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A B S T R A C T

Ageing populations globally are associated with increased musculoskeletal disease, including osteoporosis and
sarcopenia. These conditions place a significant burden of disease on the individual, society and the economy. To
address this, we need to understand the underpinning biological changes, including stem cell exhaustion, which
plays a key role in the ageing of the musculoskeletal system. This review of the recent evidence provides an
overview of the associated biological processes. The review utilised the PubMed/Medline, Science Direct, and
Google Scholar databases. Mechanisms of ageing identified involve a reaction to the chronic inflammation and
oxidative stress associated with ageing, resulting in progenitor cell senescence and adipogenic differentiation,
leading to decreased mass and quality of both bone and muscle tissue. Although the mechanisms underpinning
stem cell exhaustion are unclear, it remains a promising avenue through which to identify new strategies for
prevention, detection and management.

1. Introduction

Ageing is a key risk factor for almost all chronic disease in humans,
including cardiovascular disease, cancer, neurodegenerative disease,
and musculoskeletal conditions [1]. Musculoskeletal diseases represent
a substantial burden on older adults globally, significantly impacting
their health and well-being. As populations age worldwide, the preva-
lence of musculoskeletal conditions such as osteoporosis, and sarcopenia
rise dramatically. These conditions lead to reduced mobility, functional
limitations, and diminished quality of life among older individuals.
Globally, musculoskeletal disorders are among the leading causes of
years lived with disability (YLDs), with older adults bearing a dispro-
portionate share of this burden [2]. The economic impact of musculo-
skeletal diseases is also significant, with healthcare costs, lost
productivity, and the need for long-term care placing a strain on
healthcare systems and economies worldwide [3,4]. In the face of such
significant impact, there is a need to understand the biological changes
which occur in the ageing musculoskeletal system in order to identify
new avenues for disease detection, treatment and prevention.

The modern field of geroscience attempts to unify the key biological
changes which define physiological ageing and in turn drive the onset

and progression of all chronic diseases, including musculoskeletal con-
ditions [5]. Geroscience has currently identified the key physiological
factors of inflammation, proteostasis, macromolecular damage, epige-
netics, metabolism, and stem cell exhaustion [6]. While all of the
physiologies identified by geroscience have an impact on bone, muscle
and cartilage, stem cell exhaustion has gained particular attention in the
field of musculoskeletal disease and regenerative medicine.

Stem cell exhaustion refers to the progressive loss of progenitor cell
function and regenerative capacity over time, which leads to diminished
tissue maintenance and repair [7]. As stem cells divide to replenish
tissues throughout life, telomere shortening, accumulation of DNA
damage, and alterations in the niche microenvironment in which they
reside, all contribute to reduced proliferation and altered capacity for
differentiation. Stem cell ageing has been more clearly defined in tissues
with high turnover rates, such as the hematopoietic system, intestinal
epithelium, and the skin, where small changes in function lead to large
impacts [7]. While the stem cell and progenitor populations of muscu-
loskeletal tissue do not proliferate as rapidly as epithelial tissues, their
highly specialized differentiation physiology leaves them equally
vulnerable to these changes [8]. Understanding the physiological impact
of stem cell ageing on bone, and muscle is critical in identifying novel
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means to diagnose and treat chronic musculoskeletal disease affecting
older adults. Therefore, this review aims to synthesise recent evidence
on the impact of stem cell ageing in older adults to identify future
research directions for regenerative medicine in the field. Despite its
notable impact on older adults, osteoarthritis has been excluded from
the review. This decision was based on the uncertain role of stem cells to
the pathophysiology of the disease, and a notable lack of research in the
area, despite the rise in progenitor-based treatments.

2. Methods

To produce this review of the recent evidence a search was con-
ducted utilising the PubMed/Medline, Science Direct, and Google
Scholar databases. Searches were conducted using the terms ‘stem cell’,
and ‘progenitor’ alongside ‘ageing’, ‘exhaustion’, and ‘senescence’, to
find studies relevant to stem cell ageing and exhaustion. In addition, the
keywords ‘bone’, ‘muscle’, ‘musculoskeletal’, ‘mesenchymal’, and
‘mesodermal’ were used to limit the search to musculoskeletal progen-
itor populations, with appropriate Boolean operators. Where relevant,
both US and UK spellings were used. Articles that were published from
2010 to 2024 and written in English were included to provide a
contemporary review on this rapidly evolving topic. Once duplicates
were removed there were a total of 3092 articles remaining. From here
the authors screened the pool of articles to identify studies directly
relevant to ageing, with 42 articles being included in the final manu-
script. In order to provide the most direct evidence on the impact of
ageing on the musculoskeletal system, only studies which directly
studied the effect were included, rather than animal knock-out or knock-
in experiments, or other genetic manipulation studies.

2.1. Rejuvenation of the musculoskeletal system

Tissues of the musculoskeletal system undergo lifelong regeneration,
repair, and adaptation to mechanical and chemical forces acting on
them via the processes of mechano- and chemotransduction [9]. This
process is orchestrated by a complex interaction between a number of
tissue-specific progenitor cells, as well as the immune and endocrine
systems. There are a number of specific progenitor populations involved
in the regeneration of the musculoskeletal system, with the most well-
known being the mesenchymal stem and progenitor cells (MPCs)
found in the bone marrow, which differentiate into osteoblasts, chon-
drocytes, and adipocytes [10], as well as the muscle-specific satellite cell
populations [11]. More recently, there have been novel populations of
musculoskeletal progenitors found in blood [12], adipose [13], and
other tissues, however, their roles in the maintenance of muscle and
bone, as well as the impact of ageing on these cells largely remains
unknown [14,15].

2.2. The ageing skeleton – the role of stem cell exhaustion in bone

Maintenance of bone health requires a dynamic balance between the
anabolic osteoblast, and catabolic osteoclast, mediated by resident os-
teocytes embedded in the bone [16]. In a normal setting, the MPC
population in the bone marrow responds to anabolic signaling from
osteocytes and endocrine signals by proliferating and then differenti-
ating into osteoblasts, which lay down and mineralize the osteoid. This
is balanced by the fusion of monocyte derived osteoclast progenitors,
forming multinucleate mature osteoclasts, which resorb bone, releasing
calcium into the circulation. Ageing bone is characterized by increased
osteoclastogenesis, and decreased osteoblast differentiation, which
shifts the equilibrium toward bone resorption, resulting in decreased
bone density and quality, which over time leads to the development of
osteoporosis and an increased risk of fragility fracture [16]. The physi-
ological root of this imbalance is multifactorial, including chronic
inflammation-mediated acceleration of osteoclastogenesis, age-related
decline in the availability of critical nutrients for bone formation (e.g.

vitamin D, calcium, and protein), and exhaustion of the MPC pool
(Fig. 1).

A decline in the proliferation capacity or MPCs, as well as dysfunc-
tion in their differentiation physiology, has significant impacts on the
ageing skeleton. As an individual ages, an increasing proportion of MPCs
become senescent, entering a stable period of cell cycle arrest, in which
the cell ceases to proliferate. This is triggered by the accumulation of
genetic damage, epigenetic change, and telomere shortening in the cells
[8]. This process forms a major component of anti-tumor defense,
however, accumulation of these cells across the lifespan leads to ongoing
and advancing dysfunction in musculoskeletal regeneration. Impor-
tantly, these cells retain some secretory capacity, termed the senescence
associated secretory phenotype (SASP), which is commonly pro-
inflammatory and pro-oxidative, and can propagate senescence to
neighboring cells.

Effective maintenance of bone by MPCs requires the cells to respond
to anabolic or injury signaling by proliferating, migrating to the affected
area, and differentiating into osteoblasts to deposit and mineralize the
osteoid. Each of these physiological processes is disrupted by ageing,
leading to advancing deficits in bone density and quality in older adults.
With increasing age, the proportion of senescent MPCs in the pool
grows, with the SASP triggering an inflammatory and oxidative envi-
ronment in the bone marrow progenitor niche, driving further senes-
cence. This increasing number of senescent cells leaves a smaller number
of active proliferative cells in the bone marrow of older adults, limiting
their capacity to regenerate the bone. Interestingly, treatment with the

Fig. 1. The driving mechanisms of ageing bone. Created with BioRender.com.
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common osteoporosis medication zoledronate restored proliferative
function in MPCs, protecting them against genetic damage through in-
hibition of mammalian target of rapamycin (mTOR) signaling, poten-
tially underpinning some of its anabolic effects [17]. In addition to
restricted proliferation, ageing MPCs also have a reduced ability to
migrate, with decreased expression of key cytokinetic markers such as C-
X-C chemokine receptor type 4 (CXCR4) and 7 (CXCR7), which allow
homing to sites of bone formation [18]. Finally, ageing MPCs also show
an altered capacity for osteoblastic differentiation. Senescent MPCs in
bone tend to differentiate toward an adipogenic lineage, rather than
osteoblastic, leading to decreased bone formation and accumulation of
adipose tissue in the bone marrow. A number of mechanisms, including
oxidative stress and accumulation of reactive oxygen species (ROS),
mammalian target of rapamycin (mTOR) signaling, and excessive
exposure to insulin like growth factor 1 (IGF1) are all known mediators
of pro-adipogenic differentiation in MPCs [19].

Excessive mTOR and IGF1 signaling are common in older adults,
driven by glucometabolic changes, chronic hyperglycemia and hyper-
insulinaemia, which in turn also drive oxidative stress in the bone
marrow microenvironment [20]. Murine MPCs treated with IGF1
binding protein (IGF1BP) show decreased capacity for proliferation,
which is restored following inhibition of this pathway [21]. MPCs iso-
lated from the umbilical cord of females with gestational diabetes show
limited proliferation and differentiation capacity and have a greater
senescence phenotype [22] demonstrating the critical relationship be-
tween glucose control and progenitor function. The effect of ROS and
oxidative stress on MPC function and bone health is widespread.
Oxidative stress has been shown to cause significant changes to the
immunomodulatory function of MPCs, driving increased inflammation,
and reduced proliferation and differentiation [23]. This is exacerbated
by the increase in osteoclast activity in settings of inflammatory and
oxidative stress, leading to excess bone resorption, alongside decreased
osteogenesis.

These changes collectively lead to an inability for the osteoblast and
MPCs to collectively maintain bonemass in the face of ongoing and often
accelerated osteoclast activity. This imbalance is a core component of
the rapid increase in osteoporosis and osteopenia in later life and, sub-
sequently, the enormous burden of fragility fractures in older adults.
However, while the decrease in bone health plays a central role in this, it
is also strongly contributed to by the age-related decline of skeletal
muscle tissues, and the onset of sarcopenia, with associated increased
risk of falling.

2.3. The role of stem cell exhaustion in the ageing muscular system

Adequate skeletal muscle mass and effective function is critical to
healthy ageing, providing functional independence, cardiometabolic
health, and preventing falls [24,25]. As with bone, skeletal muscle un-
dergoes continuous remodeling, with resident adult stem cells, known as
satellite cells, responding to injury and anabolic signaling, by differen-
tiating into functional myocytes. In ageing, the capacity for regeneration
declines, leading to both common acute injuries in older adults such as
rotator cuff and biceps brachii rupture, and more widespread disease
such as sarcopenia. This decline in regeneration is multifactorial but is
strongly contributed to by the decline of satellite cell function secondary
to immune system dysregulation and inflammation (Fig. 2).

Whether it be through the physiological microtrauma of resistance
training, or gross injury such as muscle strain, a range of growth factors
and inflammatory mediators trigger the proliferation, and differentia-
tion of quiescent local satellite cells to form new muscle fibres. As with
the MPC population in the bone marrow, ageing satellite cells are
characterized by decreased autophagy, increased genetic damage and
senescence, leading to a decrease in the number of active proliferating
cells [26,27]. This results in a decreased capacity for ongoing tissue
repair, as well as a reduction in the ability to respond to resistance
training interventions. In addition to decreased proliferation, ageing

muscle is characterized by a general loss of satellite cell numbers, which
occurs with changes to the niche microenvironment [28]. Increased
expression of factors such as fibroblast growth factor 2 (FGF2), and
upregulated NOTCH signaling leads to cell cycle exit of satellite cells and
population decline [28,29].

More so than MPCs, satellite cells require a close interaction with the
immune system for optimal function [30]. Skeletal muscle maintains a
dedicated immune presence throughout life, with specializedmonocyte/
macrophage populations differentiating into pro or anti-inflammatory
phenotypes to respond to local conditions with contractile activity. In
addition, these resident macrophages critically regulate the prolifera-
tion and differentiation of satellite cells [31]. Furthermore, resident
regulatory T cells (Tregs) produce a number of factors, such as
amphiregulin, and interleukin-33, which also trigger the proliferation
and replenishment of satellite cell populations in muscle [32]. This
interaction between the satellite cells and the immune system is
commonly dysregulated with ageing, as immunosenescene leads to a
prolonged and dysfunctional inflammatory state, particularly in persis-
tent resident cells, such as macrophages and Tregs [33].

The process of differentiation from satellite cell to functional muscle
fibre is complex, requiring sequential expression of several transcription
factors, such as PAX7, Myf5, and MyoD [34]. Adding additional
complexity, satellite cells self-regulate during proliferation, with Myf5+
satellite cells maintaining overall stem cell populations in the muscle
[35], compounding the dysfunction seen in ageing muscle. In aged mice,
PAX7 concentrations decline, likely leading to decreases in early dif-
ferentiation [36], but also then reducing expression of the downstream

Fig. 2. The age-related changes that lead to sarcopenia. Created with BioR
ender.com.
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Myf5. This subsequently reduces maintenance of the quiescent stem cell
pool and reduces capacity for ongoing renewal. In addition, ageing
satellite cells are prone to undergo adipogenic conversion, leading to
aggregation of intramuscular adipose tissue (IMAT), though other cell
types can also contribute [35]. IMAT is a key feature of many chronic
diseases, such as sarcopenia and metabolic syndrome, and leads to
reduced functional capacity, and accelerated skeletal muscle loss. The
pathways driving adipogenic conversion of satellite cells are poorly
understood, however it seems likely that insulin/glucose signaling plays
a strong role [37,38]. Skeletal muscle is an important reservoir for
plasma glucose, and is highly sensitive to insulin and other incretin
signals. Chronic exposure to nutrient sensing hormones and factors such
as IGF1 and insulin, as well as their target pathways such a mTOR has
been shown to induce adipogenesis in satellite cells in animal and cell
culture models [39,40], however it has also been suggested that other
terminally differentiated and progenitor cells can contribute to adipo-
genesis and deposition of IMAT [41,42].

2.4. Future directions

In recent years, there has been a rapid increase in focus on regen-
erative therapies and stem cell exhaustion as a therapeutic target in
ageing research. However, before these approaches are able to be
translated into use, there is a significant amount of research required to
fully understand their roles in health and disease. The complex interplay
between progenitor populations, the niche microenvironment, and the
endocrine and immune systems, makes isolating a role for stem cells
challenging. It is possible that many of the changes seen in adult stem
cells from older adults are, in fact, a response to systemic factors such as
ongoing inflammation, oxidative stress, and changes to glucometabo-
lism. This would likely make interventions directed at the progenitors
themselves less effective. However, these interactions could also help
identify new or repurposed therapeutic targets, with molecules that
modulate these signaling pathways, potentially providing greater ther-
apeutic effects. Novel mechanisms, such as the deficiency of the anti-
ageing hormone klotho, have emerged in recent years [43], providing
key areas of future research interest. The emergence of other broad
therapeutics aimed at removing, or restoring senescent cells is also an
emerging area of interest in regenerative and progenitor cell therapies.
These treatments, commonly referred to as senolytics, hold particular
hope for stem cell populations, due to their demand for proliferative
activity, and their complex secretory networks. However, the tolera-
bility and safety of these treatments in stem cells are yet to be estab-
lished in humans, so much work remains before they can be translated.
There have however, been successful early human trials of senolytics in
other disease areas, such as pulmonary fibrosis [44], providing hope for
future progress in this area. Geroprotective diets, such as the Mediter-
ranean, caloric restriction and anti-oxidant varieties, have been shown
to reduce cell senescence in both mouse and human tissues [45,46].
Caloric restriction in particular, has been found to regulate several gene
and signaling pathways involved inmusculoskeletal fragility [47]. Other
functional micronutrients including the polyphenol resveratrol, found in
grape skins and red wine, could act as a caloric restriction mimetic,
potentially reducing possible side-effects of restricting calories in the
older person [48]. Further research is needed to fully understand the
effects of these potentially promising therapeutic pathways.

3. Conclusion

Stem cell exhaustion is a key mechanic influencing a number of
musculoskeletal diseases of older age, and has the potential for thera-
peutic use. Over the lifespan, stem cells become senescent, limiting their
differentiation and proliferation capacity, and altering their differenti-
ation, commonly shifting toward adipogenic fate. This leads to a
breakdown in the rejuvenation of bone and skeletal muscle, and con-
tributes to the development of osteoporosis and sarcopenia. Future

studies are required to isolate the primary stem cell effects, from the
systemic changes which regulate the progenitor niches in the muscle and
bone marrow, to allow for the development of targeted therapies with
strong potential for clinical translation.

Contributors

Amy Lawton contributed to the literature search and analysis, and
drafted the manuscript.

Nicholas Tripodi contributed to interpreting the data and critical
revision of the manuscript.

Jack Feehan contributed to the literature search and analysis, and
drafted the manuscript.

All authors reviewed and approved the final version and no other
person made a substantial contribution to the paper.

Funding

No funding from an external source was received for the preparation
of this review.

Provenance and peer review

This article was not commissioned and was externally peer reviewed.

Declaration of competing interest

The authors declare that they have no competing interest.

References

[1] F. Sierra, The emergence of geroscience as an interdisciplinary approach to the
enhancement of health span and life span, Cold Spring Harb. Perspect. Med. 6 (4)
(2016) a025163.

[2] T. Vos, et al., Global burden of 369 diseases and injuries in 204 countries and
territories, 1990–2019: a systematic analysis for the Global Burden of Disease
Study 2019, Lancet 396 (10258) (2020) 1204–1222.

[3] S. Bevan, Economic impact of musculoskeletal disorders (MSDs) on work in
Europe, Best Pract. Res. Clin. Rheumatol. 29 (3) (2015) 356–373.

[4] V. Gorasso, et al., The health and economic burden of musculoskeletal disorders in
Belgium from 2013 to 2018, Popul. Health Metrics 21 (1) (2023) 4.

[5] B. Kirk, A. Al Saedi, G. Duque, Osteosarcopenia: a case of geroscience, Aging Med
(Milton) 2 (3) (2019) 147–156.

[6] B.K. Kennedy, et al., Geroscience: linking aging to chronic disease, Cell 159 (4)
(2014) 709–713.

[7] B. Liu, et al., A stem cell aging framework, from mechanisms to interventions, Cell
Rep. 41 (3) (2022).

[8] Y. Liu, Q. Chen, Senescent mesenchymal stem cells: disease mechanism and
treatment strategy, Curr. Mol. Biol. Rep. 6 (4) (2020) 173–182.

[9] D. Park, et al., Endogenous bone marrow MSCs are dynamic, fate-restricted
participants in bone maintenance and regeneration, Cell Stem Cell 10 (3) (2012)
259–272.

[10] M.F. Pittenger, et al., Mesenchymal stem cell perspective: cell biology to clinical
progress, NPJ Regenerative Medicine 4 (1) (2019) 22.

[11] H. Yin, F. Price, M.A.J.P.r. Rudnicki, Satellite cells and the muscle stem cell niche,
Physiol. Rev. 93 (1) (2013) 23–67.

[12] J. Feehan, et al., Development and validation of a new method to isolate, expand,
and differentiate circulating osteogenic precursor (COP) cells, Bone Reports. 15
(2021) 101109.

[13] P.C. Baer, H.J.S.c.i. Geiger, Adipose-derived mesenchymal stromal/stem cells:
tissue localization, characterization, and heterogeneity, Stem Cells Int. (2012).
Epub - 812693.

[14] J. Feehan, et al., Higher levels of circulating osteoprogenitor cells are associated
with higher bone mineral density and lean mass in older adults: a cross-sectional
study, Journal of Bone and Mineral Research Plus. 5 (11) (2021) e10561.

[15] J. Feehan, et al., Bone from blood: characteristics and clinical implications of
circulating osteogenic progenitor (COP) cells, J. Bone Miner. Res. 36 (1) (2020)
12–23.

[16] D.M. Black, C.J. Rosen, Postmenopausal osteoporosis, New Engl. J. Med. 374 (3)
(2016) 254–262.

[17] J. Misra, et al., Zoledronate attenuates accumulation of DNA damage in
mesenchymal stem cells and protects their function, Stem Cells 34 (3) (2016)
756–767.

[18] M. Liu, et al., Adipose-derived mesenchymal stem cells from the elderly exhibit
decreased migration and differentiation abilities with senescent properties, Cell
Transplant. 26 (9) (2017) 1505–1519.

A. Lawton et al. Maturitas 188 (2024) 108066 

4 

http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0005
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0005
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0005
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0010
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0010
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0010
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0015
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0015
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0020
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0020
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0025
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0025
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0030
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0030
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0035
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0035
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0040
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0040
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0045
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0045
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0045
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0050
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0050
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0055
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0055
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0060
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0060
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0060
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0065
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0065
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0065
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0070
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0070
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0070
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0075
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0075
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0075
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0080
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0080
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0085
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0085
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0085
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0090
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0090
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0090


[19] M. Al-Azab, et al., Aging of mesenchymal stem cell: machinery, markers, and
strategies of fighting, Cell. Mol. Biol. Lett. 27 (1) (2022) 69.

[20] M.R. Reagan, C.J. Rosen, Navigating the bone marrow niche: translational insights
and cancer-driven dysfunction, Nat. Rev. Rheumatol. 12 (3) (2016) 154–168.

[21] H. Li, et al., Insulin-like growth factor binding protein 4 inhibits proliferation of
bone marrow mesenchymal stem cells and enhances growth of neurospheres
derived from the stem cells, Cell Biochem. Funct. 36 (6) (2018) 331–341.

[22] C.-M. Kong, et al., Changes in stemness properties, differentiation potential,
oxidative stress, senescence and mitochondrial function in Wharton’s jelly stem
cells of umbilical cords of mothers with gestational diabetes mellitus, Stem Cell
Rev. Rep. 15 (2019) 415–426.

[23] R.A. Denu, P. Hematti, Effects of oxidative stress on mesenchymal stem cell
biology, Oxidative Med. Cell. Longev. 2016 (2016).

[24] R.A. McGregor, et al., It is not just muscle mass: a review of muscle quality,
composition and metabolism during ageing as determinants of muscle function and
mobility in later life, Longevity & Healthspan 3 (2014) 1–8.

[25] M. Tieland, et al., Skeletal muscle performance and ageing, J. Cachexia. Sarcopenia
Muscle 9 (1) (2018) 3–19.

[26] H. Yamakawa, et al., Stem cell aging in skeletal muscle regeneration and disease,
Int. J. Mol. Sci. 21 (5) (2020) 1830.

[27] L. García-Prat, et al., Autophagy maintains stemness by preventing senescence,
Nature 529 (7584) (2016) 37–42.

[28] J.V. Chakkalakal, et al., The aged niche disrupts muscle stem cell quiescence,
Nature 490 (7420) (2012) 355–360.

[29] Liu, L., et al., Impaired notch signaling leads to a decrease in p53 activity and
mitotic catastrophe in aged muscle stem cells. Cell Stem Cell, 2018. 23(4): p.
544–556. e4.

[30] N.J. Pillon, et al., Cross-talk between skeletal muscle and immune cells: muscle-
derived mediators and metabolic implications, American Journal of Physiology-
Endocrinology and Metabolism 304 (5) (2013) E453–E465.

[31] M. Cantini, et al., Macrophages regulate proliferation and differentiation of
satellite cells, Biochem. Biophys. Res. Commun. 202 (3) (1994) 1688–1696.

[32] D. Burzyn, et al., A special population of regulatory T cells potentiates muscle
repair, Cell 155 (6) (2013) 1282–1295.

[33] J. Feehan, N. Tripodi, V.J.M. Apostolopoulos, The twilight of the immune system:
the impact of immunosenescence in aging, Maturitas 147 (2021) 7–13.

[34] Z. Al Tanoury, et al., Differentiation of the human PAX7-positive myogenic
precursors/satellite cell lineage in vitro, Development 147 (12) (2020).

[35] S. Günther, et al., Myf5-positive satellite cells contribute to Pax7-dependent long-
term maintenance of adult muscle stem cells, Cell Stem Cell 13 (5) (2013)
590–601.

[36] Y. Ogura, et al., Age-related decrease in muscle satellite cells is accompanied with
diminished expression of early growth response 3 in mice, Mol. Biol. Rep. 47 (2)
(2020) 977–986.

[37] Y. Takahashi, et al., Gastric inhibitory polypeptide receptor antagonism suppresses
intramuscular adipose tissue accumulation and ameliorates sarcopenia,
J. Cachexia. Sarcopenia Muscle 14 (6) (2023) 2703–2718.

[38] T. Zhang, et al., Intermuscular adipose tissue in obesity and related disorders:
cellular origins, biological characteristics and regulatory mechanisms, Front.
Endocrinol. 14 (2023) 1280853.

[39] T. Yue, et al., High glucose induces differentiation and adipogenesis in porcine
muscle satellite cells via mTOR, BMB Rep. 43 (2) (2010) 140–145.

[40] A. Scarda, et al., Increased adipogenic conversion of muscle satellite cells in obese
Zucker rats, Int. J. Obes. 34 (8) (2010) 1319–1327.

[41] A. Uezumi, et al., Mesenchymal progenitors distinct from satellite cells contribute
to ectopic fat cell formation in skeletal muscle, Nat. Cell Biol. 12 (2) (2010)
143–152.

[42] J.D. Starkey, et al., Skeletal muscle satellite cells are committed to myogenesis and
do not spontaneously adopt nonmyogenic fates, J. Histochem. Cytochem. 59 (1)
(2011) 33–46.

[43] A. Bian, et al., Klotho, stem cells, and aging, Clin. Interv. Aging 10 (2015)
1233–1243.

[44] J.N. Justice, et al., Senolytics in idiopathic pulmonary fibrosis: results from a first-
in-human, open-label, pilot study, eBioMedicine 40 (2019) 554–563.

[45] A.T. Maduro, C. Luís, R. Soares, Ageing, cellular senescence and the impact of diet:
an overview, Porto Biomed J 6 (1) (2021) e120.

[46] L. Fontana, et al., The effects of graded caloric restriction: XII. Comparison of
mouse to human impact on cellular senescence in the colon, Aging Cell 17 (3)
(2018) e12746.

[47] A. Murphy, et al., Dietary interventions and molecular mechanisms for healthy
musculoskeletal aging, Biogerontology 23 (6) (2022) 681–698.

[48] J. Li, et al., A comparative study of anti-aging properties and mechanism:
resveratrol and caloric restriction, Oncotarget 8 (39) (2017) 65717–65729.

A. Lawton et al. Maturitas 188 (2024) 108066 

5 

http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0095
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0095
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0100
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0100
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0105
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0105
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0105
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0110
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0110
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0110
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0110
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0115
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0115
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0120
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0120
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0120
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0125
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0125
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0130
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0130
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0135
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0135
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0140
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0140
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0145
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0145
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0145
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0150
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0150
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0155
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0155
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0160
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0160
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0165
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0165
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0170
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0170
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0170
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0175
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0175
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0175
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0180
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0180
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0180
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0185
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0185
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0185
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0190
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0190
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0195
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0195
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0200
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0200
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0200
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0205
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0205
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0205
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0210
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0210
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0215
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0215
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0220
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0220
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0225
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0225
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0225
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0230
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0230
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0235
http://refhub.elsevier.com/S0378-5122(24)00161-0/rf0235

	Running on empty: Exploring stem cell exhaustion in geriatric musculoskeletal disease
	1 Introduction
	2 Methods
	2.1 Rejuvenation of the musculoskeletal system
	2.2 The ageing skeleton – the role of stem cell exhaustion in bone
	2.3 The role of stem cell exhaustion in the ageing muscular system
	2.4 Future directions

	3 Conclusion
	Contributors
	Funding
	Provenance and peer review
	Declaration of competing interest
	References


