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Abstract

With aging, a portion of cells, including mesenchymal stem
cells (MSCs), become senescent, and these senescent cells
accumulate and promote various age-related diseases.
Therefore, the older age group has become a major popula-
tion for MSC therapy, which is aimed at improving tissue re-
generation and function of the aged body. However, the ap-
plication of MSC therapy is often unsatisfying in the aged
group. One reasonable conjecture for this correlation is that
aging microenvironment reduces the number and function
of MSCs. Cellular senescence also plays an important role in
MSC function impairment. Thus, itis necessary to explore the
relationship between senescence and MSCs for improving
the application of MSCs in the elderly. Here, we present the
influence of aging on MSCs and the characteristics and func-
tional changes of senescent MSCs. Furthermore, current
therapeutic strategies for improving MSC therapy in the el-

derly group are also discussed. ©2021 The Author(s)
Published by S. Karger AG, Basel

Introduction

Aging has a significant impact on human health and
increased risk of human diseases, such as cardiovascular
disorders, diabetes, and neurodegenerative diseases. For
example, axonal regeneration was less effective in aged
mice than young mice when nerve conduit and autolo-
gous nerve were transplanted [1].

Mesenchymal stem cells (MSCs) have great potential
for the treatment of degenerative diseases, such as osteo-
porosis, large bone defects, and nerve defects. It is reported
that axonal regeneration using nerve conduits was im-
proved when induced pluripotent stem cell derived neuro-
spheres were transplanted in the aged mice [1]. Further-
more, MSC therapy has been widely and successfully ap-
plied in various diseases, including liver injury, multiple
sclerosis, graft-versus-host disease, Crohn’s disease, diabe-
tes mellitus, and myocardial infarction. These achieve-
ments relied on the following characteristics of MSCs: (1)
multiple differentiation potential: it was the first detailed
description in 1999, including osteogenesis, chondrogen-
esis, and adipogenesis [2]; (2) replication capacity: upon
stimulation by biological signals, MSCs are activated and
recruited to injured sites to proliferate, regenerate, and re-
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place damaged tissues [3, 4]; (3) low immunogenicity:
MSCs have vague cell surface markers, which could cause
less host immune response. Therefore, MSC therapies are
likely candidates for use in aged individuals to restore the
loss of tissue homeostasis caused by degenerative disease.

However, the application of MSC therapy is less effec-
tive in the elderly group than in the young group. For ex-
ample, bone regeneration impaired in older mice when
human muscle-derived stem cells were transplanted into
the defect bone area [5].

This phenomenon indicated close relationship be-
tween aging and stem cells. On the one hand, with aging,
a portion of stem cells become senescent, that is, charac-
terized by permanent growth arrest, resistance to apopto-
sis, macromolecular damage, and altered metabolism [6].
These senescent cells (SNCs) promote various age-related
diseases. On the other hand, aging microenvironment,
including a senescence-associated secretory phenotype
(SASP), impairs the function of transplanted MSCs [7-9],
which is a major factor that contributes to the unsatisfac-
tory therapeutic effect of MSC therapy.

In this review, we discuss the effect of aging microen-
vironment on the biological properties of MSCs and their
therapeutic potential, as well as the characteristics and
functional changes of senescent MSCs. Possible tech-
niques to improve the therapeutic effect of MSCs and an-
ti-senescence in the older population are discussed as
well. The aim of this review is promoting the therapeutic
effect of MSCs in the elderly group.

Senescence and Aging

It is generally recognized that a causal link has been es-
tablished between senescence and aging [10]. With aging,
SNCs accumulate in various tissues and organs which -
once reaching a sufficient number — may drive age-related
diseases. However, they are different. Generally, senes-
cence is a cellular program mainly triggered by stressful
stimuli, including DNA damage, oncogene activation, and
telomere shortening [6], while aging is an individual condi-
tion caused by the passage of time. Therefore, SNCs can be
detected at any physical age from embryogenesis to adult-
hood, regardless of organismal age. Besides, more than 80%
of the cells in the older age group are not SNCs. However,
young groups with premature phenotype might contain
more SNSs even at a much younger age. For example, sim-
ilar to Werner syndrome in human, mice with mutants in
the Werner helicase and telomerase develop clinical symp-
toms of premature aging once they reach adulthood [11].
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Cellular Senescence

Cellular senescence is a cell state characterized by cell
cycle arrest, antiapoptosis, and special secretory features
related to age-related diseases [6]. According to stimulat-
ing factors, cellular senescence can be divided into repli-
cative senescence which occurs by replication and prema-
ture senescence which is caused by stressful stimuli [12].

Characteristics of SNCs

Cell Cycle Arrest

Different from quiescence and terminal differentia-
tion, SNCs lost their ability to divide to some extent but
remained active and metabolically active [13]. The senes-
cence growth arrest is generally irreversible. However,
SNCs can re-enter cell cycle in some contexts. Cyclin-
dependent kinase inhibitors (CDKi) p16 and p21 are the
2 main signaling pathways that initiate and maintain cell
cycle arrest by activating the transcriptional regulator ret-
inoblastoma protein. Mitogen-activated protein kinases
(MAPKs) [14] and P53 [15] are 2 upstream enzymes of
CDKi and also promote growth arrest in SNCs by con-
trolling CDKi.

Resistance to Apoptosis

SNCs are antiapoptotic and thus block programmed
cell death [16, 17]. P53 signaling is a main pathway mod-
ulating the expression of a wide variety of molecules and
genes related to senescence or apoptosis. It regulates ex-
trinsic pathways and intrinsic pathways, 2 major apop-
totic pathways. Extrinsic pathways involve particular
“death” receptors from the tumor necrosis factor receptor
family and death-inducing signaling complex, which lead
to a cascade of activation of caspases and induce apopto-
sis. Intrinsic apoptotic pathways are dominated by the B-
cell lymphoma-2 (BCL-2) family of proteins, which gov-
ern the release of cytochrome C from the mitochondria.

Secretory Features

SNCs secrete distinctive bioactive factors, including
pro-inflammatory cytokines and chemokines, growth
modulators, and proteases, collectively termed SASP [6].
SNCs do not exist as a single, discrete cell but are diverse:
SNCs of different origins and stimuli secrete different
SASP factors, which drive the pathogenesis of diseases
and trigger cell apoptosis through different senescence
mechanisms.

The mechanisms related to SASP regulation remain
incompletely understood. Several transcription factors
associated with regulation of SASP have been reported,
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mainly through the action of transcription factor nuclear
factor-kappa B (NF-kB) and CCAAT/enhancer-binding
proteins-p [18]. Besides, there are some factors involved
in regulating SASP through the NF-«xB pathway, such as
p38-MAPKs [14], mTOR [19], and transcription factor
GATA4 [20]. Cyclic GMP-AMP synthase/stimulator of
interferon genes triggers the secretion of SASP factors,
thereby promoting paracrine senescence [21].

Methods for Detecting SNCs

Although some markers of identification of SNCs are
more universal, such as senescence-associated
B-galactosidase [22], currently, no single marker has been
found to specifically identify SNCs [23] due to many fac-
tors affecting marker specificity, including cell type, tis-
sue developmental stage, and stimulus. Remarkably, with
the development of technology and concept, more and
more novel methods have been used for identification of
SNCs. Cell cycle arrest is a main feature of SNCs, suggest-
ing high expression of cyclin kinase inhibitors, such as
P15 [24-26], P16, P19 [27-29], P21, P27 [24, 30, 31], P53
(27, 32, 33], and P57 [26, 29, 30], and less expression of
proliferation markers, such as bromodeoxyuridine [34,
35] and ki67 [28, 36, 37]. Furthermore, markers of apop-
tosis such as P53, decoy receptor 2, and BHLHB2 gene
[37-39] are related to senescence.

Senescence triggers the production and accumulation
of distinct heterochromatic structures and thus results in
DNA damage. Senescence-associated distension of satel-
lites [6, 35, 40, 41] assay and telomere-associated DNA
damage response foci [42, 43] assay have also been recog-
nized as specific markers of senescence in vivo. Other
markers of DNA damage include y-H2A.X [36, 41, 42],
telomere dysfunction-induced foci [44-46], terminal re-
striction fragmentation [47], senescence-associated het-
erochromatic foci [48-50], and high-mobility group box
136,51, 52].

Therefore, it is necessary to combine various kinds of
above methods, as well as a special SASP. There is still a
long way before finding the gold standard for identifying
SNCs.

Aging Microenvironment and MSCs

MSC therapy has shown great application prospects in
cell and animal experiments. However, the effect of stem
cell therapy is currently unsatisfactory in clinic. Some
scholars suspect that host age may be responsible for it.
In most cell and animal experiments, the hosts are young
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Fig. 1. Effect of senescent microenvironment on MSCs. Senescent
microenvironment plays a role in MSCs through SASP, EVs de-
rived from SNCs, and cell-cell contact. MSCs, mesenchymal stem
cells; SNCs, senescent cells; SASP, senescence-associated secretory
phenotype; EVs, extracellular vesicles.

individuals. While clinically, the elderly are the main re-
cipients of MSC therapy. It is reported that bone regen-
eration impaired in older mice compared with young
mice when human muscle-derived stem cells were trans-
planted into the defected bone area [5]. Similarly, after 6
months of repairing the skull defects by fetal bone mar-
row stromal cells (fetal BMSCs) with the decalcified bone
matrix scaffolds, the repair effect of the skull defect in old
goats is worse compared to young goats [53]. Further-
more, serum from old mice has a negative impact on mus-
cle satellite cells (a kind of MSCs) and neurogenesis in
young mice [7]. Serum from old rat reduces the prolif-
eration and survival of bone marrow-derived MSCs and
promotes its senescence [8]. What is more, exposure to
young system environment can rejuvenate aging progen-
itor cells [54].

To sum up, it is reasonable to doubt that aging envi-
ronment has adverse effects on the function of MSCs.
However, mechanisms of aging microenvironment on
MSCs are incompletely understood. It has been reported
that the age-associated functional degeneration of stem
cell is induced by the surrounding molecules to a signifi-
cant extent, in addition to cell-intrinsic mechanisms [55].
In this part, we discuss how aging microenvironment af-
fects MSCs (shown in Fig. 1), and what effects does it have
on MSCs.

Senescence-Associated Secretory Phenotype

SASP contains various age-associated components;
these components mediate paracrine senescence and af-
fect the function of MSCs, including proliferation ability,
clonal formation ability, differentiation potential, im-
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mune characteristics, telomerase activity, cell migration
ability, and adhesion. The SASP can create a chronic ster-
ile inflammatory environment which is mainly mediated
by NF-«B signaling and thus drive stem cell dysfunction
and aberrant remodeling [56]. Pro-inflammatory factors,
such as IL-1P and IL-6, induce the expression of p53 and
p21, increase oxidative and DNA damage and thus cause
senescence of IMR90 cells [57]. In addition, the early
SASP regulates p15INK4b and p21CIP1 and induces se-
nescence in nearby cells by transforming growth factor-f
(TGF-p) family members [57-59].

Age-related insulin-like growth factor-binding pro-
tein 4 and 7, a kind of chemokines, could directly induce
a senescent phenotype in P1 MSCs [60] and inhibit os-
teogenic differentiation of rat MSCs [61]. SASP is not
always harmful. For example, intestinal stem cells after
heavy ion radiation in mice and cells undergoing OIS
show an increased expression of vascular endothelial
growth factor (VEGF, one of the SASP components) [57,
62]. However, after pretreating with VEGF, the stem cells
show a remodeling ability and attenuate age-related de-
cay of adult hippocampal neurogenesis. In addition,
MSCs release VEGF, activate the Jagged-1/Notch-1 sig-
naling pathway, inhibit secretion of TGF-B1, and thus
rescue rat embryonic myoblasts from doxorubicin-in-
duced senescence [63]. Furthermore, TNF-a-exposed
MSCs exhibit upregulation of SASP molecules, including
IL-6 and IL-8 and MCP-1 [64]. However, IL-8 exerts a
chemotactic effect on human bone marrow MSC [65]
and enhances the angiogenic and proliferation potential
of MSCs [66, 67]. However, no positive influence of SASP
on MSCs has been reported so far.

Extracellular Vesicles

Acting in a similar manner as SASP, extracellular ves-
icles (EVs), including exosomes from the endosomal
compartment, and endosomes, microvesicles, and apop-
totic bodies shredded from the plasma membrane, have
recently been described as a new mechanism of cell-cell
communication. These lipid-based carriers shuttle be-
tween cells, delivering their microRNAs, messenger
RNAs, DNA, and proteins to target cells via endocytosis
and membrane fusion.

A senescence-associated increase in EV secretion was
first described by Lehmann et al. [68] and was reported to
induce senescence of adjacent cells subsequently [69-73]
and to promote the proliferation and inflammation of
cancer cells [74]. With aging, SNC-derived microRNA-
183-5p suppresses MSC proliferation and induces its se-
nescence [70]. Moreover, microvesicular miR-31 secret-
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ed by SNCs inhibits the osteogenic ability of MSCs [69].
Very long-chain C24:1 ceramide, which is associated with
cellular senescence and apoptosis, can induce senescence
of MSCs [71]. In addition, SNC-derived EVs exhibit an-
tiapoptotic activity by targeting 5 common proapoptotic
mediators (PTEN, P53, APAF-1, CDKNI1B, and MYC)
[75]. However, it is still unknown which of these miRNAs
exert this effect.

EVs are actually a heterogeneous population that can
be classified based on their origin [76, 77]. EVs from dif-
ferent cells or tissue have different RNAs or proteins;
therefore, it is very important to study EV's from differ-
ent origins and its pathway to promote senescence for
exploring the mechanism of senescence and alleviating
age-related diseases. Terlecki-Zaniewicz et al. [75] iden-
tified senescence-specific differences in miRNA compo-
sition of EVs in senescent human dermal fibroblasts,
with an increase in miR-23a-5p and miR-137 and a de-
crease in miR-625-3p, miR-766-3p, miR-199b-5p, miR-
381-3p, and miR-17-3p. EVs from senescent human
umbilical vein endothelial cells were enriched in miR-
21-5p and miR-217, which target 2 key enzymes in
methylation pattern maintenance DNMT1 and SIRTI.
Thus, it promotes senescence signal transmission, af-
fects DNA methylation, and modulates senescence fea-
tures [73].

Given that the function of EVs secreted by SNCs seems
to be similar to SASP, increasing with aging, inducing se-
nescence of adjacent cells, and resisting apoptosis, some
researchers support that EVs are part of the SASP [75].
However, it is not clear whether EVs play a beneficial role
in tissue homeostasis in vivo, such as wound healing or
tissue regeneration [78].

Cell Junction

For SNCs, secretory factors are the main mechanism
of information transmission between cells, but not the
only mechanism. Cell junction is an important way of cell
communication between adjacent cells. Ithasbeen proved
that gap junction-mediated cell-cell contact increases the
formation rate of DNA damage foci and steady-state foci
levels in bystander cells [79] and induces DNA damage of
neighboring cells, thus resulting in its senescence. Anat
Biran et al. found that intercellular protein transfer is de-
pendent on cell-cell contact mediated by actin polymer-
ization and regulated primarily by CDC42 [80]. On all
these counts; aging microenvironment exacerbates the
inflammatory response and decreases the number, bio-
logical function, and immune modulation activity of
MSCs.
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Characteristics and Functional Changes of Senescent
MSCs

Except that an aging microenvironment hinders the
function of transplanted MSCs, senescence of autologous
and transplanted MSCs contribute to an unsatisfied ther-
apeutic effect [81]. For example, transplanting adipose-
derived MSCs from aged mice, not from young mice, in-
duces physical dysfunction in older recipients [82]. In ad-
dition, the adverse effect caused by senescent MSCs is also
proved by vitro experiments. Muscle-derived stem/pro-
genitor cells came from old mice or premature aging
models of mice show a decreased regeneration function
[83]. It implied the importance of evaluating the impact
of senescence on biological properties of MSCs and mon-
itoring activities of MSCs preparations before applica-
tion.

Senescent MSCs are usually characterized by an en-
larged, more granular, and flat fried egg morphology,
with constrained nuclei and a granular cytoplasm. Dur-
ing aging, the quantity of BM-MSCs with osteogenic po-
tential decreases [84, 85], which may contribute to age-
related diseases. Also, self-senescence will affect the qual-
ity of MSCs, including proliferation ability, clonal
formation ability, differentiation potential, immune
characteristics, telomerase activity, cell migration ability,
and adhesion [86]. The aforementioned reasons may ex-
plain the dissatisfied therapeutic effect of stem cells.

Specifically, aged MSCs exhibit a reduced cell prolif-
eration and osteogenic ability (alkaline phosphatase ac-
tivity, extracellular matrix mineralization, and osteogen-
esis-related genes), while an increased adipogenic differ-
entiation ability (adipocyte protein 2, resistin, and lipid
accumulation) [87], which contributes to decreased bone
formation [88] and results in osteoporosis [89-92] and
dissatisfied ability of osseointegration [87]. What is more,
senescent MSCs impair basal and calcium-regulated
functions of the CXCR4/SDF-1 axis in bone marrow-de-
rived cells and thus exhibit decreased vasculogenesis abil-
ity [93]. Senescent MSCs have been proved to have meta-
bolic inflexibility with impairment of proteasome activity
and the autophagic flux [94]. They also exhibit a signifi-
cant decline in the cell colony number, one of the most
convenient and common predictive indicators of MSC
senescence [95].

Senescence and Mesenchymal Stem Cells

Current Strategies for Improving MSC Therapy in the
Elderly

Autologous MSC therapies are preferable due to tissue
regeneration ability and biosafety concerns (immune re-
jection) in recent years. Besides, increasing evidence sug-
gests that MSCs may not be immune-privileged [96, 97].
Unfortunately, the appliance of MSCs usually requires in
vitro expansion, which exposes cells to replicative senes-
cence. Therapies based on autologous MSCs have been
hindered due to decreased quantity and impaired quality
of MSCs with aging, as described previously [84]. How to
rejuvenate senescent MSCs and improve the function of
MSCs is a focus of scholars in regenerative medicine.

Targeting MSCs or Its Derivatives

Improving the Quality of MSCs

Several lines of evidence support the feasibility of ex-
tracting high-quality autologous MSCs from older do-
nors. (1) It has been proved that it is the clonal composi-
tion of stem cell populations, instead of individual stem
cells, that changed with aging. (2) MSCs derived from the
elderly population consist of mixtures of cells which con-
tain not only SNCs but also healthy cells [98-100]. (3)
With aging and some pathological conditions, SNCs ac-
cumulates in various tissues and organs, and the propor-
tion is between 1 and 20% [101]. Once reached a sufficient
number, SNCs may do harm to adjacent cells and tissues
and drive age-related diseases. Injecting a small number
of aging cells (less than 0.03% of all cells in the whole
body) into mice can shorten the life span of mice and
cause dysfunction of the body [101]. Travis J. Block first
isolated a subset of “youthful” cells from elderly donors
and then expanded these cells on a “young microenviron-
ment” and thus harvested high-quality MSCs from elder-
ly populations, which suggests that it may be able to store
masses of high-quality autologous MSCs from the elderly
population for treatment of age-related diseases [102].

Bioactivator-Treated MSCs

Due to long-term culture in vitro, human-derived
MSCs were induced cellular senescence, which called rep-
licative senescence. Treated by FGF-2, these cells show a
suppressed expression level of p21, p53, and p16 mRNA,
as well as decreased percentages of G1 cell growth arrest
[103].

Macrophage migration inhibitory factor is an endo-
crine molecule used to restrict abnormal movement of
macrophages. Pretreatment with migration inhibitory
factor improved the proliferation, cell viability, trophic
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effects, telomere length, and telomerase activity of senes-
cent MSCs, which may be due to oxidative stress inhibi-
tion and phosphatidylinositol 3-kinase-RAC-a serine/
threonine-protein kinase (Akt) signaling pathway activa-
tion [104].

Melatonin clears free radicals and reactive species and
stimulates a number of antioxidant enzymes and thus
protects macromolecules from oxidative damage, possi-
bly by acting on membrane-bound receptors MT1 and
MT?2 and activating RK/MAPK and phosphatidylinositol
3-kinase/Akt signaling pathways [105].

Resveratrol-treated adult stem cells rescue the quanti-
tative decline of BMSCs, improves bone structural orga-
nization, increases mineral density, and significantly al-
leviates progeroid features and prolongs the life span in
Zmpste24~'~ mice (a kind of premature aging mice, re-
sponsible for prelamin A maturation) [106]. Liu et al. re-
ported that it is associated with enhanced binding be-
tween SIRT1 and prelamin A by resveratrol.

Interestingly, IL-6 maintains MSC “stemness,” which
may act through the ERK1/2 pathway [107]. The IL-6 and
the IL-6 receptor complex activates the downstream sig-
nal transducer and activator of transcription (STAT) 3
pathway, thereby promoting osteogenic differentiation of
BM-MSCs [108]. However, IL-6 is a pro-inflammatory
factor, which can enhance senescence. Therefore, the ef-
fects and underlying mechanisms of IL-6 in MSCs and the
interaction between these mechanisms require further in-
vestigation.

Cell-Free Therapy

Despite some success, many concerns have gained at-
tention regarding the curative effect of aged MSCs be-
cause of their poor survival, low retention [109-111], rep-
licative aging, and instability in clinical outcomes [112].
Emerging evidence suggests that much of the therapeutic
benefit related to MSC therapy may owe to the biological
activities of factors and molecules secreted by these cells.
Growth factors, cytokines, and different components of
the extracellular matrix have been widely studied as a cell-
free therapeutic.

Bioactivator

Growth factors and cytokines can be used to alleviate
inflammation, enhance angiogenesis, reduce fibrosis, and
promote tissue generation. For example, TGF-p stimu-
lates both Smad3-dependent and independent activation
of macrophages, promotes secretion of VEGF and
TGF-B1, and protects against adverse cardiac tissue re-
modeling [113]. These bioactivators usually cooperate
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with scaffold materials for delivery and sustained release,
which contributes to prolonging the impact on surround-
ing tissues. SDF-1 facilitates cell homing and thus pro-
motes defected cartilage repair when using radially ori-
ented scaffolds to deliver SDF-1 locally [114]. Compared
to conventional patch material, VEGF- and bFGF-em-
bedded nanofiber matrices were confirmed to promote
vascularization and thus restore cardiac function after
ischemia [115].

However, these bioactivators fail to exert an abiding
impact on clinical application due to their short half-lives
and instability. Itis reported that most of these limitations
could be overcome by directly delivering gene, instead of
the protein [116].

EVs of MSCs

Although several different target genes controlled by
some specific signaling pathways and mechanisms were
found in MSCs and EVs, MSCs and their EVs shared sim-
ilar miRNA components [117, 118]. It seems that EVs
have a long-term effect on surrounding tissues when used
in vitro.

EVs are powerful biological entities released by cells
and exhibit anti-inflammatory, antiapoptotic effects, and
pro-angiogenetic ability, thus promoting changes in their
targets. It has been reported that MSC-EV's play a positive
role in various diseases, such as acute kidney injury [119],
lung injury [120-123], liver injury [124], neuroinflam-
mation [125], allergic airway inflammation [126], acute
graft-versus-host disease [127], autoimmune diseases
[128], hair follicle growth [129], bone formation [130],
and osseointegration between titanium surfaces and bone
[131].

The current EV-based therapy is limited by the purity
of EV preparations [132, 133]. The 2 commonly used
methods are ultracentrifugation and differential centrifu-
gation [109]. However, repeated ultracentrifugation not
only reduces particle yield and recovery but also damages
isolated vesicles, reducing their quality [133, 134]. Protein
precipitation protocols are frequently used as well. Rich-
ard J. Lobb confirmed that ultrafiltration was far more
time-efficient than ultracentrifugation [133]. Ultrafiltra-
tion combined with ultracentrifugation is a highly puri-
fied method because it removes non-EV-associated pro-
teins from EVs [135]. Besides, some scholars have inte-
grated many methods that separated free secreted proteins
from EVs [136] (e.g., immunoaffinity isolation [137],
polymer-based precipitation, density gradient, anion ex-
change [138], and microfluidics [139]). It is essential to
standardize and optimize EV purification protocols.
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Apoptotic body is a member of EVs. It has been re-
ported that apoptotic cells may stimulate progenitor or
stem cell proliferation, thus replacing damaged cells and
promoting tissue regeneration [140, 141]. Subsequently,
Liu et al. [142] showed that coculture of apoptotic bodies
from MSCs from normal mouse bone marrow with MRL/
lpr and cas3-/-mouse MSCs in vitro improves prolifera-
tion, osteogenic differentiation, new bone formation, and
adipogenic differentiation. In addition, apoptotic bodies
are capable of maintaining MSC homeostasis by directly
regulating the WNT/B-catenin pathway [142, 143]. In
this sense, apoptotic bodies from MSCs are promising
and potential tools in tissue engineering. How to acceler-
ate its clinical application still needs efforts.

Targeting Senescence

Another way to reinforce MSC therapy in aging is pre-
venting senescence or reducing SNC burden. Senescence
does harm to the quantity and quality of MSCs and the
etiology of numerous tissues; therefore, disrupting or
preventing senescence and its deleterious effects may be
a promising way to delay health decline during aging.
There are 4 strategies to alleviating these effects: sup-
pressing the formation of SNCs, eliminating already
formed SNCs, inhibiting the secretion of SASP, and
cleaning up secreted SASP. Here, we discuss each of
aforementioned therapeutic strategies of senescence,
summarize the latest progress of these strategies, and em-
phasize their relative advantages and side effects.

Inhibit the Formation Mechanism of SNCs

Arguably, one of the most effective ways to target se-
nescence is to start from the origin — preventing the pro-
duction of SNCs, which is mainly based on epigenetics
currently. However, interfering with epigenetics of senes-
cence may lead to cancer [144]. Interventions targeting
the formation of SNCs, such as knocking down the ex-
pression of pl6Ink4a or p53 or short-term cyclic expres-
sion of Oct4, Sox2, Klf4, and c-Myc in mice, ameliorate
aging features but promote the development of cancer
[144, 145]. Based on Ocampo [144], Y. Lu et al. trans-
plant, 3 of above genes that had nothing to do with cancer
cells were used to devise a drug which controls the expres-
sion of these genes. This research regenerated nerve from
injured eye cells and alleviated age-related vision loss in
mice [146], but it needs safety assessment and consider-
able refinement before it can be deployed safely in hu-
mans.

To date, no study targeting the epigenetic of senes-
cence has been conducted in human. One pivotal prob-

Senescence and Mesenchymal Stem Cells

lem concerning inhibiting generation signaling of SNCs
is how to prevent the formation of SNCs without increas-
ing the risk of cancer and other side effects.

Eliminating SNCs

Eliminating SNCs is the most widely studied method
to target senescence, which delays several pathologies and
increases healthy life span [147, 148]. Some agents have
been put into clinical practice. Among them, most prod-
ucts are mainly by inducing apoptosis and activating the
immune system to eliminate SNCs.

The BCL-2 gene family plays a central role in modulat-
ing programmed cell death by the intrinsic apoptosis
pathway [149-152]. The multiregional (BH1-4) anti-
apoptotic proteins, such as BCL-2, BCL-XL, BCL-W, my-
eloid cell leukemia 1, and Al, antagonize proapoptotic
BH3-only proteins and suppress the essential apoptosis
effectors such as BCL-2 antagonist killer 1 and BCL-2-as-
sociated X protein, which leads to the release of cyto-
chrome C, thus driving programmed cell death [153,
154].

ABT-737, the first discovered BCL-2 and BCL-XL in-
hibitor [155], has been widely used to study and define
apoptosis biology. ABT-737 efficiently removes DNA
damage-induced SNCs in the lungs as well as P53 activa-
tion-induced SNCs in the epidermis [156], enhancing liv-
er regeneration [157]. However, the poor oral absorption
of ABT-737 contributed to the emerging of its second-
generation orally available analog, navitoclax (also known
as ABT-263). Navitoclax, a BCL-2 and BCL-xl dual in-
hibitor, is one of the most effective and broad-spectrum
BCL-2 family senolytic discovered so far [158-161]. Un-
fortunately, because platelets solely depend on BCL-xl for
survival [149, 162-164], BCL-xl inhibition, including
ABT263 and other small molecular inhibitors, induces
platelet apoptosis and leads to severe thrombocytopenia
[149, 162, 163]. Yonghan He et al. modified navitoclax
using proteolysis-targeting chimera technology, im-
proved senolytic activity, and, importantly, reduced
platelet toxicity [161, 165, 166]. Unlike BCL-xI, BCL-2 is
dispensable for generation and survival of platelet in mice
and humans [166, 167]. Inhibition of BCL-2 does not in-
duce thrombocytopenia, such as ABT199 (also known as
venetoclax) [164]. How to decrease clinical side effects or
improve ability to eliminate BCL inhibitor deserves more
exploration.

Dasatinib (D) is a synthetic small-molecule inhibitor of
Src family tyrosine kinase (TYK), which is used to treat
chronic myelogenous leukemia that is positive for the
Philadelphia chromosome. D promotes apoptosis caused
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by dependence receptors, such as the ephrins, in part by
inhibiting Src family TYK [168, 169]. Quercetin (Q) is a
natural bioflavonoid and antioxidant, which exists in
many plants. SNCs with a wide range of cell types are se-
lectively eliminated by treatment with the D plus Q (D +
Q) [42]. Interestingly, D nor Q alone can only kill certain
cell types of SNCs, while the combination of D and Q can
achieve additive benefits [170]. Furthermore, D + Q has
been proved to remove naturally occurring SNCs in hu-
man adipose tissue, accompanied by an increase in cleaved
caspase-3 [101], confirming that D + Q is effective to kill
human SNCs partly by inducing apoptosis. However,
whether other pathways have such effects still needs fur-
ther study. D + Q has made significant progress in clinical
trials, such as age-related osteoporosis, diabetic chronic
kidney disease [171], and idiopathic pulmonary fibrosis
[172], indicating D + Q has great prospects as a senolytic.

Fisetin, a natural flavonoid, is another senolytic, which
acts in part by inhibiting BCL-2 family members, such as
BCL-xL and HIF-1a. Fisetin has been shown to eliminate
SNCs in vivo [159, 173], while not hurting non-SNCs
[174]. Importantly, no adverse effects of fisetin have been
reported, even when administrated at high doses [175].

Furthermore, other senolytics, such as UBX0101,
A1331852, or A1155463, are being studied [176, 177].
However, research results are less impressive. Unity, a pi-
oneer biotechnology company in the research of seno-
lytic drugs in the USA announced that its flagship prod-
uct UBX0101 failed to beat placebo in a phase II clinical
trial of osteoarthritis involving 183 people. Several major
concerns remain to be solved, including possible side ef-
fects and optimal drug delivery mode before we can apply
these treatments in clinic.

The immune system clear SNCs is an emerging thera-
peuticopportunity [178]. Natural killer cells, macrophages,
B cells, T cells, neutrophils, and mast cells are involved.
Some agents have been proposed to clear SNCs, suchas DC
vaccines and development of Abs against MDA-vimentin
[179, 180]. Besides, SNCs derived from cell types outside
the formal immune system could essentially be considered
as an integral component of the immune system. For ex-
ample, senescent stellate cells stimulate T cells, activate po-
tently natural killer cell proliferation in vivo, which in turn
kill senescent stellate cells and appear to contribute to lim-
itation of liver fibrosis [181, 182].

Inhibition of SASP Secretion Pathway

The Janus kinase (JAK)/STAT pathway is a common
pathway of many cytokine signal transduction, which is
widely involved in cell proliferation, differentiation,

346 Gerontology 2022;68:339-352
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apoptosis, and inflammation. It is highly activated in
SNCs than non-SNCs. The JAK family consists of 4 mem-
bers, including JAK1, JAK2, JAK3, and TYK2. These 4
members act on downstream STAT proteins to regulate
a series of biological reactions. Among them, JAK1 and 2
play important roles in inflammatory signaling and other
endocrine signaling.

Inhibition of the JAK pathway downregulates the se-
cretion of SASP, including IL-6, MCP-1, and TNF-a, and
alleviates age-related dysfunction [182-185]. For exam-
ple, JAK inhibitors have been found to alleviate senes-
cence of BMSCs, enhance osteogenic differentiation
[186], enhance muscle stem cell function, promote mus-
cle regeneration [187], improve antitumor responses by
reprogramming the SASP in SNCs [188], and promote
hair growth. Furthermore, some agents have been put
into clinical implementation. Ruxolitinib, a specific
JAK1/2 inhibitor, has been approved by the Food and
Drug Administration (FDA) for the treatment of myelo-
fibrosis.

In addition to JAK inhibitors, other compounds have
been proved to inhibit inflammation-related SASP fac-
tors targeting the NF-«kB pathway. For example, metfor-
min, a commonly prescribed drug for treating type 2 dia-
betes, has decreased the secretion of SASP factors of on-
cogene-induced SNCs by inhibiting NF-«B activation. It
has been proved to inhibit inflammatory reaction, in-
crease insulin sensitivity, reduce lipotoxicity, and allevi-
ate physical dysfunction in aged mice. Glucocorticoids
and rapamycin (an MTOR inhibitor) have decreased
IL1A production, which establishes and maintains the
SASP by activating NF-kB, thus decreased the secretion
of inflammation-related SASP factors, postpone aging,
and extend life span.

SNCs derived from different cell types have overlap-
ping but distinct molecular signatures. Different senolyt-
ics target specific SASP molecules. How to select senolyt-
ics in disease and how to alleviate side effects of senolytics
must be considered.

Inhibiting Individual Components of the SASP

Blocking of individual components of SASP compo-
nents or their receptors, such as TGF- or its receptor, has
the advantage of a clear target and therefore potentially
decreases the risk of off-target effects. However, a draw-
back of this method is that only one of many SASP factors
can be targeted at a time. Up to now, no research of such
agents in aging or senescence has been implemented.

Although therapies targeted at SNCs and their secre-
tions have gained some achievements, these methods are
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limited to eliminate SNCs or suppress their SASP, with-
out reversing them to non-SNCs. The possibility of turn-
ing SNCs into normal and functional cells is worth ex-
ploring.

Conclusions and Prospects

As mentioned previously, aging microenvironment
impairs the function of MSCs, induces cellular senes-
cence, undermines various tissue and organ, and pro-
motes age-associated diseases. However, senescence is
not always harmful but offers a variety of benefits, such
as tumor suppression [189-191], embryonic develop-
ment [192, 193], and wound healing [194-196]. One
thing to be considered is whether suppressing or remov-
ing SNCs can promote tumors or delay wound healing. It
is highly valuable to investigate how to minimize the
harmful effects of eliminating SNCs.

Advanced age is associated with dysfunction of differ-
ent tissues and organs and pharmacokinetic changes,
most of which are converted into drug accumulation in
the body, leads to a higher possibility of drug toxicity
[197]. Furthermore, the elderly are more susceptible to the
adverse effects of polypharmacy. The increase in the num-
ber of medications increases the possibility of interaction
between clinically important drugs and adverse drug ef-
fects [198]. Interaction between senolytics and MSC ther-
apies and its influence on body needs further research.

In addition, systemic or local administration, inter-
mittent or continuous administration, and how to mini-
mize the side effect must be addressed for the optimiza-
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