD increment 2718 (2.2) 1.128 (1.099-1.156) <0.001
Quartile 1 579 (1.9) 1(Reference)
Quartile 2 639 (2.1) 1.142 (1.018-1.280) 0.023
Quartile 3 637 (2.1) 1.151 (1.026-1.291) 0.017
Quartile 4 864 (2.8) 1.508 (1.353-1.681) <0.001
P for trend <0.001
Biologically younger® 1475 (2.0) 1(Reference)
Biologically older 1243 (2.5) 1.283 (1.187-1.387) <0.001

Phenotypic age Cases (%) Odds of suicidal ideation

acceleration

Per SD increment 5207 (4.2) 1.127 (1.099-1.156) <0.001
Quartile 1 1092 (3.5) 1(Reference)

Quartile 2 1210 (3.9) 1.068 (0.982-1.162) 0.123
Quartile 3 1285 (4.1) 1.119 (1.029-1.216) 0.008
Quartile 4 1620 (5.2) 1.361 (1.256-1.474) <0.001
P for trend <0.001

Biologically younger® 2833 (3.8) 1(Reference)

Biologically older 2374 (4.8) 1.210 (1.144-1.281) <0.001

OR odds ratio, C/ confidence interval.

Associations of Phenotypic age acceleration with the odds of suicide attempt and suicidal ideation.

Model 2 Model 3
OR (95% ClI) P value OR (95% CI) P value
1.064 (1.026-1.103) <0.001 1.051 (1.013-1.091) 0.009
1(Reference) 1(Reference)
1.097 (0.978-1.230) 0.115 1.110 (0.989-1.246) 0.077
1.057 (0.941-1.187) 0.349 1.055 (0.939-1.186) 0.368
1.244 (1.111-1.393) <0.001 1.218 (1.087-1.366) <0.001
<0.001 <0.001
1(Reference) 1(Reference)
1.123 (1.037-1.217) 0.005 1.104 (1.018-1.198) 0.017
1.062 (1.033-1.091) <0.001 1.051 (1.022-1.080) <0.001
1(Reference) 1(Reference)
1.029 (0.946-1.220) 0.505 1.034 (0.950-1.126) 0.436
1.036 (0.953-1.127) 0.405 1.035 (0.951-1.126) 0.429
1.148 (1.057-1.247) <0.001 1.125 (1.035-1.224) 0.006
<0.001 <0.001
1(Reference) 1(Reference)
1.079 (1.017-1.144) 0.011 1.064 (1.003-1.129) 0.040

“Biologically older and younger respectively represent Phenotypic age acceleration >0 and <O0.

Model 1 adjusted for age, sex, education, ethnicity, employment, and Townsend Deprivation Index.

Model 2 adjusted for Model 1 plus smoking, alcohol consumption, physical activity, sleep duration, and body mass index.
Model 3 adjusted for Model 2 plus hypertension, diabetes, coronary heart disease, stroke, and psychiatric disorders.

biologically older participants had a significantly higher likelihood
of experiencing SA compared to their biologically younger
counterparts (OR=1.104, 95% ClI: 1.018-1.198). Similar findings
were observed for S| (OR = 1.064, 95% Cl: 1.003-1.129).

After further adjustment for childhood adversity, the associa-
tions of PAA with SA/SI were not substantially modified
(Supplementary Table 6). When re-analyzed using imputed
covariates, the associations remained robust (Supplementary
Table 7). Sensitivity analyses without adjusting for psychiatric

SPRINGER NATURE

disorders or excluding individuals with psychiatric disorders at
baseline yielded similar association patterns to the primary
analyses (Supplementary Table 8). Sensitivity analyses adjusting
for neurological disorders, excluding cases of self-reported suicide
attempts or self-harm at baseline, categorizing PAA into quintiles,
or making additional adjustments for baseline cancer did not
change the robustness of the associations (Supplementary Tables
9-11). Excluding baseline depression or CVD cases did not
essentially affect the associations (Supplementary Table 12).

Translational Psychiatry (2025)15:204



W. Hu et al.

Biologically older vs. Biologically younger

Subgroups N (cases) OR (95% CI) P for interaction

Age groups 0.016
< 60 years 7.6294 (2,032)  1.205(1.098-1.323) =0
> 60 years 48,235 (686) 1.005 (0.855-1.181) —#——

Sex 0.024
Male 55,001 (876) 1.221 (1.060-1.406) —
Female 69,528 (1,842)  1.074(0.973-1.186) -

Education level 0.175
College or university 57,152 (1,230)  1.070 (0.949-1.206) -
Others 67,377 (1,488)  1.152(1.034-1.285) e

TDI 0.254
< median value 62,289 (932) 1.080 (0.942-1.238) -
> median value 62,240 (1,786)  1.157 (1.048-1.278) T

Employment 0.910
Being employment 80,305 (1,811)  1.143(1.037-1.261) =T
Unemployment 44,224 (907) 1.051 (0.911-1.212) -

Smoking 0.340
Unhealthy 8,901 (456) 1.233(1.003-1.517) ——%———
Healthy 115,628 (2,262) 1.099 (1.007-1.200) ——

Alcohol consumption 0.275
Unhealthy 92,956 (1,707)  1.158 (1.047-1.281) ——
Healthy 31,573 (1,011)  1.052(0.920-1.202) fe—————

Physical activity 0.326
Unhealthy 53,942 (1,284)  1.150(1.022-1.293) ——
Healthy 70,587 (1,434)  1.086 (0.972-1.213) .

Sleep duration 0.058
Unhealthy 28,150 (858) 1.241 (1.074-1.435) —
Unhealthy 96,379 (1860) 1.068 (0.969-1.177) | .

BMI 0.394
Unhealthy 76,188 (1,759)  1.132(1.025-1.249) -
Healthy 48,341 (959) 1.118 (1.032-1.212) -

Physical disorders® 0.792
Yes 31,129 (717) 1.137 (0.972-1.329) L~
No 93,400 (2,001) 1.113(1.013-1.222) -

Psychiatric disorders® 0.222
Yes 17,379 (1,212)  1.064 (0.940-1.204) |
No 107,150 (1,506) 1.164 (1.047-1.294) ——

Prevalent depression 0.986
Yes 9,601 (858) 1.123 (0.974-1.295) —-—
No 114,928 (1,760) 1.120 (1.015-1.236) —

085 1 11513 14516 175
OR (95% CI)

Fig. 2 Stratified analysis for the associations of Phenotypic age acceleration with suicide attempts. TDI townsend deprivation index, BMI
body mass index, Cl confidence interval, OR odd ratio. Biologically younger participants were used as the reference group. ?Physical disorders
referred to any of hypertension, diabetes, coronary heart disease, and stroke. PPsychiatric disorders referred to any of anxiety, depression,
bipolar disorder and schizophrenia. Models adjusted for age, sex, education, ethnicity, employment, TDI, smoking, alcohol consumption,
physical activity, sleep duration, BMI, physical disorders, and psychiatric disorders (excluding stratification factors). Bold suggested significant

interactions.

Moderators of the associations of PAA with SA and SI

When PAA-SA associations were stratified by sociodemographic,
lifestyle, and health-related factors, we did not observe significant
interactions except for sex and age. In other words, the
detrimental impact of biological aging on SA was more
pronounced in younger (<60 years) and male participants (P for
interaction <0.05) (Fig. 2). As for SI, subgroup analyses implied that
SES, PA, physical disorders, and psychiatric disorders (especially
depression) markedly modified the associations with biological
aging (P for interaction <0.05) (Fig. 3).

DISCUSSION

Based on a large prospective cohort, the study findings indicated
that PAA-measured biological aging was significantly associated
with increased odds of SA and S| independent of various
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confounders. Specifically, compared to their biologically younger
counterparts, individuals who were biologically older at the same
chronological age were more likely to experience SA/SI at follow-
up. Notably, several sociodemographic factors (e.g., age, sex, and
SES), lifestyle factors (e.g., PA), and health-related factors (e.g.,
physical and psychiatric disorders) were identified as moderators
of the associations. These findings hold significant public health
implications, suggesting that interventions aimed at slowing
biological aging could potentially contribute to suicide
prevention.

To the best of our knowledge, this is the first study to
longitudinally investigate the relationship between PAA-measured
biological aging and SA/Sl. While no previous research has
specifically examined the association between biological aging
and SA/SI using the UK Biobank cohort, multiple studies using the
same cohort have demonstrated significant links between PAA-
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Subgroups

N (cases)

Biologically older vs. Biologically younger

Age groups
< 60 years
= 60 years
Sex
Male
Female
Education level
College or university
Others
TDI
< median value
> median value
Employment
Being employment
Unemployment
Smoking
Unhealthy
Healthy
Alcohol consumption
Unhealthy
Healthy
Physical activity
Unhealthy
Healthy
Sleep duration
Unhealthy
Unhealthy
BMI
Unhealthy
Healthy
Physical disorders®
Yes
No
Psychiatric disorders®
Yes
No
Prevalent depression
Yes
No

76,294 (3,786)
48235 (1,421)

55,001 (2,358)
69,528 (2,849)

57.152 (2,243)
67,377 (2,964)

62,289 (2,076)
62,240 (3,131)

80,305 (3,443)
44224 (1,764)

8,901 (697)
115,628 (4,510)

92,956 (3,398)
31,573 (1,809)

53,942 (2,448)
70,587 (2,759)

28,150 (1,721)
96,379 (3,486)

76,188 (3.418)
48341 (1,789)

31,129 (1,414)
93,400 (3,793)

17,379 (1,744)
107,150 (3,463)

9,601 (1,307)
114,928 (3,900)

OR (95% CI) P for interaction

0.583
1.121 (1.046-1.200) =0
1.152(1.031-1.288) —

0.681
1.089 (0.999-1.186) — -
1.119(1.033-1.212) —

0.013
1.017 (0.931-1.112) —
1.158 (1.071-1.251) —

0.733
1.091 (0.996-1.196) —
1.109 (1.028-1.196) —_—

0.001
1.043 (0.971-1.120) ™
1.202 (1.085-1.332) .

0.712
1.117 (0.945-1.320) I
1.094 (1.028-1.165) ——

0.735
1.086 (1.011-1.167) e
1.116 (1.010-1.234) R

0.022
1.161 (1.066-1.265) R
1.034 (0.955-1.120) ———

0.099
1.194 (1.077-1.325) e
1.052 (0.980-1.129) i P

0.414
1.107 (1.031-1.189) &
1.058 (0.955-1.172) .

0.016
1.213 (1.084-1.357) -
1.055 (0.985-1.130) i

0.007
1.253 (1.128-1.391) e
1.030 (0.960-1.105) —f—

0.032
1.228 (1.085-1.390) R
1.062 (0.993-1.135) | —

085 1 115 13 145
OR (95% CI)

Fig. 3 Stratified analysis for the associations of Phenotypic age acceleration with suicidal ideation. TDI townsend deprivation index, BMI
body mass index, Cl confidence interval, OR odd ratio. Biologically younger participants were used as the reference group. ®Physical disorders
referred to any of hypertension, diabetes, coronary heart disease, and stroke. PPsychiatric disorders referred to any of anxiety, depression,
bipolar disorder and schizophrenia. Models adjusted for age, sex, education, ethnicity, employment, TDI, smoking, alcohol consumption,
physical activity, sleep duration, BMI, physical disorders, and psychiatric disorders (excluding stratification factors). Bold suggested significant

interactions.

quantified biological aging and other health outcomes (eg.,
anxiety, depression, cancer, and neurological disorders) [16,
23, 35, 36], which are closely associated with suicide risk, potentially
supporting our findings. The consistency of these findings across
different outcomes using clinical markers of biological aging
provided further support for the validity of our approach. Moreover,
extensive prior studies have demonstrated a link between suicide
and biological aging [11-15]. For example, Lima et al. conducted an
analysis of blood DNA methylation in 144 individuals with BD and
discovered that accelerated epigenetic aging was significantly more
prevalent among those with a history of SA compared to those
without such a history [11]. In a case-control study of 248
individuals diagnosed with BD, researchers observed that an
increased frequency of SA correlated with shorter telomeres in
the case group [14]. In terms of Sl, a case-control study in 121
patients with schizophrenia suggested that individuals with SI
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exhibited significant epigenetic senescence [15]. Nonetheless, these
investigations emphasized the hypothesis that SA/SI may con-
tribute to accelerated aging. To our knowledge, only one study so
far has emphasized the opposite process [21]. Similar to our
findings, a case-control study by Martinez et al. in 143 individuals
(60 with BD) found that telomere length was significantly
associated with Sl [21]. The representativeness of this study was
limited by the cross-sectional design with susceptible individuals
[21]. Historically, studies on this topic have relied on expensive and
time-consuming molecular techniques to assess biological aging,
typically focusing on mental disorder patients within small samples
[11-15]. The present study adopted more accessible and cost-
effective clinical markers as indicators of biological aging, which
may significantly enhance the scope of suicide prevention
strategies. The hyperactivity of the HPA axis was associated with
an increased risk of suicidal behavior [17]. Meanwhile, the function
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of the HPA axis declined with biological aging [18]. Hence,
dysregulation of HPA might be one of the neurobiological
mechanisms underlying the prospective associations between
biological aging and suicide-related behaviors identified in the
current study. Also, systemic inflammatory dysregulation [19, 20]
and stress-related hormonal disturbances [21, 22] might act as
underlying mechanisms of the associations. Furthermore, mounting
studies have established that PAA-measured biological aging is a
valid predictor of a range of physical and psychological disorders
that have been documented to be significant risk factors for SA/SI
[1, 10, 16, 23]. Such the above-mentioned evidence supported the
study findings that biological aging might be associated with the
risk of SA and SI. The findings of this study underscored the
importance of considering biological aging in suicide research.
Biological aging based on clinical markers integrates multiple
physiological pathways and could contribute to an improved
understanding of the mechanisms underlying suicidal behaviors.
This shift in focus might open new avenues for suicide intervention,
for instance, strategies aimed at slowing biological aging (e.g.
lifestyle modifications) could complement existing psychological or
social interventions.

Moreover, we observed that the detrimental impact of PAA-
measured biological aging on SA was more pronounced in
younger and male participants. The aging process may lead to
diverse perceptions of life expectancy and quality of life, where
younger individuals often face significant challenges in accepting
the inherent limitations of biological aging. In alignment with
previous research, Gao et al. found that males were at higher risk
for anxiety/depression associated with biological aging [16]. One
plausible reason is that males are more associated with unhealthy
lifestyle choices, such as smoking and drinking alcohol, which are
significant risk factors for SA [37]. Regarding SI, we found a
significant interaction term between biological aging and SES
(education and employment), such that the associations between
biological aging and SI were stronger among those with low SES
compared to their counterparts with high SES. Prior studies have
demonstrated that low-SES individuals exhibited higher Sl severity
and were more likely to be on a high persistent S| trajectory at
follow-up [38, 39]. One possible explanation is that high-SES
individuals typically possess better mental health services and
more extensive social support, which may be beneficial in
reducing the odds of SI [39]. Hence, it is feasible that the high
SES could mitigate the adverse effects of biological aging.
Moreover, previous studies have illustrated the benefits of lifestyle
interventions in delaying biological aging or its health detriments.
For instance, a prospective cohort study of 281,889 individuals
reported that healthier lifestyles were more likely to alleviate the
detrimental impact of biological aging on cancer [40]. A
randomized controlled trial reported lifestyle intervention could
reverse epigenetic aging [41]. Supporting these studies, the
present study detected that maintaining healthy lifestyles might
mitigate the harmful effects of biological aging on suicide to some
extent, although significant interactions were observed only in PA.
As expected, we found that the association between biological
aging and S| was more pronounced in participants with physical
and psychiatric disorders. Aging individuals may contemplate
death more frequently as the quality of life declines, especially if
suffering from long-lasting chronic diseases, which may increase
the risk of Sl [42]. Further research is warranted to confirm and
decipher these moderators of the biological aging-suicide
associations found in the study.

In addition to the prospective design with large samples, the
study demonstrated for the first time that PAA-measured
biological aging might be associated with SA and SI. Compared
to other molecular-level indicators, clinical marker-based indica-
tors of biological aging are more accessible and hold great
promise for suicide prevention. Acknowledging several limitations
of this study was warranted. First, the nature of observational
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studies made it impossible to rule out the possibility of
unmeasured or residual confounders and to establish the causality
of observed associations. Further studies, such as Mendelian
randomization or experimental studies, are warranted to deter-
mine causality. Second, PhenoAge is dynamic and changes over
time, but our study was limited to a single measurement and did
not account for this variability. It is necessary to use repeated-
measures data from multiple time points to explore how changes
in PhenoAge over time affect suicide risk. Third, limitations in data
availability prevented us from excluding individuals with a history
of suicide at baseline, so the possibility of reverse causation
remained, despite our efforts to control for a range of confounders
significantly associated with suicide including common mental
disorders and childhood adversity. Fourth, the definition of SA and
Slin the study was based on participants’ self-reports rather than
clinical diagnoses, and therefore the findings may be susceptible
to recall bias. However, the measurement of suicidal behaviors
used in this study has been validated by previous studies [27, 28].
Fifth, the vast majority of our study sample was white (97.4%),
which limited the extrapolation of the findings. Therefore,
duplicating our findings across racially diverse populations was
warranted. Sixth, suicidal behaviors are the result of the
interaction between genetic and environmental factors, but this
study did not consider genetic information. Future research will
necessitate the inclusion of genetic factors for a more compre-
hensive analysis. Finally, participants in the UK Biobank are
typically healthier than the general population, which may have
affected the representativeness of the study findings, although
the external validity of the risk factor associations observed in this
cohort has been previously established [43].

In summary, the large population-based prospective cohort
study observed significant positive associations between PAA-
quantified biological aging and SA/SI, particularly among males,
young adults, individuals with low SES, and those with chronic
diseases. Maintaining healthy lifestyles, such as engaging in
regular PA, might somewhat modify the associations.
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