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Abstract: Glioma is the most common primary malignant tumor in the central nervous system. Ferroptosis and cuproptosis
are two novel forms of cell death mechanisms triggered by dysregulated iron and copper metabolism, and ferroptosis induces
cell death through lipid peroxidation and oxidative stress, whereas cuproptosis causes cell death by disrupting mitochondrial
metabolic functions. Both ferroptosis and cuproptosis play an important role in the development, progression, and treatment
of glioma. Recent studies have shown that targeting ferroptosis by modulating pathways such as glutathione peroxidase 4
(GPX4) can effectively kill glioma cells, while targeting cuproptosis by regulating dihydrolipoyl acetyltransferase (DLAT)
and related pathways can also achieve efficient elimination of glioma cells; both methods can overcome drug resistance
associated with certain traditional therapies. These two mechanisms interact with each other in metabolic networks and
tumor immune microenvironment and mutually affect tumor progression, and therefore, combined induction of ferroptosis
and cuproptosis has shown a synergistic antitumor potential. Although related mechanistic research and nanotechnology have
provided new strategies for clinical application, there are still challenges in the bench—to—bedside translation of

nanotechnology—based drug delivery systems due to the presence of biotoxicity and blood—brain barrier. A systematic review
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of the research advances in this field is of great importance for promoting scientific research and improving nanotechnology—

based drug delivery systems. This article reviews the recent advances in the molecular mechanisms of ferroptosis and

cuproptosis, explores their application in the treatment of glioma, discusses the clinical application value of related genes

as markers for diagnosis and prognosis, analyzes the current main challenges, and proposes future research directions.

Keywords: ferroptosis; cuproptosis; glioma; mechanism; combined therapy

JIE 05 2 PR A 22 R G P R LA D R e
I, 5 A T R B 28 R G IR AR L B T R R O R
JRAEA s HTE AR YT 46 B 32 B Rl TR UIER il
J7 LA KR A feE S S % (Temozolomide , TMZ) #£47 4k
I7 SRR T 12 I AT 800 TMZ , A7 3R 22 Tid 24
AT SRR 22 o IRt 4R SR IR YT T Bemgiy) — |
SERFE M AR BRIETT ST 2 Rl R Al L AE T
R, 2% 8 1 PubMed . Web of Science . CNKI 45 5 & Ji2
KR T3 5 AF R AR DG SCRR , K P 3 B 5 M o 6 4% VAR
S, 3X g ik R JSE SO TR V1A T 2 1 AR A 2 1 ME RELER 4 TR
MRS . A LR TR 1 BRSE T A v A B9 it 24 M v
(9 SCSEAE HT, OF BAR Gevh 7 ol B[R] 22375 5 sl 4 il 2k 28
T2 BRBE T R R B I e A IR B, SR
R F A G2 e H K L P 4 (glutathione peroxidase 4,
GPX4) I Bt 1 47 g A 5 i Pl 4 4 5 % 1 B 4 (acyl-CoA
synthetase long chain family member 4, ACSL4 )55, 31 H.7F
Je S50 v GPX4 IRk 5 AN RIS ARG, il ACSLA 3Rk
O B R R AT TR PR T P o A R O
PR U o I e £ R 5% 7 il (dihydrolipoyllysine—residue
acetyltransferase, DLAT) BE S, BRI A B E A 1
(Ferredoxin 1, FDX1)4 5 A8 B 718 JFF = R IRIG R I
AE, I HB R b FDX i 3kt 5 S e 3 AR B iU
AP, kBB R B UE S T R SE TR SE T R K 1)
TRIT TR b v I, LIRS AT B O R B FE RS
P EAE AL b i 5 SR o) o BT TS R AR AL T
FDX1 A5 (19 4 25 - FH 5 BORK B 7 2 11 e A, T k-
MUKW 2 AR 3E 58 485 11 324K (transferrin receptor, TFRC)
TR AR BORMESR R AE T, B A 5T AT A8 o 4
R R AL T 5 A SE T BR IR VR P 1 TC R 209 K P ) ok
e I o e B 14 BEL A, Ay S SBOIRE TE T SR TR RE TR 8 U7
117 T e R R DG A 25 K 2 IR A AR AR T
FET R —ANJT I, PR A 0 B o BRAE T s SE TR
U2 I e i B A AL ) B S 1] SRE s B9 AF 5 il b, SR
P ZAAFTE R 73 38 SR A5 5 85 B A S O I o
Je A0 ML B8P T, D00 R T 33k b 52 SUAIL i ) i v o7 SR g
HEAT GAEE O BTIR IRT H BET i SR AR AN 1)
1 BT E5RHEE
1.1 SRIETERBERRERILE

20124, Dixon %5 AEWF S AP RIITTT (Erastin) Q1] %
Y ras H R 58 48 1) 96 2 B AF & B T — b 407 (9 20 i SE T

A ——8RIE T, BRIE T 5 I W A0 A Fe7E R AR
W R B AL PR R SR ZORL R D e T T HAT
(22 5 o XM AL T AL kB S R RE A IR AT M
PR AR ZEBL A 2 b B R AR B DIAROC . A
R 28 28 G0 0 % A8 MR A 32 SRS 0 1) 9811, R B AR HE 45
A0 0 WA A A L S A R A R R S bl OGS AE
Y BRBAREFE R AET i R P I OG5 . AR IR
AR A b p R B A 32 SR AR DR 4 5 AL
AALLL R PR AL S8 fE . R IR PO A 2 R AR
b B DR R A B A% o T S A B A R G A R
FRR AR ARSE o 5 T A MR LE 5 S50 40 i X 2k
R AP S5 . B B R b BRI B A S S S e L
A HE RN ORI E RN R A R R
fih K 254 iz W A8 T P AR (reactive oxygen species, ROS)
I S8 e Ak, A S RS T . ARR T IR
A rhhrE b R GUE T — R I EAVEHITE R ROS P40
i ) AR S, AR AT T R S AL R A B | v R
KB L AN AR I R (polyunsaturated fatty acids, PUFA)
TE M8k B A& % (Lipoxygenase, LOXs) iYL AE
T A NG B AR 4N R A o A e e
A DN A PR i A e 2R AN B ) GPX4 13 1
5 G B S R B A S A sE T Bt
T H A 40 i HE T AR =X 2 T A7 7R A 20 D 1) Y A LA
L BT R BRERIET- P 517 2 2 U5 S A O,
T M 48— 22 24505 6 2R F U (reactive oxygen species—
mitogen—activated protein kinase, ROS-MAPK) | P53 7l
Hippo %55 H '

TEIRIE R 7 R A 30735 g 240 it 5 2 4 37 33 > A ML
KB ERAL T o o MR Y Bk AL T By A O 3R i B
R /4% Z R I ) %532 26 11 (System Xc™) A JBEH KA1 GPX4
TE RS R AR SEIRAY o System Xe & —FhES IR
PR B A T 2R K K % 7 A B 11 (solute carrier family 7
member 11, SLCTA11) H1 5 i ¥ 57 28 /& 5215 3 Al B2 2
(solute carrier family 3 member 2, SLC3A2) 41 A% -
SLC7A11 /& System Xc™ A9 EZETHE W FE , & 38 1 7875 41 i
PR IO T BRSPS 2 240 i P AR A 38 D1 A O (4 240
Yo% AL R BRI 3 , 10T SLC3A2 5 A 55 — A~ EE 2L (Y 1 3
T 2 7 SLCTAT1 K445 System Xe™ B Fa & AR IE A bt
HKAY A B Hria b 22 50 T LA Bl > S8 A0 7 3ok
RFERIET: . PR, 300 e A B T S I SO R A L 1

c 64 -



2025,52(5)

WIZEIE, 45 Bk HBE T HLITE I ORg iR 7 v A N 5 g 2

http://www.jinn.org.cn

FET: o BRAETAY OG5 AR Al e A0 4% 4 g v i & kA
ROS YRR R |1z B IR Bad S8 Ak W= R/ 4y Z R I 1m) e i
A SLCTALL B 15 LA e A% Ibe H IR [ 1688 52 18k £ 31
Feo HBTHTIE R A BRAE T A H 24 Y System Xe™
GPX4 FIAF e H BT LASZ 20940 3] an 4o i 7 23k
-3, 12- A4S RR -1,9(11) - 3 —28—T% FH E [ Methyl
2-Cyano-3, 12-Dioxooleana—1, 9 (11) -Dien-28-Oate,
CDDO-Me]| 7] PAFE M HAR 72 85 11 90 (heat shock protein 90,
HSP90) 5 ¥ B R B AR AT T, i PEAR 2 A 19 1
(chaperone—mediated autophagy, CMA ) H 1 GPX4 ff 455
PR A NI A BRAE T o T A 400 1 MR L 5 9 v 20 )
045 M (mammalian target of rapamycin, mTOR ) 1 % 5 21
4 BRI /D A SR AU A5 R O R A S 4
MIBET TG Z A, CMA XTERBE T A4 75 21 22 fifk, i
ATREW e GPX4 YRR AL ERRAET 0 TR N ACSLA
BRI B GPX4 if Feak 3 m] sl b SR SE AR 281, ACSLA
1R 2 2 BT M ) 14 0 T BE 23 1 22 i B A BRI o ik &
BRAET , F il ACSLA B3R 18 I ia 5 95 100 B 4 IS It i e 7
it} 3 (lysophosphatidylcholine acyltransferase 3, LPCAT3) A
Al 2 38 o AN ] (4 1755 38 B VA s R AT T A DG B AILAR R
FE A HSE ferritin light chain/ferritin heavy chain 1, FTL/FTH1 )
A RORE R B AN AR E B BRI v, W5 A e o 4 o
T A SR Rk £ TR A I 1 T IS A RS ) 4kt A1 i
JE IR R AE T, BELIKT A% 32 1A L3005 Al 4 (nuclear receptor
coactivator 4, NCOA4) A>T (£ 2 11 F W ] LARR IR AR
S (10 b SR I P SR AR FE T S g SR A A
FET-TE I B h BRI SIS T 8 kR
1.2 SRTERRBRTHIEA
1.2.1 ZARBASEFH

JIS2 T 96 00 i AT S O R AR R A, R B
BRI EEIBCE AN At A7 R RIS 58, 33 b 0 (M8 o e
20 X R AL T A R 1 2 AR B LA 5 R A g K
URLAE AR A 250 S ke S BLH IR RE o B A8 T A2 1Y)
— i Jifr 983 ) 44 K UKL ETP-PiFeNP (ENO1-targeting
peptide modified Pt prodrug-loaded Fe,0, nanoparticles) , H
HCYRTT IR A0 T 48 0 ROS 989 28 il 3 58 f % JEL P At
b g G g RO o 53 — B 44 OB SRF@FellITA
[ Supramolecular Resonance Framework—encapsulated Fe
(Il) Ternary Acid Complex, SFT ]8T 71 24 K ik o € %%
TIE W REAT 280 T i e 2 Joe o 35 e 0 A SO 30 ok ST P
P4 2k 2 SFT Ak 52306 5% 30 1 97 15 (photodynamic
therapy, PDT) FIRFET-45 4, 38 38 50 77 BR A = A0 DL
FRENRALARJE (SRF, — MR AL T3 | K50 R 22 B 5] ) 20
KR FRIEFNAIT A BN AR R T DL i 3
A e AR A fih R BT, 9] ArOR 2 1R A6 1 114 Ak R

4 K 2 i (arginine—rich manganese silicate nanobubbles,

- 65 -

AMSNs) & 28 I % ok F T SO s FE 4 e H ik . A
FE A W] AMSNs AT LIGE 3 F 6 GPX4 S 30 1 e 1 A
B W5 R AL T B RO AT AR R S8 T4 il 50 i i, 5
AT T 9K o 75 S R TR R ) i SR IR T R
AT
1.2.2 #daih & L and) A

B P K6 2F 5 30 1) 57 (immune checkpoint enhibitors,
ICIs ) Al PRICES 22 s T B30 e sl o T JoRd 14 i
T R B A 1CLs AT 82 IR, H T FRATT G 2R R
A A G A A A v IR R T 251 . WESE R B,
BRAET AR I SO P 1 e A= 5 e A A 5, & wl BESd i
55 IR A G 15 W 200 R Ak S M2 R R A ok £ e 1 A
o TENRRTTAF ST T BRFE T 50 5 A8 P P A sE T2
1A 1 (programmed death—1, PD-1) 3§ H: fig & (programmed
cell death ligand 1, PD-T.1) 410l 71 (4 5 & {5 FH £ 102 I B
20 TR /N BT R oh S H P RDIA AR X — R I
A 308 410 ) R AR T R LA A TR ) e R 4 ] Rl B A5
MG 5 ICLs BYTTR . BRAE TR IR TR A S e 16 IR
rh R AR D e K AR BT T A i R0 A ICIs AT
AE A 1B JBUR A8  SR AR TR T 7 SR I O F SR P RSCR
1.2.3 L&A X RIS ST

2 SR8 Y ARSI T A R 8 A AR 475 DNA I
42 ROS, fe & BUAMIAE T, A WE5E 46 A7 Rl A 3 in
ACSL4 b i UE A it S AR 75 5 e T 241 L F) R A
T2, 07 51 %9 ROS B 3R] 5 BRAE T A BIL il A EL A HT gt
— A B SR R AR B A T ROR P — X A
TS 245 24 18 Je 8 0 R 0 175 5 700 2 B B s e L 197)
T i 9 A L A HCHR T A7 75 S ) A0 L o 1 44 L O
H B X R 15 TR ER Tt 230 AR 25 R A B
A7 2500 TMZ 2167 RSSO B4 T 259, 9K 10 e Jo g
AL TMZ fYTiE 25 PERR W 1 H 7ok, BIF9E 4 BRI - Bt
TR e RS R 2451 . 9 ANk AL T175 5 0] Erastin i@ 2 410
il SLCTA11 BH Wi 4 2R -2 e 2 R 10 1) 3% iz 2 B e
JIRFES AR5 S ERAE T, X I 58 1 TMZ A BT IR 8OR o ik
TRRIET A HIL A 5 07 B Akl 552 B[R] 470 e 98 1
F 00 g8 oK 336 245 25 G2 AT ][] i 2% R AL T 5 5
FIALTT 25 Wk S % e R (TR P8R > B ATk BE T
5 RIS HAR BT MR IG T 5 EE AT I I R WF R 2147
AT IR B B i R A AT T I PR A o DRIt e T 4
M ERAE T SRR Z W S5 AL SR A7 T IR R
T IR SR BT 24 T — R ARAT TSR BRI
2 AT SREE
2.1 $ESETFER B RIME RIS

B JE T — M SRR AL T 2R LA Ry A AR R AL TOE
X BRIt B S AR R BRI L R A5 A
FHOMSCE 1 TR A IR AR B R Lok A i A Qs T RE S|



2025,52(5)

WIZEIE, 45 Bk HBE T HLITE I SR i 7 v A N 5 g 2

http://www.jinn.org.cn

B 1) FREIET I Ik SR T A 2 5
BRACT T B i R N B2 ) T BT AR i i A
£ 193 0 AL A S5 B 5 T A 2 T DU T o i Y B
S, G R B S A A B AR, ] A R 2 i
RGIURHAET o 5 Wl A LL A A I 1 ) J2 It
R 200 X 2 T 2 B Y O g A R A e
SYRLR = IRWRAG A (1) DLAT S BREEAL R U454, 5
A R R 5 R A ol ik — 2L BOR SORL R T e, A
k5 R W [ 2ok (A v 1A s B 52 50 A4 A h) i ol 17
HAFET , 3% — A B IN A Sz T 5 5E TR Lok AR = [8]
(B DI R 0. e IO AR AR A T A A I AN R 2 21
H RSP T e, ELAR K55 IR 1) A A 1R A2
VTG, M SR8 Tl PR 58 el K T vy, ELAR QAR
KA PR SR 7058 Fh A S T o A e 4
{10 I 87 A A 20 I Jo e 240 ML Py 4 5 T RS R AR
TESEIRT S 5T S0 T AT LR AR 5 JB R 4 i ) 35 ok

ﬁ*?EI:

\

e2+

l/ V \ GPX4
| mmROSm® |
( (\ N /

N\ %ﬁ%ﬁ% yd
\; }SZHEEE ’

J
SN’

REL I g i) & B, H AT & B 12 S 2 S 4 AE T2 08
B BHE 74 VLA FDX 1 (Ferredoxin 1) \L]AS(lipoic
. LIPTI (Lipoyltransferase 1) . DLD
(dihydrolipoamide DIAT. PDHAI
(pyruvate dehydrogenase E1 subunit alpha 1) 1 PDHB
(pyruvate dehydrogenase E1 subunit beta) ; 3 4~ I 3
GLS

acid synthase)

dehydrogenase )

MTF1 (metal regulatory transcription factor 1) .
(Glutaminase) #1 CDKN2A (cyclin-dependent
inhibitor 2A) 52 >4 #% 12 8 1 A1 X B [ ATP7B (ATPase
copper transporting beta) Il SLC31A1 (solute carrier family
31 member 1) JSEEL R (14 57 6 25 7T B 5 1) g S 90
P B T AR, U HR DX 7 R R B R IR AR AY
fEHE T HIZE T 0 KAz 3 5 B i PR U 1A 22 16 1%
RGP H R Ak, 25 AR 0 B T A TR 2
JELE TS b B AT R 5T, 33K 28 O B R AR AR R X
MR S 2R RO A AL TR R B T — BT i

il'J?Et

kinase

\

" CU2+ \
; B SR FDX1 ?

| Es |

\\\%MW%&,
\Be s 45 ﬁ%ﬂ

\\\\\ -

CPX4:/G~}VC‘F]‘)HU;$M{Z%JI§§4; ROS: &M A, ; FDX1:Ferredoxin 1.

E1

2.2 SEETERRERHNA
2.2.1 fFAla) 3

HFIF] L (Elesclomol ) & —F/NrF A WAL EY, E
T R BT 298 o 3L R Elesclomol PR H: 55 4 &5
A ELAE R R B AT AAFS SR AL T, 33X O A I
TE N 2 R E R I 3R AL TR T e . Elesclomol H
ARy S A B R SRR E A X R4
G VI REAE A S5 K ] 15 - 38 25 R A LY, LSS
TR b R R R B OR AR HE ROS (972 4E | id ' i ROS &
S P S I SRS T v DA T 450 240 B S 2 1 B A
DNA, Bl 2= THRZRLIAR Y 1E 5 e 5 30ne it AL peas
LG ERAMIAET o TR A R A B i AR RN
SR, Elesclomol X i 40 iy B BE e ME . UL,

mie ¥ et HiAe T

PO RN TR DO S N & B I N SR 1
Elesclomol 75 5 19 4 %% & /& I 8 1 8% [7] ATP7A (ATPase
copper transporting alpha ) Fl# 5 G0 TR AN I 45 5 7 %
{H 5 T Elesclomol 7E fii¢ 5 98 v (¥ BF 5¢ 475 48 A R, %
Elesclomol 75 & BRI T AR SRR R v, 0120 46
E?Tﬁﬁﬁﬁﬁﬂﬁ%ﬂﬂﬁfﬁ‘?r?ﬂiﬂ@iEEE/WEFFJ[”]
2.2.2 B4R TH XKW RN BIRE G T

HETC &4t 17 2704 m%ﬂfﬁu\mﬂ’]hﬂﬁﬁlﬂ%,@ﬁﬁ
L 285 5 0 R A R AR 1 2 3 R P B s ol 4
B K A 398 1) 40 6 v LA S 0 PR AP B
A8 F FDX 1570 55 1CTs AT BE 76 T VR 97 vh & #E
VR ST o8 R IR 24550 (36 B fli T vl f g
S8R JRE AR IO . WU (Disulfiram, DSF)J&—Fh

- 66 -



2025,52(5)

WIZEIE, 45 Bk HBE T HLITE I ORg iR 7 v A N 5 g 2

http://www.jinn.org.cn

AR B A b LGB O A | R A A L
35 B SR, DSF AR B s 25 W) 52 31 Ok bk 22 1
JETE . DSF HAIGIT N BEA AR /K P42 1o A 8 0 11 78
1, BBEUE B AT LA A g A G O T Bk BE T AR BE
T2 R IE ST 26 W DSF/Cu 94K 54 W {4 i iy T
e 265 LWL 1] 373 7 98 40 M P R T 8 , B 5 Al DS A7 7E 1)

— S, DSF [ u'ﬁ_ﬁ‘%ﬁ%%ﬁéﬁfﬁi_ag:
T QKL H R [ Cu(DDC) 2 1 AW ISP , 45 DSF
SSRGS A P E A2 s R R 598 40 e i S 4
SET B FIVE . DSF 38 n LAk 15 fib 5 £ 24 1 24 1
S {HH HTS R AE T A DG
PUIKE IR B A IR T A e B b — A AR 9T, 3t A Jie 588 )
TRITHRAL T R
3 BT SMBTAXR
3.1 HREATERETHEREMNE LHEX

AT MR SE T RIS A FE T iR 42 (H 35 7
AR R 1A 58 S, PRI 3 TT BB A7 A — 2 B B W) 507
(1 2) o BRAH A5 E 40 P B WA G, T H & 7 A4k
IO B 42 ] i R A A A2 1 ROS B AR ik — AL 45
%%téﬁﬁifzﬁ JIg BT A R R AE T hr R AR, I

e SN PRI B R . X PFPFET 2L

(multidrug resistance, MDR)

Glu
Glu

&)

i3 ROS (4 B2 AR SRR A0 M 45 4 , e 25 | 2 IS o Jed
AMERYFET: . [ A T AL B GPX4 7R BRAE T FI4H
FET- TR A EEAER] . BT R A T LR AR )
AE , doc 0T A F 5 2 IR BT 12 15 SR AR SC 1) Rt 7 1K 38
VI OCHR , BRAS SR AL T 32 B BRI A 1 1 5, ik
Bt #2412k Efﬂﬁ%’iﬂﬁﬁlﬁfbl&%ﬁ%?ﬁ’]%L%ﬂﬂ
X S 2O B 7 AR R EE— AP 51 R AR A0
MIZET s BB AR 1 Y k2 38 TT LIS k- LR N 25515
BRACT s 8k S 4K 1 1 (iron reactive protein 1, IRP1) Filgk
2 3 1 2 (iron reactive protein 2, IRP2) A A% 0
PR T, FAHIL R A 40 ) % A A 2R S T LA
IRP, £l 1T 5 mRNA 45 5 A TFRC /KPR AL & 1 1
(Ferroportinl, FPN1) (17 = 3 /b | DT 412 22 248 1t A 42 11
PR R A KB R R RS T AR E T
AP FHBIL ) 52 SCRY DGR IR 3R, N aod BB 2 11 2 S AR
SR TR VR FA 75 2 S 2 TR o i R AR
B A% £ 1 1 D) RE AT RS SR BT RSOR L O I O R T
ST 7 FE 0 [ I AR TR AT T S SE T Y R
PR
3.2 MEREMAETHSHIETSHEET

fid 83 4 2E 48 3A 32 (tumor immune microenvironment

© o

KA ﬁ%%ﬁﬁi ¥Afm
*SystemXc \
1 &
fAFRZ
%ﬂ%ﬁ%&i

» 7ﬁ

—

System Xc : Bt ZUBR /6~ BR B8] #5327 & ;NCOA4: 71‘7&47#—“*-/%(«%15]:1"4 Cys: FPRLEIR ; Glu: 2B ; GSH : & H Ik ; GSSG : &

PO BEH IR CMA : 18 %
SR F B LB,
&2

- 67 -

GA-F8 8 GPX4: S H kit B AL BE 4; ACSLA : BE R 585 A & B8 ¥ 4% 5 7 4;DLAT: —

2 5t T 5 4R 5t T e AL B



2025,52(5)

WIZEIE, 45 Bk HBE T HLITE I SR i 7 v A N 5 g 2

http://www.jinn.org.cn

TIME ) 5 38 14 G 72 200 0 0 8045 1 °T 48 e LA R i 98 A G
FReM R 2 I (tumor—associated neutrophil, TAN) 55t #55 |
BT RPEIRITI 251 BRIE T AU S iR 20 g 5t
T2, M0 ELA 2 TIME o 8 N ACSL4 k2K 5 GPX4
1 FR AT IR SE AR 2R E . CD8 T4l B AT
PO AR, T 2 Mg T oA B 1) o S 2 R 43 0 HLAE I
AR RS O BURRE G SR . BRAE T 2 i i 5=
P CD8" T 20 A — Bl A Q55 10, GPXA AT BB 119 T 240 3T
BRIE T R I AR o i U L N R R SRS AE T o i
Fik GPX4 AT ESN ] CD8" T 40 Mg R HE 1= 14 [H] IF 43 44 oy
i 968 2 1 P CD8" T 20 Jifg A4 B0 ok B g X bR Y 4
il ORI L B, AR T B A 3 TIME , 1 £ %
FE ST S R SE T AR G Y kAR I E b R 60 S A
TIME™ . 19 3£ [l NPRL2 (nitrogen permease regulator—
like 2, NPRL2) i 13 f2 1 &% — Bt £ T 16 (tripartite motif—
containing protein 16, TRIM16) 4\ Y 2} FL I 5 45 % 3
(Galectin=3, Gal-3)1Z R ALFEMAANH CDS" Tk LL 41 Y
HR R AE T, DATI PR 47 S 5 200 R A JE IR o B D RE S8
5 Gal=3 75 5098 G e ZA e E 1T CDS” T 4H i Fr) il 58
T2, KI5 17 CD8" T AN M S /s NPRL2 sl id T
1 Gal-3 Z&fif 1 X MG e M| LR ; TRIM16 150 E3 72 3%
e Gal=3 B2 2R AR AR v A SR P 0 W1 A 3
R O B ol B R R EE B . I, NPRL2 Al
TRIM 16 B 6 I\ Ay ] 55 158 S50 B i w0k i 1 S B 2, ml A
N GRPEIRIT RS T  SRBE T AR AL T AT AL A
Jo 96 ) S TR PR 58 O TR B AT T AE ) BRI AR T 3ty 2
A ICTs Sy AR 108 R e
4 ERT S5HETHIAEEX GBS RIS

H HTAIF 2% ¢ X R AL T Bl B8 1 7 A28 A 2k 7 0TS
AN DA S0 A3 e A0 TR 5 R AT T A AE TR AR
AT AR SR YT IR Iy 70 s i o R AT 4 )

9K il 1) 4627 3l ) 3R 97 (chemodynamic therapy, CDT)
R IE M AT PR BE TR % . SRR Y ROS f
A A T ARl SR B OB M S T IR YT ARSCR |
N TR — ), AN AT — R Cu - Fe, 0,44
*%(Nanozymes , NCs) M8 &R RN L LS B F 5
PRI T B PR K BEE  WFFE K I Cu - Fe 0,4
KTl HAT T AT 3 SR AL R RN A DG ikt S A P
(glutathione peroxidase, GSH-Px) % Z FhEHEYE , ‘& ] LIF]
FH M Ied 2 2 b 1 e e S A SRR 1A #1058 7 412 KB ROS 7%
A3 v T 2 A A R B AR . FE TR PR BR B rh R Y
BRES T VB 0] LS T R A AT S R R A5 A B
A —FRPER B B R (- C) | B AT LATE A e oA B
AR B0 T RO AR B N B AN SO 5 S 4 T, Cu=Fe,0,
A K TR TR 100 K 8 3 e D A e PR 448 o 4 e oAy
Bt 2 L GPX4 iR 42175 S A B R T , 1 ] 25— 05 ok
DLAT i 45 52 Wil WP W B8 FNZRL AR D) BRI 20 A 46 T3 [
ST XoF PR 240 0 1) 4 F0 15 SR A0 Y 1 5 R BE
MR AET-AH S & B =G 7 R ok 1 4623 1 2eih
I X S T R R S S A B A AR I AT [ P,y
R RTRS 245 R0 i 52 A i PR e R AR 1S v SR B (HL E i
KT ARG T RV T s 2 — o
5 IRERIZUIRESD

5 RAS Wik A5 W & 48 A AE T AR R A 1 — ] e %5
LI 2t FPEAS B RRIEFE B, BE A% SR IE 19 28 B R
PR SRRV T U B o 3% b5 S e AL
S EAA 2 OCEEMIEN . HETHFR &, RAE T ARG
(3P (1 GSH . GPX4 FI SLC7ATT 55 ) FARFE T4 ¢ i) 3
(W1 FDX1 LIAS 1 GSH 45 ) n] A1 9 JB¢ iU A2 Wi A 13U
PR (R 1IAHE2).

R1 REBHRETIREY

EZ 1l AR &D R R iE R L& THX A FESE R P 9 3 L
e %t R AR Ak A% M B B A ik 9 e da B PR AR B AT T 46 5 B T 1R 2 ME e TR
BEE & %K (TFRC) ;J](i w R AR I Ak, A 32 m i M 4k ;Z::{ﬁflﬂ Wi N ek AR R R ;lgﬁ’%ﬂx/}%fﬁ % Ao TG A8
sARAARR ,, . e e 2 e g TR B RS B A IR KB K Rtk i AR
ey 4% @& (FTL/FTH1) e N Bk ARG RS . 5 i A 1)

# %% & (FPN) an fagk i b £ R

IR FGE B I AR R 3G ST e v IR 4 R 0 SR Ao
gk st R e e T AR

BEA SR B A S R B K4 R AR S R e A 5 B B2 (PUFA) B5 3 403k 38 m g it Rk A2 3 ACSLA & & ik 5 % 5 4m st 4k

f9 it EAt AR 4(ACSTA) e AR 34 B R it AL

MMEIES

fig 248 (LOXs) FEAC g Fr it AAC R
Bk H K i RAL A B 4
(GPX4)

AN F %

. - BEH K (GSH)

R BRI R R @) dEiE
7 & (SLCTA11/SLC3A2)

TR AL BAL A sk st T

MmN B REAH , A GSH #38 F R ALtk A T

A~ AR, A T 4A % GSH

%L 56T 8 ARk b AR £

ARG R R B, 42 3t 8 LOXs Rk KP T aeAE A% e T
T AT E

A& F iR Bk E § S R AL GPX4 & ik K 5 IR R 95 04 it 25
MR, FFHLT PTG AR 1

GSH K -F F A4k =0 &2 4
FE, TR TR AE IR R G b e 6 45
PR A

B ) B R R T B GSH £ & RA T AR 5 IR G 0913 2tk A
3B, FHAT bk 56T Hobk AR £

M fRitgk st o




2025,52(5) BAGEIE 45 8k . AT ML A e TR VA YT Hh g R 5 e http://www.jinn.org.cn
F2 RIEBHFEETIRED
ES FEH Ak LR T R A2 9 ¥ 04 3L
S Bk (GSH) Za R AL B, AR T, CSHAAR FHANE F MR, Ak GSH K- AL T 4838 5% 4R 50 =, 47
KRS KA T F) Ik 555 2w o A 12
Mg Fas B THEESATP A E TG, A mIe R ATPTB % it KA § 80M & F ATPTB S AL T i 3 50 & 54
v b TB) ARk RE,FFALT 2 8 4R 5 T A £ K
A EAFEY
SLC = Sk T 4% i it B9 Aa 4R
BT HEE G (SLC A B FENE G, 3w A SLC3AL i A & 5 i B ;ﬁ;ﬁ;;é;;gﬁ‘%w’ﬁz
31A1) BT RE BN R T oach P FTR I 2
Jo 5 E
AR TS TAER T, % CuiE FDX1Z4A5 ) £ 4EIR 3 B FDX1 & A& KR 4A 50 =, % fik
SEEEG 1(FDX1) RACut, 25 F G RAFIRI F,RE4MAE TERPEG R R @IONR R BT, 5
o B BEALAS A A £
& A AR o A g . Py .. o LIAS A 64 BLF BEALIS 46 55 LIAS Kk 33 TR S RM XA,
mxiragy 7 RORBLIAS) LINSESEARAFRAES on o p sk o A A A T
R B2 B & 74 g — 3 T a9 Bl 54 5 47 -, N N
= EARF B Tt iﬁfﬁ”giﬁgi} %é;%ﬁi %Lil/iﬁfjfég;g;f% DLAT F A 5 % w0 KR 7 At B 4%
#5458 (DLAT) Iy TR e T 5 R R A UG AR

ACASA & % 4 Al

LSRR T

6 RESRE

BRICT AR — R RO i B S P B 8l ) A
PEA AL T I, LR R IR T R RE B 3 T T (RS
T iy 22 6 I DR A B 5, 32 28O B AE 1f i S5 e B )
TIME 2575 1 o & GEBRAE T 5 5 551 [N 23 1 S5 K et ALK
Ve B R, 5 G 5 I DAY S 0 T 1 B 3 A v O
HER R GERL PSR TP X b 22 R GE 40 , R BUMR Jm 87 25 1 vk
JE IR ENAIT AR . TIME iR i 5858 T- 4 5 1Y
G PR 240 L A0 9 1 T 200 DA iR R O Mo 24 A
ARG 7RG 251k . SRAE T d o B R T
KA Tt AL 2 1 SR A B, A R A T FP R B
DEFA AL PRIV FHIATS TR 66 AL o) PR AN % o 2 2 1 XU
A3 A RORAR A i . AR AR LA A LT, 18
A] BT BURl 2270 DNA 505 2R AR D) BERRL A, A2 S04 5
T AR AR AL T VAT A I R, e R T R e 3 3K
RO BT R A A DR B MRS TN BRAE TR S T
TSR RTT ) 22 B, AR IPTE 5 R AR GO BOR TBE
HRA AT BT AR e 7 SR = K5 1) o IR AWETE M
] BEAT AL 22 S 20 T B R TT R R A 36 )7 HE s, HE—
LA 2y 358 3% 2 58K I LAk 57 B 4 BELARS
BRICZ A1, 3 O AR F AR S 3 A 2 W AR 7 AR S
WA A PR IR T RIS G0 B TP B e 45 4 85 2
WESEANZE ol PR SG HE B BRBE 15 AL T4 7 ik A
JE SRR 97 B R AL, S S8 SR SORS VA i
AE

5 £ X #
[1] HARTANTO RA, MALUEKA RG, TAMBA DA, et al. The role
of miRNA-10b and miRNA-21 in radioresistance and

temozolomide resistance of high-grade glioma patients: a

systematic review|J]. Neurosurg Focus, 2025, 59(2): E2.

- 69 -

[2]

[3]

(4]

(6]

[10]

[11]

[12]

CHEN X, KANG R, KROEMER G, et al. Ferroptosis in
infection, inflammation, and immunity[J]. J] Exp Med, 2021, 218
(6): €20210518.

DIXON SJ, LEMBERG KM, LAMPRECHT MR, et al.
Ferroptosis: an iron-dependent form of nonapoptotic cell death[J].
Cell, 2012, 149(5): 1060-1072.

WANG HL, JIA LW, YIN R, et al. Ferroptosis: disease
associations and therapeutic target exploration[J]. J Mol
Neurosci, 2025, 75(2): 76.

BOARU DL, LEON-OLIVA DD, CASTRO-MARTINEZ PD, et
al. Cuproptosis: current insights into its multifaceted role in
disease, cancer, and translational/therapeutic opportunities|J].
Biomed Pharmacother, 2025, 190: 118422.
CHENG HP, ZHAO L, CAI J. Cuproptosis-driven
nanostrategies:  synergistic  nanoplatforms ~ for  tumor
microenvironment reprogramming and enhanced anticancer
efficacy[J]. Mater Today Bio, 2025, 32: 101894.

ZHU Y, NIU XG, DING CY, et al. Carrier-free self-assembly
nano-sonosensitizers for sonodynamic-amplified cuproptosis-
ferroptosis in glioblastoma therapy[J]. Adv Sci (Weinh), 2024, 11
(23): €2402516.

DIXON SJ, LEMBERG KM, LAMPRECHT MR, et al
Ferroptosis: an iron-dependent form of nonapoptotic cell death
[J]. Cell, 2012, 149(5): 1060-1072.

LONG HN, ZHU WS, WEI LM, et al. Iron homeostasis
imbalance and ferroptosis in brain diseases[J]. MedComm
(2020), 2023, 4(4): e298.

LIU J, KANG R, TANG DL. Signaling pathways and defense
mechanisms of ferroptosis[J]. FEBS J, 2022, 289(22): 7038-
7050.

YAN YL, TENG HQ, HANG QL, et al. SLC7A11 expression
level dictates differential responses to oxidative stress in cancer
cells[J]. Nat Commun, 2023, 14(1): 3673.

DAHLMANNS M, DAHLMANNS JK, SAVASKAN N, et al.



2025,52(5)

WIZEIE, 45 Bk HBE T HLITE I SR i 7 v A N 5 g 2

http://www.jinn.org.cn

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Glial glutamate transporter-mediated plasticity: system xc-/xCT/
SLC7A11 and EAATI1/2 in brain diseases[J]. Front Biosci
(Landmark Ed), 2023, 28(3): 57.

CHEN X, KANG R, KROEMER G, et al. Targeting ferroptosis
in pancreatic cancer: a double-edged sword[J]. Trends Cancer,
2021, 7(10): 891-901.

TOCHE, POV, BB AL . UL e 5 A AL A 1 4
FEUERE)]. PR 2 i 28Rl 22 2558, 2022, 49(1): 51-55.
YEE PP, WEI Y], KIM SY, et al. Neutrophil-induced ferroptosis
promotes tumor necrosis in glioblastoma progression[J]. Nat
Commun, 2020, 11(1): 5424.

NEDAEINIA R, DIANAT-MOGHADAM H,
MOVAHEDNASAB M, et al. Therapeutic and prognostic values
of  ferroptosis glioblastomalJ]. Int
Immunopharmacol, 2025, 155: 114597.

HOU W, XIE YC, SONG XX, et al. Autophagy promotes
ferroptosis by degradation of ferritin[J]. Autophagy, 2016, 12(8):
1425-1428.

CHEN QJ, LIU LS, LU YF, et al. Tumor microenvironment-

signature in

triggered aggregated magnetic nanoparticles for reinforced
image-guided immunogenic chemotherapy[J]. Adv Sci (Weinh),
2019, 6(6): 1802134.

LIU T, LIU WL, ZHANG MK, et al. Ferrous-supply-
regeneration nanoengineering for cancer-cell-specific ferroptosis
in combination with imaging-guided photodynamic therapyl[J].
ACS Nano, 2018, 12(12): 12181-12192.

LIU TQ, ZHU C, CHEN X, et al. Ferroptosis, as the most
enriched programmed cell death process in glioma, induces
immunosuppression and immunotherapy resistance[J]. Neuro
Oncol, 2022, 24(7): 1113-1125.

BRI, PG BRIET 5 I BB Ay T U AR D B
JEL. IR 28R, 2025, 22(2): 222-225.

XU R, YANG J, QIAN Y, et al. Ferroptosis/pyroptosis dual-
therapy achieved by
transferrin decorated nanoMOF[J]. Nanoscale Horiz, 2021, 6(4):
348-356.

WANG YQ, ZHANG L, ZHOU FF. Cuproptosis: a new form of
Cell Mol Immunol, 2022, 19(8):

inductive combinational anti-cancer

programmed cell death[J].
867-868.

XIE DC, HUANG HL, GUO YW, et al. Integrated profiling
identifies ferredoxin 1 as an immune-related biomarker of
malignant phenotype in gliomalJ]. Heliyon, 2024, 10(5): e26976.
MAO C, WANG M, ZHUANG L, et al. Metabolic cell death in
cancer: ferroptosis, cuproptosis, disulfidptosis, and beyond[]].
Protein Cell, 2024, 15(9): 642-660.

TSVETKOV P, COY S, PETROVA B, et al. Copper induces cell
death by targeting lipoylated TCA cycle proteins[J]. Science,
2022, 375(6586): 1254-1261.

LIU HR. Pan-cancer profiles of the cuproptosis gene set[J]. Am
J Cancer Res, 2022, 12(8): 4074-4081.

OLIVERI V. Selective targeting of cancer cells by copper

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

<70 -

ionophores: an overview|[J]. Front Mol Biosci, 2022, 9: 841814.
GAO W, HUANG Z, DUAN JF, et al. Elesclomol induces
copper-dependent ferroptosis in colorectal cancer cells via
degradation of ATP7A[J]. Mol Oncol, 2021, 15(12): 3527-3544.
OLIVERI V. Biomedical applications of copper ionophores|J].
Coord Chem Rev, 2020, 422: 213474.

LEUCI R, BRUNETTI L, TUFARELLI V, et al. Role of copper
chelating agents: between old applications and new perspectives
in neuroscience|J]. Neural Regen Res, 2025, 20(3): 751-762.

LU Y, PAN QQ, GAO WX, et al. Leveraging disulfiram to treat
cancer: mechanisms of action, delivery strategies, and treatment
regimens|J]. Biomaterials, 2022, 281: 121335.

ZHONG SY, LIU SY, XIN S, et al. Disulfiram in glioma:
literature review of drug repurposing[J]. Front Pharmacol, 2022,
13:933655.

REN XY, LI YC, ZHOU Y, et al. Overcoming the compensatory
elevation of NRF2 renders hepatocellular carcinoma cells more
vulnerable to disulfiram/copper-induced ferroptosis[J]. Redox
Biol, 2021, 46: 102122.

LI QF, CHAO Y, LIU B, et al. Disulfiram loaded calcium
phosphate nanoparticles for enhanced cancer immunotherapy|J].
Biomaterials, 2022, 291: 121880.

XU LS, SUN Y, LI Y, et al. Disulfiram: a food and drug
administration-approved multifunctional role in synergistically
drug delivery systems for tumor treatment[J]. Int J Pharm, 2022,
626: 122130.

TERZI EM, SVIDERSKIY VO, ALVAREZ SW, et al. Iron-
sulfur cluster deficiency can be sensed by IRP2 and regulates
iron homeostasis and sensitivity to ferroptosis independent of
IRP1 and FBXLS5[J]. Sci Adv, 2021, 7(22): eabg4302.
AMOOZGAR Z, KLOEPPER J, REN J, et al. Targeting Treg
cells with GITR activation alleviates resistance to
immunotherapy in murine glioblastomas[J]. Nat Commun, 2021,
12(1): 2582.

VR, RS, AR, A5 MR AN A I SR A £ P LA
BRI 367 RO BIF S HE SR (1. [ Bn b 2205 2 Pl 2 AR 2 2436
2024, 51(2): 76-84.

ZHENG YC, SUN LQ, GUO JM, et al. The crosstalk between
immunity in the tumor

ferroptosis  and  anti-tumor

molecular mechanisms and therapeutic

controversy|J]. Cancer Commun, 2023, 43(10): 1071-1096.
STOCKWELL BR, JIANG XJ. A physiological function for

microenvironment:

ferroptosis in tumor suppression by the immune system[J]. Cell
Metab, 2019, 30(1): 14-15.

HUANG RX, DONG R, WANG N, et al. Adaptive changes allow
targeting of ferroptosis for glioma treatment[J]. Cell Mol
Neurobiol, 2022, 42(7): 2055-2074.

DRIJVERS JM, GILLIS JE, MUIJLWIJK T, et al. Pharmacologic
screening identifies metabolic vulnerabilities of CD8" T cells[J].
Cancer Immunol Res, 2021, 9(2): 184-199.

XU SH, CHAUDHARY O, RODRIGUEZ-MORALES P, et al.



2025,52(5)

WIZEIE, 45 Bk HBE T HLITE I ORg iR 7 v A N 5 g 2

http://www.jinn.org.cn

[45]

[46]

[47]

(48]

Uptake of oxidized lipids by the scavenger receptor CD36
promotes lipid peroxidation and dysfunction in CD8" T cells in
tumors[J]. Immunity, 2021, 54(7): 1561-1577.7.

MA XZ, XIAO LL, LIU LT, et al. CD36-mediated ferroptosis
dampens intratumoral CD8" T cell effector function and impairs
their antitumor ability[J]. Cell Metab, 2021, 33(5): 1001-
1012.e5.

MA SZ, ZHU J, WANG MM, et al. A cuproptosis-related long
non-coding RNA signature to predict the prognosis and immune
microenvironment characterization for lung adenocarcinomalJ].
Transl Lung Cancer Res, 2022, 11(10): 2079-2093.

WANG F, YUE JH, ZHANG MX, et al. NPRL2 promotes
TRIM16-mediated ubiquitination degradation of galectin-3 to
prevent CD8" T lymphocyte cuproptosis in gliomalJ]. Cell Mol
Life Sci, 2024, 81(1): 424.

LI Y, DU YH, ZHOU Y], et al. Iron and copper: critical

executioners of ferroptosis, cuproptosis and other forms of cell

<71 -

[49]

[50]

[51]

[52]

death[J]. Cell Commun Signal, 2023, 21(1): 327.

LI YY, LIU J, CHEN YM, et al. Nanoparticles synergize
ferroptosis and cuproptosis to potentiate cancer immunotherapy|J].
Adv Sci (Weinh), 2024, 11(23): 2310309.

RUAN YH, ZHUANG HL, ZENG XM, et al. Engineered
microbial nanohybrids for tumor-mediated NIR II photothermal
enhanced ferroptosis/cuproptosis and immunotherapy[J]. Adv
Healthe Mater, 2024, 13(4): 2302537.

CHEN KR, ZHOU AW, ZHOU XY, et al. Cellular Trojan Horse
initiates  bimetallic ~ Fe-Cu  MOF-mediated  synergistic
cuproptosis and ferroptosis against malignancies[J]. Sci Adv,
2024, 10(15): eadk3201.

ZHANG YQ, ZHANG N, XING JH, et al. In situ hydrogel based
on Cu-Fe 0, nanoclusters exploits oxidative stress and the
ferroptosis/cuproptosis pathway for chemodynamic therapyl[J].

Biomaterials, 2024, 311: 122675.
DU TR



