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Abstract

Aging causes exhaustion of stem cells (SCs), loss of regenerative potential, and thereby makes them
susceptible to age-related diseases (ARDs), known as cellular senescence. Senescent stem cells
(SenSCs) secrete Senescence-Associated Secretory Phenotypes (SASPs) that synergistically exacerbate
inflammation. Alongside this, they secrete Senescence-Derived extracellular vesicles (SenEVs) that
carry a diverse array of molecules that transmit senescence-inducing signals to distant cells and
tissues throughout the body, intensifying the detrimental effects of ageing and fostering a pro-
tumorigenic microenvironment (PTME). In this review, we comprehensively assess these EVs, their
distinct microRNA (miRNA) landscape, protein cargo, including extracellular matrix (ECM)
remodeling enzymes and inflammatory cytokines, lipid profiles, and metabolomic signatures.
Critically, we elucidate how SenEVs drive systemic ageing through paracrine transmission of
senescence, impairing tissue regeneration by propagating oxidative stress, disrupting stem cell
niches, and contributing to organ-specific ageing. Furthermore, we discussed their role as pro-cancer
factors by remodeling the tumor microenvironment (TME), as they carry oncogenic miR-21 and miR-
34a, which promote immune evasion and facilitate metastatic spread. Given their pervasive influence,
SenEVs offer significant therapeutic opportunities, ranging from biomarkers of biological ageing to
strategies to block harmful EVs and to engineer therapeutic EVs for targeted delivery. Future
directions on SenEV research should focus on standardization, single-cell EV biology, organ-specific
EV mapping, multi-omics integration, and Al-driven research. This integrated perspective
underscores the profound clinical and global relevance of SenEVs as innovative targets for combating
cancer and ARDs.
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1. Introduction

Stem Cells (SCs) are defined by their self-renewal capability to differentiate into various
specialized cell types [1]. During ageing, they become exhausted, characterized by reduced self-
renewal and differentiation potential, leading to decreased tissue regeneration and increased
susceptibility to ARDs [2]. The stem cell population also decreases, thereby losing its capacity to
maintain tissue homeostasis and altering normal physiology [3]. Cellular senescence involves a stable
arrest of the cell cycle in response to multiple stresses, including DNA damage, oxidative stress, and
oncogenic activation [4]. This form of permanent cell cycle arrest is generally classified into two types:
i) Replicative senescence, when it results from reaching the intrinsic division limit, for instance, as a
consequence of telomere shortening and ii) Stress-induced senescence, when evoked by cellular
assaults such as DNA damage, oxidative stress, or oncogene activity[5,6]. In addition to growth
arrest, individual senescent cells (SenCs) can rapidly alter their immediate microenvironment by
secreting SASP, which primarily comprises growth factors, cytokines/chemokines, and ECM
remodeling proteins [7]. While SASP can have beneficial effects, such as wound healing and immune
cell recruitment, its chronic presence is associated with ARDs and cancer, due to excessive secretion
of pro-inflammatory signals into the tissue microenvironment [7,8]. When SenSCs and their active
SASP can disrupt tissue integrity and function, they can critically initiate a second wave of senescence
that affects nearby non-5enSCs [9]. In addition, the accumulation of SenSCs can negatively impact SC
function by altering a key niche through secreted mediators that are critical for tissue homeostasis
and repair [10]. EVs released by immune cells, tumor cells, and SCs carry signals over longer
distances than soluble SASP factors and contribute to a variety of physiological and pathological
processes, including immunomodulation, cell differentiation, metabolism, cancer, and autoimmunity
[7,11]. SenEVs that can trigger senescence in neighboring cells, thereby amplifying the ageing process
and leading to widespread regeneration failure [12]. Aged bone marrow macrophages also cause
systemic dysfunction, helping to create a PTME that facilitates the development of cancer, such as
when tumour EVs can produce distant metabolic disorders [13]. This comprehensive review aims to
bridge this knowledge gap by proposing a novel concept that precisely integrates the roles of SenEVs
in orchestrating systemic ageing, debilitating regenerative capacity, and promoting cancer
progression. By elucidating this "missing link," we anticipate gaining a more profound
understanding of the ageing mechanism and identifying innovative therapeutic targets for ARDs and
cancer.

2. Fundamentals of Extracellular Vesicle Biology

EVs are lipid bilayer-enclosed biomolecular packages released by cells into their surrounding
environment [14] Figure 1. They transmit signals between cells, influencing a wide range of
physiological and pathological processes throughout the body. EVs are categorized into three main
subgroups: exosomes, microvesicles, and apoptotic bodies [15]. Exosomes are small EVs typically
ranging in diameter from 30 to 150 nm. They originate from multivesicular bodies within the
endosomal system, following a unique formation pathway [16]. In contrast, microvesicles are larger,
measuring 100-1000 nm in diameter, and bud directly from the plasma membrane, while apoptotic
bodies are released during cellular lysis [17] Figure 1. Besides these established types, researchers
have identified newer entities like exomeres and supermeres, which are important in transporting
proteins and nucleic acids. Once formed, EVs are released into the extracellular space and then taken
up by recipient cells through various mechanisms, including clathrin-dependent endocytosis, where
the cell membrane forms coated pits to internalize substances, caveolin-mediated uptake,
characterized by small invaginations of the plasma membrane macropinocytosis, a non-specific
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pathway involving large vesicles phagocytosis, mainly used by immune cells to engulf larger
particles and direct fusion with the plasma membrane, where the EV membrane merges directly with
the cell membrane [18,19]. The secretion of EVs is affected by aging cells, which influences paracrine
senescence and processes linked to inflammatory aging[20]. For example, recent research has
identified new markers in small extracellular vesicles (sEVs) from senescent and progeria cells,
indicating a unique profile of these vesicles associated with aging [21]. EVs carry tiny non-coding
RNAs that are highly significant because they can alter gene expression, which impacts numerous
cellular processes, ranging from development to disease progression [22]. The protein cargo of EVs
can be distinct, showing what the parent cell is doing, and commonly contains SASP-like factors,
metabolic enzymes, and stress-related proteins. Lipids maintain the structural integrity of EVs and
facilitate signaling, including oxidized lipids and ceramides[23]. Moreover, EVs transport ageing-
related metabolites, which facilitate the metabolic reprogramming of recipient cells, affecting their
health and disease conditions [24].
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Figure 1. Biogenesis, molecular architecture, and heterogeneity of EVs. The upper panel illustrates a canonical
EV membrane enriched in cholesterol, sphingomyelin, and phospholipids, decorated with tetraspanins (CD9,
CD63, CD81), receptors, signaling molecules, and transmembrane and cytoskeletal proteins, and enclosing
diverse bioactive cargo including DNA, RNA, and intracellular proteins. The lower panels depict EV biogenesis
pathways: exosomes (30-150 nm) originate from the endosomal system and are released upon fusion of
multivesicular bodies with the plasma membrane; microvesicles (100-1000 nm) are generated by direct outward
budding of the plasma membrane; and apoptotic bodies (500—2000 nm) arise from membrane blebbing during

programmed cell death.

3. Stem Cell Senescence: Mechanisms and Pathways
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Stem cell senescence causes permanent cell cycle arrest through stressors like DNA damage and
oxidative stress, reducing regenerative capacity, and its key mechanisms include molecular drivers,
core regulatory pathways, and telomere shortening, leading to SASP secretion.

3.1. Stem Cell Types and Their Ageing Profiles

The aging of SCs is a widespread phenomenon. Each SC population displays unique aging
characteristics that correspond to its specific functions and surrounding environments [25].
Mesenchymal Stem Cells (MSCs) play a crucial role in tissue repair and regeneration [26]. Senescence
in these «cells results in a considerable decline in their beneficial functions,
including immunomodulation and regenerative capabilities [27]. In contrast, they begin to exhibit
pro-inflammatory and pro-ageing features, as observed in an in vivo model of systemic ageing and in
prolonged culture in vitro, thereby limiting their therapeutic potential in regenerative medicine [28].
Similarly, Senescence in hematopoietic Stem Cells (HSCs) plays a significant role in the development
of age-related immune dysfunction and elevates the risk of hematological malignancies [29]. Neural
Stem Cells (NSCs) are crucial for brain repair and neurogenesis, Cardiac Progenitors are essential for
maintaining heart tissue, and Satellite Cells are critical for muscle regeneration [30]. Senescence in
these cells directly impacts their ability to contribute to tissue regeneration and repair [31] The
molecular characteristics and specific vulnerabilities of aged SCs exhibit significant variability across
tissues, underscoring the considerable differences among stem cell populations and the organ-
specific aspects of ageing [32].

3.2. Molecular Drivers

SC ageing is influenced by a complex interaction of molecular mechanisms that compromise
their integrity and functionality Figure 2. DNA damage accumulation and telomere shortening are
two vital factors that influence cellular ageing and affect all cell types, including SCs [33,34]. During
SC replication, telomeres gradually shorten, and once a critical length is reached, a DNA damage
response is initiated, leading to cell cycle arrest and subsequent senescence [5,35]. The accumulation
of different kinds of DNA damage impairs the functionality of SCs and their ability to regenerate.
Mitochondrial dysfunction is another important driver of cellular senescence, characterized by
increased reactive oxygen species (ROS) production and accumulation of mitochondrial DNA
mutations [36]. This condition significantly disrupts cellular metabolism and heightens oxidative
stress, contributing to the decline and exhaustion of SCs [37]. Epigenetic modifications, which
regulate gene expression while leaving the DNA sequence intact, exhibit notable alterations as
organisms age [38]. Alterations in DNA methylation, histone modifications, and chromatin
remodeling have the potential to modify gene expression patterns that are essential for maintaining
SC identity and function [39]. Such changes may result in reduced stemness and diminished
regenerative capacity. Finally, chronic inflammatory responses, commonly referredto as
"inflammaging," create a sustained, low-grade inflammatory environment that adversely affects SCs.
This condition leads to functional damage and accelerates the process of senescence [40].
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Figure 2. Molecular pathways driving cellular senescence and systemic ageing.

DNA damage, telomere attrition, mitochondrial dysfunction, and epigenetic alterations activate key regulatory
pathways, such as the p53—p21 axis and metabolic signaling networks involving mTORC1, PI3K, AMPK, Wnt,
and Notch, leading to irreversible cell-cycle arrest and the establishment of cellular senescence. Senescent cells
subsequently develop SASP, releasing pro-inflammatory cytokines, chemokines, and SenEVs, which propagate

paracrine senescence and contribute to inflammaging and progressive tissue dysfunction associated with ageing.

3.3. Core Regulatory Pathways

Numerous pathways (Figure 2) are intricately involved in controlling SC senescence and its
progression. The cyclin-dependent kinase (CDK) inhibitors p21Cipl and plélnk4a have been
identified as significant markers of cellular senescence [41]. Their increased expression leads to
permanent cell cycle arrest. In particular, plélnk4a inhibits CDK4/6, thereby blocking the transition
from the G1 to the S phase of the cell cycle [42]. Conversely, p21Cip1 inhibits CDKs; the expression
patterns of p21Cip1 and pl6Ink4a transcripts vary across cell types and tissues, and co-expression is
often absent [43]. Additionally, the tumor suppressor p53 protein is activated by stress signals, such
as DNA damage, cell cycle arrest, or apoptosis, thereby contributing to senescence[44]. The mTOR-
S6K pathway serves as an essential regulator of cell development, metabolic processes, and ageing,
and its dysregulation speeds up senescence[45]. The AMPK-SIRT pathway plays a crucial role in
nutrient sensing and metabolism regulation[46]. Dysregulation of this pathway may lead to SC
senescence. Moreover, Wnt inhibition is required for SC self-renewal and differentiation, related to
SC ageing and loss of regenerative ability[47]. Moreover, Notch dysregulation affects SC niches,
controls SC fate, and triggers SCs to act strangely during ageing [48]. The interplay of these pathways
creates a multifaceted network that regulates the senescent phenotype in stem cells.
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3.4. Distinctive Senescence-Associated Secretory Phenotype (SASP) in Stem Cells

The SASP in stem cells differs from that in fibroblasts, with cytokines, chemokines, growth
factors, and proteases that vary significantly depending on the cell type and tissue of origin [49].This
tissue-specific variation raises the possibility that the SASP of SenSCs contains special elements
designed to modulate their regeneration capabilities[7]. For example, the SASP of senescent MSCs
loses its beneficial features and acquires pro-inflammatory and pro-ageing activities, promoting
detrimental effects rather than repair [50]. Additionally, there are tissue-specific differences in SASP
and specific senescence markers, such as p21Cipl or pl6lnk4a, suggesting a close regulatory link
between the activation of senescence pathways and subsequent secretion. Additionally, SenEVs and
the SASP interact through paracrine senescence, thereby effectively spreading tissue signals to nearby
cells and distant tissues, amplifying the systemic effects of ageing and disease (Figure 2)[51].

4. Composition of Senescent Stem Cell-Derived EVs

SenEVs carry a complex cargo of biomolecules, which reflects the senescent state and metabolic
reprogramming of the parent SC, acting as potent messengers that can propagate pro-ageing and
pro-tumorigenic signals throughout the organism (Figure 3).
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Figure 3. Molecular composition of senescent stem cell-derived extracellular vesicles. (A) The miRNA profile

shows enrichment of senescence-associated and proliferation-suppressing miRNAs, along with reduced levels
of miRNAs regulating metabolic and inflammatory pathways. (B) Protein cargo comprises ECM-remodeling
enzymes, inflammatory cytokines, senescence markers, glycolytic enzymes, and DNA fragments associated with
genomic instability. (C) Lipid composition includes ceramides and oxidized fatty acids linked to lipotoxicity and
membrane dynamics. (D) Metabolomic features include elevated succinate and lactate levels, accompanied by

increased ROS, collectively promoting paracrine senescence and age-related tissue dysfunction.

4.1. miRNA Landscape

The miRNA landscape within SenEVs undergoes significant alterations compared to EVs from
young, healthy SCs (Figure 3A). For instance, senescence-associated miR-34a has been observed to
increase with age in circulating EVs derived from muscle, inducing senescence in bone marrow stem
cells (BMSCs) and thereby impairing their regenerative potential[52]. Additionally, miR-34a is deeply
implicated in the MSC senescence process by targeting NAMPT and regulating the NAD+-Sirtl
pathway, which is essential for cellular metabolism and longevity [53]. Moreover, miR-29a and miR-
29c have been identified in plasma EVs from aged mice and humans, contributing to the propagation
of the senescent phenotype[54]. Conversely, miR-146a has been reported to alleviate UVA-induced

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.1104.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 May 2026 d0i:10.20944/preprints202605.1104.v1

7 of 23

inhibition of proliferation and to suppress ageing-related genes, indicating its role in ageing [55] . In
stark contrast to these pro-senescence miR-17, miR-19a/b, and miR-92a/b were observed to be
downregulated in EVs from aged mice compared to those from young mice. This downregulation is
directly linked to increased p21/CDKN1A expression, a key cell cycle inhibitor regulating senescence
and proliferation[56]. These shifts in miRNA cargo within SenEVs underscore their profound impact
on cellular function, influencing a wide array of age-related conditions by modulating gene
expression in recipient cells[57].

4.2. Protein Cargo

The protein cargo of SenEVs transports ECM remodeling proteins, including Matrix
Metalloproteinase, which degrade the ECM and, consequently, damage tissue architecture and repair
(Figure 3B) [58,59]. Proteomic investigation of the SASP of fibroblasts has demonstrated a significant
presence of plasma membrane proteins within EVs, suggesting the active packaging and release of
specific cellular components [60]. Inflammatory cytokines are also packed into these EVs in large
amounts, which triggers "inflammaging". Moreover, additional senescent markers, including
ATP6VOD1 and RTN4, are specific indicators for detecting and monitoring senescence within EV
cargo [21]. Furthermore, SenSCs display markedly modified metabolic states, characterized by
elevated amounts of enzymes associated with the glycolytic pathway, including hexokinase,
phosphoglycerate kinase, and phosphoglycerate mutase [61].These metabolic enzymes alter the
metabolic programs to recipient cells. SenEVs also contain various DNA fragments that are not direct
protein markers of DNA damage but rather parts related to genomic instability that can trigger
inflammatory pathways in nearby cells, causing stress and dysfunction [62,63].

4.3. Lipid Composition

Lipids from structural integrity of the EV membrane influence its biological characteristics and
signaling roles, thereby affecting EV stability, targeting, and fusion with recipient cells (Figure
30)[64]. The lipid composition of SenEVs changes notably, leading to metabolic imbalance and stress
in ageing cells [65]. Significant lipidomic signatures associated with ageing have been observed in
quiescent NSCs from older individuals, revealing notable alterations in complex membrane lipids,
including phospholipids and sphingolipids, as well as a remarkable rise in polyunsaturated fatty
acids[66]. These compositional alterations enhance the levels of oxidized fatty acids and lipid profiles
associated with inflammation. However, ceramide production is essential for the release of these
lipotoxic EVs. In particular, ceramide C24:1 has been directly linked to cellular senescence,
underscoring its role in the production of various lipid species during the ageing process [67].

4.4. Metabolomic Profile

Metabolic changes are a key component of cellular senescence, which influences the ageing
process (Figure 3D)[68]. SenSCs frequently show increased mitochondrial ROS production and
elevated succinate levels [69]. Succinate is an essential intermediate in the TCA cycle that accumulates
in cells [70] . It is released into the extracellular environment by various cell types, including cancer
cells, strongly suggesting its presence in SenEVs [71]. Similarly, the increased activity of glycolytic
enzymes in SenSCs suggests a greater production and possible encapsulation of metabolites, such as
lactate, within their EVs, indicating a transition towards glycolysis for energy generation[71].
Although existing research does not provide direct data on fumarate in SenEVs, the overall metabolic
changes observed in SCs suggest that various ageing-related intermediates may also play a crucial
role in EV cargo composition. The principal mechanisms and signaling pathways through which
SenEV cargo influences recipient cell function are summarized in Table 1.
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Table 1. SenEV-mediated signaling mechanisms, target pathways, and biological consequences in recipient cells.
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5. EVs as Drivers of Stem Cell Aging and Systemic Aging
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SenEVs drive both localized SC ageing and the systemic propagation of ageing, owing to their
unique cargo and potent intercellular communication capabilities, thereby extending the detrimental
effects of senescence far beyond the originating cell. The paracrine and systemic propagation of
senescence mediated by SenEVs is illustrated in Figure 4.
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Figure 4. Senescent stem cell-derived extracellular vesicles promote systemic ageing. SenEVs containing
senescence-associated molecular cargo that enter the circulation and are taken up by distant tissues. These
vesicles propagate senescence signals, impair regenerative capacity, and contribute to organ-specific ageing in
skeletal muscle, heart, brain, and bone. Circulating SenEV cargo, including miRNAs, lipids, and metabolites,
may also serve as biomarkers of biological ageing. Collectively, SenEV signaling promotes stem cell exhaustion,

reduced tissue regeneration, and the development of age-related diseases.

5.1. Paracrine Transmission of Senescence

SenEVs influence ageing through paracrine transmission of senescence, as aged bone marrow
macrophages release EVs that trigger a secondary senescence response in adjacent non-SCs, via a
bystander effect [81,82]. The molecular mechanisms behind this effect are complex, involving the
transfer of particular EV cargo, including miRNAs, proteins, and even DNA fragments, which can
induce a senescent state in recipient cells. Evidence for this widespread phenomenon comes from
both in vitro & in vivo studies, in which healthy cells exposed to SenEVs acquire senescent traits. For
example, in vivo engraftment-based senescence models have demonstrated that SenEVs modulate
inflammatory responses and may influence cancer recurrence[83].This evidence suggests that
circulating SenEVs can play a crucial role in extrinsically induced senescence across various cell types
and tissues, thereby hastening the overall ageing process throughout the organism [84].

5.2. Impaired Regeneration Mechanisms

SenEVs significantly to hamper tissue regeneration by spreading oxidative stress. However, EVs
originating from healthy cells can reverse oxidative damage by delivering antioxidant enzymes and
molecules. Additionally, oxidative stress can unexpectedly alter the redox status of target cells,
possibly transporting pro-oxidant species that worsen cellular injury and ultimately impair their
ability to regenerate [85]. The function of SCs depends on their niche, which declines with age,
leading to a significant decrease in regenerative capacity throughout the body [86]. Although direct,
comprehensive evidence for the suppression of all Wnt, Hedgehog, and JAK/STAT pathways by
SenEVs within the SC niche is still emerging, research clearly shows that Wnt signalling activation
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plays a crucial role in MSC ageing [80]. This pathway, when activated, causes a significant reduction
in senescence. Conversely, noncanonical Wnt5a signalling has been shown to regulate tendon
stem/progenitor cell senescence[87]. Therefore, the contents of SenEVs may disrupt these essential
pathways, further undermining the integrity and functionality of the SC niche and hindering effective
regenerative processes.

5.3. Organ-Specific Ageing

The impact of SenEVs on ageing manifests differently across organs, depending to their effects
on tissue regeneration and ageing, as summarized in Figure 5.
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Figure 5. Senescent extracellular vesicles drive age-related tissue degeneration across organs. This schematic
illustrates the organ-specific effects of senEVs. (A) Skeletal muscle: senEV-associated miR-34a signaling impairs
muscle stem cell function, reducing myogenesis and muscle fiber size, leading to sarcopenia. (B) Heart: senEVs
suppress cardiomyocyte proliferation and promote fibrosis, limiting cardiac regeneration. (C) Brain: senescence
signaling reduces hippocampal neurogenesis by inhibiting neural stem cell differentiation, contributing to
cognitive decline. (D) Bone: senEVs disrupt bone homeostasis by decreasing osteoblast activity and increasing

osteoclast activation, resulting in net bone loss and increased fracture risk.

5.3.1. Skeletal Muscle Ageing

The ageing of skeletal muscle is marked by a notable reduction in both muscle mass and
functionality, known as sarcopenia [88], and it is linked to the impairment of muscle SCs, particularly
satellite cells [89]. EVs are essential for the complex interactions between satellite cells and other
skeletal muscle cells throughout muscle regeneration [90]. However, alterations in the secretome and
EVs from older skeletal muscle cells can significantly contribute to the decline associated with ageing
[91]. Therefore, the quality of Satellite cell EVs is vital for proper ECM deposition and hypertrophy,
both of which are crucial for muscle repair and growth (Figure 5A).

5.3.2. Cardiac Ageing

Cardiovascular ageing impairs the regenerative capacity of the heart muscle by altering
cardiomyocyte turnover and increasing the risk of cardiovascular diseases (CVDs) [92]. SC-derived
EVs have shown significant promise in cardiac repair and regeneration, offering protection to the
heart from various pathological conditions by reducing cellular senescence [93,94]. However,
cardiomyocytes are vulnerable to stress due to their limited regenerative capacity. EVs can serve as
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essential biomarkers for CVDs by reflecting the condition of cardiac tissue with high precision [95].
The specific role of SenEVs in reducing cardiomyocyte turnover and the resulting cardiac dysfunction
remains a vigorous area of current research. Several studies have confirmed that the pro-senescent
factors released by SenEVs are associated with declines in cardiac function and regenerative capacity
with ageing (Figure 5B).

5.3.3. Neuroregeneration

The ageing human brain accumulates SCs, which play a direct role in neurodegenerative
diseases because NSC-derived EVs typically facilitate neurogenesis, immunomodulation, and
neuroprotection [96,97]. Additionally, MSC-derived EVs have demonstrated potential to enhance
cognitive function by stimulating neurogenesis in the ageing brain [98]. Furthermore, studies have
shown that SenEVs diminish the brain's regenerative capacity by accelerating vascular senescence
and releasing SASPs during aging [99]. As a result, SenEVs directly contribute to decreased
neurogenesis and cognitive decline by spreading senescent signals or negatively affecting the brain
microenvironment, hence exacerbating age-related neurological problems (Figure 5C).

5.3.4. Bone Ageing

EVs are significant mediators in the intricate interaction between bone and muscle, as miRNAs
from skeletal muscle and bone tissue cell EVs move between these tissues to control this critical
interaction [100]. As a result, senescent bone cells' EV cargo directly contributes to age-related
deterioration in bone density and function, potentially yielding specific osteoporosis-related EV
profiles that could serve as diagnostic markers (Figure 5D).

5.4. EVs as Biomarkers of Biological Ageing

SenEVs harbor certain miRNAs that serve as significant indicators of biological age and ARDs.
For instance, circulating miRNAs 486 and 146a serve as potential biomarkers for sarcopenia [101].
Moreover, miRNAs encapsulated in EVs have the capability to initiate and advance muscle wasting,
underscoring their potential as epigenetic regulators and diagnostic indicators for these disorders
[102]. These EV miRNA panels offer a non-invasive and informative method to assess cellular
senescence and the ageing process in an individual. The lipidome of EVs is used to diagnose various
pathological disorders, as EV lipidomics is used to identify non-alcoholic steatohepatitis [103].
These distinctive lipid profiles of EVs are indicative of oxidative stress and metabolic dysregulation
associated with ageing cells. Thus, a thorough examination of EV lipid profiles may yield innovative
and essential insights into physiological functions, thereby greatly facilitating the development of
predictive instruments to identify individuals predisposed to frailty [104].

6. Senescent Stem Cell EVs in Tissue Regeneration

SenEVs inhibit progenitor differentiation, a crucial step in SC differentiation into other cell types
essential for tissue repair and maintenance [105]. For example, muscle-derived EVs (MEVs) with
elevated miR-34a levels have been shown to trigger senescence in BMSCs, thereby directly affecting
their ability to facilitate bone regeneration and resulting in a significant decline in the number of
essential SC types required for bone repair [106]. In addition, SC-derived EVs contribute to a hostile
tissue milieu that promotes fibrosis, in which the pro-inflammatory components of SenEVs
exacerbate inflammatory ageing and compromise tissue function by releasing factors that promote
scarring and rigidity. These EVs further inhibit adipogenesis and stimulate SASP factor production
in recipient cells [107]. These factors influence fibrotic processes that damage tissue structure and
function. This long-term, inflammatory, and dysfunctional environment may prevent angiogenesis,
the formation of new blood vessels, which is crucial for supplying oxygen and nutrients to the healing
tissues. Disruption in angiogenesis hinders efficient regeneration, keeping affected tissues unhealed
(Figure 6) [108]. SenEVs adversely impact the proliferation and differentiation of both somatic cells
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and several SC populations through bystander mechanisms [109]. For instance, Muscle-derived EVs
that express miR-34a directly affect BMSCs, accelerating their ageing and making it harder to support
bone recovery. Endothelial cells may not always be immediately identified as targets of SenEVs in
every scenario. However, when SenEVs induce chronic inflammation, endothelial cells are affected,
potentially inhibiting angiogenesis. Studies on heterochronic parabiosis, a method that connects the
circulatory systems of young and old organisms, have shown that EVs from the plasma of young
mice can make elderly tissues look and feel younger[54]. These youthful EVs effectively improved
age-associated functional losses and have even been shown to increase lifespan by fundamentally
enhancing mitochondrial energy metabolism. In addition, MSC-derived EVs have been shown to
actively alter the omic profiles of different organs in older rodents, making them appear younger and
healthier [110]. These rejuvenating EVs have different cargo than their senescent counterparts. For
example, they miR-17-92 cluster (downregulated in aged EVs), as well as numerous growth factors
and proteins that activate essential pathways, including IGF-1 and SIRT[111]. These factors enhance
cellular repair, boost antioxidant defense mechanisms, restore metabolic equilibrium, and create an
environment for tissue regeneration and cellular rejuvenation (Figure 6).

Studies also demonstrated that exercise-induced circulating EVs have been shown to have
regenerative capabilities. They enhance the function of ageing skeletal muscle following injury,
underscoring a potential therapeutic approach in which beneficial EVs may mitigate the adverse
effects of senescent EVs to restore muscle regenerative capacity and facilitate functional recovery.
Additionally, studies have also demonstrated that EVs can help fight skin ageing by assisting cells to
communicating with each other and speeding up the process of rejuvenation [112]. On the other hand,
senescent adipose tissue SC-derived EVs disrupt tissue function and healing ability when
adipogenesis is stopped. This increases the expression of SASP factors and ECM remodeling proteins,
creating a microenvironment that remains constantly inflamed and severely affects tissue integrity
and function [7]. As a result, skin wounds heal more slowly and exhibit the signs of ageing (Figure
6).
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Figure 6. Senescent stem cell-derived extracellular vesicles impair tissue regeneration, while regenerative
EVs promote repair. SenEVs enriched with pro-senescent cargo, including miRNAs, inflammatory mediators,
and SASP-associated molecules. They enter the circulation and deliver senescence signals to distant tissues,
disrupting SC differentiation and reducing bone and muscle regeneration. SenEV-mediated signaling also
impairs angiogenesis, delays wound healing, causes chronic inflammation, and leads to fibrotic tissue

remodeling, leading to tissue dysfunction and reduced regenerative capacity. In contrast, healthy or exercise-
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activated SC-derived EVs contain regenerative factors that enhance cellular repair, restore metabolic balance,

and promote tissue regeneration and rejuvenation.

7. Senescent Stem Cell EVs as Pro-Cancer Factors

SenEVs play a critical role in the progression and promotion of cancer[113]. While cellular
senescence can initially act as a potent tumor suppressor, SCs and their associated EVs can
paradoxically shift their role to foster a pro-tumorigenic environment, thereby contributing to
malignancy through intricate pathways. This duality makes understanding their precise role crucial

for the effective implementation of cancer interventions (Figure 7).
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Figure 7. Senescent stem cell-derived extracellular vesicles drive tumor progression. SenEVs contain
oncogenic miRNAs, inflammatory mediators, and signaling proteins. Circulating SenEVs remodel the TME by
inducing CAF activation, EMT, ECM remodeling, angiogenesis, and immune suppression. These signals
promote tumor growth, metabolic reprogramming, and the formation of pre-metastatic niches in distant organs,
such as the lung, liver, and bone, thereby facilitating metastasis. While cellular senescence initially acts as a
tumor-suppressive mechanism, persistent SenEV signaling contributes to chronic inflammation, tumor

progression, immune evasion, and metastasis.

7.1. Remodeling of Tumor Microenvironment

SenEVs activate cancer-associated fibroblasts (CAFs), thereby converting inactive, normal
fibroblasts into highly active, protumorigenic CAFs that play a vital role in cancer progression by
significantly altering the stromal ECM, which facilitates tumour cell migration and invasion [114].
Due to ageing, increased ECM stiffness promotes cancer cell invasion, which is further intensified by
SenEVs [115]. The SASP comprises inflammatory agents and matrix metalloproteases that modify the
ECM, leading to a rigid, desmoplastic microenvironment that fosters tumor development and
progression [116,117]. Additionally, SenEVs promote angiogenesis, ensuring a steady supply of
oxygen and essential nutrients to rapidly growing tumors [114]. Tumour-derived EVs containing
inflammatory, cachectic, and angiogenic factors, which, combined with SenEVs in the TME, facilitate
communication between tumour cells and endothelial cells, thereby contributing to angiogenesis,
promoting substantial tumour growth and expansion [118].

7.2. Oncogenic miRNAs
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miRNAs from SenEVs can have a significant impact on cancer progression, particularly in
Epithelial-Mesenchymal Transition (EMT) and metastasis [119]. Specifically, oncogenic miRNAs,
including miR-21, miR-155, and miR-34a, are associated with various stages of cancer development
and progression [120]. The deregulation of significant miRNAs such as miR-21, miR-155, and miR-34
has been widely documented in individuals with colorectal cancer[120]. This evidence suggests that
these miRNAs play a significant role in sustaining the CSC phenotype and affecting their eventual
outcomes within the tumor [121]. The oncogenic miRNAs carried by SenEVs have a notable capacity
to reprogram recipient cells, leading to significant alterations that promote EMT through which
cancer cells shed their epithelial traits, acquire mesenchymal features, and enhance their migratory
and invasive capabilities. This transformation is a fundamental step for the successful invasion and
metastasis of cancer cells.

7.3. Immune Evasion

SenEVs enable cancer cells to bypass the body's innate immune surveillance and evade immune
cell elimination. Additionally, SenCs that accumulate around tumors play a significant role in
creating a unique immune-privileged milieu that enables this immunological escape [122] . The SASP
and exosomes released by SenCs can directly and indirectly impair the function of T cells and NK
cells, which are crucial components of the immune response that fight tumours [123]. Studies have
shown that EVs from SenCs can inhibit T cell activation and significantly reduce dendritic cell
activity, which is crucial for initiating and coordinating efficient anti-tumour response [124].
Additionally, persistent SenCs diminish MMPs-dependent release of NKG2D ligands and the
paracrine inhibition of NKG2D receptor-mediated immunosurveillance, thereby impairing the
immune system's capacity to identify and eradicate cancerous cells [125]. In anticancer therapy,
therapy-induced SenCs promote tumor progression by enhancing programmed death-ligand 1 (PD-
L1) expression, a primary ligand that binds to the PD-1 receptor on T cells, thereby inhibiting their
function. This is a crucial mechanism that blocks the immune checkpoint, causing therapeutic
resistance [126].

7.4. Metastatic Spread

EVs released from primary tumors can effectively affect distant organs by establishing a
preconditioned environment that facilitates the successful colonization of disseminated tumor cells
before they arrive [127]. This pre-metastatic niche precisely heightens vascular permeability, ECM
remodeling, increased angiogenesis, and localized immunosuppression, all of which promote the
survival and proliferation of metastatic cells [127]. The unique integrin expression patterns on the EV
surface substantially dictate this organ-specific homing. For example, lung-tropic EVs have integrin
ITGa6, while liver-tropic EVs have completely different integrin profiles, which determine where
they like to metastasise [128]. The effect of the EV-conditioned pre-metastatic niche is so strong that
EVs from lung-tropic cancer cells can even change the course of bone-tropic cancer cells' metastasis
to the lungs. This complex EV-mediated communication welcomes them to a new environment in
organs distant from the cancer cells, making it much easier for the cancer cells to travel throughout
the body [129].

7.5. Duality: Early Anti-Proliferative Signals vs. Late Pro-Tumorigenic Switch

Cellular senescence can prevent cells from growing too rapidly by stopping stressed or pre-
cancerous cells from replicating uncontrollably [130]. During this initial protective phase, SenCs can
actively trigger a strong immune response that successfully eliminates nascent tumour cells, therefore
contributing positively to cancer prevention and early tumour suppression [131]. However, in a late
pro-tumorigenic phase, SenCs, along with their continuous release of SASP factors, establish a
chronic inflammatory and remodelling TME that facilitates tumor progression rather than inhibiting
it [123]. This dual role means that senescence initially acts as an important tumor suppressor, but
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continuous release of senescent EVs contributes to tumor growth, invasion, and spread, and even
renders treatments less effective, leading to relapses [132]. This intricate interaction underscores that
SenEVs can also inhibit cancer progression and may be helpful for cancer therapies.

8. Therapeutic Opportunities, Challenges, and Future Directions

SenEVs possess significant promise for diagnostic and therapeutic applications. Their distinct
molecular profiles, including cytokines and microRNAs, make them potential biomarkers for ageing
and disease progression [133]. Circulating levels of SenEVs, such as miR-146a, miR-21, and let-7a,
have been shown to reflect cellular senescence and correlate with age-related systemic characteristics,
including adiposity, dysregulated lipid metabolism, and chronic inflammation [134,135]. Similarly,
urinary exosomes that express markers such as p16INK4a may be useful for studying kidney ageing
[136]. However, numerous SASP components are also produced by non-SenCs, which constitutes a
substantial barrier to their translational application[137]. Preventing the harmful effects of senescent
EVs is a new area of research. One way to prevent EV secretion is to use EV secretion inhibitors,
which block vesicle release without harming cells [138]. Senolytic and senomorphic therapies help to
diminish both the quantity and impact of senescent EVs. For example, Dasatinib and quercetin have
been shown to reduce age-related miRNAs in plasma EVs to restore some youthful EV profiles [139].
Another technique is immunotherapeutic clearance, which targets senescent EVs through surface
antigens [140]. However, this approach is limited by the absence of distinctive markers that
differentiate senescent EVs from normal ones. Therapeutic EV engineering has emerged as an
interesting area of research, as these EVs can be loaded with therapeutic molecules, such as miRNAs,
siRNAs, and regulatory proteins, to inhibit oncogenic or inflammatory pathways [141,142]. This can
be done through genetic or chemical alteration or Surface engineering, which involves adding
targeting ligands or homing peptides, thereby making EVs much more selective and bio-distributed,
with an improved therapeutic index for the delivered payload [143]. Simultaneously, rejuvenation
techniques that replace harmful senescent EVs from youthful or pluripotent SCs are also
demonstrating promise. Young MSC-derived EVs diminish senescence markers, enhance
mitochondrial metabolism, and restore tissue regenerative potential, demonstrated in both in vitro
and in vivo studies [144]. Induced pluripotent SC-derived EVs replicate the functions of embryonic
SCs by mitigating oxidative damage, enhancing angiogenesis, and facilitating fibroblast renewal to
prolong lifespan[145] . However, the practical application of EV-based therapeutics faces regulatory
and technical challenges, despite thousands of clinical studies for EV treatments already being
registered. There are still problems with standardization, quality control, and regulatory
classification [146]. The inherent variability of EV payloads affects dosage uniformity and
reproducibility, posing challenges for both efficacy assessment and manufacturing compliance.
Additionally, Safety hazards, including tumorigenicity and immunological activation, are
concerning, especially when utilizing EVs produced from immortalized or oncogenic cells [146].
Therefore, thorough preclinical studies examining bio distribution, prolonged exposure, and route-
dependent dynamics are crucial to ensure safety and therapeutic efficacy [147]. There is also a lack of
standardization in EV research, hindering the isolation, quantification, and classification of EVs,
slowing progress in translation and regulatory approval [148].

In the future, the emerging field of single-cell EV biology may mitigate many issues, as it shows
that cells differ significantly to their EV secretion, which can determine variations in EV composition
among senescent subpopulations[149]. Creating organ-specific senescent EV maps is another
important area of research. Senescent EVs have different effects depending on the organ they come
from. For example, MEVs accelerate BMSC aging, while NSC-derived EVs help neurons survive.
Therefore, mapping organ-specific vesicular cargoes could lead to new ways to treat tissues [97]. It
will be important to combine this mapping with multi-omics methods to determine how miRNAs,
proteins, lipids, and metabolites are linked in senescent EVs [150]. This multi-layered analysis will
help to understand the regulatory axes that control EV function, making it easier to precisely
modulate age-related signaling. Artificial intelligence (Al) may also help to play a transformative role
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in managing the complexities of EV datasets. Machine learning algorithms can use information from
multiple omics to classify EV subtypes, infer their origins and composition, and identify new patterns
for diagnosis or treatment [151,152]. Al-assisted models might also develop "EV aging clocks" that
can estimate biological age, predict the likelihood to illness, and tailor rejuvenation treatments [153].
These approaches together will help to establish individualized regenerative medicine, new ways to
diagnose diseases, and systemic rejuvenation therapy in the future.

9. Conclusions

SenEVs contribute to systemic ageing, loss of regenerative potential, and cancer progression by
mediating intercellular communication, propagating paracrine senescence that impairs tissue
integrity and promotes degeneration across multiple organs, including muscle, bone, heart, and
brain. Though SenEVs are initially tumour-suppressive, their prolonged persistence fosters a PTME
by activating CAFs, thereby stimulating angiogenesis and enabling immune evasion. The oncogenic
miRNA cargo within SenEVs, particularly miR-21 and miR-34a, can further induce EMT and
metastasis. Despite these detrimental effects, SenEVs present promising diagnostic and therapeutic
opportunities by providing non-invasive biomarkers to assess biological ageing and disease
progression. Therapeutically, EV secretion inhibitors or senolytic agents may offer a potential
strategy for managing ARDs and cancer. Furthermore, Engineering EVs to deliver therapeutic cargo,
such as modified miRNAs or targeted surface ligands, enables precise interference with pathogenic
signaling. Replacing SenEVs with rejuvenating EVs derived from young MSCs or iPSCs can reverse
ageing phenotypes and restore tissue homeostasis. Although clinical translation remains challenged
by issues of standardization, regulation, and safety, advances in single-cell EV biology and Al-driven
analytics hold great promise for overcoming these obstacles. Finally, these developments may shift
the field closer to optimizing the full therapeutic and diagnostic potential of SenEVs in ageing and
cancer intervention.
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