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Abstract

Bone formation is a complex and precise biological process involving various cells and biomacromol-
ecules. It encompasses a series of steps, including cartilage template formation, osteogenic differen-
tiation, osteoblast activity, and bone remodeling. Within the intricate microenvironment of the bone
marrow, bone marrow mesenchymal stem cells (BMSCs), as a unique cell population, have attracted
considerable attention due to their multi-directional differentiation potential. These cells can not only
differentiate into osteoblasts, adipocytes, and chondrocytes under specific conditions but also play a
significant role in tissue repair and regeneration. Particularly in fracture healing, osteoporosis treat-
ment, and cartilage injury repair, BMSCs demonstrate substantial application potential. At the same
time, exosomes—tiny vesicles secreted by cells—are increasingly becoming a research focus. These
vesicles, with diameters ranging from 30 to 150 nanometers, are rich in bioactive molecules such as
proteins, nucleicacids, and lipids. They serve as important mediators of intercellular communication,
regulating key biological processes including immune responses, cell proliferation, and differentiation.
Notably, exosomes derived from bone marrow mesenchymal stem cells (BMSCs-Exos) offer advantages
over their parental cells, such as high stability, ease of storage, low immunogenicity, and controllabil-
ity. In recent years, the therapeutic potential of BMSCs-Exos in osteoporosis, fracture healing, carti-
lage repair, and joint diseases has gained growing recognition. In-depth research into the regulatory
mechanisms of exosomes in osteogenesis may provide important insights for developing novel ortho-
pedic therapeutic strategies and biomaterials. Overall, BMSCs-Exos play a key regulatory role in oste-
ogenic differentiation and hold promise for offering new approaches to the prevention and treatment
of bone defects.
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1. 5|8

EHATE A H L™ E R BRI, T RSG5 B R R SRS, 3 AR A AR A R BB
HAT, B Ia 7 TR S« HIRTeM RHE ANVE R ZE Y VER RS 1]. B, H TS A LR
T RBFEAEEANL, . BREBRRREM R LR, HEOFEMT R, BG5S KAEH RS
. B ESRBUEEM B E L, WATE. EVEESE, EELEYEEVE R AT E P4 T7 I M 75
—BRE A, BRI RESENVA R HE R ARG KB T A S YY) B T L
et E AR HAe, BN, & EEh 8 OB CE R, P AR EH &L AR [2] (3], H ATIRAR
EXE SRS FBOCAERZ M. I, g mimRin 208, e s femmEL — PR
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ARFAR-DR D 170 AL o
L1 SM M EXR

ANUMAE B AR A I — P AR LN 30 & 150 4KCFIIZ08 100 99K) B4 Ei, 7 DNA.
RNA. B AR, QMR AN M 2 (1 55 2 P A an s e T (4] 1 B1R) 78 2 T 40 BR(BMISCs) g iy
T-HR(ADSCs)~ 9% 20 B 55 22 Fh At 350 ] G W AN UM o AN & — Fh B L B AR WE e oL, mT AR A T4
i, S5REERE. REE. 4000 . AR, BN S (S 5 5% — R4
HEN[5]-[9].

HMRTE R AP R E AR . BECR I, SRR T DLE I 22 P A% 8 0 BSR4 0 47 9 AN T
RE[10]-[15]. flan, & 1A 78540 R U5 A A& 7] LA/ 3 Angpt1/Tie2-NO {5 5165, MIMfesk & A
A AR [10]. BbAk, ANMAIEAEIEEHIH] TL-6/JAK2/STAT3 {5 5 B R85 40, 87 W 4 g A
M1 RARAGE] M2 AL, I RO T 8RR R A Z R[] FERE B A ER RS H, BMSCs-
Exos ] LB #0% BMP-2/Smad1/RUNX2 Al HIF-1a/VEGF {5 58 i 0 AL VERCE . M8 4 g s
AFE[12]0 BUAL, FER BB E BRAGBIAL 5 STRG IR 14 20 B (SMCs) FH i RS 4 48 i (PCs) P R s A1 id
WEEER R E TR 14]. 5341, BMSCs-Exos 115 7K F- 315 MiRNA-29a, 7E {4 Py I H 53 K [ {2 3¢ i
AR R JI[15].

1.2. EHEEFE R T4RaRIREIMND AR FHER B X

HHER 7T AR KoM TN 2R T, BABREHMZ M bEe )1, Beg ey
S R 20 B R R AR S ) Ak, o AR R S U AT T AT 16]

B 1) 7 O 400 L 4l ) /A A L B T R RO BRI . AN R S 2 R AR R, RE
A R B A B A IR B B B S A

AR TR L, BMSCs B T B A ThREAN AL, I mT i il 55 b pL) 2 5 H AW 12 25 1
Ao FEFETRH, B RE TS T AR 55 0 WA S AT RE SR AL A F AR O, AN R A A B[ 17] [18]. 4b
WA B R 0 R T A M ) E AN —, B E A RIRAE RS e T, R4
@R REREIER, BEWA LS 5 I A B ThAE S5 AR8[19]. BFFEER B, BMSCs SRIREHIZh
A TT B B AN A, R (0 R A M R L B i R T R T P R AR AL S TR R, AT R R
A FR20] [21]0 HE— 2B R T SRR A WL HIAE B A R A S B o i, N5 B ) 70 5 T 40
SRR IR I BE S SR K BT BE IA) 78 R T AR AT RS . SR AE FT, IR B AL R (N A5 2 . Runx2)
MIE, HACRMR T BN M. 2405 7 3508 v 3h A VR T B AR el o fh, RS ik
PURITE BB S b OE B At T SEg k4R [22].

BMSC SRR 1) i A4 «

1) ZjREME: BMSCs-Exos & —Fl'E & 2 M AMIEES T IgI A 8L, BA B M 6. €
a2 5 R MM A 3850 T KRR RN 55 2N R AR ) 2t /8 . E4RIIJ7 T, BMSCs-Exos A
AT LA BE B AR R 23], B RS 805 AMPK/PGC-1a 135 538, Y84 Lo LM L Frt 48010 IS0 380 FD 28 4 1A
IhAEREnS, TR O T 5 52 Bl F- HEE 3 15[ 24): BB AR, 24 EMPA 365850 WA i SNl A4 AT 38
it A ATAD3A {2 PINKI1/PARKIN A IR0 AR I, E 9842 Co LR I PR Y 400 45 7 TR e B
F, BRI R IR TT IR AL TR B [25]. AN, BMSCs-Exos i AEfS VTN OB IS B, (k4
LU STRILE[20] [23][26]-[29], 35 540 T 72, 48R40 i N A2 A RSP 27] [30]-[36] - BMSCs-
Exos H A a7 i B T JORE IR NI ThEg, R DASE I 28 5 A2 5 FHERE , X R4 S U{g e B S [19]
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[37]-[39]. M:4h, BMSCs-Exos Al LNCNA SNHG12 W4 fodk 56T, AT 2 ARG ILAE 51 72 i A
P05 42 S A7 % [40]. 28 BFTIR, BMSCs-Exos SEMEHAE 4 FMZ S TR 2 EIk, 7E40 M@ 1
g iR rh PO A 1, AR T 2 2 R I T IR T A R A S B R A

2) FasEtt: SAEHANMULER WAETE T A BRAH L, ANIAATE IE B (AR N AP v 2 B s i e
PE[41] N ER I APTEYE 272 BUIR BOSUZ BEI ORGP, Befg /e — e FE R EARPA R BE M2, MTI7E
fifg A7 A3 16 I A2 R A M R R TG PR [42]-[44] 03X —RF ALK A3 AT T B2 2 A0k Hh LA e (9 B A i 5, e
HAE T M7V TTHI[45] [46].

3) fRABE)E M SRS RIS IEAREE, SRR B EVETE /N, T DARR I s HE R Bk A2 . B
FLRI, S BMSCs-Exos ALEE M SR (de) /0N B AE B i A8 K 5] 3 A B2 JER B8 A8 I PR A A7 3147

4) m[3BiEME: BMSCs-Exos /N5 HE & 5B MMBARIREE, o748 5 il N¥RAIfR, HHAT1E 5655
V. PTLVERIRIT A, T B S IR Ik, IR R T IR TV M I R R AR e —
FHELAR AT (B 45 BAR R A, N ILEAN IR TT48]-[50] s A iJa S ) I [ 34] [517-[53]. 24tk
H[54]-[S6)SEAIT N Tz B P AL 7 AT 5 1 itk

2. ShibiE3t A E SRR BN
2.1. SN iENTSHESIERE

HMIAETE E . miRNAs. 20K 755 2 FAE Vg Y0, Aeig i i 40 i (a5 S A%, X5 Res 4
JRLFRI RSB 7340 5 Dy e 4% BRI AR F , 1T SE e B T8 O 72 o 2 E R X 2 PSS i, B 4E Wnt/B-
catenin. BMP-Smad. PI3K/Akt %5 . W 713 B, 5 HiE [F) 70 53 140 B Sk R (1) A A vT @ i H i Bmp2 . Bmp6.
Bmprlb. Mmp9 F Sox9 &5 i #H LR R IE, AR YER & SR e R e B B RE[57]. £
ANERF G, F i BMSC-Exos fg 1538 i % BMP-2/Smad1/RUNX2 Fl HIF-1a/VEGF 15 S, {2k
B 5 MR, A A12]. Ak, SN ARSI MAPK 38 B3k B 4 M I B, 23 B R A RE 58]
LESFHLEIZTH , BMSCs SKRIE 14 A48 2 15 KLF3-AS1/miR-338-3p 3Rk, (ks 4n sy, it
¥, JFAHIGRIBIETI[27]. AN A EE— 2 R, BMSCs-Exos F1 K853 4m% RNA HI19 £l TUG #£12
BN Rz A AR R B T s R AR R B A EEAE[10] [59].

2.2. BB EABESLIER

AMNIAA AT 38 48 R S 0 2R e M R A A e A PRI A A R, M SEBR AR A T R it A AR K
(1 B BI[607]. BT, Aha4A i miRNA BEWSHE ] 4% Runx2. Osterix 25555 3 K+ 5115 K FHIR L,
T R A Ak . BhSEES PR I, AEEE BMSCs SRUR I A4 fE % 36 55 2 4 K BRTE AR TR R
IR B . wT AT S R B, BMSCs-Exos Al@L 2 TF BMSCs [958 5 i 0L g 71, 36Tk
B WK R E B R E HGUS EBCR[61]. BhAh, - BE 18 78 520 B 4 A mT (i ik il 41 i 184 5
554k, FRAEIHE T Hh AR miR-150-3p ACH TR eI aRiZAEH, M miR-150-3p &
HI 55 [62].
2.3. =KEFF miRNA FEiRIE I REPA{ER

AN BT 5T (1) 2 A K R T miRNAs 0 Ses 70 ARG BB IR o X Leyi P51 nl DLE %
B2 R R E M O R R IE, BEMTA B TR &. B0 BMPs A @GS Smad 15 585 et s 4>
b, T miR-29 JULE i ) Bl i #0520, TR et A R A [20] . b AN, B A 7R 0T T 40 ok
TR AN A miR-206 18 A EI3 MIRIE, (REH OG0 & I U 40 MG 58 5 40023 ] A, B ille) 78
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AN R A 5 4 miR-29a ABHKIE B 75 95 1 5 24 i 5 e B R b L BRI, 6038 miR-29a [
BMSCs-Exos 7] i AT B HE A V8 6 L 2215

B2, SN G2 SRR, R AR, SIS R E AL KD T miRNAs, 25
PR HERR (T T o RS IR E T 0 B AR O B, AR AR DG T AR A T T 1 S
5l
3. BEREFE RTAmKESNDEATRERATIEMSR
3.1 EREMNNFRSEA

HMIBARAE N —Fh AR BEN, AT A A E YRS, WA R miRNA &5, FA (k& AR 7).
WEFEAR A, 9 R 70 0 20 SRR 1 A k] DU I 5 5 AR KR 7 S S ms 7 50, (ki
BRI A [63]. SR, KRB A SMBARAE N N AR ERE R PR 22 . Gy DROdE bR . A is P DA
FEASEFFSERIIRYE, ORI AR BB FRAE AR AL TR R, mT DU I S s B T AR 4 5 B2 Bl
Yirteler, SRELEA RN EHS B R

1) KB SEI AT S5 % Be e R

IKEER M K& RIS S T PR B T, o Sk vl ik ) B AR A .l
v, IR T I R RO, SCEUR ki Ik

@© IRBUKEER (U PLGA-PEG-PLGA)TEMRIR & A2 nI W A I - B AL, w56 S A7 e 2,
W Hh U A [ 8 T AR AL R SEIK R, A RO K R B S AR FH B R [64] . FAREL R THE T8 &
WA S DI TG,  LAOGE R R EE,  ih R 3 2 A 1A AR S i MR 65

@ FERZIR K I (ln F R TG AL B IR GelMA)JE i e R [ 1k, FLATHREEFE . J1 220 B I P fift ikt
R ALE S HORE B EE[66] [67], AT SEIUXS B SN /1 2% ARG HEE S o K BOE 75 MR (i iR 2% p4)
52454, 715 BMSCs-Exos A, SRfbTAfis4E. MEARSMHEKAN, il 260 &
FEA[66].

@ pH M J87 4 7K B B AT IR i R JR) 0 28 RE FIT S0 58 BR VRSO 858, e 3 A8 A B (S B ) 1)
WL SIS ) R 24 [68]-[ 701, HREE FH T 1A R BN P S8R 1R 5 2% B R0 E B[ 68 o

2) =AY SRALEE M S S A e S T

FHBCT KBRS, = 4E S B AR NG TR B i B A e s M s & .

@© ThAELE A X4 @il ¥ BMSCs-Exos 13T 3D FTENI4r 22 FL2E[71] &8 A HIHELL(MOF)
[72]BCFA IR FEAUZ S B[ 7319, ATTE SRR SN IR R 5 S AR E 17147 . B, HEABEEFMg?HEl T
AN, nI R BERCE . MESWHAESE, B — AP [71][72].

@ YA S W S AR AT T Re S (U & B By, T R SR IR R AN A, FRSE
BT YIRS B S (W R i miRNA {3 I A2 B, AT DS B 545 A PN R P A [ 74]

AN AR B RS M $535 BMSCs-Exos [(J3535 580RE . AKERGE AT FL4E . SR
SR ARAT N E BN IMA I I 5 22 R, T VRS 5 B Re i R SE I T B HEE 2 . = 4k SR AR HGAL
BREEM . RMAMLFE TSR FAMB R Ek . IS HLAKN. WENS S, H3EBE M)
7015 M RSN AS A SRS L I P R IBOE M R T AT Re b “IE T IBEAR R

3.2. IGFRIATT B ER A

‘B ) 72 T A MR ORASF) A1 A A A JL AR AR AR D SR 0, 22 R B DR T PR B Rl BT M2
HI 5t FE BB R GURIAIRTT TH R BLH R AT S, AR LSS B AT 7E AR 2 A U R -
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1) EEYTEESEAETTH, BMSCs-Exos fg il i A1 5 gm R s HIF-1 2555 m ik LU s = 1
INEE[75], FFIEL s S FE I METTL14 LA m6A {K#8iH) J7 sk 2 BMP2 mRNA, Mifi et & ok
H5EWrEa[76], HILSEDMEE G T D8RI T R Flin, 53T RGD &4 I K &R o -]
[F R Bk B 5 M A [ 77], T B gk 2 R ERA SAE R R T W) e (2 3 BMSCs 23 Wi i
M3 5 BE 5[ 78]

2) TEHHBEE S, BMSCs-Exos 5adt AWM L 45 G R %R RGRIW R H . B, HERE
Yodal TRAREE I FMAA B A /KB B A SORE BCE (S5, (AR BB B[ 79]; T T2 A f 5 1 75
A IR RE R AR I 5] S FEAE[80]: T TA4 THEEAL I 6 A /K e s ) vl By [R) (i i I AR jR . PR
SR, TR KBRS L o SR 22 WL 3 8] ) R A AE 281

3) EH RN REGHEBE T, BMSCs-Exos 32 B o 11 G B oA 58 A B B2 R 3 0B A M R A VE
FORTe e B AR B g T % M2 RAIRAL, DRI IR RAE(82]; AT ) IncRNA MEG-3 BEA0 il £ 4 i
ZWETT[82] [83]. & HUIRFFMRIER PTH FilAb L J5 = A= /M AT i@t let-7a-5p #1| IL-6/STAT3 il
6, (R A I TS, B A AR LR T 2 i FE[84], b 4h, BMSCs-Exos H BT & 211 IncRNA SNHG7,
AELL SRR BT miR-485-5p LiAERBET IR (1 FSP1 [3RIA, MHIH] IL-18 % S 8CE 4 4OE 5
BRIETS, N ST RIATT AL T B 2 [85].

4) TEH BN BT 77T, BMSCs-Exos i i 2 & U AT R 5 EH . L5 1) miR-29a #2845 ik
B 5 M R SR R T [15]. BeAh, BibfeiE B TRIM25 /G424 %4k TREM1 [&fR, #EmieitE
I 200 it 1) M2 38 TR AR Ak B i 204 [86], B4 1) IncRNA SNHG14, AJ 3 i W% fff miR-27a-3p b 48
B LMNBIL B3R, AT 8 2 5 i 5] 70 50 T4 M i 5 iR A S, B TBRAR R 97 S A T 8
K871,

5) (EMENRIFLRAS VAT, BRAETALFE () BMSCs-Exos BT %1% BNIP3 HuH Lhbiik B0, 225
%A I FE SR A A 1) 7 P [88], VR AN @ TR 1) T BE %k i, BMSCs-Exos FI /- F4HMIAIE L, H 2%
P B A A0 P T A A (R SR AR, (RIS RIRE 1 e 4 R A I I 1 G R S IR PR, bR
A BT TCAN IR T SRE[89]

I REEALTT T, ARAMATIFI(WT ExoFlo™) S 7EM 2 U NIGIRIR RN EL, WP ER T H2etsS
TP J1[90]. £5 I, BMSCs SRIFEMAMBEIE N —Fh 2 20 K S R ML ARG I Sk, s
Yoo BER. BTSRRI 2 PR B R G0 TR TR AR E A RS IR T 1A
3.3. PRERFIREKLZ RS E

SRV ) 70 5T A0 B SRR B A AR TE B TR R I B KT 0, BT I o — ek . 47
w, ANRI IR AE A AR T 0 Ak, AP R B R, AR L AR v AR Ak i A 2 5T
BEAh,  ANIBAR KA e A v IR e MR 7R BRI 7T . AR R B 7 M B R AL AN AR I il 4% T2, R
ZHTR I AR EAR TR 3 R G LIRS R AFE R, DL SR A MIA AR P A 1 22 A 1 VP A 45

ZE L FTIR, BRI 705 T 40 B SRR I AN AR TR AR TR A N AT, AT DA A R
HEAMERIGARIGIT T8 O E B8 2 R B A 0 IR T 7 SR BT 1A B RIHLIE
4. &g
4.1. MIMGMEER B REFIRIZHHIN RS

FEHHARHAENERES RS, SMBAEEEE 7 BN . DR, SMBRIET e 5T 40,
LT Wnt/p-catenin {5 5 IEEE NS 5 G pE T S, T CLERE RS GRS P, SRR AR L A 2>
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o, AERELAE B A, TR T B A G AR AR . bk, AMBARE L AE miRNA S0 2 AR 40 i i) 70 4L,
11 A R

4.2. SERFZEMFMIGHKEANRE

HNIBAAAE Ry — P B B AR B A BRI 25 B, 8B AH DO IR YT v B BRI 7. Rk
BT 50N R AR AN TE B H A A E P LS, g PR R S a g m A BAE, Dk
HMIBAR AR o [RIES, I PR S 77 T 75 D0 s I RS B v A B, ST RS A I I PR S R
P, HEB) AN AR ARALE BRI 1 IT e R A AN SR

AU (exosome) s — M BL IR AT FRAR BRIT M 4G 25304, AR T B AHCBOR IIRTT . Bk, AR
HRET exosome XEHHALFHABERIT, HIRAKI exosomes HHAM 2 MPIZHAEH, Atk
exosomes [l & S i FH AR AL BER K4 .

EL£mAB
KT R PERCE R BB H (Jh'5: 2021MSXM114).
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