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Abstract

IMPORTANCE It remains unclear whether obesity accelerates biological aging, potentially leading to
early-onset chronic diseases.

OBJECTIVE To investigate the association between long-term obesity and the expression of
biochemical aging markers in younger adults.

DESIGN, SETTING, AND PARTICIPANTS This multiple-events case-control study, conducted from
April 5, 2022, to June 29, 2023, was embedded in the Santiago Longitudinal Study, a prospective
Chilean birth cohort of adults aged 28 to 31 years among whom health and nutrition data were
collected from September 1992 onward.

EXPOSURE Body mass index (BMI) trajectory across the life course, recorded multiple times since
birth. Group 1 had healthy BMI across the life course, group 2 had persistent obesity since
adolescence, and group 3 had persistent obesity since childhood.

MAIN OUTCOMES AND MEASURES Smoothed BMI trajectories (cubic polynomials) were used to
estimate obesity duration. Primary outcomes were DNA methylation–based age and telomere length
(TL). Secondary outcomes included levels of aging-related cytokines, growth factors, and
adipomyokines.

RESULTS In the sample of 205 adults (mean [SD] age, 28.9 [0.6] years; 100 females [49%]), 89
(43%) were in group 1, 43 (21%) in group 2, and 73 (36%) in group 3. Mean (SD) obesity duration
was 12.9 (4.8) years in group 2 and 26.6 (2.3) years in group 3. Long-term obesity was associated with
adulthood expression of biomarkers denoting antagonistic and integrative aging hallmarks,
including mean (SD) hs-CRP (1.69 [2.1] vs 3.67 vs 4.24 [2.4] mg/L; P < .001; f = 0.57 [95% CI,
0.44-0.70]) and IL-6 (log, 0.69 [0.5] vs 1.03 [0.4] vs 0.99 [0.4]; P < .001; f = 0.53 [95% CI,
0.41-0.62]), as well as FGF-21, IGF-1, IGF-2, apelin, and irisin. Cohen f coefficient indicated a
large effect size for the association of long-term obesity with adulthood expression of
these markers.

CONCLUSIONS AND RELEVANCE In this multiple-events case-control study, long-term obesity
was associated with the expression of biochemical aging markers in adults aged 28 to 31 years,
consistent with epigenetic alterations, telomere attrition, chronic inflammation, impaired nutrient
sensing, mitochondrial stress, and compromised intercellular communication. In young adults,
chronic health issues may emerge from accelerated biological aging associated with
long-term obesity.
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molecular signals in young adults.

+ Invited Commentary

+ Supplemental content

Author affiliations and article information are
listed at the end of this article.

Open Access. This is an open access article distributed under the terms of the CC-BY License.

JAMA Network Open. 2025;8(7):e2520011. doi:10.1001/jamanetworkopen.2025.20011 (Reprinted) July 11, 2025 1/15

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.20011&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.20011
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.22387&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.20011
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.20011&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.20011


Introduction

Obesity is a major risk factor for the development of most noncommunicable chronic diseases.
Extensive research shows that obesity reduces health span and life expectancy by increasing the risk
of cardiometabolic, neoplastic, and musculoskeletal diseases,1-5 all conditions for which aging is the
leading known risk factor. Typical consequences of aging, such as sarcopenia, atherosclerosis, insulin
resistance, and declining adaptive immune function, are hastened by obesity. Furthermore, these
health issues are increasingly seen in younger people6-10 and may indicate early signs of accelerated
aging. Recently, 2 research groups reviewed the aging hallmarks and their potential link with
obesity.11,12 Both concluded that the pathophysiological changes associated with obesity are similar
to or contribute to those seen in aging, suggesting that obesity may accelerate the progressive
decline in physiological integrity typically found in aging organisms. In 2023, additional hallmarks—
chronic inflammation, dysbiosis, and altered macroautophagy—were identified, which are also
prevalent in obesity, further supporting the hypothesis that obesity accelerates age-associated
change, though it remains unproven.13

Obesity is associated with shortened lifespans and increased risk of early-onset chronic
diseases.14-17 However, research is still lacking in understanding the specific molecular pathways and
mechanisms connecting obesity and aging. Both share many physiological traits: systemic
inflammation, telomere attrition, gut microbiome imbalance, mitochondrial dysfunction, impaired
nutrient sensing, poor intercellular communication, altered proteostasis,18-24 cellular senescence,25

and age-related DNA hypomethylation.26,27 With an estimated 1 billion people expected to have
obesity by 2030, we are approaching a future where the global population may be physiologically
older than current sociodemographic data suggest, jeopardizing efforts for healthy, functional, and
successful aging.28

A prospective cohort of males and females born in Chile in the 1990s could be an ideal model to
test the hypothesis that obesity accelerates aging.29 At age 28 to 31 years, the mean body mass index
(BMI, calculated as weight in kilograms divided by height in meters squared) in the cohort was 29,
and 39% had obesity, with no differences by sex. Lipid profile, blood pressure, and pulse-wave
velocity (PWV) suggested high cardiovascular risk. Prevalence of metabolic syndrome and metabolic
dysfunction–associated steatotic liver disease (MASLD) increased from 15% to 24% at age 23 years
to 38% to 55% at age 29 years, and 13.7% of participants already used glucose-, blood pressure–, or
cholesterol-lowering medication as early as age 28 to 31 years. These clinical findings suggest that
chronic exposure to obesity may have led these young adults to age faster than what is considered
physiologically normal. We investigated whether biochemical aging signatures coexist with this
dysfunctional cardiometabolic profile. Our hypothesis was that long-term obesity would be
associated with these aging signatures in young adulthood.

Methods

The institutional review board at the Institute of Nutrition & Food Technology, Universidad de Chile,
approved this multiple-events case-control (MECC) study. Participants gave written informed
consent. The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE)
guideline was followed.

Study Design and Participants
We collected blood samples from participants (April 5, 2022, to June 29, 2023) in the Santiago
Longitudinal Study (SLS) (N = 947), Chile’s oldest birth cohort. The SLS began September 1992 to
study the effects of nutrition on children’s health, with follow-up assessments at ages 1, 5, 10, 12, 14,
16, 19, 21, 23, and 29 years. Enrollment criteria, rationale, and description of each assessment wave
are described elsewhere.9,29-31 A flowchart for the cohort from its beginnings to the present day is in
eFigure 1 in Supplement 1. A MECC design embedded in the SLS was conducted for this study. MECC
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involves a defined cohort from which participants are chosen for further measurements. MECC
outperforms case-cohort and nested case-control designs by reducing bias and improving data
analysis efficiency.32 We recruited females and males with complete data in all assessment waves
who had maintained a healthy BMI across the life course (group 1), who had persistent obesity since
adolescence (group 2), or who had persistent obesity since early childhood (group 3). Details on
recruitment and selection criteria for this study were previously described.31 A sample size of 205
participants allowed comparing 3 groups, permitting up to 10 covariates at α = .05, 1 − β = 0.9, and
f = 0.25. A comparison of included vs excluded SLS participants is in eTable 1 and eAppendix 1 in
Supplement 1.

Exposure
BMI trajectory across the life course, estimated from weight and height measured several times from
birth to adulthood, was standardized with World Health Organization references.33 Reference values
for females and males aged 19 years or older were used to standardize adulthood BMI. We used a
cubic polynomial spline to interpolate each participant’s BMI trajectory across the life course. This
method uses data points from original measurements and splines to smooth the transition between
data points. Spline interpolation is preferred over other polynomial interpolation methods, because
it can be used for segments and entire data series. It also allows for small interpolation errors.34 In
addition, this method provides a smooth parametric curve when dealing with sparse data,35

particularly if the spline departs from the original data points, as was the case in this cohort.
Following the method of Correa-Burrows et al,30 we obtained individual BMI trajectories from birth
to adulthood. Then we estimated the timing of obesity onset and duration in participants with
obesity. BMI trajectories across the life course are presented in eFigure 2 in Supplement 1, and a
methodological note on trajectory modeling is given in eAppendix 2 in Supplement 1.

Main Outcomes
The main outcomes were epigenetic age and telomere length. A 25-mL blood sample collected in
EDTA tubes was taken from each participant during a morning assessment in our clinic. The same
morning, peripheral blood mononuclear cells (PBMCs) were separated with Ficoll-Paque density
gradient (GE HealthCare). DNA was extracted from PBMCs with DNeasy Blood & Tissue Kits
(QIAGEN). One microgram of purified DNA was sent in batches of 96 to the Clock Foundation
(Torrance, CA), preserving the cold chain. The Infinium MethylationEPIC BeadChip array (Illumina)
was used to analyze over 850 000 CpG methylation sites in each sample across the genome, with
samples applied randomly. Mean interarray correlation, which measures how similar (correlated) a
given sample is compared with the other samples in the dataset, was 0.98 in our sample. DNA
methylation data underwent thorough quality assessment using standard checks, including principal
component analysis and visualizations through dendrograms and density plots. To reduce possible
batch effect biases, the DNA methylation data were normalized.36 Aside from computing well-
established first- and second-generation epigenetic clocks, the method also provides a methylation-
based estimation of leukocyte telomere length (TL). For analysis, we used epigenetic age estimated
with Horvath36 and GrimAge37 DNA methylation–based age clocks. We also computed the absolute
and comparative differences between chronological age at assessment and methylation-
based ages.

Secondary Outcomes
The secondary outcomes were aging-related cytokines, growth factors, and myokines. Plasma levels
of the proteins insulinlike growth factor 1 (IGF-1) and IGF-2; fibroblast growth factor 21 (FGF-21);
growth differentiation factor 15 (GDF-15) and GDF-11; interleukin 2 (IL-2), IL-6, and IL-10; tumor
necrosis factor α (TNF-α); and leptin, apelin, myostatin, osteonectin, irisin, oncostatin, and musclin
were determined with the Luminex system (Luminex Corp). The Bio-Plex 200 platform (Bio-Rad
Laboratories) was used with the following kits: MILLIPLEX MAP Human Cytokine-Chemokine Bead
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Panel (Merck Millipore) for IL-2, IL-6, IL-10, and TNF-α; MILLIPLEX Human Myokine Magnetic Bead
Panel (Merck Millipore) for apelin, myostatin, irisin, musclin, musclin, osteonectin, and oncostatin;
MILLIPLEX Human Aging Magnetic Bead Panel 1 (Merck Millipore) for GDF-11, GDF-15, FGF-21, and
leptin; and MILLIPLEX MAP Human IGF-I, II Magnetic Bead Panel (Merck Millipore) for IGF-1 and
IFG-2. Reagents were applied or prepared following manufacturer guidelines. Samples were
measured in duplicate. For analysis, all variables were log-transformed. Serum high-sensitivity
C-reactive protein (hs-CRP) level was measured with a sensitive latex-based immunoassay (eTable 2
in Supplement 1).

Additional Measurements
Cardiometabolic profiling was also performed. Waist circumference (WC) was measured with a
flexible tape at the midpoint between the last rib and the iliac crest. Systolic and diastolic blood
pressures were measured 3 times after 15 minutes at rest in the upper arm using an oscillometric
monitor; mean values were analyzed. Aortic PWV was measured using a Mobil-O-Graph (Cardiac
Monitoring Service) oscillometer placed in the upper arm. After an 8- to 12-hour overnight fast,
glucose, insulin, total cholesterol, triglycerides, and high-density lipoprotein (HDL) cholesterol levels
were determined. Blood glucose level was measured with an enzymatic colorimetric test.
Radioimmunoassay was used to determine insulin level. The dry analytical method was used to
determine cholesterol profile (Ortho Clinical Diagnostics). Homeostatic model assessment (HOMA)
quantified insulin resistance (HOMA-IR) and β-cell functioning (HOMA-β). Metabolic syndrome was
diagnosed with the American Heart Association; National Heart, Lung, and Blood Institute; and
International Diabetes Federation statement.38 A continuous metabolic syndrome severity score was
computed,39 as well as a Hamaguchi liver score40 (range, 0-6, with higher scores indicating greater
hepatic steatosis). Abdominal ultrasonography was performed to diagnose MASLD. Neck
ultrasonography measured the carotid intima-media thickness. A description of the clinical and
biochemical procedures, techniques, and references for diagnosis of cardiometabolic risk is in
eTable 2 in Supplement 1.

Statistical Analysis
We used Stata for Windows, version16.0 (StataCorp LLC), and XLSTAT-R, version 2024.3 (Addinsoft),
for the data analyses. Data were expressed as mean (SD) or median (IQR), depending on the
distribution’s normality. Cardiometabolic profile was compared using 1-way analysis of variance
(ANOVA) with Tukey correction or the Kruskal-Wallis test with Dunn adjustment and repeated-
measures ANOVA. To determine differences in aging-related markers based on BMI trajectories, we
used analysis of covariance (ANCOVA) with Tukey correction, including sex as a covariate and the
interaction of sex with BMI trajectory. Also, we calculated Cohen f as the effect size measure.
Two-tailed paired t test was used to compare the same individual’s values of epigenetic age and
chronological age; paired Hedges g measured the effect size.41 The Pettitt test assessed the
consistency of the epigenetic age series across the entire sample, determining any potential change
points within the series that could be associated with the BMI trajectory across the life course.
Results were considered significant at 2-sided P < .05. A detailed description of the statistical
methods used in this study is in eTable 2 in Supplement 1.

Results

Sample Description
The study involved 205 participants (mean [SD] age, 28.9 [0.6] years; 100 [49%] female and 105
[51%] male). In the sample, 43 participants (21%) had obesity since adolescence (group 2) and 73
(36%) since childhood (group 3); 89 (43%) always had a BMI in the healthy range (group 1). There
was no association between sex and BMI trajectory. Participants’ chronological age ranged from 28.0
to 31.3 years, with no differences based on sex or BMI trajectory. Obesity onset in group 3 was at a
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mean (SD) age of 1.9 (0.7) years, whereas in group 2, it was at 15.8 (4.9) years. Mean (SD) obesity
duration was 12.9 (4.8) years in group 2 and 26.6 (2.3) years in group 3. One participant (<1%) had
type 2 diabetes, and 3 (1%) were taking metformin due to glucose intolerance. eTable 3 in
Supplement 1 provides a sample description by sex.

Group 1 had lower WC, systolic blood pressure, PWV, insulin level, HOMA-IR, metabolic
syndrome severity score, and Hamaguchi liver score (Table 1) than groups 2 and 3. No differences in
these measures were found between groups 2 and 3. Group 1 participants maintained healthy
cardiometabolic markers in adulthood, except for HDL cholesterol. Conversely, participants with
long-term obesity showed elevated WC, systolic blood pressure, insulin level, HOMA-IR, and HOMA-β
and reduced HDL cholesterol in adulthood. A median Hamaguchi score of 4 (IQR, 2-5) in group 2 and
4 (IQR, 3-6) in group 3 indicated a high likelihood of MASLD among these individuals. Mean fasting

Table 1. Between-Group Comparison of Participants’ Cardiometabolic Profile During the Assessment Wave at Age 29 Years

Variable

Group (N = 205)a
ANOVA for multiple
comparisonsb

Effect size Cohen f
(95% CI)d1 (n = 89) 2 (n = 43) 3 (n = 73) P value

Post hoc
analysisc

BMI 23.3 (2.1) 34.3 (4.4) 37.7 (5.9) <.001 ABC 1.25 (1.05-1.35)

Waist circumference, cm

Females 74.1 (6.8) 96.9 (9.6) 107.2 (13.5) <.001 ABC 1.35 (1.12-1.47)

Males 83.7 (6.5) 106.2 (10.1) 112.3 (12.3) .001 ABC 1.29 (1.09-1.41)

Blood pressure, mm Hg

Systolic 115 (106 to 124) 122 (118 to 131) 125 (117 to 134) .001e ABB 0.05 (0.02-0.08)

Diastolic 75 (66 to 78) 77 (71 to 85) 76 (71 to 83) .39e NA NA

Pulse-wave velocity, m/s 5.1 (0.3) 5.4 (0.3) 5.4 (0.3) <.001 ABB 0.09 (0.04-0.17)

CIMT, mm

Left 0.48 (0.06) 0.49 (0.07) 0.50 (0.07) .29 NA NA

Right 0.45 (0.06) 0.47 (0.05) 0.48 (0.07) .14 NA NA

Fasting blood glucose, mg/dL 91.1 (7.6) 92.1 (11.1) 97.8 (32.6) .06 NA NA

Fasting insulin, μUI/L 10.4 (7.6 to 12.7) 14.3 (10.2 to 19.2) 16.7 (11.2 to 23.7) <.001e ABB 0.14 (0.07-0.22)

HOMA

Insulin resistance ratio 2.1 (1.5 to 2.7) 3.2 (2.4 to 4.6) 3.9 (2.6 to 6.1) <.001e ABB 0.12 (0.05-0.19)

β, % 133.4 (95.3 to 192.0) 191.0 (148.5 to 271.8) 191.7 (153.1 to 313.4) <.001e ABB 0.11 (0.05-0.16)

Fasting triglycerides, mg/dL 84.1 (55.4 to 109.1) 115.6 (75.5 to 154.3) 121.3 (82.1 to 180.0) .02e ABB 0.02 (0.01-0.04)

Cholesterol, mg/dL

HDL

Females 25.9 (21.2 to 33.3) 23.8 (18.6 to 28.5) 21.3 (17.5 to 33.4) .67e NA NA

Males 20.0 (18.2 to 25.0) 18.8 (16.5 to 26.2) 18.8 (14.1 to 22.6) .68e NA NA

Total cholesterol 167.4 (144.1 to 197.3) 178.9 (154.0-205.1) 173.9 (137.9-197.7) .31e NA NA

Metabolic syndrome severity,
z-score SD

0.12 (−0.33 to 0.82) 0.72 (0.18 to 1.10) 1.00 (0.42 to 1.70) <.001e ABC 0.13 (0.05-0.21)

Hamaguchi liver scoref 2 (1 to 3) 4 (2 to 5) 4 (3 to 6) <.001e ABB 0.14 (0.03-0.19)

Abbreviations: ANOVA, analysis of variance; BMI, body mass index, calculated as weight
in kilograms divided by height in meters squared; CIMT, carotid intima-media thickness;
HDL, high-density lipoprotein; HOMA, homeostatic model assessment; NA, not
applicable.

SI conversion factors: To convert glucose to mmol/L, multiply by 0.0555; HDL to
mmol/L, multiply by 0.0259; insulin to pmol/L, multiply by 6.945; total cholesterol to
mmol/L, multiply by 0.0259; triglycerides to mmol/L, multiply by 0.0113.
a Data are presented as mean (SD) or median (IQR). Group 1 participants always had a

BMI in the healthy range, group 2 had obesity starting in adolescence and remaining
into adulthood, and group 3 had obesity in early childhood and remaining into
adulthood.

b ANOVA with Tukey post hoc adjustment, except where otherwise indicated.
c A indicates group 1; B, group 2; and C, group 3. ABB indicates that group 1 had mean

values significantly different from those of groups 2 and 3 in the post hoc analysis for

between-group differences, while the mean values in groups 2 and 3 did not
significantly differ, and ABC indicates a significant difference between all 3 groups.

d The effect size for the Kruskal-Wallis test was computed as the ε2 based on the H
statistic: ε2 [H] = (H − k + 1)/(n − k), where H is the value obtained in the Kruskal-Wallis
test, k is the number of groups, and n is the total number of observations. The ε2

estimate assumes values from 0 to 1; multiplied by 100, it indicates the percentage of
variance in the dependent variable explained by the independent variable. The
interpretation values commonly found in published literature are 0.01 to less than 0.06
(small effect), 0.06 to less than 0.14 (moderate effect), and 0.14 or greater (large
effect).19,42 For the ANOVA test (Cohen f coefficient), 0.10 was a small effect size; 0.25,
moderate; and 0.40, large.

e From Kruskal-Wallis H tests with Dunn post hoc adjustment.
f Hamaguchi liver score ranges from 0 to 6, with higher scores indicating greater hepatic

steatosis.
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glycemia levels stayed within reference ranges for all groups; however, median HOMA-β values of
191.0% (IQR, 148.5%-271.8%) in group 2 and 191.7% (153.1%-313.4%) in group 3 suggested β-cell
function nearly doubled compared with that of a healthy adult to keep glucose levels within
physiological ranges. Metabolic syndrome severity and WC differed across all groups. The similarities
in the cardiometabolic profile in participants from groups 2 and 3 suggested a similar degree of
cardiometabolic dysfunction or damage in adulthood regardless of age at obesity onset. As expected,
groups 2 and 3 displayed significantly higher prevalence of hyperglycemia, hyperinsulinemia, insulin
resistance, inflammation, arterial stiffness, metabolic syndrome, and MASLD than group 1. Notably,
no between-group differences were observed in the prevalence of low HDL cholesterol, and the
frequency was markedly high even in group 1 (eTable 4 in Supplement 1). We observed that
cardiometabolic markers changed as individuals moved from adolescence to adulthood. However,
the health impact was greater for those with long-term obesity (eFigure 3 in Supplement 1).

Main Outcomes
DNA methylation–based age from Horvath (Figure, A) and GrimAge (Figure, B) clocks of participants
in groups 2 and 3 consistently exceeded their chronological age at the time of assessment, while in
group 1, DNA methylation–based age from Horvath and GrimAge clocks tended to be approximately
equivalent to chronological age. The Pettitt test confirmed the epigenetic age series were

Figure. Data Visualization of Chronological vs Epigenetic Age in the Sample
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Group 1 participants always had a body mass index in
the healthy range, group 2 had obesity starting in
adolescence and remaining into adulthood, and group
3 had obesity in early childhood and remaining into
adulthood. A 2-tailed Pettitt test for homogeneity was
used to detect change points in the data series. A,
Pettitt test N = 5070. B, Pettitt test N = 5310.
Horizontal dashed lines indicate the mean epigenetic
age value for each of the 2 series identified by the
Pettitt test.
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nonuniform. ANCOVA examined between-group differences for epigenetic-based aging biomarkers.
Group 1 had lower mean (SD) DNA methylation–based age (Horvath, 28.5 [2.5] years; GrimAge, 26.3
[3.5] years) and greater TL (8.01 [0.36] kb) than group 2 (Horvath, 34.1 [3.8] years; GrimAge, 31.6
[3.7] years; TL, 7.46 [0.32] kb) and group 3 (Horvath, 34.5 [4.6] years; GrimAge, 32.5 [3.9] years; TL,
7.42 [0.26] kb) (all P < .001). The Cohen f values for these markers (Horvath clock age: 0.71 [95% CI,
0.58-0.84]; GrimAge clock age: 0.65 [95% CI, 0.52-0.78]; TL: 0.81 [95% CI, 0.68-0.95]) indicate
that there was a large effect size for the association of BMI trajectory with the epigenetic-based aging
profile in adulthood (Table 2). The pairwise comparison found no significant differences in DNA
methylation–based age from the Horvath clock compared with chronological age for group 1, but
Horvath DNA methylation–based age was significantly higher than chronological age in both group 2
(by a mean [SD] of 4.4 [3.7] years, or 15.2% [13.2%]) and group 3 (by 4.7 [4.2] years, or 16.4% [14.1%])
(both P < .001). For some participants, the difference was as much as 48%. Hedges g values
indicated a large difference between Horvath clock DNA methylation–based age and chronological
age in group 2 (−1.60; 95% CI, −2.08 to −1.11) and group 3 (−1.51; 95% CI, −1.87 to −1.14), with 38
participants (87.3%) in group 2 and 63 (85.9%) in group 3 having DNA methylation–based age higher
than the group’s mean chronological age. Additionally, the chance that a randomly selected person
would have a Horvath clock DNA methylation–based age higher than their chronological age was
87.3% in group 2 and 85.9% in group 3 (Table 3). A similar pattern was observed when comparing
DNA methylation–based age from the GrimAge clock with chronological age.

Secondary Outcomes
Considering the observed acceleration in the epigenetic clocks, several markers associated with the
hallmarks of aging were analyzed. Evidence of inflammaging was found; as compared with groups 2
and 3, group 1 showed significantly lower mean (SD) levels of hs-CRP (1.69 [2.1] vs 3.67 [2.8] vs 4.24
[2.4] mg/L for groups 1, 2, and 3, respectively; P < .001; f = 0.57 [95% CI, 0.44-0.70]) and IL-6 (log,
0.69 [0.5] vs 1.03 [0.4] vs 0.99 [0.4]; P < .001; f = 0.53 [95% CI, 0.41-0.62]), as well as IL-2 and IL-10,
with no differences between group 2 and group 3 (Table 4). Additionally, group 3 had elevated
GDF-15 levels, a marker linked to cellular stress, compared with groups 1 and 2. However, no group
differences were observed for GDF-11 or TNF-α. BMI trajectory was associated with growth factor

Table 2. Epigenetic Age–Related Phenotype of Participants by BMI Trajectory

Group (N = 205)a

Between-group
differenceb Cohen f (95% CI)c1 (n = 89) 2 (n = 43) 3 (n = 73)

Chronological age, y 28.9 (0.8) 28.7 (0.6) 28.8 (0.8) NS NA

LTL, kb 8.01 (0.36) 7.46 (0.32) 7.42 (0.26) ABB 0.81 (0.68-0.95)

Horvath clock

Age, y 28.5 (2.5) 34.1 (3.8) 34.5 (4.6) ABB 0.71 (0.58-0.84)

Acceleration, y −0.4 (2.5) 4.4 (3.7) 4.7 (4.2) ABB 0.77 (0.64-0.90)

Acceleration, % −1.4 (8.6) 15.2 (13.2) 16.4 (14.1) ABB 0.77 (0.63-0.91)

GrimAge clock

Age, y 26.3 (3.5) 31.6 (3.7) 32.5 (3.9) ABB 0.65 (0.52-0.78)

Acceleration, y −2.8 (3.5) 2.2 (3.6) 3.1 (3.8) ABB 0.71 (0.58-0.85)

Acceleration, % −10.2 (1.2) 7.7 (1.3) 10.7 (1.3) ABB 0.71 (0.58-0.85)

Abbreviations: BMI, body mass index; LTL, leukocyte telomere length; NA, not applicable; NS, not significant.
a Values for the main outcome, expressed as mean (SD). Models were adjusted for sex and the interaction of sex with BMI

trajectory across the life course. Group 1 participants always had a BMI in the healthy range, group 2 had obesity starting
in adolescence and remaining into adulthood, and group 3 had obesity in early childhood and remaining into adulthood.

b Analysis of covariance with Tukey adjustment (Tukey post hoc analysis for between-group differences). A indicates group
1; and B, group 2; and C, group 3. ABB indicates that group 1 had values significantly different from those of groups 2 and
3, while the mean values in groups 2 and 3 did not differ.

c The effect size for the difference was computed as the Cohen f coefficient. A small effect size was Cohen f of 0.10;
moderate, 0.25; and large, 0.40.
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signaling, with groups 2 and 3 having higher FGF-21 (log, 2.21 [0.2] vs 2.42 [0.2] vs 2.45 [0.2] for
groups 1, 2, and 3, respectively; P < .001; f = 0.48 [95% CI, 0.36-0.60]) and leptin levels than group
1. IGF-1 levels were reduced in groups 2 and 3 compared with group 1 (log, 4.65 [0.2] vs 4.55 [0.2] vs
4.45 [0.3] for groups 1, 2, and 3, respectively; P < .001; f = 0.56 [95% CI, 0.44-0.69]), while IGF-2
levels were higher in group 1 (log, 5.54 [0.1] vs 5.46 [0.1] vs 5.44 [0.2]; P < .001; f = 0.49 [95% CI,

Table 3. Pairwise Comparison of Chronological Age vs Epigenetic Age in Participants With Long-Term Obesity

Participantsa

Age, mean (SD), y
Paired
t test P value

Paired Hedges g, mean
(95% CI) Cohen d (95% CI)

Cohen U3
index, %

Probability of
superiority, %Chronological Epigenetic Difference

Horvath clock

Group 2 28.8 (0.7) 33.1 (3.7) −4.46 (0.61) −7.53 <.001 −1.60 (−2.08 to −1.11) −1.61 (−2.10 to −1.12) 94.6 87.3

Group 3 28.7 (0.8) 33.5 (4.3) −4.68 (0.51) −9.57 <.001 −1.51 (−1.87 to −1.14) −1.52 (−1.88 to −1.15) 93.6 85.9

GrimAge clock

Group 2 28.7 (0.7) 30.9 (3.6) −2.23 (0.58) −3.96 <.001 −0.82 (−1.25 to −0.38) −0.83 (−1.26 to −0.39) 79.4 71.9

Group 3 28.8 (0.8) 31.8 (4.0) −3.00 (0.45) −6.61 <.001 −1.03 (−1.37 to −0.68) −1.03 (−1.38 to −0.68) 84.8 76.7

a Group 2 participants had obesity starting in adolescence and remaining into adulthood, and group 3 participants had obesity in early childhood and remaining into adulthood.

Table 4. Aging-Related Cytokines, Adipokines, Myokines, and Growth Factors in Participants by BMI Trajectory

Biomarker

Group (N = 205)a

Between-group
differencesb Cohen f (95% CI)c1 (n = 89) 2 (n = 43) 3 (n = 73)

hs-CRP, mg/L 1.69 (2.1) 3.67 (2.8) 4.24 (2.4) ABB 0.57 (0.44-0.70)

IL-2 (log) 0.52 (0.3) 0.60 (0.2) 0.63 (0.2) ABB 0.25 (0.13-0.38)

IL-6 (log) 0.69 (0.5) 1.03 (0.4) 0.99 (0.4) ABB 0.53 (0.41-0.62)

IL-10 (log) 2.18 (0.3) 2.27 (0.4) 2.36 (0.5) ABB 0.28 (0.15-0.40)

TNF-α (log) 2.49 (0.5) 2.52 (0.5) 2.63 (0.6) NS NA

FGF-21 (log) 2.21 (0.2) 2.42 (0.2) 2.45 (0.2) ABB 0.48 (0.36-0.60)

GDF-11 (log) 1.22 (0.05) 1.23 (0.05) 1.23 (0.05) NS NA

GDF-15 (log) 3.44 (0.1) 3.45 (0.2) 3.51 (0.1) AAC 0.37 (0.24-0.49)

IGF-1 (log) 4.65 (0.2) 4.55 (0.2) 4.45 (0.3) ABC 0.56 (0.44-0.69)

IGF-2 (log) 5.54 (0.1) 5.46 (0.1) 5.44 (0.2) ABB 0.49 (0.46-0.61)

Leptin (log)a

Females 4.31 (0.3) 4.63 (0.3) 4.71 (0.3) ABB 0.45 (0.34-0.57)

Males 3.93 (0.4) 4.22 (0.2) 4.36 (0.2) ABB 0.53 (0.41-0.65)

Apelin (log) 5.49 (0.2) 5.65 (0.3) 5.63 (0.3) ABB 0.42 (0.30-0.54)

Myostatin (log) 7.06 (0.2) 7.19 (0.2) 7.16 (0.3) ABB 0.28 (0.14-0.39)

Irisin (log) 7.71 (0.1) 7.83 (0.2) 7.80 (0.2) ABB 0.46 (0.34-0.59)

Oncostatin (log) 1.59 (0.2) 1.72 (0.3) 1.70 (0.2) ABB 0.38 (0.26-0.51)

Musclin (log) 6.21 (0.3) 6.08 (0.4) 6.04 (0.4) ABB 0.47 (0.35-0.60)

Osteonectin (log) 5.18 (0.3) 5.27 (0.4) 5.34 (0.3) ABB 0.31 (0.19-0.44)

Abbreviations: BMI, body mass index; hs-CRP, high-sensitivity C-reactive protein; FGF, fibroblast growth factor; GDF,
growth differentiation factor; IGF, insulinlike growth factor; IL, interleukin; NA, not applicable; NS, no significant difference;
TNF, tumor necrosis factor.
a Values are expressed as mean (SD). To reduce skewness and for analysis, all variables except hs-CRP were

log-transformed using natural logarithms; hence, variables are expressed in logarithmic units. Group 1 participants always
had a BMI in the healthy range, group 2 had obesity starting in adolescence and remaining into adulthood, and group 3
had obesity in early childhood and remaining into adulthood.

b Analysis of covariance with Tukey adjustment (Tukey post hoc analysis for between-group differences). A indicates group
1; B, group 2; and C, group 3. ABB indicates that group 1 had values significantly different from those of groups 2 and 3,
while the mean values in groups 2 and 3 did not differ, and ABC indicates a significant difference between all 3 groups.
Models were adjusted for sex and the interaction of sex with body mass index trajectory across the life course. Because
sex was statistically significant in the analysis of covariance model, leptin models were rerun separately for males
and females.

c The effect size for the difference was computed as the Cohen f coefficient; 0.10 was a small effect size, 0.25 was
moderate, and 0.40 was large.
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0.46-0.61]). Regarding intercellular communication impairment, group 1 had significantly lower
levels of apelin (log, 5.49 [0.2] vs 5.65 [0.3] vs 5.63 [0.3] for groups 1, 2, and 3, respectively; P < .001;
f = 0.42 [95% CI, 0.30-0.54]) and irisin (log, 7.71 [0.1] vs 7.83 [0.2] vs 7.80 [0.2]; P < .001; f = 0.46
[95% CI, 0.19-0.44]), as well as oncostatin, myostatin, and musclin, than groups 2 and 3, indicating
disrupted signaling pathways in the latter groups. Conversely, group 1 had higher musclin levels, a
myokine associated with muscle function, than groups 2 and 3.

Discussion

We conducted comprehensive clinical, physiological, and biochemical evaluations on individuals
aged 28 to 31 years from Chile’s oldest birth cohort to detect early expressions of molecular aging
biomarkers and establish possible associations with long-term obesity. Also, we aimed to evaluate
the association of this early aging phenotype with obesity-related cardiometabolic dysfunction.
Findings suggest long-term obesity was associated with premature physiological decline, inducing
molecular aging signatures as early as age 28 to 31 years. Signs included a 15.2% to 16.4% increase in
epigenetic age compared with chronological age (with some individuals showing up to 48%
increase), telomere attrition, chronic inflammation, impaired nutrient sensing, mitochondrial stress,
and compromised intercellular communication.

The link between increased BMI and epigenetic aging was first reported by Horvath et al,26 who
found hepatocytes aged 2.7 years for a 10-point BMI increase. A meta-analysis indicated BMI was
associated with accelerated epigenetic aging across various clocks, with some studies identifying BMI
as the greatest contributor.43 Our findings support this evidence and, for the first time to our
knowledge, reveal the presence and extent of these connections in a Hispanic population, an
underrepresented group in aging research; our findings also provide supporting evidence of a
connection between obesity and epigenetic aging by evaluating biomarkers linked to the hallmarks
of aging. All epigenetic-aging biomarkers were associated with long-term obesity. Notably, epigenetic
changes and telomere attrition are primary aging hallmarks, believed to be the root causes of cell and
tissue damage.44 Although our findings do not conclusively indicate which biochemical aging
signatures appeared first, they suggest obesity has a greater impact on primary aging hallmarks than
antagonistic and integrative hallmarks. Therefore, we have initial evidence that obesity may be
associated with aging by affecting the molecular responses that initiate damage. How obesity might
affect epigenetic regulation through endocrine, metabolic, and cellular senescence pathways is
discussed in eAppendix 3 in Supplement 1.

Long-term obesity was associated with hs-CRP, IL-6, and leptin levels, all well-known
biomarkers of systemic inflammation, a newly recognized aging hallmark stemming from epigenetic
dysregulation, impaired autophagy, or buildup of senescent cells.18 Inflammation, in turn, favors
other aging signs, such as poor intercellular communication.13,18 Participants with long-term obesity
also presented dysregulated adipomyokines, a group of proteins at the muscle-organ crosstalk to the
brain, adipose tissue, bone, liver, gut, pancreas, and vascular bed.45,46 Obesity and aging are both
associated with dysregulated myokine secretion and signaling.47,48 Hence, it is unsurprising these
proteins were elevated in participants with long-term obesity compared with control individuals with
healthy weight—particularly apelin and irisin, which tend to decline with age. In still-young
individuals, increasing these myokines may be a compensatory response to improve insulin
sensitivity in obesity or the consequence of reduced sensitivity to its effects, as seen with insulin and
leptin in obesity.49,50 Upregulated IL-6 and GDF-15 have also been used to feature cell senescence
in vitro, particularly in the senescence-associated secretory phenotype.51

Upregulated insulin and downregulated IGF-1 and IGF-2 levels may denote impaired nutrient
sensing in young adults. An elevated IGF-1 level relates to lowered disease risk in younger individuals,
while higher levels in older adults relate to increased morbimortality.52 In individuals with obesity, a
lower IGF-1 level may indicate higher disease risk. As IGF-1 tends to decrease with age, higher levels in
young adults may be a youth marker.52,53 Reduced IGF-2 has been associated with aging in various
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organs and primordial germ cells while compromising mitochondrial functionality.54,55 In addition,
upregulated FGF-21 and GDF-15 have been regarded as markers of mitochondrial stress and possibly
dysfunction.56 Additional discussions on cytokines related to obesity, along with profiles of
adipokines, myokines, and growth factors as signatures of molecular aging, can be found in
eAppendix 4 and eTable 5 in Supplement 1.

Aging signatures were expressed similarly in participants with obesity (regardless of age at obesity
onset), supporting that persistency rather than onset time is the key factor in obesity-related
dysfunctions.30,57,58 Whether uniformity persists as these young adults approach middle or old age
remains to be investigated. However, progression to disease is ongoing, as dysfunctional cardiometa-
bolic biomarkers in individuals with long-term obesity mostly fell outside healthy ranges. Further discus-
sion of the clinical implications of our findings is in eAppendix 5 in Supplement 1. The preeminence of
cardiometabolic dysfunction or damage over disease may indicate still enough resilience to counteract
dysfunction or damage from progressing to disease, a trait possibly related to participants’ young age.
Consequently, there may be potential to enhance resilience through lifestyle changes or pharmacologi-
cal treatments. If obesity is a model of accelerated aging, it could create opportunities for translational
aging research and clinical trials focused on antiaging interventions.

Strengths and Limitations
This study has strengths. To our knowledge, this MECC study is the first to explore how long-term
obesity may be associated with early-onset aging in young adults. It examined a range of markers
from cellular to systemic levels, considered significant developmental exposures, and integrated
epidemiology, medicine, and geroscience.

However, some limitations should be considered when interpreting our results. First,
observational cohorts inherently carry loss-to-follow-up bias. Yet, their main strength lies in the rich
historical data, which was crucial for testing our hypothesis. Additionally, our research exhibited
selection bias, as it was conducted on a nonrandom subset of the original cohort due to budget
limitations. Recognizing the need for participant selection, we chose the design that best addresses
bias and enhances data analysis efficiency.32 Second, a limitation of using BMI as the primary
exposure is that it does not accurately represent body fat distribution or quantity.59 Yet, BMI
outperformed other anthropometric and dual-energy x-ray absorptiometry–derived body
composition markers in estimating participants’ epigenetic age (eTable 6 in Supplement 1); it also
remains the most widely used obesity marker in large-scale settings. By using standardized BMI to
track over-time trends, we also reduced inconsistencies in health risks associated with age, sex, and
ethnicity. Further research should investigate how body composition influences obesity-induced
accelerated aging. Third, although findings from Chilean young adults may not directly apply to other
populations, they offer valuable insights into the association between aging and obesity in ethnically
admixed, underserved communities exposed to obesogenic environments. As the cohort developed,
Chile moved from low-income to high-income status, contributing to rising obesity.60 Studying a
population affected by both epidemiological and economic transitions uniquely contributes to
understanding how obesity may hasten the aging health consequences, a concern for rapidly
developing low- and middle-income settings facing similar challenges. Fourth, we cannot definitively
determine whether cardiometabolic disruption preceded the expression of aging markers, but our
sample included 20 individuals with obesity without cardiometabolic comorbidities whose
epigenetic age exceeded their chronological age (eTable 7 in Supplement 1). This supports the notion
that obesity may trigger aging markers, disrupting homeostasis and leading to cardiometabolic
dysfunction. Fifth, observational studies frequently indicate associations that should be validated
through mechanistic studies or experiments. Nonetheless, insights about the effects of specific
exposures often first arise from observations of affected individuals.42 Causality can be inferred from
observational studies if certain criteria are met, like the Bradford Hill criteria; this framework remains
the most referenced for causal inference in epidemiology and also when integrating data from
molecular biology.61
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Conclusions

This MECC study, embedded in a prospective cohort, found that long-term obesity was associated
with the emergence of molecular signals linked to primary, antagonistic, and integrative aging
hallmarks in young adults. Obesity was associated with serious cardiometabolic abnormalities,
potentially leading to early-onset cardiometabolic diseases. A research challenge is to determine how
quickly cardiometabolic dysfunction progresses into disease in individuals with the obesity-induced
accelerated aging phenotype, as such a diagnosis raises the multimorbidity risk. While this is
established for middle-aged or older adults, how fast this occurs in relatively young adults needs
further investigation. Since the early-aging phenotype was associated with the epigenome and
participants were of reproductive age, future research should examine its potential inheritance.
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