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Abstract

The effects of dietary rhythms on organ-specific biological aging remain unclear. This study analyzed
14,012 adults from NHANES to assess associations between dietary rhythms and biological aging of the
body, heart, liver, and kidneys. Earlier last meals, specifically before 9 p.m., were linked to lower aging risks
for the body, heart and liver but not kidneys. The strongest protective effects were seen with meals between
3-5 p.m. for the body and heart, and 5-7 p.m. for the liver. CofVErSelylaeriifStfmealSanalchgeriesding
S NE Ry EEgiRgMESESD These associations were modified by age, gender,
disease status, caloric intake and dietary quality, with effects more pronounced in individuals over 40, males,
and those without existing diseases or with low calorie intake. Delayed first and earlier last meal remained
significantly associated with body and liver aging in the healthy diet group, whereas heart aging showed
stronger associations with meal time in the unhealthy diet group. This study revealed optimal meal timing
and duration differ for biological aging across different organs, ages, genders, disease status, energy intake
and dietary quality, highlighting a critical food-nutrient-timing synergy, and the need for personalized
nutritional guidance and population-specific dietary strategies.
Keywords:
Dietary rhythm; Biological aging; Organ aging; Meal time; Feeding duration.
Introduction

As the global population ages, finding effective, low-cost anti-aging strategies becomes crucial. One
promising approach is to modify dietary behaviors, particularly through €hrono-nutrition, which'links eating
patterns, circadian rhythms, and health outcomes 2. Inappropriate dietary patterns, such as SKipping
breakfast or late-night eating, have been shown to significantly elevate the risk of developing obesity,
cardiovascular disease, and metabolic syndrome 3. Shift workers with disrupted dietary and circadian
thythms are particularly vulnerable to chronic diseases *2. Time-restricted eating (TRE), limiting food
intake to specific windows to extend overnight fasting, has gained attention for its metabolic health benefits
17-21 While some research has linked TRE to aging and lifespan, findings remain conflicting. One study

suggests TRE extends lifespan in fruit flies 22, whereas ¢ompeélling'himan'data’indicate’that TRE does not


Mark Pettus

Mark Pettus

Mark Pettus

Mark Pettus

Mark Pettus

Mark Pettus

Mark Pettus

Mark Pettus

Mark Pettus


significantly reduce all-cause or cancer mortality, and may even be associated with an increase in
cardiovascular disease mortality 3.

While Chronological Age (CA) serves as a simple measure of time, it does not fully reflect an
individual's aging rate. Biological Age (BA) is an emerging and superior biomarker of aging because it
integrates multiple physiological markers. To better assess aging rate of a person or organ, the concept of
BA was developed 4. A series of methods have been developed to calculate BA 252 and the Klemera and
Doubal method (KDM) ?” has been shown to predict mortality 2 and health status 2° effectively. Studies
have shown that a healthy lifestyle, including regular, balanced diets, is linked to lower BA 231, Moreover,
aging rates also vary across diverse organs, with heart biological age closely correlating with CA, while the
liver biological age and digestive system exhibit weaker correlations 323

Previous studies on dietary rhythms and health focused on metabolic markers and diseases. However,
research exploring the impact of dietary rhythms on biological aging, particularly from the perspective of
organ-specific biological aging, is still lacking. To address this gap, we utilized the National Health and
Nutrition Examination Survey (NHANES) database to construct biological body and organ age models and
investigated associations between various dietary rhythms and the risk of biological aging in the body as
well'as specific organs (heart, liver, and kidneys). By exploring the potential differences in the associations,
we aimed to identify healthy dietary rhythms associated with lower biological aging risks across populations
stratified by age, gender and disease status.

Results
Characteristics of the enrolled participants

A total of 14,012 participants were enrolled in this study. Figure 1 illustrates the process of data
collection. The clinical characteristics of the study population are summarized in Table 1 and
Supplementary table 1. The mean age of the participants in the overall population was 46 years old.
Significant differences in several clinical characteristics were observed between participants with
accelerated and decelerated biological aging of the body and three organs. Among patrticipants with two
recalls, the median absolute differences between Day 1 and Day 2 for key meal-timing variables were
modest (Supplementary table 2), indicating reasonable within-person consistency.

Association between biological age, chronological age and mortality
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The performance and validation of the newly developed biological age models are presented in Figure
2. Our new body BA model demonstrated excellent performance, showing a strong correlation with CA (R
=0.97) and a low Mean Absolute Error (MAE) of 3.42. It also outperformed the model based on the original
features described by Levine et al [40]. (R = 0.96, MAE = 3.62). The organ-specific BA models also showed
high performance. The metrics were as follows: heart (R = 0.93, MAE = 4.83), kidney (R = 0.92, MAE =
5.57), and liver (R = 0.83, MAE = 8.47).

As indicated in Supplementary table 3, individuals with accelerated body biological aging had an
increased risk of all-cause mortality (HR = 1.34, 95% CI: 1.22, 1.48, P < 0.001). Individuals with accelerated

heart biological aging exhibited an increased risk of heart disease-relate@ifortality. (HR = 1.48, 95% ClI:

1.20, 1.83, P < 0.001). Additionally, each one-year increase in kidhey biological age (BA minus CA) was
associated with a higher risk of nephrosis-related mortality (HR =1.02, 95% CI: 1.01, 1.03, P < 0.001). Due
to the unavailability of liver disease mortality data, Cox pfoportional hazards analyses for body and organ-
specific aging in relation to liver disease mortality were not performed.
Association of dietary rhythms with the risks of body and organ biological aging

We performed logistic regression to-€xplore the relationship between dietary rhythms and risk of body
and organ biological aging. We'founththatithe optimal timing for the'last'meal varied depending on'whether
the'outcome was'whole=bodyserorgan-specific biclogical’aging. In the fully adjusted model, as illustrated
in Figure 3A, compared to eating after 9 p.m., consuming the last meal between 3 p.m. and 5 p.m. was
associated with a significantly lower risk of biological aging for both the body (OR = 0.65, 95% CI: 0.43,
0.98, P = 0.038) and the heart (OR = 0.43, 95% CI: 0.27, 0.68, P < 0.001). A last meal between 5 p.m. and
7 p.m. was associated with a 25% reduction in liver aging risk (OR = 0.75, 95% ClI: 0.64, 0.89, P < 0.001).
Additionally, as shown in Model 2 of Supplementary table 4, a bidirectional effect of last meal timing on
heart and liver biological aging risk was observed.While eating before 3 p.m. was associated with an
increased risk for both the heart (OR =1.27, 95% CI: 1.03, 1.57, P = 0.023) and liver (OR = 1.24, 95% CI:
1.01, 1.53, P =0.043) , consuming the last meal between 5 p.m. and 7 p.m. was associated with a significant
protective effect. (Heart OR = 0.75, 95% CI: 0.63, 0.90, P = 0.002; Liver OR = 0.6, 95% CI: 0.51, 0.71, P <

0.001).
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A consistent trend across all three models revealed that later timing of the first meal was associated
with higher risk of biological aging for the body, heart, and liver; however, this association was not observed
for kidney biological aging (Figure 3A and Supplementary table 4). Particularly, compared to eating before
8 a.m., eating after 12 p.m. was associated with increased aging risk for the body (OR = 1.61, 95% CI: 1.22,
2.11, P < 0.001), heart (OR = 1.44, 95% CI: 1.14, 1.83, P = 0.003), and liver (OR = 1.61, 95% CI: 1.24,
2.08, P < 0.001) (Figure 3B).

Compared to a feeding duration of less than 8 hours, extended feeding duration (over 16 hours), was
significantly associated with increased biological aging risks for the body (OR =2.11, 95% CI: 1.35, 3.29,
P = 0.001), heart (OR = 1.95, 95% CI: 1.40, 2.72, P < 0.001), and liver (OR = 1.67, 95% CI: 1.06, 2.64, P
£0.028) but not the kidneys (Supplementary table 5); The results were consistent with individuals with a
fasting duration over 16 hours (Supplementary table 5).

Differences by age

Age-stratified analyses showed that the impact of dietary rhythms on body and organ biological aging
risk varied by age group (Table 2). The last meal's effect on body aging was not significant in individuals
under 40 but was notable in individuals over 40. For example, in the 40-60 age group, participants who ate
their last meal between 3 p.m. and 5 p.m. had a 62% lower risk of body aging (OR = 0.38, 95% CI: 0.19,
0.78, P = 0.009) compared to those who ate after 9 p.m. Similarly, in the 40-60 and over 60 age groups,
the risk of liver aging was reduced for individuals who ate between 5 p.m. and 7 p.m. Notably, individuals
over 60 who ate between 3 p.m. and 5 p.m. had a 63% lower kidney aging risk (OR = 0.37, 95% CI: 0.16,
0.85, P =0.02).

The first meal's impact on body aging was significant in the 40-60 age group (OR =1.36, 95% CI: 1.08,
1.71, P = 0.009 for 8 a.m.-9 a.m. group) and over 60 age group (OR = 2.04, 95% CI: 1.14, 3.65, P = 0.017
for after 12 p.m. group). Heart aging risk was significant only in the 40-60 age group (OR = 1.31, 95% CI:
1.01, 1.70, P = 0.043 for 9 a.m.-12 p.m. group), while liver aging risk was significant for individuals under
40 years (OR = 1.46, 95% CI: 1.00, 2.13, P = 0.049 for after 12 p.m. group).

Supplementary table 6 highlights that, in the 40-60 age group, longer feeding duration (OR = 2.54, 95%
Cl: 1.41, 4.59, P = 0.002 for > 16 hours) and shorter fasting duration (OR = 2.03, 95% CI: 1.08, 3.82, P =

0.029 for < 8 hours) were linked to higher body aging risk, with similar trends for heart aging. In participants
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over 60 years, longer feeding (OR = 2.5, 95% CI: 1.10, 5.70, P = 0.03 for > 16 hours) and shorter fasting
durations (OR = 2.36, 95% CI: 1.09, 5.10, P = 0.03 for < 8 hours) showed increased kidney aging risk.
Generally, dietary rhythms are associated with body and organ biological aging risk for the population over
40 years old.

Differences by gender

Dietary rhythms were associated with biological aging risks in a gender-specific manner (Table 3). The
timing of the last meal had a stronger effect on body and heart aging in males. In males, eating the last
meal between 7 p.m. and 9 p.m. was linked to lower body aging risk (OR = 0.74, 95% CI: 0.62, 0.90, P =
0.002), meals between 3 p.m. and 5 p.m. were associated with reduced heart aging risk (OR = 0.29, 95%
Cl: 0.15, 0.53, P < 0.001), and meals between 5 p.m. and 7 p.m. were associated with reduced liver aging
risk (OR = 0.72, 95% CI: 0.57, 0.91, P = 0.007). In females, the timing of the last meal did not significantly
affect body aging risk. Additionally, males who had their first meal between 9 a.m. and 12 p.m. showed a
higher risk of heart aging (OR = 1.44, 95% CI: 1.16, 1.79, P = 0.001), whereas females did not.

Feeding and fasting durations significantly impacted body and kidney aging risks in females but not in
males (Supplementary table 7). Longer feeding durations showed increased risk of body (OR = 2.68, 95%
Cl: 1.50, 4.78 for > 16 hours) and kidney (OR = 2.05, 95% ClI: 1.21, 3.49 for > 16 hours) aging, while shorter
fasting durations were similarly associated with higher body (OR = 2.07, 95% CI: 1.11, 3.86 for < 8 hour)
and kidney (OR = 2.03, 95% CI: 1.20, 3.43 for < 8 hour) aging risks.

Differences by disease status

Dietary rhythms showed different risks of body and organ-specific biological aging in individuals with
and without diseases (Table 4). Last meal time significantly influenced body aging only in the non-diseased
group. Specifically, individuals eating between 7 p.m. and 9 p.m. had a lower risk (OR = 0.75, 95% CI: 0.64,
0.88, P < 0.001) compared to those eating after 9 p.m. Conversely, a significant effect on liver aging was
observed only in the diseased group, where individuals eating last meal between 5 p.m. and 7 p.m.
experienced a reduced risk (OR =0.75, 95% CI: 0.56, 0.99, P = 0.046). Later first meal time was significantly
associated with an increased body (OR=1.27, 95% CI:1.04, 1.53, P = 0.019 for 8 a.m.-9 a.m. group; OR =
1.71, 95% CI: 1.19, 2.47, P = 0.005 for after 12 p.m. group) and heart (OR = 1.38, 95% CI: 1.13, 1.68, P =

0.002 for 9 a.m.-12 p.m. group; OR = 1.4, 95% CI: 1.02, 1.93, P = 0.038 for after 12 p.m. group) aging risk



only in the non-diseased group. Shorter fasting duration was significantly associated with increased body
(OR =2.51, 95% ClI: 1.35, 4.64, P = 0.004 for less than 8 hours group) and heart (OR = 2.26, 95% ClI: 1.33,
3.85, P = 0.003 for less than 8 hours group) aging risks only in the diseased population (Supplementary
table 8).

Differences by caloric intake

Associations between dietary rhythms and biological aging varied by caloric intake. Among participants
with low caloric intake, dietary rhythms were consistently associated with body and organ-specific biological
aging, whereas these associations were weaker or less evident in participants with high caloric intake.

In the low caloric intake group, the optimal timing of the last meal varied across body and organ-specific
aging, a pattern consistent with the main analysis (Figure 4 A). Compared with individuals consuming their
last meal after 9:00 p.m., those eating between 3:00-5:00 p.m. exhibited lower risks of body biological aging
(OR =0.58, 95% CI: 0.35, 0.96, P = 0.035) and heart biological aging (OR = 0.38, 95% CI: 0.22, 0.65, P <
0.001). Additionally, consuming the last meal between 5:00-7:00 p.m. was associated with a reduced risk
of liver biological aging (OR =0.75, 95% ClI: 0.59, 0.96, P =0.021). In contrast, these protective associations
were not evident in the high caloric intake group. Later timing of the first meal was associated with increased
risks of body and organ-specific biological aging in both low and high caloric intake groups, consistent with
the findings of the primary analysis (Figure 4 B).

Feeding and fasting durations showed differential associations with biological aging across caloric
intake levels (Supplementary Figure 1). In the low caloric intake group, longer feeding duration (> 16 h) was
consistently associated with higher risks of body (OR = 2.17, 95% CI: 1.09, 4.35, P = 0.028) and heart (OR
=2.71, 95% CI: 1.58, 4.64, P < 0.001) biological aging. In contrast, these associations were weakened in
the high caloric intake group (Supplementary Figure 1A). Similar patterns were observed for fasting
durations exceeding 16 hours (Supplementary Figure 1B).

Differences by dietary quality

Stratified analyses by dietary quality, assessed using the Alternate Mediterranean Diet (aMED) score,
demonstrated differential associations between dietary rhythms and organ-specific biological aging.

For first and last meal time, associations with body and liver biological aging were more pronounced

among individuals with healthy diet patterns. In this group, delayed first meal was associated with increased



risks of body (OR = 1.97, 95% CI: 1.26, 3.08 for after 12:00 p.m.) and liver (OR = 2.11, 95% CI: 1.37, 3.22
for after 12:00 p.m.) biological aging, while earlier last meal was associated with reduced risks of body (OR
=0.71, 95% CI: 0.59, 0.86 for 7:00-9:00 p.m.) and liver (OR = 0.67, 95% CI: 0.52, 0.87 for 5:00-7:00 p.m.)
biological aging. These associations were weaker or not statistically significant in the unhealthy diet group.
Conversely, heart biological aging showed stronger associations with later first and last meal time in the
unhealthy diet group (Figure 5).

Longer feeding duration was significantly associated with increased risk of heart biological aging in
both healthy and unhealthy diet groups. For body biological aging, feeding duration showed more evident
associations in the healthy diet group, particularly when feeding duration exceeded 16 hours (OR = 3.50,
95% CI: 1.74, 7.05). Similar trends were observed for fasting duration. In contrast, kidney biological aging
exhibited stronger associations with both feeding duration and fasting duration among individuals with
unhealthy dietary pattern (Supplementary Figure 2).

Sensitivity analysis

The associations observed in the main analyses remained robust across sensitivity analyses, including
various exclusions and analytical adjustments, such as exclusion of participants with atypical meal time
(Supplementary table 9), restriction to participants reporting usual dietary intake (Supplementary table 10),
and additional adjustment for Metabolic Equivalent of Task (MET), sedentary time, and sleep duration.
Expectedly, insignificant associations were observed in models using the negative control outcome or
exposure (Supplementary table 11 and 12).

Discussion

This is the first study, to our knowledge, to examine the associations between dietary rhythms and
biological aging of the human body and its organs. Previous studies in both animals and humans have
shown that dietary habits, including TRE, influence metabolic processes across organ systems 348
11,18.21,37.38 More importantly, aging is driven by metabolic changes and different organs age at varying rates
3436 Consequently, we hypothesized that dietary rhythms exert distinct effects on the biological aging of
the body and its organs, a theory this study successfully supports.

Our findings suggest that meal timing may be a powerful modulator of biological aging. Specifically,

later first and last meals, as well as prolonged feeding durations, were associated with accelerated aging,



particularly of the body, heart, and liver. This aligns with the fundamental principles of chrononutrition 2.
The body's circadian system, governed by a central clock in the brain's suprachiasmatic nucleus (SCN) and
synchronized by light, orchestrates daily rhythms in metabolism and repair. Peripheral organs, however,
contain their own clocks, which are powerfully entrained by feeding signals *. A conflict between the SCN's
light-driven schedule and the metabolic cues from late meals can lead to circadian misalignment, a state
increasingly linked to metabolic dysfunction and accelerated aging 31%:3%-42,

The timing of the first meal sets the metabolic tone for the day. A delayed first meal prolongs the
overnight fast but may also disrupt the cortisol awakening response and blunt the morning peak of insulin
sensitivity. This can lead to larger glycemic excursions and a greater metabolic load on the heart and liver
upon the first nutrient intake 4345, Conversely, a late last meal forces metabolic activity during the biological
night, a period programmed for rest and cellular repair (e.g., autophagy) 464°. This inopportune timing can
lead to elevated nocturnal insulin levels 5051, promoting inflammation and anabolic processes at a time
when catabolic, restorative functions should dominate. Interestingly, our study identified nuanced "optimal”
windows for the last meal, which differed by organs: 3 p.m.-5 p.m. for the heart and 5 p.m.-7 p.m. for the
liver. This suggests that simply eating "early" is not the full story. The earlier window for the heart may
reflect its sensitivity to nocturnal metabolic and autonomic stress, benefiting from a longer fasting period
before sleep %253, The slightly later window for the liver, the body's metabolic nexus, might represent an
optimal balance point, allowing it to efficiently process the day's final nutrient load before shifting to its
critical overnight functions of gluconeogenesis and detoxification, processes primarily regulated by
hormones such as glucagon %4. The bidirectional effect we observed, where very early last meals (before 3
p.m.) were also linked to accelerated aging, hints at the complexity of the rhythms and suggests that
extreme feeding schedules may also disrupt metabolic homeostasis. The underlying mechanisms, likely
involving intricate feedback loops between insulin, glucagon, ghrelin, and core clock genes, require further
investigation 5456,

Moreover, our findings indicated that longer feeding durations and shorter fasting durations were
independently linked to increased biological aging risks in the body, heart, and liver. This suggests that
adherence to an approximately 8-hour TRE regimen may be necessary to delay biological aging. This

observation remains consistent with TRE research, where existing evidence shows that the practice



improves health status by alleviating insulin resistance, obesity, blood pressure and metabolic syndrome
riSk 17,18,21,57—59.

We found differential sensitivity of organs to dietary rhythms. Our results suggest that dietary rhythms,
including meal timing and feeding and fasting durations, were primarily associated with biological aging of
the heart and liver but not the kidneys. This finding aligns with existing animal literature, which demonstrated
that the liver exhibits the fastest response to changes in feeding times, followed by the heart, while the
kidneys adjust the slowest . The heart and liver are heavily regulated by the circadian clock, which governs
daily fluctuations in their metabolic activities and repair processes 6362, In contrast, kidney functions,
filtration, reabsorption, and excretion, showed less diurnal variation and were more influenced by
hemodynamic and endocrine signals, like aldosterone 3, making them less sensitive to dietary rhythm
changes. This could explain its relative insensitivity to the timing of single meals, although it did show a
response to the overall feeding duration in older adults, suggesting a sensitivity to cumulative daily
metabolic load.

Interestingly, if dietary rhythms have the most pronounced impact on the liver's circadian clock,
followed by the heart and then the kidneys, it might be expected that an earlier last meal time might have a
more significant effect on the liver. However, our observations indicate that the optimal last meal time for
delaying liver aging occurred later (5 p.m. to 7 p.m.), while the best time for delaying heart aging was earlier
(3 p.m. to 5 p.m.). The underlying mechanisms responsible for this differential optimal timing require further
investigation. Importantly, our results indicate different meal timing may have different effects on patients
with organ-specific diseases.

Our stratified analyses reveal that the relationship between dietary rhythms and biological aging was
not uniform, but was modulated by age, sex, and disease status. In younger populations (under 40), dietary
rhythms did not significantly affect biological aging across organs, likely due to their robust physiological
functions and adaptability. However, in the 40-60 age group, dietary rhythms notably impacted body and
heart aging. In the over 60 age group, the effect on kidney aging became more pronounced, possibly
because kidney circadian gene regulation is less efficient compared to the liver and heart 6264, As individuals
aged, the kidney’s compensatory ability declined, making it more susceptible to the effects of dietary

rhythms. With increasing age, the circadian system becomes less robust and more prone to disruption 56,



This "chrono-decline" can lead to a dampened amplitude of hormonal rhythms and a reduced ability to
synchronize peripheral clocks, making older individuals more vulnerable to the disruptive effects of
circadian challenges like a late meal. The heightened sensitivity of the kidneys to feeding duration in
individuals over 60 supports this, suggesting that as intrinsic organ resilience wanes, external synchronizers
like diet become increasingly important.

The observed sex differences—with males appearing more sensitive to meal timing and females to
feeding/fasting duration, may be rooted in the sexual dimorphism of the circadian system and metabolic
regulation, which is partly governed by sex hormones 7:68, Estrogen, for example, is known to influence
clock gene expression and energy homeostasis, potentially conferring different sensitivities to dietary inputs
6970 Further research is needed on the gender-specific effects.

Furthermore, the impact of dietary rhythms was modulated by disease status. The finding that liver
aging was more strongly affected by last meal timing in the diseased group suggests that existing disease
may alter organ metabolism and inflammation, potentially heightening the liver's sensitivity to dietary rhythm
regulation of aging ?2. Conversely, the stronger effect of meal timing on systemic Body Age in the healthy
group suggests that in the absence of overt disease, dietary rhythms may be a more prominent regulator
of the overall aging process. Our findings highlight that, the interplay between health status and dietary
habits could play a crucial role in the aging process, often accelerating the progression of existing diseases.
These results establish the necessity of personalized nutritional guidance, suggesting that dietary rhythms
should be tailored based on an individual's specific gender, age, and disease status to optimize aging
outcomes.

Our study also found that the impact of dietary rhythms on biological aging is not uniform but is
significantly modulated by caloric intake and diet quality, revealing a complex interaction between "when to
eat,” "how much to eat," and "what to eat."

We observed that the protective associations of optimal meal time (e.qg., earlier last meal) were stronger
in individuals with low caloric intake but weaker in the high calorie intake group. One possible interpretation
is that the circadian rhythms regulate energy expenditure. Human studies suggest that diet-induced
thermogenesis (also known as the thermic effect of food, or the specific dynamic action of food) is

approximately 50% lower in the evening compared to the morning, independent of behavioral cycles 7*72.



This implies that consuming the same amount of calories later in the day may leads to an energy surplus
and reduced metabolic efficiency. In our study, this mechanism may explain why later meal time was
associated with accelerated biological aging, particularly in metabolically sensitive organs such as the liver
and heart. Furthermore, for individuals with high caloric intake, the evening reduction in diet-induced
thermogenesis may further exacerbate the metabolic burden, diminishing the protective effects of optimal
meal timing. Our results indicate that moderating calorie intake may help maximize the benefits of dietary
rhythms.

Stratified analysis by dietary quality showed interesting organ-specific interactions, extending the
current understanding of how nutrition impacts aging. A recent study demonstrated that high-quality dietary
patterns are fundamentally linked to decelerated biological aging across multiple organs 73. Based on this,
our study highlights the time of meals could influence, or even diminish, the protective effects of a healthy
diet.

For body and liver biological aging, the detrimental effects of delayed meals were more apparent in
participants with healthier diets. This may reflect the strong sensitivity of the liver and body metabolism to
feeding time: even a high-quality diet cannot fully offset the impact of eating at the suboptimal time. It
suggests that "when you eat" is an independent determinant of health, separate from "what you eat" 7.
Mechanistically, a healthy diet improves insulin sensitivity and metabolic flexibility, but the liver’s peripheral
clock is strongly adjusted by feeding signals ™. Late or irregular meals may desynchronize the liver clock
from the central circadian system, disturbing downstream metabolic pathways regardless of nutrient quality.
Thus, following regular dietary rhythm seems essential to get the full anti-aging benefits of a healthy diet.

In contrast, the associations between meal time and heart biological aging were stronger in the
unhealthy diet group. This suggests that the heart may be particularly affected by a combination of poor
diet quality and irregular meal time, potentially accelerating heart biological aging. The cardiovascular
system is highly sensitive to circadian fluctuations in inflammation and oxidative stress, so when the
protective effects of a high-quality diet are absent, late eating may have a stronger deleterious impact 7.

Taken together, these results suggest that a nutrient-focused approach alone may be insufficient for
healthy aging. Effective dietary strategies should combine proper meal time, moderate energy intake, and

high-quality foods, rather than focusing on any single aspect in isolation.



This study has several strengths. First, this study is the first to evaluate associations between various
dietary rhythms and biological aging across different organs, accompanied by stratified analyses. Second,
we accounted for potential confounding factors, including other dietary rhythms, and confirmed the
robustness of our findings through sensitivity analyses. Third, we used a large, nationally representative
database, minimizing measurement bias and increasing sample size by combining data from eight cycles.

However, there were several limitations. First, the cross-sectional design of our study limited the ability
to infer causality and underlying biological mechanisms between dietary rhythms and biological aging, and
reverse causation, where health status influences dietary habits, cannot be fully excluded. Second, dietary
data were derived from 24-hour recalls, which are subject to recall bias and day-to-day variability. Although
among participants with two days of recall data median absolute differences between days were modest.
Future studies with more precise and long-term dietary timing data are warranted. Third, although we
adjusted for a wide range of covariates, including sleep duration and physical activity in sub-analyses,
potential residual confounding remains possible. Specifically, Objective chronotype measures (e.g., dim
light melatonin onset) and longitudinal sleep regularity were unavailable for the full cohort of NHANES.
Nevertheless, future longitudinal studies incorporating objective circadian markers are needed to
disentangle the complex interactions between chronotype, sleep regularity, other circadian-related
behaviors and dietary rhythms. Fourth, our analysis is restricted to data from NHANES because other large-
scale cohorts representing different populations, such as the UK Biobank (European) and the China Health
and Retirement Longitudinal Study (Asian), currently lack the detailed meal timing data required to
investigate dietary rhythms. Therefore, the findings may not be generalizable to populations as potential
geographic and ethnic differences in dietary patterns and circadian characteristics may influence the
observed associations.

In total, this cross-sectional study demonstrates that dietary rhythms are associated with biological
aging across different organs to varying extents. Later first or last meal times, longer feeding duration or
shorter fasting duration were associated with increased risk of biological aging, although the optimal meal
timing differed for the whole body and individual organs. The dietary patterns exhibited varying association
with the biological aging of the body and different organs, influenced by factors such as age, gender,

disease status, energy intake and dietary quality. In addition, these findings suggest a complex relationship



between when to eat, how much to eat, and what to eat. Rather than focusing on nutrient composition alone,
dietary guidance for healthy aging may benefit from considering dietary rhythms alongside diet quality and
energy balance. Our findings may provide insight into developing targeted dietary strategies for diverse
populations.

Methods

Data source and study population

This cross-sectional observational study utilized data from NHANES, a nationally representative survey
of the U.S. population that collects demographic, socioeconomic, dietary, and health-related data through
interviews, physical examinations, and laboratory tests "8,

To ensure analytical accuracy and comparability, we included only NHANES cycles with consistent
biomarker measurements and survey methods. C-reactive protein (CRP), required for calculating body BA,
was not measured during the 2011-2014 cycles. According to the National Center for Health Statistics °,
NHANES field operations were suspended in 2018 due to the COVID-19 pandemic, and the 2017-March
2020 Prepandemic File was a combined dataset with distinct design and weighting methods. Because of
its methodological differences from the standard 1999-2018 cycles, including this dataset could introduce
bias. Furthermore, biochemical data from the NHANES 2020-2023 cycles were not yet available at the time
of our data extraction, precluding the calculation of biological age for this period. Therefore, data from the
1999-2010 and 2015-2018 cycles were used in this study. Adults aged 18-80 years with complete dietary
data, parameters required to calculate body and organ-specific BA, and survey weight data were included.
Participants under 18 or over 80 were excluded due to NHANES recording limitations or puberty-related
changes. Pregnant women and individuals with missing relevant data were also excluded, resulting in a
final sample of 14,012 participants (Figure 1).

The analysis of U.S. NHANES was approved by the U.S. NHANES institutional review board and
National Center for Health Statistics Research ethics review board. The following protocol approval
numbers of U.S. NHANES were provided by the NCHS Research Ethics Review Board (ERB) for the
presented surveys years of 1999-2010 and 2015-2018: Protocol #98-12, Protocol #2005-06, Continuation

of Protocol #2005-06, Continuation of Protocol #2011-17, Protocol #2018-01. Participants were de-



identified and from public database. All the participants provided with informed consent. The present study
was conducted in accordance with the Declaration of Helsinki.
Biological age calculation

In line with the methodology used by Kwon D et al 27, when processing biomarkers for calculating
biological age, we excluded outliers by calculating the standard deviation and corrected for changes in
measurement methods to ensure data comparability across different years. For example, Creatinine values
from the 1999-2000 and 2005-2006 NHANES were corrected according to the analytical notes posted by
NHANES (https://www.cdc.gov/nchs/nhanes/index.htm). High sensitivity C-reactive protein assays from the
2015-2016 NHANES were posted in units mg/L and were divided by 10 to match units in previous waves.
Measurement methods for plasma fasting glucose changed in the 2005-2006, 2007-2008, and 2015-2016
NHANES. Values were adjusted to be comparable across years using multiple regression equations
(https:/imww.cdc.gov/nchs/nhanes/index.htm).

To provide a multi-dimensional assessment of aging, we calculated Body BA and three organ-specific
BAs (Heart, Liver, and Kidney). Data were sourced from the NHANES. Specifically, we used data from the
1999-2010 and 2015-2018 cycles for the Body BA calculation and data from the 1999-2018 cycles for the
three organ-specific BAs. All calculations were performed using the KDM implemented in the "BioAge" R
package 27:89,

To establish a "normative aging" baseline and create a standardized tool for measuring deviations from
this norm in the general population, our approach involved first training our models on a "healthy" reference
cohort, and then applying these calibrated models to the entire study cohort to assess aging. This process
ensures that the models capture age-related physiological changes, free from the confounding effects of
overt disease, rather than signals from specific pathologies. The healthy reference cohort was selected
from the full NHANES dataset by excluding participants with pre-existing chronic conditions relevant to the
specific aging model being trained: The exclusion criteria were as follows: For the Body Age model:
Exclusion of participants with cardiovascular disease (CVD), kidney disease, liver disease, Chronic
Obstructive Pulmonary Disease (COPD), malignancies, hypertension, or diabetes. For the Heart Age model:
Exclusion of participants with CVD. For the Liver Age model: Exclusion of participants with liver disease,

liver cancer, or a history of heavy alcohol consumption. For the Kidney Age model: Exclusion of participants
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with kidney disease. Finally, 24223 individuals were included for the calculation of body age, 19248
individuals were included for the calculation of heart age, 45551 individuals were included for the calculation
of kidney age, and 36550 individuals were included for the calculation of liver age.

The selection of biomarkers for this study was a systematic, biologically-informed process. Eor the
Body BA, we based our panel on the validated biomarker system proposed by Levine et al 8., which
includes albumin, alkaline phosphatase, blood urea nitrogen, creatinine, C-reactive protein, glycated
hemoglobin, uric acid, white blood cell count, lymphocyte percentage, mean corpuscular volume, and red
cell distribution width. In addition to this original panel, we incorporated diastolic blood pressure and pulse
pressure; This decision was based on the rationale that a true "whole-body" age model should represent
multiple systems, including the cardiovascular, hepato-renal, metabolic, and immune systems. While the
Levine model covers several of these, it lacks direct variables reflecting cardiovascular health. For the
organ-specific BAs, we grouped biomarkers available in NHANES based on their primary association with
specific organs, guided by established medical knowledge and the research frameworks of Nie et al. and
Tian et al. %232 Only biomarkers that significantly improved model performance were retained in the final
models. The final biomarker panels for each model are detailed in Supplementary table 13.

After data preparation and biomarker selection, we trained the BA models separately for males and
females using a five-fold cross-validation method. The newly trained algorithms were then applied to the
entire study population to calculate each individual's BA. The difference between an individual's CA and BA
reflects the current aging status of the body and organs. A positive difference (BA minus CA) signifies
accelerated biological aging, while a negative difference indicates decelerated aging. The risk of biological
aging is considered as 1 if BA is larger than CA and 0 if BA is less than CA per individual.

To validate the robustness and accuracy of our newly trained models, we performed a two-tiered
validation: Internal Accuracy Validation: Within the healthy reference cohort, we used five-fold cross-
validation to assess model performance by calculating the Pearson correlation coefficient and MAE
between the predicted BA and chronological age. To assess the real-world applicability of our models, we
further tested the ability of age acceleration to predict the risk of all-cause mortality. In detail, we collected
data from 1999-2010 and 2015-2018 to establish a Cox proportional hazards model for body biological

aging and mortality (a total of 34,371 cases), since CRP, which is used to calculate body biological age,
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was only measured in those cycles. Data from 1999-2018 were used to calculate the Cox proportional
hazards models for cardiac biological aging (20,437 cases), liver biological aging (40,894 cases), and
kidney biological aging (44,479 cases) in relation to mortality. Mortality data were sourced from linked
records extracted from the National Death Index up to 2018. We assessed the associations between body
and organ-specific aging and all-cause mortality, cancer mortality, heart disease mortality and nephrosis
mortality, over a medium follow-up of 140 months. However, since the NDI did not have mortality data for
liver diseases, we did not conduct Cox proportional hazards analyses for body and organ-specific aging in
relation to liver disease mortality. The cox proportional hazards models adjusted for age (continuous),
gender (male or female), race (non-Hispanic White, non-Hispanic Black, Mexican American, or other Race),
poverty ratio(continuous), education level(below high school, high school or above High School), drinking
status (non-drinker or <1 drinks/month, 1-5 drinks/month, 5-10 drinks/month or 10+ drinks/month), smoking
status(never smoker, former smoker or current smoker), body mass index (underweight (<18.5), normal
(18.5 to <25), overweight (25 to <30) or obese (30 or greater)), self-reported chronic obstructive pulmonary
disease (yes or no), self-reported liver disease (yes or no), self-reported cancer (yes or no), self-reported
cardiovascular disease (yes or no), self-reported hypertension (yes or no), self-reported diabetes (yes or
no), self-reported kidney disease (yes or no), caloric intake per kilogram of body weight (continuous).We
adjusted sample weights using first-day dietary weight data from NHANES.

Dietary rhythms

We calculated first and last meal times, feeding/fasting duration, and meal count utilizing 24-hour
dietary recall data from NHANES. First meal times were categorized into four groups: before 8 a.m., 8 a.m-
9 a.m., 9 a.m.-12 p.m., and after 12 p.m. Last meal times were grouped into five categories: before 3 p.m.,
3 p.m-5 p.m., 5 p.m-7 p.m., 7 p.m-9 p.m., and after 9 p.m. Feeding/fasting duration was divided into five
groups: < 8 hours, 8-10 hours, 10-12 hours, 12-16 hours, and > 16 hours.

For participants with two days of data, we averaged the values; if only the first day was available, we
used that alone. To assess the reliability of meal-timing variables, we quantified within-individual variability
by calculating the median absolute differences between Day 1 and Day 2 for key dietary rhythm measures
among participants with two recalls. The first meal time was defined as occurring after 5 a.m., and the last

meal time as occurring before 5 a.m. &, To facilitate calculation and statistical analysis, all meal times were
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converted to numerical values. For example, a meal at 8:30 a.m. was recorded as 8.5, and a meal between
midnight and 5 a.m. as a value greater than 24 (e.g., 1:.00 a.m. as 25).
Dietary Quality

To assess diet quality, we calculated the aMED score # using the "dietaryindex" R package, a validated
tool designed for standardized dietary index computation in epidemiological research 8. The aMED score
ranges from O to 9 and is derived from nine components adapted for the U.S. population. Participants
received 1 point for intakes above the population median for beneficial components (vegetables, fruits, nuts,
whole grains, legumes, fish, and the ratio of monounsaturated to saturated fat) or below the median for the
detrimental component (red and processed meats). An additional point was assigned for moderate alcohol
consumption (5-15 g/day for women and 10-25 g/day for men). For subsequent analyses, participants were
categorized into two groups according to their aMED scores. A score of = 4 was classified as the "Healthy
Mediterranean diet pattern,” while a score of < 4 was classified as the "Unhealthy Mediterranean diet
pattern" 89,
Covariates

Demographic information including age, sex, racelethnicity, family poverty income ratio (PIR),
education level, smoking history, drinking history and BMI were considered as covariates. Participants were
identified as having CVD, diabetes, hypertension, cancer, liver disease, kidney disease, or COPD if they
answered "yes" to related questions. We also calculated the number of eating occasions, caloric intake,
carbohydrate intake, fat intake, protein intake, dietary fiber intake per kilogram of body weight, weekly
metabolic equivalent minutes (2007-2018), sedentary time (2007-2018), and sleep duration (2005-2018)
for certain years when data is available. Dietary intake estimates were based solely on foods reported in
the 24-h dietary recall and did not include dietary supplement intake. All details are shown in Table 1.
Statistical analysis

We applied NHANES first-day dietary sample weights in all analyses. All variables had missing rates
below 15%, and missing data were handled using multiple imputation. The number of missing observations
for each variable was presented in Supplementary table 14. Continuous variables were presented as

medians and interquartile ranges [M (Q1, Q3)] and compared using the design-based Wilcoxon rank-sum



test. Categorical variables were reported as counts and weighted proportions N (%), compared using the
Rao & Scott corrected chi-square test.

Survey-weighted logistic regression models were used to assess the association between dietary
rhythms and biological aging. We built three models with different numbers of covariates (univariate,
adjusted for other dietary rhythms, and fully adjusted for all covariates). Stratified analyses were conducted
by age (under 40 years, between 40 and 60 years, over 60 years), gender, health status, caloric intake (low
caloric intake, high caloric intake, based on the survey-weighted distributions of daily energy intake per
kilogram body weight) and dietary quality (healthy diet, unhealthy diet). Sensitivity analyses were conducted
by first excluding participants with atypical meal timing (defined as the first meal after 3 p.m. or the last meal
before 12 p.m.). The remaining participants, who possessed complete sleep and physical activity data,
were then further adjusted in the models for MET, sedentary time, and sleep duration. To further evaluate
potential residual confounding, we also conducted sensitivity analyses using a negative control outcome
(positive hepatitis A antibody), a negative control exposure (self-reported crab consumption in the past 30
days), and by restricting the analysis to participants who reported that their intake on the recall day was
“usual” based on the NHANES dietary recall questionnaire. All statistical analyses were performed using R
software (version 4.1.2). A P value < 0.05 was considered statistically significant.

This study was reported in accordance with the STROBE-nut reporting guidelines. (Supplementary
table 15) 8,

Abbreviations

NHANES, National Health and Nutrition Examination and Survey
TRE, Time-restricted Eating

BA, Biological Age

CA, Chronological Age

KDM, Klemera and Doubal Methods

PIR, Poverty Income Ratio

BMI, Body Mass Index

CVD, Cardiovascular Disease

COPD, Chronic Obstructive Pulmonary Disease



r, Pearson correlation coefficient
MAE, Mean Absolute Error

MET, Metabolic Equivalent of Task
Data Availability

Publicly available datasets were analyzed in this study. The data can be found here:
https://www.cdc.gov/nchs/nhanes/index.htm
Code availability

The underlying code for this study is not publicly available but may be made available to qualified
researchers on reasonable request from the corresponding author.

Acknowledgements

We are grateful to the staff and the participants of the NHANES study for their valuable contributions.
We appreciate Professors Zheng Lin and Jingrong Shi for their statistical analysis expertise.

This work was supported by the National Natural Sciences Foundation of China (Grant number:
81800364); Fujian Research and Training Grants for Young and Middle-aged Leaders in Healthcare; Fujian
Provincial Health Commission Young and Middle-aged Key Talent Training Program (Grant number:
2025GGAO003); the Natural Science Foundation of Fujian (Grant number 2025J01081).

Authors' contributions

Meixia Ren: Conceptualization, Methodology, Writing - Review & Editing, Supervision, Project
administration, Funding acquisition. Fan Lin: Conceptualization, Methodology, Writing - Review & Editing,
Supervision. Luyan Zheng: Software, Formal analysis, Investigation, Data curation, Writing- Original draft
preparation, Visualization. Zhilong Jia: Visualization, Software, Formal analysis, Data curation, Writing-
Original draft preparation, Investigation. Shuanghui Gong, Tian Zheng, Yizhou Zhuang, Lan Lin, Qianwen
Li: Investigation.

Competing interests
The authors declare no competing financial or non-financial interests.
References
[1] Pickel L, Sung H-K. Feeding Rhythms and the Circadian Regulation of Metabolism. Front Nutr. 7, 39

(2020).



[2] Franzago M, Alessandrelli E, Notarangelo S, Stuppia L, Vitacolonna E. Chrono-Nutrition: Circadian
Rhythm and Personalized Nutrition. Int J Mol Sci. 24(3), 2571 (2023).
[3] Palomar-Cros A, et al. Dietary circadian rhythms and cardiovascular disease risk in the prospective

NutriNet-Santé cohort. Nat Commun. 14(1), 7899 (2023)..

[4] Yoshida J, Eguchi E, Nagaoka K, Ito T, Ogino K. Association of night eating habits with metabolic
syndrome and its components: a longitudinal study. BMC Public Health. 18(1), 1366 (2018).

[5] Katsi V, Papakonstantinou I[P, Soulaidopoulos S, Katsiki N, Tsioufis K. Chrononutrition in
Cardiometabolic Health. J Clin Med. 11(2), 296 (2022).

[6] Flanagan A, Bechtold DA, Pot GK, Johnston JD. Chrono-nutrition: From molecular and neuronal
mechanisms to human epidemiology and timed feeding patterns. J Neurochem. 157(1), 53-72 (2020).

[7] Poggiogalle E, Jamshed H, Peterson CM. Circadian Regulation of Glucose, Lipid, and Energy
Metabolism in Humans. Metabolism. 84, 11-27 (2018).

[8] Ma X, et al. Skipping breakfast is associated with overweight and obesity: A systematic review and meta-
analysis. Obes Res Clin Pract. 14(1), 1-8 (2020).

[9] Le C, et al. Prospective study of breakfast eating and incident coronary heart disease in a cohort of male
US health professionals. Circulation. 128(4), 337-43 (2013).

[10] Chen H, et al. Association between skipping breakfast and risk of cardiovascular disease and all cause
mortality: A meta-analysis. Clin Nutr. 39(10), 2982-2988 (2020).

[11] Ballon A, Neuenschwander M, Schlesinger S. Breakfast Skipping Is Associated with Increased Risk of
Type 2 Diabetes among Adults: A Systematic Review and Meta-Analysis of Prospective Cohort Studies.
J Nutr. 149(1), 106-113 (2019).

[12] Esquirol Y, et al. Shift work and metabolic syndrome: respective impacts of job strain, physical activity,
and dietary rhythms. Chronobiol Int. 26(3), 544-59 (2009).

[13] Knutsson A. Increased risk of ischaemic heart disease in shift workers. Occup Med (Lond). 45(1), 55
(1995).

[14] Torun A, et al. The effect of night shift on blood pressure in healthcare workers. Turk Kardiyol Dern

Ars. 52(4), 269-273 (2024).



[15] Lin X, et al. Night-shift work increases morbidity of breast cancer and all-cause mortality: a meta-
analysis of 16 prospective cohort studies. Sleep Med. 16(11), 1381-1387. (2015).

[16] Karlsson B, Knutsson A, Lindahl B. Is there an association between shift work and having a metabolic
syndrome? Results from a population based study of 27,485 people. Occup Environ Med. 58(11), 747-
52 (2001).

[17] Xie Z, et al. Randomized controlled trial for time-restricted eating in healthy volunteers without obesity.
Nat Commun. 13(1), 1003 (2022).

[18] Hatori M, et al. Time-restricted feeding without reducing caloric intake prevents metabolic diseases in
mice fed a high-fat diet. Cell Metab. 15(6), 848-60 (2012).

[19] Chaix A, Lin T, Le HD, Chang MW, Panda S. Time-restricted feeding prevents obesity and metabolic
syndrome in mice lacking a circadian clock. Cell Metab. 29(2), 303-319 (2019).

[20] Schuppelius B, Peters B, Ottawa A, Pivovarova-Ramich O. Time restricted eating: A dietary strategy
to prevent and treat metabolic disturbances. Front Endocrinol (Lausanne). 12, 683140 (2021).

[21] Sutton EF, Beyl R, Early KS, Cefalu WT, Ravussin E, Peterson CM. Early time-restricted feeding
improves insulin sensitivity, blood pressure, and oxidative stress even without weight loss in men with
prediabetes. Cell Metab. 27(6), 1212-1221 (2018).

[22] Ulgherait M, et al. Circadian autophagy drives iTRF-mediated longevity. Nature. 598(7880), 353-358
(2021).

[23] Chen M, Zhong VW. Abstract P192: Association between time-restricted eating and all-cause and
cause-specific mortality. Circulation.
https://www.ahajournals.org/doi/abs/10.1161/circ.149.suppl_1.p192 (2024).

[24] Franceschi C, Garagnani P, Parini P, Giuliani C, Santoro A. Inflammaging: a new immune-metabolic
viewpoint for age-related diseases. Nat Rev Endocrinol. 14(10), 576-590 (2018).

[25] Cho IH, Park KS, Lim CJ. An empirical comparative study on biological age estimation algorithms with
an application of Work Ability Index (WAI). Mech Ageing Dev. 131(2), 69-78 (2010).

[26] Nakamura E, Miyao K. A method for identifying biomarkers of aging and constructing an index of

biological age in humans. J Gerontol A Biol Sci Med Sci. 62(10), 1096-105 (2007).



[27] Klemera P, Doubal S. A new approach to the concept and computation of biological age. Mech Ageing
Dev. 127(3), 240-8 (2006).

[28] Me L. Modeling the rate of senescence: can estimated biological age predict mortality more accurately
than chronological age? J Gerontol A Biol Sci Med Sci. 68(6), 667-74 (2012).

[29] Jin S, et al. Association of lifestyle with mortality and the mediating role of aging among older adults in
China. Arch Gerontol Geriatr. 98, 104559 (2022).

[30] Yang Z, et al. Does healthy lifestyle attenuate the detrimental effects of urinary polycyclic aromatic
hydrocarbons on phenotypic aging? An analysis from NHANES 2001-2010. Ecotoxicol Environ Saf.
237, 113542 (2022).

[31] Thomas A, Belsky DW, Gu Y. Healthy Lifestyle Behaviors and Biological Aging in the U.S. National
Health and Nutrition Examination Surveys 1999-2018. J Gerontol A Biol Sci Med Sci. 78(9), 1535-1542
(2023).

[32] Tian YE, et al. Heterogeneous aging across multiple organ systems and prediction of chronic disease
and mortality. Nat Med. 29(5), 1221-1231 (2023).

[33] Nie C, et al. Distinct biological ages of organs and systems identified from a multi-omics study. Cell
Rep. 38(10), 110459 (2022).

[34] Ahadi S, et al. Personal aging markers and ageotypes revealed by deep longitudinal profiling. Nat Med.
26(1), 83-90 (2020).

[35] Elliott ML, et al. Disparities in the pace of biological aging among midlife adults of the same
chronological age have implications for future frailty risk and policy. Nat Aging. 1(3), 295-308 (2021).

[36] Tuttle CSL, et al. Cellular senescence and chronological age in various human tissues: A systematic
review and meta-analysis. Aging Cell. 19(2), e13083 (2020).

[37] Arble DM, Bass J, Laposky AD, Vitaterna MH, Turek FW. Circadian timing of food intake contributes
to weight gain. Obesity (Silver Spring). 17(11), 2100-2 (2009).

[38] Ni Y, et al. Late-night eating-induced physiological dysregulation and circadian misalignment are
accompanied by microbial dysbiosis. Mol Nutr Food Res. 63(24), e1900867 (2019).

[39] Zhang Q, et al. Association of chrononutrition patterns with biological aging: evidence from a nationally

representative cross-sectional study. Food Funct. 15(15), 7936-7950 (2024).



[40] Kinoshita K, et al. Breakfast skipping and frailty: A cross-sectional study in community-dwellers aged
75 years or over. Geriatr Gerontol Int. 23(1), 60-62 (2023).

[41] Mao Z, et al. The association between chrononutrition behaviors and muscle health among older adults:
The study of muscle, mobility and aging. Aging Cell. 23(6), €14059 (2024).

[42] Ishizuka R, et al. Breakfast skipping and declines in cognitive score among community-dwelling older
adults: A longitudinal study of the HEIJO-KYO cohort. J Geriatr Psychiatry Neurol. 36(4), 316-322
(2023).

[43] Rangaraj VR, Siddula A, Burgess HJ, Pannain S, Knutson KL. Association between Timing of Energy
Intake and Insulin Sensitivity: A Cross-Sectional Study. Nutrients. 12(2), 503 (2020).

[44] Bandin C, et al. Meal timing affects glucose tolerance, substrate oxidation and circadian-related

variables: A randomized, crossover trial. Int J Obes (Lond). 39(5), 828-33 (2015).

[45] Joseph JJ, et al. Diurnal salivary cortisol, glycemia and insulin resistance: The multi-ethnic study of
atherosclerosis. Psychoneuroendocrinology. 62, 327-35 (2015).

[46] Ma D, Li S, Molusky MM, Lin JD. Circadian autophagy rhythm: a link between clock and metabolism?
Trends Endocrinol Metab. 23(7), 319-25 (2012).

[47] Brooks RC, Dang CV. Autophagy: clocking in for the night shift. EMBO J. 38(12), €102434 (2019 ).

[48] Greco CM, et al. Integration of feeding behavior by the liver circadian clock reveals network
dependency of metabolic rhythms. Sci Adv. 7(39), eabi7828 (2021).

[49] Yin Z, Klionsky DJ. Intermittent time-restricted feeding promotes longevity through circadian autophagy.
Autophagy. 18(3), 471-472 (2022).

[50] Lopez-Minguez J, Saxena R, Bandin C, Scheer FA, Garaulet M. Late dinner impairs glucose tolerance

in MTNR1B risk allele carriers: A randomized, cross-over study. Clin Nutr. 37(4), 1133-1140 (2018).
[51] Qian J, Dalla Man C, Morris CJ, Cobelli C, Scheer FAJL. Differential effects of the circadian system
and circadian misalignment on insulin sensitivity and insulin secretion in humans. Diabetes Obes
Metab. 20(10), 2481-2485 (2018).
[52] Yoshizaki T, et al. Effects of feeding schedule changes on the circadian phase of the cardiac autonomic
nervous system and serum lipid levels. Eur J Appl Physiol. 113(10), 2603-11 (2013).

[53] Zhang L, Jain MK. Circadian regulation of cardiac metabolism. J Clin Invest. 131(15), e148276 (2021).



[54] McCommis KS, Butler AA. The Importance of Keeping Time in the Liver. Endocrinology. 162(2),
bgaa230 (2021).

[55] Kulkarni SS, Singh O, Zigman JM. The intersection between ghrelin, metabolism and circadian rhythms.
Nat Rev Endocrinol. 20(4), 228-238 (2024).

[56] Koop S, Oster H. Eat, sleep, repeat - endocrine regulation of behavioural circadian rhythms. FEBS J.
289(21), 6543-6558 (2022).

[57] Zarrinpar A, Chaix A, Yooseph S, Panda S. Diet and feeding pattern affect the diurnal dynamics of the
gut microbiome. Cell Metab. 20(6), 1006-17 (2014).

[58] Gabel K, et al. Effects of 8-hour time restricted feeding on body weight and metabolic disease risk
factors in obese adults: A pilot study. Nutr Healthy Aging. 4(4), 345-353 (2018).

[59] Zeb F, et al. Effect of time-restricted feeding on metabolic risk and circadian rhythm associated with
gut microbiome in healthy males. Br J Nutr. 123(11), 1216-1226 (2020).

[60] Damiola F, et al. Restricted feeding uncouples circadian oscillators in peripheral tissues from the central
pacemaker in the suprachiasmatic nucleus. Genes Dev. (2000). doi: 10.1101/gad.183500.

[61] Guan D, et al. The hepatocyte clock and feeding control chronophysiology of multiple liver cell types.
Science. 369(6509), 1388-1394 (2020).

[62] Durgan DJ, Young ME. The cardiomyocyte circadian clock: emerging roles in health and disease:
Emerging roles in health and disease. Circ Res. 106(4), 647-58 (2010). .

[63] Juffre A, Gumz ML. Recent advances in understanding the kidney circadian clock mechanism. Am J
Physiol Renal Physiol. 326(3), F382-F393 (2024).

[64] Talamanca L, Gobet C, Naef F. Sex-dimorphic and age-dependent organization of 24-hour gene
expression rhythms in humans. Science. 379(6631), 478-483 (2023).

[65] Hood S, Amir S. The aging clock: circadian rhythms and later life. J Clin Invest. 127(2), 437-446 (2017).

[66] Duffy JF, Zitting KM, Chinoy ED. Aging and Circadian Rhythms. Sleep Med Clin. 10(4), 423-34 (2015).

[67] Nicolaides NC, Chrousos GP. Sex differences in circadian endocrine rhythms: Clinical implications.
Eur J Neurosci. 52(1), 2575-2585 (2020).

[68] Van Cauter E, Leproult R, Kupfer DJ. Effects of gender and age on the levels and circadian rhythmicity

of plasma cortisol. J Clin Endocrinol Metab. 81(7), 2468-73 (1996).



[69] Hatcher KM, Royston SE, Mahoney MM. Modulation of circadian rhythms through estrogen receptor
signaling. Eur J Neurosci. 51(1), 217-228 (2020).

[70] Mauvais-Jarvis F. Sex differences in metabolic homeostasis, diabetes, and obesity. Biol Sex Differ. 6,
14 (2015).

[71] CJ Morris, et al. The human circadian system has a dominating role in causing the morning/evening
difference in diet-induced thermogenesis. Obesity (Silver Spring). 23(10), 2053-8 (2015).

[72] Johnston JD, et al. Circadian Rhythms, Metabolism, and Chrononutrition in Rodents and Humans. Adv
Nutr. 7(2), 399-406 (2016).

[73] Xu X, et al. Relationships among dietary patterns and heterogeneous biological aging at system and
organ-specific levels and mortality risks. NPJ Sci Food. 9(1), 267 (2025).

[74] Dashti HS, et al. Late eating is associated with cardiometabolic risk traits, obesogenic behaviors, and
impaired weight loss. Am J Clin Nutr. 113(1), 154-161 (2021).

[75] Stokkan KA, et al. Entrainment of the circadian clock in the liver by feeding. Science. 291(5503), 490-
3 (2001).

[76] St-Onge MP, et al. Meal Timing and Frequency: Implications for Cardiovascular Disease Prevention:
A Scientific Statement From the American Heart Association. Circulation. 135(9), e96-e121 (2017).

[77] Plan and operation of the Third National Health and Nutrition Examination Survey, 1988-94. Series 1:
programs and collection procedures. Vital Health Stat 1. (1994).

[78] Zipf G, et al. National health and nutrition examination survey: plan and operations, 1999-2010. Vital
Health Stat 1. (2013). .

[79] Akinbami LJ, et al. National Health and Nutrition Examination Survey, 2017-March 2020 Prepandemic
File: Sample Design, Estimation, and Analytic Guidelines. Vital Health Stat 1. (2022). .

[80] Kwon D, Belsky DW. A toolkit for quantification of biological age from blood chemistry and organ
function test data: BioAge. GeroScience. 43(6), 2795-2808 (2021).

[81] Levine ME, et al. An epigenetic biomarker of aging for lifespan and healthspan. Aging (Albany NY).

10(4), 573-591 (2018).



[82] Bernardes da Cunha N, Teixeira GP, Madalena Rinaldi AE, Azeredo CM, Crispim CA. Late meal intake
is associated with abdominal obesity and metabolic disorders related to metabolic syndrome: A
chrononutrition approach using data from NHANES 2015-2018. Clin Nutr. 42(9), 1798-1805 (2023).

[83] Fung TT, et al. Mediterranean diet and incidence of and mortality from coronary heart disease and
stroke in women. Circulation. 119(8), 1093-100 (2009).

[84] Zhan JJ, et al. Dietaryindex: a user-friendly and versatile R package for standardizing dietary pattern
analysis in epidemiological and clinical studies. Am J Clin Nutr. 120(5), 1165-1174 (2024).

[85] Zamora AN, et al. Adherence to the Alternate Mediterranean Diet and Multidimensional Sleep Health
Among United States Adults from the 2017-2018 National Health and Nutrition Examination Survey:
Exploring Racial/Ethnic Disparities. J Acad Nutr Diet. 27, 156300 (2026).

[86] Lachat C, et al. Strengthening the Reporting of Observational Studies in Epidemiology - nutritional
epidemiology (STROBE-nut): An extension of the STROBE statement. Nutr Bull. 41(3), 240-251. (2016)

Figures

Methods Results
VDritietarthyth['r!s

Last meal time First meal time

El
24-hour dietary recall interview data from the NHANES

"“m First meal time .\\
A

d -1
17\ The time ofthe first / » 4
N, 1o\ meal aftee5AM. /,

r Feeding/Fasting duration
[ |

0 hour 8hours 10 hours 12 hours 16 hours

< Biological Aging

" NHANES -

Feeding duration

Adults from NHANES 1

| e iors Refoerce _[eieassdBgng ke i < 07
without < o with and without 3 L
diseases & o diseases i by >
|
HEY.L | | ™ L] | |
3 ) o 0 hour 8 hours 10 hours 12 hours 16 hours. 24 hours
| Train —— 3§ — Assess
| Cs lidati [ . :
‘ Chronological age (CA) Fasting duration
Body, igart  Younger ’
Increased aging isks 11 1, 1%
<V © Reference
Py "
‘ > N & g
’ D ¢ Older T [ 1 | ‘ © |
Liver pa Kidney CA ! 0 hour 8hours 10hours 12hours 16 hours 24 hours

Graphical abstract



NHANES 1999-2010,2015-2018
n=81385

Excluded:
under 18 years old (n=34158)
over 80 years old (n=3542)

NHANES 1999-2010,2015-2018
43685 subjects included

Excluded:
pregnant (n=1542)

NHANES 1999-2010,2015-2018
42143 subjects included

Excluded:
Missing data on diet (n=4575)

NHANES 1999-2010,2015-2018
37568 subjects included

Excluded:
Missing data on biological age (n=23556)

NHANES 1999-2010,2015-2018
Finally, 14012 subjects included

Figure 1. Flowchart of study population
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Figure 2. Correlations between chronological age and calculated biological ages. Each panel displays
a scatter plot of chronological age (x-axis) versus a specific biological age (y-axis) for the entire dataset.
The solid black line in each panel represents the linear regression line of best fit. (A) Body biological age
calculated using the newly developed 13-biomarker model. (B) Body biological age calculated using the
original features from Levine et al. [41]. (C) Heart biological age. (D) Kidney biological age. (E) Liver
biological age. The specific biomarkers used for each model are detailed in Supplementary Table 1.

Abbreviations: R, Pearson correlation coefficient; MAE, mean absolute error in years; N, sample size.
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Figure 3. Association of last meal time (A) and first meal time (B) with the biological aging risk of
the body and organs. Number = 14012. OR indicates odds ratio. Cl indicates confidence interval; Ref
indicates reference. The multivariate logistic regression models adjusted for feeding duration (continuous),
age (continuous), gender (male or female), race (non-Hispanic White, non-Hispanic Black, Mexican
American, or other Race), poverty ratio (continuous), education level (below high school, high school or
above high school), drinking status (non-drinker or <1 drinks/month, 1-5 drinks/month, 5-10 drinks/month
or 10+ drinks/month), smoking status (never smoker, former smoker or current smoker), body mass index
(underweight (<18.5), normal (18.5 to <25), overweight (25 to <30) or obese (30 or greater)), self-reported
chronic obstructive pulmonary disease (yes or no), self-reported liver disease (yes or no), self-reported
cancer (yes or no), self-reported cardiovascular disease (yes or no), self-reported hypertension (yes or no),
self-reported diabetes (yes or no), self-reported kidney disease (yes or no), meal count (continuous), caloric
intake, carbohydrate intake, fat intake, protein intake, and dietary fiber intake per kilogram of body weight

(continuous).
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Figure 4. Association of last meal time (A) and first meal time (B) with the biological aging risk of
the body and organs by caloric intake. Number = 14012. OR indicates odds ratio. Cl indicates confidence
interval; Ref indicates reference. The multivariate logistic regression models adjusted for feeding duration
(continuous), age (continuous), gender (male or female), race (non-Hispanic White, non-Hispanic Black,
Mexican American, or other Race), poverty ratio (continuous), education level (below high school, high
school or above high school), drinking status (non-drinker or <1 drinks/month, 1-5 drinks/month, 5-10
drinks/month or 10+ drinks/month), smoking status (never smoker, former smoker or current smoker), body
mass index(underweight (<18.5), normal (18.5 to <25), overweight (25 to <30) or obese (30 or greater)),
self-reported chronic obstructive pulmonary disease (yes or no), self-reported liver disease (yes or no), self-
reported cancer (yes or no), self-reported cardiovascular disease (yes or no), self-reported hypertension
(yes or no), self-reported diabetes (yes or no), self-reported kidney disease (yes or no), meal count
(continuous), carbohydrate intake, fat intake, protein intake, and dietary fiber intake per kilogram of body

weight (continuous).
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Figure 5. Association of last meal time (A) and first meal time (B) with the biological aging risk of
the body and organs by alternate Mediterranean diet (aMED) score. Number = 14012. OR indicates
odds ratio. ClI indicates confidence interval; Ref indicates reference. The multivariate logistic regression
models adjusted for feeding duration (continuous), age (continuous), gender (male or female), race (non-
Hispanic White, non-Hispanic Black, Mexican American, or other Race), poverty ratio (continuous),
education level (below high school, high school or above high school), drinking status (hon-drinker or <1
drinks/month, 1-5 drinks/month, 5-10 drinks/month or 10+ drinks/month), smoking status (never smoker,
former smoker or current smoker), body mass index (underweight (<18.5), normal (18.5 to <25), overweight
(25 to <30) or obese (30 or greater)), self-reported chronic obstructive pulmonary disease (yes or no), self-
reported liver disease (yes or no), self-reported cancer (yes or no), self-reported cardiovascular disease
(yes or no), self-reported hypertension (yes or no), self-reported diabetes (yes or no), self-reported kidney
disease (yes or no), meal count (continuous).
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Table 1. Characteristics of the included participants



Body age Heart age
Characteristic Overall +BA2 _BAa - +BAR _BAa -
valueP valueP
8781 5231 7344 6668
Number® 14012 57%) 43%) NA (49%) (51%) NA
Age, years® 46 (32,58) 42(27,58) 48(38,59) <0.001 42(27,56) 48(37,60) <0.001
Gender®
Female 6,979 4,312 2,667 3,415 3,564
(51%) (50%) (52%) (48%) (53%)
Vale 7,033 4,469 2,564 0.028 3929 3,104 <0.001
(49%) (50%) (48%) (52%) (47%)
Race°
Non-Hisoanic White 6:061 3,337 2,724 2,878 3,183
P (69%) (64%) (77%) (66%) (73%)
Non-Hisoanic Black 2998 2,231 677 1,746 1,162
P (11%) (14%) (6.2%) (13%) (8.8%)
. . 2,801 1,822 979 1,599 1,202
Mexican American (8.3%) (9.4%) (6.6%) <0.001 (9.6%) (6.9%) <0.001
Other Hisbanic 1,179 726 453 577 602
P (4.9%) (5.4%) (4.3%) (5.1%) (4.8%)
Other Race 1,063 665 398 544 519
(6.6%) (7.0%) (6.1%) (6.7%) (6.5%)
2.50 3.65 2.72 3.39
Poverty ratio® g'gé)(lw’ (1.29, (1.92, <0.001 (1.35, (1.69, <0.001
: 4.56) 5.00) 4.74) 5.00)
Education Level®
. 3,736 2,531 1,205 2,109 1,627
Below High School g4/, (19%) (13%) (18%) (14%)
. 3,454 2,332 1,122 1,018 1,536
High School (26%) (29%) (22%) <0.001 (28%) (24%) <0.001
Above High School 6822 3,918 2,904 3,317 3,505
9 (58%) (53%) (65%) (54%) (62%)
Drinking®
Non-drinker or <1 4,532 3,036 1,496 2,376 2,156
drinks/month (28%) (31%) (25%) (29%) (28%)
15 drinks/month  6:963 4,111 2,452 3,361 3,202
(46%) (47%) (44%) <0001 (44%) (47%) 02
510 drinksimonth 1081 672 409 : 611 470 :
(9.6%) (9.4%) (9.8%) (9.9%) (9.2%)
10+ drinks/month (11*25’/?) 962 (13%) 874 (21%) 996 (17%) 840 (16%)
Smoking®
Never smoker 7,542 4,726 2,816 3,923 3,619
(52%) (52%) (53%) (52%) (53%)
Former smoker ?ZEZSZ/Z) %2%1/8) 2'233/07) <0.001 %2201/03) g'zgs/f) <0.001
Cutrent smoker 3,193 2,115 1,078 1,808 1,385
(23%) (24%) (21%) (25%) (21%)
BMI, kg/m2
. 230 120 110 106 124
Underweight(<18.5) 1 gy (13%)  (2.4%) (16%)  (1.9%)
4,092 2,288 1,804 2,070 2,022
Normal(18.5 10 <25) 3100 36%) &79%) <0.001 (Ba0 Gan) <0.001
Overweight(25 to 4,668 2,702 1,966 2,305 2,363
<30) (33%) (30%) (37%) (31%) (35%)



Body age Heart age
Characteristic Overall +BA2 _BAa T +BA® _BAa .
value value
Obese(30 or 5,022 3,671 1,351 2,863 2,159
greater) (35%) (42%) (24%) (39%) (30%)
COPD®
No 13,067 8,153 4,914 6,848 6,219
(93%) (92%) (94%) 0.064 (93%) (93%) 09
Yes 945 628 317 ) 496 449 )
(7.0%) (7.5%) (6.4%) (7.0%) (7.1%)
Liver Disease®
No 13,429 8,406 5,023 7,052 6,377
(96%) (96%) (96%) 04 (96%) (96%) 08
Yes 583 375 208 ' 292 291 '
(4.1%) (4.3%) (3.8%) (4.0%) (4.2%)
Cancer®
No 12,963 8,162 4,801 6,895 6,068
(92%) (92%) (91%) (93%) (90%)
0.019 <0.001
1,049 619 430 449
Yes 600 (10%)
(8.4%) (7.7%) (9.3%) (6.7%)
Cardiovascular disease®
No 12,743 7,873 4,870 6,685 6,058
(92%) (91%) (94%) (92%) (92%)
<0.001 >0.9
Yes 1,269 908 361 659 610
(7.8%) (9.2%) (5.9%) (7.8%) (7.8%)
Hypertension®
No 9,574 5,637 3,937 4,774 4,800
(70%) (66%) (77%) (67%) (74%)
<0.001 <0.001
Yes 4,438 3,144 1,294 2,570 1,868
(30%) (34%) (23%) (33%) (26%)
Diabetes®
No 12,230 7,264 4,966 6,155 6,075
(90%) (86%) (96%) (87%) (93%)
<0.001 <0.001
ves 1,782 1,517 265 1,189 593
(9.9%) (14%) (3.9%) (13%) (6.8%)
Kidney Disease®
No 13,635 8,474 5,161 7,128 6,507
(98%) (97%) (99%) (98%) (98%)
<0.001 0.2
377 307 o 216 161
Yes (2.0%) 2.9%)  008%) 2.2%)  (L.8%)



Body age Heart age
Characteristic Overall +BA2 _BAa - +BAR _BAa -
value® value®
R 5.00 (4.00, 5.00(4.00, 5.00 (4.00, 5.00 (4.00, 5.00 (4.00,
Meal count/day 6.00) 6.00) 6.50) <0.001 6.00) 6.00) <0.001
Calorie, kcal/kg®d 25(19,33) 25(18,32) 26(20,34) <0.001 25(18,33) 26(20,33) 0.002
. 0.96 (0.72, 0.94(0.69, 0.99 (0.74, 0.95(0.70, 0.98(0.73,
ce
Protein, g/kg 1.29) 1.28) 1.31) <0.001 1.29) 1.29) 0.005
Carbohydrate, g/kg® 3.00 (2.18, 2.87(2.07, 3.20(2.34, 2.93(2.13, 3.09(2.26,
f 4.04) 3.91) 4.21) <0.001 3 gg) 4.10) <0.001
0.96 (0.68, 0.94(0.66, 0.99 (0.70, 0.94 (0.65, 0.98(0.70,
cg
Fat, g/kg 1.30) 1.27) 1.34) <0.001 4 9g) 1.32) 0.005
. 0.19 (0.12, 0.17(0.11, 0.20(0.14, 0.18(0.12, 0.19(0.13,
h
Fiber, g/kgc 0.27) 0.25) 0.29) <0.001 0.25) 0.28) <0.001
Feedin duration 12.50 12.25 12.75 12.25 12.50
hour® 9 ' (11.00, (10.75, (11.25, <0.001 (10.75, (11.25, <0.001
14.00) 13.75) 14.00) 13.75) 14.00)
Fastin duration 11.50 11.75 11.25 11.75 11.50
hour® 9 ' (10.00, (10.25, (10.00, <0.001 (10.25, (10.00, <0.001
13.00) 13.25) 12.75) 13.25) 12.75)
) L 8.13 (7.25, 8.50(7.46, 8.00 (7.00, 8.50(7.38, 8.00(7.00,
First meal time 9.50) 10.00) 9.00) <0.001 9.88) 9.00) <0.001
. : 20.5 (19.3, 20.5(19.1, 20.5(19.3, 20.5(19.2, 20.5(19.3,
Cl
Last meal time 21.6) 21.8) 21.5) 0.073 21.8) 21.5) 0.6
Sleep time/day, 7.00 (6.00, 7.00(6.00, 7.00 (6.00, 0.025 7.00 (6.00, 7.00(6.00, 0.2
hour®! 8.00) 8.00) 8.00) ' 8.00) 8.00) '
1,680 1,920 1,440 1,920 1,440
MET, min.Wek (280, (280, (300, <0.001 (360, (240, <0.001
4,823) 6,000) 3,840) 5,760) 4,320)
Sedentary time/day, 300 (180, 300 (180, 300 (180, 0.2 300 (180, 300 (180, 0.2
minck 480) 480) 480) ' 480) 480) '

Abbreviations: BMI, body mass index; COPD, Chronic Obstructive Pulmonary Disease; MET, Metabolic.

2 +BA means accelerated biological aging (A positive difference of chronological age minus biological age);-

BA means normal/decelerated biological aging (A zero or negative difference of chronological age minus

biological).

b Showed continuous variables as medians and interquartile ranges [M (Q1, Q3)]; Showed categorical

variables as counts and weighted proportions N (%) .



¢ Wilcoxon rank-sum test for complex survey samples; chi-squared test with Rao & Scott's second-order
correction

d Dietary calorie intake per kilogram of body weight.

€ Dietary protein intake per kilogram of body weight.

f Dietary carbohydrate intake per kilogram of body weight.

9 Dietary fat intake per kilogram of body weight

h Dietary fiber intake per kilogram of body weight

" All meal times were converted to numerical values. For example, if the first meal was consumed at 8:30
AM, it was recorded as 8.5, and if the last meal was consumed between midnight and 5 AM, it was recorded
as a value greater than 24 (e.g., 1:00 AM was recorded as 25)

I Sleep information was available for 10298 participants.

kK Physical activity and sedentary time information was available for 8503 participants.

Table 2. Association of first meal time and last meal time with the biological aging risk of the
body and organs by age. Number = 14012

Body biologicalHeart biologicalLiver biologicalKidney biological
Characteristic?9'"9 i aging i aging i aging i
OR (95% Cl)2 P OR (95% Cl)2 P OR (95% Cly2 P OR (95% cl)2 P
value value value value

First meal time
Under 40 years old (N = 5708)
before 8:00 Ref NA Ref NA Ref NA Ref NA

0N . O 1.03(0.79, 1.07(0.83, 1.14(0.88,

8:00 - 9:00 1.35) 0.8 1.36) 0.6 1.47) 0.3 0.82(0.67, 1.02)0.078

a0 . 19 1.21(0.92, 1.22(0.96, 1.08(0.86,

9:00 - 12:00 1.58) 0.2 1.55) 0.10 1.37) 0.5 0.84(0.67, 1.04)0.11
. 1.47(0.92, 1.33(0.91, 1.46(1.00,

after 12:00 2.34) 0.11 1.95) 0.14 2.13) 0.049 0.89(0.62, 1.26)0.5

Between 40-60 years old (N = 4648)

before 8:00 Ref NA Ref NA Ref NA Ref NA

.00 . o 1.36(1.08, 1.21(0.96, 1.14(0.92,

8:00 - 9:00 1.71) 0.009 1.52) 0.10 1.41) 0.2 1.01(0.80, 1.27)>0.9

. . 1.32(1.04, 1.31(1.01, 1.26(0.98,

9:00 - 12:00 1.67) 0.022 1.70) 0.043 1.61) 0.073 0.90(0.72,1.12)0.3
_ 1.14(0.72, 1.20(0.77, 1.57(0.99,

after 12:00 1.81) 0.6 1.86) 0.4 2.51) 0.056 0.89(0.57, 1.39)0.6

Over 60 years old (N = 3656)

before 8:00 Ref NA Ref NA Ref NA Ref NA

00 . O 1.11(0.82, 0.90(0.70, 0.98(0.75,

8:00 - 9:00 1.51) 0.5 1.16) 0.4 1.28) 0.9 1.06(0.79, 1.43)0.7

0N . 19 1.11(0.79, 1.11(0.86, 1.17(0.95,

9:00 - 12:00 1.56) 0.5 1.43) 0.4 1.45) 0.15 1.25(0.92,1.71)0.15



Body biologicalHeart biologicalLiver biologicalKidney biological

Characteristicagmg ) aging ) aging } aging }
OR (95% Cl)2 P OR (95% Cl)2 P OR (95% Cl)2 P OR (95% Cl)2 P
value value value value
_ 2.04(1.14, 0.75(0.44, 1.08(0.63,
after 12:00  5'¢s 0017 150 03 Tga 0.8  1.64(0.74, 3.64)0.2

Last meal time
Under 40 years old (N = 5708)
after 21:00 Ref NA Ref NA Ref NA Ref NA

. 1.02(0.75, 1.20(0.85, 1.18(0.86,
before 15:00 1.37) >0.9 1.71) 0.3 1.62) 0.3 0.88(0.69, 1.13)0.3
g 1.50(0.55, 0.39(0.15, 0.89(0.35,
15:00-17:00 4.10) 0.4 1.03) 0.056 2.25) 0.8 2.28(0.91, 5.68)0.076
N1 Q- 1.16(0.81, 0.81(0.59, 0.95(0.69,
17:00-19:00 1.66) 0.4 1.09) 0.2 1.29) 0.7 1.08(0.80, 1.47)0.6
N1 - 0.93(0.75, 1.07(0.89, 0.98(0.81,
19:00-21:00 1.15) 0.5 1.28) 0.5 1.18) 0.8 0.99(0.83, 1.17)>0.9
Between 40-60 years old (N = 4648)
after 21:00 Ref NA Ref NA Ref NA Ref NA
) 1.00(0.73, 1.40(0.97, 1.18(0.83,
before 15:00 1.36) >0.9 2.04) 0.074 1.67) 0.4 0.91(0.61, 1.36)0.7
. . 0.38(0.19, 0.51(0.23, 0.92(0.44,
15:00-17:00 0.78) 0.009 1.12) 0.091 1.04) 0.8 0.82(0.36, 1.84)0.6
010 0.79(0.56, 1.09(0.76, 0.70(0.52,
17:00-19:00 1.11) 0.2 1.56) 0.7 0.94) 0.019 0.81(0.57,1.15)0.2
OO0 - 0.85(0.68, 1.12(0.88, 0.91(0.74,
19:00-21:00 1.05) 0.13 1.44) 0.4 1.12) 0.4 0.96(0.79, 1.17)0.7
Over 60 years old (N = 3656)
after 21:00 Ref NA Ref NA Ref NA Ref NA
. 0.75(0.44, 0.81(0.52, 1.00(0.60,
before 15:00 1.27) 0.3 1.26) 0.3 1.65) >0.9 0.95(0.61,1.47)0.8
. . 0.53(0.28, 0.51(0.23, 0.99(0.46,
15:00-17:00 1.01) 0.053 1.10) 0.086 2.11) >0.9 0.37(0.16, 0.85)0.020
010 0.86(0.57, 1.15(0.82, 0.71(0.52,
17:00-19:00 1.29) 0.5 1.60) 0.4 0.96) 0.028 0.79(0.56, 1.11)0.2
D1 - 0.94(0.71, 0.95(0.73, 0.85(0.65,
19:00-21:00 1.24) 0.7 1.24) 0.7 1.10) 0.2 1.04(0.81, 1.34)0.7

Abbreviations: OR, Odds Ratio; Cl, Confidence Interval; Ref, Reference; N, Number; NA, Not applicable;

a Multivariate logistic regression models adjusted for feeding duration (continuous), age (continuous),
gender (male or female), race (non-Hispanic White, non-Hispanic Black, Mexican American, or other Race),
poverty ratio (continuous), education level (below high school, high school or above high school), drinking
status (non-drinker or <1 drinks/month, 1-5 drinks/month, 5-10 drinks/month or 10+ drinks/month), smoking
status (never smoker, former smoker or current smoker), body mass index (underweight (<18.5), normal
(18.5 to <25), overweight (25 to <30) or obese (30 or greater)), self-reported chronic obstructive pulmonary
disease (yes or no), self-reported liver disease (yes or no), self-reported cancer (yes or no), self-reported

cardiovascular disease (yes or no), self-reported hypertension (yes or no), self-reported diabetes (yes or



no), self-reported kidney disease (yes or no), meal count (continuous), caloric intake, carbohydrate intake,

fat intake, protein intake, and dietary fiber intake per kilogram of body weight (continuous).

Table 3. Association of first meal time and last meal time with the biological aging risk of the body
and organs by gender. Number = 14012

Soi?]y b|olog|caI:eiar1]rt blolog|caILiVer biological agingg'?r?ey biological
Characteristic?9'"9 i ging ) ) ging )
OR(95% CIy2 P OR(95% CI)2 P OR (95% Cl)2 P OR (95% Cl)2 P

value value value value

First meal time

Female (N = 6979)
before 8:00 Ref NA Ref NA Ref NA Ref NA
1.34(1.07, 1.15(0.95, 1.11(0.93,

8:00-9:00 1"y 0.011 1'30) 02  102(084,12308 {33 0.2
o 1oan 1.36(1.10, 1.18(0.97, 1.15(0.92,
9:00-12:00 170 0.006 14z 0.10 107(0.88,12905 17,5 0.2
after 12:00 %‘%125’ 0.003 1.3(0.94,1.78)0.11 1.55(1.11, 2.16)0.011 i.gégom, 0.2
Male (N = 7033)
before 8:00 Ref NA Ref NA Ref NA Ref NA
o 1.12(0.89, 1.04(0.88, 0.89(0.73,
8:00-9:00 "7\ 03 Tom 06  118(096,14500.12 )'gel 0.2
_ . 1.36(1.09, 1.44(1.16, 0.87(0.71,
9:00-12:00 177\ 0.008 1'7g) 0.001 129(1.02,1.64)0.086 7 ois 0.2
_ 1.53(1.05, 1.39(0.97, 0.91(0.63,
after 12:00 5> 0.028 1'gq) 0.074 1.59(1.10,2:30)0.014 3'3c5 0.6
Last meal time
Female (N = 6979)
after 21:00 Ref NA Ref NA Ref NA Ref NA
. 0.99(0.68, 1.14(0.88,
before 15:00 7", >0.9 1% 03  1.38(1.01,1.87)0.041 1(0.74,1.36) >0.9
15:00-17:00 g'gg§°'27’ 013 0.8(0.45,1.43)0.4  0.92(0.51, 1.66)0.8 (1)';30'42’ 0.3
. 0.87(0.65, 1.08(0.82, 0.85(0.64,
17:00-1900 §'jes 03 T 0.6 0.76(0.60,097)0.026 7 )s 0.3
i 0.89(0.73, 1.16(0.97, 0.95(0.80,
19:00-21:00 7 gox 03 130 0.004 0.94(0.78,1.13)05 7,5 0.6
Male (N = 7033)
after 21:00 Ref NA Ref NA Ref NA Ref NA
. 0.91(0.69, 1.16(0.88, 0.82(0.62,
before 15:00 7ot 05  T's3 0.3  095(0.70,12707 g% 0.14
o 0.66(0.39, 0.29(0.15, 1.18(0.56,
15:00-17:00 77,5 013 (g <0.001092(0.46, 183)0.8 5 s 0.7
17:00-19:00 8'?%0'64’ 0.3 8'?é§0'59’ 02  0.72(0.57,0.91)0.007 0.9(0.68, 1.18) 0.4
i 0.74(0.62, 0.86(0.70, 0.94(0.80,
19:00-21:00 ¢ g3 0.002 70 0.2 0.850.71,1.02)0.079 'oc} 0.4

Abbreviations: OR, Odds Ratio; Cl, Confidence Interval; Ref, Reference; N, Number; NA, Not applicable;
a Multivariate logistic regression models adjusted for feeding duration (continuous), age (continuous), race

(non-Hispanic White, non-Hispanic Black, Mexican American, or other Race), poverty ratio (continuous),



education level (below high school, high school or above high school), drinking status (non-drinker or <1
drinks/month, 1-5 drinks/month, 5-10 drinks/month or 10+ drinks/month), smoking status (never smoker,
former smoker or current smoker), body mass index (underweight (<18.5), normal (18.5 to <25), overweight
(25 to <30) or obese (30 or greater)), self-reported chronic obstructive pulmonary disease (yes or no), self-
reported liver disease (yes or no), self-reported cancer (yes or no), self-reported cardiovascular disease
(yes or no), self-reported hypertension (yes or no), self-reported diabetes (yes or no), self-reported kidney
disease (yes or no), meal count (continuous), caloric intake, carbohydrate intake, fat intake, protein intake,

and dietary fiber intake per kilogram of body weight (continuous).

Table 4. Association of first meal time and last meal time with the biological aging risk of the body
and organs by disease. Number = 14012

Body biologicalHeart biologicalLiver biologicalKidney biological
aging aging aging aging

orR©@5%cCle P~ or@swcn: P2 or@swc PT or (95wl P
value value val value

Characteristic
ue

First meal time
Non-diseased population® (N = 7717)
before 8:00 Ref NA Ref NA Ref NA Ref NA

N 1.27(1.04, 1.15(0.97, 1.17(0.97,
B:00-9:00 gyl 0.019 1"3¢ 011 1718 0.10 0.88(0.74, 1.05)0.14
9:00-12:00 1.5(1.26, 1.80)<0.0011'2§§1'13’ 0.002 1@3;1.01, 0.043 0.97(0.79, 1.19)0.8
after 12:00 ;'%1'19’ 0.005 1.4(1.02, 1.93)0.038 é'gf’él‘l& 0.004 0.96(0.70, 1.32)0.8
Diseased population® (N = 6295)

before 8:00 Ref NA Ref NA Ref NA Ref NA
8:00 - 9:00 i'éggo'%* 012 1.1(0.92,1.30)0.3 1'2150'82’ 0.9 1.12(0.91,1.38)0.3
, - 1.14(0.88, 1.21(0.95, 1.17(0.98,

9:00-12:00 7% 03 gy 0.12 170 0.088 1.01(0.82, 1.24)>0.9

_ 1.38(0.91, 1.34(0.90,
after 12:00  5'oct 013 ;'o0s 0.5 1.5(1.00, 2.25)0.050 1.14(0.74, 1.76)0.5

Last meal time
Non-diseased population® (N = 7717)
after 21:00 Ref NA Ref NA Ref NA Ref NA

1110081, 1.21(0.91, 1.15(0.88,
before 15:00 °g5! 05 1o 02 g 0.3  0.98(0.76, 1.26)0.9
15:00-17:00 2‘8%0'32’ 0.082 8'3%021’ 0.042 0.8(0.39,1.65)0.5  0.99(0.51,1.91)>0.9
o 0.83(0.64, 0.74(0.57, 0.77(0.58,
17:0019:00  J05) 02 oo 0.016 (7 0.073 1(0.74,1.34) >0.9
o 0.75(0.64, 0.89(0.76, 0.87(0.72,
19:00-21:00 (') <0.0017 0. 02 o 02  1.01(0.85, 1.20)>0.9

Diseased population® (N = 6295)
after 21:00 Ref NA  Ref NA Ref NA Ref NA



Body biologicalHeart biologicalLiver biologicalKidney biological

Characteristicagmg ) aging ) aging } aging }
OR (95% Cl)2 P OR (95% Cl)2 P OR (95% Cl)2 P OR (95% Cl)2 P
value value value value
—— 0.75(0.55, 1.08(0.80, 1.09(0.80,
before 15:00 ") 0.070 T4y 06 148 0.6  0.8(0.61, 1.06) 0.11
15:00-17:00 2‘?150'43’ 05  0.5(0.29, 0.87)0.014 (1)'23051’ >0.9 0.96(0.45, 2.03)>0.9
o 0.96(0.70, 1.24(0.91, 0.75(0.56,
17:00-19:00 ") 08 I'go) 02 g0 0.046 0.81(0.61, 1.07)0.13
_ L 0.94(0.77, 1.06(0.85, 0.91(0.74,
19:00-21:00 "5 05 T3 06 175 0.4  0.92(0.78,1.10)0.4

Abbreviations: OR, Odds Ratio; Cl, Confidence Interval; Ref, Reference; N, Number; NA, Not applicable;
& Multivariate logistic regression models adjusted for feeding duration (continuous), age (continuous), race
(non-Hispanic White, non-Hispanic Black, Mexican American, or other Race), poverty ratio (continuous),
education level (below high school, high school or above high school), drinking status (non-drinker or <1
drinks/month, 1-5 drinks/month, 5-10 drinks/month or 10+ drinks/month), smoking status (never smoker,
former smoker or current smoker), body mass index (underweight (<18.5), normal (18.5 to <25), overweight
(25 to <30) or obese (30 or greater)), meal count (continuous), caloric intake, carbohydrate intake, fat intake,
protein intake, and dietary fiber intake per kilogram of body weight (continuous).

® Non-diseased population: all of the following disease were ‘no’: self-reported chronic obstructive
pulmonary disease, self-reported liver disease, self-reported cancer, self-reported cardiovascular disease,
self-reported hypertension, self-reported diabetes, self-reported kidney disease

¢ Diseased population: any of the following disease was ‘yes’: self-reported chronic obstructive pulmonary
disease, self-reported liver disease, self-reported cancer, self-reported cardiovascular disease, self-
reported hypertension, self-reported diabetes, self-reported kidney disease.



