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Abstract

The biology of aging is increasingly understood through geroscience frameworks integrating molecular, cellular, physiological, and social
hallmarks. Recently, we introduced psychosocial factors including mental illness as an important hallmark of aging. Indeed,
exposome-centered approaches reveal complex interactions among socioeconomic, environmental, behavioral, and genomic factors.
Precision Geromedicine aims to target all these determinants in a holistic fashion to improve aging trajectories and extend healthspan.
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1. Introduction

Over recent years, there has been a large and growing interest in the study of aging due to its multiple scientific, medical, and
socioeconomic implications. In fact, the proportion of older individuals is increasing worldwide, and demographic studies have
concluded that by 2030, people older than 60 will represent one-sixth of the planet’s population, rising further to one-fifth by 20501,
Emerging areas of knowledge, such as Geroscience and Geromedicine, have already started to guide progress toward an improved
understanding of the molecular mechanisms of normal and pathological aging, including age-related diseases such as cancer,
metabolic disorders, neurodegenerative processes, cardiovascular diseases, and musculoskeletal alterations!??l. The final goal of such
geroscientific and geromedical approaches is to optimize health and postpone, prevent, or treat age-related diseases across the
lifespan. In this context, the introduction of the so-called ‘hallmarks of aging’ has provided an integrative framework to
conceptualize and organize the extremely complex field of aging research!**! (Figure 1).

We first defined the hallmarks of aging as molecular or cellular processes that must fulfill three stringent criteria: (i) manifestation
during physiological aging, (ii) acceleration of aging when experimentally accentuated, and (iii) deceleration of aging upon
experimental attenuation. On this basis, we initially enumerated nine determinants of aging, that were subsequently extended to
twelve hallmarks, namely: “genomic instability, telomere attrition, epigenetic alterations, loss of proteostasis, disabled autophagy,
deregulated nutrient sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, altered intercellular
communication, chronic inflammation, and dysbiosis”®. These molecular and cellular determinants of aging were categorized into
three ensembles: ‘primary’ hallmarks that act as drivers of the aging process; ‘antagonist’ hallmarks that represent protective
responses to the primary alterations but become detrimental when they become chronic or their intensity is exacerbated; and
‘integrative’ hallmarks that ultimately account for age-associated functional declinel*l.

Very recently, as part of our proposal for advancing from Geroscience to Precision Geromedicine, we have added two new members
to the census of hallmarks of aging, namely, (i) extracellular matrix (ECM) changes and (ii) psychosocial isolationl’l.

The inclusion of ECM alterations as part of the integrative group of molecular and cellular determinants of aging resulted from the
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growing body of clinical and experimental evidence that a gradual and bodywide reduction of ECM viscoelasticity accompanies the
aging process!®. Moreover, ECM deficiencies have a strong impact on aging determinants such as mitochondrial homeostasis, tissue
fibrosis, cellular senescence and stem cell exhaustion!’"?l. Furthermore, the transfer of an ECM gene encoding hyaluronic acid
synthase 2 from long-lived naked mole rats into the genome of mice was shown to reduce cancer incidence, improve
musculoskeletal functions, and extend healthspan and lifespan of these transgenic animals!'%l,

The introduction of adaptation to stress as one of the pillars of aging!>''l, and the definition of ‘psychosocial isolation’ as the 14th
hallmark of aging®® (Figure 1), represent important steps toward the bona fide consideration of social and behavioral factors as
essential determinants of organismal aging. Of note, for the sake of the present discussion, we prefer to extend the denomination of
this 14th hallmark of agingl® to ‘psychosocial isolation and mental disease’. This psychosocial and psychiatric aspect has been often
neglected, as many efforts in this field have focused predominantly on molecular mechanisms and signaling pathways underlying this
extremely complex and dynamic biological process. As part of our work aimed at analyzing aging factors in an integrative manner,
this article deals with the social hallmarks of aging and their relationship with the biological determinants associated with the
development and progression of aging and age-related diseases.

Mitochondrial
dysfunction

Antagonistic hallmar*®

Biological determinants Social determinants

Figure 1. Biological and social determinants of aging. Data for the 14 biological hallmarks of aging have been modifed from Kroemer et al.”}, while the information for the
five social hallmarks of aging is based on E.M. Crimmins!'?l. Notably, we have modified the previous definition of the 14th hallmark of biological aging from Psychosocial

isolation to Psychosocial isolation and mental illness to acknowledge the impact of psychiatric factors on the acceleration of the aging process.

2. Interactions between Social and Molecular Hallmarks of Aging

The field of sociobiology typically recognizes three major social hallmarks of health: socioeconomic status, social integration, and
early life adversities or adverse childhood experiences!'!-'2l, Over recent years, the growing field of geroscience has tried to integrate
these social determinants of health into the context of molecular and cellular mechanisms underlying aging. Previous studies had
already shown that a significant part of the observed variability in human aging is influenced by these social factors, but Eileen
Crimmins’ pioneering work aimed to integrate the social hallmarks of aging with molecular parameters derived from the
geroscientific hallmarks of aging, as well as from the signaling pathways mediating their downstream effects[!’l. This approach
provided valuable insights into the relative contribution of different social and biological factors to age-related health outcomes!'3.

Comparative analysis of both sets of aging hallmarks showed that, following the same criteria used to define the biological
determinants of aging, increased levels of social adversity are linked with accelerated aging, whereas reduced exposure to any of the
enumerated social factors delays or mitigates the onset of unfavorable health outcomes during aging. Likewise, and also illustrating
their close parallels with somatic hallmarks of aging, the social determinants exhibit extensive interconnectedness rather than
independence. Interestingly, and consistent with social theories about the fundamental causes of poor health in many modern
societies, Crimmins suggested that low socioeconomic status may be the most important social hallmark of aging due to its
detrimental impact across all other social determinants of health during the life coursel'?! (Figure 1). This stands in marked contrast to
the apparent absence of hierarchical organization among the otherwise interconnected molecular and cellular hallmarks of aging, as
all of them possess comparable potential to contribute to the development of age-related phenotypes!*l.

Another interesting link between the two sets of aging determinants is the early-life influence of both social and biological hallmarks
on aging and disease. Several studies have provided evidence that social problems experienced at early stages in life may affect the
individual aging rhythms and trajectories, ultimately precipitating the onset of age-related chronic disorders!'!. In this regard, there
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is strong evidence from human epidemiological studies and clinical trials, as well as from in vivo experiments with animal models,
indicating that social factors acting from infancy and childhood are critical determinants of organismal health and longevity. Poverty,
social stress, and psychosocial isolation increase the probability of developing many somatic and mental diseases, enhance the
severity of symptoms after viral infections, exacerbate inflammatory reactions, and correlate with accelerated aging, as well as with
increased morbidity and mortality rates!!'>1510],

Moreover, old age is frequently accompanied by physical and cognitive decline, leading to progressive social withdrawal, which
contributes to psychological or psychiatric alterations, including disruption of biological rhythms, anxiety, depression, and
loneliness!'’l. These conditions are intrinsically pathogenic, partly due to the chronic activation of neuroendocrine stress reactions,
ultimately compromising health and accelerating aging!'®l. Indeed, social support is routinely quantified in clinical assessments, and
lack of social support is regarded as a prognostic indicator of poor health!*’l.

Reciprocally, the presence of adequate social relationships positively regulates human physiology from early life, as demonstrated in
studies on maternal separation and maternal immune activation’l. Likewise, epidemiological studies have reported that individuals
with high social integration exhibit lower morbidity and mortality!?'l. Clinical trials also show that psychosocial group rehabilitation
not only enhances subjective health but also reduces mortality in older adults!*?. Similarly, multigenerational communities offer
optimal social support for older adults, significantly improving health outcomes?3l. Consistent with these observations, social
interaction between adult and old mice increases healthy longevity of the latter!?!l. Phylogenetic comparative analyses of
approximately 1,000 mammalian species further indicate that solitary species generally live shorter than group-living species!>>.
Brain transcriptomic studies have identified genes and immunity-related pathways linking social organization with longevity,
providing molecular support for the evolutionary correlation between social factors and aging dynamics!?°..

Notably, epidemiological evidence indicates that differences in socioeconomic status, along with associated factors such as absence
of social support and loneliness, can shift the onset of certain age-related diseases by more than a decade, adversely affecting
healthspan and lifespan!'?l. Recently, Legaz et al. demonstrated that structural inequality, defined as the uneven distribution of
resources and opportunities, strongly impacts aging and health outcomes, as assessed by a study enrolling a total of 2,135 healthy
controls and patients with neurodegenerative diseases from Latin America and the United States*°l. Kivimaki et al. provided further
support by showing that life-course social disadvantage accelerates biological aging®?’l. This large multicohort study analyzed
proteomic signatures linking social disadvantage with specific age-related pathologies, revealing that affected individuals had
increased risk for 66 age-related diseases and that, statistically, 39% of these associations were mediated by shifts in the plasma
concentrations of 14 age-related proteins. Further analysis identified the pro-inflammatory NF-KB pathway and its downstream
effector interleukin-8 as central biological mechanisms linking social disadvantage to aging acceleration!?7l,

Multiple factors contribute to these adverse health outcomes, including childhood trauma, poor nutrition, sleep disturbances,
physical inactivity, chronic exposure to toxins, social discrimination, and psychosocial isolation. Conversely, individuals with somatic
or mental health deficits are prone to lower socioeconomic status through the ‘poverty trap’ mechanism, characterized by
diminished social motivation, impaired cognition, and reduced economic opportunities!'.

Collectively, these findings support the bidirectional interdependence between social and biological hallmarks in determining health
and longevity!>!3282% (Figure 1). Future collaborative research between social scientists and molecular biologists will be essential for
elucidating the precise mechanisms through which social circumstances intersect with biological pathways, ultimately shaping
individual aging trajectories and the development of age-associated pathologies.

3. Towards the Integration of Biological and Social Hallmarks of Aging

During the life course, social and behavioral factors interact in complex, dynamic networks with biological pathways, collectively
shaping health trajectories and aging outcomes. Recent advances in defining the social and biological hallmarks of aging constitute a
critical step toward a holistic, integrative understanding of these processes*”! (Figure 1).

As noted by Crimmins!'?], the introduction of the notion of ‘allostatic load’ to quantify accumulated chronic stress represented a
pioneering effort to incorporate multisystem biological alterations, including those modulated by social determinants, into the study
of health, well-being, and aging. Allostasis represents a cumulative metric of physiological dysregulation, and numerous studies have
validated its pivotal role in linking socioeconomic status with poor health outcomes[*!-*2l. Chronic activation of allostatic responses
results in an exacerbated allostatic load state that leads to functional decline, induces premature and accelerated aging, and finally
reduces longevity and increases mortality in human/®!-32l, Recent studies in the allostasis field have further extended the idea that
adverse socioeconomic conditions, such as deficient housing, neighborhood conflicts and lack of familial support, induce allostatic
load and have a strong impact not only on the development of specific chronic diseases, but also on the incidence of multimorbidity
among older individuals[®*’l. There have also been recent advances in the elucidation of molecular links between increased allostatic
load linked with chronic stress and features of accelerated aging. Specifically, cellular allostatic load is associated with significantly
enhanced energy expenditure and precocious changes in a series of aging biomarkers such as accelerated telomere shortening,
mitochondrial DNA instability, and variations in the DNA-methylation clock!?4l,
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Beyond allostatic load research, recent technological advances across psychosocial and biomedical domains have enabled novel
strategies for integrating social and biological determinants of health and longevity. For instance, genomic analyses in a cohort
exceeding 350,000 individuals have provided valuable information about genomic variants that—pending confirmation in other
cohorts—may be associated with certain aspects of socioeconomic status, as assessed through social markers such as household
income, educational attainment, occupational status and signs of social deprivation!**]. These studies identified 56 significant
associations involving rare coding variants and uncovered seven novel socioeconomic status —associated genes (CCDC36, EP400,
LINC02881, NCAM 1, NRN 1, RHOB, and TPTEP2-CSNK 1E). Additionally, 34 single nucleotide polymorphisms were associated with years
of education, and nine with household income. Integration of these genetic factors with health-related phenotypes revealed
pleiotropic effects encompassing metabolic disorders and cognitive function, underscoring the genomic contribution to social
determinants and their downstream influence on healthspan and lifespan.

Another recent endeavor aimed at integration of social behaviors with their neurobiological substrates involved the development of
high-resolution 3D tracking of social interactions and postural dynamics in animal models, including seven rat lines affected by
monogenic mutations®°l. This large-scale effort, comprising over 110 million behavioral measurements, enabled the mapping of
social behavior landscapes, defining intricate patterns of interactions and stereotyped actions. Notably, this high-resolution
phenotyping revealed autism-specific behavioral alterations, providing a framework for understanding the interaction between
social and biological factors underlying neuropsychiatric disorders that critically affect human healthspan and lifespan. Nevertheless,
replication of the results in independent large cohorts will be necessary to confirm these perspectives.

Parallel studies have explored the neurobiological circuits regulating ‘social homeostasis’®’), a concept describing an individual’s
capacity to assess and modulate the quantity and quality of social contacts to achieve optimal connectivity. Molecular investigations
have revealed that the neuropeptide Tac2 orchestrates the behavioral consequences of sustained social isolation stress by acting
across multiple cerebral regions!®®l. Moreover, recent studies have uncovered a previously uncharacterized hypothalamic circuit
explaining the dynamic regulation of social homeostasis*’l, while a forebrain-thalamocortical circuit exerts molecular and neural
control over social hierarchy!*’l. Collectively, these examples underscore the necessity of interdisciplinary approaches integrating
social, behavioral, and biomedical factors to develop targeted interventions that promote equity and enhance healthy longevity!*!l.
This integrative perspective is particularly relevant to exposome research and its implications for aging and age-related diseases.

The exposome concept, initially defined by Wild in 2005 as “the totality of human environmental exposures from conception
onwards, complementing the genome”[*?!, has since expanded to encompass physical, chemical, biological, nutritional, social,
economic, and psychological exposures encountered throughout life. Over the past decade, numerous studies have documented the
exposome’s role in perturbing somatic and mental health. For example, environmental exposures such as air pollution have been
accused of causing the rising incidence of respiratory diseases and lung cancer via mechanisms including epigenetic modifications,
oxidative stress, and inflammation!*3-*4l, Similarly, limited access to green spaces correlates with mental and cardiovascular
morbidityl*>],

Recently, exposome research has been extended to aging studies to evaluate how inadequate exposure to external factors, including
social, demographic, and psychological stressors, cumulatively elevate allostatic load, perturbs intrinsic aging processes, and shape
aging phenotypes and trajectories!*’-*8], Mechanistic studies have linked environmental toxicants—including air and water pollutants,
heavy metals, pesticides, and organic solvents—to alterations in the molecular and cellular hallmarks of aging!*?-*°l. Psychosocial
stress, a key mediator of indirect environmental effects, also drives hallmark-specific aging alterations, highlighting the exposome’s
broad impact on the molecular basis of aging®!l. However, most epidemiological investigations have focused on single-point
exposures, with limited characterization of exposome dynamics across the lifespan.

Argentieri et al. recently conducted a comprehensive integrative analysis of environmental and genetic contributions to age-related
morbidity and mortality>?l. They performed an exposome-wide assessment of all-cause mortality in 492,567 UK Biobank participants,
followed by an evaluation of associations with proteomic age, aging biomarkers, and age-related multimorbidity, identifying 25
independent exposures significantly linked to premature mortality, accelerated proteomic aging, and age-related disease
incidencel?l. Another global study involving 161,981 participants from 40 countries assessed biobehavioral age gaps, defined as the
discrepancy between biologically inferred and chronological age, revealing substantial disparities in healthy aging across nations,
with European countries exhibiting excellent outcomes, whereas Egypt and South Africa displayed accelerated aging trajectories.
These findings further underscore the pivotal influence of socioeconomic and sociopolitical factors, including gender inequality,
migration, representation, and democratic processes, on aging trajectoriesl>?l. Data from high-longevity populations!*” reinforce the
concept that macro- and micro-environmental exposures, particularly social factors, interact with biological mechanisms to shape
human longevity.

Exposome-centered integrative approaches have paved the way for initiatives such as the “Human Exposome Project”*8l, which aims
to elucidate how external exposures, including social and behavioral factors, interact with internal omics-derived measurements,
biomarkers, and physiological assessments to influence age-related conditions, frailty, and functional decline, ultimately modulating
healthspan and lifespan. As proposed for Precision Geromedicinel®], the full realization of the Human Exposome Project necessitates
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advanced artificial intelligence (Al) platforms capable of integrating complex multidimensional data, facilitating the design of
personalized interventions to optimize healthspan and lifespan. Complementary initiatives, including the European Human Exposome
Network, Exposome Moonshot Forum, NEXUS Network, FAIR Environmental and Health Registry, City of Longevity, EXPOSOMICS in
London, and the Exposome Research Hub in Barcelona, aim to continuously monitor internal and external exposures, encompassing
social and behavioral dimensions, to improve population health and promote healthier aging.

4. Social Interventions for Improving Health and Longevity

The ongoing advancements in Geroscience and Precision Geromedicine are elucidating the molecular and cellular mechanisms
underpinning aging biology, thereby enabling the development of targeted interventions to optimize healthspan and delay the onset
of age-related pathologies. Nevertheless, given that the social milieu constitutes a primary determinant of healthy aging and
longevity, it is imperative to integrate biologically oriented interventions with strategies addressing the social hallmarks of aging,
including the mitigation of systemic social deficiencies and inequities at both population and individual levels. Achieving this
integration necessitates progress along two interrelated dimensions: design and implementation of interventions.

4.1 Design of interventions

The initial step involves the conceptualization of the social geroexposome, encompassing macro- and microenvironmental social
determinants that causally modulate aging trajectories and longevity outcomes. Prior research has approached this task through
three complementary methodologies: natural experiments, field trials, and mechanistic laboratory studiesl>!l. Natural experiments
utilize datasets derived from social adversities in contexts such as natural disasters to interrogate downstream impacts on aging
phenotypes and disease susceptibility. Field trials manipulate environmental or social conditions in defined communities to quantify
causal improvements in healthspan and quality of life. Laboratory studies employ in vitro and in vivo experimental models to establish
mechanistic linkages between social exposures and molecular or cellular aging processesl>!l. The integration of these approaches has
facilitated the mapping of causal pathways constituting the geroexposome (Figure 2).

Social geroexposome
Natural experiments Field trials Laboratory studies

Social factors Mechanisms

Low socioeconomic status Immune deficiencies
Adverse life events Chronic inflammation
Poor health behaviors Cell senescence
Negative psychological status Epigenetic changes
Social inequality / minority status Microbiome alterations
Chronic social stress Circadian misalignments
Social isolation, loneliness Loss of proteostasis
Environmental insults Allostatic load
Social toxins: poverty, violence... Neuroendocrine stress signaling

Consequences

Age-related Accelerated Shortened Increased
diseases aging longevity morbimortality

Figure 2. The social geroexposome. The figure indicates the different strategies used for the identification of social factors contributing to aging as well as some illustrative
molecular and cellular mechanisms underlying their gerogenic effects. The final outcomes of these social factors and molecular mechanisms for human health and longevity

are also indicated.

For instance, Mendelian randomization analyses leveraging genetic instruments associated with the well-being spectrum—spanning
life satisfaction, optimism, positive affect, neuroticism and depressive symptoms—while controlling for socioeconomic confounders
such as income, occupation and education, have provided robust causal evidence linking social determinants to mental well-being
with human longevity!>>l. Similarly, meta-analyses encompassing 90 cohort studies have identified social isolation and loneliness as
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potent risk factors for premature mortality, including all-cause, cardiovascular, and oncological outcomesl>®l. Longitudinal studies
examining daily fluctuations in loneliness have further demonstrated associations with accelerated biological aging, as measured by
biomarkers and self-reported functional declinel>l. Collectively, these findings underscore the critical need for interventions
targeting loneliness and social disconnection at both individual and societal levels>®l.

Animal model experiments corroborate the causal impact of chronic social stress on lifespan reduction and cardiovascular
vulnerability, with concomitant induction of cellular senescence pathways, including p16-mediated senescent cell accumulation,
reversible upon targeted senolytic interventionsl>>*l, These mechanistic insights delineate the molecular conduits through which
adverse social environments potentiate aging. Nevertheless, we must emphasize that these studies based on animal models present
clear limitations when they are used to analyze the impact of specific biological manipulations on complex social behaviours, or to
assess the influence of social determinants on the biological hallmarks of aging. Beyond this cautionary note, the available global
analyses seem to converge on the observation that social stress and adversity modulate gerogenic and geroprotective pathways,
which, in concert with behavioral and psychological factors, govern aging trajectories. Importantly, while the exposome concept
initially emphasized detrimental exposures, positive social interactions serve as critical modulators of human physiology across the
lifespan, necessitating the inclusion of pro-social and resilience-enhancing interventions within geroexposome frameworks
(Figure 2).

Potential interventions include: enhancement of immune competence; attenuation of systemic inflammation; optimization of gut
microbiome diversity as a mediator of immunometabolic resiliencel®!l; senolytic and senomorphic pharmacological strategies to
mitigate sociallyinduced cellular senescence; improvement of sleep quantity and quality; nutritional and physical activity
interventions; incorporation of green spaces and walkable infrastructures in urban design; promotion of equitable employment and
social participation; mind-body stress management programs; and the mitigation of social toxins, including abuse, violence,
inequality, discrimination, and digital addiction (Figure 2). These examples illustrate the potential to translate geroexposome
knowledge into actionable strategies for healthspan enhancement, though the dynamic complexity of social exposures poses
significant implementation challenges.

4.2 Implementation of interventions

To address this challenge, we must first acknowledge that both the development and implementation of social interventions to
improve health and longevity may be very effective without requiring prior understanding of the biological and mechanistic
hallmarks of health and aging'>'3?%2°l. Likewise, the implementation of biological interventions to extend healthspan and lifespan can
be carried out without significant concern for the social determinants of aging!®!325.2%, Based on these premises, if we want to
advance in this field, we must try to understand how social interventions can impact underlying biological mechanisms of aging, and
reciprocally, how we can contribute to improving the social determinants of aging by addressing the biological mechanisms of this
complex process.

To date, and despite compelling evidence for the influence of social and psychological determinants on healthspan and longevity,
these factors remain underrepresented within clinical, scientific, and policy frameworks addressing aging!®?l. Advances in
Geroscience provide molecular targets to modulate gerogenic pathways or enhance geroprotective circuits via pharmacological,
lifestyle, or environmental interventions!®>¢!l, Yet, translating these insights into effective, large-scale social interventions requires
the establishment of robust public health policies and community programs that mitigate environmental inequities, promote
equitable social determinants, and facilitate healthy aging trajectories (Figure 3).

Geroexposome
Social interventions
Public health policies ‘T’ Community programs

Early P Interdisciplinary P Al-based
implementation collaboration integration

Mitigate Promote Facilitate
environmental inequities | equitable determinants healthy aging

Figure 3. Implementation of interventions targeting the social geroexposome. Summary of the different approaches that can be followed for the precise assessment of the

impact of social and environmental interventions on aging trajectories.
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Early-life interventions are paramount, as cumulative damage from biological and social hallmarks accelerates molecular
deterioration and age-associated morbidityl>'l. Interdisciplinary collaboration among healthcare providers, molecular biologists, and
social scientists is essential for harmonizing multi-modal datasets encompassing external exposome factors (e.g., environmental
pollutants, climate change, social instability) with internal molecular, physiological, and omics-derived data. The integration of
generative Al algorithms represents a pivotal tool for synthesizing heterogeneous datasets, identifying predictive patterns, and
informing personalized and population-level interventions>5% (Figure 3). Al-based approaches may further enable quantitative
evaluation of intervention efficacy through validated biomarkers of aging, including epigenetic and proteomic aging clocksl®”), in
conjunction with physiological, cellular, and behavioral metrics such as frailty indices, inflammatory profiles, oxidative stress
markers, microbiota composition, endocrine and neurological signaling, and metabolomics.

The fields of Geroscience and Geromedicine, together with those of Gerontology and Geriatrics, are also making significant efforts to
develop standardized assessment tools for evaluating social impairment during aging in both humans and animal models. Of
particular interest in this regard is the Social Frailty Index, which includes age, gender, and eight different social predictors ranging
from neighborhood cleanliness to experiences of being treated with less courtesy or respect!®sl. Recent studies have shown that this
index accurately stratifies risk among older adults, provides superior predictive information compared with other existing tools, and
may prove highly valuable in clinical, epidemiological, and experimental studies focused on assessing interventions relevant to
Geroscience and Geromedicinel®sl,

Taken together, this comprehensive, multidisciplinary evaluation framework—integrating Al-driven methodologies, population
health studies, and detailed molecular and cellular multi-omic analyses—will enable a more precise assessment of the impact of social
and environmental interventions on individual aging trajectories.

5. Conclusions and Perspectives

Aging represents a dynamic and multifaceted biological phenomenon, orchestrated by the cumulative interplay of molecular,
cellular, environmental, and psychosocial determinants. The progressive elaboration of the “hallmarks of aging” framework has
provided an invaluable conceptual scaffold for disentangling the extraordinary complexity of this process’l. Its current expansion to
encompass psychosocial isolation and mental illness reflects a decisive shift toward a more integrative understanding of organismal
senescence that transcends the boundaries of purely molecular biology. Indeed, the inclusion of social and exposome-related aging
hallmarks highlights the profound and often underestimated influence of socioeconomic disadvantage, chronic stress, behavioral
adversity, and structural inequities on healthspan trajectories and longevity outcomes.

These insights form the intellectual foundation of Precision Geromedicine, an emerging paradigm that seeks to interlace multi-omic
datasets, exposomic measurements, and clinical biomarkers with social and behavioral parameters in order to delineate
individualized risk and resilience profiles. This integrative approach, leveraging advanced Al and systems-level modeling, aspires not
only to unravel the mechanistic determinants of aging but also to facilitate the rational design of targeted interventions across the
lifespan. Achieving this vision necessitates unprecedented collaboration among molecular biologists, geroscientists, social scientists,
healthcare providers, epidemiologists, data scientists, and policymakers. Likewise, there is an urgent need to advance toward the
deeper integration of the biological and social hallmarks of aging while acknowledging the current limitations imposed by the
available in vivo experimental models, which are often insufficient to fully capture the bidirectional impact of complex social
behaviors on biological aging—and vice versa. Similar considerations apply to the functional validation of the potential relevance of
genetic variants in relation to various social markers, as well as to their ultimate impact on the dynamic and highly heterogeneous
biological processes underlying human aging.

Ultimately, the convergence of biological and societal interventions offers a transformative opportunity to extend healthspan,
mitigate age-associated morbidities, and reduce inequities in aging trajectories. A holistic and interdisciplinary approach to aging
research is therefore indispensable for fostering equitable and sustainable strategies that optimize human longevity in an
increasingly complex global landscape.
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