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E A9 £4B T (intervertebral disc degeneration, IVDD)2 % # H-4£ B AT M 7k 4 69 & Z-Jm 32
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Research Progress on the Potential Biomarker Role and Regulatory

Mechanism of LXA4 in Intervertebral Disc Degeneration
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Abstract IVDD (intervertebral disc degeneration) serves as a critical pathological foundation for vari-
ous spinal degenerative diseases, with its progression closely linked to a chronic inflammatory microenvironment.
LXA4 (lipoxin A4), an endogenous pro-resolution mediator, has recently been demonstrated to play a potential
biomarker role and protective regulatory function in the IVDD process. This review highlights that LXA4 expres-
sion level correlates with the degree of degeneration, suggesting its potential as a marker for assessing degenerative
progression. Mechanistically, LXA4 maintains the intervertebral disc’s internal environment stability by inhibiting
classical inflammatory signaling pathways such as NF-«xB, reducing pro-inflammatory factor expression, while also
regulating extracellular matrix metabolism and delaying nucleus pulposus cell apoptosis and senescence. Although
existing studies have preliminarily revealed its anti-inflammatory and cellular protective effects, the specific signal-
ing network of LXA4 in intervertebral disc tissue, its interactions with other resolution mediators, and its transla-

tional potential as a clinical diagnostic biomarker or therapeutic target remain to be further explored. A systematic
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review of this field can provide new insights for the early identification and intervention of IVDD.
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Table 1 Classification of research evidence on the biological effects of LXA4

UIEFEN e LXA4HIZ LA HIB L] EEPEN
Evidence category Study model The core mechanism of action of LXA4 References

Indirect inference in the Mechanistic deduction based on IVDD

field of IVDD pathological pathways

It is speculated that LXA4 can inhibit inflammatory response, oxidative [3-4,8,33,
stress and programmed cell death, ameliorate ECM metabolic imbal- ~ 55]

ance and delay the degeneration process by regulating pathways such as
NF-«B, Nrf2 and AMPK

Rat KOA model, rat fibroblast-like

synoviocytes

Research on osteoar-
ticular degenerative

diseases

Activates the ESR2/LPAR3/Nrf2 axis to inhibit ferroptosis; downregu- [16]
lates the expression of MMPs and ADAMTS, and alleviates cartilage

degeneration and synovial inflammation

Inflammatory models ~ Acute pancreatitis with lung injury, LPS- Inhibits TLR4/MyD88, NF-kB and PI3K/Akt pathways to reduce the ~ [11-15,

of other organs induced pneumonia, paraquat-induced
oxidative lung injury, COPD, radiation

pneumonia, diabetic nephropathy

release of pro-inflammatory factors; activates Nrf2 for antioxidation;

17-18,53]

suppresses NLRP3 inflammasome; regulates macrophage polarization;

promotes tissue repair
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H AT AR AT R S 3 W O R R AR R
R 243435370 IR e HE , LX A4 ]33 06 s b [
N2 %, i 75 4 4 (reactive oxygen species, ROS)
SR, R A RIAR A, SO0 T U SORE SRS H: B T
ML AE T I I

3.3 XPERFETRYHNEI(E

BRAET LU B Ik S A R BONAZ D RRAE, CLE
SERAET: S 5 IVDDI R A R U2, KOAR AL H
B HEBAEYE TS, LXA4T] 6] 2T 4k FE 3 IR A0 i 2k
FETT, FFiEiE ESR2/LPARS/Nrf2#l 43 e H ki
H AW 4(glutathione peroxidase 4, GPX4)%5E ik
FETREE T 3RIE , RELR T RO SR A2 e,
TE 154 BH ZE 1% i % 93 (chronic obstructive pulmonary
disease, COPD)IE A | LX A4 7] @i ALX/FPR2
SZARINE] p38 MAPKIE B, FRARERAE T MG A
RILKF,

IVDDAHXWF 7R, eSS e md A
AT ENPYH I ZE T IR ECMPBE R, BB 577 2%
Bk (deferoxamine, DFO)%5 45 B3 i # ) 2k 46 T
PRI LR A A [ W5 DR 2 A ) 2858 B 477 %) R AN )
B P A, LXA4IR AT §Ei I 1% Nrf2/GPX4
F ) BEAZ A MO 2R AT T, SAESRIVDDIEJE
34 MRIENMEEETRHIFIER

NLRP3 % /MRS 5 M5 T2 7E IVDD K Ji#
TP OCEE A (0, HAS AR, bRk s
PIAADC 1020361 L X A4 Jy HAAUYymT i i % AMPK.
0 ROSA= BB B #2 T HE NLRP3ZH 2%, FAK 48 14 /1h
IR . B AL A B LX A4S CYNC-21E JiUs
PR 2R 3 B AMPKAIH NLRP3 % /M
IFIE , PO TL-1B TL-6%541E 4 K FREik, $2rRiZik
W& ] FH T30 IVDD AR 4 g T2 08, ihAh, — A
MFZE. 5 BEDR S I 4% Keap 1 /NrR2FA % | 7T 7] 432
POHINLRP3 5 PE/MATE S A g g5 T2 5537, 48 |
LXA47] figiB 12 AMPK/Nrf2-ROS T Jif 4 [ 1k 5 26 w7
FIHINLRP3 W0, R NPYE AR T 1 45115 .

3.5 IFEZRAREREH S SR

2R W Ty R P B A S R R,
SEUMIAET I BRI, SR B AR AR BT
B0 0 e RL A AL, 3& PO mT 40 il NP A
H R LR AR, JELZTVDDi g 22415550

LXA4XT 5 Wi 1 1 45 17 5 B 5 1) 2H 23 5 4 B ok

SbE. B TR A AN AT 7T o, LXA4T]E
Tk 1) NF- B % 375 1 T TR 5 Wi /K, 4 24
228 7 (LR 7 3E A 1 ME TR S AR A e, A9
BT IVDDEE S0 I0IE . 75 Z IR 2, B2
5 P55 S T PRV A B et AR, AR A AR I A T e o g
A B W S5 PR LR A W (mitophagy).  7E IVDDJ#
P SCR, &R B R W] R S IS PR 2k
A, SR B, R IEGM R G S T
TR 14 98 REAS RS (R AFF T8 SRAE I, LX A4 R 38 0
AMPKIEBRE I LRI B IR, 23 2ok 14 o7 5428 i) (1)
PER S X 530k [ G T RFAT g, —#F RATE
ANFIFAHOESE SR B . BT, LXA4E 2L
I HIHIROSA i 0% AMPK/Nrf2IE %, 12 HE45 4%
LRRIARIERRIETERR, dERFa IR BAR MRS, KIE
A R4 E R -
3.6 FFECMRIFSMENR

HE H) i ECM P4 fi# 3= 22 tH MMPs 5 ADAMTS %
AT, M NARCERE R PR E N, FTE—25m
JEIE ECMIFIRE IR 1220, LX A4LE Fifi 453455 55 figh Fig A
AR R[N MMP-9 k. 17 AQPIEIE DA, 23
P L@ 1 JOE RN 5 AE DG A A v i e B
il MMPs 5 ADAMTSRIA K U100 bRk IR
7~ , LXA4SEMER 2 40 23 4 v] g ad i 4 MMP/AD-
AMTSHEIE . b 8 5 R N AZ , %% ECM
IR, ZEGZIRATHEFE .

4 SLXA4EKHTF TR

L 20 24 SR WS AL T R G5 T 4 2 BME A 4
S LXA K HFa e 5. G FEEsE, &k
LXA4ZEY) CYNC-27E JEUH it 78 455 80 vhn] 3 i
BOE AMPK I NLRP3 4 M /M R ¥E T R AE
PR LX A4 AU REAE AR 8 DAAS 2 . sUR PR 9T
RORL U8, T IVDDIT &, MER A% A B 3% R 5
LXA4T] 2 E T M AU bk, B IR 474,
H 7 7050 2% & LXA4 F TR e M AR AR 26
SR REN 1A, CYNC-245 84 2 M i i 2
I, 7T R J S R AR ik i 4310

UMY T A I L R W, MSCs T il fiE 2 32 4
AL LXA4H RN, BT ALX/FPR2SZ AR R AEH AT
YEAANBT L X BT IE AT MSCs 3 J
STIAFERIRI KT AT SR LXA4T)E S EHiE P, 1E
IVDD45i3sk, & i 7] 78 5 T4 iE (bone marrow mesen-
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chymal stem cells, BMSCs)fi72E 4l g 7 24 (extra-
cellular vesicles, EVs)F17M A (exosomes, Exos) L4
IR, UESE LXA4R AR AR T AT R
i E R B, BRI, 157 miR-199a8imiR-
221-3pl) BMSC-ExosfE 1AL ] {2 14 NPAH iz
55, GELEIEAR I 001 M2 B Mg 4l K IR /N EVsT]
i3 miR-221-3p | PTEN/NLRP3IE # , )&% NP4
FAET:, SELZIVDD. Kk, AMSCs/ExosfE A # A
B A R LXA4ZK T, BN LX A4 T i
PRI RN, A — Fh e B AR AR 254 5 0 1 2 ) ) 42
SRLVE D

5 FiEERE

IVDDAE R 2 BRI #3118 Mk e 1 0, #
OV B FR P I 90 S B R AT . ECMAR I 35 6L A% BiE
AN IhRe v . a0 yT g 2 AT
SRR HE, X% HERE A P TR AR L 5 32 30
W REA L . LXAMEANLE B 5 72 4 AR 2 5E
HIR 5HLMEE NIRRT, HAEIVDDE 5t F RIS {E
VE R ZE 8 7, A St 58 T ke 1 A A

CEGDUH RS, LXA47E IVDDH B XU E B 1E
W E. TEFREY)ZH, B 3 H A LX ALK
(AR5 0 B B AR EAR DGk, 8L B & SO VEAS
AR AR P HRR Bl A SV AR AS B Y AR s SR
T, NI BhES S WOHE )3 AR 28 55 98 i i AR (1~
RS TEIRITHE S 2T, LXA4E 280 5. 28k
RIFAM S AR FE PR R A5 5 10
A, F) 28 P20 R R T2 IA s A AR I A OGS
DK 5 Wi (1) 263k, 1005 ECMBR IR It A 2 45 5 4ok B
AR P R0 T, BRI S R 3, 4
FRMER S 43 S D ReAa s .

{2 H A LXA45 IVDD A A 7 AT A7 75 B &k
A — R IVDDYF P B S IR UE R i, IR 45
W2 BT T S FA A B RO A S, H
FEAME A B 40 B R B BAR 2 AR 0 A . RIS 5 48 K&
ROBLE P, AT) 75 PR N AP SEER IR ; & LXA4XS F W
ST AL R VA % B SR e, LA M TR S A
IREE ) E AR A P AR 3 o B, 5t AL 4 1
IR ZE ; =& LXAATER P ARIHIE , B 6] HE (R] #5240
UL )ik R FUECA R =, BT T LXA4RH
TIVDDHI I R 4k,

KA E SN LT 7 m R E—, R

IVDDHF S AR Y AR5, B LXAATERERZ . 474k
IR R 2 B A B A R B R TR P AL, SR A
FRE PP AE T U7 3. ECMARI (K BLEERN ; 5
=, AR LXA4 5 microRNAZE ARG % RNA )28
FLEE, AR O A% A M A B R () R, 45 S
HEFEHARFFEILRING ; 5=, SF LXA4LEMER
PR i E A, R % H 5 UCHL3-HMGBI
SPGB ORI, PR IR R 5% ; 2804,
TR R e 1 B ) LX A4S AL % M ) A5 4 ) 326 2%
R, HeB)F TR T8 I R R 4k . b 4b, &
TR LXAA SRR R R EHARR M IB AR
(0B R Y, e 2 S 2 (1 e D) 2 8 E 31 38 18 % D)
2%, SNIVDD PR HEB V6 TR AL BT 1 SR 5 0

SE Wk (References)

[1]  Ohnishi T, Iwasaki N, Sudo H. Causes of and molecular targets
for the treatment of intervertebral disc degeneration: a review
[J]. Cells, 2022, 11(3): 394.

[2]  BSRAE, M8, AR, AR ] AR AR AR OC I 5 R AT
HEFR[I]. A R R, 2021, 41(10): 654-659.

Qiu C S, Deng N, Xiang H F, et al. Research progress on risk
factors related to intervertebral disc degeneration [J]. Chinese
Journal of Orthopaedics, 2021, 41(10): 654-659.

[31  BKFRJI, ART5ES, WRBHMR. AR () AE 1R AL 0 AR ACBTRRAE A o

P ERWE T RE[T]. ARSI H T Ak A, 2024, 12(3): 206-
211.
Ouyang C, Zhu Q Z, Ouyang L. Research progress on biometa-
bolic characteristics and evaluation techniques of lumbar disc
degeneration [J]. Chinese Journal of Diagnostics, 2024, 12(3):
206-211.

[41 &Y, T, skER. 3R RISWEWARIC B TR R[],
rhr A KU 2 2% 5, 2020, 24(9): 631-634.

Li J M, Wang H, Zhang Z Y. Research progress of diagnostic
biomarkers for osteoarthritis [J]. Chinese Journal of Rheumatol-
ogy, 2020, 24(9): 631-634.

[5] LiYR,ChenL, Gao, et al. Oxidative stress and intervertebral
disc degeneration: pathophysiology, signaling pathway, and
therapy [J]. Oxidative Medicine and Cellular Longevity, 2022,
2022: 1984742,

[6]  FRASC, BELZR, B, 0M0RERE K RERE AR O b R B A A

) IR AL K WE U JE[D]. R B SR ER SRR R, 2021, 38(3):
590-594.
Zhang S W, Liang W D, Sheng W B. Research progress of cel-
lular senescence and senescence-associated secretory pheno-
type in intervertebral disc degeneration [J]. Chinese Journal of
Experimental Surgery, 2021, 38(3): 590-594.

[71 B, SRR, JHE, S BRIE TS S () AR AL BB ST SR [T].

o [ B2 2 T v 24 &, 2023, 15(11): 103-109.
Wu H, Wu S X, Yin H, et al. Research progress of ferroptosis
and intervertebral disc degeneration [J]. Chinese Journal of the
Frontiers of Medical Science, 2023, 15(11): 103-109.

[8] Zhang G Z, Liu M Q, Chen H W, et al. NF-«B signalling path-



2440

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

ways in nucleus pulposus cell function and intervertebral disc
degeneration [J]. Cell Proliferation, 2021, 54(7): e13057.
Ouyang Z H, Wang W J, Yan Y G, et al. The PI3K/Akt path-
way: a critical player in intervertebral disc degeneration [J].
Oncotarget, 2017, 8(34): 57870-57881.

Li S, Liao Z W, Luo R J, et al. Autophagy-based unconven-
tional secretory for AIM2 inflammasome drives DNA damage
resistance during intervertebral disc degeneration [J]. Frontiers
in Cell and Developmental Biology, 2021, 9: 672847.

Shi Z H, Ye W, Zhang J C, et al. Lipoxin A4 attenuates acute
pancreatitis-associated acute lung injury by regulating AQP-
5 and MMP-9 expression, anti-apoptosis and PKC/SSeCKS-
mediated F-actin activation [J]. Molecular Immunology, 2018,
103: 78-88.

Mei H X, Ye Y, Xu H R, et al. LXA4 inhibits lipopolysaccha-
ride-induced inflammatory cell accumulation by resident mac-
rophages in mice [J]. Journal of Inflammation Research, 2021,
14: 1375-1385.

ZhuJ J, YuBY, Fu C C, et al. LXA4 protects against hypoxic-
ischemic damage in neonatal rats by reducing the inflammatory
response via the [kB/NF-kB pathway [J]. International Immu-
nopharmacology, 2020, 89(PtB): 107095.

LiY H, Wang N, Ma Z L, et al. Lipoxin A4 protects against para-
quat-induced acute lung injury by inhibiting the TLR4/MyD8&8-
mediated activation of the NF-kB and PI3K/AKT pathways
[J]. International Journal of Molecular Medicine, 2021, 47(5):
4919.

Ba F, Zhou X M, Zhang Y Q, et al. Lipoxin A4 ameliorates
alveolar fluid clearance disturbance in lipopolysaccharide-
induced lung injury via aquaporin 5 and MAPK signaling path-
way [J]. Journal of Thoracic Disease, 2019, 11(8): 3599-3608.
Hu Z H, Chen L, Zhao J H, et al. Lipoxin A4 ameliorates knee
osteoarthritis progression in rats by antagonizing ferroptosis
through activation of the ESR2/LPAR3/Nrf2 axis in synovial
fibroblast-like synoviocytes [J]. Redox Biology, 2024, 73:
103143.

Li X, Xu H, Liu K, et al. LXA4 alleviates inflammation and
ferroptosis in cigarette smoke induced chronic obstructive pul-
monary disease via the ALX/FPR2 receptor [J]. International
Immunopharmacology, 2025, 151: 114322.

Min S, Shin J H, Park S, et al. Modulation of AMPK/NLRP3
signaling mitigates radiation-induced lung inflammation by a
synthetic lipoxin A4 analogue [J]. International Journal of Mo-
lecular Sciences, 2025, 26(22): 10832.

Wang D, Zhang L P, He D, et al. A natural hydrogel complex
improves intervertebral disc degeneration by correcting fatty
acid metabolism and inhibiting nucleus pulposus cell pyroptosis
[J]. Materials Today Bio, 2024, 26: 101081.

LiYY, Zhai Y, Wang T L, et al. An anti-FAP-scFv-functional-
ized exosome-carrying hydrogel delivers SKI mRNA to fibrotic
nucleus pulposus cells to alleviate intervertebral disc degenera-
tion by regulating FOXO3 [J]. Theranostics, 2025, 15(9): 3877-
3899.

Zheng J C, Zhang X K, Zhang F K, et al. Hydrogels targeting
mechanical-biological signaling transitions of interleukin-33
alleviates intervertebral-disc degeneration [J]. Materials Today
Bio, 2025, 36: 102726.

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

Dai Z Q, Xia C, Zhao T X, et al. Platelet-derived extracellular
vesicles ameliorates intervertebral disc degeneration by allevi-
ating mitochondrial dysfunction [J]. Materials Today Bio, 2022,
18: 100512.

Zhou H, Ning H, Liu Q Q, et al. A single-cell-inspired self-en-
richment therapeutic strategy delays intervertebral disc degen-
eration by inhibiting pyroptosis [J]. Advanced Materials, 2025,
38(6): €16405.

Kang L, Liu S W, Li J C, et al. The mitochondria-targeted anti-
oxidant MitoQ protects against intervertebral disc degeneration
by ameliorating mitochondrial dysfunction and redox imbalance
[J]. Cell Proliferation, 2020, 53(3): e12779.

Liang H, Liu Z, Wang Y H, et al. Transcription factor EB medi-
ates oxidative stress-induced intervertebral disc degeneration
via the NF-«xB signaling pathway [J]. Annals of Translational
Medicine, 2021, 9(17): 1385.

Wi, SNEL, DLUCHH, 45, 20 M AR T8 51 B0R SO A At IR
Ag PR B TR ELT]. R AR SRS SRR L 2022, 39(6): 1210-
1215.

Chen K H, Sun H, Shen W J, et al. Research progress of pyrop-
tosis in articular cartilage and intervertebral disc degeneration
[J]. Chinese Journal of Experimental Surgery, 2022, 39(6):
1210-1215.

Zhou L P, Zhang R J, Jia C Y, et al. Ferroptosis: a potential tar-
get for the intervention of intervertebral disc degeneration [J].
Frontiers in Endocrinology, 2022, 13: 1042060.

Chen Y Y, Hu B W, Ni F F, et al. Kongensin a attenuates in-
tervertebral disc degeneration by inhibiting TAKI-mediated
PANoptosis of nucleus pulposus cells [J]. International Immu-
nopharmacology, 2024, 129: 111661.

KR, WA, a0, A M A AR R /A N AR
DA 7 52 AR 2455 5 ol B0 308 e 0 0 5T <2 )RR R 1 - 13931 5
A ) AR AR (D], Th A SR BR ARLAR RS, 2022, 39(10): 1960-
1963.

Liu Z H, Chen X, Li J J, et al. Activation of VEGF/VEGFR2
signaling axis induces lumbar disc degeneration by promoting
MMP-13 secretion [J]. Chinese Journal of Experimental Sur-
gery, 2022, 39(10): 1960-1963.

Xu H R, Wei K, TuJ Y, et al. Reducing inflammation and
vascular invasion in intervertebral disc degeneration via
cystathionine-y-lyase inhibitory effect on E-selectin [J]. Fron-
tiers in Cell and Developmental Biology, 2021, 9: 741046.

Yu X J, Zou P, Li T Q, et al. Deciphering SPP1-related macro-
phage signaling in the pathogenesis of intervertebral disc de-
generation [J]. Cell Biology and Toxicology, 2025, 41(1): 33.
Han L, Li F D, Wu H Q, et al. Targeting FABP4 to inhibit
AGEs-RAGE/NF-kB signalling effectively ameliorates nucleus
pulposus dysfunction and angiogenesis in obesity-related inter-
vertebral disc degeneration [J]. Cell Proliferation, 2025, 58(9):
€70021.

Li S, Pan X, Wu Y, et al. IL-37 alleviates intervertebral disc
degeneration via the IL-1R8/NF-«xB pathway [J]. Osteoarthritis
and Cartilage, 2023, 31(5): 588-599.

Zhang C X, Wang Q, Li K, et al. Rosuvastatin: a potential
therapeutic agent for inhibition of mechanical pressure-induced
intervertebral disc degeneration [J]. Journal of Inflammation
Research, 2024, 17: 3825-3838.



SRICT 4 LXAAFEMENR] SRR BT AE AR S AL SR I W LRI JEt i

2441

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

Lu G B, Zhang C X, Li K, et al. Sinomenine ameliorates IL-
1B-induced intervertebral disc degeneration in rats through sup-
pressing inflammation and oxidative stress via Keapl/Nrf2/NF-
kB signaling pathways [J]. Journal of Inflammation Research,
2023, 16: 4777-4791.

Guo D R, Cheng K, Song C, et al. Mechanisms of inhibition
of nucleus pulposus cells pyroptosis through SDF1/CXCR4-
NFkB-NLRP3 axis in the treatment of intervertebral disc
degeneration by Duhuo Jisheng Decoction [J]. International Im-
munopharmacology, 2023, 124(Pt A): 110844.

Hong H N, Guo D, Xia T, et al. Dihydromyricetin attenuates
intervertebral disc degeneration by inhibiting NLRP3 inflam-
masome activation via the Keapl/Nrf2/HO-1 pathway [J]. Eu-
ropean Journal of Pharmacology, 2025, 998: 177501.

Lin Y, Guo W, Chen K W, et al. VO-OHpic attenuates interver-
tebral disc degeneration via PTEN/Akt pathway [J]. European
Review for Medical and Pharmacological Sciences, 2020,
24(6): 2811-2819.

XiY M, Ma J F, Chen Y. PTEN promotes intervertebral disc
degeneration by regulating nucleus pulposus cell behaviors [J].
Cell Biology International, 2019, 44(2): 583-592.

Zhao Y L, Li A M. miR-19b-3p relieves intervertebral disc de-
generation through modulating PTEN/PI3K/Akt/mTOR signal-
ing pathway [J]. Aging, 2021, 13(18): 22459-22473.

Lin J L, Zhuge J R, Zheng X Q, et al. Urolithin A-induced mi-
tophagy suppresses apoptosis and attenuates intervertebral disc
degeneration via the AMPK signaling pathway [J]. Free Radical
Biology & Medicine, 2020, 150: 109-119.

Wu T D, Li X H, Jia X B, et al. Kriippel like factor 10 prevents
intervertebral disc degeneration via TGF-B signaling pathway
both in vitro and in vivo []]. Journal of Orthopaedic Translation,
2021, 29: 19-29.

Chen S L, Lei L C, Li Z M, et al. Grem| accelerates nucleus
pulposus cell apoptosis and intervertebral disc degeneration by
inhibiting TGF-B-mediated Smad2/3 phosphorylation [J]. Ex-
perimental & Molecular Medicine, 2022, 54(4): 518-530.

Wang X, Tan J S, Sun J H, et al. Transcriptomics study to deter-
mine the molecular mechanism by which sIL-13Ra2-Fc inhibits
caudal intervertebral disc degeneration in rats [J]. BioMed Re-
search International, 2020, 2020: 7645989.

T, R, G, S5 HUBEUR T s I A R AT
PRI BB U JR[D]. 52 T SRR 2R B (R T IR, 2022,
16(6): 756-761.

Wang Y T, Chen J X, Lu SY, et al. Research progress of mech-
anosensitive ion channels in spinal degenerative diseases [J].
Chinese Journal of Joint Surgery (Electronic Edition), 2022,
16(6): 756-761.

Wang D, Peng P, Dudek M, et al. Restoring the dampened ex-
pression of the core clock molecule BMALI protects against
compression-induced intervertebral disc degeneration [J]. Bone
Research, 2022, 10(1): 20.

Hou Y, Liu L, Zhao T Y, et al. The multifaceted role of
SQSTM1/p62 in disc degeneration: a master regulator of cellu-
lar stress responses [J]. Biochemistry and Biophysics Reports,
2025, 44: 102222.

Lin J H, Ma J W, Wang Z, et al. DBC1 promotes intervertebral
disc degeneration by activating NF-kB pathway and inhibiting

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

SIRT1 activity [J]. Life Sciences, 2025, 373: 123689.

Li F D, Sun X F, Zheng B, et al. Arginase Il promotes interver-
tebral disc degeneration through exacerbating senescence and
apoptosis caused by oxidative stress and inflammation via the
NF-«B pathway [J]. Frontiers in Cell and Developmental Biol-
ogy, 2021, 9: 737809.

Wang F, Wang Y F, Zhang S O, et al. YTHDF2-dependent m°A
modification of FOXO3 mRNA mediates TIMP1 expression
and contributes to intervertebral disc degeneration following
ROS stimulation [J]. Cellular and Molecular Life Sciences,
2024, 81(1): 477.

LuoJ Y, Jin G X, Cui S Q, et al. Regulatory mechanism of
FCGR2A in macrophage polarization and its effects on interver-
tebral disc degeneration [J]. The Journal of Physiology, 2024,
602(7): 1341-1369.

Chang S J, Xu H W, Zhang S B, et al. Excessive cholesterol ac-
celerates intervertebral disc degeneration by promoting the po-
larization of M1 macrophages [J]. Lipids in Health and Disease,
2025, 24(1): 305.

Bai Y H, Wang J P, He Z K, et al. Mesenchymal stem cells re-
verse diabetic nephropathy disease via lipoxin A4 by targeting
transforming growth factor p (TGF-B)/smad pathway and pro-
inflammatory cytokines [J]. Medical Science Monitor, 2019, 25:
3069-3076.

Sanchez-Garcia S, Jaén R, Lozano-Rodriguez R, et al. Lipox-
in A4 levels correlate with severity in a Spanish COVID-19
cohort: potential use of endogenous pro-resolving media-
tors as biomarkers [J]. Frontiers in Immunology, 2025, 15:
1509188.

Wang H R, Zhou Z M, Wu T, et al. Deferoxamine improves
intervertebral disc degeneration by activating HIF-10/BNIP3-
mediated mitophagy and inhibiting ferroptosis [J]. International
Immunopharmacology, 2025, 166: 115583.

Ding Z L, Du W, Huang J, et al. Allogeneic platelet lysate acti-
vates the SIRT1-PINK1/Parkin pathway: a promising approach
for improving mitochondrial function in an in vitro model of
intervertebral disc degeneration [J]. International Immunophar-
macology, 2024, 144: 113700.

EHORE, B AL, XK, S IRER A4 A R T E N
JIEE i) o 4 A 28 AT A% (R 52 e A FE AR FHBILRI D). oh 2B el
k&, 2018, 53(8): 547-553.

Li Y H, Geng Y H, Liu L, et al. Effect of lipoxin A4 down-
regulating autophagy activity on invasion and migration of en-
dometrial stromal cells and its mechanism [J]. Chinese Journal
of Obstetrics and Gynecology, 2018, 53(8): 547-553.

Xiao Q, Zhao Z, Teng Y, et al. BMSC-derived exosomes allevi-
ate intervertebral disc degeneration by modulating AKT/mTOR-
mediated autophagy of nucleus pulposus cells [J]. Stem Cells
International, 2022, 2022: 9896444.

Zhang J W, Zhang J Y, Zhang Y L, et al. Mesenchymal stem
cells-derived exosomes ameliorate intervertebral disc degenera-
tion through inhibiting pyroptosis [J]. Journal of Cellular and
Molecular Medicine, 2020, 24(20): 11742-11754.

Wen T, Wang H S, Li Y J, et al. Bone mesenchymal stem cell-
derived extracellular vesicles promote the repair of interverte-
bral disc degeneration by transferring microRNA-199a [J]. Cell
Cycle, 2021, 20(3): 256-270.



2442

[61]

[62]

Zhao Y Z, Chen L T, Jiang S, et al. Exosomes derived from
MSCs exposed to hypoxic and inflammatory environments slow
intervertebral disc degeneration by alleviating the senescence
of nucleus pulposus cells through epigenetic modifications [J].
Bioactive Materials, 2025, 49: 515-530.

LiZ C, WuY, Tan G Q, et al. Exosomes and exosomal miR-

[63]

NAs: a new therapy for intervertebral disc degeneration [J].
Frontiers in Pharmacology, 2022, 13: 992476.

Zhang K H, Du L L, Li Z H, et al. M2 macrophage-derived small
extracellular vesicles ameliorate pyroptosis and intervertebral
disc degeneration [J]. Biomaterials Research, 2024, 28: 47.



