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 A B S T R A C T 
This article reviews key findings and significant publications regarding stem cell exhaustion in the context of human aging. 

As individuals age, stem cells lose their capacity for division and differentiation, approaching the Hayflick limit, beyond which 
cellular division ceases due to telomere shortening and subsequent senescence or apoptosis. Accumulation of DNA damage from 
sources such as UV radiation and normal metabolic processes compromises stem cell function. Although the body possesses 
DNA repair mechanisms, their efficiency decreases with age. The stem cell niche provides crucial signals and support; its 
deterioration with age, potentially due to inflammation or other changes, can impede stem cell activity and differentiation. Stem 
cell exhaustion is further exacerbated by oxidative stress, as reactive oxygen species can disrupt stem cell integrity. Additionally, 
age-related changes in epigenetic markers can silence genes essential for stem cell self-renewal and pluripotency. Chronic 
inflammation, often termed "inflammaging," creates a hostile environment for stem cells, impairing their function and survival. 
Another concern is the decreased ability to eliminate senescent cells, which can accumulate and create a toxic microenvironment, 
further jeopardizing neighboring stem cells. Ultimately, stem cell exhaustion in aging arises from intrinsic factors (telomere 
shortening, DNA damage, epigenetic modifications) and extrinsic factors (niche deterioration, oxidative stress, inflammation, 
senescent cell accumulation). This decline in functional stem cells hinders tissue repair, contributing to age-associated physical 
decline, characterized by slower wound healing and decreased immune response.

Keywords: Telomere Attrition, Replicative Senescence, DNA Damage Response, Epigenetic Alterations, Mitochondrial 
Dysfunction, Cellular Senescence, WNT Signaling, Autophagy, Inflammaging, Genomic Instability

1. Introduction
Stem cell exhaustion is increasingly recognized as one of 

the hallmarks of aging, playing a critical role in the decline of 
tissue function and regenerative capacity over time. Stem cells 
are unique cells with the ability to self-renew and differentiate 
into specialized cell types, making them essential for 
maintaining tissue homeostasis and repairing damage. However, 
as organisms age, the functionality of stem cells diminishes, 
leading to a reduced ability to replenish lost or damaged cells. 
This decline is a key contributor to the progressive deterioration 

of tissues and organs, ultimately manifesting as the physical 
and functional signs of aging. Stem cell exhaustion is not only a 
consequence of aging but also a driver of age-related diseases, 
such as neurodegeneration, muscle atrophy and immune system 
decline.

The mechanisms underlying stem cell exhaustion are 
complex and multifaceted, involving both intrinsic and extrinsic 
factors. Intrinsically, aging stem cells accumulate cellular 
damage, including DNA mutations, mitochondrial dysfunction 
and epigenetic alterations, which impair their self-renewal and 
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differentiation potential. Extrinsically, changes in the stem cell 
niche—the microenvironment that supports stem cell function—
contribute to their decline. With age, the niche becomes less 
supportive due to factors such as chronic inflammation, altered 
signaling pathways and the accumulation of toxic metabolites. 
These changes create a hostile environment that further 
compromises stem cell activity. Additionally, systemic factors, 
such as hormonal changes and oxidative stress, also play a role 
in driving stem cell exhaustion, highlighting the interconnected 
nature of aging processes.

Understanding stem cell exhaustion as a hallmark of aging 
has significant implications for developing interventions 
to promote healthy aging and treat age-related diseases. 
Researchers are exploring strategies to rejuvenate aged stem 
cells, such as modulating signaling pathways, enhancing 
mitochondrial function and reprogramming cells to a more 
youthful state. Advances in regenerative medicine, including 
stem cell therapies and tissue engineering, hold promise for 
restoring tissue function and reversing age-related decline. 
By targeting stem cell exhaustion, scientists aim to not only 
extend lifespan but also improve health span-the period of life 
spent in good health. As the population ages, addressing stem 
cell exhaustion could have profound impacts on public health, 
offering new ways to combat the debilitating effects of aging 
and enhance quality of life.

Stem cell exhaustion is a well-documented phenomenon in 
aging and age-related diseases and numerous medical journal 
articles have explored its mechanisms, consequences and 
potential therapeutic interventions. In this article, we present 
key findings from prominent studies and reviews on stem cell 
exhaustion. 

2. Mechanisms of Stem Cell Exhaustion
2.1. Telomere Attrition and Replicative Senescence

Once telomeres—the protective structures at the ends of 
chromosomes—reach a critically short length, they trigger DNA 
damage responses that limit their capacity to replicate and can 
result in cell cycle arrest (senescence) or programmed cell death 
(apoptosis). Telomeres decrease in length with each cell division, 
functioning as a biological “timer” that dictates the number 
of divisions a cell can undergo.1 The shortening of telomeres 
adversely affects the replicative potential of stem cells, which 
are essential for tissue renewal and repair, potentially hindering 
their functional capabilities.

Certain stem cells, particularly those with heightened 
proliferative ability, possess mechanisms—such as the enzyme 
telomerase—to maintain telomere length by adding telomeric 
DNA repeats.2

Telomere shortening is a defining characteristic of cellular 
senescence, contributes to tissue dysfunction, is linked to 
various age-related conditions, including cardiovascular disease, 
renal failure and specific cancers. Telomere length may serve as 
a useful biomarker for assessing cellular aging and senescence.

Studies have shown that telomere shortening in stem cells 
limits their replicative capacity, leading to senescence or 
apoptosis.4,5 For example, hematopoietic stem cells (HSCs) with 
critically shortened telomeres demonstrate diminished capacities 
for self-renewal and differentiation. This decline significantly 

affects their ability to generate blood cells.6 The potential of 
telomerase activation as a strategy to mitigate this issue has been 
investigated; however, it poses inherent risks associated with the 
promotion of oncogenesis.7 (Figure 1)

Figure 1: Molecular, cellular and systemic consequences of 
DNA damage.3

2.2. DNA Damage Accumulation

Recent medical literature has highlighted the significant 
impact of DNA damage accumulation in aging stem cells, noting 
its role in contributing to genomic instability and functional 
decline.3 As organisms age, the mechanisms responsible for 
DNA repair, including pathways such as base excision repair 
(BER), nucleotide excision repair (NER) and double-strand 
break repair (DSBR), undergo a gradual deterioration.8,9

This reduction in repair efficacy leaves stem cells increasingly 
susceptible to DNA damage from both endogenous sources, 
including reactive oxygen species (ROS) and exogenous factors, 
such as environmental toxins. Aged HSCs and mesenchymal 
stem cells (MSCs) present elevated levels of DNA damage 
markers like γH2AX and 8-oxoguanine in comparison to their 
younger counterparts.10-13 This genomic instability compromises 
the self-renewal and differentiation abilities of stem cells, leading 
to a decreased capacity for tissue maintenance and repair. 

Thus, the accumulation of DNA damage serves as a critical 
factor driving stem cell exhaustion, contributing to the broader 
aging phenotype and the emergence of age-related diseases. 
The DNA damage response (DDR) pathways are essential in 
determining the fate of aging stem cells, often resulting in either 
senescence or apoptosis.3 The activation of the p53 pathway is 
a key component of this process, as indicated by recent studies 
involving neural stem cells (NSCs) and muscle stem cells 
(MuSCs).14 Upon detection of DNA damage, p53 activation 
can initiate cell cycle arrest, promoting senescence or induce 
apoptosis in instances where the damage cannot be repaired. 
While these responses function as protective mechanisms to 
prevent the propagation of genetically compromised cells, 
they simultaneously lead to a decline in the stem cell pool over 
time. In aging tissues, the equilibrium of repair and elimination 
becomes disrupted, favoring pathways that permanently silence 
or eliminate stem cells.15,16 This alteration exacerbates tissue 
degeneration and weakens regenerative potential, underscoring 
the dual role of DDR pathways in both the protection and 
depletion of stem cell populations with age. 

Researchers have investigated therapeutic strategies aimed at 
alleviating the consequences of DNA damage and the activation of 
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DNA damage response (DDR) in aging stem cells. Interventions 
focusing on oxidative stress mitigation, including the use of 
antioxidants and NAD+ boosters, have demonstrated potential 
in lessening DNA damage and enhancing stem cell functionality 
in preclinical models.17,18 Additionally, the modulation of DDR 
pathways, notably targeting p53 activity, has been identified 
as a viable approach to curtail excessive stem cell senescence 
or apoptosis. For instance, selective inhibition of p53 in aged 
stem cells has been observed to improve their regenerative 
capacity under certain conditions.19,20 Moreover, gene editing 
technologies such as CRISPR-Cas9 are being examined for their 
ability to repair DNA damage and restore genomic stability in 
aging stem cells21,22, but the costs of this technology would seem 
to severely limit its broad application, e.g., to people over age 60 
or 70, as shown by the need for autologous stem cell culturing in 
the following Figure 2.

Figure 2: The CRISPR-Cas9 genome-editing tool.22

 Aside from the theoretical potential of innovative therapies 
aimed at preserving stem cell functionality and counteracting 
age-related deterioration, CRISPR-Cas9-based genome 
editing yields unpredictable outcomes and safety concerns.22 
Nevertheless, by addressing the fundamental causes of DNA 
damage and its cellular repercussions, researchers continue 
to see methods to extend both lifespan and health span, 
thereby offering renewed prospects for the management of 
age-associated diseases and enhancing the quality of life among 
older individuals.

2.3. Epigenetic Alterations

Epigenetic alterations are a prominent feature of the 
aging process, significantly impacting the decline in stem cell 
functionality over time. The aging process is characterized by 
extensive modifications in DNA methylation patterns, histone 
changes and chromatin restructuring, which collectively lead to 
the dysregulation of gene expression within stem cells.12,23 Aged 
stem cells typically display hypermethylation of genes crucial 
for self-renewal and differentiation, alongside hypomethylation 
in areas associated with genomic instability.24,25 Furthermore, 

histone modifications, including diminished acetylation and 
altered methylation, further disrupt the chromatin architecture, 
contributing to a loss of transcriptional precision26. These 
epigenetic modifications hinder the capacity of stem cells to 
preserve tissue homeostasis and efficiently respond to injury, 
which contributes to an overall deterioration of regenerative 
capabilities. Notably, these alterations are not irreversible, 
indicating promising therapeutic prospects for restoring stem 
cell functionality.

Recent developments in epigenetic reprogramming have 
illustrated the potential to revert aged stem cells to a more 
youthful condition. Techniques such as induced pluripotent 
stem cell (iPSC) reprogramming have demonstrated that aged 
cells can regain their functionality through the erasure and 
resetting of epigenetic marks. For example, the application 
of Yamanaka factors (Oct4, Sox2, Klf4 and c-Myc) has been 
utilized to rejuvenate aged somatic cells, including stem cells, by 
reinstating youthful epigenetic profiles.27 Additionally, targeted 
methodologies, such as CRISPR-based epigenetic editing and the 
use of small molecule inhibitors that act on epigenetic regulators, 
are currently being investigated to reverse age-associated 
epigenetic changes without completely reprogramming cells. 
These innovative strategies hold considerable promise for 
enhancing stem cell performance and promoting tissue repair in 
aging individuals, potentially delaying or even reversing certain 
aspects of age-related decline.

2.4. Mitochondrial Dysfunction

Mitochondrial dysfunction represents another significant 
contributor to stem cell aging, as it leads to an increase in the 
production of reactive oxygen species (ROS) and heightened 
oxidative stress. Mitochondria are critical for energy production 
and the maintenance of cellular homeostasis, but their 
functionality deteriorates with age, resulting in decreased ATP 
output and augmented ROS generation.28 Within stem cells, this 
oxidative stress can inflict damage on DNA, proteins and lipids, 
further compromising their regenerative capacity. Aged stem 
cells frequently exhibit fragmented mitochondria and reduced 
mitophagy, the process by which damaged mitochondria are 
eliminated.29 The accumulation of dysfunctional mitochondria 
exacerbates cellular damage and contributes to the decline in 
stem cell functionality. Therefore, addressing mitochondrial 
dysfunction is essential when considering interventions aimed at 
rejuvenating aged stem cells.

Interventions aimed at enhancing mitochondrial function 
have demonstrated potential in revitalizing the regenerative 
capacity of aged stem cells. One promising strategy is the 
supplementation of NAD+, which has been observed to promote 
mitochondrial biogenesis, facilitate mitophagy and mitigate 
oxidative stress.18 NAD+ serves as a vital coenzyme integral 
to energy metabolism and DNA repair; however, its levels 
decline with advancing age. Empirical studies have indicated 
that elevating NAD+ concentrations-either through direct 
supplementation or by stimulating NAD+-dependent sirtuin 
pathways-can rejuvenate aged stem cells and enhance tissue 
functionality. Additionally, alternative methods such as physical 
exercise, caloric restriction and pharmacological agents that 
target mitochondrial dynamics have also exhibited encouraging 
effects on stem cell performance. By bolstering mitochondrial 
health, these interventions present an intriguing pathway 
for counteracting aging-related decline and fostering tissue 
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regeneration, thereby significantly contributing to the promotion 
of healthier aging.

3. Consequences of Stem Cell Exhaustion
3.1. Tissue Degeneration

Stem cell exhaustion is a fundamental factor driving tissue 
degeneration, contributing significantly to the progressive 
decline in regenerative capacity associated with aging. As stem 
cells gradually lose their ability to self-renew and differentiate, 
tissues become increasingly compromised in terms of their 
capacity to repair damage and preserve homeostasis. This 
deterioration is evident in various age-related conditions, 
including sarcopenia, osteoporosis and neurodegenerative 
disorders. For example, muscle stem cells, known as satellite 
cells, exhibit a marked reduction in regenerative potential with 
aging, resulting in the characteristic loss of muscle mass and 
strength seen in sarcopenia.30

Likewise, the depletion of bone marrow stem cells plays 
a crucial role in osteoporosis, a condition characterized by 
weakened skeletal integrity and a heightened risk of fractures. 
The bone remodeling cycle is a multifaceted and redundant 
process. The primary cells involved-osteocytes, osteoblasts and 
osteoclasts-originate from distinct stem cell lineages; specifically, 
osteoblasts and osteocytes derive from mesenchymal stem 
cells, while osteoclasts are formed from hematopoietic stem 
cells. This intricate system is regulated by various factors that 
collaboratively govern a sequential and organized remodeling 
process. The dynamics of cell life, encompassing recruitment, 
proliferation and programmed cell death, along with the 
regulatory mechanisms governing these phases, are intricate yet 
essential for elucidating the pathogenesis of osteoporosis.31

In the central nervous system, the exhaustion of neural stem 
cells hampers the production of new neurons, thereby contributing 
to cognitive decline and the onset of neurodegenerative diseases. 
These instances highlight the essential role of stem cells in 
upholding tissue integrity and functionality throughout an 
organism’s lifespan.

The repercussions of stem cell exhaustion reach beyond 
localized tissues and have significant implications for overall 
health and quality of life. The cumulative impact of tissue 
degeneration, declines in immune system functionality and 
compromised wound healing contributes to the onset of frailty-
characterized by diminished physiological resilience and 
increased susceptibility to external stressors. Frailty correlates 
with elevated rates of hospitalization, disability and mortality 
among older adults. Moreover, the interaction between stem 
cell exhaustion and chronic inflammation, often referred to as 
inflammaging, exacerbates tissue damage and accelerates the 
aging process.32,33 This interaction establishes a detrimental 
feedback loop where stem cell exhaustion leads to tissue 
dysfunction, which subsequently depletes stem cell reserves 
even further in a vicious cycle.

3.2. Immune System Decline

The immune system is particularly affected by stem 
cell exhaustion, relying heavily on the continual generation 
of immune cells derived from hematopoietic stem cells 
(HSCs). With advancing age, HSCs become less proficient in 
producing immune cells, resulting in a phenomenon known as 

immunosenescence. This decline in immune cell output leads to 
a compromised immune response, rendering older individuals 
more vulnerable to infections, cancers and autoimmune disorders. 
Moreover, age-related modifications within the bone marrow 
niche-the microenvironment that sustains HSC function-further 
exacerbate this dysfunction. For instance, changes in signaling 
pathways and the accumulation of inflammatory factors within 
the niche negatively impact HSC functionality, establishing 
a detrimental cycle characterized by declining immune cell 
production and an increased susceptibility to disease. Therefore, 
addressing HSC exhaustion and its underlying mechanisms is 
critical for preserving immune health in aging populations.

3.3. Delayed Wound Healing

Another noteworthy consequence of stem cell exhaustion is 
the delay in wound healing, a prevalent issue among the elderly. 
Skin stem cells are instrumental in tissue repair; however, their 
regenerative capacity wanes with age. This decline results 
in protracted wound healing, heightened vulnerability to 
infections and an increased likelihood of chronic wounds, such 
as pressure ulcers. The exhaustion of skin stem cells is driven 
by a confluence of intrinsic factors, including DNA damage 
and epigenetic alterations, alongside extrinsic factors, such as 
modifications in the skin microenvironment. These shifts impair 
the proliferative and differentiative capabilities of stem cells, 
ultimately undermining the skin’s ability to heal effectively. 
Consequently, older adults frequently face extended recovery 
times and complications from injuries that would typically mend 
more rapidly in younger populations.

Comprehending the consequences of stem cell exhaustion 
is vital for guiding the development of interventions aimed at 
alleviating its effects. Approaches focused on rejuvenating 
stem cells, such as epigenetic reprogramming, mitochondrial 
enhancement and niche modulation, show potential for 
restoring tissue function and regenerative capacity.16 In addition, 
lifestyle modifications-including exercise and nutrition-have 
demonstrated efficacy in supporting stem cell health and 
delaying age-related degeneration. Addressing the underlying 
causes of stem cell exhaustion, researchers aspire not only to 
extend lifespan but also to enhance health span, thereby allowing 
individuals to sustain vitality and independence throughout the 
aging process. These initiatives represent a crucial advancement 
in tackling the challenges of an aging demographic and 
improving quality of life in later stages.

4. Therapeutic Strategies to Counteract Stem Cell 
Exhaustion
4.1. Senolytics

Senolytic drugs offer a pioneering method for addressing stem 
cell exhaustion and tissue dysfunction associated with aging. 
These pharmacological agents selectively target and eradicate 
senescent cells, which accumulate over time and contribute to 
chronic inflammation and degeneration of tissues. By removing 
these dysfunctional cells, senolytics facilitate a more conducive 
environment for stem cell activity, thereby enhancing their 
regenerative capabilities. Research conducted in aged murine 
models has evidenced that senolytic therapies can improve tissue 
repair mechanisms, reactivate stem cell functionality and extend 
healthspan. This therapeutic approach not only mitigates the 
manifestations of aging but also addresses one of its fundamental 
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causes, proposing a viable strategy for rejuvenating aged tissues 
and improving overall health outcomes.34,35

4.2. Epigenetic Reprogramming

In addition, epigenetic reprogramming represents another 
forward-thinking strategy for reversing the decline in stem cell 
function related to aging. Utilizing a set of transcription factors 
known as Yamanaka factors (Oct4, Sox2, Klf4 and c-Myc), 
researchers are able to partially reset the epigenetic landscape 
of aged cells, reinstating youthful gene expression profiles.36 
This method of partial reprogramming allows for rejuvenation 
of cellular functionality without fully reverting cells to a 
pluripotent state, thus minimizing associated risks. Aged stem 
cells subjected to this intervention demonstrate enhanced self-
renewal and differentiation potential, underscoring the inherent 
plasticity of the aging process. Epigenetic reprogramming 
presents noteworthy potential for reinstating tissue homeostasis 
and addressing age-related diseases by focusing on the molecular 
factors that contribute to stem cell exhaustion.37

4.3. Metabolic Interventions

Furthermore, metabolic interventions aimed at increasing 
NAD+ levels have emerged as critical mechanisms for 
revitalizing aged stem cells. NAD+ serves as an essential 
coenzyme in energy metabolism and DNA repair; however, 
its levels decline with age, resulting in mitochondrial 
dysfunction and overall cellular decline. The supplementation 
of NAD+ precursors, including nicotinamide riboside (NR) or 
nicotinamide mononucleotide (NMN), has been demonstrated 
to enhance mitochondrial function, reduce oxidative stress and 
improve the activity of stem cells in aged models.38,39 These 
metabolic strategies not only restore the regenerative potential 
of stem cells but also bolster overall tissue function, providing 
a practical and accessible approach to fostering healthy aging.

4.4. Stem Cell Transplantation

Stem cell transplantation presents an esoteric, mostly 
unaffordable strategy to combat age-related tissue degeneration. 
Research has shown that the infusion of young, healthy stem 
cells into aging tissues can lead to significant rejuvenation 
of dysfunctional biological systems. For instance, studies 
involving the transplantation of young hematopoietic stem 
cells (HSCs) into older mice have demonstrated a restoration 
of hematopoietic system functionality, which in turn enhances 
immune cell production and overall physiological vitality.40 
This methodology exploits the innate regenerative capabilities 
of youthful stem cells to mitigate the impacts of aging in older 
organisms.41 Although there are hurdles to overcome-such as 
ensuring donor-recipient compatibility and addressing scalability 
issues-stem cell transplantation stands as a costly approach for 
revitalizing tissue function and potentially extending the health 
span of aging individuals.

5. Key Reviews and Landmark Studies
In their pivotal 2013 review published in Cell, López-Otín, et 

al. established stem cell exhaustion as one of the nine hallmarks 
of aging, presenting a detailed framework for understanding the 
biological mechanisms that underlie aging. They underscored the 
significance of declining stem cell function as a principal factor 
driving tissue degeneration and the emergence of age-related 
diseases. By integrating findings from diverse studies, the authors 

elucidated how stem cell exhaustion hampers tissue repair and 
regeneration, playing a role in conditions such as sarcopenia, 
osteoporosis and a decline in immune system functionality. This 
review has profoundly influenced aging research, emphasizing 
the necessity of addressing stem cell exhaustion to facilitate 
healthy aging and inform therapeutic strategies.42

Rossi et al., in their 2007 investigation published in Nature, 
offered essential insights regarding the accumulation of DNA 
damage in hematopoietic stem cells (HSCs) and its implications 
for aging. Their research demonstrated that aged HSCs show 
elevated levels of DNA damage alongside diminished DNA 
repair capacities, culminating in functional decline and reduced 
regenerative ability. This study was one of the first to directly 
associate genomic instability in stem cells with the aging process, 
highlighting the critical need for sustaining DNA integrity to 
preserve stem cell function. The findings from this work have 
significantly shaped the field, prompting further exploration into 
the dynamics of DNA damage and repair in aging stem cells.43

In a landmark 2016 study published in Nature, Baker et al. 
demonstrated the potential of senolytic drugs to enhance stem cell 
functionality and extend healthspan in aged mice. By selectively 
eliminating senescent cells, which accumulate with advancing 
age and contribute to tissue dysfunction, the researchers 
observed marked improvements in tissue regeneration and 
overall health status. This study provided robust evidence that 
targeting cellular senescence could rejuvenate aged tissues and 
postpone age-related decline. The results have catalyzed the 
exploration of senolytic therapies as a promising approach to 
mitigating aging and associated diseases.44

Ocampo et al., in their 2016 study featured in Cell, 
investigated the feasibility of partial reprogramming to reverse 
age-related alterations in stem cells. Employing a combination of 
Yamanaka factors (Oct4, Sox2, Klf4 and c-Myc), the researchers 
illustrated that aged stem cells could be rejuvenated without 
reverting fully to a pluripotent state. This partial reprogramming 
reinstated youthful gene expression patterns and enhanced the 
regenerative capacity of stem cells, presenting a novel strategy 
to address stem cell exhaustion. The insights gained from this 
research have opened new avenues for studying epigenetic 
interventions in aging, emphasizing the plasticity of aged cells 
and their capacity for functional restoration.45

6. Clinical Implications
6.1. Aging and Age-Related Diseases

Stem cell exhaustion has emerged as a pivotal factor in 
the pathogenesis of age-related diseases, positioning it as a 
vital target for therapeutic intervention in clinical settings. The 
decline in stem cell functionality, specifically their capability 
for self-renewal and differentiation, compromises tissue repair 
and homeostasis. This decline is linked to various conditions, 
including frailty, osteoporosis and neurodegenerative disorders 
such as Alzheimer’s and Parkinson’s disease. Frailty is 
characterized by diminished physiological resilience and is 
associated with the decline in the function of muscle and 
immune stem cells. Osteoporosis is a consequence of reduced 
activity among bone-forming stem cells. In the realm of 
neurodegenerative diseases, the depletion of neural stem cells 
is critical, as it hinders the brain’s capacity for regeneration and 
repair. By investigating the underlying mechanisms of stem cell 
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exhaustion-such as DNA damage, epigenetic modifications and 
mitochondrial dysfunction-researchers are striving to develop 
therapeutic strategies aimed at delaying or reversing these 
conditions, thereby enhancing health span and alleviating the 
impact of age-related diseases.

6.2. Regenerative Medicine

Regenerative medicine presents promising avenues for 
addressing stem cell exhaustion and its repercussions. One 
notable approach is the rejuvenation of aged stem cells through 
interventions such as epigenetic reprogramming, senolytic agents 
and metabolic enhancements like NAD+ supplementation. 
These strategies seek to restore the regenerative potential of 
endogenous stem cells, facilitating improved tissue repair 
and maintenance. Additionally, the transplantation of young, 
healthy stem cells offers a method to replace or augment 
exhausted stem cell populations. For instance, mesenchymal 
stem cell (MSC) therapy is under investigation for its efficacy 
in treating degenerative disorders like osteoarthritis, wherein 
MSCs promote cartilage repair and mitigate inflammation.45,46 
Furthermore, hematopoietic stem cell (HSC) transplantation 
has demonstrated promise in revitalizing the aged immune 
system. Collectively, these strategies underscore the capacity of 
regenerative medicine not only to treat age-related diseases but 
also to rejuvenate overall tissue function and vitality.

The clinical ramifications of addressing stem cell exhaustion 
extend beyond the treatment of discrete diseases; they 
encompass the enhancement of overall health outcomes in aging 
populations. By targeting the fundamental mechanisms driving 
stem cell deterioration, innovative therapies have the potential 
to preserve physical strength, cognitive capabilities and immune 
resilience, thereby minimizing the reliance on extensive medical 
interventions and hospital admissions. For example, therapeutic 
strategies that improve the functionality of muscle stem cells 
could be instrumental in preventing or alleviating sarcopenia, 
which is a significant factor contributing to frailty and the loss 
of autonomy among older adults. Likewise, interventions aimed 
at restoring the activity of neural stem cells may decelerate 
cognitive decline and yield favorable results for patients with 
neurodegenerative disorders. As research in this domain 
progresses, the feasibility of personalized regenerative therapies 
that cater to individual needs enhances, offering a promising 
outlook for a future where aging is associated with sustained 
health and vitality. Such advancements have the potential to 
revolutionize the approach to aging, transitioning the focus from 
mere disease management to the promotion of lifelong wellness.

7. Conclusion
Stem cell exhaustion is a pivotal characteristic of aging, 

influenced by both intrinsic factors, such as telomere shortening 
and DNA damage and extrinsic factors, including niche 
degradation and inflammation. Current research has unveiled a 
range of therapeutic strategies, including senolytics, epigenetic 
reprogramming and metabolic interventions, that aim to mitigate 
stem cell exhaustion and enhance tissue regeneration. These 
discoveries hold substantial implications for the fields of aging 
research and regenerative medicine.

Stem cell exhaustion represents a fundamental characteristic 
of the aging process, influenced by an interplay of intrinsic 
and extrinsic factors that compromise the regenerative abilities 
of tissues. Intrinsic factors include telomere shortening, 
accumulation of DNA damage, epigenetic changes and 

mitochondrial dysfunction, all of which contribute to the 
deterioration of stem cell functionality. Concurrently, extrinsic 
factors-such as alterations in the stem cell niche, persistent 
inflammation and oxidative stress-further worsen this decline. 
Together, these mechanisms diminish the self-renewal and 
differentiation capabilities of stem cells, leading to tissue 
degeneration and the emergence of age-related conditions, 
including sarcopenia, osteoporosis and neurodegenerative 
disorders. Elucidating these mechanisms is vital for the 
development of interventions aimed at mitigating stem cell 
exhaustion and fostering healthy aging.

Recent progress in therapeutic strategies provides 
promising opportunities to combat stem cell exhaustion and its 
ramifications. Senolytic agents, which specifically eliminate 
senescent cells, have demonstrated efficacy in enhancing 
stem cell function and facilitating tissue regeneration in aged 
animal models. Furthermore, epigenetic reprogramming using 
transcription factors such as Oct4, Sox2, Klf4 and c-Myc 
has shown promise in reinstating youthful gene expression 
profiles in aged stem cells. Metabolic interventions that elevate 
NAD+ levels have also been found beneficial in rejuvenating 
mitochondrial performance and augmenting stem cell activity. 
Additionally, stem cell transplantation involving young, robust 
stem cells has been investigated as a strategy to restore tissue 
functionality in aging organisms. These approaches underscore 
the potential of regenerative medicine to alleviate the impacts of 
aging and to enhance health span. 

In summary, stem cell exhaustion is a significant factor 
in the aging continuum and the pathogenesis of age-related 
diseases. By targeting the fundamental mechanisms underlying 
stem cell decline, researchers are devising innovative therapies 
that may offer solutions for tissue function restoration and the 
extension of healthy lifespan. As the global demographic shifts 
toward an older population, addressing stem cell exhaustion 
will be essential for enhancing quality of life and reducing the 
prevalence of age-related ailments. Ongoing research in this 
domain has the potential to revolutionize our understanding of 
aging, transitioning the focus from merely managing diseases to 
promoting sustained health and vitality throughout the lifespan.

8. References

1.	 Bernadotte A, Mikhelson VM, Spivak IM. Markers of cellular 
senescence. Telomere shortening as a marker of cellular 
senescence. Aging (Albany NY), 2016;8: 3-11.

2.	 Shammas MA. Telomeres, lifestyle, cancer and aging. Curr 
Opin Clin Nutr Metab Care, 2011;14: 28-34.

3.	 Schumacher B, Pothof J, Vijg J, et al. The central role of DNA 
damage in the ageing process. Nature, 2021;592: 695-703.

4.	 Victorelli S, Passos JF. Telomeres and Cell Senescence - Size 
Matters Not. EBioMedicine, 2017;21: 14-20.

5.	 Tümpel S, Rudolph KL. The role of telomere shortening in 
somatic stem cells and tissue aging: lessons from telomerase 
model systems. Ann NY Acad Sci, 2012;1266: 28-39.

6.	 Thongon N, Ma F, Santoni A, et al. Hematopoiesis under telomere 
attrition at the single-cell resolution. Nature Communications, 
2021;12: 6850.

7.	 Shou S, Maolan A, Zhang D, et al. Telomeres, telomerase 
and cancer: mechanisms, biomarkers and therapeutics. 
Experimental Hematology Oncology, 2025;14: 8.

8.	 Gorbunova V, Seluanov A, Mao Z, et al. Changes in DNA repair 

https://pubmed.ncbi.nlm.nih.gov/26805432/
https://pubmed.ncbi.nlm.nih.gov/26805432/
https://pubmed.ncbi.nlm.nih.gov/26805432/
https://pubmed.ncbi.nlm.nih.gov/21102320/
https://pubmed.ncbi.nlm.nih.gov/21102320/
https://www.nature.com/articles/s41586-021-03307-7
https://www.nature.com/articles/s41586-021-03307-7
https://pubmed.ncbi.nlm.nih.gov/28347656/
https://pubmed.ncbi.nlm.nih.gov/28347656/
https://pubmed.ncbi.nlm.nih.gov/22901253/
https://pubmed.ncbi.nlm.nih.gov/22901253/
https://pubmed.ncbi.nlm.nih.gov/22901253/
https://www.nature.com/articles/s41467-021-27206-7
https://www.nature.com/articles/s41467-021-27206-7
https://www.nature.com/articles/s41467-021-27206-7
https://ehoonline.biomedcentral.com/articles/10.1186/s40164-025-00597-9
https://ehoonline.biomedcentral.com/articles/10.1186/s40164-025-00597-9
https://ehoonline.biomedcentral.com/articles/10.1186/s40164-025-00597-9
https://pubmed.ncbi.nlm.nih.gov/17913742/


7

Guth, MAS J Cell Sci Regenerative Med | Vol: 1 & Iss: 2

during aging. Nucleic Acids Res, 2007;35: 7466-7474.

9.	 Lombard DB, Chua KF, Raul M, et al. DNA Repair, Genome 
Stability and Aging. Cell, 2005;120: 497-512.

10.	 Moehrle BM, Geiger H. Aging of hematopoietic stem cells: DNA 
damage and mutations? Exp Hematol, 2016;44: 895-901.

11.	 Al-Azab M, Safi M, Idiiatullina E, et al. Aging of mesenchymal 
stem cell: machinery, markers and strategies of fighting. Cellular 
Molecular Biology Letters, 2022;27: 69.

12.	 Budamagunta V, Foster TC, Zhou D. Cellular senescence in 
lymphoid organs and immunosenescence. Aging (Albany NY), 
2021;13: 19920-19941.

13.	 Banimohamad-shotorbani B, Kahroba H, Sadeghzadeh H, 
et al. DNA damage repair response in mesenchymal stromal 
cells: From cellular senescence and aging to apoptosis and 
differentiation ability. Ageing Research Reviews, 2020;62: 
101125.

14.	 de Morree A, Rando TA. Regulation of adult stem cell quiescence 
and its functions in the maintenance of tissue integrity. Nat Rev 
Mol Cell Biol, 2023;24: 334-354.

15.	 López-Otín C, Blasco MA, Partridge L, et al. Hallmarks of aging: 
An expanding universe. Cell, 2023;186: 243-278.

16.	 Ji S, Xiong M, Chen H, et al. Cellular rejuvenation: molecular 
mechanisms and potential therapeutic interventions for 
diseases. Signal Transduct Target Ther, 2023;8: 116.

17.	 Sharma A, Chabloz S, Lapides RA, et al. Potential Synergistic 
Supplementation of NAD+ Promoting Compounds as a Strategy 
for Increasing Healthspan. Nutrients, 2023;15.

18.	 Xie N, Zhang L, Gao W, et al. NAD+ metabolism: pathophysiologic 
mechanisms and therapeutic potential. Signal Transduction and 
Targeted Therapy, 2020;5: 227.

19.	 Levine AJ, Anna MP-K, Chan CS, et al. The Role of the p53 
Protein in Stem-Cell Biology and Epigenetic Regulation. Cold 
Spring Harb Perspect Med, 2016;6.

20.	 Ou HL, Schumacher B. DNA damage responses and p53 in the 
aging process. Blood, 2018;131: 488-495.

21.	 Zhang Z, Zhang Y, Gao F, et al. CRISPR/Cas9 Genome-Editing 
System in Human Stem Cells: Current Status and Future 
Prospects. Molecular Therapy - Nucleic Acids, 2017;9: 230-241.

22.	 Sharma G, Sharma AR, Bhattacharya M, et al. CRISPR-Cas9: A 
Preclinical and Clinical Perspective for the Treatment of Human 
Diseases. Mol Ther, 2021;29: 571-586.

23.	 Guo J, Huang X, Dou L, et al. Aging and aging-related diseases: 
from molecular mechanisms to interventions and treatments. 
Signal Transduction and Targeted Therapy, 2022;7: 391.

24.	 Sidler C, Kovalchuk O, Kovalchuk I. Epigenetic Regulation of 
Cellular Senescence and Aging. Front Genet, 2017;8: 138.

25.	 Horvath S. DNA methylation age of human tissues and cell 
types. Genome Biol, 2013;14: 115.

26.	 Bannister AJ, Kouzarides T. Regulation of chromatin by histone 
modifications. Cell Research, 2011;21: 381-395.

27.	 Aguirre M, Escobar M, Amézquita SF, et al. Application of the 
Yamanaka Transcription Factors Oct4, Sox2, Klf4 and c-Myc 
from the Laboratory to the Clinic. Genes (Basel), 2023;14.

28.	 Chen W, Zhao H, Li Y. Mitochondrial dynamics in health and 
disease: mechanisms and potential targets. Signal Transduction 
and Targeted Therapy, 2023;8: 333.

29.	 Wang J, Zhang J-R, Zang Y-F, et al. Consistent decreased 
activity in the putamen in Parkinson’s disease: a meta-
analysis and an independent validation of resting-state fMRI. 
GigaScience, 2018;7: 71.

30.	 Muñoz-Cánoves P, Neves J, Sousa-Victor P. Understanding 
muscle regenerative decline with aging: new approaches to 
bring back youthfulness to aged stem cells. Febs J, 2020;287: 
406-416.

31.	 Rosen CJ, Feingold KR, Ahmed SF, et al. The Epidemiology and 
Pathogenesis of Osteoporosis. Editors. MDText.com Inc, South 
Dartmouth (MA), 2000.

32.	 Baechle JJ, Chen N, Makhijhani P, et al. Chronic inflammation 
and the hallmarks of aging. Molecular Metabolism, 2023;74: 
101755.

33.	 Ferrucci L, Fabbri E. Inflammageing: chronic inflammation in 
ageing, cardiovascular disease and frailty. Nat Rev Cardiol, 
2018;15: 505-522.

34.	 Cai Y, Zhou H, Zhu Y, et al. Elimination of senescent cells by 
β-galactosidase-targeted prodrug attenuates inflammation and 
restores physical function in aged mice. Cell Res, 2020;30: 
574-589.

35.	 Lelarge V, Capelle R, Oger F, et al. Senolytics: from 
pharmacological inhibitors to immunotherapies, a promising 
future for patients’ treatment. npj Aging, 2024;10: 12.

36.	 Yang JH, Petty CA, Dixon-McDougall T, et al. Chemically 
induced reprogramming to reverse cellular aging. Aging (Albany 
NY), 2023;15: 5966-5989.

37.	 Pereira B, Correia FP, Alves IA, et al. Epigenetic reprogramming 
as a key to reverse ageing and increase longevity. Ageing 
Research Reviews, 2024;95: 102204.

38.	 Iqbal T, Nakagawa T. The therapeutic perspective of NAD+ 
precursors in age-related diseases. Biochemical and Biophysical 
Research Communications, 2024;702: 149590.

39.	 Alegre GFS, Pastore GM. NAD+ Precursors Nicotinamide 
Mononucleotide (NMN) and Nicotinamide Riboside (NR): 
Potential Dietary Contribution to Health. Curr Nutr Rep, 2023;12: 
445-464.

40.	 Zhang L, Mack R, Breslin P, et al. Molecular and cellular 
mechanisms of aging in hematopoietic stem cells and their 
niches. J Hematol Oncol, 2020;13: 157.

41.	 Guth Michael AS. Surgical Implantation of Autologous Dopamine 
Neuron Progenitor Cells (DANPCs) Into the Putamen of Patients 
with Parkinson’s Disease. Surg Med Open Access, 2024;6.

42.	 López-Otín C Blasco MA, Partridge L, Serrano M, Kroemer G. 
The hallmarks of aging. Cell, 2013;153: 1194-1217.

43.	 Rossi DJ, Bryder D, Seita J, et al. Deficiencies in DNA damage 
repair limit the function of haematopoietic stem cells with age. 
Nature, 2007;447: 725-729.

44.	 Baker DJ, Childs BG, Durik M, et al. Naturally occurring 
p16(Ink4a)-positive cells shorten healthy lifespan. Nature, 
2016;530: 184-189.

45.	 Ocampo A, Reddy P, Martinez-Redondo P, et al. In Vivo 
Amelioration of Age-Associated Hallmarks by Partial 
Reprogramming. Cell, 2016;167: 1719-1733.

46.	 Harrell CR, Markovic BS, Fellabaum C, et al. Mesenchymal 
stem cell-based therapy of osteoarthritis: Current knowledge 
and future perspectives. Biomed Pharmacotherapy, 2019;109: 
2318-2326.

https://pubmed.ncbi.nlm.nih.gov/17913742/
https://pubmed.ncbi.nlm.nih.gov/15734682/
https://pubmed.ncbi.nlm.nih.gov/15734682/
https://pubmed.ncbi.nlm.nih.gov/27402537/
https://pubmed.ncbi.nlm.nih.gov/27402537/
https://pubmed.ncbi.nlm.nih.gov/35986247/
https://pubmed.ncbi.nlm.nih.gov/35986247/
https://pubmed.ncbi.nlm.nih.gov/35986247/
https://pubmed.ncbi.nlm.nih.gov/34382946/
https://pubmed.ncbi.nlm.nih.gov/34382946/
https://pubmed.ncbi.nlm.nih.gov/34382946/
https://pubmed.ncbi.nlm.nih.gov/32683038/
https://pubmed.ncbi.nlm.nih.gov/32683038/
https://pubmed.ncbi.nlm.nih.gov/32683038/
https://pubmed.ncbi.nlm.nih.gov/32683038/
https://pubmed.ncbi.nlm.nih.gov/32683038/
https://pubmed.ncbi.nlm.nih.gov/36922629/
https://pubmed.ncbi.nlm.nih.gov/36922629/
https://pubmed.ncbi.nlm.nih.gov/36922629/
https://pubmed.ncbi.nlm.nih.gov/36599349/
https://pubmed.ncbi.nlm.nih.gov/36599349/
https://pubmed.ncbi.nlm.nih.gov/36918530/
https://pubmed.ncbi.nlm.nih.gov/36918530/
https://pubmed.ncbi.nlm.nih.gov/36918530/
https://www.mdpi.com/2072-6643/15/2/445
https://www.mdpi.com/2072-6643/15/2/445
https://www.mdpi.com/2072-6643/15/2/445
https://www.nature.com/articles/s41392-020-00311-7
https://www.nature.com/articles/s41392-020-00311-7
https://www.nature.com/articles/s41392-020-00311-7
https://pmc.ncbi.nlm.nih.gov/articles/PMC5008064/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5008064/
https://pmc.ncbi.nlm.nih.gov/articles/PMC5008064/
https://pubmed.ncbi.nlm.nih.gov/29141944/
https://pubmed.ncbi.nlm.nih.gov/29141944/
https://pubmed.ncbi.nlm.nih.gov/29246302/
https://pubmed.ncbi.nlm.nih.gov/29246302/
https://pubmed.ncbi.nlm.nih.gov/29246302/
https://pubmed.ncbi.nlm.nih.gov/33238136/
https://pubmed.ncbi.nlm.nih.gov/33238136/
https://pubmed.ncbi.nlm.nih.gov/33238136/
https://www.nature.com/articles/s41392-022-01251-0
https://www.nature.com/articles/s41392-022-01251-0
https://www.nature.com/articles/s41392-022-01251-0
https://www.frontiersin.org/journals/genetics/articles/10.3389/fgene.2017.00138/full
https://www.frontiersin.org/journals/genetics/articles/10.3389/fgene.2017.00138/full
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2013-14-10-r115
https://genomebiology.biomedcentral.com/articles/10.1186/gb-2013-14-10-r115
https://www.nature.com/articles/cr201122
https://www.nature.com/articles/cr201122
https://pubmed.ncbi.nlm.nih.gov/37761837/
https://pubmed.ncbi.nlm.nih.gov/37761837/
https://pubmed.ncbi.nlm.nih.gov/37761837/
https://www.nature.com/articles/s41392-023-01547-9
https://www.nature.com/articles/s41392-023-01547-9
https://www.nature.com/articles/s41392-023-01547-9
https://pubmed.ncbi.nlm.nih.gov/29917066/
https://pubmed.ncbi.nlm.nih.gov/29917066/
https://pubmed.ncbi.nlm.nih.gov/29917066/
https://pubmed.ncbi.nlm.nih.gov/29917066/
https://pubmed.ncbi.nlm.nih.gov/31854082/
https://pubmed.ncbi.nlm.nih.gov/31854082/
https://pubmed.ncbi.nlm.nih.gov/31854082/
https://pubmed.ncbi.nlm.nih.gov/31854082/
https://pubmed.ncbi.nlm.nih.gov/25905357/
https://pubmed.ncbi.nlm.nih.gov/25905357/
https://pubmed.ncbi.nlm.nih.gov/25905357/
https://pubmed.ncbi.nlm.nih.gov/37329949/
https://pubmed.ncbi.nlm.nih.gov/37329949/
https://pubmed.ncbi.nlm.nih.gov/37329949/
https://pubmed.ncbi.nlm.nih.gov/30065258/
https://pubmed.ncbi.nlm.nih.gov/30065258/
https://pubmed.ncbi.nlm.nih.gov/30065258/
https://www.nature.com/articles/s41422-020-0314-9
https://www.nature.com/articles/s41422-020-0314-9
https://www.nature.com/articles/s41422-020-0314-9
https://www.nature.com/articles/s41422-020-0314-9
https://pubmed.ncbi.nlm.nih.gov/38321020/
https://pubmed.ncbi.nlm.nih.gov/38321020/
https://pubmed.ncbi.nlm.nih.gov/38321020/
https://pubmed.ncbi.nlm.nih.gov/37437248/
https://pubmed.ncbi.nlm.nih.gov/37437248/
https://pubmed.ncbi.nlm.nih.gov/37437248/
https://www.sciencedirect.com/science/article/pii/S1568163724000229
https://www.sciencedirect.com/science/article/pii/S1568163724000229
https://www.sciencedirect.com/science/article/pii/S1568163724000229
https://www.sciencedirect.com/science/article/pii/S0006291X24001256
https://www.sciencedirect.com/science/article/pii/S0006291X24001256
https://www.sciencedirect.com/science/article/pii/S0006291X24001256
https://pubmed.ncbi.nlm.nih.gov/37273100/
https://pubmed.ncbi.nlm.nih.gov/37273100/
https://pubmed.ncbi.nlm.nih.gov/37273100/
https://pubmed.ncbi.nlm.nih.gov/37273100/
https://jhoonline.biomedcentral.com/articles/10.1186/s13045-020-00994-z
https://jhoonline.biomedcentral.com/articles/10.1186/s13045-020-00994-z
https://jhoonline.biomedcentral.com/articles/10.1186/s13045-020-00994-z
https://crimsonpublishers.com/smoaj/pdf/SMOAJ.000629.pdf
https://crimsonpublishers.com/smoaj/pdf/SMOAJ.000629.pdf
https://crimsonpublishers.com/smoaj/pdf/SMOAJ.000629.pdf
https://pmc.ncbi.nlm.nih.gov/articles/PMC3836174/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3836174/
https://pubmed.ncbi.nlm.nih.gov/17554309/
https://pubmed.ncbi.nlm.nih.gov/17554309/
https://pubmed.ncbi.nlm.nih.gov/17554309/
https://pubmed.ncbi.nlm.nih.gov/26840489/
https://pubmed.ncbi.nlm.nih.gov/26840489/
https://pubmed.ncbi.nlm.nih.gov/26840489/
https://pubmed.ncbi.nlm.nih.gov/27984723/
https://pubmed.ncbi.nlm.nih.gov/27984723/
https://pubmed.ncbi.nlm.nih.gov/27984723/
https://pubmed.ncbi.nlm.nih.gov/30551490/
https://pubmed.ncbi.nlm.nih.gov/30551490/
https://pubmed.ncbi.nlm.nih.gov/30551490/
https://pubmed.ncbi.nlm.nih.gov/30551490/

	_GoBack

