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Abstract: Spinal cord injury (SCI), a prevalent neurological disorder, is primarily caused by mechanical trauma,
leading to extensive impairments in sensory, motor, and autonomic functions, significantly compromising patients’ quality
of life. Accumulating evidence indicates that various forms of regulated cell death (RCD) , including apoptosis,
necroptosis, autophagy, pyroptosis, ferroptosis, and copper—dependent cell death, play critical roles in the pathogenesis
and progression of SCI, with notable interplay among these pathways. This review aims to summarize the current
understanding of RCD-related mechanisms in SCI and highlight recent advances in therapeutic strategies targeting cell
death inhibitors, stem cell transplantation, and tissue engineering approaches, thereby providing insights for future basic
research and clinical interventions.
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TNF-o: tumor necrosis factor; TNFR1: TNF receptor superfamily memberl; FADD: fas—associated protein with death domain; Bel-2: B-cell

lymphoma-2; Bel-XL: B—cell lymphoma—exira large; BAX: Bel-2 related X protein; BAK: Bel-2antagonist/killer; ERS: endoplasmic reticulum stress;

NLRP3: NOD - like receptor thermal protein domain associated protein 3; AIM2: absent in melanoma2; ACS: apoptosis speck-like protein; LPS:

lipopolysaccharide; GSDMD: gasdermin D; IL-1B: interleukin—1@; IL-18: interleukin—18; PI3K: phosphoinositide3-kinase; AKT: protein kinase B;

mTOR: mammalian target of rapamycin; ULK1: unc—51like kinasel; P62: autophagy adapter protein62; LC3: microtubule—associated protein light

chain3; BNIP3: Bel-2/adenovirus E1B-19 ku—interacting protein3; RIPK1: receptor—interacting protein kinasel; RIPK3: receptor—interacting protein

kinase3; MLKL: mixed lineage kinase domain-like; System Xc—: cystine/glutamate transporter; GSH: glutathione; GPX4: glutathione peroxidase4; ROS:

reactive oxygen species; FDX1: ferredoxinl; DLAT: dihydrolipoamide S—Acetyltransferase; Fe—S: Iron—sulfur clusters.
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Fig. 1 Mechanisms of regulatory cell death in spinal cord injury (by Figdraw 2025)
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Table 1 Comparison between different types of regulatory cell death

Categories Morphological characteristics Inflammation related pathways Key factors
Apoptosis  Cell shrinkage, chromatin condensa- NO PI3K/AKT, Nrf2/HO-1, Nrf2/ BAX, BAK, Bcl-2, Bel-
tion, DNA fragmentation, and for- NQO-1, microRNA-21-5p/Fa- xL, caspase—8, caspase—3,
mation of apoptotic bodies sil, ULK1/FasL, caspase=3/ caspase—9, caspase—12,
Bax/Bcl-2 CHOP, GRP78
Autophagy  Cytoplasmic vacuolization, autopha- NO PI3K/Akt/mTOR, AKT- LC3, Beclin-1, P62,
gosomes and autolysosomes were ob- mTOR-TRPML1, ANXA7/ BNIP3, mTOR, ULK1
served LAMP5/mTOR, PI3K/AKT/
FOXO1/KLF4
Cuproptosis  Mitochondrial swelling, cristae loss Yes FDX1-related pathways DLD, MPEG1, LIPT1, LI-
and mitochondrial membrane rupture AS
were observed
Ferroptosis ~ Mitochondrial atrophy, cristoid dis- Yes GSH/GPX4, Nrf2/SLC7A11/ GPX4, GSH, SLC7A11,
appearance, membrane rupture, GPX4, AMPK-NRF2-HO-1 NRF2
and increased membrane density
were observed
Necroptosis  Cells and organelles swell, dissolve, Yes RIPK1/RIPK3/MLKL RIPK1, RIPK3, MLKL
the plasma membrane is ruptured, RIPK1/MLKL/TLR4
and the contents flow out
Pyroptosis The cytoplasm swelled, the cell Yes NLRP3/caspase—1/GSDMD, caspase—1, caspase—4/5/
membrane ruptured, and pyroptosis NLRP3/ASC/caspase—1, PI3K/ 11, GSDMD, NLRP3,
formed AKT/NLRP3 AIM2, ASC
NQO-1: quinone oxidoreductase—1; TRPMLI : transient receptor potential mucolipinl; LAMPS: lysosomal associated membrane protein family

member5; FasL: Fas ligand; FOXO1: forkhead box O1; KLF4: kruppel-like factor4; CHOP: C/EBP homologous protein; GRP78: glucose regulato-

ry protein78; SLC7A11: solute carrier family 7 member 11; TLR4: toll like receptors4: DLD: Dihydrolipoamide Dehydrogenase; MPEGI: macro-

phage expressed genel; LIPT1: lipoyltransferasel ; LIAS: lipoicacidsynthetase.
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USP11: ubiquitin—specific proteasell; AMPK: AMP-activated protein kinase; P53: tumor protein53; TFEB: transcription factor EB; DAMPs:

damage—Associated Molecular Patterns; Dnmtl: DNA methyltransferase1; SIRP1: sphingosine—1—phosphate receptorl.
2 BEEMAGHETEARIET Z B EHIF
Fig. 2 Crosstalk mechanisms between regulatory cell death in SCI (by Figdraw 2025)

9T B0, KB K 14 4 RIPK 48 R4 il 741
REAS 25 10 ] RIPK 1 2R3k, D6 20 B S0 Fh L RN £k
KA , A IR FEPEPE T 2 A . MLKL A
il 761 T AU fff P e D03 3 5 MILKL A sk 3L L0 25 4
P MLKL 55 2R 4k A1 5 457, sk 20 240 i 3 S8 4 94
T WA A R0 R B FAE AR R 1 e B
i 1 ] p—Akt Fll p-mTOR £ [ 3%, {2 1 P62 #E
IR, A 4 LIt B W T SR BE A A, D
S0, RAEM AP E RS SCIH A e iy FE T
KA FEEE NLRP3 R YE/IME G, MCC950 /2 H i it
IR 2 1) NLRP3 R PE /AR S P4 i 7, g i
5 NLRP3 ) NACHT Z5 #5045 4, 1] ASC S48 1
caspase—1 241, Wl /D M 4 S E AN A2 1=, otk
Ab FNE R — Rl B PR MR R A 0, 6 4
F S Al 1 B I HIE A Jiang 45 SE IR B 5E K
I, PN LA d 0D S AG T 1A% [ NLRP3 1
P L2 BT A Y caspase—1 AR AE K -
TR MG, Tl b . BRI R -1 2 —Fh
VEPEERRFE T30 3] , Zhou 2558 3of 52 3 AIF 9% &
BRI ZE -1 X T B4 1 4 FH 32 B2 5 Ao ek 2>
21 JfL P 2o ) R AR B ROS, 414l GPX4 11 3k,
/0 R o 3 S A A A 58 e JoT 4 MU A A T, R 4

NECEBE 2T RE A . FUOLAB AN A T AR B, H
HIOC T4 S8 TR HE 0t 07 Hh A SR AR X D | b
WFFE KN, TR 28 FR T 3 IS A T I 4]
ST ARG HE R 336, (R A HE D) gk B i VEH L (H
ELRAE FIMLR A AR o /N T 28 80 ) 4 FE T AR 410 1
RS R o
3.2 SMiE

A1 AR 2 P 20 AR 3 A0 AR A )
N & A . DNA .mRNA Fll miRNA 28 £ Fh 4= ) 5>
T, fEIRYT SCLJT T HAA A i IR st R Sk AR
YIAHZE G o BIFSE 22 B0, B ) 72 0 4 o
VR S0 I PR BE 38 3 (2 U miR—18 1 ek i 97 il
1 12 T 0 5K ) 2R 1 [R)UR ) 2R 5K S Cleaved-
caspase—3 Fll Bax &5 H 7K, N ¥ Bel-2 /K, Jd />
AP T, 2o SCLR AL LU . 53 41, Hia i
FEARAE , A1 B I 20 i BE A A5 SC A8 BB 37 1Y
PR IREE , AR UE 1 S ARt HA AR LAY 2E 427
P 3 ok 40 ) PI3K/AKT/mTOR 3 42 14 58 1 1 ok
PEIEBT AR A /N S5 41 AR Ak, DA At 8 R R S I
RAEMZEAPAE ™ . Pan 28 978 1A Py FI4K A1 52
5 v 5% 31 28 35 it 3 240 LA R A AR T TS
WETL 3 4H I B WEE FHRG58 , J8i/0 T b 245403 RN 40 i



114 HlR AR 2 (R A2 ) §547%

PAT X 0T e R L AE K F 32 fR/AkUmTOR {5 %5
T A7 B A G, FERL I M AR TR YT SCL Y
fil , Zhao 5573 12 SL IS 5% & B, B A A] 70 5 1 4
L SF Y5 A1 WA A4 RT3 3o A% 35 cire_003564 , B AI% 48 1
s AR AH DG R £ T bR 7 W0 1Y caspase—1, GSDMD |
NLRP3 FlIIL-1B (yF 1k, /D2 oo it {2 SCI
KEIZE SN REMK 52 . Chen 25 i 4+ 52 36 BF 9% &
PR 180 70 S5 440 R YA %) SN AR X SCT B AR 4 18 4 7
THim , A2 K BUNH2 .GPX4 . SLC7A11 k&
FHE RS R R N A AR A 2 DU S
FGTP ALK it i 1 A9 7K T+ 5, Fe2+ \ROS FIl TN
TR R WD N T 2 B R AE T, A E Al 22 T fig
WRAZ ZAE 5 Nef2/GTP PR K i il 1/0 S A 4 g
BROE A OC . Wu SE R R N LI 5T & B IR
05 18] 38 5% T 40 L A1 0 1R RE 4% 38 5 30 Nef2/
SLCTA11/GPX4 5 5 i b 8 0 010 487 P9 12 4
i rh GPX4 [ 33k, It B AR, Il SCIIS N 2
AR FET R ME A 2 AL A ThRERIE 2 . DLk
WF 5T 45 SR B T A s A n] L i #8 m] RCD A 8428
il A A 143, O — 20 B I R A YT SR T RS
WA
3.3 HATIE

PAESR KA YRS T A B A K PR T A A
A HHE T RBEARC K RIRYT SCLHT R . /K
B2 FH A 28 4R 40 TR S 4R, AT 30 e (Y 2 41
A, v LA S b 48 5 SCT AR YT AU . Wang
AU AR PN S IR ST AR BRI 3 2 1Y
G12G13 T ARSI MAA i 2 B 1K 1 F2 0 e Jo &4t L Py 9]
T MK H caspase—3 Al BAX &3k, #l il # 22 oo
T e HAE A BEEN. SATRMRE, R
R BRIy ME 2 e = mBEREWE K
V14 ek SRR/ R JE i % A 1) 356 3% 1% A7 miR—-138 119
B 4t () 75 I 440 i oA U 4/ s 4 2 Nef2/Keleh A
ECH AHICEE F1 1 {5538 6 T 18 /0N e I3 201 L N ROS
ISR ph 2 e A0 B PR T, AR HE SCI R iz sh T
AEMREZ Y, AL, Zhang 25 VHIFIT N B AR SEG WLEE
OISR B WIS bR AR F WA DG EE 1 S Beclind
R 2238 A1 LC3I/LC3T i A SCIJE i34 m , ifij
W65 G700 VA 3 T M 1% T A A0 i K TR K R R
SRYEI B2 0 05 B A s ) WA B R
FEER FURURG B2 B2 2 1 B AR K T2 R R I
B HE G B C R A TR o BR T KBRS, 4ok it

RN K LR et 29 )2 A2 TR A b
Blo Tang S5 5T & BL, N FH 0 40 At 40 9% HL
TEOK 1 P R A9 94 K 0K T T 3 NLRP3, ASC Al
caspase—1 K K, TL-1 B F HAZ-1877 4
AR, A 2008 /0 SCI R R AE P 19 7 A= 40 i £5
T- . ROS U 44 K & 58 mPEG-b-Lys-BECI-TCO
5 NI () 70 5 1 448 6 ) 396 65 1 P b ek B S 3 412
T GPX4 FlxCT {5 53 % 1 2R3k , 1l Bk FE T A
P JRAE N, 6 SCLEAT BGEAE A . RS K
LA 7Y B Z80E B A1 20 TR A R4 40 A0 T3
7 SCIH B A W 2 AE T, (B A3 B = A G A9 1 IR
15

4 BHEH5EZ

25 iR, 78 SCLG 2 1 IR A Fh 2 74 1Y 240 i 5
TR AP T AW AT BRAE TR BE T, X
SO T P 20 B AT T 2O 45l 2 0 i 3 B R
A P2 B B S22 S B 2 D RE A A AR &
bR T H W AE SCLG I3 B2 (9 38006 1l LA &k #5840 28
4P A, HA 2 80 (5 RCD 81715 1k 20 I B8 1~ % 4 B
AR 2 AR ER . BARS At
Z 0] B ARAE FHBILIAS [R] , E Bk ] g 83 2ok — i 1)
L URIGE B & AR R AR IR T SC B R v &
FEU R S B BV —E . b, A
Wi 5 A LR TR AR T2 B ) R PR T A & |l i i
T E W REE T o B0 p 2 e PR T SRR T
FETRIERAETS , Dl SCU BEUERE , P T- AR T2
[ B 22 1) 23 3k B R E P, N EE SCIL B 73 ,
HABET-HE SCLH VR T DA K 5 Hefth 40 g 58 17~ 5 =X
)R P SIS 0 . B8R H AT XS F RCD 7E SCI
T AE R BIF ST C 48R T2, {8 Rk SEBiF 5 38 A7 7E
—E MR BR M . B, — LR AT T AR G B
FE SCLHRAEFH %) ELARBL i R B8, 475 75 F— 25 1R
AWFGE 5 FUR & B RE 03 5 A 7] B B i 240 e S8 T~
IK AR T AR T 210 J 45 7 & 4% &
SR HAR Y BEIE RV 2 55 40 BB B Xt
RCD 7E SCI H By B 5% AR YT R HR 43 A R T i 52
B, e =2 I PR S B AR s AR DGR T O ik I I IR
o PRI, o of 18 75 Mo ik 2 ) A 7 IR A JEL 25 A
58, LA B R 5 4 i M T A S 8 405 )5 40
e,



o5 134

RS , 25 T PR 2R MO BT T AR A T A B S 115

S ik

[1]

(2

[

[10]

[13]

[14]

Tian T, Zhang S, Yang M. Recent progress and challenges in
the treatment of spinal cord injury [J]. Protein Cell, 2023, 14
(9):635-652.

Crispo JAG, Kuramoto LK, Cragg JJ. Global burden of spinal
cord injury: future directions [J]. Lancet Neurol, 2023, 22
(11):976-978.

Anjum A, Yazid MD, Daud MF, et al. Spinal cord injury:
pathophysiology, multimolecular interactions, and underlying
recovery mechanisms[ J]. Int ] Mol Sci, 2020, 21(20):7533.
Lima R, Monteiro A, Salgado AJ, et al. Pathophysiology and
therapeutic approaches for spinal cord injury[J]. Int J Mol Sci,
2022, 23(22):13833.

Kist M, Vucic D. Cell death pathways: intricate connections

and disease implicalions[]]‘ Embo J, 2021, 40(5) :e106700.

He X, Deng B, Ma M, et al. Bioinformatics analysis of

programmed cell death in spinal cord injury [J]. World
Neurosurg, 2023, 177:e332-e342.

Song Q, Cui Q, Sun S, et al. Crosstalk between cell death and
spinal cord injury: neurology and therapy[J]. Mol Neurobiol,
2024, 61(12):10271-10287.

He W, Li ZQ, Gu HY, et al. Targeted therapy of spinal cord
injury: inhibition of apoptosis is a promising therapeutic
strategy[ J ]. Mol Neurobiol , 2024, 61(7):4222-4239.

Shi Z, Yuan S, Shi L, et al. Programmed cell death in spinal
cord injury pathogenesis and therapy [J]. Cell Prolif, 2021, 54

(3):e12992.

IR , B ROMR, B L EK, 55 . L BHIR 45 PPARy-CD36 5 5

3 % & Ik Hba—al , Hbb—bt 38 1 Ul 4% 5 i 45 05 = 240 i 04 =

ARTSEL) ] B PRBERL R 241, 2025, 50(3) : 311-321.

Li MJ, Tang CL, Yang ZX, et al. Electroacupuncture reduces

the expression of Hba—al and Hbb-bt and alleviates cell

apoptosis after spinal cord injury by regulating the PPAR<y

—-CD36 signaling pathway[J] . J Chongqging Med Univ, 2025,

50(3):311-321.

Ma Z, Liu T, Liu L, et al. Epidermal neural crest stem cell

conditioned medium enhances spinal cord injury recovery via

PI3K/AKT-mediated neuronal apoptosis suppression [J].

Neurochem Res, 2024, 49(10) :2854-2870.

Unnisa A, Greig NH, Kamal MA. Inhibition of caspase 3 and

caspase 9 mediated apoptosis: a multimodal therapeutic

target in traumatic brain injury [J]. Curr Neuropharmacol,

2023, 21(4):1001-1012.

Luo D, Hou Y, Zhan J, et al. Bu Shen Huo Xue formula
spinal cord injury by
inhibiting oxidative stress by activating the Nrf2 signaling
pathway[ ] |. Drug Des Devel Ther, 2024, 18:4779-4797.

Hou Y, Liang C, Sui L, et al. Curculigoside regulates

provides neuroprotection against

apoptosis and oxidative stress against spinal cord injury by

[15]

[

[17

[22]

[27]

modulating the Nrf-=2/NQO-1 signaling pathway in vitro and
in vivo[ J |. Mol Neurobiol , 2025, 62(3):3082-3097.

Zhou X, Chu X, Yuan H, et al. Mesenchymal stem cell
derived EVs mediate neuroprotection after spinal cord injury
in rats via the microRNA-21-5p/FasL gene axis[J]. Biomed
Pharmacother, 2019, 115:108818.

BiY, Chen X, Cao Y, et al. Nuclear heme oxidase—1 inhibits
endoplasmic reticulum stress—mediated apoptosis after spinal
cord injury[J]. Biomed Res Int, 2020, 2020:7576063.
Huang Z, Gong J, Lin W, et al. Catalpol as a component of
rehmannia glutinosa protects spinal cord injury by inhibiting
endoplasmic reticulum stress—mediated neuronal apoptosis
[J]. Front Pharmacol, 2022, 13:860757.

Hu X, Xu Y, Zhang H, et al. Role of necroptosis in traumatic
brain and spinal cord injuries [J]. J Adv Res, 2022, 40:
125-134.

Yuan J, Ofengeim D. A guide to cell death pathways[J]. Nat
Rev Mol Cell Biol, 2024, 25(5) :379-395.

Kanno H, Ozawa H, Handa K, et al. Changes in expression
of receptor—interacting protein kinase 1 in secondary neural
tissue damage following spinal cord injury [J]. Neurosci
Insights, 2020, 15:2633105520906402.

Ma XR, Yang SY, Zheng SS, et al. Inhibition of RIPK1 by
ZJU-37 promotes oligodendrocyte progenitor proliferation and
remyelination via NF- kB pathway [J]. Cell Death Discov,
2022, 8(1):147.

Xu B, Fang J, Wang J, et al. Inhibition of autophagy and
RIP1/RIP3/MLKL-mediated necroptosis by edaravone
attenuates blood spinal cord barrier disruption following
spinal cord injury [J]. Biomed Pharmacother, 2023, 165:
115165.

Fan H, Tang HB, Chen Z, et al. Inhibiting HMGB1-RAGE
axis prevents pro—inflammatory  macrophages/microglia
polarization and affords neuroprotection after spinal cord
injury[J]. J Neuroinflammation, 2020, 17(1):295.

Fan H, Tang HB, Shan LQ, et al. Quercetin prevents
necroptosis of oligodendrocytes by inhibiting macrophages/
microglia polarization to M1 phenotype after spinal cord injury
in rats[ J]. J Neuroinflammation, 2019, 16(1):206.

Zhao H, Zong X, Li L, et al. Electroacupuncture inhibits
neuroinflammation induced by astrocytic necroptosis through
RIP1/MLKL/TLR4 pathway in a mouse model of spinal cord
injury[J]. Mol Neurobiol, 2024, 61(6) :3258-3271.

Liu J, Cao J, Yu X, et al. Necroptosis pathway emerged as
potential diagnosis markers in spinal cord injury [J]. J Cell
Mol Med, 2024, 28(7):e18219.

Cao W, Li J, Yang K, et al. An overview of autophagy:

Mechanism, regulation and research progress [J]. Bull



116 HlR AR 2 (R A2 ) 5547 %

Cancer, 2021, 108(3):304-322. [41] Huang Y, Xu W, Zhou R. NLRP3 inflammasome activation
[28] Ji F, Dai E, Kang R, et al. Mammalian nucleophagy: and cell death[]J]. Cell Mol Immunol, 2021, 18(9) :2114-
process and function [J]. Autophagy, 2025, 21(7) : 1396— 2127.
1412. [42] Li D, Dai Y, Li Z, et al. Resveratrol upregulates mir—124—
[29] Cui Y, Bai M, Gao S, et al. Zinc ions facilitate metabolic 3p expression to target DAPKI, regulating the NLRP3/

bioenergetic recovery post spinal cord injury by activating Caspase—1/GSDMD  pathway to inhibit pyroptosis and

microglial mitophagy through the STAT3-FOX03a-SOD2
pathway[ ] |. Free Radic Biol Med, 2025, 227:64-79.

Feng H, Chen D, Chen H, et al. Extracellular ubiquitin
enhances autophagy and inhibits mitochondrial apoptosis
pathway to protect neurons against spinal cord ischemic injury
via CXCR4[J]. Neurospine, 2025, 22(1):157-172.

Li K, Liu Z, Wu P, et al. Micro electrical fields induced
MSC-sEVs attenuate neuronal cell apoptosis by activating
autophagy via IncRNA MALATI1/miR-22-3p/SIRT1/AMPK
axis in spinal cord injury[J]. ] Nanobiotechnology, 2023, 21
(1):451.

Yao H, Cai C, Huang W, et al. Enhancing mitophagy by
ligustilide ~ through  BNIP3-LC3 interaction attenuates
oxidative stress—induced neuronal apoptosis in spinal cord

injury[ J ]. Int J Biol Sci, 2024, 20(11) :4382-4406.

[33] Zhu Y, Yang S, Su S, et al. Macelignan improves functional

recovery after spinal cord injury by augmenting autophagy via
the AKT-mTOR-TFEB signaling pathway [ J ]. Phytother Res,
2025, 39(5):2091-2109.

He X, Li Y, Deng B, et al. The PI3K/AKT signalling
pathway in inflammation, cell death and glial scar formation
after traumatic spinal cord injury: mechanisms and therapeutic
opportunities[ J |.Cell Prolif, 2022, 55(9) :e13275.

LiF, Cai T, Yu L, et al. FGF-18 protects the injured spinal
cord in mice by suppressing pyroptosis and promoting
autophagy via the AKT-mTOR-TRPMLI axis [J]. Mol
Neurobiol, 2024, 61(1):55-73.

[36] Zang L, Fu D, Zhang F, et al. Tenuigenin activates the IRS1/

Akt/mTOR signaling by blocking PTPN1 to inhibit autophagy
and improve locomotor recovery in spinal cord injury [J].]
Ethnopharmacol, 2023, 317:116841.

Shan W, Wang J, Cheng R, et al. Erythropoietin alleviates
astrocyte pyroptosis by targeting the miR-325-3p/Gsdmd axis
in rat spinal cord injury [J]. Inflammopharmacology, 2024,
32(1):523-536.

Ross C, Chan AH, Von Pein JB, et al. Inflammatory
caspases: toward a unified model for caspase activation by
inflammasomes[J ]. Annu Rev Immunol,, 2022, 40:249-269.
Al Mamun A, Wu Y, Monalisa I, et al. Role of pyroptosis in
spinal cord injury and its therapeutic implications [J]. J Adv
Res, 2021, 28:97-109.

Lara—Reyna S, Caseley EA, Topping J, et al. Inflammasome
activation: from molecular mechanisms to autoinflammation

[J]. Clin Trans] Immunology , 2022, 11(7) :e1404.

—

[

alleviate spinal cord injury [J]. J Cell Mol Med, 2025, 29
(2):e70338.

Cui Y, Cen Q, Feng J, et al. Sodium butyrate alleviates
spinal cord injury via inhibition of NLRP3/Caspase-1/
GSDMD-mediated pyr()pt()sis[.”. Metab Brain Dis, 2025, 40
(4):157.

Zhang B, Yu J, Bao L, et al. Cynarin inhibits microglia—
induced pyroptosis and neuroinflammation via Nrf2/ROS/
NLRP3 axis after spinal cord injury[.]]. Inflamm Res, 2024,
73(11):1981-1994.

LiuZ, Tu K, Zou P, et al. Hesperetin ameliorates spinal cord
injury by inhibiting NLRP3 inflammasome activation and
pyroptosis  through enhancing Nrf2 signaling [J]. Int
Immunopharmacol, 2023, 118:110103.

Peng B, Lin H, Zhang M, et al. Dnmtl alleviates SIPR1-
mediated pyroptosis after spinal cord injury through regulating
Pon3 expression [J]. Adv Sei (Weinh) , 2025:¢07330. doi:
10.1002/advs.202507330

Wang SN, Guo XY, Tang J, et al. Expression and
localization of absent in melanoma 2 in the injured spinal cord
[J]. Neural Regen Res, 2019, 14(3):542-552.

Zhou Z, Li C, Bao T, et al. Exosome—shuttled mir-672-5p
from anti—inflammatory microglia repair traumatic spinal cord
injury by inhibiting AIM2/ASC/Caspase—1 signaling pathway
mediated neuronal pyroptosis [J1. J Neurotrauma, 2022, 39
(15-16) :1057-1074.

Kang Y, Zhu R, Li S, et al. Erythropoietin inhibits
ferroptosis and ameliorates neurological function after spinal
cord injury[]]. Neural Regen Res, 2023, 18(4):881-888.
Yin Z, Wan B, Gong G, et al. ROS: Executioner of
regulating cell death in spinal cord injury[J]. Front Immunol,
2024, 15:1330678.

Li QS, Jia YJ. Ferroptosis: a critical player and potential
therapeutic target in traumatic brain injury and spinal cord
injury[ J]. Neural Regen Res, 2023, 18(3):506-512.

Feng Z, Min L, Chen H, et al. Iron overload in the motor
cortex induces neuronal ferroptosis following spinal cord injury
[J]. Redox Biol, 2021, 43:101984.

Shen W, Li C, Liu Q, et al Celastrol inhibits
oligodendrocyte and neuron ferroptosis to promote spinal cord
injury recovery| J |. Phytomedicine, 2024, 128:155380.
Zhang XD, Liu ZY, Wang MS, et al. Mechanisms and
regulations of ferroptosis [J]. Front Immunol, 2023, 14:
1269451.



o5 134

RS , 25 T PR 2R MO BT T AR A T A B S 117

[55]

[57]

[63]

[68]

Liu G, Deng B, Huo L, et al. Tetramethylpyrazine alleviates
ferroptosis and promotes functional recovery in spinal cord
injury by regulating GPX4/ACSL4 [J]. Eur J Pharmacol,
2024, 977:176710.

Xu L, Jiang G, Tan S, et al. Tanshinone IIA promotes
functional recovery after spinal cord injury by inhibiting
neuron and oligodendrocyte ferroptosis through the GPX4/
ACSL4 axis[J ]. Neurochem Res, 2025, 50(3):167.

Li X, Yu H, Liu R, et al. Activation of the Nrf2 signaling
pathway by tetrahydroberberine suppresses ferroptosis and
enhances functional recovery following spinal cord injury [J].
Mol Neurobiol, 2025, 62(7) :8439-8456.

Wang W, Zhang L., Liu X, et al. Punicalagin inhibits neuron
ferroptosis and secondary neuroinflammation to promote
spinal cord injury recovery[J]. Int Immunopharmacol , 2025,
148:114048.

Ma H, Xing C, Wei H, et al. Berberine attenuates neuronal
ferroptosis via the AMPK-NRF2-HO-1-signaling pathway in
spinal cord—injured rats [J]. Int Immunopharmacol, 2024,
142(Pt B) : 113227.

Gromadzka G, Tarnacka B, Flaga A, et al. Copper
dyshomeostasis in neurodegenerative diseases—therapeutic
implications[J]. Int ] Mol Sci, 2020, 21(23):9259.

Tian Z, Jiang S, Zhou J, et al. Copper homeostasis and
cuproptosis in mitochondrial J ]. Life Sci, 2023, 334:122223.
Seelig J, Heller RA, Hackler J, et al. Selenium and copper
status — potential signposts for neurological remission after
traumatic spinal cord injury [J]. J Trace Elem Med Biol,
2020, 57:126415.

Tsvetkov P, Coy S, Petrova B, et al. Copper induces cell
death by targeting lipoylated TCA cycle proteins| ] ]. Science,
2022, 375(6586) :1254-1261.

Li C, Wu C, Ji C, et al. The pathogenesis of DLD-mediated
cuproptosis induced spinal cord injury and its regulation on
immune microenvironment [J]. Front Cell Neurosci, 2023,
17:1132015.

Garcia E, Hernandez—Ayvar F, Rodriguez—Barrera R, et al.
Supplementation with vitamin E, zinc, selenium, and copper
re—establishes T—cell function and improves motor recovery in
a rat model of spinal cord injury [J]. Cell Transplant, 2022,
31:9636897221109884.

Zhou Y, Li X, Wang Z, et al. Machine learning—driven
prediction model for cuproptosis—related genes in spinal cord
injury: construction and experimental validation [J]. Front
Neurol, 2025, 16:1525416.

Mao D, Chen Q, Tong S, et al. Integrated bioinformatics
analysis identified cuproptosis—related hub gene Mpegl as
potential biomarker in spinal cord injury[J]. Sci Rep, 2025,
15(1):1993.

Wang S, Li C, Fan W, et al. Neurotrophin—3/chitosan

[74]

[76]

inhibits cuproptosis—related genes to enable functional
recovery after spinal cord injury [J]. Int J Biol Macromol,
2025, 310(Pt 2) : 143403.

Xie L, Wu H, He Q, et al. Spinal cord ischemia reperfusion
injury induces cuproptosis in neurons[J]. Cell Biosci, 2025,
15(1):120.

Hu J, Huang K, Bao F, et al. Low=dose lipopolysaccharide
inhibits spinal cord injury—induced neuronal apoptosis by
regulating autophagy through the IncRNA MALAT1/Nrf2 axis
[J]. PeerJ, 2023, 11:e15919.

Hao J, Yang Y, Xie L, et al. Actl6a regulates autophagy via
Sox2-dependent Atg5 and Atg7 expression to inhibit
apoptosis in spinal cord injury [J]. J Adv Res, 2025. doi:
10.1016/j.jare.2025.01.038

Huang Y, Ren H, Gao X, et al. Amlodipine improves spinal
cord injury repair by inhibiting motoneuronal apoptosis
through autophagy upregulation [J]. Spine (Phila Pa 1976) ,
2022, 47(17) :E570-e578.

Xia M, Li C, Chen J, et al. Activation of FANCC attenuates
mitochondrial ROS—driven necroptosis by targeting TBK1-
dependent mitophagy in astrocytes after spinal cord injury[J].
Theranostics, 2025, 15(9):4188-4211.

Xu B, Zhou Z, Fang J, et al. Exosomes derived from
schwann cells alleviate mitochondrial ~dysfunction and
necroptosis after spinal cord injury via AMPK signaling
pathway—mediated mitophagy [J]. Free Radic Biol Med,
2023, 208:319-333.

Gao X, Li QP, Hao JR, et al. Therapeutic effects of exendin—
4 on spinal cord injury via restoring autophagy function and
decreasing necroptosis in neuron [J]. CNS Neurosci Ther,
2024, 30(7):e14835.

Wu C, Chen H, Zhuang R, et al. Betulinic acid inhibits
pyroptosis in spinal cord injury by augmenting autophagy via
the AMPK-mTOR-TFEB signaling pathway [J]. Int J Biol
Sci, 2021, 17(4):1138-1152.

Gu J, Wu J, Wang C, et al. BMSCs—derived exosomes
inhibit macrophage/microglia  pyroptosis by increasing
autophagy through the miR-21a-5p/PELII axis in spinal cord
injury[J]. Aging (Albany NY), 2024, 16(6) : 5184-5206.
Chen K, Ying J, Zhu J, et al. Urolithin A alleviates NLRP3
inflammasome activation and pyroptosis by promoting
microglial mitophagy following spinal cord injury [J]. Int
Immunopharmacol, 2025, 148:114057.

Liu J, Kuang F, Kroemer G, et al. Autophagy—dependent
ferroptosis: machinery and regulation [J]. Cell Chem Biol,
2020, 27(4):420-435.

Gao M, Monian P, Pan Q, et al. Ferroptosis is an autophagic
cell death process[]]. Cell Res, 2016, 26(9):1021-1032.
Rong Y, Fan J, Ji C, et al. USP1I regulates autophagy—

dependent ferroptosis after spinal cord ischemia—reperfusion



118

HlR AR 2 (R A2 )

547 %

[83]

[86]

[88]

[92]

[93]

injury by deubiquitinating Beclin 1 [J]. Cell Death Differ,
2022, 29(6):1164-1175.

Schwarzer R, Laurien L, Pasparakis M. New insights into the
regulation of apoptosis, necroptosis, and pyroptosis by
receptor interacting protein kinase 1 and caspase—8[J]. Curr
Opin Cell Biol, 2020, 63:186-193.

Shen X, Wang H, Weng C, et al. Caspase 3/GSDME-
dependent pyroptosis contributes to chemotherapy drug—
induced nephrotoxicity [J]. Cell Death Dis, 2021, 12
(2):186.

Xia M, Li X, Ye S, et al. FANCC deficiency mediates
microglial pyroptosis and secondary neuronal apoptosis in
spinal cord contusion[J ]. Cell Biosci, 2022, 12(1):82.

Zhou Y, Liao J, Mei Z, et al. Insight into crosstalk between
ferroptosis and necroptosis: novel therapeutics in ischemic
stroke[ J 1. Oxid Med Cell Longev, 2021, 2021:9991001.
Xiong C, Ling H, Hao Q, et al. Cuproptosis: p53-regulated
metabolic cell death? [J]. Cell Death Differ, 2023, 30(4) :
876-884.

Vanlandingham JW, Tassabehji NM, Somers RC, et al.
Expression profiling of p53—target genes in copper—mediated
neuronal apoptosis [J]. Neuromolecular Med, 2005, 7 (4) :
311-324.

Wang S, Wu J, Zeng YZ, et al. Necrostatin—1 mitigates
endoplasmic reticulum stress after spinal cord injury [J].
Neurochem Res, 2017, 42(12):3548-3558.

Tong K, Li S, Chen G, et al. Inhibition of neural stem cell
necroptosis mediated by RIPK1/MLKL promotes functional
recovery after SCI[J]. Mol Neurobiol, 2023, 60(4):2135-2149.
Zhang D, Yuan Y, Zhu J, et al. Insulin-like growth factor 1
promotes neurological functional recovery after spinal cord
injury through inhibition of autophagy via the PI3K/Akt/mTOR
signaling pathway[J |. Exp Ther Med, 2021, 22(5) : 1265.

Jiao J, Zhao G, Wang Y, et al. MCC950, a Selective
inhibitor of NLRP3 inflammasome, reduces the inflammatory
response and improves neurological outcomes in mice model
of spinal cord injury[J]. Front Mol Biosci, 2020, 7:37.

Jiang W, He F, Ding G, et al. Topotecan reduces neuron
death after spinal cord injury by suppressing Caspase—1-
dependent pyroptosis [J]. Mol Neurobiol, 2022, 59 (10) :
6033-60438.

Zhou Z, Luo H, Yu H, et al. Ferrostatin-1 facilitated
neurological functional rehabilitation of spinal cord injury mice
by inhibiting ferroptosis[ﬂ. Eur ] Med Res, 2023, 28(1):336.
Lin L, Zhang M X, Zhang L, et al. Autophagy, pyroptosis,
and ferroptosis: new regulatory mechanisms for atherosclerosis

[J]. Front Cell Dev Biol, 2021, 9:809955.

[95]

[97]

[100]

[101]

[102]

[103]

[104]

[105]

Zhang B, Lin F, Dong J, et al. Peripheral macrophage—
derived exosomes promote repair after spinal cord injury by
inducing local anti—inflammatory type microglial polarization
via increasing autophagy [J]. Int J Biol Sci, 2021, 17(5) :
1339-1352.

Pan D, Zhu S, Zhang W, et al. Autophagy induced by
schwann cell-derived exosomes promotes recovery after spinal
cord injury in rats [J]. Biotechnol Lett, 2022, 44 (1) :
129-142.
Zhao Y, Chen Y, Wang Z, et al. Bone marrow mesenchymal
stem cell exosome attenuates inflammasome-related pyroptosis
via delivering circ_003564 to improve the recovery of spinal
cord injury[]]‘ Mol Neurobiol, 2022, 59(11):6771-6789.
Chen Y, Li B, Quan J, et al. Inhibition of ferroptosis by
mesenchymal stem cell-derived exosomes in acute spinal cord
injury: role of Nrf2/GCH1/BH4 axis [J]. Neurospine, 2024,
21(2) :642-655.
Wu S, Chen Z, Wu Y, et al. ADSC~Exos enhance functional
recovery after spinal cord injury by inhibiting ferroptosis and
promoting the survival and function of endothelial cells
through the NRF2/SLC7A11/GPX4 pathway [J]. Biomed
Pharmacother, 2024, 172:116225.

Wang Y, Liu J, Li P, et al. Nasal delivery of engineered
exosomes via a thermo—sensitive hydrogel depot reprograms
glial cells for spinal cord repair [J]. Adv Sci (Weinh) ,
2025, 12(34):e04486.

Xiao Y, Hu X, Jiang P, et al. Thermos—responsive hydrogel
system encapsulated engineered exosomes attenuate
inflammation and oxidative damage in acute spinal cord
injury[J]. Front Bioeng Biotechnol, 2023, 11:1216878.
Zhang R, Xie L, Wu F, et al. ALG-bFGF hydrogel
inhibiting autophagy contributes to protection of blood—
spinal cord barrier integrity via PI3K/Akt/FOXO1/KLF4
pathway after SCI[J]. Front Pharmacol, 2022, 13:828896.
Tang W, Yang Y, Yang L, et al. Macrophage membrane—
mediated targeted drug delivery for treatment of spinal cord
injury regardless of the macrophage polarization states [ J].
Asian J Pharm Seci, 2021, 16(4):459-470.

Hua R, Zhao C, Xu Z, et al. ROS-responsive nanoparticle
delivery of ferroptosis inhibitor prodrug to facilitate
mesenchymal stem cell-mediated spinal cord injury repair
[J]. Bioact Mater, 2024, 38:438-454.

Ma J, Wang L, Zhao Y, et al. 2— (2-Phenylethyl)
chromone—enriched extract of Chinese agarwood (Aquilaria
sinensis) inhibits atherosclerosis progression through
endoplasmic reticulum stress—mediated CD36 expression in

ma(:rophages[ﬂ. J Ethnopharmacol, 2024, 320:117411.

(i WEZ)



