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[Abstract] Objective To investigate the effect of the senescence state of parental human bone marrow mesenchy-
mal stem cells (BMSCs) on the osteoinductive properties of their derived apoptotic vesicles (apoVs), and to provide an
experimental basis and a quality control reference for the treatment of alveolar bone defects and osteoporosis based on
apoVs. Methods A replicative senescence model of human aging BMSCs (A-BMSCs) was established via serial pas-
saging, with young BMSCs (Y-BMSCs) serving as controls. Following the induction of apoptosis with staurosporine,
apoVs were isolated from Y-BMSCs and A-BMSCs (termed Y-apoVs and A-apoVs, respectively) via differential centrifu-
gation. The physicochemical properties (morphology, size, zeta potential, and yield) and protein markers of both apoV
populations were systematically characterized. Subsequently, Y-BMSCs were divided into a proliferation medium (PM)
group, osteogenic induction medium (OM) group, OM + Y-apoVs group, and OM + A-apoVs group. The osteoinductive
efficacy in vitro was evaluated by alkaline phosphatase (ALP) staining, alizarin red S staining, and quantitative real-time
PCR detection of key osteogenic genes, including runt-related transcription factor 2 (RUNX2), ALP, osteopontin (OPN),
and osterix (OSX). Approved by the Institutional Animal Care and Use Committee, in vivo biodistribution (labelling
apoVs with the red fluorescent dye PKH26) and bone regeneration efficacy were assessed in 18-month-old osteoporotic
C57BL/6 mice. Mice were randomly divided into a control group (injected with phosphate-buffered saline), Y-apoVs
group (injected with Y-apoVs), and A-apoVs group (injected with A-apoVs). Following tail-vein injection administration
of apoVs for 8 weeks, bone regeneration was evaluated via micro-computed tomography and histological analysis. Re-
sults Electron microscopy and particle size analysis revealed that both Y-apoVs and A-apoVs displayed typical bicon-
cave discoid structures, with diameters mainly ranging from 100 to 500 nm. Western blot assays confirmed high expres-
sion of universal vesicle markers (CD9, CD63, CD81) and the apoptotic marker Fas in both groups. Y-apoVs and A-
apoVs exhibited indistinguishable morphologies, size distributions, zeta potentials, and yields. In vitro experiments
showed that, compared with the PM group, the OM, OM + A-apoVs, and OM + Y-apoVs groups significantly enhanced
ALP activity, calcium nodule formation, and the expression of osteogenic genes (RUNX2, ALP, OPN, OSX) in recipient
Y-BMSCs (P<0.05); moreover, compared with the OM and OM + A-apoVs groups, the OM + Y-apoVs group exhibited a
more significant promoting effect (P<0.05). An in vivo analysis demonstrated that tail-vein-injected apoVs effectively
homed to bone tissue. Moreover, the Y-apoVs group significantly improved trabecular microarchitecture, bone mineral
density, and bone volume fraction in aged mice, exhibiting superior therapeutic efficacy over the control and A-apoVs
groups (P<0.05). Conclusion The senescence state of parental cells significantly impairs the osteoinductive ability of
BMSC-derived apoVs. Y-apoVs are effective biological agents for the treatment of age-related bone loss.

[Key words] bone marrow mesenchymal stem cells; cellular senescence; extracellular vesicles; apoptotic
vesicles; osteoporosis; bone regeneration; osteoinduction; cell-free therapy
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JE 5 : SCXK ( 5T ) 2021-0006, 1 35 T SPF 2% 3 4% .
AW C ARG R A Y B F R 2 250
s ) A R A8 B 4y 4 B9 ik fE (it 5 . PUIRB-
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1.2 ZE&MHEME

JE AR N BMSCs (7500, Sciencell, 25 [F ) , a-MEM
W B G4 M R H s -EDTA R H -5 R
WAL (Gibeo, F[H) , B-H MR G4 BT IR MR | H
FEANS 96 K 4T (alizarin red S, ARS) #3 K (Sigma , 3
), TRIZOITM(InVitrOgen ,EH) , BRIE M &K (stau-
rosporine , STS) (Enzo Life Sciences, & [H ), —¥3i: %
Pr A CDY  Ht A CD63 . i A CD81 ., TPt A Fas
(ab236630, ab109201 , ab134045 , ab133619, Abcam
FHE), —Pr: P A p21 BT B-actin (10355-1-
AP .66009-1-Ig, = &A=y, HE ), —4i : HRP-1L 3¢
% HRP-11 £ 41 BL(ZB-2301, ZB2305 , 142 4: 15
HE ), TUNEL 20 it 98 7 4 3 751 £ (C003-20, 5
FIsk, hE ), CCK-8 21 i 1 78 - 25 M Ao il k7] £

(CKO04, Dojindo, H 7 ) , RNA 3t 5% 5 i 5 &
(RRO37A, Takara, H ) , 582 4 5C B-F FLHH H i
(senescence-associated B-galactosidase , SA-B-gal ) ¢
3050 & BCIP/NBT B 1% 14 12 14 ( alkaline phospha-
tase, ALP) 12 (41057 £ (C0602, P0321S, 38 = K, i
(), ALP JE H# i & (A059-3, £ hli /1= 9 TR 5Y
L D) VO 9 K JBURL BR R 43 BT A 43 A R
(Zeta View QUATT, ZetaView® analysis software Ver-
sion 8.02.31, Particle Metrix , {2 [ ) , 175 5} H1 5% (trans-
mission electron  microscope, TEM) (HT7700,
HITACHI, H 4 ) , ¥ ¥ H %% (cryo-electron micros-
copy , cryo-EM ) (Titan Krios, FEI, € [§ ) , PCR # £
KLY 14 4Y (EPS5345 , Eppendorf , 5 [F ) , 52 ] 5 &
PCR % (7500, Applied Biosystems, 3% [# ) , f5 i1 & HL
#7 )2 F i (microcomputer tomography , micro-CT, In-
veon, Siemens , 12 [E ) . micro-CT 43 #1 # £} (Inveon
Research Workplace , Siemens, EE ),
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BMSCs HYIE IR AE K5
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HH p21 FRBHEL .
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1.3.4 BMSCs Z 4k o4 T ¥4l BMSCs % & Jn
(153 AL 15 BB , X5 Y-BMSCs il A-BMSCs #EAT 17434k
U5 MG A S 1 IR MUs geke il . E 1k
755 4 BMSCs A 2x10*4>/em® (49 %5 JEH R T 6 LA



OB & s B g

20265E5 A H34% FS5H

Journal of Prevention and Treatment for Stomatological Diseases, May 2026,Vol.34 No.5 https://www.kqjbfz.com - 431 -

12 fLMR . T 4 AE K & 80%~90% il & BT, 57 %
O SR W UE S S R . AR YRR
S HE,FHEES S5~14d. BIENLIES B
BMSCs LA 1x10°4~/4L 1 % B2 4570 T 6 fL AR, 17 2
Ji AR K 2 100% Rl 5, Ak SE 55 35 2 d DL EA T 3
o B R IR S R R A . BT R Y
14 dJ5 , BEATIMET O Y (0 Fl 2 BRI

1.4 ATHEFFRATELAY BRI

1.4.1 TUNEL & {5 4 BMSCs 1= ¥ Y-BMSCs
H1A-BMSCs 5575 2 90% fillAr 15, 548475 500 nmol/LL
STS (9 TG IfiL ¥ 15 5% 3375 3 0 17 12 h (Y-BMSCs 41 F11
A-BMSCs 21 ) , AN il STS 24 Control £H .k 56 3iF 41 Jifg
KA T T, A8 TUNEL 40 3 8 T 46 I3 ) & %

Ab BRI IS (9 BMSCs BEA7 e 0, 920 0 i3 B WL ¢
IHRERG . BESS 5 Image J #4445 000 i
PEATE R R T o B REAS 4 BB I 4 L
PEAT T
1.4.2  apoVs Zr &2 i T I T BMSCs 15 37
ﬁEPT;EEXQ%‘ﬂQE’J apoVs , il 1o ¥ 25 55 0> Ml ik 8 1% A
A R IR JEAE 4 °CF 800 g B0 10 min,
BifiJ5 7E 4 “CF 2 000 g B0 10 min DL 25 B 98 1240 i
ER o SRR T AT B, IF#E 4 °CF 16 000 ¢
B0 30 min PAULIE apoVs, 43l & Y-BMSCs > Ji
apoVs (Y-apoVs) Fll A-BMSCs 2K Ji apovs (A-apoVs) ,
BEJS H10.1 pwm 3k 38 PBS BE A 2 (14 1) .

"TSupernatants ~ Wash twice

sth twice i’
Q Q bldumspormeSuperndtdnts :
Q Q NS ’
L7 500 nmol/ L NS 2

12h -

BMSCs BMSCs apo BMSCs :

16 000 g U 16 000 gU

30 min 30 min
apoVs

BMSCs: bone marrow mesenchymal stem cells. apoVs: apoptotic vesicles. apo BMSCs: apoptotic BMSCs

Figure 1  Schematic diagram of the apoVs extraction process
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Pric 40 M B 28 AN A0 A% . (B0 R IL R A
B EE I R E MG . (1 Image J 8K1F , 38 1 B
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LAY BRI R B AL IR 3 S LB AT G o0
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12 FLAR, 53k 4 4 - B8 5E 85 57 (proliferation medium ,
PM) 41 | W i
OM)Z .OM + Y-apoVs ZH F1 OM + A-apoVs 41, =
HE AR AT 20 7 S0 ST Y P A AR R 0 AR S P
S 2 B SN 200 ng/mL Y apoVs ((Fe il 5 W
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I ALP 15 1, I DU Pk B AT A Ak .

173 HRaPEESEENER HR14dEF
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BUAR o BEIG 5 1% Ak 75 b Jik b e i Vs

BeBE, 7E 562 nm P I RE WOEEE, I LLE R I
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1.7.4 525 PCR (quantitative real-time PCR,
qRT-PCR)  7EMRSME R 57 7 d FEHUAN ML L RNA
WG S A ¢DNA J5 , i i qRT-PCR RS I B 15 A1 O 2
runt 1 & 5% 53 K 7 2 (runt-related transcription fac-
tor 2, RUNX2) ,ALP . ‘& #5 £ H (osteopontin, OPN ) |
B A0 A R S A e 5 PR Costerix, OSX) B mRNA
RILKF. SRS L,

%1 qRT-PCREBIWFH
Table 1  qRT-PCR primer sequences

Gene Forward primer(5'-3") Reverse primer(5'-3")
GAPDH CGGACCAATACGACCAAATCCG AGCCACATCGCTCAGACACC
ALP GACCTCCTCGGAAGACACTC TGAAGGGCTTCTTGTCTGTG
RUNX2 TCTTAGAACAAATTCTGCCCTTT TGCTTTGGTCTTGAAATCACA
OPN ACCCTGACCCATCTCAGAAGCA CTTGGAAGGGTCTGTGGGGCTA
0SX CCTCCTCAGCTCACCTTCTC GTTGGGAGCCCAAATAGAAA

GAPDH: glyceraldehyde-3-phosphate dehydrogenase. ALP: alkaline phosphatase. RUNX2: runt-related transcription factor 2. OPN: osteopontin. OSX: os-

terix

1.8 FhihEi

1.8.1 4l 5AbH O T ARER 2 4 apoV's HYAR N
HARIT AR, e 18 A % (1 ME P C5TBL/6 & 1% /N
B Ay 2 0 P B O A AR 2 AR A 201 A T A
WFFE i 2 T BMSCs 2K U5 apoVs 167 B T Bt A% (1)
B AEVRYT R A RO R T % . 18
HEdE CSTBLG6 2 s /1N RU J7 T SPF 38 Bg o i A
BE LT 35K /N5 34 (n = 4) : Control 4 |
Y-apoVs ZH Hl A-apoVs 24 .

Y-apoVs ZH Fll A-apoVs 413 &8 2 it Jok 4 Ji 1 S
LIRAA N apoVs (75 1 21 5¢ 6 G RHE 1 Ja] 9] S 5 v
oK, HACHA 2 U B e kL T RE 51 A HLAM Y
TR, Pl A 2 RARICHY apoVs) , Il & K
1 mg/kg, 22 8 J& , Control ZH 73 4 %5 1 (200 pL) 55
W) PBS . SEHG 45 B AR FE /N B, WA BB AR AR
BEAT M
1.82 apoVs IR N AW oAk S T ¥F A4S
apoVs TER N IE R 5 010, 75 BU18 A i
C57BL/6 /NERITBEFL R 3 ZH(n = 3) : Control ZH ({E
5 PBS) . Y-apoVs ZH (714 PKH26 #7iC 1Y Y-apoVs)
H A-apoVs 20 (35 PKH26 Fnic 1Y A—apoVs) o

HRAE PKH26 £L (0 56 G ophalin & r i B, X 2
U Y-apoVs 1 A-apoVs 47 PR IE . KEAnic g 1y

apoVs (1 mg/kg) B 25 PBS (200 L) i it J& # Bk i
SN . TS 16 h 5, bS8/ ERUIF 58
R figp ) IBCHY T WA GO OB ) BB
ijig= g8

1 1 /N 3l W 1% AR AR 2R Ge X B AR 8% B AT 58
JGIAR I 03 T 4 A R SO0 AR RO, LY A
apoVs TE £ ZH U (1 & FRIE Ol .
1.8.3  Micro-CT 23 #1  fif H &1 43 3% 2K micro-CT £
il BB 228 i ik S, 8 IO KRR U7 1.5 mm Ak (2R
200 A2 22 I F 8 XA SR R R DXl i =
2 i AR E B A T, TS B AR B3 2 (bone
volume fraction, BV/TV ) ‘& &~ 4 it %% & (bone min-
eral density, BMD) .
1.8.4 ZHZUEYL A KBS S I RCE REAS AT A
WAL I D5 wm SRR DD B o 430 AT T3 AOHS -
2T (hematoxylin eosin, H&E ) 4% {4 1 Masson —
gt LIPS 5 HGUB S # A E TS O .
1.9 %it o4

JIT A S i UM Y R S B (R o 2% | g 2H S
B EAE 3 HR ] SPSS 27.0 FAF AT LA
27 22501 K Tukey's S G R4 . 57 2248 5%, W
K H Welch’s ANOVA £ 5% & Dunnett’s T3 35 #4715
JR L. P <0.05 8O HA Gt e o
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2.1 EEBMSCsEEA IS5 A5

A-BMSCs 2l i 55 780 {1 37 5 % e 25 SR L1 2.,
Y-BMSCs &2 #7025 BT | HE 51 5 % H 200 R AR
15 1M A-BMSCs 4 i 44 B3 K, B 28 i~ AN B0
H. 4 0 8] 3% 92 A B . Western Blot 45 1 B 7R, 5 Y-
BMSCs #H kb, A-BMSCs H p21 FE AR Rk B B F
P, P27~ A-BMSCs & A= T A 1T 36 (14 41 i J&] 59 L
X5 5 5 2 B P RVRRE — 3 . SA-B-gal G4 {8
F12 5 45 LAIE 52, A-BMSCs 2H Ff 52 15 {511 SA-B
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a: representative microscopic images of cell morphology for Y-BMSCs and A-BMSCs (scale bar = 500 m) and expression levels of the senescence
marker protein p21 determined by Western blot. Y-BMSCs exhibited a typical spindle-shaped morphology, were closely arranged, and grew in a
vortex-like manner. A-BMSCs exhibited a flattened and irregular morphology. b: microscopic images of SA--gal staining (scale bar = 200 pm)
and semi-quantitative results (n = 5). Blue precipitates indicated senescent cells. ¢: ALP staining and quantification (scale bar = 500 wm, n = 4),
and ARS staining and semi-quantification (scale bar = 500 wm, n = 4). Blue-purple staining indicated ALP activity; red mineralized nodules indi-
cated calcium deposition. d: oil red O staining and semi-quantification (scale bar = 500 wm, n = 4). Red lipid droplets indicated adipogenic differ-
entiation. *** P < 0.001, **** P < 0.000 1 vs. the Y-BMSCs group. Y-BMSCs: young BMSCs group. A-BMSCs: aging BMSCs group. SA-[3-gal:
senescence-associated B-galactosidase. ALP: alkaline phosphatase. ARS: alizarin red S. BMSCs: bone marrow mesenchymal stem cells

Figure 2 Establishment and identification of the A-BMSC model
B2 A-BMSCs U HY 7 5 %5
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a: fluorescence images of TUNEL staining after apoptosis induction. Nuclei were labeled with DAPI (blue), and apoptotic cells were labeled red

(scale bar = 100 pm). Red fluorescence indicated DNA fragmentation in apoptotic cells. b: semi-quantitative analysis of TUNEL staining (n = 4).

ns: no significant difference (P > 0.05). Control: BMSCs group without STS treatment. Y-BMSCs: young BMSCs group treated with STS. A-BMSCs:

aging BMSCs group treated with STS. STS: staurosporine. TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling. BMSCs: bone

marrow mesenchymal stem cells

Figure 3 TUNEL staining validation of STS-induced apoptosis in BMSCs
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a: TEM images (scale bar = 100 nm). ApoVs displayed a typical cup-shaped morphology. b: cryo-EM images (scale bar = 200 nm). Both Y-apoVs
and A-apoVs exhibited a typical biconcave discoid morphology and bilayer membrane structures. c: both groups highly expressed universal EV
markers (CD9, CD63, CD81) and the apoptotic marker Fas. d: the particle size distribution of both apoVs ranged from 100 to 500 nm, and both car-
ried negative surface charges with similar potentials. e: quantitative analysis of the apoV yield showing no significant difference in the particle
number of apoVs derived from equal amounts of young and aging BMSCs (n = 4). f{&g: comparison of the protein concentration (f) and particle con-
centration (g) showing no significant difference between freshly isolated apoVs (Fresh) and apoVs stored at —80°C for 1 month (n = 3). ns: no sig-
nificant difference (P > 0.05) vs. the Y-apoV group. Y-apoVs: apoVs derived from young BMSCs. A-apoVs: apoVs derived from aging BMSCs.
TEM: transmission electron microscope. cryo-EM: cryo-electron microscopy. BMSCs: bone marrow mesenchymal stem cells
Figure 4 Phenotypic characterization of Y-apoVs and A-apoVs
4 Y-apoVs il A-apoVs 1) & Gt R AF
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a&b: compared with 0 ng/mL group, both Y-apoVs and A-apoVs had no significant effect on the proliferation of Y-BMSCs at concentrations of
200 ng/mL and below; when the concentration increased to 400 ng/mL, A-apoVs began to inhibit cell proliferation; at 800 ng/mL, both apoVs sig-
nificantly inhibited cell proliferation. * P < 0.05, ** P < 0.01 vs. the 0 ng/mL group. Y-BMSCs were cultured in mediums containing final apoVs
concentrations of 0, 50, 100, 200, 400, and 800 ng/mL. BMSCs: bone marrow mesenchymal stem cells. Y-apoVs: apoVs derived from young
BMSCs (Y-BMSCs); A-apoVs: apoVs derived from aging BMSCs. apoVs: apoptotic vesicles
Figure 5 Effect of apoVs with different concentrations on the proliferation of Y-BMSCs
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a&b: uptake of Y-apoVs (a) and A-apoVs (b) by Y-BMSCs after co-culture for 6, 12, and 24 hours. Nuclei were labeled with DAPI (blue), the cyto-
skeleton with Phalloidin (green), and apoVs with PKH26 (red) (scale bar = 25 pm). Red fluorescence in the cytoplasm indicated the uptake of
apoVs by Y-BMSCs. c: semi-quantitative analysis of apoVs uptake by Y-BMSCs (n = 3). ns: no significant difference (P > 0.05). Y-apoVs: Y-
BMSCs co-cultured with Y-apoVs. A-apoVs: Y-BMSCs co-cultured with A-apoVs. BMSCs: bone marrow mesenchymal stem cells
Figure 6 Uptake of Y-apoVs and A-apoVs by Y-BMSCs
Bl 6 Y-BMSCsXf Y-apoVs Fl A-apoVs ) PN 715
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a: ALP staining and quantitative analysis (n = 4). b: ARS staining and semi-quantitative analysis (n = 5). c: mRNA expression levels of osteogenesis-
related genes (RUNX2, ALP, OPN, and 0SX) (n = 6). * P < 0.05, ** P < 0.01, *** P < 0.001, **#* P < 0.000 1. PM: proliferation medium; OM:
osteogenic induction medium; OM + Y-apoVs: Y-BMSCs cultured in OM with Y-apoVs. OM + A-apoVs: Y-BMSCs cultured in OM with A-apoVs.

Y-apoVs: apoVs derived from young BMSCs (Y-BMSCs); A-apoVs: apoVs derived from aging BMSCs. apoVs: apoptotic vesicles. BMSCs: bone mar-

row mesenchymal stem cells. ALP: alkaline phosphatase. RUNX2: runt-related transcription factor 2. OPN: osteopontin. OSX: osterix

Figure 7 Y-apoVs more effectively promote osteogenic differentiation of Y-BMSCs in vitro
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a: biodistribution of apoVs after tail vein injection and semi-quantitative analysis of the average radiant efficiency of PKH26-labeled apoVs in dif-
ferent tissues (n = 3). The strongest red fluorescence signal was observed in liver tissue (yellow arrows); distinct red fluorescence was also visible
in the femur (green arrows). b: representative 3D reconstruction micro-CT images of the distal femoral metaphysis for each group (n = 4). The con-
trol group showed sparse trabeculae; the Y-apoV group displayed the densest and most interconnected trabecular microstructure (gray-white areas).
c: micro-CT bone density analysis (n = 4). d: H&E staining images of femoral sections for each group (n = 4, scale bar = 500 wm). Compared with
the abundant adipocytes and fractured trabeculae in the control group, the trabeculae (pink) in the Y-apoV group were significantly thickened, in-
creased, and regularly arranged, while the improvement in the A-apoV group was less evident. e: Masson's staining images of femoral sections for
each group (n = 4, scale bar = 500 wm). Abundant deep blue collagen deposition was observed in the new bone matrix of the Y-apoV group, with
staining extent and intensity higher than those in the A-apoV and control groups. ns: no significant difference (P > 0.05), *** P < 0.001, *##* P <
0.000 1 for comparisons between groups. Control group: aged mice injected with phosphate-buffered saline. Y-apoVs group: aged mice injected
with Y-apoVs. A-apoVs group: aged mice injected with A-apoVs. Y-apoVs: apoVs derived from young BMSCs; A-apoVs: apoVs derived from aging
BMSCs. apoVs: apoptotic vesicles
Figure 8 Y-apoVs effectively improve the bone tissue regeneration of aged mice in vivo
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