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Extended Abstract

Introduction

Aging is a progressive, multidimensional, and dynamic process shaped by complex interactions
among biological, behavioral, psychological, and environmental exposures across the life course. Beyond
increasing chronological age, aging involves gradual declines in physiological reserve, higher
susceptibility to chronic diseases, and impairments in physical and cognitive function that can compromise
independence and quality of life. With global increases in life expectancy, scientific and public health
attention has shifted from merely extending lifespan to extending healthspan-the years lived in good health
with preserved functional capacity and wellbeing. Advances in biogerontology have identified core
biological processes often described as “hallmarks of aging,” including genomic instability, telomere
attrition, epigenetic alterations, loss of proteostasis, mitochondrial dysfunction, dysregulated nutrient
sensing, cellular senescence, stem cell exhaustion, and chronic low-grade inflammation (“inflammaging”)
(Franceschi & Campisi, 2014; Kennedy et al., 2014; Lopez-Otin et al., 2013, 2023). These mechanisms are also
deeply intertwined with the pathogenesis of age-related chronic diseases such as cardiovascular disease,
type 2 diabetes, cancer, and neurodegeneration. Importantly, aging biology is not entirely deterministic;
accumulating evidence indicates that lifestyle-related exposures—particularly dietary patterns and
physical activity—can modulate key aging pathways at molecular, cellular, and systems levels (Franceschi
& Campisi, 2014; Kennedy et al., 2014; Lopez-Otin et al., 2013, 2023; Ravussin, 2015; Waziry, 2023). This
perspective aligns with the geroscience framework, which conceptualizes aging mechanisms as a shared
upstream driver of multiple chronic conditions and emphasizes interventions that target aging biology to
delay or reduce disease burden (Kennedy et al., 2014). This systematic review aimed to synthesize evidence
from molecular, animal, clinical, and epidemiological research to clarify how a healthy lifestyle—
especially nutrition, physical activity, and their synergistic interaction—may slow biological aging
processes and improve quality of life and functional outcomes in midlife and older populations.

Methods

This review was designed and reported in accordance with PRISMA 2020 principles. A structured
search was conducted in PubMed, MEDLINE, and PubMed Central (PMC) to identify relevant studies
published between January 2010 and June 2025. Search terms combined concepts related to aging and
lifestyle, including: aging, healthy aging, healthspan, lifestyle, diet, nutrition, physical activity, exercise,
caloric restriction, Mediterranean diet, plant-based diet, molecular mechanisms, mitochondrial function,
inflammation, epigenetics, and quality of life, using Boolean operators (AND/OR). The search was
restricted to English full-text articles and included both human and animal studies when relevant to
mechanistic translation. Eligibility criteria included experimental studies, animal models, observational
epidemiological studies (cross-sectional, case—control, cohort), randomized controlled trials (RCTs), and
high-quality systematic reviews/meta-analyses that assessed dietary exposures, physical activity/exercise
exposures, or their combinations in relation to aging biology, age-related biomarkers, clinical risk factors,
or functional outcomes (physical, cognitive, psychological). Exclusion criteria included non-systematic
narratives, case reports, editorials/letters, and studies lacking direct relevance to aging-related outcomes.
Study selection proceeded in three steps: removal of duplicates, title/abstract screening, and full-text
review by two independent reviewers, with disagreements resolved by consensus and, when needed, a
third reviewer. Extracted data included study design, population characteristics, intervention/exposure
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type (dietary, physical activity, combined), biological pathways assessed (e.g., nutrient sensing,
inflammation, epigenetic markers), and main clinical/functional outcomes. Risk of bias was assessed
based on design: Cochrane Risk of Bias tools for RCTs and the Newcastle—Ottawa Scale for observational
studies.

Results

Across the included literature, findings consistently supported three convergent themes:

1) Nutrient sensing and energy regulation as central aging-modifiable pathways

One of the most consistent mechanistic conclusions is that lifestyle interventions influence aging
biology through conserved nutrient-sensing and energy-regulating pathways, including insulin/IGF-1,
AMPK, and mTOR, which control cellular growth, autophagy, mitochondrial biogenesis, and resistance
to oxidative stress (de Cabo & Mattson, 2019; Kennedy et al., 2014; Kraus, 2019). In animal models, caloric
restriction (CR) delayed multiple age-related pathologies and extended lifespan, supporting biological
plausibility for translation (Dorling, 2020; Kraus, 2019). These pathways map directly onto widely accepted
hallmarks of aging, reinforcing their relevance to intervention strategies (Franceschi & Campisi, 2014;
Lopez-Otin et al., 2013, 2023).

2) Dietary strategies: from caloric restriction to sustainable healthy dietary patterns

Human translation is supported by long-term randomized evidence such as CALERIE, showing
that moderate, sustained CR improves cardiometabolic risk profiles, reduces systemic inflammation, and
beneficially alters biomarkers linked to aging trajectories (Dorling, 2020; Kraus, 2019; Ravussin, 2015;
Waziry, 2023). Notably, recent work suggested that CR may slow epigenetic measures of biological aging,
offering human evidence that dietary interventions can modify molecular aging processes (Waziry, 2023).
However, the reviewed evidence also highlights practical and clinical limitations of CR particularly
sustained adherence challenges, potential quality-of-life concerns, and risks related to nutritional adequacy
in older adults—supporting the need for safer, scalable strategies (de Cabo & Mattson, 2019; Dorling, 2020;
Liu, 2022; Mattson, 2017). Consequently, strong attention has moved toward sustainable dietary patterns.

Among these, the Mediterranean diet emerged as one of the most consistently supported patterns
for healthy aging. Large trials and prospective cohorts linked greater adherence with reduced all-cause
mortality, lower cardiovascular risk, and better maintenance of cognitive function (Aune, 2017; Estruch,
2018; Guasch-Ferré¢, 2017; Soltani, 2019). Dose-response meta-analyses further reinforced these associations
(Aune, 2017; Soltani, 2019). Mechanistic interpretations across studies suggest reductions in oxidative stress
and inflammation, improved lipid metabolism, and favorable epigenetic regulation as plausible mediators
(Arts, 2010; Guasch-Ferré, 2017; Jafari, 2022; Mo, 2025; Ngandu, 2015; Tan, 2024).

Similarly, plant-based dietary patterns were generally associated with lower risks of all-cause
mortality and cardiometabolic disease in systematic reviews and meta-analyses (Jafari, 2022; Mo, 2025;
Tan, 2024). Proposed mediators included lower inflammatory burden, improved insulin sensitivity, and
potential gut—host metabolic effects, all relevant to aging biology and inflammaging (Franceschi & Campisi,
2014; Jafari, 2022; Mo, 2025; Tan, 2024). Emerging epigenetic evidence also indicates that dietary
composition may influence DNA methylation and gene expression profiles related to aging and metabolic
regulation (Ngandu, 2015).

3) Physical activity and exercise: robust evidence for mortality reduction and functional
preservation



Evidence supporting physical activity as a cornerstone of healthy aging was exceptionally strong
and consistent. Epidemiological studies and umbrella reviews linked higher physical activity levels with
substantial reductions in all-cause mortality and increased disability-free years of life (Fukushima, 2024;
Lee, 2022; Moll van Charante, 2016; Momma, 2022; Saeidifard, 2019; Shailendra, 2022). Mechanistically,
exercise was repeatedly associated with improved mitochondrial function, enhanced antioxidant defenses,
reduced chronic inflammation, and preservation of neuromuscular integrity—counteracting multiple
hallmarks of aging and inflammaging (Franceschi & Campisi, 2014; Lopez-Otin et al., 2013; Momma, 2022;
Saeidifard, 2019). Different exercise modes appear to confer complementary benefits. Aerobic training
primarily supports cardiometabolic health, whereas resistance training is critical for preventing
sarcopenia, maintaining independence, and reducing fall risk in older adults (Fukushima, 2024; Lee, 2022;
Momma, 2022; Saeidifard, 2019; Shailendra, 2022; Shen, 2023; Valenzuela, 2023). Recent systematic reviews
and network meta-analyses indicated that combined aerobic + resistance training yields the greatest
improvements in physical function and quality of life in older populations (Shen, 2023; Valenzuela, 2023).
Synergy: nutrition X physical activity as a “multiplier” for healthy aging. A key added value of this review
is the emphasis on synergistic interaction. While many studies assessed diet or exercise in isolation,
growing evidence suggests combined implementation produces stronger effects on shared aging pathways
than either intervention alone (Fukumoto, 2023; Kraus, 2019; Momma, 2022). Nutritional status can modulate
exercise adaptation (e.g., muscle protein synthesis, inflammatory tone, metabolic flexibility), while
physical activity improves nutrient utilization and insulin sensitivity. Multidomain interventions—
exemplified by the FINGER trial demonstrated that integrated lifestyle programs including diet and
physical activity can delay cognitive decline and improve functional outcomes in at-risk older adults
(Ngandu, 2015; Pereira, 2021; Tucker, 2014).

Discussion

Collectively, the evidence supports a shift from viewing aging as an inevitable passive decline to
recognizing aging biology as partly modifiable through behavioral exposures (Kennedy et al., 2014; Lopez-
Otin et al., 2013, 2023). From a public health perspective, lifestyle-based interventions represent scalable,
cost-effective strategies to extend healthspan and reduce the burden of age-related chronic diseases,
complementing—rather than competing with—emerging pharmacological approaches targeting aging
mechanisms. Nevertheless, key gaps remain. Many interventions have limited follow-up durations,
heterogeneous protocols, and underrepresentation of very old, frail, or multimorbid populations.
Moreover, interindividual variability in response potentially driven by genetics, epigenetics, baseline
health, socioeconomic context, and long-term adherence requires deeper investigation (Ngandu, 2015).
Future research should prioritize integrated designs that combine molecular biomarkers (including
epigenetic aging measures), objective physical function outcomes, and patient-centered quality-of-life
metrics, enabling more precise lifestyle prescriptions for healthy aging.

Conclusion

This systematic review synthesizes molecular-to-clinical evidence indicating that healthy lifestyle
behaviors—particularly high-quality nutrition and regular physical activity play a central role in
modulating biological aging and promoting healthy longevity. Their effects span molecular, cellular,
systemic, functional, and psychosocial domains, and are amplified when implemented together. These
findings reinforce the geroscience paradigm and support integrating combined lifestyle strategies into
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public health policy and clinical practice aimed at improving healthspan in aging societies (Kennedy et al.,
2014; Lopez-Otin et al., 2023; Ravussin, 2015).
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