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Abstract

As global life expectancy continues to rise, the prevalence of agerelated conditions like cardiovascular diseases (CVDs),
neurodegenerative diseases (NDs), and chronic inflammation is also on the rise. These diseases are closely tied to the aging
process, which is more accurately assessed through biological age than chronological age alone. Hematopoietic stem cells
(HSCs) from peripheral blood emerge as a promising non-invasive biomarker for evaluating biological age and associated
health risks. Stem cells are highly sensitive to epigenetic changes, particularly DNA methylation patterns, which provide crucial
insights into the aging process and their regenerative potential. Faster epigenetic aging, indicated by alterations in these
methylation patterns, has been linked to diseases like Alzheimer's, cancer, and CVDs. Studies tend to suggest that
interventions such as gene editing and small molecule therapies can rejuvenate stem cells by reversing or slowing epigenetic
changes, thereby restoring their regenerative capabilities. This rejuvenation can significantly boost tissue repair and overall
regeneration, presenting a promising strategy for addressing age-related diseases. By using stem cell biomarkers alongside
epigenetic clocks, it is possible to detect agerelated issues early and customize treatments based on individual needs.
Monitoring the epigenetic state of stem cells allows healthcare professionals to predict aging patterns, identify potential risks,
and develop personalized treatments to prevent or manage age-related conditions. This approach offers the potential for a
future where stem cell biomarkers and epigenetic monitoring not only detect aging but also slow its progression, ultimately
enhancing both lifespan and healthspan. These breakthroughs could transform personalized medicine and regenerative
therapies.
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Introduction biological aging involves stem cells, especially those
derived from peripheral blood, which acts as a
substantial source of hematopoietic stem cells (HSCs)
[9 -11]. These cells possess regenerative capabilities,
allowing them to repair damaged tissues and
potentially reduce the effects of aging [12,13]. As

As global life expectancy continues to increase, the
complications related to age-associated diseases and
disabilities are becoming more apparent [1,2].
Forecasts suggest that by 2050, the proportion of

people aged 60 and older will almost double,

increasing from 12% in 2015 to 22% [3]. Although peripheral blood can be collected through non-
invasive techniques, HSC therapy presents a unique

opportunity for broad interventions targeting aging
within the population [14,15]. Not only could stem
cell treatments help manage existing agerelated
diseases, but they also hold potential for delaying the
onset of such agerelated diseases, promoting
healthier aging, and preventing the biological decline
of organs and systems [16,17]. In addition, the
exploration of the intersection of stem cell biology
with the epigenetic clock is gradually emerging as a
novel critical domain of aging research [18,19]. The
epigenetic clock measures biological age by analyzing
DNA methylation patterns, providing a quantifiable
means of assessing agerelated cellular changes
influenced by factors such as lifestyle and

medical progress has played a major role in extending
life expectancy, it has also led to a higher likelihood
of developing age-related diseases later in life, such as
cardiovascular diseases (CVDs), neurodegenerative
diseases (NDs), and chronic inflammatory diseases,
among others [4-6]. A particularly alarming concern is
the finding that some people age more rapidly than
others, even when they share the same chronological
age [7,8]. The differences in how people age
emphasize the importance of distinguishing between
chronological and biological aging, stressing the
critical necessity for reliable biomarkers that can
forecast and manage aging prior to the onset of age-
related diseases in a susceptible population. One of
the most promising approaches to address accelerated
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environmental factors, among others [18-21]. These
changes in DNA methylation offer a snapshot of an
organism’s biological age, which often differs from
chronological age, discerning the molecular processes
that drive aging, and can suggest a potential
intervention time point [22-24]. Moreover, recent
astonishing advancements in stem cell biology have
unearthed the significant role of stem cells derived
from peripheral blood in shaping the epigenetic
landscape of tissues [25-27]. Through their
regenerative effects, stem cells can influence gene
expression changes associated with aging, potentially
reversing or mitigating these age-related aberrations
[28,29]. This regenerative potential suggests the
possibility of resetting certain epigenetic markers of
aging, especially in stem cells, slowing, or even
reversing biological aging [30]. Also, since HSCs have
the potential to regenerate various tissues and organs,
if HSCs are epigenetically altered to maintain a more
youthful state, they could potentially delay the aging
process or improve the regenerative capacity of other
tissues. Additionally, combining stem cell therapies
with epigenetic analysis provides a dual approach to
understanding and intervening in aging by accurately
analyzing the aging markers. Hence, agingrelated
epigenetic changes, as measured by the epigenetic
clock, could thus potentially serve as biomarkers for
assessing the effectiveness of stem cell-based
interventions, paving the way for more personalized
and precise aging interventions [31,32]. Together, as
the global burden of agerelated diseases such as
Alzheimer's diseases (AD), CVDs, and osteoarthritis
(OA) increases, integrating stem cell therapies
bolstered by epigenetic monitoring presents a
promising strategy for addressing the molecular
mechanisms of aging and preventing accelerated
aging. This combined approach could enhance the
quality of life for aging populations, prevent
debilitating conditions, and intervene at the
molecular level to delay or even reverse the aging
process. Ultimately, by linking stem cell therapy with
epigenetic analysis, we may uncover transformative
solutions that go beyond merely managing symptoms,
offering the potential to reprogram cellular age and
provide lasting benefits for an aging society. In
essence, this article delves into the intricate epigenetic
landscape of stem cells in relation to aging and how it
is driven or impacted by the epigenetic clock. It also
aims to stimulate growing interest and debate among
scientists studying longevity and ways to enhance the
healthspan of aging individuals.
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The Role of Stem Cells in Aging: Beyond
Regeneration

Stem cells possess the remarkable ability to self-
replicate and differentiate into various types of cells,
which is critical for the repair of tissues and organs
[33-35]. Nonetheless, recent studies indicate that the
aging process negatively impacts the functionality of
stem cells, potentially contributing to diseases
commonly associated with aging [36,37]. While stem
cell therapies show potential in addressing numerous
health issues, the effects of aging hinder both stem
and progenitor cells. This impairment can precipitate
a range of cellular dysfunctions, including apoptosis
(programmed cell death), senescence (irreversible
growth arrest)) and a marked reduction in
regenerative capacity. In other words, the decrease in
the efficiency of adult stem cells as we age plays a
significant role in various diseases linked to aging [38-
40]. HSCs are vital for the ongoing production of
blood cells, which play a key role in maintaining a
healthy immune system and general well-being
[41,42]. Each day, these stem cells produce billions of
blood cells, which support the immune system and
critical bodily functions. A decline in HSC function
may impede immune responses and tissue repair,
raising the risk of diseases and endangering overall
health [43,44]. The impairment of stem cell
functionality due to aging arises from multiple
biological factors, including alterations in their
microenvironment, DNA damage, shortening of
telomeres, mitochondrial dysfunction, and epigenetic
modifications [45-48]. However, this review primarily
examines the epigenetic mechanisms that underlie
the aging of stem cells, with a particular focus on the
progressive decline in their numbers and function
over time.

Circulating Stem Cells and Their Diagnostic
Potential in Aging

Advancements in stem cell research have enhanced
our ability to identify circulating stem cells in the
bloodstream, which can provide crucial insights into
the body’s overall health and its ability to regenerate
[49, 50]. Investigating these stem cells can give us
information about an individual's biological age and
the effectiveness of their tissue regeneration. For
instance, HSCs are found circulating in the blood,
variations of which in their quantity or functionality
may indicate risks for blood disorders such as anemia
or leukemia, offering a non-invasive method to assess
blood health and detect potential issues early on [51-
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53]. Importantly, circulating CD34+ cells—key surface
markers of HSCs—are associated with cardiovascular
health [54,55]. Their levels typically decline with the
severity of the disease and as patients age.
Additionally, lifestyle habits, including smoking and
alcohol intake, are shown to decrease the amount of
circulating CD34+ cells, highlighting the influence of
lifestyle choices on stem cell wellness [56,57]. Besides
stem cells, exosomes—small vesicles secreted by stem
cells that carry genetic and protein data—are an
effective way to evaluate stem cell health in real time
[58, 59]. By examining exosomes obtained from blood
or urine samples, it is possible to assess biological age
and detect early indications of aging or illness, all
without the need for invasive methods [60,61]. This
technique offers a simple and accessible means to
track stem cell function and overall wellness.
Although these promising developments are
noteworthy, challenges still exist that must be
addressed before stem cells can be consistently used as
biomarkers in clinical practice. One major hurdle is
the current technological constraints of exosome
profiling, which requires further enhancement to
guarantee its dependability and efficiency in standard
healthcare settings [62, 63]. Moreover, the variation
of stem cells across different tissues adds to the
complexity. Stem cells derived from distinct tissues
exhibit unique aging patterns, complicating the
establishment of a universal biomarker applicable to
all stem cell varieties [64, 65]. This suggests that
methods specific to each tissue may be essential for
precise assessments of biological age. For example,
HSCs can be identified by their expression of the
CD34 antigen, but it's important to note that not
every CD34+ cell is a stem cell. Endothelial cells also
express CD34, yet they lack the same capability for
regeneration [66, 67]. The therapeutic benefits of
isolating CD34+ cells likely stem from the array of cell
types present in this varied group, which collaborate
to enhance regenerative results.

To sum up, even with obstacles, stem cells have the
potential to greatly enhance our grasp of aging.
Studying how stem cells function, age, and what
factors they secrete can yield important information
about biological age and the likelihood of developing
age-related conditions. Although there is still a need
for advancements in non-intrusive evaluations of stem
cell health, the progress made so far suggests that stem
cells may eventually serve as significant indicators of
aging, much like how blood pressure reflects
cardiovascular wellness. In the long run, stem cell-
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based diagnostics could prove essential for early
diagnosis, customized treatments, and preventive
healthcare, which would bring substantial advantages
for the aging population.

The Epigenetic Clock and Aging

The epigenetic clock is an innovative tool that assesses
biological age through the patterns of DNA
methylation, which evolve over time and indicate
aging at a molecular level [7,8,18-20]. Unlike
chronological age, which merely tracks the passage of
time, biological age offers a more accurate reflection
of an individual's health and aging status. These
methylation alterations occur at specific locations
known as 'CpG sites,' where a cytosine is immediately
followed by a guanine [68]. The methylation at these
locations is significantly influenced by environmental
factors, lifestyle decisions, and natural biological
processes, rendering it a versatile indicator of aging
[69]. To expand on this, epigenetic clocks are
mathematical tools that estimate age based on the
methylation levels at certain CpG sites in the genome,
which change in a predictable manner as we age
[70,71]. They are commonly used to determine the
age of different tissues and cells, including stem cells.
A critical factor is the distinction between epigenetic
age (EpiAge), measured by these clocks, and one's
actual chronological age. This difference, when it
occurs, is referred to as EpiAge acceleration [72,73].
Studies indicate that EpiAge acceleration is associated
with a range of diseases, health challenges, lifestyle
habits, mental well-being, and environmental factors.
Epigenetic clocks provide significant insights into the
fundamental biological mechanisms of aging. In
2013, Steve Horvath introduced the first major
epigenetic clock, using DNA methylation patterns
from diverse human tissues [74]. This foundational
clock led to the creation of more precise epigenetic
clocks. One notable example is Hannum’s Clock from
2013, which focuses on blood-based tissues [75].
While Horvath’s Clock is applicable to many tissues,
Hannum’s Clock specializes in how blood cell
methylation patterns relate to biological aging.
Building on these innovations, the GrimAge clock
enhances precision by combining DNA methylation
data with plasma protein levels, improving
predictions of lifespan and age-related disease risks.
This integration of genetic and protein data allows a
deeper understanding of aging markers, refining
methods for assessing individuals' biological age and
predicting their health paths [76, 77]. These
advancements in epigenetic clocks emphasize their
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increasing role in aging research and their potential to
transform our understanding of aging. Moreover, the
epigenetic clock is remarkably precise in estimating
biological age, with studies showing it can forecast age
within a 3-4-year range across various tissues [78, 79].
This approach is far more reliable than depending
solely on chronological age. Additionally, the
epigenetic clock has significant predictive power for
diseases associated with aging, such as AD, CVDs,
and cancer [80-82]. For instance, an accelerated
epigenetic age in the brain is frequently linked to AD,
while having an epigenetically aged heart heightens
the risk of CVDs [83,84]. These findings establish the
epigenetic clock as an essential biomarker not just for
aging but also for forecasting age-related diseases in
various organs.

Linking Stem Cells and the Epigenetic Clock:
A Unified Framework

Aging changes the epigenetic landscape of stem cells,
which affects their ability to regenerate. This
encompasses shifts in DNA methylation, alterations
in histone post-translational modifications (PTMs),
and variations in the expression of non-coding RNAs
such as microRNAs (miRNAs) that influence gene
function [85,86]. These epigenetic changes do not
modify the DNA sequence but impact gene activity,
resulting in reduced stem cell function. The
cumulative effects of these modifications compromise
stem cell self-renewal, trigger aberrant differentiation
into suboptimal cell types, and markedly diminish
their  regenerative  potential  [87,88]. DNA
methylation is crucial for regulating stem cell
differentiation and maintaining pluripotency. In
young stem cells, genes essential for self-renewal are
typically hypomethylated [89,90]. However, with age,
methylation patterns shift, leading to
hypermethylation of selfrenewal genes and
hypomethylation of differentiation-related genes
[91,92]. These perturbations destabilize the
equilibrium between self-renewal and differentiation,
driving stem cells toward premature differentiation
and severely impairing their regenerative potential.
This pattern is notably seen in aging HSCs, where
altered DNA methylation impairs regeneration and
weakens the immune response [93,94]. Histone
PTMs, including acetylation and methylation, further
influence stem cell aging [95-97]. In young stem cells,
chromatin is more open, facilitating the expression of
genes necessary for self-renewal [98,99]. With aging,
however, there is a loss of histone acetylation and
changes in histone methylation, leading to chromatin
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compaction and silencing of key regenerative genes
[100,101]. For instance, in muscle stem cells, reduced
histone acetylation marks at key loci hinder muscle
regeneration, while in neural progenitor cells (NPCs),
age-related histone modifications limit regenerative
capacity [102,103]. Non-coding RNAs, especially
miRNAs, also play a critical role in regulating stem
cell function [104, 105]. These miRNAs influence
gene expression by regulating the stability and
translation of target mRNAs. In aged stem cells,
dysregulation of miRNA expression impairs their
regenerative abilities [106,107]. For example, changes
in miR-29 in muscle stem cells contribute to
compromised muscle regeneration, while in HSCs,
altered miRNA regulation reduces their self-renewal
capacity and regenerative potential [108-110].
Another factor contributing to stem cell aging is the
loss of chromatin plasticity, which impairs the ability
of stem cells to adapt to developmental and
environmental cues [111,112]. This loss is often
linked to impaired chromatin remodeling, where
complexes like SWI/SNF (SWltch/Sucrose Non-
Fermentable) and NURF (Nucleosome Remodeling
Factor) become less efficient [113,114]. As a result,
chromatin becomes more compact, which limits
accessibility and hinders the activation of important
regenerative pathways. In older stem cells, this
reduction in chromatin flexibility weakens their
response to differentiation signals and slows down
effective tissue repair [115,116]. These epigenetic
changes disrupt the delicate regulatory networks
necessary for preserving stem cell function and tissue
balance, ultimately leading to a decrease in
regenerative ability seen with aging.

Telomere shortening is one of the most well-known
hallmarks of aging, significantly affecting stem cell
function [117,118]. In stem cells, telomeres are
maintained by telomerase activity, but over time,
telomeres shorten, leading to genomic instability and
reduced regenerative capacity. Additionally, the DNA
damage response (DDR) becomes less efficient with
age, leading to an accumulation of DNA damage,
which further contributes to stem cell dysfunction
and epigenetic changes [119,120]. As telomeres
shorten, stem cells lose their ability to self-renew,
which compromises their regenerative potential. The
accumulation of senescent cells (SCs) with age also
plays a role in stem cell decline. SCs secrete pro-
inflammatory cytokines, known as the senescence-
associated secretory phenotype (SASP), which can
alter the epigenetic landscape of neighboring stem
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cells and promote their dysfunction [121-123].
Chronic low-grade inflammation can disrupt stem cell
regulation, further impairing their regenerative
abilities [124, 125]. In aged tissues, cytokines can
induce epigenetic changes, such as increased histone
methylation, leading to the silencing of regeneration-
related genes [126,127]. This inflammatory
environment, in combination with epigenetic
alterations, contributes to the decline of stem cell
function.

As these epigenetic shifts accumulate, they not only
affect stem cells themselves but also the tissues they
repair. This manifests in aging traits like reduced
muscle regeneration, immune dysfunction, and
impaired brain repair capabilities. These age-related
epigenetic changes in stem cells lead to a diminished
capacity for tissue regeneration across various organs,
highlighting the connection between stem cell
function and overall tissue health. By targeting these
epigenetic changes, scientists may be able to
rejuvenate stem cell function and enhance tissue
repair. Such interventions hold promise for
addressing age-related degeneration and improving
stem cell-based regenerative therapies. Understanding
the relationship between stem cell epigenetics and
tissue regeneration is essential for developing
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therapeutic strategies that can restore or enhance stem
cell function in aging tissues.

Importantly, understanding the evolution of the
epigenetic clock in aging stem cells may enhance our
ability to monitor biological aging more effectively—
moving beyond just chronological age to a tissue-
specific perspective. This approach could facilitate the
early identification of age-related diseases and support
targeted interventions. Instead of depending solely on
chronological age, which provides limited insight into
a person’s biological state, we could analyze the
epigenetic profiles of stem cells in various tissues for
accurate predictions of aging and related diseases.
This could lead to innovative strategies for aging
prevention and personalized healthcare. Monitoring
the changes in stem cells' epigenetic clocks could
revolutionize our understanding, enabling the
tracking of aging at the cellular level and pinpointing
ways to maintain stem cell function and postpone age-
related decline. Measuring how stem cells' epigenetic
clocks change over time might yield a more accurate
indication of aging than chronological age alone. The
opportunity to comprehend and potentially
decelerate the aging process through stem cell
epigenetics marks an exciting new direction in both
aging research and clinical practice.

Epigenetic Changes in Aging
-DNA methylation changes
-Histone modifications
-Non-coding RNA dysregulation
-Loss of chromatin plasticity

Stem Cell Dysfunction
-Decrease in self-renewal
-Aberrant differentiation
-DNA damage accumulation

Tissue Aging & Impairment
Weakened immune response
-Impaired muscle repair
-Reduced neural regeneration

Potential Interventions
-Epigenetic therapies
-Telomerase activation
-Anti-inflammatory drugs

Figure 1: The flow diagram illustrates how epigenetic changes contribute to stem cell aging, leading to tissue dysfunction
and potential therapeutic interventions to restore regenerative capacity.
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Stem Cell as Potential Aging Markers: The
Road Ahead

The growing interest in using stem cells derived from
peripheral blood (PBSCs) as potential non-invasive
biomarkers of aging marks a significant advancement
in biomedical research. Assessing biological age,
which provides a more accurate representation of an
individual's aging process than chronological age,
through non-invasive techniques such as blood
collection, could revolutionize personalized medicine
and studies related to aging. This approach permits
ongoing monitoring of a person's aging journey,
deepening our insight into biological aging without
the need for more invasive procedures. Using PBSCs
as biomarkers provides an intriguing opportunity to
assess the impact of anti-aging interventions, such as
pharmaceuticals, lifestyle changes, and regenerative
strategies like stem cell therapies and genetic
modification. Monitoring the rejuvenation of stem
cells  through PBSC biomarkers can enable
researchers and medical professionals to measure the
success of these treatments in real time. This
innovation could significantly enhance the precision
and customization of regenerative medicine,
permitting clinicians to witness improvements in stem
cell functionality and tailor therapies as needed. As
this domain progresses, integrating PBSC biomarker
evaluation with advanced technologies like Artificial
Intelligence (Al)-powered predictive models may
allow for more accurate ongoing assessment of
biological age and disease susceptibility [128,129].

The process of aging is intricate, making it improbable
that a single biomarker could fully capture its essence.
Instead, using a set of biomarkers, including telomere
length, DNA methylation patterns, and functional
assessments, is likely to provide a more
comprehensive understanding of biological age.
Ongoing studies aim to pinpoint the most reliable
and predictive panels of biomarkers. When paired
with epigenetic clocks, which monitor age-related
changes in DNA methylation, PBSCs present a
tailored approach to investigate and possibly
influence the aging process. Unlike differentiated
cells that lose their capacity to replicate, PBSCs retain
the ability to selfrenew and differentiate, creating a
highly dynamic epigenetic landscape. This variability
facilitates deeper explorations into the aging of stem
cells, in contrast to terminally differentiated blood
cells such as T cells or red blood cells (RBC). New
studies seem to suggest that specified therapies can
'revitalize' PBSCs, assisting them in reclaiming their
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regenerative properties [130, 131]. Methods that use
small molecules or genetic modifications to reverse
epigenetic changes and restore youthful DNA
methylation patterns may help slow down the aging
process in PBSCs [132, 133]. This could significantly
influence lifespan extension or reduce diseases
associated with aging. The ability to modify the
epigenetic clock opens up promising opportunities for
treatments that not only slow aging but also
rejuvenate aging stem cells. With ongoing studies and
advancements in biomarker sets, we are approaching
a future where we can possibly intervene in the aging
process even before any noticeable symptoms appear,
ultimately enhancing both lifespan and healthspan.

Conclusion

Taken together, stem cells derived from peripheral
blood play a crucial role in our understanding and
management of the aging process. By integrating
biomarkers from stem cells with epigenetic clocks that
analyze DNA methylation, scientists can effectively
track biological aging and implement preventive
strategies against diseases associated with aging. As
stem cells undergo aging, alterations in their
epigenetic profile diminish their regenerative
capabilities, resulting in agerelated challenges.
Advances in stem cell therapies and artificial
intelligence technologies present new opportunities
for revitalizing these cells, decelerating the aging
process, and enhancing both lifespan and health
quality. Such developments have the potential to
transform personalized medicine by enabling the
early, non-invasive identification of agerelated
conditions and tailored treatment strategies.
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