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Aging research has rapidly advanced from fundamental discoveries at the
molecular and cellular levels to promising clinical applications. This review
discusses the critical translational insights that bridge the gap between bench
research and bedside applications, highlighting key discoveries in the
mechanisms of aging, biomarkers, and therapeutic interventions. It
underscores the importance of interdisciplinary approaches and collaboration
among scientists, clinicians, and policymakers to address the complexities of
aging and improve health span.
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Introduction

Aging is a ubiquitous, multifactorial process marked by a steady loss in physiological
processes and an increased vulnerability to illnesses. Researches to understand the aging
process and to combat its deteriorative consequences had a long history and perhaps
associated with human evolution. During last 100 years significant advances have been seen
in exploration of aging process, its regulatory mechanisms, genetic and epigenetic factors,
identifying potential biomarkers and screening antiaging drug candidates (Pandey and
Rizvi, 2010; Klimova et al., 2018; Guo et al., 2022; Calabrese et al., 2024).

Research on aging began with studies on light intensity and lifespan in Drosophila
(Northrop, 1925) and progressed to caloric restriction’s impact on longevity (McCay et al.,
1975), laying the foundation for modern translational aging studies. After that a number of
significant studies on aging process, models of aging, lifespan prolongation and promoting
healthy aging were carried out, however, the isolation of longevity mutants in C. elegans
evoked a new era in aging studies (Klass, 1983). It was finally proven by decades of intensive
research work by researchers that the process of aging is multifactorial and linked with
many chronic diseases such as cardiovascular disorders, cancer, neuro-complications and
diabetes (Guo et al., 2022; Li et al., 2024a).

Aging affects individuals, families, and society both financially and mentally. The UN
expects the global population of those aged 65 and older to reach 1.5 billion by 2050 (United
Nations, 2019: World Population Ageing 2019: Highlights). With the global population
aging rapidly, understanding the biological underpinnings of aging and translating these
insights into clinical interventions have become a crucial public health priority. This review
aims to synthesize recent advancements in aging research, focusing on translational aspects
that hold promise for extending longevity and raising the standard of living of the elderly.
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Mechanisms of aging: from basic
research to clinical relevance

Aging is leading risk factors for many chronic conditions such as
diabetes, heat disease, neuro-pathologies, cancer, osteoporosis and
chronic obstructive pulmonary disease (Guo et al., 2022; Santos
et al., 2024). Understanding the mechanisms behind aging is
essential for developing effective therapeutic targets. Despite
numerous theories attempting to explain this complex biological
process, none fully captures the precise mechanisms of aging.

Cellular senescence is one of the most discussed biological
processes behind aging. It is a hallmark of aging and reported as
a state of irreversible growth arrest. The ability of cells to proliferate
and differentiate, as well as their physiological capabilities, gradually
declines with time. Both diseases and the preservation of normal
tissue homeostasis are significantly impacted by cellular senescence.
It speeds up the aging process and the emergence of disorders linked
to aging. Senescent cells secrete pro-inflammatory cytokines,
contributing to tissue dysfunction. Recent studies have identified
senolytic agents, such as Dasatinib and quercetin, which selectively
eliminate senescent cells. Preclinical models have shown that
senolytics can mitigate age-related pathologies and may extend
lifespan, leading to ongoing clinical trials assessing their safety
and efficacy in humans (Hickson et al., 2019; Islam et al., 2023).

Extract of aging studies performed on humans and other related
model systems, proposes some common events involved in the aging
process. Broadly divided in cellular and molecular levels, these
features incorporate cellular senescence, weary stem cells,
malfunctioned intercellular communications, telomere shortening,
genomic instability, proteostasis loss, mitochondrial dysfunction,
epigenetic alterations and compromised autophagy (López-Otín
et al., 2013; Guo et al., 2022; Boccardi and Marano, 2024)
Figure 1. It has also been reported that though numerous
intricate and significant pathways contribute to the aging process,
many of these processes are linked to chronic oxidative stress
brought on by high reactive oxygen species (ROS) levels (Pandey
and Rizvi, 2010; Mossad et al., 2022; Yang et al., 2024). This review
summarizes major molecular and cellular events that could
contribute to a better understanding of the various molecular
signalling networks that are involved in an organism’s aging process.

Genomic instability

It is reported that cellular senescence is highly promoted by
genomic instability of the organism (Aguilera and Garcia-Muse,
2013). Instability in the genome due to many of the reasons such as
damage of nuclear DNA (nDNA) and their accumulation pushes the
deregulation of gene expression that results in hindrance in the cell
growth followed by cell death that leads to aging (Siametis et al.,
2021). Damage in nDNA overtime, activates the p53-p21 and
p16INK4a-pRb cell cycle checkpoint pathways and eventually
prohibits the transmission of genetic information (Williams and
Schumacher, 2016; Gorini et al., 2020). Mitochondrial DNA
(mtDNA) are again mutation susceptible and there are studies
that report that leakage in mitochondrial electrons electron
transport chain induces mtDNA to mutate (Kauppila et al., 2017;
Son and Lee, 2019; Madreiter-Sokolowski et al., 2024).

Elevated copies of mutated mtDNA and decreased mtDNA
copies generate genomic instability in organisms, which drives
them towards aging. Moreover, release of mtDNA in cytoplasm
under influence of oxidative stress tends to participate in cellular
senescence by binding with cyclic guanosine monophosphate-
adenosine monophosphate synthase (cGAS) and triggering the
stimulator of interferon genes (STING) (Loo et al., 2020).
Circulating mtDNA has also been reported to be associated with
neuro-diseases, the prominent disorder associated with aging (Reid
et al., 2023).

Aseptic inflammation arises when there is no pathogenic
infection, and endogenous cellular DNA plays a role in this.
Endogenous cellular DNA is also linked to the onset of other
chronic illnesses, such as neurological problems and
cardiovascular diseases. Recent studies have also suggested that
endogenous cytoplasmic DNA and non-protein encoding DNA
(junk DNA) also contribute to genetic diversity of aging via
affecting telomerase gene activity and aseptic inflammation by
mediating CD4+T proliferation and activation (Wang et al., 2021;
Guo et al., 2022).

Telomere and mitochondrial dysfunction

Telomeres are designed to maintain the genomic stability,
however shortening of telomere to the Hayflick limit during cell
divisions, causes a DNA damage response, which in turn persuades
cell cycle arrest and pro-inflammatory factor expression, ultimately
leading to organismal aging (Zhu et al., 2019; Boccardi and Marano,
2024). Telomerase are responsible for the telomere length, and it has
been proven that increase in the expression of telomerases increases
the lifespan of an organism (Zhu et al., 2019; Howard et al., 2021).
Studies have reported a significant downfall in the telomerase
activity in elderly in comparison to the embryonic stage activity
(Blackburn et al., 2015; Boccardi and Marano, 2024). Interestingly,
telomerase can be reactivated in cells in order to mitigate the
deteriorating effects of aging when telomere reaches a critical
limit of reduction (Sun et al., 2019).

The anti-aging role of telomerases is evidenced by the fact that
the rate of DNA damage is higher in skin cells, which do not
possesses telomerases than the cells who have telomerases such as
embryonic, immune and stems cells (Sun et al., 2019).

FIGURE 1
The major hallmarks of aging process.
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Overexpression of telomerases are also reported in cancer cells and it
may be a protective mechanism to restore the genomic stability to
counteract carcinogenesis (Chakravarti et al., 2021). The role of
mitochondria is reported to implicate in aging due to their
susceptibility to damage and reduced function over time.
Interventions targeting mitochondrial biogenesis, such as NAD+

precursors (e.g., nicotinamide riboside), have shown promise in
improving mitochondrial function and delaying aging-related
diseases in animal models (Sharma et al., 2023; Li et al., 2024b).
Clinical trials are now evaluating these compounds’ potential to
enhance human health span (Lanza and Nair, 2010; Caicedo and
Singh, 2023).

Epigenetic alterations

Aging is associated with changes in DNA methylation, histone
modification, and chromatin structure. These epigenetic alterations
influence gene expression and cellular function. One of the primary
epigenetic modifications in mammals is methylation at cytosine’s
fifth position (5 mC) in DNA. Furthermore, the ten-eleven
translocation protein family converts 5-methylcytosine to 5-
hydroxymethylcytosine (5hmC), a persistent DNA base
alteration. These two alterations serve as epigenetic markers
(Lopez et al., 2017; Sen et al., 2016). Age dependent decrease in
methylation process has been reported and this correlation is being
used in development of epigenetic clock, which may determine the
biological age, predict possibility of development of age-associated
pathologies and may propose the lifespan of the organism (Shireby
et al., 2020; Fiorito et al., 2021; Crofts et al., 2024).

Although different histone modifications occur, acetylation and
methylation are the significant modifications associated with cellular
senescence. Methylation of histone 3 has different effects and its
function depends on the methylation sites and types as well
(Padeken et al., 2022). An array of studies have reported that
histone acetyltransferases and deacetylases associated with histone
modification, play key role in life span determination of an organism
that further provides a prominent strategy for antiaging therapies
based on histone modification (Yi and Kim, 2020; Padeken et al.,
2022). Compromised chromatin structure, polarity and integrity has
been reported in the epigenomes of senescence cells, which severely
affects chromatin accessibility (Liu et al., 2022).

Transcriptional errors have also been reported during the aging
process. Studies have documented that single stranded as well as
double stranded RNAs (dsRNA) generated from the unstable
genome are closely related with senescence (Saldi et al., 2019;
López-Gil et al., 2023). Zhang and co-workers in their study on
hypothalamic stem cells have reported that content of exosomal
miRNAs secreted by hypothalamic brain stem/progenitor cells
declines during aging, while the aging progress significantly
delayed after treatment with exosomes secreted by healthy
hypothalamic brain stem/progenitor cells (Zhang et al., 2017).
Another study performed by Salidi and colleagues documents
that chromatin alteration, epigenetic modifications have been
associated with age-induced neuro alterations, and proteins
associated with neurodegeneration are directly related with
derepression of repetitive element transcription due to changes in
heterochromatin. Due to this derepression, intracellular dsRNA

accumulates more and more, which triggers innate immune
responses and adds to the neuroinflammation seen in nearly all
age-related neurodegenerative disorders (Saldi et al., 2019).
Reprogramming technologies, such as partial reprogramming
using Yamanaka factors, have demonstrated the potential to
reverse some aspects of cellular aging in vitro. Translating these
findings into therapeutic strategies requires careful consideration of
safety and the risk of oncogenic transformation.

Impaired proteostasis

Proteins inside human body need to remain folded in a
particular manner throughout their lifetimes to perform their
biological activities for which they are designed, irrespective of
influence of different extra and intracellular stressors. For a
successful physiology this protein biome; proteome must be
controlled very finely and this balance it termed as proteostasis.
In addition to the preventing the protein from misfolding, the
proteostasis also responsible for the removal of the misfolded
proteins either by autophagy or proteome-mediated degradation.
Failure of this homeostasis is associated with health ailments (Hipp
et al., 2019; Tang and Xiao, 2023).

Protein misfolding and their accumulation are well documented
during aging. Most of the reported age-dependent chronic diseases
including neurological events are associated with proteostasis loss
(Hipp et al., 2019; Sabath et al., 2020). Cells undergo adaptive
modifications when their proteostasis is disrupted and develop a
variety of methods to minimise misfolding and eliminate misfolded
proteins in order to deal with such adverse circumstances. The
synthesis of chaperones is one of the many proteostasis preventive
mechanisms, which bind to incomplete peptide chains and help the
peptides fold into the proper shape by preventing them from folding
too early. These proteins are also known as heat shock proteins
because chaperones lessen the denaturation of proteins that happens
when cells undergo heat shock (Koyuncu et al., 2021).

A compromised proteostasis has been reported during aging due
to elevation in accumulation of misfolded proteins or oxidised
proteins under influence of stressors or weakened preventive
mechanisms (Powers et al., 2009; Pandey et al., 2010; Hipp et al.,
2019). There is evidence that some aged organisms show
overexpression of molecular chaperons including small heat-
shock proteins or Hsc70 to prevent accumulation of misfolded
proteins and their (Söti and Csermely, 2002). However, a
multitude of data indicate that the induction of different
chaperones is compromised in older organisms, which further
promote protein misfolding followed by accumulation
(Calderwood et al., 2009; Brehme et al., 2014; Ruano, 2021).

Unfolded protein response (UPR) is cellular stress response that
works to enhance the protein folding capacity of endoplasmic
reticulum as well as mitochondria. However, once the alignment
among protein degradation, misfolding, recycling and UPR is
disordered, the loss of proteostasis eventually occurs (Zhou et al.,
2021). It has been reported that activating transcription factors 3 and
4 (ATF3 and ATF4), that regulate UPR, play a crucial role in the
aging process (Zhao et al., 2021).

Studies have provided experimental evidence that the ability of
an organism tomaintain proteostasis strongly correlates with the life
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as well as health spans (Hipp et al., 2019) which advocates the
proposal that the adoptions to restore/maintain proteostasis may
prolong life span. This is supported by the reporting of life span
elongation of C. elegans by inhibition of insulin/IGI1 signalling
pathway (mutations in the daf-2 gene) (Kenyon et al., 1993;
Kenyon, 2011).

Biomarkers of aging: towards
precision medicine

It was 1988, when the first time the idea of ‘a biomarker of aging’
was proposed, defining it as a biological measure of an organism to
predict functional capability (Baker and Sprott, 1988). Identifying
reliable biomarkers of aging is essential for diagnosing age-related
conditions, monitoring therapeutic responses, and predicting
individual health trajectories. Since last few decades, various
biomarkers of aging have been suggested, encompassing molecular
alterations, imaging features, and clinical manifestations, however
taking together the heterogeneity of aging, identifying reliable and
substantial biomarkers of aging are essential for precise risk
assessment of individuals and antiaging interventions. It is
interesting that no biomarker yet is documented that qualifies all
the desired criteria to track the aging process; the efforts have focused
on developing composite biomarkers. This review provides an
overview of some reproducible biomarkers of aging based on
biological mechanisms underlying the aging process in humans.

No any gold standard method/criteria has been established to
determine the biomarkers of aging. Based on the biological events
involved in the aging process, some qualifying biomarkers are
summarised (Figure 2). As discussed in the mechanisms section,
telomere can protect DNA from damage and instability. After each
cell cycle, the telomeres in the majority of somatic cells shorten by
50–150 base pairs (Griffith et al., 1999). Given that most human
somatic cells divide only a limited number of times before their
protective capacity is depleted and thus become susceptible to
mutations, telomere length is thought to be a biomarker of aging.
Studies have revealed that the majority of cells and tissues, including
fibroblasts, peripheral blood cells, and the mucosa of the colon, had a
predictable reduction in telomere length with aging (Tsuji et al.,
2002; Ren et al., 2009; Chen et al., 2023).

DNA methylation establishes the epigenetic clock that controls
the transcription of genes. Because CpGs methylation status changes
at distinct places in the genome with age, DNA methylation status is
significant in biomarking of age (Horvath and Raj, 2018).
Additionally, it has been shown that millions of CpGs have a
role in aging, and an increasing amount of data indicates that
DNA methylation status has a substantial correlation with both
chronological age and age-related pathologies (Alisch et al., 2012;
Zhang et al., 2019; Yasmeen et al., 2020).

Transcriptomics is another new study area to biomark aging. An
array of reports from different aging models systems and
laboratories has shown age-related alterations in the RNA
expression patterns of several organs, such as the kidney, skin,
blood, and brain (Zhang et al., 2015). There are experimental
evidence that have the measurement of non-coding microRNAs
may provide a novel, noninvasive approach for the identification of
the aging process, however, larger, more varied longitudinal cohort
studies are needed to confirm the validity of transcriptome age in
predicting age-specific effects (Zhang et al., 2015; Kinser and
Pincus, 2020).

Likewise, proteomics is also an emerging study area to
identify aging and associated events. Numerous studies on
different model samples such as blood, bone marrow, skin and
cerebrospinal fluid have documented that proteins drive aging
process (Pandey et al., 2010; Baird et al., 2012; Hennrich et al.,
2018; Argentieri et al., 2024). A recent study reports that proteins
from a variety of functional categories are involved in proteome
aging and this process can be utilized to predict mortality risk,
multimorbidity, and age-related functional status in populations
with different genetic and geographic backgrounds (Argentieri
et al., 2024). However, the proteomic age is still in its infancy
despite these encouraging results because of the enormous
complexity of the proteome and the absence of standardized
testing instruments (Chen et al., 2023).

The systematic study of metabolites may also present the
biological age since aging and metabolism are undoubtedly
linked since it has been experimentally proved that
metabolites are directly involved in the aging process (Menni
et al., 2013). The health of gut microbiota is also may also be a
mirror of biological age, in the last decade, many studies on
changes on gut microbiota and aging have been reported which
claim that signify the role gut microbiota in promoting health
aging through maintaining gut diversity and homeostasis (Biagi
et al., 2013; de Vos et al., 2022).

Blood-based clinical parameters are one of the most authentic
and ancient biomarkers of aging and related diseases. An array of
studies on human and other aging models has provided that lipid
peroxidation and aggregation, levels of glutathione, thiols, ascorbate
recycling, complete blood count, alanine aminotransferases (ALT),
aspartate aminotransferases (AST), γ-glutamyl transferases (GGT)
and other liver enzymes, increased creatinine content and impaired
glomerular rate and immune profiles are significant biomarkers of
prevalence of oxidative stress and aging (Pandey and Rizvi, 2010;
Pandey and Rizvi, 2015a; Cieslak et al., 2016; Mamoshina et al., 2019;
Yousefzadeh et al., 2021).

Apart from the above-discussed area that may biomark aging,
the concept of image-based aging biomarkers is also proposed based
on the correlation between the structure and the functions of the

FIGURE 2
Biomarkers of aging, based on the data sources utilized.
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aging organs such as face, retina, brain, heart. Neuroimaging
methods like positron emission tomography (PET) and magnetic
resonance imaging (MRI) provide a special window to determine
neural aging by identifying grey matter and cerebrospinal fluid,
white matter connectivity, cortical thickness (MacDonald and Pike,
2021). Optical coherence tomography (OCT) by capturing 3D
images of retina at micrometre level provides optical biopsy of
vascular and neuroanatomical changes that may be used to predict
the biological age (Zhu et al., 2022; Chen et al., 2023). 3D facial
images and ECG leads have also been claimed to mark the biological
age by different researchers (Chen et al., 2015; Ball et al., 2014),
however, further studies are needed to validate these
documentations.

Although, the existence of reliable aging biomarker(s) are still
under debate, but explored biomarkers so far have been used in
precision medicine in the ageing world. Preventive pathways of the
aging process such as reducing the inflammation, restoration of
redox status, diminishing the aberrant immune responses and
enhancing the antioxidant potential are current strategies based
on the identified biomarkers. In high risk populations, the FDA-
approved preventive medications used for common diseases such as
diabetes and cardiovascular ailments are already widely being used
as an anti-ageing tool such as like metformin, rapamycin, doxazosin,
and so forth (Barzilai et al., 2016; Ettehad et al., 2016; McIntyre et al.,
2021; Chen et al., 2023).

Therapeutic interventions: current
strategies and future directions

Significant findings in the last 3 decades have provided
possibilities to intervene in the aging process at least to
promote healthy aging. Prolongation of life span is still a hard
nut to crack. Rapamycin, an inhibitor of the mTOR pathway, has
shown efficacy in extending lifespan in various model organisms.
Clinical trials are exploring its potential in improving immune
function and reducing the incidence of age-related diseases in
humans (Papadopoli et al., 2019; Lee et al., 2024). Metformin,
which is originally used for diabetes management, has been found
to be associated with reduced incidence of carcinogenesis and
development of cardiovascular ailments. Ongoing trials, such as
the TAME (Targeting Aging with Metformin) study, are
investigating its broader applications in aging (Barzilai et al.,
2016; Kulkarni et al., 2020).

Dietary intervention and change in lifestyle is one of the most
advocated antiaging treatments since years back. Polyphenols,
the secondary metabolites that naturally occur in plants and
plant-products are reported to combat aging consequences
through diminishing the cellular molecular processes involved
in aging (Pandey and Suttajit, 2022). Adherence on
Mediterranean Diet (MD) which is characterized by a high
intake of fruit, vegetables, breads, other cereals, beans, nuts,
and seeds has also been reported to slow down the onset of
aging and related pathological events (Pandey, 2018; Capurso
et al., 2019). Caloric restriction and intermittent fasting have
been shown to extend lifespan and improve metabolic health in
animal models (James et al., 2024). Regular physical activity is
well-documented to enhance health span by improving

cardiovascular health, muscle function, and cognitive abilities.
Research is ongoing to optimize exercise regimens tailored to
older adults (Pandey and Rizvi, 2015b; Ho et al., 2022).
Translating these findings into human practice involves
balancing benefits with potential risks, and understanding
individual variability.

Regenerative medication is another recent area in antiaging
research. Therapies based on stem cells offer potential for
regenerating damaged tissues and organs. Advances in induced
pluripotent stem cells (iPSCs) and mesenchymal stem cells
(MSCs) are paving the way for clinical applications in treating
age-related degenerative conditions (Aboul-Soud et al., 2021).
Bioengineering techniques are being developed to create
functional tissues and organs in vitro. These technologies hold
promise for addressing organ failure and other age-related tissue
dysfunctions.

However, despite remarkable progress in understanding the
aging process and its possible intervention, many challenges
remain in translating aging research into clinical practice and
filling the gap between bench research and bedside applications.
In a similar vein, more thorough comparative studies of aging are
still needed in order to facilitate precise translational research. It is
very crucial to understand that all the aging models have limits and
this may enhance translational difficulties (Sukoff Rizzo et al., 2023).
Researchers in this area must be cautious to avoid misinterpreting
the results and have reasonable expectations on the translatability of
preclinical findings. For example, despite encouraging results in
rodent models in preclinical studies, there has been a major
translational failure in human studies, and the results have
frequently been over-interpreted (Silverman et al., 2020;
Muratoglu et al., 2022). A closer collaboration between basic
scientists and clinical researchers is highly recommended for
effective translational outcomes.

Other challenges in translational ageing research include
ensuring the safety and efficacy of new interventions, addressing
ethical and regulatory concerns, and managing the high costs
associated with advanced therapies. Keeping this rationale in
mind, future research should focus on integrative approaches by
combining metabolomics, proteomic, transcriptomic, genetic and
epigenetic data to design a comprehensive approach and
personalized therapies and global collaborations to share
knowledge, standardize protocols, and accelerate the development
of aging interventions.

Conclusion

In the field of aging research, there are important obstacles as
well as encouraging findings along the way from bench to bedside.
Through interdisciplinary approaches and collaborative efforts, we
can expedite the conversion of scientific discoveries into efficacious
therapeutic interventions. However, breakthroughs are anticipated
in many areas such as exploring common and different aging
mechanisms in different human races, investigating potential and
reliable biomarkers by fusing data from various sources or utilizing
new technologies including artificial intelligence (AI), deep learning
and machine learning, and confirming the clinical utility of both
established and emerging developing biomarkers.
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In addition, DNA methylation age estimators across species and
using the closer vertebrates as model systems may provide better
understanding of epigenetic aging, resulting in development of
precise and safer anti-aging interventions. Currently the anti-
aging interventions used are mostly symptomatic and in general
adopted after onset of the disease. While reliable intervention needs
to target the cause of aging. However, new avenues for treating
aging-related diseases are opened up by research on the newest
therapeutic strategies, including senescent cell removal,
transplantation of stem cells, promoting the expression of anti-
aging factors and suppressing the expression of pro-aging factors,
and tissue or organ regeneration. Furthermore, technological
advancements and interdisciplinary approaches including AI
based data interpretation, nanotechnology based drug delivery,
therapeutic antibodies have unlimited possibility to explore aging
mechanisms and precise interventions as well. Interestingly some of
the above mentioned strategies have been applied in clinical trials
and some are under study, however, long-term research is required
to validate the effectiveness of these therapies. In the end, these
initiatives will open the door to a time when aging is a stage of
sustained health and vitality rather than just a loss of function.

Author contributions

KBP: Writing–original draft, Writing–review and editing.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

Author is thankful to the Director, CSIR-CSMCRI, Bhavnagar
for encouragement.

Conflict of interest

The author declares that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

References

Aboul-Soud, M. A. M., Alzahrani, A. J., and Mahmoud, A. (2021). Induced
pluripotent stem cells (iPSCs)-Roles in regenerative therapies, disease modelling and
drug screening. Cells 10 (9), 2319. doi:10.3390/cells10092319

Aguilera, A., and Garcia-Muse, T. (2013). Causes of genome instability. Annu. Rev.
Genet. 47, 1–32. doi:10.1146/annurev-genet-111212-133232

Alisch, R. S., Barwick, B. G., Chopra, P., Myrick, L. K., Satten, G. A., Conneely, K. N.,
et al. (2012). Age-associated DNAmethylation in pediatric populations.Genome Res. 22
(4), 623–632. doi:10.1101/gr.125187.111

Argentieri, M. A., Xiao, S., Bennett, D., Winchester, L., Nevado-Holgado, A. J., Ghose,
U., et al. (2024). Proteomic aging clock predicts mortality and risk of common age-
related diseases in diverse populations.Nat. Med. 2024, 2450–2460. doi:10.1038/s41591-
024-03164-7

Baird, G. S., Nelson, S. K., Keeney, T. R., Stewart, A., Williams, S., Kraemer, S., et al.
(2012). Age-dependent changes in the cerebrospinal fluid proteome by slow off-rate
modified aptamer array. Am. J. Pathol. 180 (2), 446–456. doi:10.1016/j.ajpath.2011.10.024

Baker, 3rd G. T., and Sprott, R. L. (1988). Biomarkers of aging. Exp. Geront. 23 (4-5),
223–239. doi:10.1016/0531-5565(88)90025-3

Ball, R., Feiveson, A., Schlegel, T., Starc, V., and Dabney, A. (2014). Predicting “heart
age” using electrocardiography. J. Pers. Med. 4 (1), 65–78. doi:10.3390/jpm4010065

Barzilai, N., Crandall, J. P., Kritchevsky, S. B., and Espeland, M. A. (2016). Metformin
as a tool to target aging. Cell Metab. 23 (6), 1060–1065. doi:10.1016/j.cmet.2016.05.011

Biagi, E., Candela, M., Turroni, S., Garagnani, P., Franceschi, C., and Brigidi, P.
(2013). Ageing and gut microbes: perspectives for health maintenance and longevity.
Pharmacol. Res. 69 (1), 11–20. doi:10.1016/j.phrs.2012.10.005

Blackburn, E. H., Epel, E. S., and Lin, J. (2015). Human telomere biology: a
contributory and interactive factor in aging, disease risks, and protection. Science
350, 1193–1198. doi:10.1126/science.aab3389

Boccardi, V., andMarano, L. (2024). Aging, cancer, and inflammation: the telomerase
connection. Int. J. Mol. Sci. 25 (15), 8542. doi:10.3390/ijms25158542

Brehme, M., Voisine, C., Rolland, T., Wachi, S., Soper, J. H., Zhu, Y., et al. (2014). A
chaperome subnetwork safeguards proteostasis in aging and neurodegenerative disease.
Cell Rep. 9, 1135–1150. doi:10.1016/j.celrep.2014.09.042

Caicedo, A., and Singh, K. K. (2023). Mitochondria makeover: unlocking the path to
healthy longevity. Expert. Opin. Ther. Targets. 28 (6), 477–480. doi:10.1080/14728222.
2023.2277240

Calabrese, V., Osakabe, N., Siracusa, R., Modafferi, S., Di Paola, R., Cuzzocrea, S., et al.
(2024). Transgenerational hormesis in healthy aging and antiaging medicine from
bench to clinics: role of food components.Mech. Ageing Dev. 220, 111960. doi:10.1016/j.
mad.2024.111960

Calderwood, S. K., Murshid, A., and Prince, T. (2009). The shock of aging: molecular
chaperones and the heat shock response in longevity and aging--a mini-review.
Gerontology 55 (5), 550–558. doi:10.1159/000225957

Capurso, C., Bellanti, F., Lo Buglio, A., and Vendemiale, G. (2019). The
mediterranean diet slows down the progression of aging and helps to prevent the
onset of frailty: a narrative review. Nutrients 12 (1), 35. doi:10.3390/nu12010035

Chakravarti, D., LaBella, K. A., and DePinho, R. A. (2021). Telomeres: history, health,
and hallmarks of aging. Cell 184, 306–322. doi:10.1016/j.cell.2020.12.028

Chen, W., Qian, W., Wu, G., Xian, B., Chen, X., et al. (2015). Three-dimensional
human facial morphologies as robust aging markers. Cell Res. 25 (5), 574–587. doi:10.
1038/cr.2015.36

Chen, R., Wang, Y., Zhang, S., Bulloch, G., Zhang, J., et al. (2023). Biomarkers of
ageing: Current state-of-art, challenges, and opportunities. MedComm -Futur. Med. 2
(2), e50. doi:10.1002/mef2.50

Cieslak, K. P., Baur, O., Verheij, J., Bennink, R. J., and van Gulik, T. M. (2016). Liver
function declines with increased age. HPB 18 (8), 691–696. doi:10.1016/j.hpb.2016.05.011

Crofts, S. J. C., Latorre-Crespo, E., and Chandra, T. (2024). DNA methylation rates
scale with maximum lifespan across mammals. Nat. Aging. 4, 27–32. doi:10.1038/
s43587-023-00535-6

de Vos, W. M., Tilg, H., Van Hul, M., and Cani, P. D. (2022). Gut microbiome and
health: mechanistic insights. Gut 71 (5), 1020–1032. doi:10.1136/gutjnl-2021-326789

Ettehad, D., Emdin, C. A., Kiran, A., Anderson, S. G., Callender, T., Emberson, J., et al.
(2016). Blood pressure lowering for prevention of cardiovascular disease and death: a
systematic review and meta-analysis. Lancet 387 (10022), 957–967. doi:10.1016/S0140-
6736(15)01225-8

Fiorito, G., Caini, S., Palli, D., Bendinelli, B., Saieva, C., Ermini, I., et al. (2021). DNA
methylation-based biomarkers of aging were slowed down in a two-year diet and physical
activity intervention trial: the DAMA study. Aging Cell 20, e13439. doi:10.1111/acel.13439

Gorini, F., Scala, G., Di Palo, G., Dellino, G. I., Cocozza, S., Pelicci, P. G., et al. (2020).
The genomic landscape of 8-oxodG reveals enrichment at specific inherently fragile
promoters. Nucleic Acids Res. 48, 4309–4324. doi:10.1093/nar/gkaa175

Frontiers in Aging frontiersin.org06

Pandey 10.3389/fragi.2025.1492099

https://doi.org/10.3390/cells10092319
https://doi.org/10.1146/annurev-genet-111212-133232
https://doi.org/10.1101/gr.125187.111
https://doi.org/10.1038/s41591-024-03164-7
https://doi.org/10.1038/s41591-024-03164-7
https://doi.org/10.1016/j.ajpath.2011.10.024
https://doi.org/10.1016/0531-5565(88)90025-3
https://doi.org/10.3390/jpm4010065
https://doi.org/10.1016/j.cmet.2016.05.011
https://doi.org/10.1016/j.phrs.2012.10.005
https://doi.org/10.1126/science.aab3389
https://doi.org/10.3390/ijms25158542
https://doi.org/10.1016/j.celrep.2014.09.042
https://doi.org/10.1080/14728222.2023.2277240
https://doi.org/10.1080/14728222.2023.2277240
https://doi.org/10.1016/j.mad.2024.111960
https://doi.org/10.1016/j.mad.2024.111960
https://doi.org/10.1159/000225957
https://doi.org/10.3390/nu12010035
https://doi.org/10.1016/j.cell.2020.12.028
https://doi.org/10.1038/cr.2015.36
https://doi.org/10.1038/cr.2015.36
https://doi.org/10.1002/mef2.50
https://doi.org/10.1016/j.hpb.2016.05.011
https://doi.org/10.1038/s43587-023-00535-6
https://doi.org/10.1038/s43587-023-00535-6
https://doi.org/10.1136/gutjnl-2021-326789
https://doi.org/10.1016/S0140-6736(15)01225-8
https://doi.org/10.1016/S0140-6736(15)01225-8
https://doi.org/10.1111/acel.13439
https://doi.org/10.1093/nar/gkaa175
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2025.1492099


Griffith, J. D., Comeau, L., Rosenfield, S., Stansel, R. M., Bianchi, A., Moss, H., et al.
(1999). Mammalian telomeres end in a large duplex loop. Cell 97 (4), 503–514. doi:10.
1016/s0092-8674(00)80760-6

Guo, J., Huang, X., Dou, L., Yan, M., Shen, T., Tang, W., et al. (2022). Aging and
aging-related diseases: from molecular mechanisms to interventions and treatments.
Signal Transduct. Target. Ther. 7 (1), 391. doi:10.1038/s41392-022-01251-0

Hennrich, M. L., Romanov, N., Horn, P., Jaeger, S., Eckstein, V., Steeples, V., et al.
(2018). Cell-specific proteome analyses of human bone marrow reveal molecular
features of age-dependent functional decline. Nat. Commun. 9 (1), 4004. doi:10.
1038/s41467-018-06353-4

Hickson, L. J., Langhi Prata, L. G. P., Bobart, S. A., Evans, T. K., Giorgadze, N.,
Hashmi, S. K., et al. (2019). Senolytics decrease senescent cells in humans: preliminary
report from a clinical trial of Dasatinib plus Quercetin in individuals with diabetic
kidney disease. EBioMedicine 47, 446–456. doi:10.1016/j.ebiom.2019.08.069

Hipp, M. S., Kasturi, P., and Hartl, F. U. (2019). The proteostasis network and its
decline in ageing. Nat. Rev. Mol. Cell Biol. 20, 421–435. doi:10.1038/s41580-019-0101-y

Ho, E., Qualls, C., and Villareal, D. T. (2022). Effect of diet, exercise, or both on
biological age and healthy aging in older adults with obesity: secondary analysis of a
randomized controlled trial. J. Nutr. Health Aging 26 (6), 552–557. doi:10.1007/s12603-
022-1812-x

Horvath, S., and Raj, K. (2018). DNA methylation-based biomarkers and the
epigenetic clock theory of ageing. Nat. Rev. Genet. 19 (6), 371–384. doi:10.1038/
s41576-018-0004-3

Howard, J. T., Janak, J. C., Santos-Lozada, A. R., McEvilla, S., Ansley, S. D., Walker, L.
E., et al. (2021). Telomere shortening and accelerated aging in USMilitary Veterans. Int.
J. Environ. Res. Public Health. 18, 1743. doi:10.3390/ijerph18041743

Islam, M. T., Tuday, E., Allen, S., Kim, J., Trott, D. W., Holland, W. L., et al. (2023).
Senolytic drugs, dasatinib and quercetin, attenuate adipose tissue inflammation, and
ameliorate metabolic function in old age. Aging Cell 22 (2), e13767. doi:10.1111/acel.
13767

James, D. L., Hawley, N. A., Mohr, A. E., Hermer, J., Ofori, E., Yu, F., et al. (2024).
Impact of intermittent fasting and/or caloric restriction on aging-related outcomes in
adults: a scoping review of randomized controlled trials. Nutrients 16 (2), 316. doi:10.
3390/nu16020316

Kauppila, T. E. S., Kauppila, J. H. K., and Larsson, N. G. (2017). Mammalian
mitochondria and aging: an update. Cell Metab. 25, 57–71. doi:10.1016/j.cmet.2016.
09.017

Kenyon, C. (2011). The first long-lived mutants: discovery of the insulin/IGF-
1 pathway for ageing. Phil. Trans. R. Soc. B 366, 9–16. doi:10.1098/rstb.2010.0276

Kenyon, C., Chang, J., Gensch, E., Rudner, A., and Tabtiang, R. A. (1993). A C. elegans
mutant that lives twice as long as wild type.Nature 366, 461–464. doi:10.1038/366461a0

Kinser, H. E., and Pincus, Z. (2020). MicroRNAs as modulators of longevity and the
aging process. Hum. Genet. 139 (3), 291–308. doi:10.1007/s00439-019-02046-0

Klass, M. R. (1983). A method for the isolation of longevity mutants in the nematode
Caenorhabditis elegans and initial results. Mech. Ageing Dev. 22, 279–286. doi:10.1016/
0047-6374(83)90082-9

Klimova, B., Novotny, M., and Kuca, K. (2018). Anti-aging drugs - prospect of longer
life? Curr. Med. Chem. 25 (17), 1946–1953. doi:10.2174/0929867325666171129215251

Koyuncu, S., Loureiro, R., Lee, H. J., Wagle, P., Krueger, M., and Vilchez, D. (2021).
Rewiring of the ubiquitinated proteome determines ageing in C. elegans. Nature 596,
285–290. doi:10.1038/s41586-021-03781-z

Kulkarni, A. S., Gubbi, S., and Barzilai, N. (2020). Benefits of metformin in attenuating
the hallmarks of aging. Cell Metab. 32 (1), 15–30. doi:10.1016/j.cmet.2020.04.001

Lanza, I. R., and Nair, K. S. (2010). Mitochondrial function as a determinant of life
span. Pflugers Arch. 459 (2), 277–289. doi:10.1007/s00424-009-0724-5

Lee, D. J. W., Hodzic Kuerec, A., and Maier, A. B. (2024). Targeting ageing with
rapamycin and its derivatives in humans: a systematic review. Lancet Healthy Longev. 5
(2), e152–e162. doi:10.1016/S2666-7568(23)00258-1

Li, Y., Tian, X., Luo, J., Bao, T., Wang, S., and Wu, X. (2024a). Molecular mechanisms
of aging and anti-aging strategies. Cell Commun. Signal. 22, 285. doi:10.1186/s12964-
024-01663-1

Li, Y., Tian, X., Yu, Q., Bao, T., Dai, C., Jiang, L., et al. (2024b). Alleviation of hepatic
insulin resistance and steatosis with NMN via improving endoplasmic reticulum-
Mitochondria miscommunication in the liver of HFD mice. Biomed. Pharmacother.
175, 116682. doi:10.1016/j.biopha.2024.116682

Liu, Z., Ji, Q., Ren, J., Yan, P., Wu, Z., Wang, S., et al. (2022). Large-scale chromatin
reorganization reactivates placenta-specific genes that drive cellular aging. Dev. Cell. 57,
1347–1368.e12. doi:10.1016/j.devcel.2022.05.004

Loo, T. M., Miyata, K., Tanaka, Y., and Takahashi, A. (2020). Cellular senescence and
senescence-associated secretory phenotype via the cGAS-STING signaling pathway in
cancer. Cancer Sci. 111, 304–311. doi:10.1111/cas.14266

Lopez, V., Fernandez, A. F., and Fraga, M. F. (2017). The role of 5-
hydroxymethylcytosine in development, aging and age-related diseases. Ageing Res.
Rev. 37, 28–38. doi:10.1016/j.arr.2017.05.002

López-Gil, L., Pascual-Ahuir, A., and Proft, M. (2023). Genomic instability and
epigenetic changes during aging. Int. J. Mol. Sci. 24 (18), 14279. doi:10.3390/
ijms241814279

López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013). The
hallmarks of aging. Cell 153 (6), 1194–1217. doi:10.1016/j.cell.2013.05.039

MacDonald, M. E., and Pike, G. B. (2021). MRI of healthy brain aging: a review. NMR
Biomed. 34 (9), e4564. doi:10.1002/nbm.4564

Madreiter-Sokolowski, C. T., Hiden, U., Krstic, J., Panzitt, K., Wagner, M., Enzinger,
C., et al. (2024). Targeting organ-specific mitochondrial dysfunction to improve
biological aging. Pharmacol. Ther. 262, 108710. doi:10.1016/j.pharmthera.2024.108710

Mamoshina, P., Kochetov, K., Cortese, F., Kovalchuk, A., Aliper, A., Putin, E., et al.
(2019). Blood biochemistry analysis to detect smoking status and quantify accelerated
aging in smokers. Sci. Rep. 9 (1), 142. doi:10.1038/s41598-018-35704-w

McCay, C. M., Maynard, L. A., Sperling, G., and Barnes, L. L. (1975). The Journal of
Nutrition. Volume 18 July-December, 1939. Pages 1-13. Retarded growth, life span,
ultimate body size and age changes in the albino rat after feeding diets restricted in
calories. Nutr. Rev. 33, 241–243. doi:10.1111/j.1753-4887.1975.tb05227.x

McIntyre, R. L., Rahman, M., Vanapalli, S. A., Houtkooper, R. H., and Janssens, G. E.
(2021). Biological age prediction from wearable device movement data identifies
nutritional and pharmacological interventions for healthy aging. Front. Aging 2,
708680. doi:10.3389/fragi.2021.708680

Menni, C., Kastenmüller, G., Petersen, A. K., Bell, J. T., Psatha, M., Tsai, P. C., et al.
(2013). Metabolomic markers reveal novel pathways of ageing and early development in
human populations. Int. J. Epidemiol. 42 (4), 1111–1119. doi:10.1093/ije/dyt094

Mossad, O., Batut, B., Yilmaz, B., Dokalis, N., Mezö, C., Nent, E., et al. (2022). Gut
microbiota drives age-related oxidative stress and mitochondrial damage in microglia
via the metabolite N(6)-carboxymethyllysine. Nat. Neurosci. 25, 295–305. doi:10.1038/
s41593-022-01027-3

Muratoglu, S. C., Charette, M. F., Galis, Z. S., Greenstein, A. S., Daugherty, A., Joutel,
A., et al. (2022). Perspectives on cognitive phenotypes and models of vascular disease.
Arterioscler. Thromb. Vasc. Biol. 42 (7), 831–838. doi:10.1161/ATVBAHA.122.317395

Northrop, J. H. (1925). The influence of the intensity of light on the rate of growth and
duration of life of Drosophila. J. Gen. Physiol. 9, 81–86. doi:10.1085/jgp.9.1.81

Padeken, J., Methot, S. P., and Gasser, S. M. (2022). Establishment of H3K9-
methylated heterochromatin and its functions in tissue differentiation and
maintenance. Nat. Rev. Mol. Cell Biol. 23, 623–640. doi:10.1038/s41580-022-00483-w

Pandey, K. B. (2018). “Mediterranean diet and its impact on cognitive functions in
aging,” in Role of the mediterranean Diet in the brain and neurodegenerative diseases.
Editors T. Farooqui, and A. A. Farooqui, Academic Press, 157–170. ISBN 780128119594.

Pandey, K. B., Mehdi, M. M., Maurya, P. K., and Rizvi, S. I. (2010). Plasma protein
oxidation and its correlation with antioxidant potential during human aging. Dis.
Markers. 29 (1), 31–36. doi:10.3233/DMA-2010-0723

Pandey, K. B., and Rizvi, S. I. (2010). Markers of oxidative stress in erythrocytes and plasma
during aging in humans. Oxid. Med. Cell. Longev. 3, 2–12. doi:10.4161/oxim.3.1.10476

Pandey, K. B., and Rizvi, S. I. (2015a). “Redox biology of aging: focus on novel
biomarkers,” in Free radicals in human health and disease. Editors V. Rani, and
U. Yadav (New Delhi: Springer). doi:10.1007/978-81-322-2035-0_18

Pandey, K. B., and Rizvi, S. I. (2015b). “Role of diet and exercise in intervention of age-
induced impairments,” in Diet and exercise in cognitive function and neurological diseases.
Editors T. Farooqui, and A. A. Farooqui, 123–131. doi:10.1002/9781118840634.ch12

Pandey, K. B., and Suttajit, M. (2022). Plant bioactives as natural panacea against age-
induced diseases: nutraceuticals and functional lead compounds for drug development.
USA: Elsevier. ISBN: 978-0323905817. doi:10.1016/C2020-0-03921-6

Papadopoli, D., Boulay, K., Kazak, L., Pollak, M., Mallette, F. A., Topisirovic, I., et al.
(2019). mTOR as a central regulator of lifespan and aging. F1000Res 8, F1000 Faculty
Rev998. doi:10.12688/f1000research.17196.1

Powers, E. T., Morimoto, R. I., Dillin, A., Kelly, J. W., and Balch, W. E. (2009).
Biological and chemical approaches to diseases of proteostasis deficiency. Annu. Rev.
Biochem. 78, 959–991. doi:10.1146/annurev.biochem.052308.114844

Reid, D. M., Barber, R. C., Jones, H. P., Thorpe, R. J., Jr., Sun, J., Zhou, Z., et al. (2023).
Integrative blood-based characterization of oxidative mitochondrial DNA damage
variants implicates Mexican American’s metabolic risk for developing Alzheimer’s
disease. Sci. Rep. 13 (1), 14765. doi:10.1038/s41598-023-41190-6

Ren, F., Li, C., Xi, H., Wen, Y., and Huang, K. (2009). Estimation of human age
according to telomere shortening in peripheral blood leukocytes of Tibetan. Am.
J. Foren. Med. Pathol. 30 (3), 252–255. doi:10.1097/PAF.0b013e318187df8e

Ruano, D. (2021). Proteostasis dysfunction in aged mammalian cells. The stressful
role of inflammation. Front. Mol. Biosci. 8, 658742. doi:10.3389/fmolb.2021.658742

Sabath, N., Levy-Adam, F., Younis, A., Rozales, K., Meller, A., Hadar, S., et al. (2020).
Cellular proteostasis decline in human senescence. Proc. Natl. Acad. Sci. U. S. A. 117,
31902–31913. doi:10.1073/pnas.2018138117

Saldi, T. K., Gonzales, P. K., LaRocca, T. J., and Link, C. D. (2019).
Neurodegeneration, heterochromatin, and double-stranded RNA. J. Exp. Neurosci.
13, 1179069519830697. doi:10.1177/1179069519830697

Frontiers in Aging frontiersin.org07

Pandey 10.3389/fragi.2025.1492099

https://doi.org/10.1016/s0092-8674(00)80760-6
https://doi.org/10.1016/s0092-8674(00)80760-6
https://doi.org/10.1038/s41392-022-01251-0
https://doi.org/10.1038/s41467-018-06353-4
https://doi.org/10.1038/s41467-018-06353-4
https://doi.org/10.1016/j.ebiom.2019.08.069
https://doi.org/10.1038/s41580-019-0101-y
https://doi.org/10.1007/s12603-022-1812-x
https://doi.org/10.1007/s12603-022-1812-x
https://doi.org/10.1038/s41576-018-0004-3
https://doi.org/10.1038/s41576-018-0004-3
https://doi.org/10.3390/ijerph18041743
https://doi.org/10.1111/acel.13767
https://doi.org/10.1111/acel.13767
https://doi.org/10.3390/nu16020316
https://doi.org/10.3390/nu16020316
https://doi.org/10.1016/j.cmet.2016.09.017
https://doi.org/10.1016/j.cmet.2016.09.017
https://doi.org/10.1098/rstb.2010.0276
https://doi.org/10.1038/366461a0
https://doi.org/10.1007/s00439-019-02046-0
https://doi.org/10.1016/0047-6374(83)90082-9
https://doi.org/10.1016/0047-6374(83)90082-9
https://doi.org/10.2174/0929867325666171129215251
https://doi.org/10.1038/s41586-021-03781-z
https://doi.org/10.1016/j.cmet.2020.04.001
https://doi.org/10.1007/s00424-009-0724-5
https://doi.org/10.1016/S2666-7568(23)00258-1
https://doi.org/10.1186/s12964-024-01663-1
https://doi.org/10.1186/s12964-024-01663-1
https://doi.org/10.1016/j.biopha.2024.116682
https://doi.org/10.1016/j.devcel.2022.05.004
https://doi.org/10.1111/cas.14266
https://doi.org/10.1016/j.arr.2017.05.002
https://doi.org/10.3390/ijms241814279
https://doi.org/10.3390/ijms241814279
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1002/nbm.4564
https://doi.org/10.1016/j.pharmthera.2024.108710
https://doi.org/10.1038/s41598-018-35704-w
https://doi.org/10.1111/j.1753-4887.1975.tb05227.x
https://doi.org/10.3389/fragi.2021.708680
https://doi.org/10.1093/ije/dyt094
https://doi.org/10.1038/s41593-022-01027-3
https://doi.org/10.1038/s41593-022-01027-3
https://doi.org/10.1161/ATVBAHA.122.317395
https://doi.org/10.1085/jgp.9.1.81
https://doi.org/10.1038/s41580-022-00483-w
https://doi.org/10.3233/DMA-2010-0723
https://doi.org/10.4161/oxim.3.1.10476
https://doi.org/10.1007/978-81-322-2035-0_18
https://doi.org/10.1002/9781118840634.ch12
https://doi.org/10.1016/C2020-0-03921-6
https://doi.org/10.12688/f1000research.17196.1
https://doi.org/10.1146/annurev.biochem.052308.114844
https://doi.org/10.1038/s41598-023-41190-6
https://doi.org/10.1097/PAF.0b013e318187df8e
https://doi.org/10.3389/fmolb.2021.658742
https://doi.org/10.1073/pnas.2018138117
https://doi.org/10.1177/1179069519830697
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2025.1492099


Santos, D. F., Simão, S., Nóbrega, C., Bragança, J., Castelo-Branco, P., Araújo, I. M.,
and ALFA Score Consortium (2024). Oxidative stress and aging: synergies for age
related diseases. FEBS Lett. 598, 2074–2091. doi:10.1002/1873-3468.14995

Sen, P., Shah, P. P., Nativio, R., and Berger, S. L. (2016). Epigenetic mechanisms of
longevity and aging. Cell 166, 822–839. doi:10.1016/j.cell.2016.07.050

Sharma, A., Chabloz, S., Lapides, R. A., Roider, E., and Ewald, C. Y. (2023). Potential
synergistic supplementation of NAD+ promoting compounds as a strategy for
increasing healthspan. Nutrients 15 (2), 445. doi:10.3390/nu15020445

Shireby, G. L., Davies, J. P., Francis, P. T., Burrage, J., Walker, E. M., Neilson, G.W. A.,
et al. (2020). Recalibrating the epigenetic clock: implications for assessing biological age
in the human cortex. Brain 143, 3763–3775. doi:10.1093/brain/awaa334

Siametis, A., Niotis, G., and Garinis, G. A. (2021). DNA damage and the aging
epigenome. J.Invest. Dermatol. 141, 961–967. doi:10.1016/j.jid.2020.10.006

Silverman, J. L., Nithianantharajah, J., Der-Avakian, A., Young, J. W., and Sukoff
Rizzo, S. J. (2020). Lost in translation: at the crossroads of face validity and translational
utility of behavioral assays in animal models for the development of therapeutics.
Neurosci. Biobehav. Rev. 116, 452–453. doi:10.1016/j.neubiorev.2020.07.008

Son, J. M., and Lee, C. (2019). Mitochondria: multifaceted regulators of aging. BMB
Rep. 52, 13–23. doi:10.5483/BMBRep.2019.52.1.300

Soti, C., and Csermely, P. (2002). Chaperones come of age. Cell Stress Chaperones 7
(2), 186–190. doi:10.1379/1466-1268(2002)007<0186:ccoa>2.0.co;2
Sukoff Rizzo, S. J., Finkel, T., Greenspan, S. L., Resnick, N. M., and Brach, J. S. (2023).

Speaking the same language: team science approaches in aging research for integrating
basic and translational science with clinical practice. Innov. Aging. 7 (4), igad035. doi:10.
1093/geroni/igad035

Sun, L., Chiang, J. Y., Choi, J. Y., Xiong, Z. M., Mao, X., Collins, F. S., et al. (2019).
Transient induction of telomerase expression mediates senescence and reduces
tumorigenesis in primary fibroblasts. Proc. Natl. Acad. Sci. U. S. A. 116,
18983–18993. doi:10.1073/pnas.1907199116

Tang, J.-X., and Xiao, F.-H. (2023). Editorial: the regulation of proteostasis in aging.
Front. Cell Dev. Biol. 25. doi:10.3389/fcell.2023.1221510

Tsuji, A., Ishiko, A., Takasaki, T., and Ikeda, N. (2002). Estimating age of humans
based on telomere shortening. Forensic Sci. Int. 126 (3), 197–199. doi:10.1016/s0379-
0738(02)00086-5

United Nations (2019). Department of economic and social affairs, population
division. World population ageing. Available at: https://www.un.org/en/
development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2019-
Highlights.pdf (Accessed August 27, 2024).

Wang, Y., Fu, Z., Li, X., Liang, Y., Pei, S., Hao, S., et al. (2021). Cytoplasmic DNA
sensing by KU complex in aged CD4(+) T cell potentiates T cell activation and aging-
related autoimmune inflammation. Immunity 54, 632–647.e9. doi:10.1016/j.immuni.
2021.02.003

Williams, A. B., and Schumacher, B. (2016). p53 in the DNA-damage-repair process.
Cold Spring Har. Perspect. Med. 6, a026070. doi:10.1101/cshperspect.a026070

Yang, J., Luo, J., Tian, X., Zhao, Y., Li, Y., and Wu, X. (2024). Progress in
understanding oxidative stress, aging, and aging-related diseases. Antioxidants 13,
394. doi:10.3390/antiox13040394

Yasmeen, S., Yosra, B., and Nady, El. H. (2020). DNA methylation biomarkers in
aging and age-related diseases. Front. Genet. 11, 171. doi:10.3389/fgene.2020.00171

Yi, S. J., and Kim, K. (2020). New insights into the role of histone changes in aging. Int.
J. Mol. Sci. 21, 8241. doi:10.3390/ijms21218241

Yousefzadeh, M. J., Flores, R. R., Zhu, Y., Schmiechen, Z. C., Brooks, R. W., Trussoni,
C. E., et al. (2021). An aged immune system drives senescence and ageing of solid
organs. Nature 594 (7861), 100–105. doi:10.1038/s41586-021-03547-7

Zhang, H., Yang, H., Zhang, C., Jing, Y., Wang, C., Liu, C., et al. (2015). Investigation
of microRNA expression in human serum during the aging process. J. Gerontol. A Biol.
Sci. Med. Sci. 70 (1), 102–109. doi:10.1093/gerona/glu145

Zhang, Q., Vallerga, C. L., Walker, R. M., Lin, T., Henders, A. K., Montgomery, G. W.,
et al. (2019). Improved precision of epigenetic clock estimates across tissues and its
implication for biological ageing. Genome. Med. 11 (1), 54. doi:10.1186/s13073-019-
0667-1

Zhang, Y., Kim, M. S., Jia, B., Yan, J., Zuniga-Hertz, J. P., Han, C., et al. (2017).
Hypothalamic stem cells control ageing speed partly through exosomal miRNAs.
Nature 548, 52–57. doi:10.1038/nature23282

Zhao, Q., Luo, Y. F., Tian, M., Xiao, Y. L., Cai, H. R., and Li, H. (2021). Activating
transcription factor 3 involved in Pseudomonas aeruginosa PAO1-induced macrophage
senescence. Mol. Immunol. 133, 122–127. doi:10.1016/j.molimm.2021.02.016

Zhou, D., Borsa, M., and Simon, A. K. (2021). Hallmarks and detection techniques of
cellular senescence and cellular ageing in immune cells. Aging Cell 20, e13316. doi:10.
1111/acel.13316

Zhu, Y., Liu, X., Ding, X., Wang, F., and Geng, X. (2019). Telomere and its role in the
aging pathways: telomere shortening, cell senescence and mitochondria dysfunction.
Biogerontology 20, 1–16. doi:10.1007/s10522-018-9769-1

Zhu, Z., Chen, Y., Wang, W., Hu, W., Shang, X., et al. (2022). Association of retinal
age gap with arterial stiffness and incident cardiovascular disease. Stroke 53 (11),
3320–3328. doi:10.1161/STROKEAHA.122.038809

Frontiers in Aging frontiersin.org08

Pandey 10.3389/fragi.2025.1492099

https://doi.org/10.1002/1873-3468.14995
https://doi.org/10.1016/j.cell.2016.07.050
https://doi.org/10.3390/nu15020445
https://doi.org/10.1093/brain/awaa334
https://doi.org/10.1016/j.jid.2020.10.006
https://doi.org/10.1016/j.neubiorev.2020.07.008
https://doi.org/10.5483/BMBRep.2019.52.1.300
https://doi.org/10.1379/1466-1268(2002)007<0186:ccoa>2.0.co;2
https://doi.org/10.1093/geroni/igad035
https://doi.org/10.1093/geroni/igad035
https://doi.org/10.1073/pnas.1907199116
https://doi.org/10.3389/fcell.2023.1221510
https://doi.org/10.1016/s0379-0738(02)00086-5
https://doi.org/10.1016/s0379-0738(02)00086-5
https://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2019-Highlights.pdf
https://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2019-Highlights.pdf
https://www.un.org/en/development/desa/population/publications/pdf/ageing/WorldPopulationAgeing2019-Highlights.pdf
https://doi.org/10.1016/j.immuni.2021.02.003
https://doi.org/10.1016/j.immuni.2021.02.003
https://doi.org/10.1101/cshperspect.a026070
https://doi.org/10.3390/antiox13040394
https://doi.org/10.3389/fgene.2020.00171
https://doi.org/10.3390/ijms21218241
https://doi.org/10.1038/s41586-021-03547-7
https://doi.org/10.1093/gerona/glu145
https://doi.org/10.1186/s13073-019-0667-1
https://doi.org/10.1186/s13073-019-0667-1
https://doi.org/10.1038/nature23282
https://doi.org/10.1016/j.molimm.2021.02.016
https://doi.org/10.1111/acel.13316
https://doi.org/10.1111/acel.13316
https://doi.org/10.1007/s10522-018-9769-1
https://doi.org/10.1161/STROKEAHA.122.038809
https://www.frontiersin.org/journals/aging
https://www.frontiersin.org
https://doi.org/10.3389/fragi.2025.1492099

	From bench to bedside: translational insights into aging research
	Introduction
	Mechanisms of aging: from basic research to clinical relevance
	Genomic instability
	Telomere and mitochondrial dysfunction
	Epigenetic alterations
	Impaired proteostasis

	Biomarkers of aging: towards precision medicine
	Therapeutic interventions: current strategies and future directions
	Conclusion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


