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BRIE T BT 7R R BRI P RVIE R
BEVLEFTIGETT

T ORD OBREFED HUED AR FRiY NERD HRED oPEA
HELD RARE) B - B &0 pEsl) FmE

(V TR B S R E IR, T 315210 Y ARG KA AR B AT BN G, AR 350117)

WE PURXIGEEG (Alzheimer’ s disease, AD) JE—Fpi WA AX MG R G 18 MB AT, HAA B 2% PR A PR A4
fiE, WEIRFRI AL . AT N RE T Beft . BRIET & —F R M AR T ot S A AR R LR (0 AR O T MR e 4t
FET- o BARIEEEL AT e R/ AR ) 7215 85 1 (System Xc ) A1 GPX4 i1, 52040 BT AL BE T ARG T i
A FEE, MRATNERIET . YEEHLT R ATIAE T S AR G AN RAE T AR LA AR WA S R e A B 2
o BIET A ZFHLHIS S AD WRREIHLE], 5 AD A R4 Kk R E I OG . Bkid R R SE M RE AT (AT, s B
TERFERR 1077 A S BERDUAR, AL AT AR Tau 25 IR, 155 Tau 5 BERRAL T SR AE UM 28 AP AE LS . e T T gkaE T
FITRYT M, QN2A T RPN A RAYT, AR BRI 250 B by 8K 8 (9 Ak i s 078 o B B STk
), ATRRETEEO TS BRIE T A AL, W AR N ;AR SRR ) 5l Nrf2-SLC7A 11-GPX4 i # Al SIRT 1/Nrf2 {5538
W, WA IR-GPXA B IIRE, WT BRI B AR o 0 SR S ek L ) AR . SRR B R BE S S
G it A AR, NG R PH WA P I A PE T3 4% o AR, BRIET7E AD KJm ML Hh i VR F B R A9 48
A B TE RGBS T 50 F AL S HAE AD R B E T, RS S A T v A TR , A AR R BT
PHPEPAE T ADIRYT A IE R BE R A MU R B8
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Bl IR % U BR 9 (Alzheimer’ s disease, AD)
JE— PR R TR, BRI S
1. SBYERATHRETIAR I IX B, FEON Y hedt
iR . AD HAA B 2 B A B2 R ik, 8L
A BIEMFEE T (amyloid B-protein, AR) VLFRIE
W EAFEBE (senile plaques) Fllid B B iR 4k 1Y Tau 25
H 55 DLEUE B 28 i 47 4k 48 45 (neurofibrillary
tangles, NFTs). It4k, b BRI 0K 5 B (blood-
brain barrier, BBB) 35, #goniRfk . fmine
ZAL L R 28 JONE SR B S 1Y AD R ARE L
MR, D48k 65 % L 24 A HFEUR
AL E 2N . Bl won, 2BRAD B8 A%
ik 5700 7. BE N DAL R I, %
IR R R I 2 b E R AT, 22050
AEARBR AD A BUE UK AL 11542, I 65 % L

[ AFER AD BN 6.6%, HETAER—F, 80
B UL B AR 22%, WP E TR 2050 4E %
AENIR 442, TRETHIIG 2 000 J7 #1559 1) (14 = 1R
Pk =

BRIET: (ferroptosis) e H AR ARG P g i 1 4

x WiTTA HAARMFRS: (LY23H090004), WiiT& & & EiR AR
WFl 55 %% 4 5 % 45 (SILY2023008) , 79 T F 9K B 2% 4
(2023J068, 2022J035) , T i T % B Bb 2 HL &) 2R 8 & 05 50 H
(2025YZD004) , TIERZFHWIHH (JYXM2025027), #iiLA K
EARHEAEE IR G AA 1R WH  (2024R405A069,
2025R405A076) , Wi VL4 9 K 2 A 137 Al I 25 3 J) 3t H
(S202511646004) F17 P K2 R 2= AERHEQIFTHR (SRIP) il H
(2025SRIP1931, 2025SRIP1909) %),
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1£¥ (lipid peroxides, LPO). 1HME% 2 (reactive
oxygen species, ROS) =& 2 . & It H K
(glutathione, GSH) HLEfLR L=, LIRADEH
RKad S L Wi 4 (glutathione peroxidase4, GPX4)
Digeie kg =0 BRAET- R FR W] i AMIE RN P R R
BT AN LTS 0 40 A b i bk 2 R A
& R ¥ 32 1K System Xc . MOIE kK H
(transferrin, TF) Ffl%#: 4 H/ 021K 1 (transferrin
receptorl, TFR1); PNIEIEFE IS K FH K40 A N B 48
LB GPX4 3E 7 HTFRE TS 5 RN E o
Tigkn . ZobiARe AR, BEY G, phgi
TSR 5 AT LA K i 28 BB R i A5 FE 2 0 A
Yyt 2, PR R b A R A mT 5 | 2 SR A 8
RIE I SERFT, TR 2 eSS 1) . Zohn
&} DNA 2401, IR fle o] 38 5 1o 28328 Jo -1
AR AT MM REREAT, I &ML RGN
KA

TERE R R, BRIE T I AE7E T K e
2 MR SCRIR S BE5E il p 22 R G 41
X, KLk, 78 M b4 R S (central
nervous system, CNS) Ht, ZARHZEELH 7E A ik
DL o PR TURR AR AE B g v () B PEAE T 5 304
Mg SAE T W5 52 . BT O ESE
AD. A4 %4 (Parkinson’ s disease, PD) 5§
X 22 3R 4 PR 9 g A i M i 4 HR - (hemorrhagic
stroke) . I KT A< (ischemic stroke) 45 &M
W s A LR A DG o R R R I, T A
SR IBE S AD AR, BRE B THEE AD R
PR R R I A Wi 2E s 2 — Tl iR R
W, KEFARES UM AR 1 Tau R 25 BT
BOLRAE, 78 AD B H M AD BEAL/NER A ik 4 21
B A ZETL . M Bl A b AR SR 4 A (1Y) 2k
FET-HFE, $EREAET IR &S 5 AD B &L
il S i AR

Bl PRIET X — B AL T AL 2 B,
AD J i AL R A A S B E T4 AL T 4 A
o IAERA RIET T AD 2Lk rEH E
BOAF SRR o A B TELRRPIE T FERR A ZE L
Fg Bt A AR S E I b B BTtk e, REIIOC
TEERAET-TE AD KA RS2, LLACYRTTES)
Py B0 RN RIS rh B X ERAE T T R TT AD Y i
BESE, DINRRTEIET A SR A . Ay
B NS AD AL Z 181 5¢ A

1 &L

HHREAET e —F A Rl A Yt B, T
TYRHUARRE S K B RS R HEAEN . 41/
ST A T PEGNAESET. (regulated cell death,
RCD) MIEAMEAEMIAE T (accidental cell death,
ACD) 'y JET A B A TR A7 Jk RJR s (A
Ferid AR, HAT I RSB A AL . R
IR PR RAE T 2R ds . AR T . SRFEPEE
o, HME, BRIETT. FET 7. ERFET H Dixon
U F 2012 W BB T (Erastin) 55 H A
RAS (rat sarcoma viral oncogene homolog, RAS)
FRAZ PR A A T ALEIT, 2 AR sl R FE T 7 2
M REE . BRIET IR A 2 PP 41 L AE
172, FEAARN, SR AR
FERN, FEAEFe SEA G0 (lipoxygenases,
LOX) f7E T, 40 M B 1) 2 7R i A B 7 iR
(polyunsaturated fatty acids, PUFAs) 1 % Jg
(phospholipid, PL) it % fLLh X ROS L H, &
HEMIRJFRA . ZORATEYE | MRS R L
Ko e JoT R0 25 0 AR B 25 0L, 1 A2 A Bt
T2 RSO T A% O BRI T2 Jpk 24 e wT
M. GSH AW & UM GPX4 (1 IE# DifE. GPX41E
R RN, EYUE LR ST GSH
WHR AR I CHERG,  7ER IR BTt A bR B bk
PRZOAE R o AR 306 GPX4 D RE sl il IR HL A5 A £
AVE R, AT KR T8 S SE T
PP 2,

1.1 SRIE TP SFEYFE

BRICT-TEIR SRR . A AILHI LA S st A
WK ELZAN)ZM G, BRI AMESET A
W2 P BRAET R — PR Ak B R Y A T A
MRRFHEIET S, 7RIS b 2 B RR 08 BRARAIE
REAH A8 SRR SR 0 40 R ST ik . 2t B i T S o
JEER S S BRI, A DX T R TR 1 A Y
AAFMZIE ARG, TRt A R s Ly P U2
LSRG AN R] 2 AR A L, BRAE T diiErh
LR R E VRS, G ARER ] i 4/ 0N | s
ECEA, FERELORLRIE IR B, TR A2 i 4%
A L0 B AT B e O A B S B PR IR 2 (I
D)o AR T . SIErEMT . AR, BRIE
o, BT EERHE (FI2R0ER D,
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Fig. 1 Cellular alterations during ferroptosis

BE.1 #%ETEERNERSHSIIREEL

®1 MERUAT. FEMEET, BEE, SRET. RTHE

Table 1 Characteristics of apoptosis, necroptosis, autophagy, ferroptosis, and pyroptosis

gk Bk
A AU AL i e
, SCHR
H7
YA AHIRZ TR N, SR, et ;;%é fcmﬁ{%ﬁgﬁggDﬁiﬁﬁiﬁ Bax. Bak. Bcl-2. AIF. Caspase-3/6/8/9+ . ..
VAT B, AT ME. ’ opase PS3

SIS i

AL ARG RERERED, 51 RN b B fi RIPK1/3,. MLKL. Death receptors
PRV PR TINR, AU AR RSE B ATP ACF R, RIPI. RIP3. MLKLEGHE " ' P f3032)
TR, QUMK RTARA A

FIMEAREA G, PR N 2104 esfl - ATG1. ATG7. ATG12. ATGI13. LC3.
if =DV aha & W [33-35]
Y HEGSHEEH SRR Y =0T ] R R ) R SR BECLIN]
Fe B RMROSIE R, B MIEMAPKSE =

AR et KBRSk, | o ROSAR, HIHIEMAPK

N s B IHIHISystem Xe T FEUN A RREINZ  GPX4. SLC7A11. NCOA4. ACSL4. AL-
BROG AHMOT: ARRIARGE N, RS ARG, . o B} [36:38]
b O MR, M. o FH, FEGSHFEHANADPHS £ #E, £ OXI12. FPN1. TfRIl. System XC . LP-
o X L A DI 5 22 AR IS I T 2 R CAT3

IEH, Gt IR o

o SR R B
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i
FEr SN AS AT
K

A AL

4k
Z
Il . s
SCHR

MM, AP E I ANSLER,
FEL DURIANAR AR K, BB RAEN T
FEI

minds FRH, 2R AR TR

FRE/MEBLIE, Caspase K G, Gasder- NLRP3. GSDMD. GSDME. IL-1f. IL-

[39-40]

18, Caspase-1/4/5/11

ACSL4: BEALAHEFAS MEHS BEZ 5 514 (acyl-coa synthetase long-chain family member 4); Caspase-3/6/8/9: &R KA & B4 1
FIM§3/6/8/9; AIF: T ESHT; ATG-1/712/13: AVEAHFILE1/7/12/13; NCOA4: B2 EHed I 14; RIPK1/A3: ZEHEAEMNENA
PAAE1/3; TP53: MJEEEpS3; MLKL: VG RMARLS B 1 LC3: AMEAARICE 58483, AMEMARETESE M ; SLCTALL: #
RFIETHL 11 ; System XC~ : MEER/A R IREHEZ1A; TFR1: #REFZIR1; FSP1: HIETAMHIEML; GPX4: AW H M ALy
4; ALOXI12: fEAPUEIR12-I8A A HE; NLRP3: NLREJE ZMLIELS B 13; GSDMD: Gasdermin DZE F1/JIH [ ZFE S FI K AL A D 5
GSDME: Gasdermin [ ; IL-1p: HAZE-1B; IL-18: HAZK-18; Caspase-1/4/5/11: KPR IR R R IRV (A 1/4/5/11 .

2 BRIETHLH

BRAET FE R A 3 A HL ] 1 SR A A
PraEfb R G AL PR TR AR Bt A
HE TR A R A AR, L T AR
PUEALRE T, 1 RUAR BT ROS T &, DAy S 35 41 fifw
FeTT el BAET I R A B BV ERAS L BB
WHER N E AR R R G AR G ALY 2= i AR 1A
P 9 BRIE T S ad R AT 3 Ao A0 o) A B AR L
&R/ AR iz B A (System Xe ™) BE G
AR 1 MR ER 1324 1 LA S BE BT 4 A P e 4Rk
it} GPX4 MBS 45 SE I
21 HAHWRKRE

BRACH R SRR R . R . S
HEM SRR o B2 20 AT ML Gl A oA g i
BRI E SRR, BRI, EFE AR S R AR A
PERRBCT o i 5 S AT Bl A €5, 20 AR e A T
X R AR R B SRR 1 Bt R ZE
FhAAALSAETE, Ho Fe il Fe BAT & AR p9 1k
SEPERT U, Fe fEAR A F AR 2 . (BRI
PR 2E, Feillid 5 N AR E E H g &,
PR R TR S AT 5 . M, Fe AL
UK, (ARt T BE X AR A AR
Fo YFe il i, IR (Fenton) S ™A
ROS, ik S8 7% M4 0] 5] & 40 M4t 5 2 23T 77
BRACUI A A7 BT 25 Fh A RO AR DG 28 11 %) P13 )
EH, —IA SRS BZHEERD
(transferrin, TF). M4 E#izE 1 (divalent
metal transporter 1, DMT1) . %% &8 A Z 1K 1
(transferrin receptor 1, TfR1) Fl4k % iz & H 1
(ferroportin 1, FPN1) SEZFEkitiz T, £

e PO AN B 1, Hgs iy s
HEAE AR LRI, TEERAR A AT T LA
KMAFFA M N PAR S T LR EEAE N, AR 4
WA G2 E A7, H R w15
RERFETZ I A Mok 2 Ik fe, Hrh
I REEY & TF 5 TR A& 2. TF 1l 455 WA
Fe B IF 5 TR 456G, B E Gl Nk
HHHEA MG B Fer, 8RR Fe, Jf4t
DMT1 ¥ iz 2 40 i Jit N 19 i 25 Bk (labile iron
pool, LIP) -, iF3R5K DMT1 23 BBk UTAE B
Fairf, M2 O REpr e oostT Y, M 5k
FRIGAR G 13815 3L R A= A sl i 1 T U g R L
W, REAIIREZ M, 5 R AN N BRI
ZAL L A, I T 2 R R, AnET
MR 7S 5 5 2§t R (six-transmembrane epithelial
antigen of the prostate, STEAP) . #K# & if R 1
(iron chelate reductase 1) . i ffd (& 2 b if i fif§ 1
(cytochrome b reductase 1) %5, A¥f Fe' b0
Fe*', K5t ZIP8, ZIP14 Jt DMTI % Jiiftis
HFEAANNE . AUEERIT, S AN E R 40 M R
% I 2T B RN ER HR R H Fe™ . ZENRIR AN
WELHZr, Bk o T 3d 2o T 1 R A2 R A 8RS
(scavenger receptor class A member 5, SCARAS5)
MRS A M B B RIS T 4
(nuclear receptor coactivator 4, NCOA4) f&—Fp4E
SMERE N, AR OB R A ST R A RO
(DT, 7024 0 L P O 25 P v e A AR
RIS GHEAE G, MY ERRKiEE
VSTAA, I F AR AR R 1 58 ik AR R
fife, SCELREAE Fer BRI, Zat BRgARh “Bk A
W™ 5 Rl 2 R NELS S T (poly
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B, %: KA THEMRRERFHOER: BENSI TGS 5.

(rC) -binding protein 1, PCBP1) ¥ Fe> fitiff T
BREEET, DR N AR, JFR IRk 3|
RFEEMERN Y (Kl2a), 76 AD BT, &M
BRABIBOE PR A THTRL EATEPNL R, M
FEERACHHZERL, Mo NERETFRE, IR
IR AE T

BRAET 1 R AR R 32 B 2 )2 A5 -5l B 1)
A . ARG E M OISR R, TR
TR S AT b B35 E AT BPER . R
H AW (lipoxygenase, LOX), #fillJ/& 15-LOX,
C B UE SC7E LPO ANk AE T 1o A rh 47 i DG B A1 €20
LOX 38 i ¥ 70 1 A 51 AJEAE UM TR (arachidonic
acid, AA) . iR (linoleic acid) HI . R iR
(linolenic acid) , LIS AL N, A WLAEA: DU JF
MR Ak (arachidonic acid-OOH) . ViR 1L 4
£ ¥ (linoleic acid-OOH) FI . ik & i % 1k )
(linolenic acid-OOH) , FEANI FI 5 ik (4 4 i ot
Hh 35 ST, PUFA-PE 78 LOX [k T i —
R A AR AR IR, i A Bl A gk BR T T
Jrlol, WAL, A AA KHAEYE FIRE
(1) PE 2 fish & 4 Bk A0 T i) G| B ic . Hirr,
WE 4B A A BB K BE K R 4 (acyl-CoA
synthetase long-chain family member 4, ACSL4) F
A MU B AELBOISE S 46 A2 I 3 (LPCAT3) fEPEHY
G S EBEE T EERZOER, BRI
PUFA, J 15 B I A e, AT S e gk T
(A Y Rk, T A ACSL4 Fil LPCAT3 3Rk
AL AR B AR AN AR B, DI ]
YA KA, FeELIPH, oA & R kS
H,O, t#HEAEH , JFi8 i Fenton & i j= A= ¥ 3 H
Jt  (hydroxyl radical, +OH) . & i % H H X
(hydroperoxyl radical, HO» ), %A=+ HH
Jt (superoxide radical, 0. - ) “FHFEHHKEE, X
6 OF AL AR 08 BN K AR U M R iR A B I
(arachidonic acid lipoxygenase, AA-LOX), Jf541
JHL RSN 5T S () PUFA R AE Iy, AR (8 K &g 2k
ROSEHL, 51k —FRINVEN BN, w4FEH
MRS TR R A 1 L, BRI R A

ML PAR S P R AE O IHEE T, HEERL AT B
FHUR UL B R SR BUR, SRl fih K kAt T
WA,

2.2 MMHEIGPX4
PN GPX4 3 % IK B ERFE T ) SRR AR A . Bk
FETZ 09— A I 3 R AR 2 B AR LPO 1 FL 2R

LPO 177 £E 518 B 2 [A] 1 3h 2851 A s PR 5 gk Ae T
ROCHEDRE R 0 AR, Bra b RS
i B A A, R O E R R 1
F. 7 GPX ZKJGH, GPX4 EME—Rels iR Ik
s FACRI DT EALRE, JEERIET RS A"
T GPX452 GPX IR, 7 T AFEHE A
195K F, HARAE Jy 19p13.3, HIED
TASHN T kS, 8 E BT 170 2 SRR AR A2
Ji T GPXAAT T e 2 S BUIR B S AL Y AR
R, BIRPIET: " GPX4Fik Ly n 355 40 i XF
BRACTIIRPTRE J1 . 1 16 GPX4 3 I in 4 it
MR BE T MU 7). GPX4 1 il 6 4 75 22 GSH 42
MR IE S (s : GPX4 + GSH—%A LR GSSG
+ B JRAART) , GPX4 K5 GSH AL N LA DEH
ik (oxidized glutathione, GSSG), Fi- K4l 71
AR ALY (PLOOH) AnfEA: MU BR i ARt £
fE e iof 4 4k W (phosphatidylethanolamine-
arachidonic acid hydroperoxide, PE-AA-OOH) .
NEBE CBEES 5 EIRIRIS L) (adrenic acid-
containing phosphatidylethanolamine hydroperoxide,
PE-AdA-OOH) Z5ifJ5ONARN AEE2E (PL-OH) 4Nl
/£ W R OB IR Bt 2 B M B
(phosphatidylethanolamine-arachidonic acid
hydroxide, PE-AA-OH) . B I JIiRFER#S N5 Wt £, B% i
i (phosphatidylethanolamine-adrenic acid
hydroxide, PE-AdA-OH) Z%¢'*® . GSH fE K
GPXA RV, AEFFHEHGTE, 5 GSHAKF FRED
5| R — RN ER N . GSH s/ — 5 T 23
Pk Fer A i H AT i BE A vE R R B A B (-
OH), 53—77 I GSH #2155 GPX4 X1 F g
Frt AR RRAE ST, S EEM AR o A
KRR, X — RN A AR Ak fe B0 At A N
MUERZET: 7 (K2b) . MEAh, BRIET 157 RSL3
(RAS-selective lethal 3) 2 —Fp#iH GPX4 /N
TALEY), B RSL3 HHE5E 10 0 GPX4 i 1,
A 555 40 ) B B A RE ), S ECROS LR,
IRZG UG ' BRI R I RSL3 1554k
FET-HYHLHI S GPX4 R 6 75 RS0 TR A%
%, UESE T RSL3 2l 48 [l M1 i) GPX4 {5 1
FIRERAET: 7Y
2.3 #PHISystem Xc~

] System Xc 38 % 2 BH K7 21 e 20 R 5 L,
A% GSH &, 1159 GPX4 hiafkahfe, SEE
Uik B AL AR, A E R FEERFE TS . System
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Xe JB—FZ 50T TR ST+ )= I e 2 i/ 43 2
PR 30 [ i AR 1, O 2 L PN S R S B AR A
A7, ARG M B AR R T R 11
(solute carrier family 7 member 11, SLC7A1l &,
xCT) FIEHE SLC3IA2 AL, M-V AETE i —fm
HHhEBRER R —REEZEGY. R BN,

RAFAT BB AAE 7, SLCTALL 2o 2 AR
E S A A, LAl LRl S R
M AR Z IR SME, X T AERe 20 S AR [T
W AT MO E AL T R B 77 Ak
MMNFeizia, FMERPGEIFNL (+) FBEE
M, L (+) -EBERZS S5 GSHIY B, 26

GSH By CHERR B 7. GSH 7E GPX HIAEfL1E
T, BRCEPEROS, MR A E IR R AR
&, M Xe RGeS bR,
TN GSH A B, 3 GPXIGTE T . diffubt

SLCTA1 AN Xe RGER ELIRR A, 7T
N G o IR 4q28~4qq32, H A 14 A8 F 7
SLCTALL AR R ERAE T I8 95 I 45 v 1 fi O B 1 3 K]
¥, FES SRR L iis, EgtTrh

Fe*
Fe’" «——

A

PE-AA-OOH PE-AA-OH

PE-AdA-OOH \_/PE-AdADH

24
LOXs @NCM

©" PLQOH ®pip @
A 'purAR iﬁ—
B

! Fer'+0,

N S

E
ZIP14 <7

PE-AA/PE-AdA

Fe?* Fe* BOO0e
Fe* AA-CoA/AdA-CoA

Fig. 2 Molecular mechanism of ferroptosis
E2 $IETHISFHLE

STEAP3. N5 I i BT KL 13 (six-transmembrane epithelial antigen of prostate 3) ; DMT1: 4 )@ 4% iz 11 (divalent metal
transporter 1); ZIPS: #F/8/4G5%2 18 (Zrt- and irt-like protein 8); ZIP14: #F/8Y/4E 2 H 114 (Zrt- and irt-like protein 14); ferritin: 4k
E1; SCARAS: JHIE RZIKAS (scavenger receptor class a member 5) ; NCOA4: #% 32 AR5 K F4 (nuclear receptor coactivator 4) ;
FPN: #k#i27EH (ferroportin); PCBP1: £& (1C) 454 M1 (poly (rC) -binding protein 1); SLCTALL: HMrAIRR/AS MR I F1 7414 1R
I 3EXCT (solute carrier family 7 member 11); GSH: R JREI A M HRL (glutathione) ; GSSG: /LT B H K (glutathione disulfide) ;
PUFAs: Z AN RGN (polyunsaturated fatty acids) ; PLOOH: g1 4 1L¥ (phospholipid hydroperoxide); PLO-: AR %e % M i3
(phospholipid alkoxyl radical); PLOO-: Bfgit 4% A H14E (phospholipid peroxyl radical); PL-: g H fi L (phospholipid radical) ; AA:
A6 MU T2 (arachidonic acid) ; AdA: ' IR (adrenic acid) ; H-CoA: JEMEAHEFA (acyl-coA); ACSL4: KR BE4HIEFA A LG4
(acyl-CoA synthetase long-chain family member 4) ; AA-CoA: 7£/E VU %% BE# i A (arachidonoyl-CoA) ; AdA-CoA: 'Bf I I Ik % filf A
(adrenoyl-CoA) ; LPCAT3: ¥ Il 5 BE Bt £ W Wi Bt 2% 7% %% W 3 (lysophosphatidylcholine acyltransferase 3) ; PE: # i it & B W%
(phosphatidylethanolamine) ; PE-AA: A PUMG R BENEME L BME (phosphatidylethanolamine-arachidonic acid) ; PE-AdA: & L ARER# S L
WERE (phosphatidylethanolamine-adrenic acid) ; LOXs: AR & (lipoxygenases); Fenton: %)/ (Fenton reaction); PE-AA-OOH: £
A DR TR B IR TE £ Bt 1k (phosphatidylethanolamine-arachidonic acid hydroperoxide); PE-AdA-OOH: & I IRERHBE N5 £ BE o A Ak
¥ (phosphatidylethanolamine-adrenic acid hydroperoxide); Lipid ROS: Ag/Fiifith4A3E (lipid reactive oxygen species) o
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B, %: KA THEMRRERFHOER: BENSI TGS <7

AACRETIRENR . MR AL FTROS LR, 1%
L e A AR I S EAET (B 2¢)

3 ST EADFESRNER

AD R s A7 AR RS R L IR It Ak
TR EIRAT MR GBI T R, R BRI 5
W AE AD i ELE S R R FEEE LR . AD R LA G
1 APP FI AR 5 40 Mk 1 R4 . APP RETE
AL S FPN 455, JFAF IS E FPN, Bij 1k
A LR, 8 FPN AT 0K 240 i 9 4 7 iz
Ao AR RIIE B 22 T4 APP X FPN %8 1
FH, B4m FPN PIALREAE,  MITHIES FPN /-S4
HEGeJ7, AN BRI B . [T, AB RSk
AL ROS R, Bk Z AR I R w1
IR MRS AL, Al R BRBET: N BFgE R,
APP. Tau. ApoEillad JA# AR . R B &Pt
FALPI RS, fEUERT 3RS GPX4 ThAE %, M
TGS 28 TTXT R AT T 1) B JE%eltk:

3.1 $kFET-FAApoE

#FJEHE M E (apolipoprotein E, ApoE) J&—Ff
Sy TN 34 ku AR 1, S R HH I o A I &
M) B BRI, FENR AR E IR Y B A
T 5 SRV B ApoE B B 3 Rl A .
ApoE2. ApoE3 Fll ApoE4, HILHR ZE5MES AD K
KR RS B ARG, o ApoE4 S 3R R 547 5 i
AD XU fic &, ApoE2 S50 Jk PR & R AH X4
YER, U %528 5 I ApoE2<ApoE3<ApoE4 % i3t 5
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Fig. 3 Pathological mechanism of ferroptosis in AD
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ApoE4: # G 1E4 (apolipoprotein E4) ;
NCOA4: ¥z RIL % F4 (nuclear receptor coactivator 4) ;

(amyloid precursor protein messenger RNA) ; KPI-APP:

ADHERIE TR IE L
PI3K/AKT/mTOR i % : i JIg Ik AL 12 3- S8 it/ 20 11 T B/l 7L s 0 76 A s 2 4028 1 15 53 %

ferritin: 467 4 ; NCOA4; APP mRNA: ¥ #y LT 1A% 115 {4 RNA

2R PR R TR 76

ZE R I 0 Y BEHT R S 19 (Kunitz protease inhibitor domain-

containing amyloid precursor protein); Lipid ROS: fgFiifitE4 (lipid reactive oxygen species); IRE: #kJ2 )i Jiff (iron-responsive element) ;

IRP-1: #JHF5 8 (iron regulatory protein 1); LOXs: f§&

A4 (lipoxygenases); Fenton: Z51i 5 h

(Fenton reaction); CDKS5: 4HJifg)#] 4]

TR AP EES  (cyclin-dependent kinase 5); MAPK: Z2Z4FIG4LTE (1% (mitogen-activated protein kinase) ; GSK-3B: HHEL-A A BHE G

3B (glycogen synthase kinase-3p); P-Tau: Wili2ft. Tau Z4 (phosphorylated Tau); NFTs: fIZR£F4E4i%

i (neurofibrillary tangles) .
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Ferroptosis in Alzheimer s Disease: Potential Mechanisms and Intervention
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Abstract Alzheimer's disease (AD) is a common chronic neurodegenerative disorder of the central nervous
system characterized by progressive impairments in memory, cognition, and behavior, eventually leading to severe
dementia and loss of self-care ability. Despite decades of investigation, the precise molecular mechanisms
underlying AD remain incompletely understood, and effective disease-modifying treatments are still lacking. The
traditional pathological hallmarks of AD including amyloid B-protein (AB) plaques and neurofibrillary tangles
(NFTs) composed of hyperphosphorylated Tau fail to account for the complex biochemical and cellular alterations
observed in AD brains. Ferroptosis, a distinct iron-dependent form of non-apoptotic programmed cell death, is
increasingly recognized as a contributor to AD pathogenesis. Ferroptosis is driven by excessive accumulation of
lipid peroxides and reactive oxygen species (ROS), leading to oxidative destruction of cellular membranes. Unlike
apoptosis or necrosis, ferroptosis is morphologically characterized by shrunken mitochondria with condensed
membrane densities and biochemically defined by the loss of glutathione peroxidase 4 (GPX4) activity.
Disruption of iron homeostasis, a central hallmark of ferroptosis, triggers a cascade that inhibits the cystine/
glutamate antiporter (System Xc ), suppresses glutathione (GSH) synthesis, and impairs GPX4-mediated
detoxification of lipid peroxides, leading to uncontrolled lipid peroxidation and oxidative stress that ultimately
trigger ferroptotic cell death. This iron-driven cell death exhibits distinct morphological and biochemical
characteristics compared with other forms of cell death. Ferroptosis contributes to AD pathogenesis through
multiple mechanisms and is closely associated with disease onset and progression. Iron overload can affect early
amyloid precursor protein processing, accelerate AP production and plaque deposition, reduce Tau protein
solubility, and promote Tau hyperphosphorylation and aggregation into NFTs. Therapeutic strategies targeting
ferroptosis—such as iron chelation with deferoxamine to reduce labile iron levels and inhibit Fenton reaction-
driven oxidative damage; supplementation with antioxidants such as o-tocopherol or a-lipoic acid to neutralize
reactive oxygen species (ROS) and scavenge lipid radicals; and administration of selenium or activators of the
Nrf2-SLC7A11-GPX4 axis and the SIRT1/Nrf2 signaling pathway to restore glutathione-GPX4 function—can
effectively block lipid peroxidation and suppress iron-dependent cell death. By modulating iron metabolism,
enhancing antioxidant defenses, and inhibiting lipid peroxidation, these approaches hold promise for mitigating
ferroptosis-related neuronal injury. These interventions collectively aim to modulate iron metabolism, strengthen
antioxidant defenses, and suppress lipid peroxidation, thereby mitigating neuronal injury and delaying cognitive
deterioration. Ferroptosis represents a pivotal intersection of iron metabolism, oxidative stress, and
neurodegeneration in AD. Exploring ferroptotic mechanisms not only deepens our understanding of AD
pathophysiology but also opens new avenues for therapeutic intervention. This review aims to comprehensively
summarize the molecular basis of ferroptosis, elucidate its pathological roles in AD, and propose ferroptosis-
centered therapeutic strategies, thereby providing a theoretical framework for future research and drug
development in AD.
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