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Abstract: Bone marrow mesenchymal stromal cells (BM-MSCs) are multipotent cells present
in bone marrow; they play a crucial role in the process of bone formation. Cellular senes-
cence is defined as a stable state of cell cycle arrest that impairs the functioning of cells.
Research has shown that aging triggers a state of senescence in BM-MSCs, leading to a
reduced capacity for osteogenic differentiation and the accumulation of senescent cells,
which can accelerate the onset of various diseases. Therefore, it is essential to explore
mechanisms and strategies for the rejuvenation of senescent BM-MSCs. Senile osteoporosis
(SOP) is a metabolic bone disease characterized by reduced bone formation. The senes-
cence of BM-MSCs is considered one of the most important factors in the occurrence and
development of SOP. Therefore, the rejuvenation of BM-MSCs for the treatment of SOP
represents a promising strategy. This work provides a summary of the functional alterations
observed in senescent BM-MSCs and a systematic review of the mechanisms that facilitate
the rejuvenation of senescent BM-MSCs. Additionally, we analyze the progress in and the
limitations associated with the application of rejuvenated senescent BM-MSCs to treat SOP,
with the aim of providing new insights for the prevention and treatment of SOP.

Keywords: bone marrow mesenchymal stromal cells; cellular senescence; rejuvenation;
senile osteoporosis; aging

1. Introduction
In 2006, the International Society for Cellular Therapy (ISCT) identified bone marrow

mesenchymal stromal cells (BM-MSCs) as cells that demonstrate the ability to differentiate
in vitro into osteoblasts, chondrocytes, adipocytes, neuronal cells, and myocytes, as well as
exhibiting notable secretory, immunomodulatory, and homing properties [1]. Moreover,
BM-MSCs offer structural assistance to hematopoietic stem cells (HSCs) within the bone
marrow and secrete an array of growth factors (such as IL-11, LIF, M-CSF, and SCF) to
facilitate hematopoiesis. Thus, BM-MSCs are crucial for bone formation and regeneration.

Cellular senescence is a stable state of cell cycle arrest accompanied by changes in
biological function; it occurs in proliferating cells subjected to different types of stress [2–4].
Senescent cells can emerge at various stages of the lifespan, and their persistent presence
and accumulation serve as indicators of aging. Senescent cells not only lose their normal
cellular functions but also secrete a variety of pro-inflammatory cytokines, chemokines,
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proteases, and growth factors; this is collectively termed the senescence-associated secre-
tory phenotype (SASP) [5–7]. Senescent cells frequently exert their effects through potent
autocrine and paracrine activity, disrupting the functions of neighboring cells, compromis-
ing tissue homeostasis, and hindering tissue regeneration, thereby accelerating the aging
process [6,8]. Research indicates that, with advancing age, the expression of aging-related
genes in BM-MSCs increases, resulting in decreased proliferation, differentiation, and os-
teogenesis, while the adipogenic potential increases [9–11]. These changes lead to impaired
bone formation.

Osteoporosis caused by aging (senile osteoporosis, SOP) is the most common age-
related bone disease, characterized by a reduction in bone mass and the accumulation
of adipocytes within the bone marrow cavity. BM-MSCs are multipotent cells present in
the bone marrow; the functional decline caused by their senescence plays a crucial role in
the occurrence and progression of SOP [12,13]. Therefore, the rejuvenation of senescent
BM-MSCs represents a novel approach in the treatment of SOP, as well as in the field of
regenerative medicine as a whole [9]. Recent studies on the rejuvenation of senescent
BM-MSCs primarily focus on mitochondrial function, oxidative stress, and chronic inflam-
mation. Other potential influencing factors include nutrient-sensing signaling pathways,
autophagy, epigenetic regulation, and intercellular communication, as well as protein and
lipid homeostasis. These intricate mechanisms interact and collaborate, working synergisti-
cally. This work provides a summary of the functional alterations observed in senescent
BM-MSCs and a systematic review of recent research advancements regarding the mecha-
nisms that facilitate the rejuvenation of senescent BM-MSCs. In addition, we analyze the
progress in and the limitations associated with the application of rejuvenated senescent
BM-MSCs to treat SOP, with the aim of offering new research directions for the prevention
and treatment of SOP.

2. Functional Changes in BM-MSC Senescence
The main characteristics of senescent BM-MSCs include changes in cell morphology,

decreased proliferative capacity, weakened migratory homing ability, altered differentiation
potential, and changes in paracrine secretion (Figure 1).
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crease in the cytoplasmic area, a reduction in the nuclear–cytoplasmic ratio, and difficulty 
in digestion with trypsin [15]. Furthermore, extensive research has shown a close link be-
tween the morphological characteristics of senescent BM-MSCs and their biological func-
tions, with some scholars finding that morphological features can highly predict the oste-
ogenic capacity of BM-MSCs [16]. 

2.2. Cell Proliferation and Self-Renewal 

Leonard Hayflick identified that normal human cells cultivated in vitro possess a fi-
nite potential for division before undergoing senescence. Typically, these cells undergo 
about 50 divisions before entering a state of senescence, leading to the recognition of the 
“Hayflick limit” phenomenon [17]. Prolonged interruption of the cell cycle is triggered by 
elevated levels of molecular markers such as p53, p21, p27, p16, and Rb1 [18]. Studies have 
shown that the mitotic activity of BM-MSCs from elderly donors is nearly 1.5 times lower 
than that of younger donors, with their proliferation rate being only about half that of 
younger donors [19]. Furthermore, there has been an observed increase in G1/G0 arrest 
and the elongation of the S phase in BM-MSCs obtained from elderly donors [10]. Research 
has indicated that several key proteins (CREBBP, CTNNB1, LRP1, CDH1, and SFRP1) are 
able to regulate the Wnt signaling pathway, thereby affecting the proliferation of senes-
cent BM-MSCs [20]. 

2.3. Cell Migration and Homing 

The number of BM-MSCs in the bone marrow decreases as age advances, and their 
migratory capacity also decreases. Studies have confirmed that the turnover rate of actin 
in senescent BM-MSCs is reduced, with a decrease in the dynamic actin cytoskeleton, 
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2.1. Cell Morphology

Changes in cell morphology are one of the hallmarks of cellular senescence. In contrast
to the uniform fibroblast-like spindle shape of young BM-MSCs, senescent BM-MSCs
exhibit a flattened and enlarged appearance, along with abnormal nuclear morphology, and
a loss of heterochromatin stability and nuclear lamina integrity [14]. Additionally, senescent
BM-MSCs also exhibit features such as a granular cytoplasm, a significant increase in the
cytoplasmic area, a reduction in the nuclear–cytoplasmic ratio, and difficulty in digestion
with trypsin [15]. Furthermore, extensive research has shown a close link between the
morphological characteristics of senescent BM-MSCs and their biological functions, with
some scholars finding that morphological features can highly predict the osteogenic capacity
of BM-MSCs [16].

2.2. Cell Proliferation and Self-Renewal

Leonard Hayflick identified that normal human cells cultivated in vitro possess a
finite potential for division before undergoing senescence. Typically, these cells undergo
about 50 divisions before entering a state of senescence, leading to the recognition of the
“Hayflick limit” phenomenon [17]. Prolonged interruption of the cell cycle is triggered
by elevated levels of molecular markers such as p53, p21, p27, p16, and Rb1 [18]. Studies
have shown that the mitotic activity of BM-MSCs from elderly donors is nearly 1.5 times
lower than that of younger donors, with their proliferation rate being only about half that
of younger donors [19]. Furthermore, there has been an observed increase in G1/G0 arrest
and the elongation of the S phase in BM-MSCs obtained from elderly donors [10]. Research
has indicated that several key proteins (CREBBP, CTNNB1, LRP1, CDH1, and SFRP1) are
able to regulate the Wnt signaling pathway, thereby affecting the proliferation of senescent
BM-MSCs [20].

2.3. Cell Migration and Homing

The number of BM-MSCs in the bone marrow decreases as age advances, and their
migratory capacity also decreases. Studies have confirmed that the turnover rate of actin in
senescent BM-MSCs is reduced, with a decrease in the dynamic actin cytoskeleton, leading
to a diminished response to biological and mechanical signals, which, in turn, results in a
reduced level of cell migration [21]. Furthermore, the inhibition of the AP-1 pathway is also
associated with the decreased migratory capacity of senescent BM-MSCs [22]. Additionally,
research has shown that the expression of some cytokines and chemokine receptors, such as
stromal cell-derived factor 1 (SDF-1), tumor necrosis factor-alpha (TNF-α), and chemokine
receptors CCR7, CX3CR1, and CXCR5, is reduced in senescent BM-MSCs [23], thereby
disrupting the potential of BM-MSCs to be activated and mobilized to the site of injury.

2.4. Cell Differentiation

The expression of the osteoblast-specific transcription factors Runx2 and Dlx5, as well
as osteoblast marker collagens and Osteocalcin, is decreased in elderly BM-MSCs. Con-
versely, the adipogenic potential of elderly BM-MSCs is increased [24]. Extensive research
has confirmed that the Notch signaling pathway, the TGF-β/BMP signaling pathway, and
the Wnt signaling pathway, which promote osteogenic differentiation, are inhibited in
senescent BM-MSCs [25]. Furthermore, the expression of the peroxisome proliferator-
activated receptor γ-2 (PPAR-γ–2) signaling pathway, which promotes adipogenesis, is
elevated in elderly BM-MSCs [26,27]. This is the most characteristic functional change in
senescent BM-MSCs.
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2.5. Paracrine and Senescence-Associated Secretory Phenotype and Immune Regulation

Senescent cells produce a range of pro-inflammatory cytokines, chemokines, proteases,
and growth factors through paracrine, collectively known as the SASP, which can induce
an inflammatory state and senescence in surrounding normal cells [7]. There is a mutu-
ally reinforcing relationship between senescence and inflammation [6]. Recent studies
indicate that the secretion of SASP by senescent BM-MSCs causes inflammation in the
bone marrow microenvironment, and the exacerbated inflammatory response can promote
the adipogenic differentiation of bone marrow mesenchymal stem cells, leading to bone
loss [28]. Additionally, it has been reported that BM-MSCs can regulate both innate and
adaptive immune responses [29]. However, the immune regulatory activity of senescent
BM-MSCs was reduced [30]. The immune regulatory function of senescent BM-MSCs
is impaired, as evidenced by their reduced ability to suppress the M1 polarization of
macrophages [31], which further exacerbates the inflammatory response.

3. Mechanisms of Rejuvenation in Senescent BM-MSCs
Mitochondrial function, oxidative stress, and chronic inflammation are currently

the focal points of research on the mechanisms of rejuvenation in senescent BM-MSCs.
Other potential influencing factors include nutrient-sensing signaling pathways, autophagy,
epigenetic regulation, and intercellular communication, as well as protein and lipid home-
ostasis. These mechanisms are not isolated; rather, they are interconnected through
complex networks.

3.1. The Close Relationship Between Mitochondria, Oxidative Stress, and Chronic Inflammation
3.1.1. Mitochondrial Function

Mitochondria, known as “cellular powerhouses”, are involved in the regulation of var-
ious cellular functions [32]. Mitochondrial function declines with age, which is the primary
reason for the production of ROS during the aging process [33,34]. When mitochondrial
function is impaired, the incomplete reduction of molecular oxygen during the OXPHOS
process becomes more significant, leading to the production of ROS [35]. Increased ROS
can cause mutations in mitochondrial DNA (mtDNA), which in turn impairs OXPHOS,
leading to a vicious cycle of mitochondrial homeostasis collapse [36]. Recently, “antiaging
mitochondrial therapy” has garnered increased attention [37] (Figure 2).

• Mitochondrial dynamics

The continuous process of mitochondrial fusion, fission, movement, and crista remod-
eling under the action of related proteins is termed “mitochondrial dynamics”. Disruptions
in mitochondrial dynamics can lead to mitochondrial dysfunction and the induction of
ROS [38–40]. An increase in the level of the mitochondrial fusion protein Mfn2 promotes
mitochondrial fusion [41], which in turn has a negative impact on bone formation [42]. The
exogenous overexpression of fibroblast growth factor 21 (FGF21) can reduce the level of
Mfn2 through the AMPK signaling pathway, inhibit the production of ROS, and effectively
rejuvenate senescent BM-MSCs [41].

Mitochondrial fission can be divided into two types based on spatial differences:
midzone division and peripheral division. Among these, midzone division is a marker of
healthy mitochondria. However, as cells undergo senescence, the phosphorylation and
expression levels of dynamin-related protein 1 (Drp1), the main regulatory factor of periph-
eral division, increase [43]. This results in a significant increase, while the smaller products
of this peripheral fission often lack replicable DNA—an indicator of unhealthy mitochon-
dria [44]. Research indicates that defects in transmembrane protein 135 (TMEM135) can
promote the phosphorylation of Drp1 at serine 637 in BM-MSCs [45], impair mitochondrial
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fission, and disrupt the critical mitochondrial energy metabolism during osteogenesis.
However, thus far, research targeting TMEM135 has only been conducted in young BM-
MSCs. Further investigation is required to determine whether the regulation of TMEM135
can effectively rejuvenate senescent BM-MSCs. The mitochondrial antiviral signaling
protein MAVS is a critical membrane protein that functions as a scaffold to stabilize the
guanosine triphosphatase OPA1 on the mitochondrial membrane and interacts with it
to uphold mitochondrial dynamic homeostasis [46]. The inactivation of the MAVS and
OPA1 genes compromises the mitochondrial structure and integrity. Research indicates
that upregulating the expression of the MAVS and OPA1 genes can effectively promote the
rejuvenation of senescent BM-MSCs [14]. Furthermore, epigenetic regulation is essential
for mitochondrial dynamics. For example, the miR-21-5p levels decrease in senescent BM-
MSCs. Upregulating miR-21-5p enhances mitochondrial fission and promotes the recovery
of stemness in senescent BM-MSCs [47]. Mitofilin is a mitochondrial inner membrane
protein. There is evidence that, in the absence of mitofilin, the mitochondrial membrane
potential of senescent BM-MSCs is impaired, resulting in the formation of swollen and
inefficient mitochondria. Thus, the upregulation of mitofilin represents a potential strategy
for the rejuvenation of BM-MSCs [48].
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• Mitophagy

Recent work suggests that the regulation of mitophagy can help to restore the func-
tion of senescent BM-MSCs [49]. Mitochondrial autophagy typically occurs through the
ubiquitin-mediated PINK1/Parkin pathway. PINK1 is a serine/threonine kinase located on
depolarized mitochondria, while Parkin is an E3 ubiquitin ligase that catalyzes the transfer
of ubiquitin to mitochondrial substrates. Compared to normal cells, an increase in P53 in
senescent BM-MSCs inhibits the mitochondrial translocation of Parkin and the activation
of Parkin’s E3 ubiquitin ligase [50], leading to the inhibition of mitophagy. Research has
shown that inhibiting P53 and/or upregulating the expression of Parkin helps to rejuvenate
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senescent BM-MSCs [50,51]. Heat shock protein 1L (HSPA1L) is a molecular chaperone that
can bind to PINK1 and Parkin, participating in mitochondrial autophagy [52]. Upregulating
HSPA1L can significantly increase the levels of Parkin and PINK1 in the mitochondria of
senescent BM-MSCs, making it an effective target for BM-MSC rejuvenation [53]. Another
pathway—non-ubiquitin-dependent mitophagy—is dominated by mitophagy receptors.
Mitophagy receptors such as BNIP3/NIX (also known as BNIP3L) and FUNDC1 contain a
conserved LC3 interaction region (LIR), which allows them to directly bind to autophagy-
related proteins (ATGs, such as LC3) via the LIR motif, thereby initiating autophagy [54].
In addition, the highly expressed long non-coding RNA NEAT1 in senescent BM-MSCs
can regulate the expression of BNIP3L through the sponging of miR-27b-3p, resulting in
imbalanced mitophagy. Research shows that si-NEAT1 contributes to the rejuvenation of
senescent BM-MSCs [55].

AMPK also plays an important role in the process of mitophagy [56]. QianKun Yang
et al. [57] found that, in senescent BM-MSCs, PTP1B could inactivate AMPK through
dephosphorylation mediated by PKM2. After the knockdown of PTP1B, the AMPK signal-
ing pathway was significantly activated, promoting the upregulation of the expression of
autophagy-related genes LC3 and Beclin1, thereby alleviating the senescence of BM-MSCs.
Furthermore, mitophagy is regulated by the PI3K/Akt/mTOR pathway. The upregula-
tion of LRRc17 in senescent BM-MSCs leads to the suppression of the PI3K/Akt/mTOR
pathway [58]. Leonurine activates the PI3K/Akt/mTOR pathway, which results in the
upregulation of PINK1 and Parkin expression, promotes mitophagy, reduces the ROS levels
in senescent BM-MSCs, and rejuvenates BM-MSCs under senescence [59].

• Mitochondrial energy metabolism

Key regulatory factors of mitochondrial metabolism, including Pgc-1α, AMPK, SIRT,
and mitochondrial transcription factor A (TFAM), are suppressed with increasing age.
The upregulation of these factors can effectively prevent the excessive production of ROS
and promote the rejuvenation of senescent BM-MSCs [48,60]. Oxidative phosphorylation
(OXPHOS) and the mitochondrial respiratory chain (MRC) play a central role in mitochon-
drial energy metabolism, determining the fates of BM-MSCs [61]. Huan Wang et al. [62]
discovered that the exogenous supplementation of NMN, a precursor of NAD+, could
reduce the loss of MRC complex I in BM-MSCs and decrease the ROS levels through its
effects on NAD+ and Sirt, thereby alleviating the senescence of BM-MSCs. Additionally,
the eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1) can upregulate the
expression of the core component UQCRC2 in the mitochondrial OXPHOS complex III and
prevent the excessive production of ROS, thereby rejuvenating senescent BM-MSCs [63].

Currently, the majority of mitochondrial targeting relies on attraction towards the
highly negative inner mitochondrial membrane (IMM), mediated by positive charges [64].
However, an excessive number of positive charges can depolarize the mitochondrial mem-
brane [65], leading to the release of cytochrome c and the activation of the apoptotic pathway.
Additionally, excessive positive charges may result in increased cytotoxicity due to the
more severe disruption of the plasma membrane [66]. Therefore, when the mitochondrial
membrane potential decreases due to BM-MSCs’ senescence, the accuracy and safety of
existing mitochondrial-targeting moieties may be affected; this needs further clarification.

A. Mitochondrial dynamics: inhibiting mitochondrial fusion and asymmetric peripheral
fission can suppress mitochondrial ROS production.

B. Mitochondrial energy metabolism: regulating the activity of the OXPHOS complex
can inhibit mitochondrial ROS production.
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C. Mitochondrial autophagy: Promoting ubiquitin-dependent (PINK1-Parkin) and
ubiquitin-independent mitochondrial autophagy pathways can inhibit mitochondrial
ROS production.

3.1.2. Oxidative Stress

Mitochondrial dysfunction is a primary contributor to excessive ROS production. How-
ever, organisms also possess the ability to simultaneously inhibit ROS. Antioxidants, such
as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), glutathione
reductase (GR), NAD(P)H quinone oxidoreductase 1 (NQO1), and heme oxygenase-1
(HO-1), play a role in the removal of ROS.

Activating the AMPK-Sirt1 signaling pathway and enhancing the deacetylation of the
downstream antioxidant stress target FOXO3a can promote the expression of antioxidant en-
zyme genes, especially SOD1 and SOD2, and inhibit the senescence of BM-MSCs [60,67,68].
Further research has demonstrated that the overexpression of Sirt3 in BM-MSCs can aug-
ment their antioxidant capacity through the upregulation of both the expression and activity
of SOD2 [69]. In addition, the Erk1/2 signaling pathway can increase the phosphorylation
of p90RSK and CREB; enhance the activity of SOD, CAT, and GPX; and significantly reduce
the ROS levels [70].

Additionally, the transcription factor nuclear factor erythroid 2-related factor 2 (NRF2)
is a primary regulator of cellular redox homeostasis [71]. It participates in the initiation of
antioxidant enzyme expression and induces the transcription of antioxidant genes under
oxidative stress [72]. Due to the relatively low efficiency of systemic supplementation with
exogenous antioxidants in clearing ROS, it is challenging to restore the vitality of senescent
BM-MSCs. Therefore, promoting the NRF2 pathway, which facilitates the production of
endogenous antioxidants in the body, may be an effective means to enhance the antioxidant
capacity of senescent BM-MSCs. Studies have shown that 1,25-Dihydroxyvitamin D3
(1,25(OH)2D3) enhances NRF2 transcription through VDR mediation, thereby inhibiting
oxidative stress and the production of SASP []. Another study has shown that [73] a second-
generation active vitamin D analog, Eldecalcitol (ED-71), can regulate the SIRT1-NRF2
signaling pathway, enhance its antioxidant capacity, inhibit the levels of ROS in BM-MSCs,
and effectively rejuvenate senescent BM-MSCs.

3.1.3. Chronic Inflammation

The concept of “inflammaging” was first introduced in 2000 by Franceschi C et al.;
it refers to the higher levels of inflammatory markers often found in the cells and tissues
of older organisms [74]. The fundamental characteristic of inflammatory aging is the pro-
duction of SASP. SASP has the potential to facilitate chronic inflammation and trigger the
process of normal cellular senescence. Accumulated senescent cells secrete high levels of
pro-inflammatory factors, including IL-1β, IL-6, IL-8, IL11, and tumor necrosis factor-α
(TNF-α), which further promote the senescence of surrounding cells in a paracrine man-
ner [75]. Recent studies have confirmed that the cGAS-STING pathway is a key signaling
pathway that promotes the production of SASP [76]. Suppressing the expression of inflam-
matory factors helps to restore the homeostasis of the bone marrow microenvironment,
which is an effective strategy for the rejuvenation of senescent BM-MSCs [77].

A large number of studies have confirmed the close relationship between oxidative
stress, inflammation, and aging [78]. Therefore, the oxidation–inflammatory theory of
aging has been proposed, also known as the oxi-inflammaging theory [79]. NF-κB is the
key link between inflammation and oxidative stress [80]. Oxidative stress can activate
NF-κB, promoting the release of inflammatory factors, which further exacerbate oxidative
stress, creating a vicious cycle that leads to increased cellular senescence. Research has
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confirmed that [81] both an increase in PGC-1α and a decrease in NAP1L2 can inhibit
the NF-κB signaling pathway, promoting the rejuvenation of senescent BM-MSCs [82,83].
In addition, anti-inflammatory and antioxidant effects often play a synergistic role in the
antiaging process. For instance, the natural antioxidant lutein can significantly increase the
expression of SOD and reduce the levels of inflammatory factors TNFα, IL-1β, and IL-6,
thereby decreasing the expression of senescence-associated markers in BM-MSCs [84].

Although anti-inflammatory pathways have shown some potential for the rejuvena-
tion of senescent BM-MSCs, their application faces numerous limitations and challenges.
The inflammatory response is a complex process, and anti-inflammatory pathways may
interfere with the normal immune response in the bone marrow microenvironment, leading
to a decline in immune function. In addition, the immune system possesses an extraor-
dinary ability to remember and respond to different stimuli and experiences, leading to
heterogeneity in immune aging among individuals. This heterogeneity may be attributed to
differences in the types, doses, intensities, and temporal sequences of the antigenic stimuli
to which each person is exposed. Therefore, a more comprehensive approach that takes
various factors into consideration may be necessary.

3.2. Nutrient-Sensing Network

The nutrient-sensing network is a key regulator of cellular activity. It not only influ-
ences energy metabolism during aging but also plays a crucial role in regulating mitochon-
drial function, oxidative stress, and autophagy. This network primarily consists of four
key pathways: the insulin/insulin-like growth factor 1 (IGF-1) signaling pathway (IIS), the
sirtuins/NAD+ pathway, the AMPK pathway, and the mTOR pathway (Figure 3).
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Dysfunction in the mitochondria releases mtDNA, triggering inflammatory responses through the
cGAS-STING signaling pathway. The release of inflammatory markers and mitochondrial dysfunc-
tion further induce oxidative stress, thereby exacerbating chronic inflammation and mitochondrial
damage. By modulating key components in the described signaling pathways, stimuli can facilitate
the rejuvenation of senescent BM-MSCs.

3.2.1. IIS

The IIS pathway is one of the most evolutionarily conserved mechanisms of aging con-
trol, with its apex being growth hormone (GH) produced by the pituitary gland, which stim-
ulates the secretion of insulin/IGF-1 by acting on GH receptors in liver cells. Additionally,
IIS has multiple downstream targets. Intracellular signaling cascades involve the PI3K-AKT
and mTORC1 nutrient signaling networks, forming the GH/IGF-1/PI3K/AKT/mTORC1
axis. This is the first growth cascade axis historically discovered to be associated with the
control of senescence. Dietary restriction can delay aging by inhibiting this axis [85,86].
However, a growing number of studies have shown that impaired IGF-1 signaling during
the aging process can reduce the osteogenic capacity and migratory ability of senescent
BM-MSCs [87,88]. The above evidence indicates that while inhibiting IIS may delay cel-
lular senescence, the reduced levels of IGF-1 in the bone matrix during aging may not
be adequate for new bone formation. Thus, it is hypothesized that maintaining optimal
levels of IGF-1 could be an important strategy for rejuvenating the osteogenic vitality of
senescent BM-MSCs.

3.2.2. mTOR Signaling Pathway

MTOR was first identified in research on rapamycin, comprising two distinct com-
plexes, mTORC1 and mTORC2 [89]. It can respond to nutrients (including glucose and
amino acids) as well as stressors (such as hypoxia and low energy), regulating processes
such as cell growth, proliferation, metabolism, and protein synthesis. The mTOR sig-
naling pathway is widely recognized as a crucial regulator in the senescence process of
BM-MSCs [90,91]. The negative regulatory effect of mTOR on PGC-1α promotes the ac-
cumulation of intracellular ROS, induces an oxidative stress state, and accelerates the
senescence process of BM-MSCs. Additionally, mTOR enhances the signaling of the key in-
flammatory regulator NF-κB by promoting the phosphorylation and nuclear translocation
of p65, thereby negatively influencing the osteogenic differentiation of BM-MSCs. Research
by Guoxiang Liu and colleagues has found that C-PC can delay the senescence of BM-MSCs
in vivo by inhibiting the PI3K/AKT/mTOR signaling pathway [92]. Thus, inhibiting mTOR
signaling may be a promising therapeutic target for rejuvenating senescent BM-MSCs.

3.2.3. Sirtuins/NAD+ Pathway

Sirtuins, a family of histone deacetylases, are widely regarded as longevity genes. They
play a vital role in DNA repair, protein homeostasis, cellular metabolism, inflammatory
regulation, and circadian rhythm control [93], contributing significantly to the prevention
of BM-MSC senescence [94]. Among them, SIRT1, SIRT3, SIRT6, and SIRT7 have been
extensively studied for their antiaging properties, and their overexpression may serve as
an effective strategy for rejuvenating senescent BM-MSCs [95].

The overexpression of SIRT1 can further promote the proliferation and osteogenesis of
senescent BM-MSCs by enhancing the deacetylation and nuclear translocation of Bmi1 [96].
SIRT1 is also an important antioxidant [97]. The deacetylation of the key antioxidant
response transcription factor FOXO3a by SIRT1 can restore the effects of oxidative stress
on the osteogenic potential of senescent BM-MSCs [98]. Another study has indicated that
mechanical stretching can regulate the antioxidant defense capabilities of BM-MSCs by
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activating SIRT1 [99]. Moreover, SIRT1 also can inhibit BM-MSCs senescence by enhancing
TPP1 expression and increasing telomerase activity [100].

SIRT3, containing an N-terminal mitochondrial-targeting sequence, is predominantly
localized within mitochondria. SIRT3 is decreased in senescent BM-MSCs [95]. The overex-
pression of Sirt3 can reduce the accumulation of advanced glycation end products (AGEs)
in mitochondria and significantly alleviate the senescence phenotype of BM-MSCs [13].
Fei Liu et al. have confirmed that the S-nitrosation of cysteine residues can enhance SIRT3
activity by forming persulfides, thereby stabilizing heterochromatin and mitochondrial
homeostasis to combat the senescence of BM-MSCs [101].

SIRT6 catalyzes deacetylation and mono-ADP-ribosylation reactions, playing a crucial
role in cellular senescence [102]. SIRT6 protects BM-MSCs from oxidative stress by binding
directly to the NRF2 promoter region and exerting antioxidant effects through the NRF2-
HO-1 pathway [103]. Additionally, SIRT6 regulates glucose metabolism by maintaining
the deacetylation of H3K9 at the promoters of glycolytic genes and inhibiting HIF1α [104].
Thus, the overexpression of SIRT6 is a novel mechanism to rejuvenate senescence-related
functional decline in BM-MSCs.

Recent studies have confirmed that a deficiency of SIRT7 can lead to genomic instabil-
ity, metabolic dysfunction, and accelerated senescence of BM-MSCs [105,106]. SIRT7 forms
a complex with nuclear lamina proteins and heterochromatin proteins, protecting chro-
matin’s structure through the cGAS-STING pathway, maintaining the repressive state of
heterochromatin at the nuclear periphery, and controlling innate immune regulation [107].
Therefore, upregulating SIRT7 can rejuvenate the senescent process of human BM-MSCs
(Table 1).

The expression of NAD+ declines with increasing age, and the expression and activity
of nicotinamide phosphoribosyltransferase (NAMPT) and sirtuins also significantly de-
crease [108]. Due to the barrier of the cell membrane, NAD+ cannot easily enter the human
body. Therefore, the exogenous supplementation of its direct precursor NMN is the best
way to increase NAD+ levels in the body [109]. NMN can rejuvenate the senescence of BM-
MSCs through the upregulation of SIRT1 and SIRT3 expression, as well as by improving
mitochondrial function [62,110].

Table 1. Upstream and downstream targets and mechanisms of SIRT.

Upstream Stimulation Sirtuin Downstream Targets Mechanism References

Mechanical stretching;
NMN;

NAMPT
SIRT1

Bmi1 Enhance the deacetylation and
nuclear translocation of Bmi1 [96]

FOXO3a Enhance antioxidant capacity [98]

TPP1 Increase telomerase activity [100]

S-nitrosation of cysteine;
NMN SIRT3

mitochondria Reduce the accumulation of AGEs [13]

cell nucleus Stabilize heterochromatin [111]

SIRT6

NRF2 Exert antioxidant effects through the
NRF2-HO-1 pathway [103]

H3K9;
HIF1α Regulate glucose metabolism [104]

SIRT7 cGAS-STING Protect chromatin structure;
control innate immune regulation [107]

3.2.4. AMPK Pathway

The responsiveness of the AMPK signaling pathway declines with age [112]. Exten-
sive research has shown that AMPK activation can phosphorylate key proteins across
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multiple signaling pathways, restore energy balance, and slow the senescence of BM-
MSCs [113]. The exogenously supplemented macrophage migration inhibitory factor (MIF)
can activate the AMPK-FOXO3a signaling pathway by interacting with CD74, thereby
enhancing the proliferative rate of senescent BM-MSCs and mediating paracrine signaling
capabilities [114]. Qun Li et al. have shown that C1q and tumor necrosis factor-related
protein 9 (CTRP9) can activate the PGC-1α/AMPK signaling pathway, decrease cellular
oxidative stress, and present a novel therapeutic strategy to rejuvenate the senescence of
BM-MSCs [115]. AMPK also reciprocally inhibits with mTOR [116]. Under conditions of
sufficient nutrition, AMPK is inactive, while mTOR is active. Under conditions of energy
deficiency, the increased activity of AMPK leads to a decrease in mTOR activity. Low levels
of mTOR can further lead to a slowdown in cell growth and a reduction in protein synthe-
sis. AMPK can also directly regulate protein synthesis by phosphorylating the negative
regulatory factor of the elongation factor eEF2K [117]. Finally, AMPK and sirtuins/NAD+
are important intracellular sensors of nutrient deficiency. AMPK can activate SIRT1, in-
tegrating two low-energy sensing systems into a unified response as part of a positive
feedback loop [118], and synergistically participate in the differentiation of BM-MSCs [119].
Studies have shown that Kartogenin (KGN) can improve the antioxidant characteristics of
senescent BM-MSCs in a dose-dependent manner by activating the AMPK-SIRT1 signaling
pathway [120].

These findings suggest that inhibiting the IIS and mTORC1 pathways and/or upregu-
lating AMPK and sirtuins can promote the rejuvenation of senescent BM-MSCs. However,
IIS and mTOR play essential roles in cell proliferation during tissue repair, and exces-
sive inhibition may lead to complications such as insulin resistance and impaired tissue
regeneration [121]. Moreover, the overactivation of AMPK has been linked to tau pro-
tein hyperphosphorylation, which can cause neuronal damage and increase the risk of
Alzheimer’s disease. Therefore, the effectiveness of nutrient-sensing pathways in BM-MSC
rejuvenation depends on the timing and extent of the intervention. Precise regulation is
crucial to optimizing benefits while minimizing potential risks [122].

3.3. Autophagy

The dysregulation of autophagy is closely linked to cellular senescence [123,124]. This
imbalance contributes to key molecular processes associated with aging, including dis-
rupted proteostasis, mitochondrial dysfunction, oxidative stress, and epigenetic alterations,
ultimately driving cellular senescence [50,125].

The central negative regulator of autophagy is the mechanistic target of the ra-
pamycin (mTOR) pathway. Inhibiting mTOR promotes autophagy in senescent BM-
MSCs and facilitates their osteogenic differentiation [126]. Inhibiting the activation of
the PI3K/AKT/mTOR pathway mediated by zinc finger-containing Asp-His-His-Cys do-
main protein 5 (ZDHHC5) can increase the level of autophagy in senescent BM-MSCs,
promoting rejuvenation [92]. Autophagy can also be directly regulated by the AMPK
pathway. Apelin activates the AMPK signaling pathway and upregulates the expression
of autophagy proteins Beclin and LC3II/I to rejuvenate senescent BM-MSCs [127]. OPTN
is another autophagy receptor that plays a central role in selective autophagy. FABP3
is an OPTN substrate mainly expressed in bone tissue. The overexpression of OPTN or
degradation of FABP3 can enhance the osteogenic potential of senescent BM-MSCs by
activating autophagy [128]. In addition, downregulating the autophagy inhibitor protein
P62 can enhance the expression of autophagy-related genes LC3, ULK1, Atg7, and Atg12,
thereby promoting the rejuvenation of senescent BM-MSCs [129].

In fact, autophagy plays a dual role in the senescence of BM-MSCs. While it supports
cellular homeostasis, excessive autophagy can exacerbate DNA damage and promote
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protein aggregation. This paradox underscores the need for a deeper understanding of
autophagy’s mechanisms under different conditions to develop more precise and effective
strategies for BM-MSC rejuvenation.

3.4. Intercellular Communication

Multiple studies have shown that exposure to young serum can restore youthful
characteristics in senescent cells [130–132]. This suggests that regulating intercellular com-
munication may be a promising strategy for rejuvenating senescent BM-MSCs. Extracellular
vesicles (EVs) are considered important carriers of intercellular signaling. Research indi-
cates that inhibiting EVs carrying long-chain C24:1 ceramide can rejuvenate the senescent
BM-MSCs [133]. In addition, Yan Zhang et al.’s research shows that the autonomic nervous
system (ANS) regulator γ-oryzanol promotes the proliferation and osteogenic differen-
tiation of senescent BM-MSCs by reducing the production of paracrine neuropeptide Y
(NPY) [134]. Other research has indicated that CC chemokine ligand 3 (CCL3) accumu-
lates in the serum of naturally aged mice, accompanied by bone aging phenotypes and
an imbalance in BM-MSC differentiation. Blocking the expression of CCL3 in vivo with
neutralizing antibodies can improve the osteogenic differentiation potential of BM-MSCs
in aged mice [135].

However, the bone marrow microenvironment where BM-MSCs reside changes con-
stantly with aging. Collagen and elastin in the extracellular matrix undergo cross-linking
and denaturation, worsening physical support and intercellular signaling. This may in-
crease the difficulty of rejuvenating BM-MSCs through intercellular communication.

3.5. Others

The accumulation of misfolded or damaged proteins, as well as the disruption of
the “Protein Homeostasis Network”, can adversely affect proteostasis, which is one of the
significant causes of senescence [136]. Melatonin can maintain mitochondrial proteostasis
through the mitochondrial unfolded protein response (UPRmt) regulator PDI-6, restoring
the function of senescent BM-MSCs [137]. The expression of Zmpste24 decreases with age,
resulting in the accumulation of Pre-LaminA in the nucleus, while the LaminA content that
maintains and stabilizes the nucleus decreases. Ruici Yang et al. have shown that physical
exercise can reverse the accumulation of Pre-LaminA caused by the deficiency of Zmpste24
in aged mouse BM-MSCs, improving the biological activity of senescent BM-MSCs [138].
In recent years, an increasing number of scholars have found that ribosomes are closely
related to proteostasis and senescence. Kevin C. Stein and colleagues reported that Arg,
Lys, and Pro residues are closely related to the increased pausing of ribosomes during
the senescence process [139]. The exacerbation of ribosomal pausing at specific sites can
lead to increased ribosomal collisions, causing an overload of ribosome-associated quality
control (RQC) and the aggregation of nascent polypeptides, thereby disrupting proteostasis.
However, whether the regulation of ribosomes can rejuvenate functional changes related to
the senescence of BM-MSCs still requires further research.

Lipidomics, as a burgeoning branch of metabolomics, has been demonstrated in recent
years to be closely related to cellular senescence [140]. Apolipoprotein E (APOE) may
mediate the senescence of human BM-MSCs by regulating the distribution of lipids on
the nuclear envelope or in a lipid-binding-dependent manner. The knockout of APOE can
rejuvenate senescent cells [141].

Additionally, a growing body of research suggests that epigenetic changes are key
drivers of mammalian aging [142]. Previous studies have comprehensively summa-
rized the epigenetic targets and pathways involved in the rejuvenation of senescent BM-
MSCs [142–144]. However, while epigenetic regulation can partially reverse the accumula-
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tion of abnormal gene modifications, it cannot correct underlying genetic defects. Therefore,
epigenetic regulation alone may be insufficient and should be combined with other regula-
tory mechanisms for optimal efficacy.

4. Rejuvenating Senescent BM-MSCs to Treat SOP
Over the past few decades, research on the pathogenesis of osteoporosis has shifted

from an “estrogen-centric” perspective to a “cellular-senescence-centric” perspective [145].
Recent studies indicate that SOP can be characterized as a stem cell disorder, and the
senescence of BM-MSCs is considered one of the most important factors in the occurrence
and development of SOP [4].

4.1. The Senescence of BM-MSCs Leads to SOP

Senescent BM-MSCs impact the bone formation process by affecting the bone marrow
microenvironment, ultimately leading to SOP (Figure 4). First, the senescence of BM-MSCs
leads to increased differentiation towards adipocytes while reducing osteogenic differenti-
ation [146]. An increase in bone marrow adipocytes can inhibit the formation of H-type
blood vessels through growth factors such as leptin and adiponectin, thereby impairing
bone formation [147]. Second, as individuals age, the paracrine function of BM-MSCs
changes. The levels of M-CSF, RANKL, and IL-6 increase, while the OPN levels decrease,
promoting the differentiation of pre-osteoclasts into osteoclasts [148,149]. The decreased
secretion of growth factors such as SCF inhibits the self-renewal and differentiation of
hematopoietic stem cells. Other studies have shown that EVs derived from senescent
BM-MSCs can infiltrate the vascular tissue, promoting the osteogenic transdifferentiation
of vascular smooth muscle cells, aggravating vascular calcification, and inhibiting bone
formation [150]. In addition, the SASP secreted by senescent BM-MSCs causes the bone
marrow microenvironment to enter a state of chronic inflammation, impairing the function-
ing of adjacent cells. The increase in SASP not only affects the bone formation activity of
osteoblasts but also enhances bone resorption by osteoclasts [142]. Finally, the senescence
of BM-MSCs leads to the abnormal synthesis and secretion of components such as collagen,
resulting in structural changes in the extracellular matrix (ECM); these subsequently affect
cell-to-cell signaling in the bone marrow microenvironment [146,151]. Therefore, rejuvenat-
ing senescent BM-MSCs can promote bone formation under SOP conditions by improving
the bone marrow microenvironment.

4.2. The Application of Rejuvenating Senescent BM-MSCs to Treat SOP

In the previous section, we summarized the mechanisms of BM-MSC rejuvenation at
the molecular level. However, only some of these targets have been applied in preclinical
studies on SOP, and further exploration is needed to determine whether the remaining
mechanisms can be utilized to treat SOP.

4.2.1. Drugs or Regulators

Several preclinical studies have indicated that drugs or regulators can improve the
bone density of osteoporotic animals through the rejuvenation of senescent BM-MSCs.
For instance, the exogenous supplementation of 1,25(OH)2D3 and alpha-ketoglutarate
(αKG) could promote an increase in bone mineral density in naturally aged mice and
mitigate SOP through regulating the enrichment of H3K9me3 and H3K27me3 in senescent
BM-MSCs [152,153]. Dendrobium officinale polysaccharides (DOPs) and PQQ have been
demonstrated to facilitate the activation of the NRF2 signaling pathway, which ameliorated
SOP in aging mice [154,155]. CCG could promote bone formation in aging mice through
upregulating the TAZ signaling pathway in senescent BM-MSCs [156]. Resveratrol (RESV)
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improved mitochondrial function in senescent BM-MSCs through upregulating mitofilin,
thereby promoting osteogenesis in aging mice [48].
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In addition, a key characteristic of an effective treatment measure is a diverse array
of mechanisms [136]. For example, the local administration of tetramethylpyrazine can
not only aid in suppressing the senescent characteristics of BM-MSCs through regulating
the Ezh2-H3K27me3 pathway; it also boosts metabolic function and anti-inflammatory
mechanisms to alleviate SOP through the modulation of the AMPK-mTOR-Hif1a-VEGF
signaling pathway [157]. Moreover, on one hand, the external administration of melatonin
suppresses the NF-κB signaling pathway and reduces the synthesis of inflammatory factors
in senescent BM-MSCs; on the other hand, melatonin can induce the upregulation of NSD2,
restoring the equilibrium between the H3K36me2 and H3K27me3 levels for the promoters
of osteogenic genes in senescent BM-MSCs. This strategy ultimately led to the alleviation
of osteoporosis in aging mice [158,159] (Table 2).

Senolytics are a class of drugs that can specifically eliminate senescent cells [12].
They achieve this by temporarily inducing the failure of the senescent cell antiapoptotic
pathway (SCAP). Quercetin is considered to be the most effective agent in eliminating
senescent BM-MSCs [160]. Xing’s research group has created two bone-specific drug deliv-
ery systems: bone-mimetic peptide-6-modified liposomes and matrix metalloproteinase
(MMP)-responsive hydrogels. These systems efficiently encapsulate quercetin, facilitating
the targeted elimination of senescent BM-MSCs within bone tissue, stimulating bone re-
generation in SOP murine models, and minimizing adverse effects on other organs [4,161].
However, senolytic strategies may be effective when senescent cells are scarce. As individ-
uals age, the prevalence of senescent cells in their tissues rises, and their removal at this
stage can cause significant tissue damage and impaired organ function [162].

Senomorphic agents represent another treatment strategy that mainly targets SASP.
Classic senomorphic drugs, such as JAK inhibitors (JAKi), can rejuvenate BM-MSCs in the
bone marrow microenvironment without killing senescent cells; this is achieved through
the attenuation of SASP signaling, and it effectively promoted bone formation in aged
osteoporotic mice [12]. However, senomorphic strategies may indiscriminately eliminate
SASP factors that are beneficial for the organism. In addition, as senescent cells persist
in the body, the continuous use of SASP inhibitors may be required, potentially causing
more side effects than senolytics, which appear to be effective even with intermittent
administration [163].
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Table 2. Summary of the protective effect of drugs on SOP by promoting the rejuvenation of senescent BM-MSCs.

Drugs or Regulators Setting Intervention Target Mechanism References

DOPs
In vitro Senescent

human BM-MSCs 400 µg/mL
Nrf2 Antioxidant [155]

In vivo 15-month-old mice 150 mg/kg, once daily for 3 months

PQQ

In vitro Senescent
mouse BM-MSCs

Isolated from PQQ-treated
18-month-old mice

MCM3-Keap1-Nrf2 Antioxidant [154]
In vivo 12-month-old male mice

(C57BL/6) 4 mg/kg diet for 6 months

RESV

In vitro Senescent
mouse BM-MSCs 10 µM

Mitofilin Mitochondrial function [48]
In vivo SAMP6 mice 100 mg/kg intraperitoneally once every

other day for 2 months

Curculigoside

In vitro Senescent
mice BM-MSCs 100 µM

TAZ Antioxidant [156]
In vivo 16-month-old mice

(C57BL/6) 100 mg/kg, once daily for 2 months

Apocynin

In vitro Senescent
rat BM-MSCs 100 µM

NADPH oxidases Antioxidant [164]
In vivo 22-month-old rats (SD)

SAMP6 mice

0.1 mg/kg/day, through intraperitoneal
injection three times per week for

3 months

Desferal®
In vitro Senescent rat BM-MSCs

Isolated from 12-
month-old rats: 60 mg/kg, once a day

for ten
consecutive days HIF-1α Intercellular

communication
[9]

In vivo 12-
month-old rats (SD)

60 mg/kg, three times a
week for 8 weeks

Alpha-ketoglutarate
(αKG)

In vitro Senescent mouse BM-MSCs 2 mM

H3K9me3;
H3K27me3

Epigenetic regulation [152]
In vivo

18-month-
old mice and 24-month-old

rats
0.75% αKG in drinking water
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Table 2. Cont.

Drugs or Regulators Setting Intervention Target Mechanism References

1,25(OH)2D3
In vitro Senescent human BM-MSCs 100 nM

H3K27me3 Epigenetic regulation; [153]
In vivo 12-month-old mice 0.1 µg/kg, thrice weekly for 6 months

Tetramethylpyrazine
(TMP)

In vitro Senescent mouse BM-MSCs 50 µM H3k27me3;
AMPK—mTOR—HIF-1α—
VEGF signaling pathway

Epigenetic regulation;
nutrient-sensing

network;
anti-inflammatory

[157]
In vivo 20-month-old male mice 10 µg/kg for 8 weeks

Melatonin

In vitro Senescent human BM-MSCs 1 µM
NSD2-H3K36me2; H3K27me3;

NF-κB
Epigenetic regulation;

anti-inflammatory
[158,159]

In vivo 18-month-old mice
(C57BL/6) 10 mg/kg, twice a week for 10 weeks

Liposomes decorated
with

Bone affinity peptide
(DSS)6 carry quercetin

In vitro

100 µM H2O2 for 24 h or
45 g/L D-gal for 48 h

induces mice BM-MSCs
senescence

20 µM quercetin

bone-targeted delivery of
senolytics efficiently
eliminates senescent

BM-MSCs

Eliminates senescent
BM-MSCs

[4]

In vivo

24-month-old male C57bl/6
mice and

senescence-accelerated
mouse model induced by

doxorubicin

150 µL quercetin
nanoliposome suspension
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4.2.2. Extracellular Vesicle Therapy

EVs have been shown to facilitate both short-range and long-range intercellular com-
munication without accumulating in the microvasculature. This property effectively miti-
gates the risk of embolism associated with direct administration [165]. Given the aforemen-
tioned advantages of EVs, they may become a key tool in improving the therapeutic effects
of SOP treatment [166].

Multiple studies have indicated that umbilical cord blood extracellular vesicles (UCB-
EVs) inhibit the senescent phenotype of BM-MSCs and increase their self-renewal capacity
and the telomere length through cytokines such as TGF-β, EGF, FGF, VEGF, IGF, and
miR-3960, resulting in good therapeutic effects in animal models of SOP [167–169]. Other
studies have indicated that small extracellular vesicles derived from human embryonic
stem cells (HESC-SEVs) promote the rejuvenation of senescent BM-MSCs through the
activation of the Sirtuin and AMPK signaling pathways, effectively mitigating age-related
bone loss. In the apoptotic vesicles (apoVs) of young MSCs, it was found that Rab7 could
rejuvenate BM-MSCs by activating the autophagy process, thereby alleviating bone loss in
aging mice [170].

EV therapy, as a novel cell-free alternative treatment method, offers the advantage of
lower immunogenicity; this means that immune rejection reactions are prevented and the
EVs’ contents are protected from degradation. However, due to technological limitations,
no method currently exists for the efficient and thorough separation and purification of
different types of EVs. This restricts the broader application of EVs in clinical trials.

4.2.3. Mechanical Stimulation Therapy

In 1892, the German anatomist and surgeon Julius Wolff proposed Wolff’s law, which
states that bone growth, resorption, and remodeling are related to the state of bone loading.
This suggests that the rejuvenation of senescent BM-MSCs through mechanical stimulation
may represent an innovative, non-drug, and non-invasive strategy to alleviate SOP [171].
For instance, low-magnitude vibration (LMV), administered at 0.3 g and 90 Hz for 30 min
daily, was found to suppress the senescence of BM-MSCs through the Sirt1/p53/p21 axis.
LMV also upregulated the expression of mechanosensitive miR-378a-3p in senescent BM-
MSCs, improving bone structure and biomechanical properties in aged rats [172]. The
tensile strain of cells produced through appropriate physical exercise promotes the expres-
sion of lncRNA-MEG3 in senescent BM-MSCs and enhances osteogenesis, representing
an effective physical strategy to treat SOP [173]. In addition, electrical fields and electrical
signals are indispensable physical factors in cellular life activities. P-TENG revitalizes
senescent BM-MSCs by activating the mechanosensitive cation channel Piezo1 and in-
creasing the intracellular calcium levels; in this way, it promoted bone formation in aging
mice [174,175]. However, due to variations in the treatment parameters and individual
responses, mechanical stimulation therapy requires additional investigation in clinical
research to optimize its effectiveness.

4.3. Safety and Prospects

While the rejuvenation of BM-MSCs holds great promise in the treatment of SOP, it is
crucial to address the associated safety concerns. In many cases, cellular senescence serves
as a natural barrier against tumorigenesis; thus, the excessive suppression of senescence
may heighten the risk of tumor development. For example, the moderate activation of
AMPK is beneficial for BM-MSC rejuvenation and may initially exert a tumor-suppressive
effect. However, excessive AMPK activation can lead to uncontrolled cell cycling, poten-
tially promoting tumorigenesis [176]. Similarly, while antioxidants support BM-MSCs’
rejuvenation, they also pose potential risks associated with tumorigenicity [177,178]. Re-
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search suggests that the improper activation of NRF2 may drive tumor progression by
inhibiting the degradation of Bach1 [179,180]. Additionally, other studies indicate that
excessive NMN levels could lead to the significant secretion of pro-inflammatory SASP,
further increasing the risk of tumor development [181].

Overall, the challenge of effectively promoting BM-MSC rejuvenation while mitigating
harmful side effects remains a key focus in this field. Therefore, we propose several
potential solutions and future research directions that could aid in addressing this issue.

The first is bone targeting, as bone-specific therapeutic strategies can significantly
minimize the risk of adverse effects on other organs. The second is the precision targeting
of genes and pathways, as different subpopulations of senescent BM-MSCs possess distinct
intrinsic programs [182]. By leveraging gene screening technologies such as CRISPR-
Cas9 [183], researchers can identify the specific genes driving the senescence processes of
each subpopulation, paving the way for strategies that minimize harmful side effects during
BM-MSC rejuvenation. The third is artificial intelligence (AI); recent research has driven
the development of numerous virtual drug screening platforms, such as AlphaFold 3 [184].
AI technology will enhance the precision of dosage control and target selection, optimizing
treatment efficacy while minimizing the risks [185,186]. Finally, clinical trials are crucial,
as most BM-MSC rejuvenation studies are still in the preclinical stage. Comprehensive
clinical data will be essential to assess the feasibility and safety of BM-MSC rejuvenation
for SOP treatment (Figure 5).
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