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Introduction
Aging research focuses on the progressive loss of function 
in organisms during adulthood. Since the original 2013 
hallmarks of aging publication, nearly 300,000 studies 
have been added, which signals a need to update this 
framework with new perspectives.

While hallmarks of aging are interrelated, they must 
satisfy three key criteria: they develop over time, they can 
be enhanced experimentally to accelerate aging, and they 
can be targeted therapeutically which slows or reverses 
aging. This review focuses on the molecular, cellular, and 
systemic processes underlying these changes. Biological 
aging is assessed using physiological tests, functional 
evaluations, and advanced “omics” techniques, allowing a 
close look on the decline of health and treatment effects. 
The nine hallmarks initially proposed—such as genomic 
instability, telomere attrition, and cellular senescence—
remain relevant but require revision based on recent 
mammalian studies (Figure 1).

Genomic Instability
The stability and integrity of the genome are constantly 
challenged by both external and internal factors. Externally, 
the genome is exposed to chemical agents, physical 
radiation, and biological damage. Internally, it faces 
threats such as replication errors, improper chromosome 
segregation, oxidative damage, and spontaneous hydrolytic 

events. These diverse sources of genomic stress can lead 
to a wide variety of genetic alterations, including: point 
mutations, gene deletions, chromosomal translocations, 
telomere attrition, single- and double-stranded DNA 
breaks, chromosomal rearrangements, nuclear structural 
defects, and gene disruptions due to viral or transposon 
insertions. Such molecular damage and the resulting 
genomic mosaicism are thought to contribute to both 
physiological aging and age-related diseases. To cope with 
these challenges, organisms have evolved sophisticated 
DNA repair and maintenance systems that safeguard the 
integrity of both nuclear and mitochondrial DNA. These 
systems also help maintain proper chromosomal structure 
and genomic stability. However, with growing age, the 
efficiency of these DNA repair mechanisms declines. This 
leads to the progressive accumulation of genetic damage 
and the abnormal accumulation of DNA in the cytoplasm, 
further driving cellular dysfunction and the aging process.1

Telomere Attrition
Damage at chromosome ends, known as telomere 
shortening, plays a key role in aging and related diseases. 
Because DNA polymerases are unable to replicate 
telomeres entirely, these sequences become progressively 
shorter with each cell division, eventually leading to 
genomic instability, senescence, or apoptosis. Telomerase, 
a ribonucleoprotein enzyme with reverse-transcriptase 
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activity, reverses this process by extending telomeres. 
However, most adult somatic cells lack active telomerase, 
leading to continuous telomere erosion over time.

Interestingly, while genomic instability promotes 
cancer, telomere shortening can suppress tumor growth 
by limiting cell proliferation, making it a distinct 
hallmark of aging. Telomerase deficiency in humans is 
linked to premature disorders like pulmonary fibrosis 
and aplastic anemia, which disrupt tissue regeneration. 
Telomere length is affected by age, genetics, lifestyle, and 
cell division rates, and has been shown to predict lifespan 
across species. In addition to shortening, dysfunction 
of the shelterin proteins, which protect telomeres, can 
also trigger aging symptoms even when telomere length 
appears normal. Mouse models confirm that shorter 
telomeres decrease lifespan and accelerate aging, while 
lengthened telomeres enhance health and longevity. 
Notably, reactivating telomerase in telomerase-deficient 
mice reverses signs of premature aging. Similarly, 
telomerase activation, pharmacologically or via gene 
therapy, has shown benefits in extending lifespan and 
improving cognitive function in models of Alzheimer’s 
disease.1,2

Telomerase and telomere-binding proteins: their roles 
within telomeres and beyond
Telomeres of mammalian cells consist of tandem repeats 
of the TTAGGG sequence that shorten progressively with 
each cell division. A certain minimum number of these 
repeats are crucial for shelterin proteins to bind and 
prevent activation of the DNA damage response (DDR) 

on chromosome ends. Telomerase, an enzyme that can 
extend telomeres, is mostly inactive in somatic cells but 
active in stem cells and cancer cells. While its reactivation 
may delay aging-related tissue degeneration, it can 
also promote uncontrolled cell proliferation in tumors, 
depending on how well the DDR pathway is maintained.

In addition, telomerase also plays roles beyond this, 
such as modulating the Wnt–β-catenin signaling pathway 
and acting as an RNA-dependent RNA polymerase.3

Telomerase Activation to Decelerate Aging and Treat 
Telomere Diseases
Short telomeres are a hallmark of aging and are linked, 
directly to the onset of age-related diseases. Mutations in 
telomerase or telomere-binding proteins lead to telomere 
dysfunction, which contributes to telomere syndromes, 
disorders marked by impaired tissue regeneration and 
fibrotic diseases.4 Experimental models have shown that 
either telomerase deficiency or deletion of telomere-
protective proteins like TRF1 in mouse kidney exacerbates 
fibrosis by triggering epithelial-to-mesenchymal 
transition (EMT), suggesting a direct role of telomere 
shortening in promoting age-related tissue damage.4 
More broadly, telomere dysfunction promotes senescence 
of cells, which accumulates with age and contributes to 
systemic decline and the development of multiple chronic 
diseases.5 In the context of pulmonary fibrosis, a fatal 
lung disease associated with short telomeres, therapeutic 
delivery of telomerase via AAV9 vectors specifically 
targeting alveolar type II cells, has been shown to improve 
lung function, reduce inflammation, and reverse fibrosis 

Figure 1. Key cellular and molecular hallmarks of aging. Telomere attrition, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, dysbiosis. 
The left scheme shows an individual with no senescence hallmarks individual and the right scheme displays an individual altered by aging-related mechanisms.
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in mice. This treatment not only extends telomere length 
but also reduces DNA damage, apoptosis, and senescence 
in affected cells 6. These findings collectively support the 
potential of telomerase activation as a method of reversing 
aging and treating telomere-mediated disease.

Epigenetic Alterations
Epigenetic alterations play a significant role in the aging 
process, including diverse mechanisms such as disrupted 
DNA methylation patterns, abnormal post-translational 
histone modifications, impaired chromatin remodeling, 
and deregulation of non-coding RNAs (ncRNAs). These 
changes, that are often reversible, act as key regulators of 
gene expression and other cellular functions and therefore 
contribute to the initiation and progression of multiple 
age-related diseases, including cancer, neurodegenerative 
disorders, metabolic syndrome, and skeletal pathologies. 
The establishment and maintenance of epigenetic 
marks rely on a complex network of enzymes, including 
DNA methyltransferases; histone acetyltransferases 
and deacetylases; histone methyltransferases and 
demethylases; and particular protein complexes 
addressing chromatin remodeling, along with the ncRNA 
synthesis and maturation.1

Non-Coding RNAs
Non-coding RNAs (ncRNAs) regulate critical processes 
of aging, like oxidative stress, mitochondrial injury, and 
inflammation. They also advance diseases such as cardiac 
diseases including arrhythmias, hypertrophy, fibrosis, 
and heart failure.7

Cellular senescence and organismal aging involve 
extensive molecular and morphological changes, and long 
noncoding RNAs (lncRNAs) are progressively recognized 
to act as nuclear structure modifiers. Certain lncRNAs are 
involved in the formation and maintenance of nuclear 
structure, and their expression gets modulated with age. 
RNA–DNA triplex formation enables lncRNAs to interact 
with specific genomic loci, linking DNA and proteins to 
alter nuclear organization. These mechanisms play a 
crucial role, however often under-recognized in nuclear 
morphology changes associated with aging. Advances in 
artificial intelligence and genetic perturbation technology 
offer highly promising tools to uncover direct cause-and-
effect relationships.8

Circular RNAs (circRNAs) are stable, closed-loop RNAs 
with diverse functions including protein interaction, 
miRNA sponging, protein coding, and gene regulation. 
Their stability and detectability render them potential 
biomarkers for aging and age-related diseases. CircRNA 
abundance increases with age across species and may 
have implications in aging and cellular senescence. 
In particular, ciRS-7/circCDR1as is implicated in 
Alzheimer’s disease, and circSfl in long lifespan in fruit 
flies. It is important to find functional circRNAs to reveal 
their functions in aging and age-related diseases.9 Type 

H bone vessels, which are essential for angiogenesis-
osteogenesis coupling, are decreased with age. This is 
caused by elevated microRNA-188-3p, which suppresses 
vessel formation by decreasing integrin β3 in endothelial 
cells. Knockdown of miR-188-3p in mice blocks age-
related vessel loss, but overexpression causes bone aging 
by decreasing vessel density, bone mass, and the ability to 
repair them.10

Chromatin Remodeling
ATP-dependent chromatin remodelers control vital 
functions like transcription, replication, and DNA repair. 
According to the loss of heterochromatin model, regions 
created early in development deteriorate more and more 
with age, leading to abnormal transcription, gene de-
repression, and genomic instability. Heterochromatin 
protein 1α (HP1α) and Polycomb group proteins are 
examples of molecular participants that maintain 
chromatin structure and DNA repair; as they age, they lose 
their ability to do so, which results in heterochromatin 
loss and uncontrolled gene expression.

Invertebrates with HP1α overexpression have 
longer lifespans than those with loss. In mammals, 
disorders such as PIN1 deficiency are associated with 
reduced heterochromatin integrity, which is linked to 
neurodegenerative disease and early aging. In human 
studies, disturbed SWI/SNF and Polycomb are also 
associated with cancer risk, neurodegenerative disease, 
and defective stem cell function. Therefore, preserving 
heterochromatin structure is a preferred strategy for 
genome preservation.11

Derepression of Retrotransposons
Genomes of nearly all organisms contain repetitive 
sequences produced by transposable elements 
(transposons), mobile genetic elements capable of moving 
within the genome and often amplifying to high copy 
numbers. While much of our knowledge of these elements 
comes from their germline activity seen in genome 
sequences, recent research shows that they are also active 
in somatic tissues throughout life. One of these elements, 
retrotransposons, has coevolved with host genomes 
since the earliest stages of life, usually in a competitive 
relationship that earned them names like “junk DNA” and 
“molecular parasites”. There are significant connections 
between human physiology, health, and illness and 
retrotransposons activity and the molecular mechanisms 
that underlie it.12 Although its effects are unknown, aging-
induced loss of heterochromatin derepresses LINE-1 
retrotransposons. Heterochromatin loss and senescence 
are caused by early LINE-1 RNA expression suppressing 
SUV39H1 activity in progeroid syndromes. In a mouse 
model of progeria, LINE-1 RNA silencing with antisense 
oligonucleotides decreased senescence gene expression, 
restored heterochromatin marks, and increased lifespan. 
These findings point to LINE-1 RNA as a possible target 
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for treatment in cases of premature aging.13

Loss of Proteostasis
Aging is a major risk factor for many illnesses, especially 
neurodegenerative conditions like Parkinson’s and 
Alzheimer’s disease. The loss of protein homeostasis, 
or proteostasis, which results in the buildup of protein 
aggregates, is a common characteristic of these disorders. 
By regulating synthesis, folding, structural stability, and 
degradation, a complex proteostasis network made up 
of molecular chaperones, proteolytic systems, and their 
regulators, healthy cell preserves protein balance. As we 
age, accumulated internal and external stressors put this 
system under strain, reducing its capacity and endangering 
the proteome’s integrity. This deterioration contributes 
to the development of disease and is particularly harmful 
to post-mitotic cells, such as neurons. Proteome-wide 
analyses in aging have guided strategies to improve 
proteostasis, and pharmacological treatments aimed at 
fortifying this network have the potential to delay age-
related proteome deterioration and extend health span.14

Disabled Macroautophagy
The cellular process known as macroautophagy, or simply 
“autophagy”, encloses parts of the cytoplasm in double-
membrane structures called autophagosomes. Later, 
these vesicles combine with lysosomes to decompose and 
recycle their contents. Although autophagy is essential 
for maintaining proteostasis, it also breaks down whole 
organelles as well as non-protein macromolecules like lipid 
droplets, glycogen, and cytosolic DNA. Particular types 
include reticulophagy for the endoplasmic reticulum, 
pexophagy for peroxisomes, lysophagy for lysosomes, 
and mitophagy for damaged mitochondria. Furthermore, 
autophagy aids in cell defense by eliminating invasive 
pathogens via xenophagy.15

One of the key mechanisms behind aging is the 
age-related decline in autophagy, which reduces the 
turnover of cellular organelles and it is one of the main 
mechanisms behind aging. It’s crucial to remember 
that the genes and proteins involved in autophagy also 
take part in other degradation processes, such as the 
phagocytosis of extracellular materials by LC3 and the 
exosphere-mediated removal of intracellular waste, like 
malfunctioning mitochondria, which is subsequently 
eliminated by macrophages. Despite this overlap, there is 
compelling evidence that aging is directly related to the 
basic autophagy process.1,16

Deregulated Nutrient Sensing
The nutrient-sensing network, conserved through 
evolution, includes hormones like insulin, signaling 
pathways (PI3K-AKT, Ras-MEK-ERK), and transcription 
factors such as FOXOs. In order to control important 
cellular functions like autophagy, protein synthesis, 
metabolism, and mitochondrial function, the mTORC1 
complex senses nutrients and stress. Depending on stress 

and nutrient availability, this network strikes a balance 
between cell defense and growth. In a variety of animal 
models, it has been demonstrated that reducing its activity 
genetically prolongs lifespan and health.17,18

Genetic studies in humans have linked the FOXO3 
transcription factor and variants of genes in the 
nutrient-sensing network to increased human longevity. 
Furthermore, nutrient-sensing pathways are linked to 
epigenetic age in human cells.17,19,20 This signaling network 
promotes healthy anabolic (growth) processes in youth, 
but it can also lead to aging as an adult. The pituitary gland’s 
production of growth hormone (GH) is at the heart of the 
somatotrophic axis, a crucial pathway in the regulation 
of aging. Through GH receptors, GH causes liver cells to 
release IGFs, particularly IGF1. By activating its receptor 
(IGF1R), which sets off trophic signals via the PI3K-AKT 
and mTORC1 pathways, IGF1 subsequently stimulates 
growth and development.21 Reducing somatotrophic 
pathway activity, either naturally or through engineered 
mutations, scientists prolonged life and slow the decline 
associated with aging in a number of animal models. 
Inhibiting this pathway from early adulthood improves 
general health even though defects in it cause dwarfism. 

The ALK receptor tyrosine kinase is involved in another 
nutrient-sensing pathway. It is triggered by feeding in 
mice and reacts to the ligands Aug-a and Aug-b. Fruit flies’ 
lifespan is prolonged, primarily in females, by inhibiting 
ALK, which also lowers fat and insulin-like peptides. Loss-
of-function ALK mutations are associated with leanness 
in humans, and deleting ALK in mice increases resistance 
to diet-induced obesity. ALK is therefore a viable target 
for treatments related to metabolic aging.

Drugs like rapamycin that block mTORC1, extend 
lifespan even when started late in life and are being 
investigated as anti-aging treatments.22 In mice, 
rapamycin improves various aspects of health, but it 
can worsen some age-related conditions like cataracts. It 
also provides protection in models of neurodegenerative 
and other age-related diseases. Elderly humans are more 
vulnerable to viral respiratory infections. However, pre-
treatment with mTORC1 inhibitors has been shown to 
boost immune responses to flu vaccines in older adults 
and reduce respiratory infections during the following 
winter, indicating a viable strategy to halt age-related 
immune decline.23

Mitochondrial Dysfunction
Organismal aging involves a gradual decline in cellular 
performance and the deterioration of multiple tissues, 
reducing function and increasing mortality risk. 
Mitochondria, beyond their function as energy producers, 
is now recognized as key players in aging-related diseases 
such as neurodegeneration and cardiovascular disorders. 
There is evidence that aging is caused by an imbalance 
between the supply and demand of energy, which may 
be corrected by interventions such as calorie restriction, 
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exercise, and natural substances that act on pathways 
linked to conserved longevity.21 In addition to being the 
main source of energy for the cell, mitochondria may 
also be the first to cause inflammation and cell death. 
While the release of caspase activators, nucleases, or other 
destructive enzymes from the intermembrane space can 
start pathways leading to programmed cell death, the 
release of mitochondrial DNA or reactive oxygen species 
(ROS) can activate inflammasomes or cytosolic DNA 
sensors.24

Mitochondrial Function and Longevity
Aging is marked by a slow deterioration of the body’s 
homeostatic balance, leading to an increased susceptibility 
to a wide range of disorders. Aging is frequently associated 
with mitochondrial dysfunction. In a Drosophila model 
of muscle mitochondrial injury, researchers discovered 
that mild mitochondrial stress in muscle can preserve 
mitochondrial function, slow age-related decline in 
muscle performance and structure, and extend lifespan. 
Two important compensatory signaling pathways 
are responsible for this longevity benefit: a systemic 
pathway involving the Drosophila equivalent of insulin-
like growth factor-binding protein 7, which suppresses 
insulin signaling and promotes mitophagy, and a muscle-
specific, redox-dependent activation of genes governing 
the mitochondrial unfolded protein response (UPRmt).25

Age-related diseases, such as cardiac dysfunction, 
are becoming increasingly prevalent. Proton leakage in 
the heart mitochondria directly increases in naturally 
aged mice and rats, and ANT1 is the main mediator of 
this increased permeability, according to studies. Tetra-
peptide SS-31 treatment prevents excessive proton 
entry, decreases permeability transition pore opening 
and mitochondrial flash activity, restores mitochondrial 
function by directly interacting with ANT1 and the 
ATP synthasome, and dramatically reverses diastolic 
dysfunction.26

In order to decouple nutrient oxidation from ATP 
synthesis and release the proton gradient as heat, lipophilic 
weak acids known as mitochondrial uncouplers move 
protons across the inner mitochondrial membrane without 
the assistance of ATP synthase.27 This increases proton 
influx into the matrix, lowers mitochondrial membrane 
potential, and reduces oxygen radical formation. According 
to the “uncoupling to survive” hypothesis, such mild 
uncoupling can promote longevity by lowering oxidative 
stress and enhancing mitochondrial function.28

Moderate mitochondrial uncoupling reduces ROS 
production, delays age-related conditions like hepatic 
steatosis and diabetes, and prolongs lifespan, according 
to experimental evidence from yeast, worms, flies, 
rodents, and dogs. For instance, mice given a low dose of 
2,4-dinitrophenol (DNP) have better tissue respiration, 
lower fasting glucose, insulin, and lipid levels, less 
oxidative stress, and longer lifespans.29

Despite its anti-aging potential, DNP’s limited 
therapeutic range restricts its clinical applicability.19 
Reduction in mitochondrial content through suppression 
of the mitochondrial protein import system, known as 
MitoMISS, promotes a unique longevity mechanism. 
This process activates the mitochondrial unfolded protein 
response, driving an adaptive metabolic reprogramming. 
Enhanced glycolysis and de novo serine biosynthesis 
are directly linked to lifespan extension, whereas the 
induction of mitochondrial chaperones is not required 
for this longevity effect.30

Mitochondrial Microproteins and Aging
Humanin is a peptide derived from the mitochondria, 
with strong neuroprotective and cytoprotective effects, 
conserved across species. Its overexpression in C. elegans, 
through the daf-16/Foxo pathway, prolongs lifespan 
while in transgenic and humanin analogue HNG-treated 
mice, it enhances metabolic health, lowers inflammation, 
and guards against toxic damage. Although humanin 
levels typically decrease with age in most species, they 
remain constant in the long-lived naked mole-rat and are 
higher in children of centenarians. Humanin is linked to 
a longer lifespan and greater resistance to aging-related 
decline, as lower levels are linked to age-related illnesses 
like Alzheimer’s and MELAS.31

Studies reveal that the growth hormone/insulin-like 
growth factor-1 (GH/IGF) axis, which has an inverse 
relationship with circulating humanin levels, is one of the 
endocrine pathways that regulate aging. Humanin levels 
are lower in short-lived GH-transgenic mice and higher 
in long-lived, GH-deficient Ames mice. Humanin levels 
are decreased in both mice and humans when GH or 
IGF-I is administered. These results suggest that humanin 
integrates mitochondrial function into the endocrine 
regulation of longevity by acting as a circulating signal 
derived from the mitochondria that influences the aging 
process.32

Mitochondrial-encoded MOTS-c, a peptide produced 
which is generated from the independent mitochondrial 
genome, has been shown to enhance physical performance 
in young, middle-aged, and old mice. It regulates nuclear 
genes related to metabolism and proteostasis, modulates 
skeletal muscle metabolism, and supports myoblast 
adaptation to metabolic stress. Intermittent MOTS-c 
treatment (three times per week) increases physical 
capacity and health-span in mice. In humans, exercise 
naturally stimulates MOTS-c expression in skeletal 
muscle and circulating blood.33

Cellular Senescence
Cellular senescence which is triggered by acute or chronic 
damage, increases significantly by getting older, affecting 
various cell types, especially fibroblasts, endothelial cells, 
and immune cells. Telomere shortening is one of the factors 
contributing to this process. Even non-dividing tissues 
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such as the heart and brain can accumulate senescent 
cells, and they also concentrate in particular areas when a 
disease is present.34 Researches on mice has demonstrated 
that pharmacological or genetic removal of these cells can 
extend lifespan and health span.35 Such clearance also leads 
to better results in multiple disease models. Several clinical 
trials are now exploring senescence-targeting treatments 
for human health conditions.36 Primary senescence can be 
triggered by various factors such as oncogenic signaling, 
DNA damage, infections, mitochondrial dysfunction, 
oxidative stress, nutrient imbalance, mechanical stress, 
and critically short telomeres. Inflammatory and fibrotic 
signals such as TGF-β, IL-1β, IL-6, IL-8, and CCL2 cause 
secondary (paracrine) senescence.37 Although these two 
forms have some characteristics in common, it is unclear 
how they differ molecularly. Senescence is marked by 
stable proliferative arrest, mainly through TP53 and 
CDKN2A/p16 pathways, which inhibit CDKs and 
E2F transcription factors.38 This arrest is strengthened 
by the loss of lamin B1 and the reorganization of 
heterochromatin into SAHFs.39 Depending on molecular 
context, cancer cells may undergo stable, reversible, or 
bypassed senescence after genotoxic stress. Senescence 
also plays a role in embryonic development by selectively 
eliminating specific cells.

Stem Cell Exhaustion
Stem cell exhaustion is a fundamental factor in aging, 
which results from the progressive decline in both the 
quantity and quality of adult stem cells. Stem cells are 
extremely sensitive and many circumstances can disrupt 
their homeostasis, resulting in decreased proliferation, a 
crucial indicator of stem cell aging.40 Regeneration and 
tissue homeostasis depend on these cells and because of 
that, their decline over time severely limits the body’s 
ability to repair damage, ultimately contributing to 
functional deterioration and age-related diseases.1,41 

Adult stem cells have key role in tissue maintenance, 
repair, and regeneration throughout life 42. In almost 
every tissue, stem cell exhaustion, characterized by 
decreased quantity and function, occurs with aging, and 
each has a unique renewal strategy.43 In hematopoietic 
stem cells (HSCs), age-related shifts in differentiation 
reduce adaptive immune cell production, increasing risks 
of anemia and myeloid malignancies.44 A number of age-
related illnesses and uncommon genetic conditions are 
also associated with this kind of exhaustion. These include 
deregulated HSC function in FA, impaired neuronal 
differentiation and DNA repair in neural stem cells in 
Parkinson’s disease and xeroderma pigmentosum, and 
premature mesenchymal stem cell loss in Hutchinson-
Gilford progeria syndrome, Werner syndrome, and 
Fanconi anemia.45

Rejuvenation of Tissue Repair by Reprogramming
Cellular reprogramming toward pluripotency includes 

converting adult somatic cells into induced pluripotent 
stem cells (iPSCs) by the coordinated action of four 
transcription factors, OCT4, SOX2, KLF4, and MYC 
(OSKM).46 This process begins with the suppression of 
cell identity genes and activation of pluripotency genes, 
often spanning several weeks.47 In addition to altering 
cell identity, complete reprogramming causes cellular 
rejuvenation, which is indicated by decreased p16,48 
telomere extension,49 and DNA methylation clock reset.50 
Partial, transient, or intermediate reprogramming51-54 
can repair DNA damage, reset DNA methylation, and 
restore youthful epigenetic and transcriptomic patterns 
in vitro and in vivo. Even if reprogramming is stopped 
early, rejuvenation occurs gradually. In mice, transient 
reprogramming enhances tissue repair capacity enabling 
aged tissues to recover from damage as efficiently as young 
tissues, demonstrated in the pancreas,52 skeletal muscle,52 
nerve fibers, eye,53 skin,51 heart,55 and liver.56 It is possible 
to partially reverse age-related dysfunctions like memory 
deterioration, loss of hippocampus neurogenesis,57 and 
diminished vision.53 Applications during repair, such as 
in traumatic brain injury58 and skin wound healing,59 have 
also shown benefits. Lifespan extension has been achieved 
in progeroid mice,52 though not yet in wild-type mice. 

Partial reprogramming mirrors natural tissue 
repair, where cells transiently de-differentiate, acquire 
progenitor-like traits, and then re-differentiate.60 Natural 
repair processes may also involve rejuvenation, supported 
by evidence that the epigenetic clock accelerates after 
injury and partially reverses during repair.61 Tissue injury 
may create a microenvironment favorable to IL-6-driven 
reprogramming.62 Additionally, cyclic FOXM1 expression 
extends lifespan in both progeroid and wild-type mice,63 
likely by promoting de-differentiation and proliferation 
of kidney epithelial cells during repair process.64 These 
collaborations between artificial reprogramming and 
natural repair indicates potential strategies to restore 
regenerative capacity in aging tissues.

Stems Cells and the Pathway to Aging and Cancer
The ability of tissues to maintain homeostasis and 
regenerate declines with aging, positioning stem cell 
deterioration as a key contributor to the aging process. 
The extent to which this decline drives aging, as opposed 
to broader systemic tissue and organ degeneration, likely 
varies among different tissues and their resident stem 
cells. However, there is substantial evidence linking 
stem cell dysfunction to several age-related pathologies. 
Aging is also associated with a higher incidence of cancer, 
which usually requires the accumulation of multiple 
mutations over time. Stem cells, due to their capacity 
for self-renewal and differentiation, are prime spots for 
precancerous mutations, and can pass them to both self-
renewing progeny and differentiated cells throughout life. 
Tumor suppressor proteins act as safeguards by inducing 



Biomedicine Advances. 2025;2(4)

Cellular and molecular hallmarks of aging

179

apoptosis or permanent growth arrest in potentially 
malignant clones, but the ongoing demands of tissue 
maintenance can cause these pathways to inadvertently 
deplete stem cells, thereby contributing to aging.65 

As aging progresses, certain stem cell clones can gain a 
competitive advantage over others while still remaining 
under the regulatory influence of systemic factors and the 
local stem cell niche. Many molecular changes linked to 
stem cell aging also occur in tumors of older individuals. 
Studying these alterations in stem and progenitor cells 
may provide significant understanding into cancer 
development and help identify new therapeutic options. 
Various cancers including those of the colon, breast, 
brain, head and neck, pancreas, and blood, harbor small 
populations of tumor-initiating cells, known as cancer 
stem cells (CSCs). These CSCs share key characteristics 
with normal stem cells, such as unlimited self-renewal 
capacity, and can generate most or all cell types within 
a tumor. By sustaining tumor growth and maintenance, 
CSCs play a central role in cancer persistence.65

The overlap in molecular pathways governing normal 
stem cell maintenance and oncogenesis highlight the 
dual challenge of preserving stem cell function while 
preventing malignant progression. Future therapeutic 
strategies will need to precisely target the mechanisms of 
stem cell aging, both to restore tissue homeostasis and to 
reduce cancer risk, without compromising the essential 
self-renewal capacity required for lifelong regeneration.

Metabolism and Epigenetic
Recent studies underscore metabolism as a major 
factor in stem cell aging, with growing evidence that 
metabolic signaling pathways are closely linked to the 
aging process. Moreover, cellular metabolic activity 
can influence epigenetic states, which in turn affect the 
overall organismal aging and longevity.41,66 Metabolic and 
epigenetic regulation are closely connected, especially in 
stem cells. However, their combined role in maintaining 
cell function and balance is not yet fully understood. 
Many cofactors for epigenetic enzymes that drive DNA 
and histone modifications are metabolites derived 
from cellular metabolism, meaning metabolic changes 
triggered by environmental cues can directly influence the 
stem cell epigenome, function, and senescence. Pathways 
such as sirtuins, mTOR, and insulin–FOXO link 
metabolism to chromatin regulation. SIRT1, for instance, 
senses NAD⁺ levels to control stem cell fate, while SIRT6 
and SIRT7 maintain redox balance and mitochondrial 
stress responses; their decline with age impairs stem cell 
homeostasis. NRF2, a key regulator of antioxidants, is 
also disrupted during aging. when restored, it has shown 
to rescue premature stem cell attrition in progeroid 
models. FOXO3 maintains stem cell quiescence and 
supports autophagy, whereas mTOR promotes activation 
in nutrient-rich states but can accelerate senescence if 
autophagy is dysregulated. Metabolites themselves act as 

epigenetic regulators: NAD⁺ depletion with age increases 
histone acetylation and shifts muscle stem cells from fatty 
acid oxidation to glycolysis. α-Ketoglutarate supports 
DNA/histone demethylation, influencing stem cell 
differentiation.

SAM levels, linked to one-carbon metabolism, adjust 
histone methylation and change with age. These pathways 
illustrate that metabolic state not only fuels stem cells but 
also reshapes their epigenetic landscape. This influences 
aging, the risk of diseases, and potential to regenerate. 
Understanding this interaction could help develop 
therapies to preserve stem cell function and extend 
health-span.41,67

Altered Intercellular Communication
Aging is accompanied by progressive changes in 
intercellular communication, disrupting homeostatic 
and adaptive regulation. These include impairments 
in neural, neuroendocrine, and hormonal signaling 
systems such as adrenergic, dopaminergic, insulin/IGF-
1, renin-angiotensin, and sex hormones, often linked to 
reproductive decline.21,68 While many of these changes 
originate from intrinsic cellular processes, including 
those driven by the senescence-associated secretory 
phenotype (SASP), they form a distinct hallmark of aging 
together. This hallmark connects cell-intrinsic changes to 
meta-cellular effects like chronic inflammation, reduced 
immune surveillance, and altered genome–microbiome 
communication leading to dysbiosis. Research in this 
field explores pro-aging and pro-longevity blood-borne 
factors, intercellular signaling pathways, and the impact 
of extracellular matrix (ECM) degradation on aging.1

Chronic Inflammation 
Inflammation increases gradually during aging and the 
process is known as “inflammaging” which manifests both 
systemically and locally, contributing to conditions such 
as arteriosclerosis, neuroinflammation, osteoarthritis, 
and intervertebral disc degeneration. Circulating 
inflammatory cytokines and biomarkers, including 
CRP, increase with age and all-cause mortality in older 
populations is strongly predicted by elevated plasma IL-
6.69 As inflammation increases, immune function declines, 
which can be seen in altered myeloid and lymphoid 
cell profiles.70 A distinct group of age-associated T cells 
(Taa) consisting of exhausted memory cells, arise and 
stimulates inflammation through the release of granzyme 
K. Age-related changes in T cell subsets also lead to 
hyperactive pro-inflammatory TH1 and TH17 cells. 
These changes impair the immunosurveillance against 
infected, malignant, or senescent cells. They also reduce 
self-tolerance, raising the risk of autoimmune diseases, 
and weaken the maintenance of biological barriers.71 
Collectively, these changes fuel chronic and systemic 
inflammation, increasing vulnerability to disease in aging 
individuals.1
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Dysbiosis
In recent years, researchers have identified the gut 
microbiome as a crucial regulator of diverse physiological 
functions, including nutrient digestion and absorption, 
pathogen defense, and the production of vital metabolites 
such as vitamins, amino acid derivatives, secondary 
bile acids, and short-chain fatty acids (SCFAs). The gut 
microbiome also interacts with the peripheral and central 
nervous systems and other organs, playing a vital role 
in overall health. Disruption of this bidirectional host–
microbe interaction leads to dysbiosis, contributing to 
conditions like obesity, type 2 diabetes, ulcerative colitis, 
neurological disorders, cardiovascular diseases, and 
cancer. Growing evidence has sparked intense interest in 
understanding how the gut microbiota alters as we age.24,72

Conclusion
Aging is considered a physiological phenomenon, but 
some aging-related diseases can accelerate senescence 
and result in premature death. Therefore, understanding 
the cellular and molecular mechanisms of aging empower 
the health system in controlling or preventing early onset 
age-related diseases. From this prospective, it is crucial 
to deepen our knowledge of aging mechanisms and how 
to reverse it for therapeutic purposes. Advancements in 
genomics, transcriptomic. proteomics and metabolomics 
will revolutionize our understanding of mechanistic 
aspects of aging and the therapeutic targets. It is 
anticipated that this century will be a turning point for 
many age-related diseases such as neurodegenerative 
disorders and cardiovascular diseases. Therefore, it is 
crucial to enhance our efforts toward unfolding cellular 
and molecular mechanisms of aging. 
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