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Abstract

Despite substantial advances extending human lifespan, the gap between healthspan and lifespan continues to
widen, with neurodegenerative diseases (NDDs) and metabolic disorders representing major contributors to this
disparity. Growing epidemiological and genetic evidence indicates a bidirectional relationship between NDDs and
metabolic disorders, suggesting shared pathophysiological mechanisms that transcend organ-specific boundaries.
In this narrative review, we sought to explore the interconnections between neurodegeneration and metabolic
dysfunction through the lens of the twelve established hallmarks of aging. We conducted a comprehensive
literature search across multiple databases (PubMed, Google Scholar, Scopus, ScienceDirect) from January 2013 to
April 2025, focusing on studies examining aging hallmarks in both NDDs (particularly Alzheimer's disease and
Parkinson's disease) and metabolic disorders (obesity, type 2 diabetes mellitus, and metabolic dysfunction-
associated steatotic liver disease). Our analysis reveals that all twelve hallmarks - i.e., genome instability, telomere
attrition, epigenetic alterations, loss of proteostasis, impaired autophagy, dysregulated nutrient sensing,
mitochondrial dysfunction, cellular senescence, stem cell exhaustion, altered intercellular communication, chronic
inflammation, and dysbiosis - may serve as convergence points linking these seemingly disparate conditions. These
findings support an integrated pathophysiological model wherein aging-related processes simultaneously promote
neurodegeneration and metabolic dysfunction through shared molecular pathways. Understanding these
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mechanistic intersections offers promising opportunities for developing therapeutic interventions that could
simultaneously target both neurodegenerative and metabolic diseases, potentially helping to close the healthspan-
lifespan gap.

Keywords: Neurodegeneration, metabolic disorders, hallmarks of aging, Alzheimer's disease, Parkinson’s disease,
type 2 diabetes, obesity, metabolic dysfunction-associated steatotic liver disease

INTRODUCTION

Despite major advancements in modern medicine that substantially extended human lifespan - particularly
evident in the increase in life expectancy throughout the latter half of the 20th century - there has been a
notable lack of corresponding compression of morbidity or proportional improvement of healthspan'’.
Conversely, the observed disparity between healthspan and lifespan - currently estimated to be
approximately 9 years” - highlights the increasing burden posed by age-related conditions, including
neurodegenerative diseases (NDDs) and metabolic disorders"”. In general, NDDs are defined by the
progressive and irreversible dysfunction and loss of selectively vulnerable neuronal populations - a process
that underlies their distinct clinical features and disease trajectories'”. Among the numerous clinically
recognized NDDs, Alzheimer’s disease (AD) and Parkinson’s disease (PD) emerged as leading public health
concerns'”. These entities are unified by a fundamental pathophysiological hallmark - namely, the aberrant
accumulation of misfolded proteins - which constitutes the basis for their classification as
neurodegenerative proteinopathies”. Paralleling the rising incidence of NDDs, metabolic disorders reached
epidemic proportions globally, manifesting as a constellation of interrelated conditions - including obesity,
type 2 diabetes mellitus (T2DM), and metabolic-dysfunction associated steatotic liver disease (MASLD)".

A growing body of epidemiological and genetic evidence has shown a bidirectional relationship between
NDDs and metabolic disorders"”'?, suggesting the presence of complex pathophysiological interconnections
that extend beyond traditional organ-specific frameworks. This evolving perspective has challenged the
conventional conceptualization of these conditions as discrete entities - instead situating them along a
continuum of systemic dysfunction characterized by shared molecular and cellular mechanisms. Despite
increasing recognition of these complex associations, the precise mechanisms mediating the cross-talk
between neurodegenerative and metabolic disorders remain incompletely understood, representing a
significant gap in current knowledge. Nonetheless, a pivotal observation is that aging has consistently
emerged as the predominant risk factor for both NDDs"” and metabolic diseases"*, modulating their onset
and progression through the convergence of genetic, environmental, and systemic determinants. Building
upon this context, we undertook a narrative review to systematically explore the interplay between
neurodegeneration and metabolic disorders through the conceptual framework of the twelve established
hallmarks of aging"*'?: genome instability, telomere attrition, epigenetic alterations, loss of proteostasis,
impaired macroautophagy, dysregulated nutrient sensing, mitochondrial dysfunction, cellular senescence,
stem cell exhaustion, altered intercellular communication, chronic inflammation, and dysbiosis. This
integrative approach may provide a comprehensive basis for elucidating mechanistic connections and
identifying therapeutic strategies that may simultaneously target neurodegenerative and metabolic diseases,
ultimately aiming to mitigate their public health impact and bridge the gap between lifespan and
healthspan.

METHODS

We conducted a literature search across four major electronic databases (Medline/PubMed, Google Scholar,
Scopus, and ScienceDirect) to identify pertinent studies examining the hallmarks of aging in NDDs and
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metabolic disorders, with a focus on elucidating the molecular interconnections between these conditions.
The search centered on publications in English between January 1, 2013, and April 13, 2025, using the
following keyword combinations and Boolean operators: (“neurodegeneration” OR “Alzheimer’s disease”
OR “Parkinson’s disease” OR “neurodegenerative diseases”) AND (“metabolic disorders” OR “obesity” OR
“type 2 diabetes” OR “MASLD” OR “fatty liver”) AND (“aging” OR “senescence” OR “hallmarks of aging”
OR “geroscience”). The initial database query resulted in 553 articles, which were screened based on their
titles and abstracts [Figure 1]. We prioritized studies that examined the relationship between the twelve
established hallmarks of aging and either neurodegeneration or metabolic dysfunction. Case reports,
editorials, and articles not published in English were excluded from the analysis. Following the screening
phase, full-text articles were retrieved for analysis. In addition, the reference lists of selected studies were
manually examined to identify further relevant publications. The data synthesis was conducted using a
narrative approach, in which the evidence was organized to highlight the shared molecular pathways
underlying both neurodegeneration and metabolic disorders, and was consistently analyzed within the
framework of the aging hallmarks [Figure 2].

NEURODEGENERATION, METABOLIC DISORDERS, AND THE HALLMARKS OF AGING
Genome instability

Genomic stability becomes compromised in presence of an elevated propensity for genomic damage
accumulation, which may originate from either impaired repair mechanisms or chronic exposure to
exogenous and endogenous genotoxic sources"”. Neural cells are known to exhibit exceptional vulnerability
to DNA damage accumulation owing to their distinctive metabolic profiles and post-mitotic nature, which
significantly constrains their capacity for cellular renewal"®. The spectrum of DNA damage associated with
neurodegeneration includes a wide range of lesions, such as nucleotide mismatches, complex adducts,
single- and double-strand breaks, abasic sites, and frameshift alterations resulting from insertions or
deletions"”. In the pathogenesis of AD, oxidative damage to DNA appears particularly consequential.
Accordingly, several studies conducted on post mortem neural tissues from patients with AD revealed
elevated levels of oxidized DNA™*/. These observations led to the hypothesis that DNA oxidation
constitutes a fundamental pathophysiological process in AD that significantly compromises neuronal
functionality™. Similar observations have been reported for patients with PD, wherein investigations
demonstrated that 8-oxoguanine - an established biomarker of oxidative DNA damage - exhibits
particularly high concentrations in the substantia nigra of affected individuals®’. Significantly, metabolic
disorders increasingly emerged as a critical determinant of DNA damage and genomic instability”. In this
regard, as observed in NDDs, a diverse spectrum of DNA lesions - including double-strand breaks, single-
strand breaks, and oxidized nucleotides - has been documented in individuals with obesity *. Moreover,
the burden of DNA damage in lymphocytes isolated from individuals with obesity has been shown to be
two-fold higher compared to normal-weight counterparts, with robust statistical correlations between body
mass index (BMI) and the magnitude of genomic lesions"”. Ex vivo analyses also revealed that lymphocytes
derived from individuals with obesity exhibit heightened vulnerability to exogenous genotoxic agents, as
evidenced by their amplified susceptibility to mitomycin C-induced DNA damage compared to cells
obtained from normal-weight individuals”®. In addition to obesity, T2DM constitutes a major metabolic
contributor to genotoxic damage'”. Notably, individuals with T2DM display pathologically elevated levels
of advanced glycation end-products (AGEs)"™, which can in turn form deleterious adducts with DNA and
compromise genomic integrity”. Interestingly, one of the principal mediators of AGEs signaling is the
receptor for AGEs (RAGE), which has been implicated as a key contributor to neurodegeneration through
mechanisms that include disruption of the blood-brain barrier, induction of neuroinflammation, and
remodeling of the extracellular matrix®”. Collectively, these findings support a strong association between
genomic instability, metabolic disturbances, and neural degeneration. When considered alongside the
inherent susceptibility of neuronal populations to genotoxic damage, this relationship defines a critical
pathophysiological axis that may underlie the epidemiological link between NDDs and metabolic
dysregulation.
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Figure 1. Flow diagram of studies’ screening and selection.

Telomere attrition

Telomeres are tandemly repeated nucleotide sequences (TTAGGG in humans) that cap the terminal regions
of linear chromosomes, serving as critical guardians of genomic stability by preventing chromosomal
degradation and aberrant end-to-end fusion”. The number of these repetitive elements varies considerably
among different cell types and individual chromosomes. Due to the intrinsic limitations of DNA
polymerase in replicating terminal DNA segments - a phenomenon known as the “end-replication
problem” - telomeres undergo progressive attrition with successive cellular divisions, ultimately culminating
in replicative senescence™. Consequently, telomere length (TL) functions as a molecular chronometer
reflecting cellular senescence and represents a compelling biomarker for biological aging and age-associated
diseases™. In NDDs, particularly AD, telomere dynamics have been extensively characterized. Significantly
shorter leukocyte TL has been repeatedly reported in AD cohorts - establishing a robust correlation between
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Figure 2. The twelve hallmarks of aging as convergence points linking neurodegeneration and metabolic disorders. The established
hallmarks of aging are depicted as interconnected processes surrounding the central aging framework, with neurodegeneration
represented by the brain illustration (top) and metabolic disorders represented by the human silhouette showing metabolic dysfunction
(bottom). The hallmarks are color-coded by mechanistic category: blue indicates primary damage-accumulating hallmarks (genome
instability, telomere attrition, epigenetic alterations, loss of proteostasis, disabled macroautophagy); orange represents antagonistic
hallmarks that arise as compensatory responses but become detrimental over time (deregulated nutrient sensing, mitochondrial
dysfunction, cellular senescence); and red/purple denotes integrative hallmarks reflecting systemic consequences of aging (stem cell
exhaustion, altered intercellular communication, chronic inflammation, dysbiosis). Dotted lines illustrate the interconnected nature of
these processes, while bidirectional arrows emphasize the reciprocal relationship between neurodegeneration and metabolic
dysfunction. This framework demonstrates how aging-related mechanisms simultaneously drive pathology in both domains through
overlapping molecular pathways, supporting therapeutic strategies targeting shared aging processes [Created in BioRender. YILMAZ Y.
(2025) https://BioRender.com/4Tww4cq].

cognitive deterioration, telomeric attrition, and progression from mild cognitive impairment (MCI) to
clinically overt AD"". Notably, a systematic meta-analysis that included 13 studies - comprising 860 patients
with AD and 2,022 control individuals - provided compelling evidence of telomere shortening in AD
pathology, with this phenomenon being particularly pronounced in leukocytes"”. In a 25-year longitudinal
study, short leukocyte TL at baseline was also found to predict a higher incidence of AD among individuals
who did not carry the apolipoprotein E (APOE) ¢4 allele, even after accounting for competing risks such as
vascular dementia and mortality”™. Importantly, metabolic dysregulation - notably in obesity and T2DM -
appears to accelerate telomere attrition through sustained low-grade inflammation and oxidative stress,
potentially establishing a mechanistic link to AD pathogenesis. In obesity, multiple investigations
demonstrated inverse correlations between TL and various anthropometric parameters including BMI®**,
weight-adjusted-waist index'*, and total adiposity*”. Notably, visceral adipose tissue accumulation appears
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particularly deleterious to telomere maintenance, resulting in accelerating cellular aging trajectories
(“adipaging”)"!. Accordingly, in a longitudinal assessment of 2,912 Chinese female individuals aged 40-70
years, telomere shortening was significantly pronounced when post-middle-age weight gain exceeded
15% . Similarly, a comprehensive meta-analysis of 37 observational studies (n = 18,181 participants)
demonstrated that patients with T2DM consistently exhibited shorter TL compared with normoglycemic
counterparts'*’. Collectively, this evidence establishes telomere attrition as a critical mechanistic bridge
linking metabolic dysfunction to accelerated neurodegeneration, wherein chronic inflammation and
oxidative stress from obesity and diabetes accelerate cellular senescence pathways that compromise
neuronal resilience.

Epigenetics alterations

Epigenetic mechanisms - including DNA methylation at cytosine residues, diverse histone post-
translational modifications including acetylation and methylation, and the regulatory influence of non-
coding RNA species - represent a sophisticated regulatory framework of reversible biochemical
modifications that modulate gene expression patterns“’. In NDDs, distinct epigenetic dysregulation
patterns emerge with molecular specificity*. Notably, methylome-wide association studies consistently
showed that aberrant DNA methylation, particularly promoter hypermethylation, is associated with AD and
creates epigenetic barriers that prevent gene transcription'””. This epigenetic imbalance may in turn affect
transcriptional regulation of genes involved in tau phosphorylation'*¥ and neuroinflammatory cascades.
In addition, histone modifications - particularly aberrant acetylation and methylation patterns - may
directly impact chromatin accessibility at neuroplasticity-associated genes, ultimately compromising
cognitive resilience™. There is also evidence suggesting that methylation and other post-translational
modifications may affect the formation of intracellular neurofibrillary tangles made of microtubule-
associated protein tau and extracellular amyloid-p plaques”'. Metabolic disorders similarly manifest
distinctive epigenetic signatures with direct pathophysiological relevance”™*". Specifically, epigenetic
modifications have been shown to regulate inflammatory gene expression in adipose tissue during obesity,
with an increased expression of DNA methyltransferases promoting pro-inflammatory responses in both
adipocytes and adipose tissue macrophages™. Similarly, T2DM exhibits characteristic epigenetic
reprogramming across peripheral tissues, with aberrant DNA methylation particularly evident at genes
regulating mitochondrial function and glucose homeostasis™. These methylation patterns demonstrate
substantial overlap with age-associated epigenetic signatures, suggesting accelerated epigenetic aging in
metabolic disorders”™". The molecular convergence of neurodegeneration and metabolic dysregulation may
therefore occur through shared epigenetic pathways. In this scenario, NOD-like receptor protein 3 (NLRP3)
inflammasome regulation represents one critical nexus, with its epigenetic control affected by both
metabolic™ and neurodegenerative triggers”®. Accordingly, the inflammasome activation cascade -
regulated through specific DNA methylation patterns and histone modifications - perpetuates inflammatory
signaling that simultaneously contributes to insulin resistance”” and neuronal dysfunction™. Additionally,
mitochondrial dysfunction emerges as another connecting mechanism, with epigenetic dysregulation of
mitochondrial genes occurring in both pathological states through aberrant DNA methylation and altered
histone acetylation patterns™®. The shared epigenetic landscape between these conditions further
manifests through dysregulated non-coding RNAs, particularly microRNAs targeting metabolic and
neuronal health. Specific microRNAs - including miR-34a and miR-125b - demonstrate altered expression
in both neurodegenerative!! and metabolic'” contexts, potentially serving as molecular mediators
connecting these pathological domains. These findings underscore the potential therapeutic value of
interventions targeting epigenetic mechanisms to simultaneously address both metabolic dysregulation and
neurodegeneration through precise molecular reprogramming.
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Loss of proteostasis

Proteostasis comprises the integrated cellular processes that maintain protein homeostasis, including
protein synthesis, folding, trafficking, and degradation through an intricate network comprising molecular
chaperones and the ubiquitin-proteasome system (UPS)'*’. Age-associated deterioration of this proteostatic
network represents a central pathophysiological mechanism underlying neurodegenerative proteinopathies
and establishes a critical molecular bridge to metabolic dysfunction'*. Multiple proteostatic impairments
contribute mechanistically to neurodegeneration, including UPS dysfunction and endoplasmic reticulum
stress triggering maladaptive unfolded protein responses'*. Notably, UPS dysfunction represents a
particularly critical nexus in the pathogenesis of neurodegenerative proteinopathies, as the progressive
decline in proteasomal efficiency observed in aging neurons leads to accumulation of ubiquitinated proteins
and formation of intracellular inclusions'*”. Metabolic perturbations similarly influence proteostatic

machinery function'”

, establishing a mechanistic bridge to neurodegeneration through multiple converging
pathways. Chronic hyperglycemia® and insulin resistance!” may impair proteasomal activity via glycation
of proteasomal subunits, oxidative damage to proteolytic machinery, and dysregulation of molecular
chaperones, resulting in proteostatic compromise that accelerates protein misfolding and aggregation
within metabolically stressed neural tissues™. Furthermore, the inhibition of insulin growth factor (IGF)-1
signaling has been shown to promote proteostasis in mammalian cells by inducing the aggregation and
deposition of misfolded proteins into aggresomes”. In general, the molecular mechanisms connecting
metabolic dysfunction and proteostasis failure in neurodegeneration include oxidative stress-mediated

2l mitochondrial

generation of structurally altered proteins resistant to normal degradation pathways
dysfunction that compromises cellular energetics required for optimal chaperone function and protein
clearance mechanisms'”, and chronic inflammation that activates stress response pathways, particularly
those involving mitogen-activated protein kinase (MAPK) signaling”. These inflammatory pathways
modulate proteostasis network components, with prolonged signaling ultimately undermining effective
protein quality control”. Therapeutic strategies targeting proteostasis are promising for addressing the
metabolic-neurodegenerative intersection, as experimental evidence demonstrates that natural compounds
such as carnosol can restore proteostasis by simultaneously modulating the IGF-1 pathway, regulating
MAPK signaling, and activating molecular chaperones’, thereby mitigating pathological processes
common to both metabolic and NDDs. Collectively, these findings support the therapeutic potential of
proteostasis-enhancing interventions to concurrently ameliorate metabolic disturbances and
neurodegeneration by correcting the underlying proteome dysfunction that links these pathological
processes.

Impaired autophagy

Autophagy represents a fundamental cellular quality control mechanism characterized by the sequestration
of cytosolic constituents within double-membrane vesicles (autophagosomes) that subsequently fuse with
lysosomes for degradation””. This process involves a highly coordinated molecular machinery comprising
over 30 autophagy-related proteins that mediate vesicle nucleation, membrane elongation, cargo selection,
and autophagosome-lysosome fusion"”. Autophagy exhibits remarkable sensitivity to nutrient availability
and energetic status, serving as a critical interface between cellular metabolism and proteostasis”™. In NDDs,
substantial evidence indicates progressive autophagy dysfunction as a central pathogenic mechanism™®*'. In
AD, amyloid beta has been shown to disrupt autophagy by blocking the fusion of autophagosomes with
lysosomes and impairing lysosomal function, leading to the accumulation of autophagosomes in brain
tissue from AD patients, animal models, and cell cultures'™. Notably, a complex bidirectional relationship
between autophagic-endolysosomal networks and tau protein accumulation has been reported in
tauopathies, where dysfunction in cellular clearance mechanisms both contributes to and results from tau
pathology"™. In addition, autophagy dysfunction in NDDs disrupts fundamental cellular metabolic
homeostasis by impairing nutrient recycling mechanisms and organellar quality control, creating a
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pathological feedback loop wherein metabolic stress and protein aggregation perpetuate autophagic
insufficiency®. Metabolic disorders similarly demonstrate profound autophagy dysregulation that may
disrupt homeostasis in various cell types®*’ - including neurons and glial cells. Notably, obesity establishes
a complex paradoxical relationship with autophagy, wherein the lipotoxic, proteotoxic, and oxidative
stresses inherent to this condition simultaneously necessitate autophagy for cellular protection while
disrupting autophagic flux through tissue-specific mechanisms, including defective autophagosomal-
lysosomal fusion and compromised lysosomal acidification®. In addition, AGEs resulting from diabetic
hyperglycemia may critically impair autophagy through specific molecular mechanisms involving
mammalian target of rapamycin (mTOR) hyperactivation*®. Notably, autophagy impairment - along with
insulin signaling dysfunction - has increasingly emerged as a common pathophysiological mechanism
linking obesity and T2DM to AD, PD, and other NDDs®. Furthermore, lipophagy - the selective
autophagic degradation of lipid droplets through lysosomal pathways including macroautophagy,
microautophagy, and chaperone-mediated autophagy - serves as a critical mechanism linking lipid
homeostasis and energy metabolism essential for proper central nervous system function”. Accordingly,
dysregulation of lipophagic machinery contributes to the pathogenesis of diverse NDDs by disrupting
neuronal lipid balance and compromising cellular energetic capacity”’. Further substantiating the pivotal
role of autophagy in linking metabolic dysfunction with neurodegeneration, pharmacological autophagy
activators exhibit therapeutic efficacy across both metabolic disorders®” and NDDs"*\.

Dysregulated nutrient sensing

Nutrient sensing pathways constitute sophisticated molecular networks that detect and respond to
fluctuations in metabolic substrates, coordinating cellular processes with nutrient availability and energetic
demands®". These evolutionarily conserved mechanisms - including the insulin/IGF-1 signaling cascade,
mTOR, AMP-activated protein kinase (AMPK), and sirtuins” - integrate environmental cues with cellular
metabolism, and their age-related decline represents a fundamental hallmark of aging”” that contributes
substantially to both neurodegenerative and metabolic diseases. Brain insulin resistance - characterized by
increased insulin receptor substrate (IRS) phosphorylation markers in the hippocampal formation -
represents an early and diabetes-independent feature of AD, strongly correlating with the accumulation of
amyloid-beta oligomers and cognitive decline®”’.In a rat model of sporadic AD induced by
intracerebroventricular streptozotocin, neurodegeneration and cognitive deficits have been closely
associated with inhibition of mTOR signaling networks downstream of insulin/IGF-1 pathways, linking
metabolic dysfunction to impaired brain energy metabolism, neuronal plasticity, and white matter
integrity"”. In AD, reduced sirtuin levels [particularly sirtuin 1 (SIRT1)/sirtuin 3 (SIRT3)] and diminished
AMPK activity contribute to synaptic dysfunction, amyloid-beta accumulation, tau hyperphosphorylation,
and neuroinflammation, while exacerbating mitochondrial impairment and tau pathology". Metabolic
disorders exhibit parallel disruptions in nutrient sensing machinery. Obesity is a well-known driver of
insulin resistance, which is central to the development of T2DM and related metabolic disorders, through
complex mechanisms involving adipocyte dysfunction and altered adipokine signaling*’. Similarly,
MASLD is primarily driven by insulin resistance, with current research focusing on the therapeutic
potential of hypoglycemic agents such as glucagon-like peptide-1 (GLP-1) receptor agonists and peroxisome
proliferator-activated receptor (PPAR)-y agonists to address its underlying metabolic abnormalities""".

Emerging evidence also indicates that obesity triggers chronic mTOR overactivation across multiple
tissues"®?. In addition, obese individuals with insulin resistance exhibit reduced SIRT1/sirtuin 2 (SIRT2)
gene expression and AMPK activity, which correlate with elevated BMI, waist circumference, and insulin
resistance markers"””. The molecular intersection between neurodegenerative and metabolic disorders
through dysregulated nutrient sensing involves several convergent mechanisms. First, peripheral
hyperinsulinemia accelerates brain insulin resistance by promoting receptor desensitization and
internalization while restricting insulin transport across the blood-brain barrier**. Second, chronic mTOR
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overactivation triggers gliosis and neuroinflammation while impairing autophagy-dependent clearance of
amyloid-beta/tau pathology"*. Third, defective AMPK activation may compromise both synaptic
connectivity and neuroprotection"*. In this scenario, therapeutic strategies targeting dysregulated nutrient
sensing pathways offer dual therapeutic potential for metabolic and neurodegenerative disorders. For

sl while

example, caloric restriction (CR) can restore insulin sensitivity"”” and normalize mTOR activity
enhancing AMPK signaling"”. Notably, preclinical evidence has shown that CR may ameliorate both

111]

metabolic dysfunction” and neurodegenerative pathology""", positioning nutrient sensing modulation as a

promising unified therapeutic strategy.

Mitochondrial dysfunction

Mitochondria function as essential cellular organelles orchestrating bioenergetic homeostasis, calcium
buffering, redox signaling, and apoptotic regulation through their sophisticated double-membrane
architecture and autonomous circular genome!*?. Age-associated decline in mitochondrial function™"”
represents a fundamental hallmark of aging that contributes substantially to both neurodegenerative
processes and metabolic perturbations. Recently, Ashleigh et al. proposed that mitochondrial dysfunction -
rather than amyloid beta pathology as suggested by the conventional amyloid cascade hypothesis - may be
the primary driver of AD pathogenesis, as mitochondrial function is central to maintaining synaptic
integrity'
mitochondrial alterations - including disrupted distribution and motility, abnormal morphology,

114

l. Accordingly, patients with AD have been shown to exhibit structural and functional

dysregulated enzymatic activity, and compromised biogenesis - suggesting mitochondrial dysfunction as a
critical contributor to disease progression'”. Metabolic disorders similarly exhibit profound mitochondrial
dysfunction that establishes molecular connections to neurodegeneration. Accordingly, obesity and T2DM
have been associated with impaired mitochondrial oxidative capacity through mechanisms involving altered
substrate availability, inflammatory mediator production, and lipotoxicity!*?. Adipose tissue from
individuals with obesity demonstrates reduced mitochondrial content, compromised respiratory chain

116

complex activity, and mitochondrial DNA damage, triggering compensatory adaptations that ultimately
prove maladaptive, including incomplete fatty acid oxidation and elevated reactive oxygen species
production”. Furthermore, hyperglycemia has been shown to induce mitochondrial fragmentation
through dysregulated fusion-fission dynamics
and metabolic disorders through mitochondrial dysfunction involves several convergent mechanisms. In

[118

. The molecular intersection between neurodegenerative

this regard, excessive mitochondrial fission has been reported in both insulin-resistant tissues"*” and
neurodegenerative models"*”, leading to mitochondrial fragmentation and subsequent cellular dysfunction.
Furthermore, disruption of calcium homeostasis further impairs metabolic-bioenergetic coupling and
promotes activation of the mitochondrial permeability transition pore, exacerbating cellular dysfunction in
both pathological states!
neurodegenerative disorders through their central role in inflammasome regulation and inflammatory

121,122

l. Mitochondria also provide a crucial link between metabolic and

signaling*”!. Following disruption, mitochondria release damage-associated molecular patterns, including
mitochondrial DNA and cardiolipin, which activate NLRP3 inflammasomes and initiate inflammatory
cascades implicated in both insulin resistance*” and neurodegeneration**. This process establishes a self-
perpetuating cycle, whereby initial mitochondrial dysfunction triggers inflammatory signaling that further
impairs mitochondrial function through cytokine-mediated inhibition of the respiratory chain and
increased production of reactive oxygen species*”. Within this framework, therapeutic strategies that target
mitochondrial dysfunction are showing considerable promise for both pathologies. For example,
mitochondrial-targeted antioxidants have been shown to reduce oxidative damage and preserve respiratory
chain function in preclinical models of metabolic dysfunction'
compounds that enhance mitochondrial biogenesis demonstrated the ability to improve metabolic
parameters and confer neuroprotection!
to address these interconnected conditions simultaneously.

127

I"'and neurodegeneration"*. Importantly,

129,130

|, underscoring the potential of mitochondria-focused therapies
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Cellular senescence
Cellular senescence represents a state of permanent cell cycle arrest characterized by distinctive
| Senescent cells

[131

morphological alterations, chromatin reorganization, and metabolic reprogramming
exhibit resistance to apoptotic signals while maintaining metabolic activity, accumulating progressively with
age across diverse tissues*”. The hallmark characteristic of cellular senescence is the development of a
senescence-associated secretory phenotype (SASP) - a complex secretome containing pro-inflammatory
cytokines, chemokines, growth factors, and matrix-remodeling enzymes that exerts deleterious effects on
the surrounding tissue microenvironment through paracrine signaling mechanisms"*”. Senescence
induction occurs through multiple molecular mechanisms - including but not limited to telomere attrition,
oncogenic activation, oxidative damage, and genotoxic stress - converging on activation of p16INK4a/Rb
and p53/p21 tumor suppressor pathways'™**. In AD, senescent astrocytes, microglia, and oligodendrocytes
accumulate - especially in proximity to amyloid plaques - and secrete pro-inflammatory SASP factors,
ultimately promoting neuroinflammation, synaptic dysfunction, and neuronal loss"**. Notably, both
hyperphosphorylated tau and amyloid-beta oligomers have been shown to induce cellular senescence in
AD". In addition, overexpression of mutant a-synuclein in the substantia nigra of a murine PD model can
rapidly induce cellular senescence, as evidenced by elevated SASP factors, increased expression of
senescence markers, mitochondrial dysfunction, and iron dysregulation - all preceding dopaminergic
neuron loss and motor deficits"”. Significantly, the selective elimination of senescent glial cells using
senolytic compounds ameliorates neurodegenerative pathology in preclinical models, establishing a causal
relationship between cellular senescence and neurodegeneration"*”. Metabolic disorders similarly
demonstrate accelerated cellular senescence with distinctive tissue distribution"*”. Adipose tissue from
individuals with obesity exhibits significant senescent cell accumulation, particularly within visceral depots,
characterized by elevated senescence markers and SASP production"*’. Importantly, senescent adipocytes
and pre-adipocytes have been shown to contribute to insulin resistance through paracrine effects of their
inflammatory secretome, compromising insulin signaling in neighboring cells"*". Furthermore,
hyperglycemia directly induces cellular senescence through mechanisms involving oxidative stress, AGEs
formation, and mitochondrial dysfunction"*”. The resulting SASP further exacerbates metabolic
dysfunction through promoting macrophage recruitment, inhibiting adipogenesis, and inducing systemic
insulin resistance"*. The interplay between NDDs and metabolic disorders through cellular senescence
involves several convergent mechanisms. In this regard, chronic systemic hyperinsulinemia can lead to
neuronal insulin resistance, which impairs glycolysis and disrupts protein degradation pathways, ultimately
resulting in aberrant cell cycle re-entry and a senescent-like state in neurons"*!. Similarly, obesity can
promote neuronal senescence by driving chronic low-grade inflammation that triggers a SASP in
neurons"*. Moreover, increased oxidative stress associated with obesity contributes to neuronal
mitochondrial dysfunction, DNA damage, and the activation of cell cycle arrest pathways"*. Cellular
senescence further connects these conditions through metabolic reprogramming that affects energy

substrate availability for neuronal populations"*'.

Therapeutic strategies targeting cellular senescence represent promising approaches for addressing both
neurodegenerative and metabolic diseases. Senolytics - which can be defined as compounds that selectively
eliminate senescent cells - demonstrated efficacy in ameliorating metabolic dysfunction™*** and
neurodegeneration* in preclinical models. Complementarily, SASP modulators offer an alternative
therapeutic approach by suppressing the pro-inflammatory secretome while preserving senescent cells"*,
potentially reducing inflammation-mediated damage across both conditions. These findings position
cellular senescence as a compelling therapeutic target for treating these mechanistically interconnected

disorders.
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Stem cell exhaustion

Adult stem cells preserve tissue homeostasis by virtue of their intrinsic self-renewal capabilities and
multipotent differentiation potential, thereby orchestrating repair mechanisms and regenerative processes
throughout an organism’s lifespan"*”. The phenomenon of stem cell exhaustion is characterized by a
progressive decline in stem cell functional competence and regenerative efficacy associated with
chronological aging"*. This age-related senescence phenomenon precipitates the gradual deterioration of
tissue architectural integrity, ultimately impairing organ-level functionality"*. In NDDs, mitochondrial
dysfunction has been shown to impair neural stem cell (NSC) activation and proliferation, leading to
reduced neurogenesis and associated learning and memory deficits that can be rescued through hypoxia-
mediated oxidative stress reduction"*. In the AD mouse model, adult NSCs showed significantly reduced
proliferation capacity and failed to undergo terminal differentiation into mature neurons as early as 1.5
months of age - a presymptomatic stage preceding amyloid-beta accumulation and neurodegeneration - due
to the pathological accumulation of intracellular amyloid-beta oligomers within the endoplasmic reticulum,
which triggered tau-mediated microtubule hyperstabilization"*". Metabolic disorders similarly exhibit
accelerated stem cell exhaustion with distinctive tissue manifestations. Obesity and insulin resistance
promote adipose-derived stem cell senescence and compromise their differentiation capacity, particularly
affecting brown adipogenesis and contributing to thermogenic defects"*”. Importantly, hyperglycemia has
been shown to suppress NSCs differentiation by inducing oxidative stress and subsequent endoplasmic
reticulum stress"*’. A separate study found that diabetes alters gene expression related to insulin production
and neural function in adult NSCs derived from both the hippocampus and the olfactory bulb, with similar
gene-expression changes observed in both cell types"**. The authors also proposed that olfactory bulb NSCs
may serve as a potential tool for monitoring diabetes-induced neurodegeneration and for screening drugs
targeting central nervous system disorders"*".

Compromised neurotrophic factor production further connects metabolism and neurodegeneration
through stem cell dysfunction. Accordingly, metabolic perturbations can reduce systemic levels of brain-
derived neurotrophic factor>*? - a molecule that promotes NSCs proliferation and drives their
differentiation into neurons and glia'
senescent stem cells demonstrated potential to restore tissue homeostasis and improve outcomes in
preclinical models of both NDDs and metabolic disorders. Inducing endogenous neurogenesis, for instance,
by modulating the NSC niche with growth factors or small molecules, can reactivate quiescent NSCs and
promote the generation of new neurons"*®. This approach has shown efficacy in ameliorating cognitive

157

|. Therapeutic interventions aimed at rejuvenating or replacing

deficits in models of neurodegeneration, suggesting that restoring the regenerative capacity of the brain may
counteract disease progression
mesenchymal stem cells or induced pluripotent stem cells, can offer a multifaceted mechanism of action"*".

[159

| In addition, exogenous stem cell transplantation, using sources such as

Accordingly, transplanted cells not only replace lost or dysfunctional cells but also secrete trophic factors,
modulate immune responses, and stimulate endogenous repair pathways"*!. These effects may be beneficial
in both neurodegenerative and metabolic contexts, as they can support neuronal survival, enhance insulin
sensitivity, and reduce chronic inflammation.

160

Altered intercellular communication

Intercellular communication involves diverse molecular mechanisms - including direct cell-cell contact,
soluble factors, and extracellular vesicles (EVs) - that enable cells to exchange signals, coordinate activities,
and sustain tissue homeostasis"*'. Age-related disruptions in these networks constitute a hallmark of aging,
driving pathophysiology in both neurodegenerative and metabolic disorders by impairing tissue function
and amplifying pathological signaling cascades"*”. During neurodegeneration, EVs contribute to disease
progression by facilitating the prion-like spread of amyloid-beta, tau, and alpha-synuclein between neurons
and glial cells"*. Notably, the cargo of EVs in patients with NDDs is distinctly altered, frequently enriched
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with pathological proteins, disease-associated microRNAs, and pro-inflammatory mediators that can
intensify neuroinflammation and disrupt synaptic function"*”. Similarly, EVs isolated in individuals with
morbid obesity and T2DM carry distinct microRNA and protein profiles that may disrupt insulin signaling
in the liver, muscle, and brain, impairing gluconeogenesis, glucose uptake, and energy homeostasis"*".
Interestingly, EV's from adipocytes, macrophages, adipose-derived stem cells, and endothelial cells have the
potential to contribute to the development or amelioration of obesity, type 2 diabetes, and MASLD. For
example, EVs from healthy adipocytes can enhance pancreatic p-cell function and insulin release, while
those from obese or inflamed adipose tissue can impair insulin signaling and promote inflammation"*’. As
with other hallmarks of aging, neurodegenerative and metabolic disease may intersect through shared
altered communication pathways. The gut-brain axis exemplifies this link, with dysbiosis-driven microbial
metabolites and EVs compromising blood-brain barrier integrity and promoting neuroinflammation'*.
Similarly, peripherally derived EVs from metabolically impaired tissues can infiltrate the central nervous
system and disrupt neuronal proteostasis and metabolism"*”. Consequently, the dynamic and context-
dependent cargo of EVs - shaped by the physiological or pathological state of adipose and neural tissues -
not only mediates local and systemic signaling but also bridges metabolic dysfunction and
neuroinflammation. As evidence accumulates that EVs can propagate pathological signals, they emerge as
both biomarkers and active participants in disease progression. Harnessing the diagnostic and therapeutic
potential of EVs - by refining their isolation, targeting, and engineering - may offer a transformative strategy
for early detection, monitoring, and intervention across these interconnected disorders"*.

Chronic inflammation

Chronic inflammation represents a maladaptive state characterized by persistent production of pro-
inflammatory mediators, continuous immune cell activation, and self-perpetuating molecular cascades
involving intricate networks of cytokines, chemokines, Toll-like receptors, pattern recognition receptors,
and inflammasome complexes'*

emerged as a critical pathophysiological axis driving protein aggregation and progressive neuronal loss"””.

|, Within the NDDs spectrum, chronic neuroinflammation has increasingly

In this scenario, the released inflammatory mediators can directly compromise neuronal viability through
different mechanisms - including excitotoxicity, oxidative stress induction, and disruption of synaptic
homeostasis'”". Notably, AD pathology is characterized by pronounced glial activation, with reactive
microglia and astrocytes clustering around amyloid plaques and neurofibrillary tangles and releasing
elevated pro-inflammatory molecules that are increasingly being exploited as peripheral disease markers"””.
Mechanistically, misfolded protein aggregates activate microglial pattern recognition receptors and
inflammasome complexes, initiating interleukin-1p production that amplifies glial activation and accelerates
pathological protein deposition"”
proteinopathy triggers neuroinflammation, which reciprocally enhances amyloid accumulation and tau
. Metabolic disorders manifest equally
significant inflammatory dysregulation that fundamentally disrupts systemic homeostasis. Obesity induces

I, This establishes a detrimental feedforward loop wherein initial

174

hyperphosphorylation through inflammatory signaling cascades!

chronic low-grade inflammation characterized by macrophage infiltration into expanding adipose tissue,
creating crown-like structures around hypertrophic adipocytes while secreting pro-inflammatory cytokines
and adipokines"””. These inflammatory mediators, in turn, can directly impair insulin signaling through
serine phosphorylation of IRSs, establishing peripheral insulin resistance!”. Multiple metabolic stressors -
including adipocyte hypertrophy-induced hypoxia"””, lipotoxicity from ectopic lipid accumulation"”, and
endoplasmic reticulum stress"” - have the potential to converge to activate inflammatory pathways. The
resulting chronic inflammatory milieu can establish a self-sustaining cycle of metabolic dysfunction that
impairs adipocyte endocrine activity, disrupts hepatic glucose regulation, and compromises hypothalamic
control of energy balance"®
pathologies through inflammatory mechanisms involves multiple shared pathways. In presence of

. The molecular convergence between neurodegenerative and metabolic

neuroinflammation, systemic metabolic inflammation can compromise blood-brain barrier integrity via
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cytokine-mediated disruption of tight junction proteins, facilitating peripheral immune cell infiltration"*".

Platelet-activating factor and its precursor plasmalogen represent shared inflammatory mediators, with
elevated platelet-activating factor levels promoting inflammatory cascades while plasmalogen depletion
compromises anti-inflammatory signaling"*'*". In addition, the NLRP3 inflammasome has been suggested

131 and

to serve as a critical convergence point, demonstrating activation in adipose tissue'™*, hepatocytes'
microglial cells"* - potentially linking peripheral metabolic inflammation with neuroinflammatory
processes. Cellular senescence can further interconnect these conditions through the SASP - which
establishes chronic inflammatory microenvironments in both peripheral and central tissues"*. In this
scenario, therapeutic interventions targeting chronic inflammation are increasingly emerging as promising
strategies for addressing both metabolic dysfunction"*’ and neurodegeneration"* through restoration of

immune homeostasis.

Dysbiosis

Dysbiosis - characterized by pathological alterations in gut microbiota composition and function - has
emerged as a critical hallmark of aging"*' that may bridge neurodegenerative and metabolic disorders. The
gastrointestinal microbiota - comprising trillions of microorganisms functioning as an integrated ecosystem
- has been shown to profoundly influence host physiology through metabolite production, immune
modulation, and maintenance of intestinal barrier integrity!"*. Age-related disruptions in this delicate
microbial equilibrium manifest as reduced diversity, depletion of beneficial commensals, and expansion of
potentially pathogenic species"*""*?, establishing dysbiosis as a fundamental driver of both neurological and
metabolic dysfunction. In NDDs, distinctive dysbiotic signatures emerge with significant functional
consequences"””. For example, patients with AD exhibit marked reductions in short-chain fatty acid
(SCFA)-producing bacteria, particularly Bifidobacterium and Akkermansia species, concurrent with
expansions of pro-inflammatory taxa™. These microbial shifts compromise intestinal permeability,
facilitating bacterial endotoxin translocation that amplifies neuroinflammatory cascades*".. Critically, gut-
derived metabolites directly influence amyloid aggregation dynamics, while microbially-produced
neurotransmitters modulate neuronal vulnerability!*. In patients with PD, a consistent enrichment of the
genera Lactobacillus, Akkermansia, and Bifidobacterium, alongside a marked depletion of SCFA-producing
bacteria from the Lachnospiraceae family and the Faecalibacterium genus, has been observed"*". Metabolic
disorders similarly manifest profound dysbiotic alterations with mechanistic implications"”. Notably,
reproducible gut microbial patterns in obesity have been shown to include reduced microbial diversity and
depletion of SCFA-producing bacteria (Alistipes spp., Odoribacter splanchnicus) and gut barrier promoters
(Akkermansia muciniphila, Bifidobacterium longum)"*®. These compositional shifts disrupt intestinal barrier
function through decreased mucus production, altered tight junction dynamics, and impaired antimicrobial
peptide secretion"”. The resulting metabolic endotoxemia, characterized by systemic lipopolysaccharide
exposure, drives adipose tissue inflammation and insulin resistance through pro-inflammatory adipokine
production and reduced adiponectin secretion, perpetuating metabolic dysfunction®. The molecular
convergence between neurodegenerative and metabolic pathologies through dysbiosis involves several
potential mechanistic underpinnings. Blood-brain barrier dysfunction represents a critical nexus where gut-
derived inflammatory mediators compromise neurovascular integrity, simultaneously impairing cerebral
metabolism and facilitating neuroinflammation™. Microbial metabolites - particularly SCFAs, secondary
bile acids, and tryptophan derivatives - demonstrate significant alterations across both disease categories.
Reduced SCFAs production particularly compromises both peripheral metabolic regulation and central
neuroprotective mechanisms through epigenetic modifications and G protein-coupled receptor
signaling””!. Chronobiological disruption further connects these pathologies through dysbiosis-mediated
circadian misalignment. Accordingly, altered diurnal patterns of microbial metabolite production
desynchronize peripheral metabolic tissues from central circadian regulators, promoting insulin resistance
through disrupted feeding patterns” while compromising neuronal health via altered sleep architecture
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and impaired glymphatic clearance™?. This creates a self-perpetuating cycle wherein dysbiosis drives
circadian disruption, which reciprocally exacerbates both metabolic and neurodegenerative disorders. In
terms of therapeutic interventions, probiotics, prebiotics, synbiotics, and postbiotics have been shown to
positively modulate gastrointestinal microbiota composition, enhancing gut barrier integrity and reducing
inflammation across both metabolic conditions*” and NDDs"*. Moreover, fecal microbiota
transplantation represents an emerging strategy for comprehensive microbial ecosystem restructuring, with
preliminary evidence suggesting benefits across the metabolic disease-neurodegeneration spectrum™”>*.

DISCUSSION

While NDDs and metabolic disorders are traditionally conceptualized as distinct, organ-specific conditions,
the convergence of evidence across epidemiology, genetics, and molecular biology currently points to a
deeply intertwined pathophysiology®'>***'%, unified under the framework of the twelve hallmarks of aging.
In this review, we discussed how the biological processes driving neurodegeneration and metabolic
dysfunction might be not only parallel but also mutually reinforcing!", with a plethora of shared molecular
mechanisms. Accordingly, we showed that all twelve hallmarks of aging can serve as critical nodes of
intersection between NDDs and metabolic disorders. Importantly, the relationship between
neurodegeneration and metabolic dysfunction appears to be profoundly bidirectional. In this regard, insulin
resistance not only accelerates amyloid and tau pathology in AD”" but may be itself exacerbated by
neuroinflammation, immunosenescence, inflamm-aging, and metainflammation [Figure 3]****, Similarly,
telomere attrition”'* and epigenetic alterations™' actively participate in disease progression by modulating
gene expression networks that govern both neuronal survival and metabolic homeostasis. In this scenario,
interventions targeting fundamental age-related processes - including CR, senolytics, or mitochondrial-
targeted antioxidants - can display pleiotropic benefits across both neurodegenerative and metabolic
domains [Table 1]. For instance, CR not only improves insulin sensitivity"”” but also upregulates the
autophagic flux*'* and attenuates neuroinflammation””, supporting the notion of unified geroscience-
based interventions. Similarly, metformin - a canonical metabolic drug - modulates nutrient-sensing
pathways implicated in both metabolic and neurodegenerative disorders™*®. Nonetheless, the translation of
these insights into clinical practice is fraught with complexity. The effects of interventions can indeed be
highly context-dependent, varying across disease stages and individual genetic backgrounds. For example,
while autophagy enhancement is generally neuroprotective, excessive activation may be deleterious in
certain contexts™, underscoring the need for precision medicine approaches. Moreover, the temporal
dynamics of hallmark interactions remain poorly characterized, complicating the identification of optimal
intervention windows and the prediction of long-term outcomes.

Several critical gaps also persist in the literature. First, most studies examined individual hallmarks in
isolation, potentially overlooking synergistic or antagonistic interactions that may be mechanistically
relevant. Second, the temporal sequence and causality of hallmark interactions are not fully elucidated.
Consequently, it remains unclear whether targeting one hallmark can induce compensatory changes in
others, or whether combination therapies will be required for durable disease modification. Third, current
biomarker panels are insufficiently sensitive or specific to capture the multidimensional nature of aging
hallmarks, limiting their utility for patient stratification and treatment monitoring**”. To address these
challenges, future research should prioritize systems biology approaches that integrate multi-omics data
(e.g., transcriptomics, proteomics, metabolomics, and epigenomics)*! to map the hierarchical organization
and temporal evolution of hallmark interactions. The development of composite biomarkers that reflect
multiple hallmarks simultaneously will be essential for advancing personalized medicine. Furthermore,
longitudinal studies employing comprehensive biomarker panels are required to disentangle causality and
inform the design of rational, multi-targeted interventions.
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Table 1. Potential interventions targeting the twelve hallmarks of aging in neurodegeneration and metabolic disorders

. . Key outcomes in Key outcomes in metabolic
Hallmark Example interventions . .
neurodegeneration disorders
Genome instability ~ DNA repair enhancers; Less oxidative DNA damage; improved Lower AGE-DNA adducts; improved
antioxidants; RAGE antagonists neuronal survival genomic stability
Telomere attrition Telomerase activators; Slower cognitive decline; improved Slower “adipaging”; improved cellular
lifestyle/anti-inflammatory resilience longevity
measures
Epigenetic DNMT modulators; HDAC Restored neuroplasticity genes; less Tau  Normalized inflammatory genes; improved
alterations inhibitors; microRNA therapeutics  phosphorylation/inflammation insulin sensitivity/mitochondrial function
Loss of proteostasis  Chaperone enhancers; proteasome Reduced aggregates; better amyloid Restored protein QC; reduced ER stress;
activators; carnosol clearance; improved synapses enhanced insulin signaling
Impaired autophagy Autophagy activators; mTOR Better amyloid B/Tau clearance; restored Improved lipid handling; energy
inhibitors; lipophagy enhancers synaptic homeostasis homeostasis; reduced lipotoxicity
Dysregulated Caloric restriction; metformin; Improved brain insulin sensitivity; less Better insulin sensitivity; normalized
nutrient sensing AMPK/sirtuin modulators amyloid f; enhanced plasticity mTOR; greater metabolic flexibility
Mitochondrial Mitochondria-targeted Reduced oxidative stress; improved Restored oxidative capacity; better FA
dysfunction antioxidants; biogenesis bioenergetics/synapses oxidation; reduced ROS
enhancers; fusion-fission
modulators
Cellular senescence  Senolytics; SASP modulators; Reduced neuroinflammation; better Improved insulin signaling; less adipose
p16/p21 pathway inhibitors cognition/synaptic connectivity inflammation; better metabolism
Stem cell exhaustion Growth factors; stem cell Enhanced neurogenesis; improved Improved adipogenesis/regeneration;
transplantation; niche rejuvenation cognition/plasticity restored homeostasis
Altered intercellular EV targeting; BBB stabilizers; gut-  Less pathological protein spread; Better insulin signaling; reduced systemic
communication brain axis modulators improved synaptic function inflammation
Chronic NLRP3 inhibitors; anti- Lower microglial activation; improved Reduced adipose inflammation; enhanced
inflammation inflammatories; cytokine BBB integrity insulin sensitivity
modulators
Dysbiosis Pre-/probiotics; FMT; SCFA Better BBB function; less Improved gut barrier; lower endotoxemia;
supplementation neuroinflammation; improved cognition  better insulin sensitivity

AD: Alzheimer's disease; AGE: advanced glycation end-products; AMPK: AMP-activated protein kinase; APOE ¢4: apolipoprotein E &4 allele; BBB:
blood-brain barrier; DNMT: DNA methyltransferase; ER: endoplasmic reticulum; EV: extracellular vesicles; FA: fatty acid; FMT: fecal microbiota
transplantation; HDAC: histone deacetylase; IGF-1: insulin-like growth factor-1; mTOR: mammalian target of rapamycin; NLRP3: NLR family pyrin
domain containing 3; QC: quality control; RAGE: receptor for advanced glycation end-products; ROS: reactive oxygen species; SASP: senescence-
associated secretory phenotype; SCFA: short-chain fatty acids.

The concept of hormetic interventions - defined as therapies that activate adaptive stress responses across
multiple biological systems - holds particular promise in this context””. For example, intermittent
fasting/CR"*, exercise", and NAD+ boosters”* may simultaneously modulate mitochondrial function,
autophagy, and inflammatory signaling, offering broad-spectrum benefits. In addition, the promising

S[zzs

efficacy of senolytic therapies™ and mitochondrial-targeted compounds”” in preclinical models provides
proof-of-concept for hallmark-directed interventions, but combination strategies that address multiple
hallmarks are likely to yield superior outcomes. The convergence of neurodegenerative and metabolic
diseases through shared aging hallmarks represents more than a theoretical construct and has profound
implications for public health and clinical practice. As global populations age, the dual burden of NDDs and
metabolic disorders threatens to overwhelm healthcare systems. In this scenario, targeting the fundamental
processes that drive both conditions may make it possible to compress morbidity, extend healthspan, and

reduce the societal and economic costs of age-related disease.

In summary, the reviewed evidence supports a paradigm in which neurodegeneration and metabolic
dysfunction are manifestations of a common biological substrate - i.e., biological aging - operating through
interconnected hallmarks that drive systemic decline. Recognizing and therapeutically targeting these
shared mechanisms offers a rational path toward disease modification. In this regard, geroscience-guided
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Figure 3. Bidirectional relationship between insulin resistance and neurodegeneration. Impaired insulin signaling amplifies amyloid-3
deposition and tau aggregation, both of which trigger microglial-mediated neuroinflammation. The resulting neuroinflammatory
environment - further intensified by age-associated immunosenescence and inflammaging - feeds back to aggravate neuronal and
.. . . . - . . [213] . .
systemic insulin resistance, creating a self-sustaining cycle of metabolic and neurodegenerative damage [Created in BioRender.

YILMAZ Y. (2025) https://BioRender.com/er2vljj].

strategies - including CR mimetics*, senolytics”*”, and mitochondrial-targeted antioxidants** - are prime
examples of interventions with the potential to transform the prevention and treatment of multiple age-
related disorders by addressing their fundamental biological drivers. Future efforts must focus on
translating these mechanistic insights into clinically actionable strategies, leveraging advances in systems
biology, biomarker discovery, and precision medicine to realize the promise of integrated geroscience for
human health.
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