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Abstract
Objectives  The relationship between sugar-sweetened beverage (SSB) intake and phenotypic age acceleration 
(PhenoAgeAccel) is unclear. The aim of this study was to explore the associations between the energy and timing of 
SSB intake and PhenoAgeAccel in adults.

Methods  A cross-sectional analysis was conducted using data from the National Health and Nutrition Examination 
Survey (NHANES) 2007–2010, which involved U.S. adults aged 20 to 79 years. The assessment and estimation of SSB 
intake were conducted through 24-hour dietary recall interviews, categorizing participants into three groups: non-
intake, low moderate-intake, and moderate–high-intake. Furthermore, SSB consumers were divided into three time 
intervals based on intake timing: dawn-to-forenoon (5:00 a.m. to 11:59 a.m.), noon-to-afternoon (12:00 p.m. to 17:59 
p.m.), and dusk-to-night (18:00 p.m. to 4:59 a.m.). Multivariable linear regression models were employed to evaluate 
the associations between SSB intake (energy and timing) and PhenoAgeAccel. Additionally, strati�ed analyses and 
interaction analyses were conducted. Furthermore, obesity was assessed via two distinct metrics: the body roundness 
index (BRI) and the body mass index (BMI). Mediation analysis was conducted to investigate the mediating e�ect of 
obesity on the relationship between the energy of SSB intake and PhenoAgeAccel.

Results  After controlling for covariates, SSB intake (per 100 kcal/day) was positively correlated with PhenoAgeAccel 
(β = 0.179, 95% con�dence interval [CI]: 0.086–0.271). The moderate–high-intake group presented a signi�cantly 
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Introduction
The world is currently facing the challenge of a continu-
ously aging population. People aged 60 and over will 
represent 22% of the world’s population by 2050 [1]. 
This demographic shift is primarily attributed to declin-
ing fertility rates and increased life expectancy. While 
advancements in living standards and healthcare have 
contributed to prolonged lifespans, they have also been 
accompanied by a rising prevalence of chronic dis-
eases and disabilities among older adults. Consequently, 
the increase in healthy life expectancy has lagged sig-
nificantly behind the overall growth in lifespan [2, 3]. 
Therefore, investigating the factors contributing to 
accelerated aging is necessary, as it is closely associated 
with increased susceptibility to chronic diseases and an 
increased mortality risk [4].

Phenotypic age (PhenoAge) and PhenoAgeAccel are 
emerging biomarkers of biological aging that integrate 
multiple physiological and biochemical indicators to 
effectively assess an individual’s biological aging sta-
tus. These metrics not only reflect an individual’s rela-
tive aging level compared with their peers and provide 
an evaluation of current health status, but also serve as 
predictive tools for future disease risk and mortality. As 
such, they offer a valuable foundation for developing per-
sonalized prevention strategies [4, 5].

The continuous increase in SSB consumption has made 
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Characteristics Total (N = 3,925) Accelerated aging 
(N = 923)

Delayed aging
(N = 3,002)

P-value

Mean SD Mean SD Mean SD
Chronological age (year) 45.95 15.40 49.62 15.36 45.08 15.28 < 0.0001
PhenoAge (year) 41.91 17.76 56.30 18.88 38.51 15.66 < 0.0001
PhenoAgeAccel (year) -4.03 7.47 6.67 9.78 -6.57 3.57 < 0.0001
Body roundness index 5.14 2.15 6.58 2.56 4.80 1.89 < 0.0001
Body mass index (kg/m2) 28.59 6.33 32.49 7.60 27.66 5.61 < 0.0001
Weight (kg) 82.57 20.38 93.69 23.26 79.94 18.69 < 0.0001
Height (cm) 169.71 9.96 169.73 9.96 169.71 9.96 0.9552
Waist circumference (cm) 98.19 15.82 108.45 17.03 95.76 14.49 < 0.0001
SSB intake (kcal/d) 146.01 234.02 174.29 264.30 139.32 225.75 0.0002
Total energy intake (kcal/d) 2206.13 1000.44 2161.00 1085.30 2216.81 978.98 0.1692
Protein intake (gm)
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sweetened beverage (LNCSB) may be associated with 
weight reduction [45]. Obesity further disrupts the 
metabolism, decreasing insulin sensitivity and increas-
ing difficulty adapting to the demand for energy supply 
[46]. Obesity not only accelerates the progression of age-
related diseases but also may directly impact the aging 
process [47, 48]. The deterioration of nutritional signal-
ing pathways is one of the important metabolic effects of 
aging, with mechanistic target of rapamycin (mTOR) and 
sirtuins being the most classical examples [49]. The intri-
cate interactions among obesity, metabolic dysregulation, 
and these nutrient-sensing pathways provide insights into 
how obesity accelerates aging [48]. Overall, these findings 
support our conclusion that SSB intake is significantly 
associated with PhenoAgeAccel, a relationship that may 
be partially mediated by obesity. Notably, both BRI and 

BMI were used as measures of obesity in this study. It has 
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associated with higher BMI, potentially increasing the 
risk of chronic obesity-related diseases [56]. The intake 
of SSB late at night may exacerbate metabolic dysregu-
lation and lead to more severe obesity, contributing to 
related conditions such as accelerated aging, which aligns 
with our findings. On the other hand, sugar can enter the 
human body through the gastrointestinal tract. Intestinal 
epithelial cells throughout the gut contain a molecular 
clock synchronized by signals generated from food intake 
[57]. For example, brush border disaccharidases have 
been found to exhibit circadian rhythmic activity [58]. 
This may partially explain why the intake of SSB at differ-
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Fig. 5  Mediation e�ects of obesity on the association between the energy of SSB intake and PhenoAgeAccel. Note: exposure: SSB intake, outcome: Phe-
noAgeAccel, mediator: BRI (A); BMI (B). Adjusted for Model 2 (adjusted covariates: gender, age, race/ethnicity, education level, marital status, PIR, smoking 
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whereas subjective well-being has been shown to posi-
tively impact physical and mental health, particularly in 
older adults [64]. In the interaction analyses, we con-
sidered downstream factors, including smoking, alco-
hol consumption, and physical activity, that may have a 
moderating effect on the relationship between SSB intake 
timing and PhenoAgeAccel. Another interesting finding 
was that smoking is a moderating variable in this associa-
tion. Recently, a cohort study based on the UK Biobank 
reported that a shorter time from waking up to smok-
ing the first cigarette is associated with an increased risk 
of developing type 2 diabetes [65]. Similarly, Tang et al. 
reported that the duration from waking up to smoking 
the first cigarette is related to chronic kidney disease 
(CKD), and further research indicated that unhealthy 
dietary habits exacerbate this association [66]. Collec-
tively, these health factors, along with biological age, 
PhenoAge, and age-related diseases, form a complex and 
interconnected network.

Previous investigations have shown that replacing SSB 
with healthy beverages like plain water, low-fat milk, and 
unsweetened coffee can help reduce the incidence of 
diabetes and CKD [32, 67]. These substitutes are simple, 
affordable, safe and effective. Some have even suggested 
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