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Mechanism of mesenchymal stem cell-derived extracellular

vesicles in repairing bone defects
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Abstract: The regeneration and repair of critical bone defects is one of the hotspots in orthopaedic research.
In bone tissue engineering, the expression profile of active molecules inside extracellular vesicles is often
changed by regulating the gene expression of mesenchymal stem cells, thereby enhancing the osteogenic
activity of extracellular vesicles and promoting the regeneration and repair of bone defects. However, the
specific mechanism by which mesenchymal stem cell-derived extracellular vesicles (MSC-EVs)-promoted
bone defect repair is still unclear. Therefore, by reviewing the related research of MSC-EVs in bone defect
repair in recent years, this paper expounds the mechanism of MSC-EVs promoting bone defect repair through
its internal active substances, which providing a theoretical basis for the scientific and rational application of
MSC-EVs for clinical repair of bone defects.
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A7 PR A S AN AT T R s Sk R A A
Gy R A e HE s S PR T Hs AR R S 1993
%, Langer®5 gy B UK 42U T RE B T AR R
AR . HHH TR (bone tissue
engineering, BTE)/Ey—Mg iz EHoR, T
IR AT s EYSCEE . My A A
ST, Ik, BTEEE HAERGTHEE T
IR KR, SCHEEEAEY)IE A BE S 8] 78 5T 14
fil(mesenchymal stromal cells, MSCs) M H 735 A
TG A BB E P ER T ZMAY,. MSCs
& B S P ) 1) 78 BT T A M R, B R (A
78 T4l fi(bone mesenchymal stem cells,
BMSCs). Jg 5 K5 1T 41 il (adipose mesenchymal
stem cells, ADSCs). 78] 78 5 41 i (umbilical
cord mesenchymal stem cells, UCMSCs)PA 1555
% Bt T4 id(induced pluripotent stem cells, iPSCs)
ZEZ MR B RCE A SR 4l i AN i T 40
M2 g ae™ . IRk, TAn R AE T 4
N A AR RS B — R RIS AR T R
w02 R, AN R B R AR AR R
MSCsHIR A AR, FHE 40 M 1A AR R
T S A L ) A R A S DR R B ) T LA B AR S
Bm N, B, A ZEESMEN T4 TS
YN AIT IR IR N R T AR R R 1
WEHE R, MSCsxTH LB E RN AE - A T
BT WA E MG A2 A2 ) S gn i, i
ST I8 55 43 WA AL ) R0 R 4H 2R T B 2 4 A i ) O
PRSI0 2 i AP € (extracellular  vesicles, EVs)fE
N—MMSCs 55 7 W AE ) 2 A 32 32 %
o EVsat— LTI 240 B S RE 236 1 240 K 1k i
Moy =30, HEEEER I “HEF” B
RIEEVSHIEAL B RIS T LLREEATT 73 N oh il
P AR AR T AMA =R AN o, 4b
WA T N FIAT], a5 NVEH I —MEVsE
il o ANIAA B A S — Tl 40 K A A T8 381 4 i
Ab, FEEECR-Z A EAE R . A B B R
JE R e F B BE AR, R FL A R I B s A
ARG B AEYNE Y P Is B B bR, 24
it T A ) R A A AR S R R R 4
PE T EIMSCsH IR, #IN A REMSCsiRTT e E
BN T, HAEAMSCsIATT 1R R,

RERFFTUEY, 18] 78 52 T 40§ R 5 ) 48 i A
% (mesenchymal stem cell-derived extracellular
vesicles, MSC-EVs)fei% i i B H A
WS T, IR M R TR R S gk, B
FIEMSCslE 70 M BcE i, S s A=
s R AR A E P, HFFiHiE, MSC-EVs
WEBELHE R EAL IR . B E 5T LR ot &5 AR s 1
3, Hrh, miRNAsRIT R F R )2 1)
JFPY. MiRNAs#Z —Fit A JE LIRS /NRNA , il
s SR B R FEE L, AR 40 I A b A dsE ok b
fEH, e Z 255", maErR,
A0 W RN R A M A R AR e, R
miRNAs /2 3 B iR 7. i, EHmaRk
Bl, MSC-EVs/ #miRNAsHE 5 7 T AL M4 A A
KERMERRL, REMEEMR, Z5%050H T
AT 40 L P AT (R ki B is 2. SR
1M, HAETMSC-EVs{ie k& JE s B AL HI it 5840517
EFZAE, BIIEVsHIEIED TR AR Z ,
FrmiRNAsHIZEIE AN, & B A A B &
WRESSERE AR A . Bk, MSC-EVsf2&
B SR B AR M TR R R . A i A
UL AEBTE AN FIMSC-E Vst it 45 15 & (1A
KR, HAMSC-EVsiliid N imiRNAsZETH PEY)
AR AL AN AR B, I E 2 S e R
W, AR SRS F RV LS, Rk —
H N FHMSC-EVs{E & S5 12 B HE LB 4

1 MSC-EVs3 A4 R pY ki

g — Pl 40 38 TR BBy, AR RE %
JTiZ2 2 5 AR R ek A v 5
B R R LA A, TR, T
HHAHAERITY, 75 T4 M (mesenchymal
stem cells, MSCs)> R 5N 3= B8 T i3 1% N IR
P % AR O R A R B I A R DA 0
Y0 R R A AR T b A E
WA 5 R ARG AR 1T R, SRR T AR TH
M S Cs [ Ah s A 1) B B A 18 2 R B i 2
FESPL R, 7R N I MSCs R K A bR, Xt
FLoE A I M SR R 3k 2 AR B Y, H ATk
T8 1A T $2 B AR M S Cs >R i 32 2240 45
BMSCs. ADSCs. UCMSCs. iPSCs%™>'%%, 3
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Hr, BMSCs 3= 23l i ) s & o0 4 R A 2t B 15
A, JFHHERESIG, REHAHA TR RTH
iR IR . O KREF R, B 88 700
441 i A5 £ A0 A RT LA BMS Cs 8 B R
P A NTITR i 73 A R T = Y N = g S A
Fed B4R, SBMSCsHILL, AR W [ 78 5
F4ifi(human adipose mesenchymal stem cells,
hADSCs) & 53k fs, I BAENE i) iz, 1
BEORGH, SRR AN P AR M Cs e B,
SR, SE B8R 7 B A AH L, hADSCsHI R E
SRR T B AR AR T R i T
1k 1% 7% (osteogenesis induced, OI)Z&PF T AR
BMSCs 5 R A/ A 44 1T 1577~ 40 B R 5L 1 471 il A
P RCE 7 A RE . 4R IR, BMSC-ODRKJE ) 4h
WA 2 L R AR IR RN R B R R L,
¥6Col I . RuntAlR# FH F2(runt related
transcription factor 2, Runx2). ‘H#EZK [ (bone
sialoprotein, BSP). ‘H 45 % (osteocalcin, OCN).
BMPR- | AFIBMPR-1I , i ADSC-OIK5 [f) 41 it
A _EHBSP. BMPR- I ARIBMPR-TT, FikgE R
$27R ADSC-O LK I I A1 WA 1A 1) 1 i 175 3 Rk 0 W] g
& FBMSC-OUR IR AM bR gt , A g i ]
7T 4H e (human adipose mesenchymal stem
cells, hADSCs) K (1) 1 (A 7E Sk LR 1R V6 T
tZ R BRIRYT I ), RYThADSCRIE K 4
WA At AT B R A A R A R
FERIE MY R8I S 0 A B 3 B 7 A 1Y
MSCsHIWF A5 1) 78 )52 1 48 il (human
umbilical cord derived mesenchymal stem cells,
hUCMSCs)fEBTEH 5|2 772 K¥F . hUCMSCs
TP AN SRS 7 25k 5T (1) 32 22 18 /> Wharton’s - jelly
HERAF I SR AR FIMS CsBEAA™ . hUCMSCs HI BLd it
7 L8 A R e i 1R, AN LR
FCE BURCE 73 . hUCMSCs AR T BE 515 17 46
HAh SRR IMSCsFL A B 5 (1412 1178 A B 1
UEAh, hUCMSCsRE T A K A R IR,
R E IO HIEE S, AR K
A 5hUCMSCs#l, iPSCs[FRIFERENS TCIR A=K
HAEAE G e HE e B A AG B 3, {HiPSCsil A
EAEM B R TR R EW, B

RET4H B SR Y5 1) 18] 72 51+ 41 il (induced  pluripotent

stem cells-derived mesenchymal stem cells, iPS-

MSCs) Al B A iPSCsHIMSCs I 4, HZ 400k 4%
RIG e 4 F & MIMSCs, FEARFFMSCsIf H
WA, W HAERA SR 7R
BA T, iPS-MSCs EL AT 5 5 [ 384 5 g 71 A Fa 28
WA IhEE, AE6E B E (LAY X R AE(E
iPS-MSCsE A A A s R 4l SRR 1. B Bk
W IMSCsRIR AL, FB 7 2H 28R TR FIMS Cs 2K I
(1) 40 WA A A B B R B 70 o WL F 2 T4
ffi(stem cells from human exfoliated deciduous
teeth, SHEDs)/& —F B £ 5 /048 fe Fl 5 1 5
RE ST AR L AMSCsHE 1A, Ref% LLARR AR 7 X
B, FREATEERE B, 5BMSCsH
tt, SHEDsE &AKK T, MHE A 4: 40 A4 K
[X]-¥--2(fibroblast growth factors 2, FGF2)MIF4{b A4
K [KlFB2(transforming growth factor-B2, TGF-B2)
. AAEERRAMEAE AT 5T a1
t, SHEDsEA Esaiy LaE 1. A 7IE
B, SHEDSsIF I &Mk 5 B- B R — 45 (B-TCP) X
A A58 BT DA e i gk i A RN AR R AR 3
M A, ATEITE#E . bR EEMSCs kIR
Ab, ANIAR IR T RUCR A 2 52 B A I e VB T
W . — T AR B, T R PR K AR
B3R A3 I BMSCs SR 5 I 71 WA A i i3 BMS Cs [ B
B AT R A P A A P BRI AT N
1E % KB IR I BMS Cs SRR R #h s RS 3R
K 15 1 S A 0 (AR 1) B A4 A WA AR S L TT RE A
EA AT EERTEY,

g b, AN[E ST A Wb A S5 AR 20 S s AN
[F4E (1), HrhBMSCs T g A2 i AR (0 i 40
e B4 f SRR ; ADSCsAr i) 32 HIREUT (8,
{H R 4L BE J1BMSCs59; hUCMSCs = B i@ it
ik i A8 AR A 42 02 1F B 3 A2 s iPS-MSCs B A
iPSCsHIMSCsHIME AL, I H TR K2 38 5 e ) A
SR ThAE, H 5hUCMSCs—FEANTEAEAS L[]
RO, T SR SR YR A SHE D's 1) LU i 4R8N 1 05
KRB, FHETEKET, REEHERNE
BT ZFMSCs. Bhah, ST 777002 M S itk s 5
I 23 ) (A SRR IMS Cs, BMSCsSRIR [ AM A A 5%
T HEREYI A AT PR E I R ER, A&
HHAERGEE. Wik, EBTEH NN AT
TBITIS, AN A SR A S A SRR FIMS Cs B in A X
Sl DARE G b R A i A A SR
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*1 ARRBINBFEE =

AN A SR e FE A WL
BMSCs i 141 b4 BERCREF, AR, BHE)TZ BE s
hASCSIR [ A jﬁéiﬁ%ﬁ*ﬁﬁiﬁ?ﬁ: NIRRT 2, RHPAF: BFEER, iR R

e pl e BRI RETE ;s AR ) (R M AL R R RIREMAR, SRR AR £
hUCMSCs K I SH kA A R R AR M AR
. s FOTPSCSMIMSCSHtE &, BMUVE KA REHAE Sy AT AMERIE, WA s
iPS-MSCs U K1 41 ib A% I 20 R A R TR A G 15 T B A B U A

I b =N b fih 7 ;> S VER R A 3

SEAERP Y, HRRAIHERERE I L RE

2 MSC-EVsi@idt{R# &7 U IEE &R

B RS IR O B AL 3 0 R A A S P T
HI B AN . MSC-EVs A2 IR %EMSCs Al
RIS AL AR, AT I AR HEM S Cs 14 58 A1 73
b, BEINEE . MSC-EVs{E#EMSCs i H 43
R R K 2 FifE S, eSS kEEA
(bone morphogenetic proteins, BMPs)/Smad. Wnt/
B-catenin. i iz VLA 3 (phosphatidylinositol 3
kinase, PI3K)/& F ¥ H§B(protein kinase B,
AKT)Z,
2.1 MSC-EVsj@ ittt BMP/Smad{s S8 B2 3
a1

BMPsZTGF-BE F IR R, 2 E#EKE T
HEAKRE T, HAHEBMSCsIa 6 E 40 71k
MIgE, Mmfedt g s AEKRE. wagm
FI20R FhE A R, BMP2IHHF 78 44 52 R0, BEAMY
REf B4R 5 FMSCsHIEE . 1T DU SE 7 4E,
1M H. 6e 88 ¥ [7) F At 5B B 3% 7 Kk #5 5i AR
FIB™. BMP/Smadf{s 5 il # thBMPs & 3£ %2 1 .
Smads & (A FIH L E A T 4H &Y. BMP2iE H
Iy W B 5% oy W RIS, e SR AT I
ERIL R T RK, B4 ABMPsRZE, BMPs3%
ot 22 B R 07 A IR e 2 ik, BLHE T B 24k
(BMPR- I A. BMPR- I BFIACVR- 1)1 I A5z fk
(BMPR-1I . ActR- Il AFIACtR- 1)1, BMP2%: 4%
ABMPR-1T, K4 H G BERR A 80E, 4k ik
FR{tLBMPR- [ , #BMPR- [ J3%, Smadl/5/8% F
Uit Smads {5 5 #BMPR- 1 24435 I A1 52 R T B ke
HEEY), HH5Smaddt s, BBEEN, 3
TS CE A E TR, AN Runx 2R 2 R S
SR FOsterix 5, {2 3E BB 4l il 7 4L, BMP/

Smadfs 5@ BN ME S B A EERZ L, Lk
., Z IR RMSC-E Vg #F il B /06 3 B
HBIEBMP/Smad s 5@, HizdEEZ A
miRNAs 3 [/ i) BAN . LinZE UL B,
BMSC-OIK 5 1) 41 A A 7E A1 33 K B P B 5k 453 A5 284
WRE RS, HEFEmiR-8777E N 184
miRNAs i, 167" miRNAs_F i (#1miR-328a-5p-
miR-31a-5p. let-7a-5pFllet-7c-5p%5). I#ImiR-877
Al R BMP/Smad{5 5 18 #% A I R (1 3Rk,
BMPR- 1 A. BMPR- I BfMSmadl. i$3KiEmiR-
328a-5p. miR-31a-5p. let-7a-5pfllet-7c-SpREHE
Y BMP/Smad {5 5 8 #% (1 #L [ LR ACVR- 1 AN
ACVR- 1B, A5 B3 &n, ACVR-1B
Al R BMPR- 1l Bi#5$i77, 7 HBMPR-1T 5
ACVR- 11 B [BI47-1E 58 5 R 5] (1) 52 AR BTG X 4%
MARR AT R R, LA LG REWE, BMSC-
Exo-miRNAs 3 240 [AJACVR- [ BIACVR- [ , %
BMPR- [[ /ACVR- [l BXfBMPR % 5 ff]Smad1/5/9
AL I 5 4 RSl AT B R e
Ah, REZA: FIRBEVs ] A8 8 A R &2 R 2
BMP/Smadfs 58 # . HuangZe i % T Al fpk
IEBMP2[JhBMSC-EVs, iX$EEVSTE R &M Py 52
56 R ¥ RN ORI R S SRR, TR R K
B, hBMSC-EVsH BMP{5 5 i i i ] K] T
SMURF 1 flISmad7 )32k 5. 3 [, #3t—P 5
F W], #E SMURF1miR-4247EEVsH 1] 32145 1
ST, B, hBMSC-EVsA] B it %1% miR-
424, BREAPHISMURFL, MIIHSEBMP2MSE S,
AR RE . deA, AT REW, A
B 18 1] 78 S50 T 448 PR ke U 1Y) 0 36 A 54 ) (human

bone mesenchymal stem cell-derived exosome
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mimics, hBMSC-EMs)Hnogginff] ik i n] L1
HEhBMSC-EMs 1 i FeME . 1Z0F 50 R, 5%
AL, noggindil fhBMSC-EMsHmiR-29aff %
ik B E AL, MBMPR-IA. #i#%1kSmadl/5/8%1
ID1(BMP15E 5 1) J¢ 8 T Ui 48 ) 1) R0k Wi 2% 3
Tnteel, SERT IR AR, noggind KIRBMPHE i
7, AMHIMSCsH [fnoggin & A # ik BE 1% fih X BMP
=5 BB 5 (Smad 1/5/8) AT 23 T (Runx2 Al
OCN)“7, [Ak, nogginfliil FJhBMSC-EMs ] §Ei@
ik P miR-29a ¥ FR ik K Il BMP/Smadfs 5
W, AT RCE R

22 b, ZUWHTRUEE, BMP/Smads2 i H 40 i
SIS RE S S . (EBTE, @
AFMSC-EVsH #miR-877. miR-424%%% fimiRNAs
KF, WEBMPAS 5 0GB N A, (2t
Smad1/5/8MEFRA , kT b i plCE AHSCHE R, Ik
MSCsf 74t . i 1F [A) 51 47 A i # BMP/Smad
5 5 R T AR BEM S Cs B A i FE R 2 A
miRNAsH: [F/EH 1 BFN, H B R T 4
FEFImiRNASR B A 20, KKRF s — D0t
Fio WAL, EVsHNIHERBAENI . & B R
SEYNEYE S T A T RE S 5 T R4 L () BMP/
SmadfZ%5, RIIFEmIRNAsAN, Rt M nTRIRE
EVsH ¥ A A R BMP/Smad(s 5 Y Hofth e
BIAEPEE 7, NI S i H S E Vs .
2.2 MSC-EVsi@idi 17 £ B Wnt/p-catenin{s S8
BIRHERE S

T BN W 2 TR B P A O ol AR S AR
WE. R KEREERE, Wntf5 58 BRI TIX
Pl 47 v R HE A OCBEAE MR 2 TS KO B -
catenin, A] LUK H A AL BRIFEZ S Wntil B,
2 L Wnt/B-catenin & Z il i Wnt 1 lTWnt3a%5 /- &,
It B-cateninfE N AL (S 5. HA SRR E
FH LA Wt 5 70K % 5 85 (1 Frizzled & H 3L [F) 57 f4
LRP-5/645 4 J& W0 e N 3% L & H (disheveled,
Dsh), MITETEUE S 6 IR & B3 (glycogen
synthase kinase 3, GSK-3)ffJ#iiG, #HilB-cateninfif
1k, f¥iB-cateninft Ml i HH 2 E AL R, FFRE 41
5T E A A 7 (T-cell factor, TCF)EEE &
Y, WIS 3 R REIE R . Heo®5"HIESK,
Wt 1% 7] DA B0 Runx 245 B B 6 3% R -1 {1g 3k

7 R T4 i (periodontal  ligament stem  cells,
PDLSCs)i 73 ft. R, HATHBFEEY], Wnt
55 1 FE AT T MSCs R 704 R 52 Wi A7 78 199 TH] 12 -
EARERMHIMSCs B L EThRE" . A
oo, &A= Wnt3an] DU ESE 1L, &
7 U o R R Ak s LinZEPHER, gtk
I BE S 5 304 LI Wit/B-cateninf 5 8 B 4 I B
Wi, i IR S Wnt/Ca® il 6 RE {2 PDLSCs
A AR 2 M FL R Ak, BRI FEOE I 4
Wntf5 5 ] REFNE R 6 kB R,
NZF #9075 41 ffd(human periodontal ligament stem
cells, hPDLSCs)i 4 (1) &M A4 He 8 2 i3k 5 1l i ik
WEE . Z£hPDLSCsKIE MK IT S,
Wntl. Wnt3afIWntl0af) A & K, F5p-
catenin/K-FR&AK, B L GSK3B(p-GSK3PB)/KGF-F
B, p-GSK3B & Wtfs 5 3 % b I 5 2 1 47
K f. IXEE2E REoR, ST G i # Wnt/B-
cateninif % 1 ¥E , (2 PDLSCs Bl 7 A1 K B
FREF BB RERET . BIR EIRIFRE,
A 38 3 4 Wt/ B-catenini® B8 (2 3E B MK, (HAZ
W — S RS MRS . YingE PR, 1
ity AR R EAR 75 5 K F-1o(hypoxia inducible factor-
la, HIF-10)FIBMSCsR I AN A& AT U 1 0
Wnt/B-catenin{s 5 18 B 2 HE BT & B K. PR,
MSC-EVsif i Wnt/p-cateninfs 5 il B {2 MSCs il
B ACHIE PSR it — PR .

gi b, MSC-EVsHEf i i & 8y Wnt/B-
cateninif B HFEMSCsUH 704, (H1ZIE BEXTMSCs
BCE A RS2 AR AE T . Wnt/B-cateninfE 5[]
Iok P YO B 2 T EUMIS Cs IR i 74 B 77 Uk
550 B4 X 2RE A5G RE % 3 248 L Wnt/B-catenin
T G, R ECE, TIMSC-EVsH] LU
o P s B AT S om A, TR R 5
AHEFUEY], MSC-EVsH] LLB IS 2 i WntfE =
AR RLE . IEAh, MSC-EVsiiid #ifi| £ Wt
T PR GE i A E R B B A . PR/REVSHT gl 2
5 G e TR 3k B Ak, A0 H RTERRT T 1R
W, HEZRFAasmmies. BRET
EVs/r S Wntid B {2 i & A i LS 17— &
B, AH BRI A R 2 ) @k A i o, n Ah kA
425 Wntod 2 R AT 3 P A 1) e £ 1 FH A B2 45 v AN
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B, ARFRES—PRR.
2.3 MSC-EVsi@idi#iEPI3K/AKT {5 518 {2 iF
BEZiL
PI3K/AKTY5 5 i i 42 5 M BMS Cs Jl i Al R i
I A S aE kU0, PI3KE — R T o J5 1)
NERENG, 23 B EKE RS, PI3KH
WOE WO 5 IR PI3K = W i i Ik L e = % IR
(phosphatidylinositol trisphosphate, PIP3)gEHS 45 &
T2 R/ Z R AK T, 4k 11 {8 AKT H 41 it i
A B A0 M, TR R RO AR, B S Sl
AKT 2 AR T3 2 B A7 sk AR IRk, TG 1)
AKTHREBE HE— B I0E TSR, 2 5MSCs5 41
MiAEK. SR, Zhang25 ! 7EiPS-
MSCsK i 1) 4 s 44 15 B-TCPIK A A2 12k oK B B ik
B RS E H R I, hBMSCsH PI3K/AKTI&E i FH
G- YR B S PN T ) | IR o | AN & MR e
K K FA(platelet-derived growth factor A,
PDGFA). FGFI1/2. FGFRI. 1 MK a2%k
(collagen type 1 alpha 2, COLIA)AIBCL2LI, Xt
FEDA e I m] Y TMSCsIFATE  I85E . T/, R
SACEAINHIFE T MIPI3K/AKTYE 5 1 St 2 6 i
Al GSK3B AN 5 1075 By € 4 ik 25 1) 1 1R Iy A& ok
717& 1 [F]J5 £ K] (phosphatase and tensin homologue
deleted on chromosome ten gene, PTEN)/K-F i f#
U, SRR AN Y 1K S A 5% S hBMS Cs H (1)
PI3K/AKT/S 5@ ¥, 2 iR HhBMSCsH 5H 7
o, REH A 1A, A RN, hBMSCsk
TR A1 AR ] B2 18 3L CD 7347 5 B R 1 52 A B0
AKTHIERKIE S5, s g i s 4 AmyE s
52 ME S, I E B BB (mitogen
activated protein kinase, MAPK) N5 5 L2+
MFEAE 55T, ERKAIMAPKAS 5 I8 A% 0 B
G, FERCEH MG TE . o AR T rp Ok A
FAY . B 403 X Eh T 4 S S BATPRE O %
T B0 6 W 18] P 7 B8 Aol o — T T IR R R A TR
(adenosine monophosphate, AMP)*", Chew%:">" K
MSCsHR I I AN AR 5 iR R i 4 45 S8 E R R A
AR T 5o~ , AMPTECDT3/ 5 F/KfEHA
R, I R S A4 AT S AK TATERK %
feAk, f2iFIGF-1. B IEE H (periostin, POSTN) X
R AH DR B IR SR IA 3G n, T AR ) PDLSCsit

¥, BT KOscE . 3F H SERKAHEL, AKTHE
FR AL I 298 5 ZUPDLS Csi £ AN FE 11 58 K PRI,
AKTALT- S MSCs Y5 1 /1 A 5 S B (1) 5 5550

Zx b, MSC-EVsH] LUl i N AL AMSCs Ja #0E
PI3K/AKTFIMAPK/ERK A5 538 B e #E & 431k
HAZ ok 7 0] 5 -5 40 i S CD 734 5 (1) R 52 4
YEH A 5. EVsilliZCD73/ FAMPIK NI,
HETBOE AKTHERKBERR AL, 2t il 2040, T
AKTIEH A REREMEH . 2R, HTFMSC-EVs
WEBTE o 20t s 20, Hh IFGFSE
K Rt AT B 2 0 4 JE 48 i Y AK T AT ERKAS
S . Fik, CD73 5 0 MR S A e i A
fEAKTHIERKAS 5 18 7% 1 01 Bk 2 DL J HoAth A 5
P8 A A SR &5 i) A itk — P AT .

3 MSC-EVsi@id{g 3t I &4 RIS B ki

B R ME FE AN, KE KRR T
BRIRAL R AAE 77, KBRS Y, R 2 3
FHAEKE T HE®ARLIBNEERE, S
IR B MEAEZECEE, Jah, Mgt g
55 5 AR 40 IR T A A LT A,
R, R E AR . PEARIE, Bk
BT RSV N G BOE B R BEAE T 4R O
AL g, T A% AR A% (O 400 TS 9 ) 4 R B
FALUTRER A P M P A ™. gt
B, MSC-EVsH] LARIBECE A IS AR, et s
FA M EBEHLHT . AT RN, KR
7 S HE R (dimethyloxalylglycine, DMOG)Til
A 3R AT FFIMSC(DMOG-MSCs) K5 (1 #h b4 1] L
D E AR, MR E A R AR, AR
I I S B K BB AN, ROR 3L T R
AT FER S HTRIL, S5X AL, DMOG-
MSCsHKJE [ 40 a4 28 N 55 ik ) B2 40 B (human
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—, AKTEEE 1k 5 32 i 805 5 R iFmTOR™,
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BT B EE . R R, 4SHEDsK
PRI AN AR AL I A, R B RR TS L R
P (adenosine monophosphate-activated protein
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25 b, MSC-EVsHa] LRI s X I AR
B, XA HABE N EENLS] . MSC-EVs
R A% 30 3k 366 0% P T PR A T B BE A AR, AT R 4
PTEN. VEGF-AMFGF25 i85 R IA 2 {2 ik &
MEAEREER, ERE R IRAKT/mTORSE
538 % BRAMPKAS 5 18 26 B0 A % . SR, TE
BTE®, #$MSC-EVsk {2 & A il i A 78 AL
1l Ko G R 78 v AS O, ATH A7 AE 22 T i) 0 v A<
fi e (DT Fh5 EHIDMOGALH 4 fE 4 MSC-EVs
B0 i 4 FLAR I AR AR F 2(2) DMOGSS A 14k
)5, MSC-EVsfe it i A4 i) B ARSI 2 A 42
()i It FEME Vs A B ) (1) 28 5 S T AR if 8 AR

JRBE ST RUAR I St 7 s AT 42

4 MSC-EVsi@idifiz R B R MNIEE BHR

4G R 5 A 1 B SRR E L A B 2%
MG X ELRRE. BRI ZNAFERAL R
()25 P AR AR 375 A g2 S AN A E L 5 BRI
RIREN O DA R R, e dn i & JLAR B
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Y. M1ES E W4 B R RN, RIEMR
RAGREIE R IMER , R B0 S A4 R 40
{EM i P OS2 3 i S e B i s M2 Y [ 4
EZESWRRMEKR T, 2355 4M4A
gl , fRiEM2 B VAN R R AL T e it
M A g a7, L RER, ERNE
BT, EVsAIUERTT4i, EaERm 47
REAT M B3P 2 30k [ 0 T i &5 AR MIS Cs 43l J i
A KFFBMP2, NEHGE A mat,
Ab, I AR 2ORE I RRAR HE R it B2
FZAAATPY . WangZEU T I 3R £ LR T S
JG WIPCL 3B &5 A s- 0 i 52 4% e H IR AT 2E 40 (S -
nitrosoglutathione, GSNO)FIMSCs>KJ5 144
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N T ik 25 UE BAMS Cs R IR K1 70 A P 11 26 43
53T SFMSCs KR [ A AR (R BT 5 785 B A2 15 R A K
BEVEH, (RN R N, LigP g s
H ADSCs KU 1 4N b A A 15 %35 I miR-45 1aidk 4T
TE—B . FFREE K miR-451aZ8 L4 Al
miR-45 Laffl i) F 8 e 2 ERE4H i+, K ImiR-



W4, A TR) 7R 5T T4 B AU O 2R L A e RS R At 4 P AL - 535 -

451afie % Kr ¢ VE 45 G B W20 i IT % 10 ) T
(macrophage migration inhibitory factor, MIF)
mRNAJ3'UTR, Mififie 2t B4 M1 -to-M21%
W MIFZ—FZH FRENR, %S5 5k
PR, MIF R AT DA 1] 0 40 6 305 0
7 is™ . ik, R4S RIEIMSCs K IE
Shib A P miR-451ake —FA UK E T, ZXH
UE ] 7 MSCs RIS [ A0 WA A P 1) A W 1 7y 11
M SCs A5 T FM A (R 47T 2 95 BE T A SR T

AR LB G A AD e w5
WoR, G52 PETAL BE M S Cs KU (1) S0 1A RE %
e BE S AE IR A 05 58, TIMSCs R 1 S A 1A
i let- 7o RIER 115 A2 A HE A Y i s oo

BE— PSRN, MSCsRIE /WA 4 AT e 18 3 ¥
T E O T I8 B PR3 & (osteoprotegerin,

OPG)/#% A F-xBAZ ARG ALK T~ (receptor activator of
nuclear factor-xB, RANK)/#%[A-F-xBZAKEAL K F
M A (receptor activator of nuclear factor-xB ligand,

RANKL)(Z 5 BB B BB B Sy i1y
I #%OPG/RANK/R ANK LI ik 375 f B 4H A 375

IR S N R ¥ G BE Th e S 5 E R R
A5 WA IR ANKLAE 8 5 RANK &5 5 0SB
HH. OPGHITE4 P45 A RANKL, [HBTRANKL-
RANKEE &, AT $9 1) B 0 3 P 93 i 8
™ Bk, H AU PTG T-OPG 5 RANKL

BMP

- Lrp5/6 | Frizzled
ACVR ‘ BMPR ¢ Dsh
Smad1/5/8 | i
! ' C ok3 ) i
. o L < res
¢ ( ﬁrcateninv AKT
Smad4 ] & ¢
Smadl/5/8 | —p ( om <€— | AT

PI3K

s L. ShiZs!"IHF 7R, KIS BMSC-
EVs/ S &5 AR, BMSC-EVsi@id i
OPG IR ANKL [ 1 # il e B A v e, 40 oh) o
JA SR B RS, (e HR MBS .

Zi I, MSC-EVsEZiEid ik iy, Bl
WmiR-451aMlet-7b%%, {23k B WG4 M1 M M24K
th, MNiZ5E R, et EHSR e, i
FEN, fERAE S EREE Y+, MSC-EVs
A RE 3 T8 I O B g% R T I8 B OPG/RANKY/
RANKL, i, b B mosor (25
4. ZTWIFIIE E TMSC-EVsS 540574, B
R EER . (HH AT FBMSC-EVs£ 5
G T A AT, B2 T A R T
o tbAh, MSC-EVsZ 5 G i 42 DL A A il B
I EARHLEI B FAIA TG, 72— D50 E

5 INESRE

MSC-EVs/- S HIBTEH, il ik 3 421 7K
Ji: 55 B B AE ARG A B A R A e 45 1
T R A T ) AR SR A, IRAS A B
B S REMEVs, B e 2 B b AU
4. MSC-EVsW#EMEYI I, JLH ZmiRNAs, 7£
FCH oA I AR R e A Y R B 4 R
100 1) 45 5 ThD 359 Je 3 R B R ) R A A (BT . TE
BTEH, #i#dEMMEVs N B miRNAsE 15 P 4

RANKL T RANKL
RANK

=1
5
&
Ih ’g\‘h
i
‘og

E1 MSC-EVsi& 8 Firi{ERIHIRER



- 536 - CHEmRIILEEY 2023454334541

230

TR, BOE S H BMP/Smad. Wnt/B-
catenin A PI3K/AK T B A AH ¢ 1) S B85 5l i
AL H R, B B EEAKT/mTORE 5@
% F1/ B AMPKAE 5 18 2 5 A B 1L A= 1 [ 422412 3
BUE, RANHERMNBERE . A, 20 RE
N, EVsTI LS5 ey, i (2 it B v gn i
M1 RIM2RAL, 98 JRE [ 8. EVs ] f 3 B i it
W OPG/RANK/RANKLIE % , 41011 Ak B 40 B %
PE, BB IR, 2R AR . fE R To g
B EE R G A, EVsAES B e MSCsHS 1
AT RE I G B HE R L A3 R R DL K iR R A S
PR, B H T BR A B  RE . (EAS AT A5 A 1)
52, HETAREVsHIRLH 7 20 B K H S A 50
PTG E RN o« BT R 7R, MSCsRIE I 71
AN ERENER. EARAER, HigL,
EVsIERIRA IR 2 45 &, (B HATHt
55 BT W miRNAs, STEVsE ML 4R 5T
WIS . Rtk , EVSTESFYn o858 T (2 2k i
AR A ME RS R AR IR RS PE o A Rk
— B FCIESE, BRmiRNAs/MHADY 2 53
SR W R B I AR O RS 5l
P 55 0] U TR A — P T . BRI, EVSXHE
BRAANE S 11 B 22 A 20 B AT RIS B 7R A R
Sk — B R I B RAGT 2 —.

2 F Xk

[11 Shang F, Yu Y, Liu S, et al. Advancing application of
mesenchymal stem cell-based bone tissue regeneration.
Bioact Mater, 2021, 6(3): 666-683

[2] Baldwin P, Li DJ, Auston DA, et al. Autograft, allograft,
and bone graft substitutes: clinical evidence and indica-
tions for use in the setting of orthopaedic trauma surgery.
J Orthop Trauma, 2019, 33(4): 203-213

[3] Yu W, Li S, Guan X, et al. Higher yield and enhanced
therapeutic effects of exosomes derived from MSCs in
hydrogel-assisted 3D culture system for bone regenera-
tion. Biomater Adv, 2022, 133: 112646

[4] Stahl A, Yang YP. Regenerative approaches for the
treatment of large bone defects. Tissue Eng Part B Rev,
2021, 27(6): 539-547

[5] Behrend C, Carmouche J, Millhouse PW, et al.
Allogeneic and autogenous bone grafts are affected by

donor environmental

historical exposure. Clin

Orthopaedics Relat Res, 2016, 474(6): 1405-1409

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

Langer R, Vacanti JP. Tissue engineering. Science, 1993,
260(5110): 920-926

Roseti L, Parisi V, Petretta M, et al. Scaffolds for bone
tissue engineering: state of the art and new perspectives.
Mater Sci Eng C Mater Biol Appl, 2017, 78: 1246-1262
Wu D, Chang X, Tian J, et al. Bone mesenchymal stem
cells stimulation by magnetic nanoparticles and a static
magnetic field: release of exosomal miR-1260a improves
osteogenesis and angiogenesis. J Nanobiotechnol, 2021,
19(1): 209

Fu QL, Chow YY, Sun SJ, et al. Mesenchymal stem cells
derived from human induced pluripotent stem cells
modulate T-cell phenotypes in allergic rhinitis. Allergy,
2012, 67(10): 1215-1222

Qin Y, Wang L, Gao Z, et al. Bone marrow stromal/stem
cell-derived extracellular vesicles regulate osteoblast
activity and differentiation in vitro and promote bone
regeneration in vivo. Sci Rep, 2016, 6(1): 21961

Silva DD, Paz AHR, Portinho CP, et al. Reconstruction
of parietal bone defects with adiposederived mesenchy-
mal stem cells. Experimental study. Acta Cir Bras, 2021,
35(12): 351201

Perez JR, Kouroupis D, Li DJ, et al. Tissue engineering
and cell-based therapies for fractures and bone defects.
Front Bioeng Biotechnol, 2018, 6: 105

Kang Y, Xu C, Meng L, et al. Exosome-functionalized
magnesium-organic framework-based scaffolds with
osteogenic, angiogenic and anti-inflammatory properties
for accelerated bone regeneration. Bioactive Mater,
2022, 18: 26-41

Konala VBR, Mamidi MK, Bhonde R, et al. The current
landscape of the mesenchymal stromal cell secretome: A
new paradigm for cell-free regeneration. Cytotherapy,
2016, 18(1): 13-24

Liang X, Ding Y, Zhang Y, et al. Paracrine mechanisms
of mesenchymal stem cell-based therapy: current status and
perspectives. Cell Transplant, 2014, 23(9): 1045-1059
Zhang J, Liu X, Li H, et al. Exosomes/tricalcium
phosphate combination scaffolds can enhance bone
regeneration by activating the PI3K/Akt signaling path-
way. Stem Cell Res Ther, 2016, 7(1): 136

Zhou X, Cao H, Guo J, et al. Effects of BMSC-derived
EVs on bone metabolism. Pharmaceutics, 2022, 14(5):
1012

Li QC, Li C, Zhang W, et al. Potential effects of
exosomes and their microRNA carrier on osteoporosis.
Curr Pharm Des, 2022, 28(11): 899-909

Witwer KW, Van Balkom BWM, Bruno S, et al.
Defining mesenchymal stromal cell (MSC)-derived
small extracellular vesicles for therapeutic applications.


https://doi.org/10.1016/j.bioactmat.2020.08.014
https://doi.org/10.1097/BOT.0000000000001420
https://doi.org/10.1016/j.msec.2022.112646
https://doi.org/10.1089/ten.teb.2020.0281
https://doi.org/10.1007/s11999-015-4572-7
https://doi.org/10.1007/s11999-015-4572-7
https://doi.org/10.1016/j.msec.2017.05.017
https://doi.org/10.1186/s12951-021-00958-6
https://doi.org/10.1111/j.1398-9995.2012.02875.x.
https://doi.org/10.1038/srep21961
https://doi.org/10.1590/acb351201
https://doi.org/10.3389/fbioe.2018.00105
https://doi.org/10.1016/j.bioactmat.2022.02.012
https://doi.org/10.1016/j.jcyt.2015.10.008
https://doi.org/10.3727/096368913X667709
https://doi.org/10.1186/s13287-016-0391-3
https://doi.org/10.3390/pharmaceutics14051012
https://doi.org/10.2174/1381612828666220128104206

WA 4, S5, TA) 78 5T A0 R U (1 4 A B A2 5 R A A BT A

- 537 -

[20]

[21]

(28]

[29]

(30]

J Extracell Vesicles, 2019, 8(1): 1609206

Malekpour K, Hazrati A, Zahar M, et al. The potential
use of mesenchymal stem cells and their derived
exosomes for orthopedic diseases treatment. Stem Cell
Rev Rep, 2022, 18(3): 933-951

Jeppesen DK, Fenix AM, Franklin JL, et al. Reassess-
ment of exosome composition. Cell, 2019, 177(2): 428-
445.e18

Xie Y, Chen Y, Zhang L, et al. The roles of bone-derived
exosomes and exosomal microRNAs in regulating bone
remodelling. J Cell Mol Med, 2017, 21(5): 1033-1041
Gao M, Gao W, Papadimitriou JM, et al. Exosomes—the
enigmatic regulators of bone homeostasis. Bone Res,
2018, 6(1): 36

Toh WS, Lai RC, Hui JHP, et al. MSC exosome as a cell-
free MSC therapy for cartilage regeneration: implications
for osteoarthritis treatment. Semin Cell Dev Biol, 2017,
67: 56-64

Ha M, Kim VN. Regulation of microRNA biogenesis.
Nat Rev Mol Cell Biol, 2014, 15(8): 509-524

Feng Q, Zheng S, Zheng J. The emerging role of
microRNAs in bone remodeling and its therapeutic
implications for osteoporosis. Biosci Rep, 2018, 38(3):
BSR20180453

Zhou X, Cao H, Wang M, et al. Moderate-intensity
treadmill running relieves motion-induced post-traumatic
osteoarthritis mice by up-regulating the expression of
IncRNA H19. Biomed Eng Online, 2021, 20(1): 111
Xu JF, Yang G, Pan XH, et al. Altered microRNA
expression profile in exosomes during osteogenic
differentiation of human bone marrow-derived mesench-
ymal stem cells. PLoS One, 2014, 9(12): e114627

Li R, Li D, Wang H, et al. Exosomes from adipose-
derived stem cells regulate M1/M2 macrophage pheno-
typic polarization to promote bone healing via miR-451a/
MIF. Stem Cell Res Ther, 2022, 13(1): 149

Rahman MJ, Regn D, Bashratyan R, et al. Exosomes
released by islet-derived mesenchymal stem cells trigger
autoimmune responses in NOD mice. Diabetes, 2014, 63
(3): 1008-1020

Zhang Y, Chopp M, Meng Y, et al. Effect of exosomes
derived from multipluripotent mesenchymal stromal cells
on functional recovery and neurovascular plasticity in
rats after traumatic brain injury. J Neurosurg, 2015, 122
(4): 856-867

Yang X, Yang J, Lei P, et al. LncRNA MALAT1 shuttled
by bone marrow-derived mesenchymal stem cells-
secreted exosomes alleviates osteoporosis through med-
iating microRNA-34¢c/SATB?2 axis. Aging (Albany NY),
2019, 11(20): 8777-8791

(33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Qin'Y, Sun R, Wu C, et al. Exosome: a novel approach to
stimulate bone regeneration through regulation of
osteogenesis and angiogenesis. Int J Mol Sci, 2016, 17
(5): 712

Tan SSH, Tjio CKE, Wong JRY, et al. Mesenchymal
stem cell exosomes for cartilage regeneration: a sys-
tematic review of preclinical in vivo studies. Tissue Eng
Part B Rev, 2021, 27(1): 1-13

Zhu'Y, Jia Y, Wang Y, et al. Impaired bone regenerative
effect of exosomes derived from bone marrow mesench-
ymal stem cells in type 1 diabetes. Stem Cells Transl
Med, 2019, 8(6): 593-605

Behera J, Tyagi N. Exosomes: mediators of bone
diseases, protection, and therapeutics potential.
Oncoscience, 2018, 5(5-6): 181-195

Li W, Liu Y, Zhang P, et al. Tissue-engineered bone
immobilized with human adipose stem cells-derived
exosomes promotes bone regeneration. ACS Appl Mater
Interfaces, 2018, 10(6): 5240-5254

Zhang Y, Xie Y, Hao Z, et al. Umbilical mesenchymal
stem cell-derived exosome-encapsulated hydrogels ac-
celerate bone repair by enhancing angiogenesis. ACS
Appl Mater Interfaces, 2021, 13(16): 18472-18487
Wang D, Cao H, Hua W, et al. Mesenchymal stem cell-
derived extracellular vesicles for bone defect repair.
Membranes (Basel), 2022, 12(7): 716

Garza JR, Campbell RE, Tjoumakaris FP, et al. Clinical
efficacy of intra-articular mesenchymal stromal cells for
the treatment of knee osteoarthritis: a double-blinded
prospective randomized controlled clinical trial. Am J
Sports Med, 2020, 48(3): 588-598

Zhang S, Wong KL, Ren X, et al. Mesenchymal stem cell
exosomes promote functional osteochondral repair in a
clinically relevant porcine model. Am J Sports Med,
2022, 50(3): 788-800

MclIntosh K, Zvonic S, Garrett S, et al. The immuno-
genicity of human adipose-derived cells: temporal
changes in vitro. Stem Cells, 2006, 24(5): 1246-1253
Liu A, Lin D, Zhao H, et al. Optimized BMSC-derived
osteoinductive exosomes immobilized in hierarchical
scaffold via lyophilization for bone repair through
Bmpr2/Acvr2b competitive receptor-activated Smad
pathway. Biomaterials, 2021, 272: 120718

Hu G, Li Q, Niu X, et al. Exosomes secreted by human-
induced pluripotent stem cell-derived mesenchymal stem
cells attenuate limb ischemia by promoting angiogenesis
in mice. Stem Cell Res Ther, 2015, 6(1): 10

Hendijani F, Sadeghi-Aliabadi H, Haghjooy Javanmard
S. Comparison of human mesenchymal stem cells
isolated by explant culture method from entire umbilical


https://doi.org/10.1080/20013078.2019.1609206
https://doi.org/10.1007/s12015-021-10185-z
https://doi.org/10.1007/s12015-021-10185-z
https://doi.org/10.1016/j.cell.2019.02.029
https://doi.org/10.1111/jcmm.13039
https://doi.org/10.1038/s41413-018-0039-2
https://doi.org/10.1016/j.semcdb.2016.11.008
https://doi.org/10.1038/nrm3838
https://doi.org/10.1042/BSR20180453
https://doi.org/10.1186/s12938-021-00949-6
https://doi.org/10.1371/journal.pone.0114627
https://doi.org/10.1186/s13287-022-02823-1
https://doi.org/10.2337/db13-0859
https://doi.org/10.3171/2014.11.JNS14770
https://doi.org/10.18632/aging.102264
https://doi.org/10.3390/ijms17050712
https://doi.org/10.1089/ten.TEB.2019.0326
https://doi.org/10.1089/ten.TEB.2019.0326
https://doi.org/10.1002/sctm.18-0199
https://doi.org/10.1002/sctm.18-0199
https://doi.org/10.18632/oncoscience.421
https://doi.org/10.1021/acsami.7b17620
https://doi.org/10.1021/acsami.7b17620
https://doi.org/10.1021/acsami.0c22671
https://doi.org/10.1021/acsami.0c22671
https://doi.org/10.3390/membranes12070716
https://doi.org/10.1177/0363546519899923
https://doi.org/10.1177/0363546519899923
https://doi.org/10.1177/03635465211068129
https://doi.org/10.1634/stemcells.2005-0235
https://doi.org/10.1016/j.biomaterials.2021.120718
https://doi.org/10.1186/scrt546

- 538 -

CHEmRIILEEY 2023454334541

230

[46]

[47]

(48]

[53]

[55]

cord and Wharton’s jelly matrix. Cell Tissue Bank, 2014,
15(4): 555-565

Ando Y, Matsubara K, Ishikawa J, et al. Stem cell-
conditioned medium accelerates distraction osteogenesis
through multiple regenerative mechanisms. Bone, 2014,
61: 82-90

Wang L, Wang J, Zhou X, et al. A new self-healing
hydrogel containing hucMSC-derived exosomes pro-
motes bone regeneration. Front Bioeng Biotechnol,
2020, 8: 564731

Jiang Z, Liu Y, Niu X, et al. Exosomes secreted by
human urine-derived stem cells could prevent kidney
complications from type I diabetes in rats. Stem Cell Res
Ther, 2016, 7(1): 24

Lian Q, Zhang Y, Zhang J, et al. Functional mesench-
ymal stem cells derived from human induced pluripotent
stem cells attenuate limb ischemia in mice. Circulation,
2010, 121(9): 1113-1123

Martinez Saez D, Sasaki RT, Neves AC, et al. Stem cells
from human exfoliated deciduous teeth: a growing
literature. Cells Tissues Organs, 2016, 202(5-6): 269-280
Nakamura S, Yamada Y, Katagiri W, et al. Stem cell
proliferation pathways comparison between human
exfoliated deciduous teeth and dental pulp stem cells
by gene expression profile from promising dental pulp. J
Endods, 2009, 35(11): 1536-1542

Wang L, Zhao Y, Shi S. Interplay between mesenchymal
stem cells and lymphocytes. J Dent Res, 2012, 91(11):
1003-1010

Wu J, Chen L, Wang R, et al. Exosomes secreted by stem
cells from human exfoliated deciduous teeth promote
alveolar bone defect repair through the regulation of
angiogenesis and osteogenesis. ACS Biomater Sci Eng,
2019, 5(7): 3561-3571

Gomez-Barrena E, Rosset P, Gebhard F, et al. Feasibility
and safety of treating non-unions in tibia, femur and
humerus with autologous, expanded, bone marrow-
derived mesenchymal stromal cells associated with
biphasic calcium phosphate biomaterials in a multi-
centric, non-comparative trial. Biomaterials, 2019, 196:
100-108

Chew JRJ, Chuah SJ, Teo KYW, et al. Mesenchymal
stem cell exosomes enhance periodontal ligament cell
functions and promote periodontal regeneration. Acta
Biomater, 2019, 89: 252-264

Tang Z, Wang Z, Qing F, et al. Bone morphogenetic
protein Smads signaling in mesenchymal stem cells
affected by osteoinductive calcium phosphate ceramics. J
Biomed Mater Res A, 2015, 103(3): 1001-1010

Mi M, Jin H, Wang B, et al. Chondrocyte BMP2

[58]

[59]

[60]

(61]

[62]

[63]

[64]

[65]

[66]

[67]

(71]

signaling plays an essential role in bone fracture healing.
Gene, 2013, 512(2): 211-218

Zhou X, Cao H, Yuan Y, et al. Biochemical signals
mediate the crosstalk between cartilage and bone in
osteoarthritis. Biomed Res Int, 2020, 2020: 1-8
Kawabata M. Signal transduction by bone morphoge-
netic proteins. Cytokine Growth Factor Rev, 1998, 9(1):
49-61

Gamer LW, Tsuji K, Cox K, et al. BMPR-II is
dispensable for formation of the limb skeleton. genesis,
2011, 49(9): 719-724

Watanabe H, Shionyu M, Kimura T, et al. Splicing factor
3b subunit 4 binds BMPR-IA and inhibits osteochondral
cell differentiation. J Biol Chem, 2007, 282(28): 20728-
20738

Olsen OE, Wader KF, Hella H, et al. Activin A inhibits
BMP-signaling by binding ACVR2A and ACVR2B. Cell
Commun Signal, 2015, 13(1): 27

Huang CC, Kang M, Lu Y, et al. Functionally engineered
extracellular vesicles improve bone regeneration. Acta
Biomater, 2020, 109: 182-194

Murakami G, Watabe T, Takaoka K, et al. Cooperative
inhibition of bone morphogenetic protein signaling by
Smurfl and inhibitory Smads. Mol Biol Cell, 2003, 14
(7): 2809-2817

Lu L, Wu M, Lu Y, et al. MicroRNA-424 regulates
cisplatin resistance of gastric cancer by targeting
SMURF1 based on GEO database and primary validation
in human gastric cancer tissues. Onco Targets Ther,
2019, 12: 7623-7636

Fan J, Lee CS, Kim S, et al. Generation of small RNA-
modulated exosome mimetics for bone regeneration.
ACS Nano, 2020, 14(9): 11973-11984

Fan J, Im CS, Guo M, et al. Enhanced osteogenesis of
adipose-derived stem cells by regulating bone morpho-
genetic protein signaling antagonists and agonists. Stem
Cells Transl Med, 2016, 5(4): 539-551

Zhong Z, Ethen NJ, Williams BO. WNT signaling in
bone development and homeostasis. Wiley Interdiscip
Rev Dev Biol, 2014, 3(6): 489-500

Bejsovec A. Wnt pathway activation. Cell, 2005, 120(1):
11-14

Heo JS, Lee SY, Lee JC. Wnt/B-catenin signaling
enhances osteoblastogenic differentiation from human
periodontal ligament fibroblasts. Mol Cells, 2010, 30(5):
449-454

Liu G, Vijayakumar S, Grumolato L, et al. Canonical
Wnts function as potent regulators of osteogenesis by
human mesenchymal stem cells. J Cell Biol, 2009, 185
(1): 67-75


https://doi.org/10.1007/s10561-014-9425-1
https://doi.org/10.1016/j.bone.2013.12.029
https://doi.org/10.3389/fbioe.2020.564731
https://doi.org/10.1186/s13287-016-0287-2
https://doi.org/10.1186/s13287-016-0287-2
https://doi.org/10.1161/CIRCULATIONAHA.109.898312
https://doi.org/10.1159/000447055
https://doi.org/10.1016/j.joen.2009.07.024
https://doi.org/10.1016/j.joen.2009.07.024
https://doi.org/10.1177/0022034512460404
https://doi.org/10.1021/acsbiomaterials.9b00607
https://doi.org/10.1016/j.biomaterials.2018.03.033
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1016/j.actbio.2019.03.021
https://doi.org/10.1002/jbm.a.35242
https://doi.org/10.1002/jbm.a.35242
https://doi.org/10.1016/j.gene.2012.09.130
https://doi.org/10.1155/2020/5720360
https://doi.org/10.1016/S1359-6101(97)00036-1
https://doi.org/10.1002/dvg.20761
https://doi.org/10.1074/jbc.M703292200
https://doi.org/10.1186/s12964-015-0104-z
https://doi.org/10.1186/s12964-015-0104-z
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1016/j.actbio.2020.04.017
https://doi.org/10.1091/mbc.e02-07-0441
https://doi.org/10.2147/OTT.S208275
https://doi.org/10.1021/acsnano.0c05122
https://doi.org/10.5966/sctm.2015-0249
https://doi.org/10.5966/sctm.2015-0249
https://doi.org/10.1002/wdev.159
https://doi.org/10.1002/wdev.159
https://doi.org/10.1016/j.cell.2004.12.021
https://doi.org/10.1007/s10059-010-0139-3
https://doi.org/10.1083/jcb.200810137

WA 4, S5, TA) 78 5T A0 R U (1 4 A B A2 5 R A A BT A

- 539 -

[72]

[73]

[79]

[80]

(81]

Liu N, Shi S, Deng M, et al. High levels of B-catenin
signaling reduce osteogenic differentiation of stem cells
in inflammatory microenvironments through inhibition
of the noncanonical Wnt pathway. J Bone Miner Res,
2011, 26(9): 2082-2095

Tomokiyo A, Wada N, Maeda H. Periodontal ligament
stem cells: regenerative potency in periodontium. Stem
Cells Dev, 2019, 28(15): 974-985

Lei F, Li M, Lin T, et al. Treatment of inflammatory
bone loss in periodontitis by stem cell-derived exosomes.
Acta Biomater, 2022, 141: 333-343

Ying C, Wang R, Wang Z, et al. BMSC-Exosomes carry
mutant HIF-1a for improving angiogenesis and osteo-
genesis in critical-sized calvarial defects. Front Bioeng
Biotechnol, 2020, 8: 565561

Huang X, Huang D, Zhu T, et al. Sustained zinc release
in cooperation with CaP scaffold promoted bone
regeneration via directing stem cell fate and triggering
a pro-healing immune stimuli. J] Nanobiotechnol, 2021,
19(1): 207

Fu H, Jin C, Zhu Q, et al. Dysregulated expressions of
PTEN, NF-«xB, WWP2, p53 and c-Myc in different
subtypes of B cell lymphoma and reactive follicular
hyperplasia. Am J Transl Res, 2019, 11(2): 1092-1101
Sandova V, Pavlasova GM, Seda V, et al. IL4-STAT6
signaling induces CD20 in chronic lymphocytic leuke-
mia and this axis is repressed by PI3K$ inhibitor
idelalisib. Haematologica, 2021, 106(11): 2995-2999
Liu H, Zheng X, Chen L, et al. Negative pressure wound
therapy promotes muscle-derived stem cell osteogenic
differentiation through MAPK pathway. J Cell Mol Med,
2018, 22(1): 511-520

Arslan F, Lai RC, Smeets MB, et al. Mesenchymal stem
cell-derived exosomes increase ATP levels, decrease
oxidative stress and activate PI3K/Akt pathway to
enhance myocardial viability and prevent adverse
remodeling after myocardial ischemia/reperfusion injury.
Stem Cell Res, 2013, 10(3): 301-312

Filipowska J, Tomaszewski KA, Niedwiedzki , et al. The
role of vasculature in bone development, regeneration
and proper systemic functioning. Angiogenesis, 2017,
20(3): 291-302

Grosso A, Burger MG, Lunger A, et al. It takes two to
tango: coupling of angiogenesis and osteogenesis for
bone regeneration. Front Bioeng Biotechnol, 2017, 5: 68
Liu X, Li Q, Niu X, et al. Exosomes secreted from
human-induced pluripotent stem cell-derived mesenchy-
mal stem cells prevent osteonecrosis of the femoral head
by promoting angiogenesis. Int J Biol Sci, 2017, 13(2):
232-244

(84]

[85]

[86]

(87]

[90]

[91]

[92]

[93]

[96]

[97]

Liang B, Liang JM, Ding JN, et al. Dimethyloxaloylgly-
cine-stimulated human bone marrow mesenchymal stem
cell-derived exosomes enhance bone regeneration
through angiogenesis by targeting the AKT/mTOR
pathway. Stem Cell Res Ther, 2019, 10(1): 335

Maity S, Das F, Ghosh-Choudhury N, et al. High glucose
increases miR-214 to power a feedback loop involving
PTEN and the Akt/mTORCI signaling axis. FEBS Lett,
2019, 593(16): 2261-2272

Terashima A, Takayanagi H. The role of bone cells in
immune regulation during the course of infection. Semin
Immunopathol, 2019, 41(5): 619-626

Guder C, Gravius S, Burger C, et al. Osteoimmunology:
a current update of the interplay between bone and the
Immune system. Front Immunol, 2020, 11: 58

Loi F, Cordova LA, Pajarinen J, et al. Inflammation,
fracture and bone repair. Bone, 2016, 86: 119-130
Chen Z, Chen L, Liu R, et al. The osteoimmunomodu-
latory property of a barrier collagen membrane and its
manipulation via coating nanometer-sized bioactive glass
to improve guided bone regeneration. Biomater Sci,
2018, 6(5): 1007-1019

Liu H, Li D, Zhang Y, et al. Inflammation, mesenchymal
stem cells and bone regeneration. Histochem Cell Biol,
2018, 149(4): 393-404

Bozec A, Soulat D. Latest perspectives on macrophages
in bone homeostasis. Pflugers Arch, 2017, 469(3-4):
517-525

Spiller KL, Nassiri S, Witherel CE, et al. Sequential
delivery of immunomodulatory cytokines to facilitate the
M1-to-M2 transition of macrophages and enhance
vascularization of bone scaffolds. Biomaterials, 2015,
37: 194-207

Wasnik S, Rundle CH, Baylink DJ, et al. 1,25-
Dihydroxyvitamin D suppresses M1 macrophages and
promotes M2 differentiation at bone injury sites. JCI
Insight, 2018, 3(17): 98773

Wang X, Thomsen P. Mesenchymal stem cell—derived
small extracellular vesicles and bone regeneration. Basic
Clin Pharmacol Toxicol, 2021, 128(1): 18-36

Liu L, Guo S, Shi W, et al. Bone marrow mesenchymal
stem cell-derived small extracellular vesicles promote
periodontal regeneration. Tissue Eng Part A, 2021, 27
(13-14): 962-976

Sadowska JM, Ginebra MP. Inflammation and biomater-
ials: role of the immune response in bone regeneration by
inorganic scaffolds. ] Mater Chem B, 2020, 8(41): 9404-
9427

Wang X, Ao J, Lu H, et al. Osteoimmune modulation and
guided osteogenesis promoted by barrier membranes


https://doi.org/10.1002/jbmr.440
https://doi.org/10.1089/scd.2019.0031
https://doi.org/10.1089/scd.2019.0031
https://doi.org/10.1016/j.actbio.2021.12.035
https://doi.org/10.3389/fbioe.2020.565561
https://doi.org/10.3389/fbioe.2020.565561
https://doi.org/10.1186/s12951-021-00956-8
https://doi.org/10.3324/haematol.2021.278644
https://doi.org/10.1111/jcmm.13339
https://doi.org/10.1016/j.scr.2013.01.002
https://doi.org/10.1007/s10456-017-9541-1
https://doi.org/10.3389/fbioe.2017.00068
https://doi.org/10.7150/ijbs.16951
https://doi.org/10.1186/s13287-019-1410-y
https://doi.org/10.1002/1873-3468.13505
https://doi.org/10.1007/s00281-019-00755-2
https://doi.org/10.1007/s00281-019-00755-2
https://doi.org/10.3389/fimmu.2020.00058
https://doi.org/10.1016/j.bone.2016.02.020
https://doi.org/10.1039/C7BM00869D
https://doi.org/10.1007/s00418-018-1643-3
https://doi.org/10.1007/s00424-017-1952-8
https://doi.org/10.1016/j.biomaterials.2014.10.017
https://doi.org/10.1172/jci.insight.98773
https://doi.org/10.1172/jci.insight.98773
https://doi.org/10.1111/bcpt.13478
https://doi.org/10.1111/bcpt.13478
https://doi.org/10.1089/ten.tea.2020.0141
https://doi.org/10.1039/D0TB01379J

- 540 -

CHEmRIILEEY 2023454334541

(98]

[99]

[100]

incorporated with S-nitrosoglutathione (GSNO) and

mesenchymal stem cell-derived exosomes. Int J
Nanomedicine, 2020, 15: 3483-3496

Ferguson SW, Wang J, Lee CJ, et al. The microRNA
regulatory landscape of MSC-derived exosomes: a
systems view. Sci Rep, 2018, 8(1): 1419

Barbosa de Souza Rizzo M, Brasilino de Carvalho M,
Kim EJ, et al. Oral squamous carcinoma cells promote
macrophage polarization in an MIF-dependent manner.
QIM, 2018, 111(11): 769-778

Phinney DG, Pittenger MF. Concise review: MSC-
derived exosomes for cell-free therapy. Stem Cells,

2017, 35(4): 851-858

[101]

[102]

[103]

Shi W, Guo S, Liu L, et al. Small extracellular vesicles
from lipopolysaccharide-preconditioned dental follicle
cells promote periodontal regeneration in an inflamma-
tory microenvironment. ACS Biomater Sci Eng, 2020, 6
(10): 5797-5810

Zhang Y, Xiong Y, Chen X, et al. Therapeutic effect of
bone marrow mesenchymal stem cells pretreated with
acetylsalicylic acid on experimental periodontitis in rats.
Int Immunopharmacol, 2018, 54: 320-328

Liu Y, Zhang X, Sun X, et al. Abnormal bone
remodelling activity of dental follicle cells from a
cleidocranial dysplasia patient. Oral Dis, 2018, 24(7):
1270-1281


https://doi.org/10.2147/IJN.S248741
https://doi.org/10.2147/IJN.S248741
https://doi.org/10.1038/s41598-018-19581-x
https://doi.org/10.1093/qjmed/hcy163
https://doi.org/10.1002/stem.2575
https://doi.org/10.1021/acsbiomaterials.0c00882
https://doi.org/10.1016/j.intimp.2017.11.028
https://doi.org/10.1111/odi.12900

	间充质干细胞来源的细胞外囊泡修复骨缺损的作用机制
	MSC-EVs亲本细胞的来源 来源
	MSC-EVs通过促进成骨分化修复骨缺损 缺损
	MSC-EVs通过增强BMP/Smad信号通路促进成骨分化 成骨分化
	MSC-EVs通过调节经典Wnt/β-catenin信号通路促进成骨分化 成骨分化
	MSC-EVs通过激活PI3K/AKT信号通路促进成骨分化 成骨分化

	MSC-EVs通过促进血管生成修复骨缺损 缺损
	MSC-EVs通过调控免疫反应修复骨缺损 缺损
	小结与展望 展望


