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Molecular Mechanisms of Mesenchymal Stem Cell Autophagy in Aging
Regulation and Intervention Strategies
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Abstract Mesenchymal stem cells (MSCs) , with multi-lineage differentiation potential and their potent
tissue repair effect, exhibit great application prospects in regenerative medicine and anti-aging fields.
However, MSCs inevitably undergo senescence in vivo or ex vivo expansion, leading to a significant de-
cline in their therapeutic potential and increase in safety risks, which have restricted the clinical applica-
tion of large-scale preparation of MSCs. In recent years, autophagy, as the core intracellular quality con-
trol system, its functional status has been identified as a key determinant of the MSC aging process. In
senescent MSCs, a general decline in autophagic activity or impairment of autophagic flux is observed.
The underlying molecular mechanisms are complex, involving imbalances in multiple key signaling path-
ways (e.g. , persistent activation of mTORC1, decreased activity of AMPK and SIRT1), epigenetic si-
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lencing of core autophagy-related genes, and lysosomal dysfunction. This systematic failure leads to the
accumulation of damaged organelles and proteins, which is the primary internal driver for the formation of
senescent phenotypes, such as proliferation arrest, abnormal differentiation, and the senescence-associat-
ed secretory phenotype (SASP). Therefore, targeting autophagy has emerged as a cutting-edge interven-
tional strategy to delay MSC senescence and restore their youthful functions. This review systematically
summarizes the crucial roles of autophagy in maintaining MSC functions, deeply analyzes the key molecu-
lar mechanism network of autophagy dysregulation during MSC senescence, and focuses on the latest ad-
vances in interventional strategies represented by pharmacology, genetic engineering, and biomaterials.
We aim to provide new theoretical references and intervention strategies for enhancing the efficacy of stem
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cell therapy and delaying organismal aging.
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Result: Cellular homeostasis & Function

Fig.1 Schematic diagram of autophagy regulation in young versus senescent MSCs
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WEdR AT ——BED [ AR E R A, X
BRI A R AR5 AR Y RS ROR T R, DA
KA T3 (V-ATPase ) T B8 I 55 5 20 7% il 14
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Result: Cellular senescence & Decline

In young/healthy MSCs, a functional

autophagic flux is maintained through the activation of the ULK complex by AMPK and SIRT1, which is balanced by basal mTORC1
inhibition. This process involves the formation of the Beclinl complex, elongation of the phagophore mediated by ATG proteins (in-
cluding the lipidation of L.C3 to LC3-1I) , and successful fusion of the autophagosome with the lysosome, facilitated by SNARE and
HOPS complexes, leading to cargo degradation and cellular homeostasis. In senescent MSCs, this process is dysfunctional. Hyper-
activated mTORCI strongly inhibits the ULK complex, and epigenetic silencing reduces the expression of ATG genes. This leads to
impaired autophagosome formation, accumulation of damaged cargos and ROS, and failed fusion with dysfunctional lysosomes ( char-
acterized by elevated pH and reduced enzymatic activity ), ultimately resulting in cellular senescence and functional decline.
Abbreviations MSCs, Mesenchymal Stem Cells; AMPK, AMP-Activated Protein Kinase; SIRT1, Sirtuin 1; mTORC1, Mam-
malian Target of Rapamycin Complex 1; ULK, Unc-51 Like Autophagy Activating Kinase; ATG, Autophagy-Related Gene; LC3-11,
Microtubule-associated protein 1A/1B-light chain 3-11; SNARE, Soluble N-ethylmaleimide-sensitive factor attachment protein recep-
tor; HOPS, Homotypic fusion and protein sorting; ROS, Reactive Oxygen Species
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Table 1 Summary of major interventional strategies targeting autophagy to ameliorate MSC senescence

Category Agent/Method Primary target/ mechanism Key effects References
pharmacological in- Rapamycin Inhibits mTORC1 to activate Enhances  post-transplantation  [*
tervention autophagic flux survival, reverses replicative
senescence
Resveratrol Activates SIRT1, modulates Inhibits senescence, stimulates [
FoxO1 activity proliferation  and  osteogenic
differentiation
CXM102 ( Novel Promotes TEEB nuclear trans- Induces rejuvenation, improves %
activator) location to activate autophagy differentiation bias, alleviates
age-related bone loss
Hypoxia ~ mimetics  Activates HIF-1a/BNIP3 path- Reverses senescent phenotype, [
(e.g., DMOG) way, enhances mitophagy restores cell vitality
Genetic or siRNA/shRNA inhi- Suppresses overexpressed in- Reactivates autophagy, improves |
molecular bition target  hibitors (e.g. , mTOR, miR- cellular  function, reverses
biology strategies gene mRNA 34a) senescent traits

Gene overexpression

Enhances the core autophagy

Restores autophagy levels, [95,96]

(BECN1, FOXO03) machinery reverses functional defects,
enhances survival under stress
Biomaterial regula- Biomaterial scaffolds ~ Modulates  mechanotransduc- ~ Activates autophagy, delays [98,99]
tion tion signals via specific topolo-  senescence
gy/stiffness ,
Biomaterial scaffolds ~ Promotes M2 macrophage po- Enhances immunomodulatory ~ ['%?]

larization

and therapeutic functions

i3 MSCs 7 D RE 8 B H A T B W 20 i, 4 3
M1 1] M2 B 2 AR 3l AR 5 0 2
MSCs I W 5 1) S BE Ve 35 4, BERS AT R0 il 2
FHOC A JRE PRI, S 20 2P A A 2 7 2 B 3 A5 )
FIF

4 pBERE

REUEHE R B, 3% MSCs W 1Y) 3R 48 1 9
W BN (5 5 R A %0 R DR 3Rk T R it
FEUURR, B T e B IR D Re e S 2 A 2,
T L H i 5 I ) LA R R S 2
MSCs %3 MK S HLR 7 18 7 (008 S ms | I 1 24 B
7 R TRRAVE YRR S S5 07 T R B T B
BRI . UE A SR T E BRI L 45 (i fey
KX — BIEH I 2 MR A D i PRELSE , ATh 0 Ife 25
MEERHIL] 20 i 2 E Pk, ARRIFTEA
LA AS 5 B A T k™ 14 B — A B8 | 4T3 7 A4
R F VAR A2 5 7 55 SR 2= IR AR G v 9
P APEAL T BRI PR AL it bk,

T, U PR R T 1 R S <R O
5 MSCs (9 Sk . 3T AmERA I8 &
B, R P AR s o 2 2 L A T g Dt

R P B SR W T RE O AN IE Y i X
MSCs BIARLE S PE FaE B B M AL SUR IR 5525
ST AE AR A0 L B omE B R R RE AT fig R
Hp L0100 P RS W A g — T80 R SRR
THrE H I, ROR I S TR IR
A7 KT W, T Ny T SR —
185 B B 22 20 2 SRR | AT MSCs 3 2 10 5 T
PEMR IR ; IR & HAT B 2 e S P i B ] s A
T IO AW, A, T A ) 2R AR e Y
WA, SR DG AL 2 T B S B A W TE M B 3
AR W ITAS HELE R MSCs FU4AERRZS 271 HaA
7 et S AR

LR, A BB BT il 1 T ToUss it , 46 Rk 2
RS B AR SN K /N BY B R e = ) W 4 5
e AR 1 FH ) 2 2 PRI ROME S PP g 3niiE
AT W RS A S AR P9 MSCs 19 W K AT & — K Bk
0%, BT BT & B T A AR PR T SRS A4 v oA
Kebr il , KA R ) B WK T SR e, A,
S E oS A A B 8 0 SRR LIGE R
i MSCs 9 F D) fig , 02— S5 B IR AT A7 1R 1Y
BBT AR, 1 sl 3k =y i 22 R 25 ) 8 R e AR WA R
NG F TR MSCs A W fa S« AE 5407 2E



18

R 50 TR AR

542

ASWAEL, Al g

PO AR A S D9 4 4 T 22 = I )

T,

BZ R METHEE MSCs BY A WE 2 AR T
Y RIR T R I HT i AR

A B N R S

B THESH A & T B A S A

R (BIIZ AR D RE AT Wit 14 s

1) Z 18]

Y 58 R MR RESH MBS E SRR G R | FF

‘»/JEHZ%

CAE W2 1 22 4 DR SR AE BT 1K) 7 3, SR b i 52

1 Bl R 25 ,%T“ Z R YU B LA
B BT SCHEE A W Y R B T OB SR, A

11 e 2

EE R AN LB RS

52 3Lk ( References)

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Kaushik S, Tasset I, Arias E, et al. Autophagy and the hall-
marks of aging[ J]. Ageing Res Rev, 2021, 72 101468
Cuervo A M, Huffman D M, Vijg J,
Shock Center: translating the hallmarks of aging to extend human
health span[J]. Geroscience, 2021, 43(5) . 2167-2182
Schmid E T, Schinaman J M, Liu-Abramowicz N, et al. Accu-
mulation of F-actin drives brain aging and limits healthspan in
Drosophila[ J]. Nat Commun, 2024, 15(1) ; 9238

Walewska A, Janucik A, Tynecka M,
cells under epigenetic control-the role of epigenetic machinery in

Cell Death Dis,

et al. Einstein-Nathan

et al. Mesenchymal stem

fate decision and functional properties [ J ].
2023, 14(11): 720

Tang Y, Zhou Y, Li H J. Advances in mesenchymal stem cell
Stem Cell Res Ther, 2021, 12(1): 71
Zhang H, Xiao X, Wang L, et al. Human adipose and umbilical

exosomes ; a review| J |.

cord mesenchymal stem cell-derived extracellular vesicles mitigate
photoaging via TIMP1/Notch1 [ J].
her, 2024, 9(1): 294
Cai W, Zhang J, Yu Y,
cell fate through metabolic remodeling in osteoporosis[ J]. Adv
Sci (Weinh) , 2023, 10(4) : 2204871

Lei J, Xin Z, Liu N, et al. Senescence-resistant human mesen-

Signal Transduct Target T-

et al. Mitochondrial transfer regulates

chymal progenitor cells counter aging in primates [ J ]. Cell,
2025, 188(18) : 5039-5061

Wang W, Wang Y, Duan C, et al. LncRNA NEATI1-206 regu-
lates autophagy of human umbilical cord mesenchymal stem cells
through the WNT5A/Ca2 + signaling pathway under senescence
stress[ J . Noncoding RNA Res, 2025, 11; 234-248

Giuliani A, Bacalini M G, Ramini D, et al. Genome-wide meth-
ylation changes associated with replicative senescence and differ-
entiation in endothelial and bone marrow mesenchymal stromal
cells[ J]. Cells, 2023, 12(2) . 285

Wong P F, Dharmani M, Ramasamy T S. Senotherapeutics for
mesenchymal stem cell senescence and rejuvenation [ J |.
Discov Today, 2023, 28(1) . 103424

Tam HY, Liu J, Yiu T C, et al. Amelioration of premature ag-

Drug

ing in Werner syndrome stem cells by targeting SHIP/AKT path-
way[ J]. Cell Biosci, 2025, 15(1); 10

Rando T A, Brunet A, Goodell M A. Hallmarks of stem cell ag-
ing[J]. Cell Stem Cell, 2025, 32(7) : 1038-1054

Su Z, Chen D, Huang J, et al. Isoliquiritin treatment of osteopo-
rosis by promoting osteogenic differentiation and autophagy of
bone marrow mesenchymal stem cells[ J]. Phytother Res, 2024,
38(1): 214-230

Gong Y, Li Z, Zou S, et al. Vangl2 limits chaperone—mediated
autophagy to balance osteogenic differentiation in mesenchymal
stem cells[ J]. Dev Cell, 2021, 56(14) : 2103-2120. 9

Chai M, Zhang C Y, Chen S, et al. Application of autophagy in
World J Stem Cells, 2024, 16

mesenchymal stem cells [ J].

[17]

[20]

[21]

[22]

[24]

[25]

[26]

[27]

[28]
[29]

[30]

[31]

[32]

[33]

[34]

[36]

(12): 990-1001
Che L, Zhu C, Huang L, et al.
proliferation and stemness maintenance of porcine mesenchymal

Foods, 2023, 12

Ginsenoside Rg2 promotes the

stem cells through autophagy induction [ J].
(5): 1075

Li P, Li S, Wang
loss; Oxidative stress, autophagy and NLRP3 inflammasome|[ J ].
Front Cell Dev Biol, 2023, 11.: 1119773

Wei Y, Zheng Z, Zhang Y, et al. Regulation of mesenchymal
stem cell differentiation by autophagy[ J]. Open Med ( Wars)
2024, 19(1) : 20240968

Xing Y, Liu C, Zhou L, et al. Osteogenic effects of rapamycin

L, et al. Mitochondrial dysfunction in hearing

on bone marrow mesenchymal stem cells via inducing autophagy
[J]. J Orthop Surg Res, 2023, 18(1): 129
LiY, Yao X, Lin Y, et al. Identification and validation of auto-
phagy-related genes during osteogenic differentiation of bone mar-
row mesenchymal stem cells[ J]. Tran J Basic Med Sci, 2022, 25
(11): 1364-1372
XU, FHadr, BRRISE, 45, A WELER SERTT 40 B 3
BRI SEREIR ()], ARPE B 22 2% (Liu X
C, LuJJ, Chen Y M, et al. Research progress on the role of au-
tophagy in self-renewal and differentiation of mesenchymal stem
cells[ J]. West China J Stomatology) , 2020, 38(6) : 704-707
RAET5, kAN, SRR, SF. B E SRR T A0 R R TS
BERELT]. PEAM AV (Wa C X, Zhang J J, Wu J
Y, et al. Research progress on aging of umbilical cord mesenchy-
mal stem cells[ J]. Chin J Cell Biol), 2024, 46(2) : 308-318
El Nashar E M, Alghamdi M A, Alasmari W A, et al. Autoph-
agy promotes the survival of adipose mesenchymal stem/stromal
cells and enhances their therapeutic effects in cisplatin-induced
liver injury via modulating TGF-B1/Smad and PI3K/AKT signa-
ling pathways[ J]. Cells, 2021, 10(9) ; 2475
Mo L, Su B, Xu L, et al. MCM7 supports the stemness of blad-
der cancer stem-like cells by enhancing autophagic flux [ J].
iScience, 2022, 25(9) : 105029
Kataura T, Sedlackova L, Otten E G, et al. Autophagy promotes
cell surviva_l by maintaining NAD levels[ J]. Dev Cell, 2022, 57
(22): 2584-2598. ell
Wilson N, Kataura T,
axis in longevity and disease[ J].
(9): 788-802
Pimentel J M, Zhou J Y, Wu G S. Autophagy and cancer thera-
py[J]. 2024, 605 217285
Tabibzadeh S. Role of autophagy in aging: the good,
and the ugly[J]. Aging Cell, 2023, 22(1); e13753
Wang Y, Wang M, Liu Y, et al. Integrated regulation of stress
responses, autophagy and survival by altered intracellular iron
stores[ J]. Redox Biol, 2022, 55. 102407
Rossin D, Perrelli M G, Lo Iacono M, et al. Dynamic interplay

Korsgen M E| et al.
Trends Cell Biol,

The autophagy-NAD
2023, 33

Cancer Lett,

the bad,

between autophagy and oxidative stress in stem cells: implications
for regenerative medicine[ J|. Antioxidants ( Basel), 2025, 14
(6): 691

Bergmann C A, Beliran S, Vega-Letter A M, et al. The autoph-
agy protein pacer positively regulates the therapeutic potential of
mesenchymal stem cells in a mouse model of DSS-induced colitis
[J]. Cells, 2022, 11(9) : 1503

Lin D, Chen H, Xiong J, et al. Mesenchymal stem cells exosom-
al let-7a-5p improve autophagic flux and alleviate liver injury in
acute-on-chronic liver failure by promoting nuclear expression of
TFEB[J]. Cell Death Dis, 2022, 13(10) : 865

MaZ]J, Yang J J, Lu Y B,
rived exosomes: Toward cell-free therapeutic strategies in regen-

World J Stem Cells, 2020, 12 (8):

et al. Mesenchymal stem cell-de-
erative medicine [ J ].
814-840

Morimoto K, Nakashima A, Ishiuchi N, et al. Renal protective
effects of extracellular vesicle-encapsulated tumor necrosis factor-
a-induced protein 6 derived from mesenchymal stem cells[ J].
Stem Cells, 2025, 43(5) : sxaf022

Chen X D, Tan J L, Feng Y, et al. Autophagy in fate determina-



1 TERAULAE ) FE T 20 WA S IR v Y B R T T 19

[40]

[41]

[42]

[43]

[44]

[46]

[47]

[48]

[50]

[51]

[52]

[53]

[54]

tion of mesenchymal stem cells and bone remodeling[ J]. World J
Stem Cells, 2020, 12(8) : 776-786

Li X, Li R, Huang J, et al. Unleashing the potential ; exploring
the application and mechanism of mesenchymal stem cells in au-
Stem Cells Int, 2025, 2025 9440377
Huo S, Zhang X, Xu J, et al. Parkin-mediated mitophagy pro-

toimmune diseases| J].

tects against aluminum trichloride-induced hippocampal apoptosis
in mice via the mtROS-NLRP3 pathway[ J].
Saf, 2023, 264 115459

Luo G, Chen L, Chen M, et al. Hirudin inhibit the formation of
NLRP3 inflammasome in cardiomyocytes via suppressing oxidative
2024, 10

Ecotoxicol Environ

stress and activating mitophagy [ J ]. Heliyon,
(1): e23077

Liao Y, Octaviani S, Tian Z, et al. Mitochondrial quality control
in hematopoietic stem cells: mechanisms, implications, and ther-
apeutic opportunities [ J ]. Stem Cell Res Ther, 2025, 16
(1): 180

Cairns G, Thumiah-Mootoo M, Burelle Y, et al. Mitophagy: a
new player in stem cell biology[ J]. Biology, 2020, 9(12) ; 481
Lin Q, Chen J, Gu L, et al. New insights into mitophagy and
stem cells[ J]. Stem Cell Res Ther, 2021, 12(1); 452

Pawar M, Pawar V, Renugalakshmi A, et al. Glucose and serum
deprivation led to altered proliferation, differentiation potential
and AMPK activation in stem cells from human deciduous tooth
[J]. J Pers Med, 2021, 12(1): 18

Wan M C, Tang X Y, LiJ, et al. Upregulation of mitochondrial
dynamics is responsible for osteogenic differentiation of mesenchy-
mal stem cells cultured on self-mineralized collagen membranes
[J]. Acta Biomater, 2021, 136 137-146

Yan X, An N, Zhang Z, et al. Graphene oxide quantum dots-
preactivated dental pulp stem cells/GelMA facilitates mitophagy-
regulated bone regeneration[ J]. Int J Nanomedicine, 2024, 19.
10107-10128

Sun Y, Xu L, Li Y, et al. Mitophagy defect mediates the aging-
associated hallmarks in Hutchinson-Gilford progeria syndrome
[J]. Aging Cell, 2024, 23(6): el4143

Liu Y, Zhou Z, Li K, et al. VMP1 Regulated by chi—-miR—124a
Effects Goat Myoblast Proliferation, Autophagy, and Apoptosis
through the PI3K/ULK1/mTOR Signaling Pathway [ J]. Cells,
2022,11(14) . 2227

Liu G, Li X, Yang F, et al. C-phycocyanin ameliorates the se-
nescence of mesenchymal stem cells through ZDHHC5-mediated
autophagy via PI3K/AKT/mTOR pathway [ J ].
2023, 14(4) . 1425-1440

Tan Y Z, Xu X Y, Dai ] M, et al. Melatonin induces the rejuve-

nation of long-term ex vivo expanded periodontal ligament stem

Aging Dis,

cells by modulating the autophagic process[ J]. Stem Cell Res T-
her, 2021, 12(1): 254

Liu H, Huang B, Xue S, et al. Functional crosstalk between
mTORC1/p70S6K pathway and heterochromatin organization in
stress-induced senescence of MSCs [ J]. Stem Cell Res Ther,
2020, 11(1): 279

Yue Z, Yang Y, Nie L, et al. A binary siRNA-loaded tetrahe-
dral DNA nanobox for synergetic anti-aging therapy[ J]. Small,
2025, 21(18) . 2408323

Zhang J, Gong H, Zhao T, et al. AMPK-upregulated microRNA-
708 plays as a suppressor of cellular senescence and aging via
downregulating disabled-2 and mTORC1 activation [ J ]. Med-
Comm (2020), 2024, 5(3): €475

Israeli T, Riahi Y, Garzon P, et al. Nutrient sensor mTORC1
regulates insulin secretion by modulating B-cell autophagy [ J].
Diabetes, 2022, 71(3) : 453-469

Senapati P K, Mahapatra K K, Singh A, et al. mTOR inhibitors
in targeting autophagy and autophagy-associated signaling for
cancer cell death and therapy[ J]. Biochim Biophys Acta Rev
Cancer, 2025, 1880(3) : 189342

Huang Z, Zhou X, Zhang X, et al. Pien-Tze-Huang, a Chinese
patent formula, attenuates NLRP3 inflammasome-related neuroin-

flammation by enhancing autophagy via the AMPK/mTOR/ULK1

[59]

[60]

[61]

[62]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[72]

[73]

[J]

signaling  pathway Biomed Pharmacother, 2021,
141 111814

Li R, He T, Yang M, et al. Regulation of Bacillus Calmette-
Guérin-induced macrophage autophagy and apoptosis by the
AMPK-mTOR-ULK1 pathway [ J ]. Microbiol Res, 2025,
290 127952

Park J] M, Lee D H, Kim D H. Redefining the role of AMPK in
autophagy and the energy stress response [ J]. Nat Commun,
2023, 14(1) . 2994

Kazyken D, Dame S G, Wang C, et al. Unexpected roles for
AMPK in the suppression of autophagy and the reactivation of
MTORC1 signaling during prolonged amino acid deprivation[ J].
Autophagy, 2024, 20(9) : 2017-2040

Yang Y, Yuan K, Liu Y,
AMPKal protects against skeletal aging in mice by promoting
bone-derived IGF-1 secretion [ J ]. Cell Prolif, 2023, 56
(10) : e13476

Shi L, Han Q, Hong Y, et al. Inhibition of miR-199a-5p rejuve-
nates aged mesenchymal stem cells derived from patients with idi-

et al. Constitutively activated

opathic pulmonary fibrosis and improves their therapeutic efficacy
in experimental pulmonary fibrosis [ J ]. Stem Cell Res Ther,
2021, 12(1): 147

Chen M, Fu Y, Wang X, et al. Metformin protects lens epitheli-
al cells against senescence in a naturally aged mouse model[ J].
Cell Death Discov, 2022, 8(1): 8

Zhu W, Du W, Duan R, et al. miR-873-5p suppression reinvig-
orates aging mesenchymal stem cells and improves cardiac repair
after myocardial infarction [ J ]. ACS Pharmacol Transl Sci,
2024, 7(3) : 743-756

Wang Y, Xie F, He Z, et al. Senescence-targeted and NAD +-
dependent SIRT1-activated nanoplatform to counteract stem cell
senescence for promoting aged bone regeneration [ J]. Small,
2024, 20(12) ; €2304433

Deng Z, Sun M, Wu J, et al. SIRT1 attenuates sepsis-induced
acute kidney injury via Beclinl deacetylation-mediated autophagy
activation[ J |. Cell Death Dis, 2021, 12(2) . 217

Wang P, Li M, Gao T, et al. Vascular electrical stimulation with
wireless, battery-free, and fully implantable features reduces ath-
erosclerotic plaque formation through Sirtl-mediated autophagy
[J]. Small, 2023, 19(40) : 2300584

Ding X, Zhu C, Wang W, et al. SIRTI is a regulator of autoph-
agy: Implications for the progression and treatment of myocardial
ischemia-reperfusion[ J]. Pharmacol Res, 2024, 199. 106957
Chen H, Hu X, Yang R, er al. SIRT1/FOXO03a axis plays an
important role in the prevention of mandibular bone loss induced
by 1,25(OH)2D deficiency[ J]. Int J Biol Sci, 2020, 16(14) :
2712-2726

Yang C, Chen L, Guo X, et al. The vitamin D-Sirtl/PGCla ax-
is regulates bone metabolism and counteracts osteoporosis[ J]. J
Orthop Translat, 2025, 50 211-222

Zhang Y, Huang W, Zheng Z, et al. Cigarette smoke-inactivated
SIRT1 promotes autophagy-dependent senescence of alveolar epi-
thelial type 2 cells to induce pulmonary fibrosis[ J]. Free Radic
Biol Med, 2021, 166: 116-127

Sadeghsoltani F, Avci ¢ B, Hassanpour P, et al. Autophagy
modulation effect on homotypic transfer of intracellular compo-
nents via tunneling nanotubes in mesenchymal stem cells [ ]J].
Stem Cell Res Ther, 2024, 15(1): 189

Zhang H, Yang G, Li J, et al. Impaired autophagy activity-in-
duced abnormal differentiation of bone marrow stem cells is relat-
ed to adolescent idiopathic scoliosis osteopenia[ J]. Chin Med J
(Engl), 2023, 136(17) . 2077-2085

Ma Y, Wang S, Wang H, et al. Mesenchymal stem cells and
dental implant osseointegration during aging: from mechanisms to
therapy[ J]. Stem Cell Res Ther, 2023, 14( 1) ; 382

Qin C, Bai L, Li Y, et al. The functional mechanism of bone
marrow-derived mesenchymal stem cells in the treatment of animal
models with Alzheimer’ s disease; crosstalk between autophagy

and apoptosis[ J]. Stem Cell Res Ther, 2022, 13(1): 90



20 LY 50T YRR a2
[74] Kwiatkowska K M, MAvrogonatou E, Papadopoulou A, et al. cation-mediated mitochondrial dynamics[ J]. J Nanobiotechnolo-
Heterogeneity of cellular senescence; cell type-specific and se- gy, 2024, 22(1): 543
nescence stimulus-dependent epigenetic alterations [ J ]. Cells, [91] RenZ Q, Zheng S Y, Sun Z, et al. Resveratrol; molecular
2023, 12(6) : 927 mechanisms, health benefits, and potential adverse effects[J].
[75] Sun Y, Zhang H, Qiu T, et al. Epigenetic regulation of mesen- MedComm (2020), 2025, 6(6) : €70252
chymal stem cell aging through histone modifications[ J]. Genes [92] Jiang Y, Luo W, Wang B, et al. Resveratrol promotes osteogen-
Dis, 2023, 10(6) ; 2443-2456 esis via activating SIRT1/FoxO1 pathway in osteoporosis mice
[76] LiY, HuM, Xie J, et al. Dysregulation of histone modifications [J]. Life Sci, 2020, 246 117422
in bone marrow mesenchymal stem cells during skeletal ageing: [93] LiuJ, He J, Ge L, et al. Hypoxic preconditioning rejuvenates
roles and therapeutic prospects[ J]. Stem Cell Res Ther, , 2023, mesenchymal stem cells and enhances neuroprotection following
14(1) . 166 intracerebral hemorrhage via the miR-326-mediated autophagy
[77] Wen R, Huang R, Xu K, et al. Insights into the role of histone [J]. Stem Cell Res Ther, 2021, 12(1): 413
lysine demethylases in bone homeostasis and skeletal diseases: a [94] Wen]J, YiL, Chen L, et al. Short-term DMOG treatment rejuve-
review[ J]. Int J Biol Macromol, 2025, 306( Pt 4) . 141807 nates senescent mesenchymal stem cells by enhancing mitochon-
[78] Kim C. Park ] M, Song Y, et al. HIFla-mediated AIMP3 sup- drial function and mitophagy through the HIF-1a/BNIP3 pathway
pression delays stem cell aging via the induction of autophagy [J]. Stem Cell Res Ther, 2025, 16(1) . 274
[J]. Aging Cell, 2019, 18(2) : 12909 [95] Popli P, Kommagani R. Autophagy is required for stem-cell-me-
[79] Capizzi M, Strappazzon F, Cianfanelli V, et al. MIR7-3HG, a diated endometrial programming and the establishment of preg-
MYC-dependent modulator of cell proliferation, inhibits autoph- nancy[ J]. Autophagy,2024, 20(4) . 970-972
agy by a regulatory loop involving AMBRA1[J]. Autophagy, [96] Long C, CenS, Zhong Z, et al. FOXO3 is targeted by miR-223-
2017, 13(3) :554-566 3p and promotes osteogenic differentiation of bone marrow mesen-
[80] Wang Z, Tang Y, Liu Y, et al. ALKBH5 mediates FGF21 m6A chymal stem cells by enhancing autophagy [ J]. Human Cell,
demethylation in human bone marrow mesenchymal stem cells un- 2021, 34(1) . 14-27
der high glucose conditions[ J]. Biochem Biophys Res Commun, [97] Yadav P, Shah R, Roy A, et al. Cellular senescence program is
2025, 774 152042 sensitive to physical differences in polymeric tissue scaffolds[ J].
[81] Chen L, Chen Z, Mo J, et al. Reversible ALKBH5 cytosolic ag- ACS Mater Au, 2024, 4(1) . 35-44
gregation accelerates cellular senescence[ J]. Cell Death Differ, [98] SunY, YuY, MaS, et al. Nanotube topography rejuvenates the
2025, online ahead of print senescence of mesenchymal stem cells by activating YAP signal-
[82] Miyata K, Zhou X, Nishio M, et al. Chromatin conformational ling[J]. J. Mater. Chem. B, 2024, 12(28)6917-6926
changes at human satellite II contribute to the senescence pheno- [99] Yadav P, Chatterjee K, Saini D K. Senescent cells in 3D culture
type in the tumor microenvironment[ J]. Proc Natl Acad Sci U S show suppressed senescence signatures| J]. Biomater Sci, 2021,
A, 2023, 120(32) : €2305046120 9(19) . 6461-6473
[83] Zhang D, Zhu Y, Ju Y, et al. TEAD4 antagonizes cellular se- [100] Tian S, Mei J, Zhang L, et al. Multifunctional Hydrogel Mi-
nescence by remodeling chromatin accessibility at enhancer re- croneedle Patches Modulating Oxi-inflamm-aging for Diabetic
gions[ J]. Cell Mol Life Sci, 2023, 80(11) ; 330 Wound Healing [ J ]. Small ( Weinheim an Der Bergstrasse,
[84] OhSY, Kim J, Lee K Y, et al. Chromatin remodeling-driven Germany) , 2024, 20(51) : €2407340
autophagy activation induces cisplatin resistance in oral squamous [101] WuY, Li L, Ning Z, et al. Autophagy-modulating biomateri-
cell carcinoma[ J]. Cell Death Dis, 2024, 15(8) : 589 als; multifunctional weapons to promote tissue regeneration[ J ].
[85] Tai H, Wang Z, Gong H, et al. Autophagy impairment with ly- Cell Commun Signal, 2024, 22(1) . 124
sosomal and mitochondrial dysfunction is an important character- [102] Chu Y, Yuan X, Tao Y, et al. Autophagy in muscle regenera-
istic of oxidative stress-induced senescence [ J]. Autophagy, tion: mechanisms, targets, and therapeutic perspective[ J]. Int
2017, 13(1): 99-113 J Mol Sci, 2024, 25(22) . 11901
[86] Wang L, Han X, Qu G, et al. A pH probe inhibits senescence [103] Tang L, Zhang W, Liao Y, et al. Autophagy: a double-edged
in mesenchymal stem cells[ J]. Stem Cell Res Ther, 2018, 9 sword in ischemia-reperfusion injury [ J]. Cell Mol Biol Lett,
(1):343 2025, 30(1) . 42
[87] Zhang W, Bai J, Hang K, et al. Role of lysosomal acidification [104] Zi Z, Zhang Z, Feng Q, et al. Quantitative phosphoproteomic
dysfunction in mesenchymal stem cell senescence[ J]. Front Cell analyses identify STK11IP as a lysosome-specific substrate of
Dev Biol, 2022, 10. 817877 mTORCI that regulates lysosomal acidification[ J]. Nat Com-
[88] GuoY, Jia X, Cui Y, et al. Sirt3-mediated mitophagy regulates mun, 2022, 13(1) . 1760
AGEs-induced BMSCs senescence and senile osteoporosis [ J]. [105] LiJ, WuZ, Zhao L, et al. The heterogeneity of mesenchymal
Redox Biol, 2021, 41; 101915 stem cells; an important issue to be addressed in cell therapy
[89] LuoZ, Wei W, Qiu D, et al. Rejuvenation of BMSCs senes- [J]. Stem Cell Res Ther, 2023, 14(1) : 381
cence by pharmacological enhancement of TFEB-mediated auto- [106] Kurosawa T, Ikemoto-Uezumi M, Yoshimoto Y, et al. Tissue-
phagy alleviates aged-related bone loss and extends lifespan in specific functions of MSCs are linked to homeostatic muscle ma-
middle aged mice[ J]. Bone Res, 2024, 12(1) . 45 intenance and alter with aging[ J]. Aging Cell, 2024, 23(11) .
[90] Peng Y, Zhao T, Rong S, et al. Young small extracellular vesi- e14299

cles rejuvenate replicative senescence by remodeling Drp1 translo-





