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Abstract: As the global population ages, the prevalence of neurodegenerative diseases has become a major
public health concern. The adoption of a less sedentary lifestyle has been shown to have a beneficial effect on
cognitive decline, but the molecular mechanisms responsible are less clear. Here we provide a detailed analysis
of the complex molecular, cellular, and systemic mechanisms underlying age-related cognitive decline and
how lifestyle choices influence these processes. A review of the evidence from animal models, human studies,
and postmortem analyses emphasizes the importance of integrating physical exercise with cognitive,
multisensory, and motor stimulation as part of a multifaceted approach to mitigating cognitive decline. We
highlight the potential of these non-pharmacological interventions to address key aging hallmarks—such as
genomic instability, telomere attrition, and neuroinflammation—and underscore the need for comprehensive

and personalized strategies to promote cognitive resilience and healthy aging.

Keywords: Age-related cognitive decline; epigenetics; immunosenescence; neurodegeneration;
neuron-glia crosstalk; neuroinflammation and oxidative stress; physical exercise; protein
aggregation; non-pharmacological and therapeutic interventions; synaptic dysfunction

1. Introduction

Age-related cognitive decline is a pressing public health issue, exacerbated by the modern
sedentary lifestyle. Despite widespread recognition of the benefits of physical activity, many
individuals continue to lead inactive lives, influenced by societal structures that promote inactivity
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and dissociate physical activity from food intake (Speakman 2020). Europeans, for instance, spend
40% of their leisure time watching television, while Americans spend 55% of their leisure time in
sedentary activities, averaging 7.7 hours per day (Patterson, et al. 2018). This sedentary behavior,
coupled with poor nutrition, significantly contributes to cognitive decline in the aging process (Park,
et al. 2020; Puri, Shaheen, and Grover 2023; Schmitt and Gaspar 2023; Lee and Yau 2020).

As life expectancy rises, age-related cognitive decline becomes increasingly significant
(Gonzales, et al. 2022). It affects a large portion of the elderly population, with incidence rates 70%
higher than dementia alone (Juan and Adlard 2019). The aging process affects cognitive function to
varying degrees, influencing domains such as memory, attention, and executive function (Turrini, et
al. 2023; Cohen, Marsiske, and Smith 2019). Individuals exhibit distinct aging trajectories, shaped by
their unique genotypes—encompassing metabolic, immune, hepatic, and nephrotic systems—along
with other factors, including lifestyle and environmental exposures (Bieri, Schroer, and Villeda 2023;
Grammatikopoulou, et al. 2023). Lifestyle changes have the potential to modify an individual’s aging
trajectory and may impact one or more of these aging-related genotypes (Ahadi, et al. 2020).

Cognitive and functional decline ranges from mild cognitive impairment (MCI) to severe
conditions such as Alzheimer’s disease (Lee 2023). MCI represents an intermediate stage where
cognitive impairments are noticeable, but not severe enough to significantly interfere with daily
activities (Carlew, et al. 2023; Carbone, et al. 2023; Petersen, et al. 2014; Anderson 2019). However,
MCI can progress to Alzheimer’s disease, characterized by substantial memory loss, impaired
reasoning, and behavioral changes (Ilardi, et al. 2022; Drago, et al. 2011). Understanding the
progression from normal aging to MCI and eventually to Alzheimer’s disease is crucial for early
diagnosis and intervention. Lately, mild behavioral impairment (MBI), an emergent and persistent
neuropsychiatric symptom in individuals at risk for cognitive decline, was found to be prevalent in
subjects with MCI and Alzheimer’s disease (Park and Alzheimer's Disease Neuroimaging 2024).

Longitudinal studies have shown that cognitive decline is often preceded by subtle changes in
cognitive performance and brain structure, emphasizing the importance of early detection and
monitoring (Sindi, et al. 2017). These studies provide insights into the risk factors and progression of
cognitive decline, highlighting the interplay between genetics, environment, and lifestyle (Mungas,
et al. 2005; Livingston, et al. 2020). For more effective risk reduction, it is essential to consider
individual lifestyle factors and the broader social-ecological public health perspective. (Rohr, et al.
2022).

This integrative review aims to dissect the complex interplay of molecular, cellular, and systemic
mechanisms contributing to age-related cognitive decline. Additionally, it highlights the importance
of leaving behind a sedentary lifestyle by examining the effects of non-pharmacological interventions
such as cognitive, multisensory, and motor stimulation. By synthesizing empirical evidence from
experimental models and human studies, this review seeks to identify the essential molecular
signatures that explain the therapeutic effects of these stimulation programs in reducing the
progression of age-related cognitive decline.

2. Cognitive decline risk factors and aging models

Research over the past decade has advanced our understanding of the risk factors associated
with age-related cognitive decline. Epidemiological studies have identified several modifiable and
non-modifiable risk factors. Non-modifiable risk factors include age, genetics, and family history of
dementia. Modifiable risk factors encompass lifestyle and health-related factors such as physical
activity, diet, cardiovascular health, education, and social engagement (Sindj, et al. 2017; Dominguez,
et al. 2021; Livingston, et al. 2020). Chronic stress, diabetes, hypertension, and lack of social
engagement are significant contributors to cognitive decline (Hertzog, et al. 2008; Dominguez, et al.
2021; Livingston, et al. 2020).

Studies have also highlighted the impact of early childhood experiences, suggesting that more
education and intellectual engagement throughout life may protect against cognitive decline in old
age (Lovdén, et al. 2020; Seblova, Berggren, and Lovdén 2020; Y. S. Zhang, et al. 2024). This protective
effect may be due to enhanced cognitive flexibility, which fosters a degree of plasticity that allows
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individuals to solve tasks in new ways despite neuronal loss—effectively masking the presence of
disease by increasing functional reserve (Kraal, et al. 2021).These findings underscore the
multifactorial nature of cognitive decline with age and the value of multifactorial preventive and
intervention strategies. Interventions for dementia prevention can be beneficial at any stage of life,
emphasizing both early and late preventive measures (Do and Hill 2023).

Recent advancements in understanding the biological processes contributing to cognitive
decline have provided invaluable insights into the cellular and molecular alterations of aging
(Caruso, et al. 2024). Experimental models, particularly rodents, have facilitated controlled
manipulation of genetic, environmental, and pharmacological factors, identifying critical molecular
pathways involved in cognitive decline (Zia, et al. 2021; Colavitta, Grasso, and Barrantes 2023).
Rodent studies have elucidated mechanisms such as synaptic plasticity, neurogenesis, and the impact
of stress and diet on cognitive function (Grillo, et al. 2018). Interestingly, it has been demonstrated
that whole-body clearance of senescent cells can alleviate age-related increases in basal ‘brain
inflammation” and cognitive impairment in murine models (Ogrodnik, et al. 2021), which highlights
the role of the host response to the degenerative process as a contributor to the loss of cognitive
function with age.

Human induced pluripotent stem cells and transdifferentiated cells from aged donors and
patients as aging models in vitro may also help to unravel the cross-talk between aged and
proliferative cells to understand how aging and disease develop (Jorfi, Maaser-Hecker, and Tanzi
2023) and how the responses can be reprogramed in a dish (Pitrez, et al. 2024). Additional human
studies are necessary to provide the necessary validation and context to the experimental studies.
Neuroimaging, genomics, and post-mortem brain analyses have revealed patterns of brain aging and
cognitive decline, enabling the translation of findings from animal models to human conditions (Fjell
and Walhovd 2010; Jack, et al. 2018). Techniques such as magnetic resonance imaging (MRI) and
positron emission tomography (PET) have been pivotal in visualizing structural and functional
changes in the aging brain (Risacher and Saykin 2019; Anderson 2019; Mielke, et al. 2021). These
studies have identified brain regions particularly vulnerable to aging and have correlated these
changes with cognitive performance. Advances in PET imaging have allowed the in vivo
visualization of amyloid and tau pathology, directly linking molecular changes to cognitive decline
(Higuchi 2019; Jack, et al. 2018)(Higuchi 2019; Jack et al. 2018). 8F fluoro-deoxy-glucose (FDG)-PET
imaging has also been used to evaluate the alterations in cerebral glucose metabolism in MCI and
was found to differentiate progressive MCI from stable MCI (Teng.

Genomic studies have identified genetic variants associated with an increased risk of cognitive
decline and Alzheimer’s disease. Genome-wide association studies (GWAS) have uncovered
numerous risk loci, including the well-known APOE &4 allele, which is known to elevate the risk of
Alzheimer’s disease significantly (Teng, et al. 2020; Bellenguez, et al. 2022). These genetic findings
have provided some insights into the molecular pathways involved in cognitive decline, highlighting
the critical roles of cholesterol metabolism, immune response, and synaptic function (Sindi, et al.
2017) though the precise role of the ¢4 allele has remained an enigma that demands to be solved.
Other research that has examined telomere length has underscored its potential role in cognitive
health, suggesting that the preservation of telomere length has cognitive benefits among aged
individuals at risk of dementia (Sindji, et al. 2021).

Post-mortem brain analyses have confirmed and extended findings from neuroimaging and
genomics studies, revealing the accumulation of amyloid plaques, neurofibrillary tangles, and other
pathological features associated with Alzheimer’s disease (Fjell and Walhovd 2010; Falcon, et al. 2018;
Weiner, et al. 2015). These studies have also identified changes in neurotransmitter systems, synaptic
density, and neuroinflammatory markers, providing a comprehensive picture of the molecular
alterations in the aging brain (Boyle, et al. 2021). Recently, artificial intelligence tools were proposed
for early detection of neurocognitive impairments (AlHarkan, et al. 2024).
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3. Multivariate influences and variability in age-related cognitive decline

Aging manifests as heterogeneous disruptions across various functional domains. While some
individuals acquire wisdom and maintain cognitive health, others experience distinct declines
resulting in diminished psychomotor processing speed (Hedden and Gabrieli 2004; Hsieh and Chen
2023; Verissimo, et al. 2022; Andersen, et al. 2022). One of the fundamental questions in the
neuroscience of aging is explaining why some individuals decline more rapidly than others during
healthy aging (Beard, et al. 2016). This variability leads many to desire to live only as long as they can
preserve their functional autonomy (Seligowski, et al. 2012; Cohen, Marsiske, and Smith 2019). In
keeping with this phenomenon, there is increasing anxiety about the rising prevalence of dementia
in the general population (Kinzer and Suhr 2016; Werner, AboJabel, and Maxfield 2021).

To uncover the underlying causes of age-related cognitive decline, previous studies have
investigated a range of multivariate factors and have advocated for large-scale studies to assess the
impact of cognitive aging on daily life activities (Calero and Navarro 2011; Hou, et al. 2019). Research
exploring variability across different age groups suggests that both interindividual variability
(differences among individuals) and intraindividual variability (differences within an individual
across various tasks) may predict age-related cognitive decline (Sanchez-Izquierdo and Fernandez-
Ballesteros 2021; LaPlume, et al. 2022). Compared to younger adults, older adults demonstrate greater
interindividual variability in neuropsychological test performance (Morse 1993; Hultsch,
MacDonald, and Dixon 2002; Bunce, MacDonald, and Hultsch 2004; Gorus, De Raedt, and Mets 2006;
Jardim, et al. 2024).

Normative cognitive data from the Cambridge Neuropsychological Test Automated Battery
(CANTAB), encompassing tests on reaction time, spatial working memory, and paired-associate
learning, reveal multiple trajectories of cognitive aging. This variability is particularly evident in
episodic memory, as indicated by paired-associate learning results (Abbott, et al. 2019). Older adults
exhibit more significant interindividual variability in neuropsychological test performance compared
to younger individuals (Hultsch, MacDonald, and Dixon 2002; Gorus, De Raedt, and Mets 2006;
Bunce, MacDonald, and Hultsch 2004; Jardim, et al. 2024).

Numerous studies have identified various modifiable factors that influence cognitive outcomes
in old age (Dauncey 2014; Cabeza, et al. 2018; Moore, et al. 2018; Xue, et al. 2022). Enhanced cognitive
performance in older adults is associated with higher levels of social engagement (Bielak, et al. 2014;
Bourassa, et al. 2017; Borgeest, et al. 2020), greater educational attainment (Matthews, et al. 2012; de
Azeredo Passos, et al. 2015; Opdebeeck, Martyr, and Clare 2016; Bento-Torres, et al. 2017; Clare, et al.
2017; Chapko, et al. 2018) and increased participation in enrichment activities, including physical
exercise (Bielak, et al. 2014; Clare, et al. 2017; Engeroff, Ingmann, and Banzer 2018; Erickson, et al.
2019), reading, playing games, or engaging in hobbies (Bielak, et al. 2014; Opdebeeck, Martyr, and
Clare 2016; Clare, et al. 2017).

Furthermore, memory decline associated with normal or pathological aging is exacerbated by
institutionalization (Volkers and Scherder 2011; Maseda, et al. 2014; Zalik and Zalar 2013).
Institutional environments often provide limited sensory-motor and cognitive stimulation, social
interaction, and physical activity, all contributing to a sedentary lifestyle (Volkers and Scherder 2011;
Maseda, et al. 2014). Elderly individuals in long-term care facilities who received multisensory,
motor, and cognitive stimulation twice a week for six months—including language and memory
exercises, as well as visual, olfactory, auditory, and ludic stimulation such as music, singing, and
dance—demonstrated improved cognitive performance. This finding highlights that the
impoverished environment and sedentary lifestyle in long-term care facilities negatively affect
cognitive performance, while cognitive stimulation leads to significant improvements (De Oliveira,
et al. 2014). However, four months after the program ended, a return to a sedentary lifestyle in long-
term care facilities resulted in a significant loss of the cognitive functions that had been regained (de
Macedo, et al. 2015). In poorer countries, where significant inequalities negatively impact education,
healthy elderly individuals with less education exhibited the poorest performance on CANTAB tests,
particularly in sustained visual attention, reaction time, spatial working memory, and episodic
memory (Bento-Torres, et al. 2017).
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Supporting this, a significant volume of data from hippocampal studies has demonstrated that
aging affects the integrity of learning and memory consolidation, affective behaviors, and mood
regulation. This is associated with increased oxidative stress and neuroinflammation, altered
intracellular signaling, changes in gene expression, as well as alterations in synaptic plasticity and
neurogenesis (Bettio, Rajendran, and Gil-Mohapel 2017; Dahan, Rampon, and Florian 2020;
Shivarama Shetty and Sajikumar 2017; Bin Ibrahim, Benoy, and Sajikumar 2022; Okuno, Minatohara,
and Bito 2018), all of which are exacerbated by a sedentary lifestyle (Vaynman and Gomez-Pinilla
2006). Longitudinal studies have demonstrated that while physical activity preserves neuronal
structural integrity and brain volume (hardware), cognitive training for executive functions
strengthens neural circuits, functions, and plasticity (software) (Cheng 2016).

The individual variability in age-related cognitive decline, both in extent and rate and its
association with physical activity has been extensively explored (Erickson, et al. 2022; Sogaard and
Ni 2018). Numerous studies provide compelling evidence that cognitive reserve—the brain’s
resilience to neuropathological damage—can be enhanced through physical activity. Longitudinal
studies (Bielak, et al. 2014), intervention studies (Erickson, et al. 2011; Ngandu, et al. 2015) and meta-
analyses (Sofi, et al. 2011; Smith, et al. 2010) indicate that exercise is associated with greater cognitive
reserve. Cognitive reserve is defined as the accumulation of neural resources that mitigates the effects
of age-related cognitive decline (Stern 2009; Stern 2002; Stern 2012; Stern and Barulli 2019; Stern, et
al. 2020; Stern 2021), and it has been proposed as a critical factor for cognitive variability in later life
(Stern 2021).

4. Molecular determinants of cognitive reserve, resilience, and age-related cognitive decline

Understanding the molecular determinants of cognitive reserve and resilience is crucial for
elucidating the variability in age-related cognitive decline (Cordeiro, et al. 2024). The Bronx Aging
Study of 1988 demonstrated that individuals with higher educational levels exhibited fewer clinical
signs of dementia despite having the same degree of neuropathological changes as those with lower
education (Katzman, et al. 1988). In 1994, a landmark study by Stern supported this finding and
introduced the concept of cognitive reserve (Stern, et al. 1994).

In 2018, the concept of cognitive reserve was refined to encompass the adaptability of cognitive
processes, linking the differential susceptibility of cognitive abilities and daily functioning to brain
aging, pathology, or injury. Concurrently, resilience was defined as the capacity of the brain to
maintain cognition and function despite aging and disease (Cordeiro, et al. 2024). However, the
cellular and molecular basis underlying the heterogeneous cognitive disabilities observed in the aged
population remains poorly understood. Understanding these pathways is essential for providing
insights into the biological basis of cognitive decline and identifying potential therapeutic targets
(Branigan and Dotta 2024).

Multiple factors influence the imbalance in homeostasis during senescence, and these include
DNA instability, telomere attrition, epigenetic changes, loss of proteostasis, mitochondrial
dysfunction, cellular senescence, nutrient dysregulation, stem cell exhaustion, and altered
intercellular communication (Figure 1) (Hou, et al. 2019; Azam, et al. 2021a; Aunan, et al. 2016; Lopez-
Otin, et al. 2023; Freitas 2016). These interconnected hallmarks of aging have significantly advanced
our understanding of the biological processes underlying aging (Lopez-Otin, et al. 2023).
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Figure 1. Processes involved in aging are favored by sedentary behavior and prevented by an active
lifestyle.

Over the past decade, significant advancements in our understanding of the aging process have
led to the identification of additional hallmarks that contribute to the mechanisms underlying age-
related diseases. These newly recognized factors include impaired macroautophagy, which disrupts
the cellular process of degrading and recycling damaged components; age-associated dysbiosis,
characterized by an imbalance in the gut microbiota that affects immune function and metabolic
health; and altered mechanical properties of tissues, such as decreased elasticity and increased
stiffness, which compromise organ function. Furthermore, splicing dysregulation, involving errors
in the processing of pre-mRNA, has been implicated in the loss of proteostasis and the accumulation
of dysfunctional proteins, while chronic inflammation, often referred to as "inflammaging"
(Kosyreva, et al. 2022), perpetuates tissue damage, and accelerates aging across multiple systems
(Schmauck-Medina, et al. 2022; Lopez-Otin, et al. 2023). These emerging hallmarks underscore the
interdependence and complexity of aging processes, necessitating a paradigm shift in how we
understand aging—not merely as a collection of isolated events but as an intricate network of
interconnected pathways. Recognizing this interconnectedness is crucial for developing more
effective interventions to target the multifaceted nature of aging and age-related diseases.

Genomic instability is a consequence of the lost efficiency of DNA repair mechanisms with age,
accumulating genomic damage, and the ectopic presence of DNA, such as cytosolic (Miller, et al.
2021). As we age, DNA damage increases, and its degradation is incomplete, inducing an immune
reaction that exacerbates chronic low-grade inflammation in aging. Therefore, strategies that either
reduce the induction of cytoplasmic DNA or enhance its clearance are becoming attractive
therapeutic targets (Song, et al. 2021). Telomeres, i.e., the protective ends of linear chromosomes,
shorten throughout an individual's lifespan, and critically short telomeres induce genomic instability,
apoptosis, or cell senescence, leading to aging and age-associated diseases (Martinez and Blasco 2018;
Lopez-Otin, et al. 2023). Most mammalian somatic cells do not express telomerase, and as a result,
replicative DNA polymerases are unable to fully replicate the telomeric regions of eukaryotic DNA.
This incomplete replication leads to DNA damage at the ends of chromosomes, which contributes to
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aging and age-associated diseases (Blackburn, Epel, and Lin 2015; Martinez and Blasco 2018).
Epigenetic dysregulation is another critical hallmark of aging (Wu, et al. 2024). Key epigenetic
changes contributing to the aging process include alterations in DNA methylation patterns (Seale, et
al. 2022), abnormal post-translational modification of histones (Zhang, Wang, and Liu 2023; Wang,
Yuan, and Xie 2018), aberrant chromatin remodeling (Sikora, et al. 2021; Zhang, et al. 2023), and
deregulated function of non-coding RNAs (C. Li, et al. 2021, W. Zhang, et al. 2024; Earls,
Westmoreland, and Zakharenko 2014). These non-coding RNAs—including microRNAs, long non-
coding RNAs, and circular RNAs—play crucial roles in learning, memory, and adaptive immunity
(Musgrove, Mikhaylova, and Bredy 2024).

In healthy cells, a complex proteostasis network —comprising molecular chaperones, proteolytic
machinery, and their regulators —maintains the levels, structure, and function of proteins, ensuring
overall protein homeostasis (proteostasis). However, as cells age, inevitable endogenous and external
stresses make it increasingly difficult to sustain this balance (Sarkar and Nazir 2022). Loss of
proteostasis leads to the accumulation of misfolded, oxidized, and/or ubiquitinylated proteins that
may form intracellular inclusions or extracellular amyloid plaques (Hipp, Kasturi, and Hartl 2019;
Klaips, Jayaraj, and Hartl 2018). This decline in the proteostasis network compromises the integrity
of the proteome, contributing to cellular dysfunction and age-related diseases (Figure 1).

5. Neuroinflammation, exercise, and cognitive variability in old age

Recent studies have extensively explored the relationship between neuroinflammation and
aging, significantly advancing our understanding of the mechanisms underlying age-related
cognitive decline (Eggen 2023; Chin 2019). Aging seems to be associated with the up-regulation of
the inflammatory processes in the brain (Soraci, et al. 2024) including the activation of immune-
related cells, such as microglia and astrocytes within the CNS, which has been identified as a key
factor in the progression of aging and cognitive impairments (Jurga, Paleczna, and Kuter 2020; Azam,
et al. 2021b). Chronic inflammation promotes the senescence of normal cells and accelerates that of
immune cells, leading to impaired clearance mechanisms (Li, et al. 2023). At the same time, the
accumulation of DNA damage and senescent cells, together with the factors they release, promote
neuroinflammation in the aging brain (W. Zhang, et al. 2024). Senescent cells were shown to become
more abundant in mice with aging and their depletion mitigated neuroinflammation and delayed
cognitive impairment (Shafqat, et al. 2023). Neuroinflammation was recently demonstrated to have a
causative role in structural and functional connectivity impairment and to favor Alzheimer’s disease
progression (Leng, et al. 2023). The heterogeneity in aging trajectories was demonstrated to be linked
to different lifestyle behaviors and reduced physical and cognitive inactivity, to faster rates of decline
in aging paths (Tyndall, et al. 2013; Erickson, Weinstein, and Lopez 2012; Moreno-Agostino, et al.
2020).

Translational research, bridging animal and in vitro studies with human postmortem data, has
demonstrated a causal link between physical activity and the maintenance of microglial homeostasis
(Casaletto, et al. 2022). When physical activity was objectively monitored using accelerometer-based
actigraphy, studies revealed its protective effects on age-related brain structure and function (Memel,
et al. 2021). These studies showed that physical activity is negatively correlated with Lewy body
disease and positively associated with Alzheimer disease burdens. Moreover, in older adults,
particularly nonagenarians, the proportion of activated microglia in sampled brain areas was lower
in those who were physically active, which was associated with greater cognitive resilience
(Casaletto, et al. 2022). In addition, late-life physical activity was found to be linked with markers of
synaptic integrity in brain tissue, further emphasizing its role in preserving cognitive function in
aging population (Casaletto, et al. 2022).

Building on the relationship between physical activity and cognitive resilience, a postmortem
study conducted as part of the Memory and Aging Project at the Rush Alzheimer’s Disease Center
investigated the connection between neuropathological changes and various lifestyle factors in older
adults. The study by Paolillo et al. (2023), revealed that certain lifestyle behaviors associated can
contribute to cognitive stability even in the presence of significant neuropathological changes. The
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findings suggest that engaging in a range of lifestyle activities, including environmental enrichment
and social interactions, may slow cognitive decline and delay the progression of clinical symptoms
in older adults. The results emphasize the potential of lifestyle modifications to preserve cognitive
function, particularly in the oldest age groups, despite underlying neuropathological conditions
(Paolillo, et al. 2023). Interestingly, the effect of a healthy lifestyle behavior may have more benefits
in women than in man (Cheng, et al. 2023).

Studies in mouse models of Alzheimer’s disease have also demonstrated that physical activity
attenuates the expression of pro-inflammatory markers, cognitive deficits, astrocytosis, brain
amyloid beta deposition and disease progression (Sun, Qi, and Gao 2018; Kang, et al. 2013). Previous
studies had already demonstrated that aged mice and rats housed in standard laboratory cages
exhibited poorer performance in learning and memory tasks compared to those in enriched
environments (Diniz, et al. 2010; Gregory and Szumlinski 2008; Viana, et al. 2013; Winocur 1998; Bell,
Livesey, and Meyer 2009; Kumar, et al. 2012; Speisman, et al. 2012; Speisman, et al. 2013; Yuan, et al.
2012).

In mice, the cognitive training showed to attenuate age-related decline on visual discrimination
and behavioral flexibility(Attalla, et al. 2024). Moreover, enriched-housed mice showed enhanced
neural plasticity and improved memory formation in learning tasks, together with molecular and
neural structural changes in the prefrontal cortex (Dijkhuizen, et al. 2024). Pioneer publications
demonstrated that environmental enrichment and voluntary exercise were beneficial to neuronal and
neuroimmune functions in both young and aged individuals (Cheng, et al. 2014; Leger, et al. 2012;
Suzuki, et al. 2014; Bures, et al. 2014; Valles, et al. 2014; Hosseiny, et al. 2014; Sampedro-Piquero, et
al. 2014; Kobilo, et al. 2011; van Praag, et al. 2005; Kempermann, Kuhn, and Gage 1997). The current
view of the beneficial effects of an active lifestyle on spatial learning and memory, glial cell
morphology, and neuroinflammation is synthesized in Figure 2.

It has been suggested that glial cells are the first populations to show exhibit age-related changes
within the brain (Salas, Burgado, and Allen 2020). Interestingly, single-cell transcriptomics of the
aging glia identified a shared age-induced molecular signature across all major glial cell types that
relate to mitochondrial dysfunction, loss of proteostasis, and cellular senescence (Lemaitre, et al.
2023). Glial cell senescence contributes to synaptic dysfunction, neuroinflammation and impaired
neurogenesis (Shafqat, et al. 2023). Astrocytes, microglia and NG2 glia participate in the regulation
of synaptic functions and plasticity (Chelini, et al. 2018), their dysregulation by aging-induced cell
senescence may contribute to cognitive impairment and synaptic dysfunction, eventually
contributing to the accumulation of Alzheimer’s disease pathology (Lau, Ramer, and Tremblay 2023;
Yu, et al. 2024). Physical exercise has been demonstrated to increase the astrocyte coverage of cerebral
blood vessels and to counteract cognitive decline in a rat model of chronic cerebral hypoperfusion
(Cao, et al. 2022), as well as to maintain the homeostasis of cortical microcircuits by reshaping
microglial cells in the mutant human TDP-43 proteinopathy mouse model (Wei, et al. 2023).

Recent research showed that astrocyte dystrophy in physiological aging favors glutamate
spillover and parallels impaired synaptic plasticity in the C57BL/6 male mice (Popov, et al. 2021).
Accumulating evidence indicates that exercise enhances synaptic and cerebrovascular plasticity, as
well as the density of dendritic spines, improving neuroplasticity (Lin, Tsai, and Kuo 2018). Recently,
voluntary running exercise for four months was revealed to ameliorate spatial learning and memory
abilities, as well as to increase the total number of dendritic spines and synaptic dynamics in the
hippocampus of the APP/PS1 mice, an Alzheimer’s disease model (Wang, et al. 2023). Surprisingly,
running exercise reduced the expression of advanced glycation end products (AGEs), the receptors
for advanced glycation end products (RAGE), Clq, and C3 in the hippocampus, and the number of
Ibal+ microglia.

Physical exercise also enhanced the the expression of brain-derived neurotrophic factor (BDNF)
in astrocytes, further improving hippocampal neuroplasticity, a critical factor in cognitive function
and memory formation (Maugeri, et al. 2021). By upregulating lactate levels, exercise further
contributed to neuronal energy supply by promoting astrocyte-neuron lactate shuttle (ANLS) (F. Li,
et al. 2021). Notably, lactate from astrocytes has been shown to play a vital role in long-term
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potentiation (LTP) at neural synaptic sites, which is essential for synaptic strength, memory and
neurorehabilitation (Tsai, et al. 2016; Lundquist, et al. 2019).

Changes in astrocyte morphology by exercise were found to be region-specific and may be
supportive of synaptic integrity and synaptogenesis (Lundquist, et al. 2019). Moreover, voluntary
wheel running in the aged mice triggered the upregulation of aquaporin 4 (AQP4), in both the cortex
and the hippocampus, and end-feet polarization. AQP4 is a critical component of the lymphatic—
glymphatic system, which facilitates the exchange of cerebrospinal fluid and interstitial fluid,
highlighting the role of exercise in promoting brain health through astrocyte function (He, et al. 2017).
Upregulation of astrocyte gene expression in glial fibrillary acidic protein (GFAP), thrombospondin
2 (Thbs2), leukaemia inhibitory factor (Lif), and interleukin 6 (IL-6) by physical activity(Lundquist,
et al. 2019), deserve further studies to explore whether it helps in immune responses, such as against
COVID-19 (da Silveira, et al. 2021).

By releasing diverse signalling molecules, microglia, and astrocytes establish autocrine feedback
and crosstalk that regulate both cell phenotypes and response to challenges, fundamental to neural
function and dysfunction (Jha, et al. 2019; Brites and Fernandes 2015). While astrocyte modifications
by aging predominantly relate to genes associated to synaptic transmission, the genes upregulated
in microglia are associated with the inflammatory response (Pan, et al. 2020). Age-related release of
neuroinflammatory cytokines from the activated microglia and astrocytes disrupts synaptic
plasticity, exacerbates neuronal damage, reduces neurogenesis, and ultimately leads to cognitive
deficits (Jurga, Paleczna, and Kuter 2020; Azam, et al. 2021a; Jin, et al. 2022). Conversely, human
studies have provided evidence that exercise reduces neuroinflammation and risk of developing
dementia (Erickson, Weinstein, and Lopez 2012; Boa Sorte Silva, et al. 2024).

Microglia in the aging context show a reduced ability to damage and pathological cues
(Paolicelli, et al. 2022) and exhibit downregulation of genes involved in cell adhesion, motility, and
phagocytosis (Antignano, et al. 2023; Caldeira, et al. 2014; Caldeira, et al. 2017). Moreover, age-related
synapse loss and cognitive decline may be linked to increased pruning of brain cell connections by
microglia by mechanisms involving trogocytosis instead of phagocytosis (DeVries, et al. 2024). The
production of leukotrienes (small lipid mediators of inflammation) by microglia during aging and
neurodegeneration are are argued to be pivotal in age-related cognitive decline and chronic
neurodegenerative diseases (Michael, et al. 2020; Yan, et al. 2021; Chen, et al. 2020; Dhapola, et al.
2021). In an exploratory study, leukotriene signalling was described as a molecular correlate for
cognitive heterogeneity in aging (Mrowetz, et al. 2023). As microglia are the primary producers of
leukotrienes in the brain, the use of leukotriene receptor antagonists has been demonstrated to reduce
neuroinflammation, as well as to promote neurogenesis, and restore cognition in aged
rats(Marschallinger, et al. 2015).

Physical exercise has been demonstrated to counterbalance the impact of aging in astrocyte-
microglia communication, influencing both neuroinflammation and neural plasticity (Lalo, et al.
2020), and ensuring an optimal environment for brain plasticity and cognitive function (F. Li, et al.
2021; Lalo and Pankratov 2021). Regular physical activity was shown to reduce the expression of
neuroinflammatory markers, to enhance hippocampal neurogenesis and synaptic plasticity, as well
as to promote the production of anti-inflammatory cytokines (Liu, et al. 2022; Palmer and Ousman
2018; Methi, et al. 2024). The anti-inflammatory effects of exercise are mediated, at least in part, by
the upregulation of neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), which
supports neuronal survival and synaptic plasticity (Dinoff, et al. 2016).

miRNAs are important modulators of microglial phenotype with age-dependent specific subsets
and refinement by epigenetic mechanisms that influence microglial functions and states (Walsh, et
al. 2023; Brites 2020). miR-29a-3p and miR-132-3p were recently identified as the most significant
miRNAs associated with cognitive trajectory (Wingo, et al. 2022). Interestingly, exercise training was
shown to cause long-lasting changes in the expression of miRNAs (Carvalho, Zanon, and Lucas 2021)
and cognitive improvement (Da Silva, et al. 2021). miR-129-5p, miR-192-5p, miR-15b-5p, miR-148b-
3p, miR-130a-3p, and miR-132 sorted out as the most related with aerobic exercise training (Pinto-
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Hernandez, et al. 2023), while miR-409 and miR-501 were identified as the most increased in the
hippocampus upon exercise and to be correlated with cognition (Goldberg, et al. 2021).

Small extracellular vesicles are argued to be the principal carriers of miRNAs, which can be
transmitted to target cells by fusion, receptor-ligand interaction, endocytosis and phagocytosis (Loch-
Neckel, et al. 2022). Extracellular vesicles-derived miRNAs are key in cell-to-cell communication
(Berti, et al. 2024) and in the gut-brain-microbiota axis (Zhao, et al. 2021). Gut microbiota
communicate with microglia through secreted metabolites determining morphological and
functional changes in microglia that are associate with neuroinflammation and age-related cognitive
decline (Zhou, et al. 2022). Indeed, new insights indicate that changes in gut microbiota composition,
microbial metabolites, neurotransmitters, astrocyte reactivity, and microglial activation subtypes in
cognitive decline and neurodegenerative diseases are interrelated during aging (Zhang, et al. 2025;
Huang, et al. 2023). Several studies support the view that exercise modifies the gut microbiota with
modulation of human moods and behaviors, triggering positive health effects (Wegierska, et al. 2022;
Monda, et al. 2017). Intriguingly, it also stimulates motivation for the exercise (Dohnalova, et al. 2022;
Du Toit 2023). In summary, the manipulation of the microbiota-gut-brain axis holds promise as a an
accessible route to modulate glial functions indirectly (Loh, et al. 2024).

In contrast, engagement in an active lifestyle revealed to mitigate cognitive impairment in older
adults and Alzheimer’s disease patients (Quigley, MacKay-Lyons, and Eskes 2020; Kumar,
Srivastava, and Muhammad 2022; Ribaric 2022). Interestingly, the effect of a healthy lifestyle behavior
may have more benefits in women than in man (Cheng, et al. 2023). In mice, the cognitive training
showed to attenuate age-related decline on visual discrimination and behavioral flexibility(Attalla,
et al. 2024). Moreover, enriched-housed mice showed enhanced neural plasticity and improved
memory formation in learning tasks, together with molecular and neural structural changes in the
prefrontal cortex (Dijkhuizen, et al. 2024). Pioneer publications demonstrated that environmental
enrichment and voluntary exercise were beneficial to neuronal and neuroimmune functions in both
young and aged individuals (Cheng, et al. 2014; Leger, et al. 2012; Suzuki, et al. 2014; Bures, et al.
2014; Valles, et al. 2014; Hosseiny, et al. 2014; Sampedro-Piquero, et al. 2014; Kobilo, et al. 2011; van
Praag, et al. 2005; Kempermann, Kuhn, and Gage 1997). The current view of the beneficial effects of
an active lifestyle on spatial learning and memory, glial cell morphology, and neuroinflammation is
synthesized in Figure 2.

Memory Astrocyte Microglia

/v

Figure 2. Neuroinflammation, learning, memory, and glial cell morphology in old age.

It has been suggested that glial cells are the first populations to show exhibit age-related changes
within the brain (Salas, Burgado, and Allen 2020). Interestingly, single-cell transcriptomics of the
aging glia identified a shared age-induced molecular signature across all major glial cell types that
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relate to mitochondrial dysfunction, loss of proteostasis, and cellular senescence (Lemaitre, et al.
2023). Glial cell senescence contributes to synaptic dysfunction, neuroinflammation and impaired
neurogenesis (Shafqat, et al. 2023). Astrocytes, microglia and NG2 glia participate in the regulation
of synaptic functions and plasticity (Chelini, et al. 2018), their dysregulation by aging-induced cell
senescence may cointribute to cognitive impairment and synaptic dysfunction, eventually
contributing to the accumulation of Alzheimer’s disease pathology (Lau, Ramer, and Tremblay 2023;
Yu, et al. 2024). Physical exercise has been demonstrated to increase the astrocyte coverage of cerebral
blood vessels and to counteract cognitive decline in a rat model of chronic cerebral hypoperfusion
(Cao, et al. 2022), as well as to maintain the homeostasis of cortical microcircuits by reshaping
microglial cells in the mutant human TDP-43 proteinopathy mouse model (Wei, et al. 2023).

Recent research showed that astrocyte dystrophy in physiological aging favors glutamate
spillover and parallels impaired synaptic plasticity in the C57BL/6 male mice (Popov, et al. 2021).
Accumulating evidence indicates that exercise enhances synaptic and cerebrovascular plasticity, as
well as the density of dendritic spines, improving neuroplasticity (Lin, Tsai, and Kuo 2018). Recently,
voluntary running exercise for four months was revealed to ameliorate spatial learning and memory
abilities, as well as to increase the total number of dendritic spines and synaptic dynamics in the
hippocampus of the APP/PS1 mice, an Alzheimer’s disease model (Wang, et al. 2023). Surprisingly,
running exercise reduced the expression of advanced glycation end products (AGEs), the receptors
for advanced glycation end products (RAGE), Clq, and C3 in the hippocampus, and the number of
Ibal+ microglia.

Physical exercise also enhanced the the expression of brain-derived neurotrophic factor (BDNF)
in astrocytes, further improving hippocampal neuroplasticity, a critical factor in cognitive function
and memory formation (Maugeri, et al. 2021). By upregulating lactate levels, exercise further
contributed to neuronal energy supply by promoting astrocyte-neuron lactate shuttle (ANLS) (F. Li,
et al. 2021). Notably, lactate from astrocytes has been shown to play a vital role in long-term
potentiation (LTP) at neural synaptic sites, which is essential for synaptic strength, memory and
neurorehabilitation (Tsai, et al. 2016; Lundquist, et al. 2019).

Changes in astrocyte morphology by exercise were found to be region-specific and may be
supportive of synaptic integrity and synaptogenesis (Lundquist, et al. 2019). Moreover, voluntary
wheel running in the aged mice triggered the upregulation of aquaporin 4 (AQP4), in both the cortex
and the hippocampus, and end-feet polarization. AQP4 is a critical component of the lymphatic—
glymphatic system, which facilitates the exchange of cerebrospinal fluid and interstitial fluid,
highlighting the role of exercise in promoting brain health through astrocyte function (He, et al. 2017).
Upregulation of astrocyte gene expression in glial fibrillary acidic protein (GFAP), thrombospondin
2 (Thbs2), leukaemia inhibitory factor (Lif), and interleukin 6 (IL-6) by physical activity(Lundquist,
et al. 2019), deserve further studies to explore whether it helps in immune responses, such as against
COVID-19 (da Silveira, et al. 2021).

By releasing diverse signalling molecules, microglia, and astrocytes establish autocrine feedback
and crosstalk that regulate both cell phenotypes and response to challenges, fundamental to neural
function and dysfunction (Jha, et al. 2019; Brites and Fernandes 2015). While astrocyte modifications
by aging predominantly relate to genes associated to synaptic transmission, the genes upregulated
in microglia are associated with the inflammatory response (Pan, et al. 2020). Age-related release of
neuroinflammatory cytokines from the activated microglia and astrocytes disrupts synaptic
plasticity, exacerbates neuronal damage, reduces neurogenesis, and ultimately leads to cognitive
deficits (Jurga, Paleczna, and Kuter 2020; Azam, et al. 2021a; Jin, et al. 2022). Conversely, human
studies have provided evidence that exercise reduces neuroinflammation and risk of developing
dementia (Erickson, Weinstein, and Lopez 2012; Boa Sorte Silva, et al. 2024)

Microglia in the aging context show a reduced ability to damage and pathological cues
(Paolicelli, et al. 2022) and exhibit downregulation of genes involved in cell adhesion, motility, and
phagocytosis (Antignano, et al. 2023; Caldeira, et al. 2014; Caldeira, et al. 2017). Moreover, age-related
synapse loss and cognitive decline may be linked to increased pruning of brain cell connections by
microglia by mechanisms involving trogocytosis instead of phagocytosis (DeVries, et al. 2024). The
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production of leukotrienes (small lipid mediators of inflammation) by microglia during aging and
neurodegeneration are are argued to be pivotal in age-related cognitive decline and chronic
neurodegenerative diseases (Michael, et al. 2020; Yan, et al. 2021; Chen, et al. 2020; Dhapola, et al.
2021). In an exploratory study, leukotriene signalling was described as a molecular correlate for
cognitive heterogeneity in aging (Mrowetz, et al. 2023). As microglia are the primary producers of
leukotrienes in the brain, the use of leukotriene receptor antagonists has been demonstrated to reduce
neuroinflammation, as well as to promote neurogenesis, and restore cognition in aged
rats(Marschallinger, et al. 2015).

Physical exercise has been demonstrated to counterbalance the impact of aging in astrocyte-
microglia communication, influencing both neuroinflammation and neural plasticity (Lalo, et al.
2020), and ensuring an optimal environment for brain plasticity and cognitive function (F. Li, et al.
2021; Lalo and Pankratov 2021). Regular physical activity was shown to reduce the expression of
neuroinflammatory markers, to enhance hippocampal neurogenesis and synaptic plasticity, as well
as to promote the production of anti-inflammatory cytokines (Liu, et al. 2022; Palmer and Ousman
2018; Methi, et al. 2024). The anti-inflammatory effects of exercise are mediated, at least in part, by
the upregulation of neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), which
supports neuronal survival and synaptic plasticity (Dinoff, et al. 2016).

miRNAs are important modulators of microglial phenotype with age-dependent specific subsets
and refinement by epigenetic mechanisms that influence microglial functions and states (Walsh, et
al. 2023; Brites 2020). miR-29a-3p and miR-132-3p were recently identified as the most significant
miRNAs associated with cognitive trajectory (Wingo, et al. 2022). Interestingly, exercise training was
shown to cause long-lasting changes in the expression of miRNAs (Carvalho, Zanon, and Lucas 2021)
and cognitive improvement (Da Silva, et al. 2021). miR-129-5p, miR-192-5p, miR-15b-5p, miR-148b-
3p, miR-130a-3p, and miR-132 sorted out as the most related with aerobic exercise training (Pinto-
Hernandez, et al. 2023), while miR-409 and miR-501 were identified as the most increased in the
hippocampus upon exercise and to be correlated with cognition (Goldberg, et al. 2021).

Small extracellular vesicles are argued to be the principal carriers of miRNAs, which can be
transmitted to target cells by fusion, receptor-ligand interaction, endocytosis and phagocytosis (Loch-
Neckel, et al. 2022). Extracellular vesicles-derived miRNAs are key in cell-to-cell communication
(Berti, et al. 2024) and in the gut-brain-microbiota axis (Zhao, et al. 2021). Gut microbiota
communicate with microglia through secreted metabolites determining morphological and
functional changes in microglia that are associate with neuroinflammation and age-related cognitive
decline (Zhou, et al. 2022). Indeed, new insights indicate that changes in gut microbiota composition,
microbial metabolites, neurotransmitters, astrocyte reactivity, and microglial activation subtypes in
cognitive decline and neurodegenerative diseases are interrelated during aging (Zhang, et al. 2025;
Huang, et al. 2023). Several studies support the view that exercise modifies the gut microbiota with
modulation of human moods and behaviors, triggering positive health effects (Wegierska, et al. 2022;
Monda, et al. 2017). Intriguingly, it also stimulates motivation for the exercise (Dohnalova, et al. 2022;
Du Toit 2023). In summary, the manipulation of the microbiota-gut-brain axis holds promise as a an
accessible route to modulate glial functions indirectly (Loh, et al. 2024).

6. Concluding remarks

In modern societies, sedentary behavior has emerged as a significant contributor to cognitive
impairments among aging populations. This review underscores the necessity of adopting a
multifaceted approach to mitigate these effects, emphasizing the importance of integrating physical
exercise with cognitive, multisensory, and motor stimulation. Such interventions have consistently
demonstrated their ability to enhance cognitive performance and delay the progression of severe
neurodegenerative conditions, including Alzheimer's disease.

Understanding the molecular, cellular, and systemic mechanisms underlying cognitive decline
is crucial for developing effective therapeutic strategies. This integrative review has dissected the
complex interplay of these mechanisms, highlighting the critical role of an active lifestyle in
counteracting cognitive deterioration. By identifying key molecular signatures, this review has
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elucidated the therapeutic benefits of non-pharmacological interventions, drawing on a synthesis of
empirical evidence from both experimental models and human studies. We have particularly sought
to highlight key aging hallmarks—such as genomic instability, telomere attrition, and
neuroinflammation—to emphasize the need for comprehensive and personalized approaches to
promote cognitive resilience and healthy aging. Addressing these interconnected factors through
multitargeted therapies and non-pharmacologic interventions can effectively mitigate cognitive
decline, ultimately improving the quality of life for aging populations.

Future research should continue to explore these complex interactions and develop targeted and
personalized therapies that address the multifactorial nature of cognitive decline. By fostering
environments that encourage physical, cognitive, and social engagement, we can better support
cognitive health and significantly improve the well-being of older adults at a relatively low cost. This
integrative approach not only has the potential to delay cognitive decline but also to transform the
aging experience, enabling individuals to maintain a higher quality of life well into their later years
while reducing the societal burden.
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