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Aging is frequently associated with a progressive increase in chronic low-grade inflammation, known as “inflammaging”. Nu-
merous studies have shown that inflammaging is closely linked to the development of several age-related diseases. However, the
underlying mechanism and its causal role are still not fully understood despite this association. In the complex context of ag-
ing, mesenchymal stem cells (MSCs) undergo changes in behavior and functionality. This narrative topical review examines the
recent advances in aging research, specifically focusing on the role of inflammaging and related mechanisms that contribute to
age-related chronic diseases. The authors critically investigated whether and how inflammaging, epigenetic damage, mitochon-
drial changes, and macrophage alterations may influence stem cell behavior, highlighting the interplay between these factors
and their potential therapeutic implications. By elucidating the mechanisms underlying these processes, we can gain valuable
insights into the maintenance and regeneration of stem cell populations, providing the basis for novel therapeutic strategies tar-
geting age-related decline and disease progression.
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Introduction

Aging is a complex biological process characterized
by a gradual decline in various physiological functions and
pathways, leading to increased susceptibility to age-related
diseases and, ultimately, death [1]. This decline affects
the functionality of numerous organs and systems, signifi-
cantly increasing the risk of developing age-related diseases
[2], such as neurodegenerative diseases, cardiovascular dis-
eases, infectious diseases, diabetes mellitus (DM), autoim-
mune diseases, and cancer [3]. As we age, cellular and
molecular changes occur: in fact, cells become less efficient
in repairing damage and renewing themselves, while the
immune and endocrine systems show reduced efficiency.
This progressive deterioration leads to a general weakening
of the body’s defenses, increasing its vulnerability to sev-
eral pathologies [2].

The aging process is a meticulously orchestrated sym-
phony of multiple factors, including genetic instability, epi-
genetic changes, metabolic dysfunction, telomere attrition,
mitochondrial alterations, impaired intracellular communi-
cation, and chronic inflammation [4]. Interestingly, the gut

microbiota, a vast community of trillions of microorgan-
isms residing in the human intestine, has been demonstrated
to significantly contribute to the aging process. Metabo-
lites produced by gut bacteria during food digestion and fer-
mentation, including short-chain fatty acids (SCFAs), hor-
mones, neurotransmitters, phenols, ammonia, and endotox-
ins, can enter the bloodstream and indirectly impact various
cell types, including mesenchymal stem cells (MSCs). This
complex interplay suggests that the gut microbiota may in-
fluence the conditions leading to cellular senescence and
aging [5].

A notable hallmark of aging is undoubtedly the phe-
nomenon termed “inflammaging”, which involves a state
of persistent immune system activation. This condition is
characterized by elevated levels of inflammatory markers
and activated immune cells circulating in the bloodstream.
Therefore, understanding the molecular and cellular mech-
anisms driving the onset of inflammaging may be critical to
counteract its overall detrimental effects on cells and organ
function. In this scenario, a comprehensive understanding
of aging is strategic for the development of effective pre-
ventative and therapeutic approaches to improve the health
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and quality of life of the elderly population. Therefore,
unraveling the complex interplay of factors contributing to
age-related diseases is critical to achieving this goal.

The intricate relationship between aging and stem
cell physiology, particularly the impact of inflammaging,
epigenetic modifications, mitochondrial dysfunction, and
macrophage alterations, has garnered significant attention
in recent research. This review delves into the multifaceted
nature of aging, exploring the interplay between these fac-
tors and their implications for stem cell behavior and ther-
apeutic interventions. By better understanding the mech-
anisms underlying these processes, we can gain valuable
insights into the maintenance and regeneration of stem cell
populations, paving the way for novel therapeutic strategies
targeting age-related decline and disease progression.

Role of Aging in Stem Cell Physiology

Stem cells play a vital role in tissue regeneration and
repair; attracting growing interest in the research commu-
nity working on aging. Stem cell impairment may depend
on several co-factors: aging is certainly one of the most
impacting conditions, able to profoundly influence strate-
gic physiological processes, such as tissue healing. This
aging-related decline in regenerative capacity increases the
susceptibility of individuals to various diseases, also reduc-
ing the overall regenerative and reparative capabilities [1].
Understanding how aging impacts stem cell physiology can
pave the way for therapeutic strategies aimed at improving
or restoring stem cell function, mainly in elder individuals.

A particularly dynamic area of research focuses on
how aging impacts the proliferation, differentiation, and
functionality of MSCs [6]; in the last decades, MSCs have
been largely investigated and used as therapeutic support in
several clinical applications [7], such as rheumatoid arthri-
tis [8], DM [9], bone repair [10], vascular diseases [11],
muscle repair [12], neurodegenerative diseases [13], and
many others.

Accumulating evidence suggests that MSCs actively
participate in a complex network of intracellular signal-
ing pathways, essential for maintaining tissue homeosta-
sis. Conversely, a decrease in either the number or function
of MSCs is linked to several inflammatory and degenera-
tive diseases, including DM, rheumatoid arthritis (RA), and
systemic lupus erythematosus (SLE) [14]. This qualitative
and quantitative age-related decline in stem cell function,
known as “stem cell exhaustion”, is considered a key factor
in the aging process [15]. During aging, MSCs undergo
morphological changes, reduced proliferative and differ-
entiation potential, and encounter qualitative/quantitative
changes in their composition [5]. For example, aged MSCs
exhibit a progressive shift towards senescent cell behavior,
showing a preference for adipogenic differentiation while
their osteogenic capacity decreases [16]: this process is
well-recognized, as an example, in the aetiopathogenesis

of osteoporosis [14]. Recent studies have highlighted a
close link between chronic inflammation and MSC impair-
ment, contributing significantly to the onset of various age-
related diseases. The underlying molecular mechanism in-
volves the secretion of inflammatory molecules (cytokines)
by MSCs, which in turn activate immune cells. This chain
reaction leads to tissue damage, metabolic dysfunction, and
compromised cell function [5].

Despite these challenges, aged MSCs still hold
promise for therapeutic applications, particularly when
their secretome and extracellular vesicles (EVs) are con-
sidered. Recently, a growing number of researchers have
proposed MSCs as a target or pivotal factor in tissue repair
and regeneration. The MSC secretome and related MSC-
EVs play a key role in the biological modulation of inflam-
mation, resulting in extremely important in neuroinflamma-
tion [17], autoimmune diseases [18], and bone repair [19],
among others.

In addition, numerous studies have investigated the re-
lease of EVs by senescent cells, revealing that senescent
EVs have a distinct biochemical composition, and can de-
liver signals to neighboring cells [20]. Among these inves-
tigations, the EVs released by gingival-derived mesenchy-
mal stem cells (GMSCs) have attracted attention. In aged
mice, GMSC-EVs appear to counteract some aging-related
processes by reducing oxidative stress and lowering levels
of aging markers, such as p21, mammalian target of ra-
pamycin (mTOR), interleukin 6 (IL-6), and tumor necro-
sis factor α (TNF-α) [21]. Furthermore, MSC-derived exo-
somes hold great promise for cell-free therapies due to their
ability to mitigate the risk of transplant rejection. These ex-
osomes actively promote an anti-inflammatory phenotype
in regulatory macrophages by down-regulating the expres-
sion of the pro-inflammatory cytokines IL-22 and IL-23
[22], making them excellent candidates for safe and effec-
tive treatments.

Therefore, studying the underlying stem cell aging
is crucial to gaining a deeper understanding of the patho-
physiological processes related to aging and to developing
new regenerative therapies aimed at preserving or restor-
ing stem cell functions in the elderly. This approach holds
great promise for promoting healthy aging and mitigat-
ing age-related tissue degeneration [23,24]. By elucidat-
ing the pathways and factors that contribute to MSC aging,
researchers can identify targeted interventions to enhance
MSC functionality, opening new avenues for regenerative
medicine and the treatment of age-related diseases.

Inflammaging: an Impaired Environment
Creating Dysfunction and Pathogenesis

Inflammaging, a chronic low-grade inflammatory
state, was first described by Franceschi et al. [25] in 2000;
it is considered a key aspect of the aging process, as this
phenomenon is driven by multiple factors, including mito-
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chondrial dysfunction, genetic factors, persistent infections,
obesity, chronic dysbiosis [26], and it is typically sustained
by an imbalanced immune system. Interestingly, the im-
mune system has a pivotal role in driving inflammaging, as
it increases this process by releasing pro-inflammatory fac-
tors. Pro-inflammatory cytokines are well-known to be in-
volved in the transition from acute to chronic inflammation,
and the early onset of inflammaging [27]. Recently, ani-
mal studies have demonstrated the involvement of various
cytokines, such as IL-1β, IL-4, IL-10, IL-17, Interferon-γ
(IFN-γ), nuclear factor κB (NF-κB), and TNF-α in the pro-
gression of chronic inflammation progression [28]. This
aligns with the observation of elevated levels of inflam-
matory cytokines (e.g., IL-1, IL-6, IL-18, and TNF-α),
and markers (e.g., C-reactive protein—CRP), in the blood-
stream of elderly individuals, compared to younger subjects
[29].

Based on these preliminary findings, inflammaging
seems to be a major contributor to various age-related dis-
eases [30,31]. At the cellular level, the inflammatory con-
dition is closely linked to an impairment of MSCs influenc-
ing their ability to differentiate into different cell types and
regenerate tissues [2].

Despite extensive research efforts, the exact molecular
mechanisms driving inflammaging and the related MSCs
impairment, remain unclear. Nonetheless, various lifestyle
and pharmacological intervention strategies have been pro-
posed over time to counteract this age-related inflammatory
state [32]. Mainly, those lifestyles improving the dietary
intake of calories have shown promising effects in facing
inflammaging-related conditions. Moreover, the strategies
aimed at reducing calories [33,34] by intermittent fasting,
or a healthier adherence to theMediterranean diet [35], sup-
plemented with specific nutrients (zinc, omega-3 polyun-
saturated fatty acids, vitamins C, D, and E) have obtained
interesting results in this field [36–38].

Inflammaging and Mitochondria Alterations

Mitochondria are known to act as maestros orchestrat-
ing numerous biological processes, including ionic home-
ostasis, redox balance, cell growth, and intercellular sig-
naling [39]. The biological pathways linking low-grade
inflammation and aging seem to be directly correlated to
specific mitochondria alterations [40], although the spe-
cific mechanisms are still poorly understood. In addition,
mitochondria serve as a reservoir for damage-associated
molecular patterns (DAMPs), that can amplify the inflam-
matory response [41]. In this context, a growing body of
research, suggests that the mitochondrial genome may also
play a key role in the aging process [42]. Specifically, dys-
functions and alterations in the mitochondrial genome can
lead to a decrease in adenosine triphosphate (ATP) synthe-
sis and an increase in the generation of reactive oxygen
species (ROS), both variously associated with age-related

diseases [43]. Furthermore, the critical role ofmitochondria
in the complex interplay between infection and inflamma-
tion has attracted interest in their potential role as targets
for therapeutic intervention. Undoubtedly, the key mito-
chondrial mechanisms, such as mitophagy, ROS produc-
tion, and inflammasome activation [44] are deeply investi-
gated to understand how mitochondria may impact inflam-
maging. In particular, the Nod-Like Receptor Protein 3
(NLRP3) inflammasome, a multi-protein complex involved
in the innate immune response, has gained significant at-
tention in the context of aging and age-related diseases
[45]. Over time, the dysregulation of the NLRP3 inflamma-
some has been associated with various diseases, including
metabolic syndrome [46], atherosclerosis, type II diabetes,
and Alzheimer’s disease [47].

Recently, the mitochondrial calcium uniporter com-
plex (MCUC) has been investigated as a strategic molec-
ular pathway able to merge tissue aging and systemic
macrophage-mediated age-associated inflammation; this
intriguing finding may lead to speculate about novel
treatments for inflammaging, based on the restoration
of mitochondrial calcium (mCa2+) uptake capacity in
macrophages [48].

From the clinical point of view, taking diabetes as an
example, previous studies [49,50] have demonstrated that
high-glucose levels can progressively reduce the survival
rate of MSCs, down-regulating the mitochondrial com-
plexes I, IV, and V in high glucose conditions [51]. Thus,
mechanistically, preserving the mitochondrial complexes
from alterations may help the overall MSCs survival rate
in patients with hyperglycaemia (HG) [52].

In the last decades, various strategies have been ex-
plored to optimize the mitochondrial functions occurring
in inflammaging-related conditions. These strategies basi-
cally focus on three key aspects: (i) increasing mitochon-
drial abundance, (ii) enhancing mitochondrial morphology
and environment, and (iii) boosting the basal mitochon-
drial activity [53]. In this context, the use of mitochondria-
targeted antioxidants to counteract oxidative damage and
interventions that promote mitochondrial biogenesis and
mitophagy (the selective removal of dysfunctional mito-
chondria) are considered promising. Nonetheless, the mod-
ulation of NLRP3 inflammasome activity has shown a dis-
crete potential in mitigating chronic inflammation, conse-
quently enhancing the therapeutic outcomes in several in-
flammatory age-related diseases.

Similar considerations can be also extended to MSCs:
in fact, maintaining a balanced mitochondrial behavior may
be helpful in reducing cellular senescence, thus improving
the MSC longevity and performance in the field of regen-
erative medicine [54–58].
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Crosstalk among Stem Cell Functions and
Macrophage Alterations

During inflammaging, macrophages can turn against
the body, releasing inflammatory cytokines and ROS,
which can damage tissues and amplify the inflammatory
response. Scientists are even more interested in under-
standing the intricate interaction between macrophages and
MSCs [59]. These two cell types communicate in a
two-way feedback loop, influencing each other’s behav-
ior and functions. MSCs act like maestros, regulating how
macrophages perform their tasks: polarization, phagocyto-
sis, and metabolism. In turn, macrophages can influence
MSCs behavior, affecting their differentiation, migration,
apoptosis, and immunomodulatory functions. This bidi-
rectional interplay is crucial for various physiological and
pathological processes, from tissue repair and inflamma-
tion control to even cancer prevention [60]. Although the
field is still young, research on MSCs-macrophages inter-
action is extremely promising in the treatment of various
diseases. For example, MSCs can be used to treat liver
diseases (such as acute liver injury and liver fibrosis) by
inhibiting proinflammatory macrophages (M1) and stimu-
lating anti-inflammatory macrophages (M2), thereby pro-
moting the resolution of inflammation [61]. Similarly, a
study suggests their potential in the treatment of diabetes
by modulating macrophage polarization and promoting an
anti-inflammatory M2 phenotype, thereby improving in-
sulin sensitivity [62]. Based on these considerations, by
exploring the complexities of this cellular communication
network (MSCs-macrophages) researchers can develop in-
novative regenerative and immunomodulatory therapies.

Epigenetic Damage Impact on Limited Stem
Cells Functionality

The aging of stem cells is likely controlled by a mul-
tifactorial network in which epigenetics plays a pivotal
role. In the field of modern aging research, there is an
increasing focus on the development of epigenetic “ag-
ing clocks”, which involve the comprehensive mapping of
DNA changes across various human tissues [63]. Over
time, several epigenetic clocks have been developed, such
as the “PhenoAge” of Levine [64], showing a strong cor-
relation with gene expression related to damage and repair
mechanisms [65]. An acceleration of “PhenoAge” has been
shown to be linked to chronic inflammation, reduced re-
sponse to DNA damage, and even mitochondrial dysfunc-
tion [64].

In this scenario, epigenetic studies reveal a complex
interplay orchestrated by an ensemble of enzymes [66].
Key enzymes, such as DNA methyltransferases, histone
acetylases and deacetylases, methylases, and demethylases,
work synergistically to establish and maintain the epige-
netic patterns that regulate gene expression. Protein com-

plexes are also crucial for chromatin remodeling and the
synthesis and maturation of non-coding RNA (nc-RNA)
[2]. Furthermore, changes in gene expression and epi-
genetic modifications contribute to the aging of MSCs
[67,68]. Therefore, understanding and potentially preserv-
ing the epigenetic state ofMSCs is essential for maintaining
their regenerative potential throughout life.

In the therapeutic context, where the use of certain
MSCs lineages, such as adipose-derivedmesenchymal stem
cells (Ad-MSCs), faces numerous challenges, recent stud-
ies have shed light on the epigenetic mechanisms linking,
for instance, DM with hypermethylation of Ad-MSCs trig-
gered by specific hypermethylated gene promoters [67].
Furthermore, remaining in the context of diabetes, Alicka
et al. [69] have elucidated the detrimental effects of type II
diabetes on Ad-MSCs, revealing impaired functions such
as proliferation, viability, mitochondrial dynamics, antiox-
idant defenses, and secretory capacity, thus reducing their
therapeutic efficacy. Specifically, the authors identified
significant alterations in the expression of miRNAs that
regulate cell proliferation (miR-16-5p, miR-146a-5p, and
miR-145-5p), as well as key miRNAs and genes involved
in glucose homeostasis and insulin sensitivity (miR-24-3p,
140-3p, miR-17-5p, SIRT1, HIF-1α, LIN28, FOXO1, and
TGFβ) [69].

These findings highlight the urgent need for strategies
aimed at modulating epigenetic modulations and enhancing
the functionality ofMSCs, opening new perspectives for the
development of effective therapeutic approaches to aging
and age-related diseases.

Discussion

Within the field of aging research, the concept of “in-
flammaging” has emerged as a pivotal area of exploration
[70]. While the topic of aging has captured growing inter-
est, it undoubtedly presents numerous complex challenges.
Unraveling the complex control mechanisms governing ag-
ing is a main challenge: in fact, researchers are investigat-
ing a novel strategy aiming at targeting specific molecules
that have a pivotal role in orchestrating the homeostasis of
aging-related processes. This strategy highlights the im-
portance of effective preventive strategies and treatments,
given the expanding global geriatric population [71]. Col-
lectively, these conditions represent both a challenge and
an opportunity to face a unique therapeutic strategy for
some severe human diseases. In this review, the authors
explore an intriguing perspective: inflammaging, epige-
netic damage, mitochondrial dysfunction, and macrophage
deficit contribute, like discordant notes, to the progres-
sive alteration of the perfect symphony played by human
cells, anticipating the further decline of the overall regener-
ative/reparative capabilities of the human body. The close
interactions among inflammation, aging, mitochondria, and
macrophages, represent a complex mosaic that slightly the
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multi-level feedback between immunology, inflammaging,
and stem cell physiology: understanding these challeng-
ing pathways means a step forward towards highly person-
alized medicine [72], performing customized treatments,
based on patients’ characteristics and clinical needs. In our
review, we have also described several concepts of basic
medicine that shed light on a number of potential clinical
issues. Specifically, one of the most useful applications of
understanding aging mechanisms is the early identification
of biomarkers associated with inflammaging and stem cell
dysfunction. By pinpointing these biomarkers, healthcare
providers could diagnose age-related diseases at an earlier
stage, potentially delaying or preventing their onset and al-
lowing for interventions before significant disease progres-
sion occurs [73].

Targeted therapies represent another promising av-
enue, focusing on the development of treatments that di-
rectly address the specific mechanisms involved in ag-
ing processes. For instance, targeting inflammaging could
aid in developing therapies that mitigate inflammatory re-
sponses at the cellular and multi-organ levels. Similarly,
addressing mitochondrial dysfunction can lead to the most
effective energy production and reduced oxidative stress;
these effects might inspire therapies aimed at enhancingmi-
tochondrial efficiency or reducing oxidative damage, both
severe issues in several clinical diseases. Moreover, under-
standing and manipulating the onset of epigenetic changes,
which involve modifications in gene expression without al-
tering the DNA sequence, could provide insights into re-
versing or slowing aging processes. Finally, alterations in
macrophage function, which play a crucial role in immune
response, could also be targeted tomaintain immune system
efficiency over time [74].

An important factor in aging-related diseases is related
to the reduced stem cell function. As stem cells are pivotal
for tissue repair and regeneration, improving their function
could reroute the current approach to organ repair in the
elderly. From the clinical point of view, this could lead
to breakthroughs in treating conditions like degenerative
joint diseases, cardiovascular diseases, and neurodegener-
ative disorders, significantly enhancing quality of life and
lifespan [11].

Finally, the overarching goal of these interventions is
to promote healthy aging, ultimately improving the quality
of life for the elderly population. By addressing and poten-
tially reversing the underlying mechanisms of aging, these
strategies could lead to increased health span and reduced
incidence of age-related diseases, allowing older adults to
enjoy more active lives well into their later years.

Conclusions

In our review, we have comprehensively investigated
the intricate relationship between aging and the most im-
pacting co-factors, such as inflammation, organelles dys-

function and stem cell behavior. Overall, we can summa-
rize the core points into 3 major factors able to influence the
aging process:

- Factors related to inflammation: in this field, ma
main role is played by the inflammaging, the chronic, low-
grade inflammation, closely linked to the decline of stem
cell function and the development of age-related diseases.

- Factors related to functional alterations: here, we can
list all such functional impairments involving mitochondria
and macrophages, contributing to the increase of oxidative
stress and releasing inflammatory signals.

- Factors related to stem cell behavior: the combined
effects of inflammaging, mitochondrial dysfunction, and
immunological alterations, leading to a decline in stem cell
function, and contributing to age-related degenerations and
diseases. Alterations in the epigenome, and some chemical
modifications of specific genes, seem to have also impact
on stem cell behavior and contribute to aging.

The relentless progression of aging is thus driven by
a chronic low-grade inflammation, known as “inflammag-
ing”; nonetheless, several other important co-factors may
influence the quality and severity of the aging process as
well. Recent research has widely and undoubtedly con-
firmed the crucial role of epigenetic changes, mitochon-
drial dysfunction, and macrophage alteration: these factors,
like discordant notes in a once-perfect symphony, gradually
diminish the body’s ability to regenerate and repair itself.
Understanding the complex interplay between inflammag-
ing, epigenetics, mitochondria, and macrophages harbors
significant promise. Deciphering these complex pathways
sets the stage for highly personalized medical approaches,
enabling tailored treatments in line with the patient’s indi-
vidual characteristics and clinical requirements.

Future research efforts should prioritize identifying
the key drivers of chronic inflammation; in fact, a deeper
understanding of the molecular mechanisms underlying in-
flammaging could lead to the identification of novel strate-
gic therapeutic targets. Once key targets are identified,
the development of targeted interventions, such as specific
drugs or modifications of lifestyle, could help to mitigate
the effects of inflammaging and may improve the overall
stem cell activity. In this landscape, investigating the indi-
vidual variations in inflammaging and stem cell aging could
pave the way for personalized medicine approaches, tailor-
ing treatments to the specific needs of each patient.

Of course, future efforts should include the design of
longitudinal clinical studies able to track changes in aging
development over time, providing valuable insights into the
possibility of promoting early intervention on specific risk
factors.
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