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Regenerative Strategies for Intervertebral Disc Microenvironment
Remodeling: Mesenchymal Stem Cells, Extracellular Vesicles and Hydrogels
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Abstract IVDD (intervertebral disc degeneration) is an important pathological basis for lumbar inter-
vertebral disc protrusion, intervertebral source lumbar pain, and degenerative lumbar diseases. Current treatments
mainly focus on decompression, pain relief, and stabilization, but they are unable to restore the cellular, matrix, and
mechanical homeostasis of the degenerated intervertebral discs. MSC (mesenchymal stem cell) mainly exert para-
crine, immunomodulatory, and limited chondrogenic differentiation effects, and are limited by acidification, low
nutrition, abnormal loading, and local retention; EV (extracellular vesicle) have the potential for cell-free delivery
and engineering, but the issues of standardized preparation, potency evaluation, and continuous delivery need to be

addressed; hydrogels can provide a biomimetic support and spatial delivery platform, but they need to balance vis-
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coelasticity, degradation, resistance to extrusion, and annulus fibrosus closure. The value of the composite system

lies in achieving anti-inflammatory protection, matrix reconstruction, and mechanical adaptation according to the

degeneration stage, rather than simple component stacking. This article focuses on the three pathological axes of

endplate-nutrition-metabolism, inflammation-immunity, ECM-cell fate-mechanics coupling, and reviews the roles

of MSC, MSC-derived EVs, and hydrogels in the remodeling of the intervertebral disc microenvironment.
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MEF] 5% 4% (intervertebral disc degeneration,
IVDD) /2 JEAHE [A] B 2R A« METRURPEE R . 1B
JEEARE B B A S5 BN R i) B B BRI 1 254
R Ao N BERZERR . PRI SRl G SR YT AT
GEARIEIR . BRI A R Ia B R T B AR E T, R
i M DA AR AR (A B () A D RE IR . A PR AR ik
JFi (extracellular matrix, ECM)Z 2k ) AW 722 K2,
PRI, ] 258 7 A 0 SR B O AR PR Al kb 78 20 P b
M2 R RENs SCRRAIIAFE TS M5 S 1%38 . BT
AT AL R AR A

MEMR BRI ARSI 28K (endplate, EP)
R TR, AHGRAR . S H ST ZF4E A (annulus
fibrosus, AF)$ 05 i 3L [RI A A 8 TR els . AL, &
SEWOE . 410 2 S ECMPEf# . ) 78 53 41 i
(mesenchymal stem cell, MSC). MSCK 54 ffd 45
74 (extracellular vesicle, EV)F17K &k 43 751 2 41 ity
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Jit ] 3 i B4 5 R 7 - 1o(hypoxia-inducible factor
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21 Y B 2R IR 2 AR B B AR S, IR AR 4 2R
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% -1P(interleukin-1B, IL-1B)~ &R IE A+ -a(tumor
necrosis factor-o, TNF-a)) 1 [ 4 il /1~  -6(interleukin-6,
IL-6)45 41 i v 80 #% -1 -xB(nuclear factor-kB, NF-
kB). 22 F 54 B H U (mitogen-activated protein
kinase, MAPK). Janus¥/i (Janus kinase, JAK)/{& 5
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of transcription, STAT) S A% IR 45 A 5 FE b 45 1 43
FESZARZK & pyrin K358 2 H 3(nucleotide-binding
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domain-containing protein 3, NLRP3) % JiE/MA , fiE
#EFE 5 4 )8 B F B (matrix metalloproteinase, MMP)
S /MR R S F P RS RSB E A (a
disintegrin and metalloproteinase with thrombospon-
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Fig.1 Schematic diagram of the three-axis pathological network of the IVDD microenvironment
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B A SN BN . T2t 5 28 40 P 03 i T
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AP, BRI 8E, AEIMI/M2 =4}
AR T TR INAE L AR . ZpAi s B
2 MK N R AR A HEE A, B R R
JE 5 PRIR AR R ROREA LR E KT IF A, B
AT TR FLERHERUAN =) 0 28 Ffa A 1%

AR a7 FLIS FR A AE A
1.3 ECM-ZfEenE-NEMmAaH

IVDD L2245 0 J& ECM A i 55 g S 17
REE A REM IR E S &b, e EEN
fif# 3(matrix metalloproteinase 3, MMP-3). #£/ii 4 )&
5 [/ 13 (matrix metalloproteinase 13, MMP-13). &
/NS I 2 A 5 e R A 5 21 < R A g4 a dis-
integrin and metalloproteinase with thrombospondin
motifs 4, ADAMTS-4) J 75 Ifil /IR s 37 2 1 258 e 1D i
AR 4 JEE RS (a disintegrin and metalloprotein-
ase with thrombospondin motifs 5, ADAMTS-5)%5 %
Jo e ) R IE R, (it ECMPERE , 3 e % it
JRCRE SRR R I BT YAl o TR PR AR 24
IKEMPUENERE, 7% B4, 3T U) sl 4= 5K AT
5 B A% 2 P AN 2T 3 40 i 20 JONE PR K I P



SR IAE : A 1] 28l 5 5 20 10 72 SRS 1) 78 o T4 I R M A . 55 7KL 2411

ik Bty , AEATUBCRI O A 2 R AREHE 5 1 BTFER
LS8 Mo . B0l B2 2 5K A7 A R 5 5 BE AL 41 i
HNET AER A 255 RRE DR 7~ B 5 o B e ity , AL AG
FIEA R R AR 5, #E—PEWITIVDDIf AR
FAAE LI PRG0S A0 P o0 AR A AR L
IXEN AL R

JH T B> D RedE i B R, R T Ak SE T
TR 29 B A A 405, 200 i 3 22 U3 i 3 22 AH o0 4y
WRTIRF BRI IL-6 401/ 3 -8(interleukin-8,
IL-8) A1 MMPZE [A 1 U81, W 58 & 3038 A8 i A% 4 o vh
21 A JE A B A A S A 1) R 2 A(eyelin-depen-
dent kinase inhibitor 2A, CDKN2A, #|FKp16). 4y
Je 3 E 3 HORS H BEEA  5]F- 1A(cyclin-dependent
kinase inhibitor 1A, CDKNIA, HIFxp21). s &
1 p53(tumor protein p53, p53)55 5 EAH Kbr LWL
BKFTHE, BB A D) RERRRG . R IIRE
ASEATNLRP3 2AE/IMA TG , 1 B 22 b 57 5 40 L i
iz HL R H) 55 R TS S R 7 U B SR I AL B
BT FERAR T e FEAT . A T AERZE TS, T
NLRP3 AE /A AT (e k£ T2 S SE R 5B
[FII, R Dl R AN A2 2 F) 55 200 B ook 2 A i 1 77 B
REZJ, Ui B 2 M S 41 A 3 3L [F) 4 i TVDD A R
PEAE 5 2R O B AL B ft, A E A & D
87 [ P 7 o 3N R T - DR A7 B D REAN i, 4 IE
RNE AR AT, DL g BA S K MR SRS )
ECM; X WA MSC. EVRIKERAEFH % —
HEZE.

2 MSCH SHIRIRMGRIHE
2.1 EZERHF

MSCRIE) ¥z, BA W S i 55 a—
JE MR FE LIS BE , H AT UE 98 A SRR T
2T LU PR T T AN i B AR, Khalid 55 P13 i
AP E XY 85 5% K 1 9(sex-determining region
Y-box transcription factor 9, SOX9)55 % 4k A4 K [A]
“f-B1(transforming growth factor-1, TGF-B1)FL[A]
FENJGFH R IE MSC, fEAR S 1R SOX9. RERH
SN D IR i S 5 3001 T2 O 53 B mRNA SR
&, JEAESN YIRS 58 A 2 RN AN B i O
73— SOX9/ [R5 5 3£ K] 1 (sine oculis homeobox ho-
molog 1, Six])AFEWF IR T %, N K IE MSCH]
[ei) R AL A R A A A, JRE RS JR R — e A7

TEAEE RN P, FRF R, Sf e iR T
VAR FIMSCEAT JCH FE 4010 AR M R 518 5 1078
77, AR ASRE IR AN R R 4 MR B AR ) MSCRERS 1
AR A AE ] 5 K AR TS FF A28 o O BEAZ AR A

MSCIE ] B AE K IR 7 4N 7 & EV,
T REZ AN ARG . RRLR TR . ECMAR A 5%
i SN, I 5 0 AT A L A G 2 40 i 1Y) S g
WA . Lehmann®s PI7E A BEZ 41 5 MSCI #5377
I F Ak S AL AE K IR T -B(transforming growth
factor-p, TGF-B)Z 5 — % 1 4H M 18 45 A1 3 BT AH 5% I
. Teixeiras POZEAR 48 ABAR VM ] 4 B AR AL
5% B MSC ) G 28 R 51 55 40 A RS2, LA DL 1
ECMEYE, 24 KE , MSCIISS/3ilh . 40 iRY
RN 28 VR T UE 40 580 U P e A A R TR
B, PR A ORI L 2 A
2.2 WIMERBMESF/IR

IBAME AL 8 252 R TR, SR
JE S S A T PRI MSCRIAETE 2, 1195 5%
IYUATIRE 5 2T 4 R LR M BE K% 45 W IR 38 7T R S 3L
YR ANREL 73 A AN . WuertzZ5 055 IR M pH £ 5%
M MSCAR . JE A I R IA R kA, HLA
FAEWR TN AT BE G A ZE 5 Hergerds PO7E 1R AR M ] 4%
B AR IR e 5 38 G 2 R T 5 A WA RN, (B
UESEEAAf I ECME . B Ui, MSCY7 2LA]
IS} 32 1 AR AN 7 5 R 4

K5 DA PR AL EE , SE RS DA K& =
o 7 B A7 B B AR T AR T MIS C AR I B 85 F 1 32 12
{EIX S i R 24 . ibiE]— SO A K Y 2 4T
MER . Peck PR R , (R WAL P4 i i
BERIEMSCTEARS . & T2 bR =48 b 175 e
1o Zhang%: P K B KEE R B A MSC I 24036 5114
R (1 M I 25 v E R AR AL 22 R BN, $R7R SR s
B MR BRIRAT NATE FR 28 b 2 R 40
7R MBI D, MSCBE & & R ¥ B — & it
FVE LRI AT P ELYT B AR 1) R IR AR,
ANEZAE ZME L. HEF BRI MG a0 B AR
(1 BSE A7 451«
2.3 NP. AFS5EPHIS XM KN AAF

HE 8] 25 FE A R BE DL NP st B QM e 318 5
NP. AF5 EPE4HAERAL . ECMALE L K& A& $H 1) 77
S FE ST AE 5 TH AR, MSCHIE FHHE 25 R PR £
RSB X S8 . NPEUA IR 3 250 Kf MSCilll i
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55 53 WA AR G 2 R T IR % R R R AR A R,
SRS T, R R AR B SRR A A fi SR
B HERIE . 8 FRELZ R 46 1 B MSCH)
G R JI RIS Dy Re 8t . [RItk, NP MSCHI&
F T EPIREUMIAT . AF AP rh IR AR, PPN R
A4 7 AR M B . ARG T SRR A A K
8, A BAL CAAH 7R R B — 3 PR 3Rk HE M 4H 21
AW

AFIRIT HAs W E EBOESE . T8I &
S 4ECE R R L Pih . PrHAIPLET H RE
MSCHH TAFEE, N SHLF R HEECM. BiFi
VB J7 1 ) 5 R R SO G 5 FR Al A
U BT DL i Z AR S, th T BB R /MR . Peng
2 DOV 7 5 T S BRI B 40 AF K, T i
‘B REMSCIA AFFER B A IR g e B2 &, $em
“ZH ZURE e P R o+ A B R AENP RN BB 5B AF
BEZH,

75 EPH MSCAH 5+ 791 1) 5 55 b 78 #ii 4% 240
Ji O Tl PR AR AR . R 28R /AR A AN S
A, HERPRI A A IR AR . &
B EE EERE AL R, NP A AE MSCHE L B4 1E CL ik
[ AMUE FRURERRNS ;ARSI Modic U3 |, i 75
RTE LR JNE K BBt PRk, nI 5 R EP#L )
Tl R R phEl b ZL I SR ISR . Zhan%s B0
38 (1) EPHE 7] T REAL A AR I R v AN K B Jie Pl &
8T 305 EPFFCE R A R S IR A B, B
BHEMSCIRIT , (H 95 X [ Flig s ST Pe it 7
T RS .

3 MSCKIREV SHI T AR
3.1 EYMFRNESTENED

MSCKJE EV A #5737 miRNA . 2 [ 5 F g i
SEVEYERCSY , W REAX AR AL . 2 4 2R 40 i B 5 9 40 P
TS, TR SE . AN, ERRTIRE .
2. HWE & ECMAREIBY. Cheng®% PR IE MSCK
Y5 A1 U A4 T 38 3 T IMZ BE A% R 21 (microRNA-21,
miR-21), i #4185 8 g & 5k ) £ 3 A5 (phos-
phatase and tensin homolog, PTEN) F 375 i Hg Bk AL
i 33 (phosphoinositide 3-kinase, PI3K)/4& H i
B(protein kinase B, Akt)ifHi 2% i/ 88 1Z 40 J i -5 Zhu
8 B3R I i MS CR IR &M IA A W] 326 38 Tl /N A% B %
Ji% 142-3p(microRNA-142-3p, miR-142-3p) I 5L 1Ak

A Z2 U 3(mixed lineage kinase 3, MLK3), i)
MAPK(E 5 KIL-1B5 5 1 R GEFPE T,

s M AH L, EV A KRR 1 40 i <
A7, SR BB TR A . A B AT AR
&, A8 I Ty BE 20 B AT 32 it A 4 R R L B R 5%
PF R P Ak B 75 =02 B4, Sun%E BRI T £ A
41 oK JE MS CRELK /N EV & & UMZ L IR
105-5p(microRNA-105-5p, miR-105-5p), ] 38 it iz —
Figfif 4D(phosphodiesterase 4D, PDE4D)/ YT ER{E B 1
TR 6(sirtuin 6, Sirt6)FH I % 4035 5 2 Bl % 40
IRF ; Duan®s PO IE MSCR IR M AR A] 31X T/ NM%
BERZ R 125b-5p(microRNA-125b-5p, miR-125b-5p)
FEEE [m) i Jeg TR SE R - 52 AR AH < PR - 6(tumor necro-
sis factor receptor-associated factor 6, TRAF6), i
NF-kBi# % S A T A 280 . TRRALEVRE S 77K
FE o, P EBGR T HA AR E I RE R A
TN K R E] — B .
3.2 HlEFRELSIEERT

EVHIF 58 1 S 20 1) 771 5 SORI 5 5428 ) AN
Gi— o UFERAR S D HOER TR A A /2 LA I i 771
a5 B A P RS H R T EV; R R 4R TR S
BRIkt A ESAE . RIARAIREE . TR, BHTE/H
PbrdE. HESIREERTG S, AR RS
TE NUEAH DG T RERL M BT 755 B[R] I 0 BH RURL £
MERE, HFBILE. WER. R KRR
SEVEIIN RS B JE e METR) AT A iy e P ZF 4RI 2R
Bn] SEEVIES EY HL. AMREPUsERR, IR
MECL YRR A R TR . KR ERBE A IEK EVIE S
IS FR v R I (A, (B BTSN 11 5 [R I 2 AR LB 25
¥ BEMEAT . EVERPRLE R AR AL 2 AR
TEVEEERI RN BV, IE EV-K BRI S R N,
M BEIFE EVAL. 7 HKERAM EV-/KERE S
H, R T H KW EAFEVHIE, [FBEEV
sl J12 . FERAE EV 5K B A P R,
I R 3 24 B0 BT e v AN S AR R 23, A IR
B RN S 75 L P B S B T ER T A 2
JSE, T AS BEAS AR H8 106 2L 4H 21 2 48 b o405 R HE I 77
FE“ PR,
3.3 NP. AFSEPHIYXHE

EVHAEANL . =y &3 B AT R0 & 52 H 214>
X520, NP AF 5 EPAN R L B —<H () 342 522K
rigbr. NPAHITT ROEA A 32 228 R0 35 RO
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RLEAR , T AT ARG T 5 e A At Tk
Wi Th e oo AR R R RS I, LA ECMA AR
R, H, ECM &G R nris i R4 i 1 5 hE
AU Jie J5 11 R TA 7K AP B J2 S AR i S 4R AR AT VT
Yoo AHNLZAN I E B 56 2 AR AN BRI . RS 5
. ECMA AT E -RBR R, AR EV
AR BhR EVDHEE INREC ). AFN EVIEIE R 7 K
ARG AL, R HE BV 7E S A 1) 5 6
H 5 AFZLRR N 25 A VRS P . Hu S VO 477 2 4 38
JEARGER P SOR B IR RF S % TR AN, T8
IR R W R AR M A AT RS DL K
FIHIECMA 3 B9, (e BEAFSRAUE 5 R, 150
Bt AT LR AR A7 S ISR A [ 5 s D A% AR, B
7N AFAE 5T 5% W e I AR ) 36 A5 5 R Rk 5
BRI A P 45 M I [ RN P . EPZHZNENES . i
PEBUICH 5 R AR5 1k, 5 FINP Y5 R0 B EV AT g
M CATE EPHOIR B A MR . R, XT#E A EP EV
15636 S, N AEYEVAEEP R RS 1) & SE AN R i i
THOL, Felt— BB RS 7 AR IZ i D e 2
B 3 ; Zhan®5 COMRIE [ #E ) T2 4k SN 1)
P o FH 7K 8 B AR 2R (R ) Tk A A AR A R BB
cGAS-STINGAH IR & 4E , N EPJE ik AL T 73 X
WG, I, NP. AFMIEPHIEVAIE . #5840
i o1 E L

4 KERNSHHEZESSE
4.1 FEZESKRTEE

BEAZ A2 & K VR IR BE I B 4 4. K
VI R I v K = 4 PR AL 2 ECMARALE, 4
WA BT AR TR AN R B 25 W0 B He ik 2 [ 410,
FARM R B AT T 4 (00 A6 AR 25 1 R 4T R 3
73, A7 200 R R T 42 Ve AT B B bR BT T
VA AR B . B AR BT A, HITTREBRZ
FEAEYEME. R, B4 W H bR A2 T 5%
PIREHVE . B FRAC AR RIS AL, T IR s alE Sk 5
ESRE ), JiaZE R I ELAT A% 9 VT BC AR AE
RS KB I T AE Sh AR Y rp SE 2R AR 3 5 Pero-
glio®5 I JE 37 B Jo R 2 FA AT 10 /K A ] S MISC
Y = YA I O ME IR SRR R B A0 . P IUE F
UL, AR E AL TR R, BEET 4l
AT SRR g A SRS B ROR B, BRI
S MR B AR DT B AT) 75 B60AIE

K I 5 BB A% 14 7 2 U B AS BE AN A 9 B — I
247 A B BT B A R BE AT PR, IE R LR A R
REAE R . PUFERIE . NI Fasthi (). 4 AR
B K BES 1500 B AR AR S SR K
Jiz ok A b stk M, P RETE SRR 2 #ifr , &
RS NP/ET A ECMITI B T8, R 57 A 54 7 28 AR
FNEP; o 55l b sth it R DU ¥ DA SR 3 A AR B RTAE () i
PIE, FTRESG N AR HY AN EPSEA S, /7. Cailh USIK)
ENL WAL 301\ €3 S B R EI AR v R )
R LR % R T B g e dE NPIE &, SCHF i
oL oty — 200 AL R 2 — 4 A (8] % 7 e A% 5 1K B I
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Pairwise combinations and the ternary system exert complementary effects
through interacting cellular, signaling, and material functions

E2 MSC. EVS5KERAMMASR=TitHNEIZEE
Fig.2 Logical diagram of the pairwise combinations of MSC, EV and hydrogel,

as well as the synergistic effect of the ternary system
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Table 1 Characteristics of the microenvironment at different degeneration stages and selection of regeneration strategies

TRAGR B A T2 LERE
The degeneration stage and its main

characteristics

NP/AF/EP[] £ 2057 H iR
The main therapeutic goals of
NP/AF/EP

PR g LA

Priority strategy combination

ANHERE R 155 YO0 A DR SR PPy
Unrecommended situations and

key evaluations

Early stage: EP dispersion is
basically preserved; NP is mainly
characterized by inflammatory/meta-
bolic imbalance; AF has only small
fissures and can be closed; segments
are stable

Mid-term: NP dehydration and ECM
loss; AF fissures can still be repaired;
EP permeability decreases; there is
no obvious segmental instability

Advanced stage: severe sclerosis

or active Modic changes of the EP;
intervertebral space collapse; large
defect of the AF; instability or nerve

compression

NP: anti-inflammatory, anti-
oxidant and cell preservation
functions; AF: prevent crack
expansion; EP: maintain nutrient

diffusion

First, stabilize the inflammation/
metabolism, then rebuild the
ECM and fluid carrying capac-
ity; simultaneously repair AF and
protect EP transport

The priority is to relieve nerve
compression, control pain and
restore stability; regenerative
therapy is only used as an auxilia-

ry measure after structural repair

Free or hydrogel sustained-re-
lease EV; pre-treated MSC; low-
dose, short-course responsive
hydrogel; minimally invasive AF

sealing when necessary

MSC or engineered
EV+viscoelastic matching, pro-
grammed degradation hydrogel;
AF adhesion sealing; when nec-
essary, EP targeting/acid neutral-
ization

Prioritize pressure reduction,
stabilization or reconstruction;
consider cell/EV/material assis-
tance only when strict selection is

made and the structural barriers

Avoid excessive injection and
high modulus materials; evaluate
pH/inflammation, cell survival,

ECM, leakage and symptoms

Verification of release-degrada-
tion-ECM replacement matching;
evaluation of MRI/DHI, intra-
pleural pressure, circumferential
strain of AF, EP flux, pain and
function

It is not recommended to perform
simple intervertebral disc injec-
tions; instead, evaluate nerve
compression, stability, EP load,

extrusion risk and long-term

can be repaired

safety

WA 2 g2 R A 2R . AT L FriEfl
i & K 22 4 1A, MSC/EV/IKEEIR AR 224 ]
RE S8 1 7 SR A D AT HE N I PR B8 HIE PO ME ] 488 4
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