R iIAEeE, 2023, 43(4): 541-548 www. life.ac.cn doi: 10.13488/j.smhx.20220575

BRIE T SR 1 o 2=

kmyF', 4R
(LAEFEHRKFESER, Fd 2500005 LA FPEDS KFE
WML F EIEIA A E, Fd 250000)

e TA AR FF . BRI A R AR TR AT A M T T Ko Bt fm A
s k% KH LG I dn 8 m, RAE, HERE, LRAERS, AALEHEEREHNELRAT,
WA FRAER, Sedo bk AP AR BHRAT KR E . Sl oF 3345 F B I 69 mfa M 4K
&, BRI ANAIE S A AR TR Z SR RMEIERATH G4 TH—RK, Bk, #
Bk T s b I A P A9 R AMH, AATARGREGTREF R, KA ERHM. BRK
W, AABRAKM. THALERGAEF TR LAAAT K EGBATIG, FTRITEATRKLE AL
PR 0GR I A TEALE], B BT A I L, A s M A A 0s R A T AR A,
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Ferroptosis and ischemic stroke

ZHANG Pengyu', WANG Yuan™*
(‘The Medical College, Shandong University of Traditional Chinese Medicine, Ji'nan 250000, China; *Department of
Histology and Embryology, Shandong University of Traditional Chinese Medicine, Ji'nan 250000, China)

Abstract: Ferroptosis is a new and regulated cell death mode composed of abnormal iron metabolism and
accumulation of lipid peroxides. Ischemic stroke is the second most common cerebrovascular disease in the
world with the highest fatality rate, disability rate and recurrence rate, and its occurrence is accompanied by the
death of a large number of neurons. Existing studies have demonstrated that the neuronal pathogenesis of
ischemic stroke is similar to ferroptosis. Ischemic stroke damage in intracellular iron levels, increased lipid
peroxide and antioxidant capacity decline phenomenon of iron is similar to the iron dependence of apoptosis in
the form of death. Therefore, studying the induction mechanism of ferroptosis in ischemic stroke is beneficial
to provide new targets for clinical treatment of stroke. This review will discuss the regulatory mechanism of
ferroptosis from iron metabolism, lipid metabolism, amino acid metabolism, active oxygen generating system
and the relationship between ferroptosis and ischemic stroke, in order to provide an entry point for ischemic
stroke by intervening in ferroptosis and provide reference for its clinical treatment.

Key Words: ferroptosis; iron metabolism; ischemic stroke; lipid peroxidation
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PRI TT, R SSRIT ORI, BRAE TS 2
BIRA K, THEMERGHEHRKAREY] . £
LRI R A AR T HLRAE — 2Rk, HEHEIT IR
YRAET-AE BRI M BN 25 (ischemic stroke, IS)HI&‘E
BLA, NISHIVETT & BhHr LR AT S .

1 SR RIS FASFE

BRBET & — Pl LRI R i A v s
MERAEE T g At T R e ST H .
WM PRI T T A, Tocaspase-31)itL. H
W /N TR T ORI A M TG P PR T A . W DL 3S
GERE S AR B DR AR A T T R AR T AT
ik . AW ITIH, RIS %
PR AN T B S AT B ) 2 . ARk Ty
AR BILLEZS Bt H AR (glutathione, GSH)HRZ . 77k
H AR S AL BF4(glutathione peroxidase 4, GPX4)#
AL RE 775k 55 A0 L 1 7 M 4 (reactive  oxygen
species, ROS)HEANP, 7EFERI A, BHE £
B ECRR AR M AR s R R AR ) 3
L, FEARHLGIA Rt — BT .

2 HILTRIRERIFTHLE

BRAET 3 HH AN R I I I RN 4 A P ot
HIFe™ B IR 2 A B (lipoxygenase, LOX)KAEALIE
JR N, 8 EROS I B HER S 4 MIET. . AL
MERARHS . AR B/ &R ) 4% 52 &
4i(glutamate cystine antiporter system, system Xc’)
S5 =ANJT DR E T R A S5 IR HLH AT A
2.1 kA

R BN A B = A
o BRACUAH OC B A0 45 % 25 8 (transferrin,
Tf). ¥k 1 %K1 (transferrin receptor 1,
TFR1). &8 & 712k 1(divalent metal-ion
transporter-1, DMT1)FI% 52 44 4 i 3G A 14
(nuclear receptor coactivator 4, NCOA4). EIE/AN
PAFe™ T R AP1E, Fe' ST & G B TFR1 A A
Y. HEN N IFe’ 4k & )R i IR B3 (six-
transmembrane epithelial antigen of prostate 3,
STEAP3)it U NFe™, JEf#fEfEEkN Hi(labile iron
pool, LIP) ek Z 5EkE M. Fe’ il &%
T, LIPHIFEFe’ 5t & b A K £ Fenton Jx

W, AR R RS R, IR SR TR
Ao B, HOBELERFLIPHFS KF, RAE
PR RS AP

PRE O @ NCOAAS T8 BRI FIA, TG
R R, E8RE TIRET &, RS
T2 Gao%RIL, RRIBANINCOA4RER, WA
T 0 M SE T AN ] . AT T KL, NCOA4
S5 Sk B LR AR H R A, Bk
W] B8 RO 5 SRR T SRR . ML I Fe B
BRI W B A LOAFST, SEEIEEA
(ferroportin, FPN)4ith, #izfizl % NHLAZRE K
FEAE Y B I A A7
2.2 fE R AR

AN AN G 7 1R 1% IS (polyunsaturated  fatty
acid-phosphatidyl ethanolamine, PUFAS-PE)z [ X{
Pa RO 1 2 A N £ R I et ) 8 o ]
Mo BT (4 13% /5T 5 2 R (liquidchromatography/
mass spectrometry, LC/MS)FE AL 5T 2H 240+
AR BEE B B 4 i LB . R IR AL T Y IR o
W EGERME, R E A IYJE PR (arachidonic
acid, AA)E'Y [ RfZ (adrenaline, ADA)M) g EE
LT % (phosphatidyl ethanolamine, PE)®H 5 JR{H4H
R AERIET . PUFAS-PE i i ik 4 AL /2 4k 5T
TAESY, A RMENS R T ()BEEHE
AL B BE 5% ) 7 4(acyl-CoA  synthetase long
chain family member 4, ACSL4)¥4H i Ji5 2544 1)
PUFASTH X Z4H MFA(coenzyme-A, CoA) L, BH
AA/ADA-CoA; (2)¥ LT I Mgt AR Bk 1k A2k % 7% 1y 3
(lysophosphatidylcholine acyltransferase 3,
LPCAT3)¥ It 3£ CoATTAE W1 B AA/ADA-PE;
(3) AA/ADA-PE#{LOXsBiFe” & Mg it 1L
2 (DN E LA S ROSHE A A s i il Ak
) (phospholipids-OH, L-OOH), H.L-OOH4: 5%
Rf R AEBE BE X R B, 2l BRE T E A 40
EiAL /I

W7 W], ACSL4. LPCAT3/E Rt &k
RAFE T EEAEAY . ACSLATERRALT i 5 2
A, M PR A CSL4 RT3 520 f X 2R AL T Bt
PEMY S G BRLPCAT3T LA 22 AR 5007 1R R
", & T ACSLAFILPCAT3, g% &mE15(15-
lipoxygenase, 15-LOX)t % PUFAS;i & 2 ) % 1k
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YRR, ArInERIRZh A0 BRAE TS I HERE . 15-LOXA
I BE R A PUFAS =42 1 & (L-O0H"Y, & Rty 5+
PEAAEENR, RIS A BE M, U\ﬁ’ﬁﬂéﬂiﬁ@ﬂ%
RO IT 45 . hAh, 4EAR FKERTE IS eG4
A5 RATHILOX I S 1k sE T,

PL AT R, PUFAS-PERIG Ik A 4k AT M
% J7 s R SR B TEDIRE ) 3R L, 215
RAMERICT B FEZFE R, Mok 7 R A 700
Ji i S AL R BTG BR AR T
23 X R4

Xc RG 2R - I SLCTATTRIE R84k XK
W3 R% 12(solute carrier family 3 member 2,
SLC3A2)ilid s A r — 54k, HASLC7A1L
g iEE R, MRER M AR IS m
R e, XcbAL s LI E DK 5 R iR s E 41
Ah, BRI S AT N KRR
Cys)#idk J5i g, Mz i AL
BRI - PR IR % H2 ¥ (glutamate cysteine ligase,
GCL) A2 ot H Ik & el 1 7F /I & BGSH, i
Xc 2 5GSHII A M. GSHITA BUR )T Xe 2
BRI BRI, DR, FE S T DR ChR i e
TR 1) 7 3 RS WU 40 R A T IR R A . B AR R,

(cystine,

TR B ] # I GSHE B GCL I i
L R Y S K A O =
B, X RRIE T RN ) T Ay, B
H ¥ Cystine/GSHAF 5 I A2 1 2 Bk FE T2 1Y) 1 22
FAR .

P53 — P 2L R, #IHISLCTAIRIE,
T ik 2 e R O R BRI GSHFK & i, S BT A
LB 55, BIRAMMARIET-" . HXieE "k
L, PS3XTERAET HA WEIFEMER, BRI
BRAET O B SR I R 4r B R AR K . PS3TAT{E
Bk FE kB4 (dipeptidyl peptidase 4, DPP4)iE A
YAEAZ%, TEPS53-DPP4R 44 KA i) 5 R AH 5% ()
DPPAMK M i oot 84k S B2, AT A7 ) 18 1 465
A RIET- Y, R, [ BIPS3XERAET I £
R E A A R T R AR IR IE T
ER
2.4 EMHSFAERIEAEERR
2.4.1 GSH/GPX4

TR SRR B T 1 8 R K GSH/GP XA LR
1R 3E B A1 ST T GPX4R 2 LA Lim g (1) .
GPX4VLGSH A4l KD AMAEN, ZIEFRL-
OOH. kI T IR BERG . FF AR, KM

A B @
Iron o T : .
et bolizmn Lipid peroxidation System Xc-
Fet Fe2* metabolism Glutamate
e
SLC7A11 System Xc-
TFR1 PUFA SLC3A2
[FE Fe* Cystine
STEAP3 3
Fel . FeZy PUFA-CoA _
Cysteine
DMT1
Ferritin " PUFA-PL GSH GSSG
T
Fenton> (

Fe3* OH- —

Lipid ROS

I Ss
PLOO
“ Ferroptosis % % %

Bl SR THIHEI S FRE



- 544 - CHEmRIILEEY 2023454334541 (537

Bk GPX42: T 30/ BRg 2 # 22 J6IR A7 M B8 A K
7212, ErastinfIRSL3#EERAET- M1, (HIE
FAMLEI A« Erastind@ HISLCTAL I
P, BRIt A, s Rk X2 GSH
A B IR T S EGPXA KT, I Bl
fdifs. RSL3. MLI162(DPI7)0 & #% 5GPX43t 4y
ZEAMHI IR, SHROSELE, FlEYILT. K
SRAAE P 5 I R T U e AR 1 GPX 4 I e sk
B85 20 G R B T IR R A2 1
2.4.2 FSP1/DHODH/CoQ10

BREET- #0155 H 1 (ferroptosis suppressor protein
1, FSPLEAGMHIBEARI A RIERFE TR A2,
A FLIE R i A B (dihydroorate  dehydrogenase,
DHODH) #& £ Fi f& A i 11 38 2 AR BB, 7T 5
CoQlOKAAMIEF S Pt B B 8 A FAITEIR, [
i) CoQid Ji N CoQH,. CoQH, FIHfi 3k i i ik 4tk
H 3, FHIEZAET MR AR, MaoZE W L &
I, FSP1/DHODH/CoQ10i@ i 452 GPX43R 1A =ik
FISEIR , B BT T GPXA R AE T AAAE A .
2.4.3 GCH1/BH4

GCH1/BHAIE /2 5 — S AT GPX4RI B
TRIEBEET . 9 = BRI KRB 1(GTP  cyclohydrolase
1, GCHI)7& VU E 4= ¥ WE i3 (tetrahydrobiopterin,
BH4) & i BRI B, & R BHA K 24/ 3K B B2k
P A E R . Rk, GCHI/BH4E 1) IEH # ik
SR HEBHAR G R, HIHNETEEOK, 2HPTEs
T [ R B I 1

3 BRILTEISHRIZ EHH

AL A i 2 P SR I I O, R S
Bk Bk kR Bl bk E BBk A T 3 B
S AT AT L A N 3 A 2L A5 U (5 o
e i 4 PR A7 D 51 2 AL i 5 I ATk U R T g
MIekae, EEREMI N KEFER, NRBIEBILT:
MR PR T AR BRINBUR AN & KA 55
U ML K EROS, 32 5 K E AN I
B A i L S A, TR T AR B AL D R
AER AP 2 AR AR T, B 1 i sk AL S R 4k R
MERR AR AT o LT R 1 AR 1S S Hh i A 6 ) o 2
fRbR, MEBREE AT, BRIMER . DU AT AR
ME SRR AR, R s AN kT

HI, AEIER AL T BRI ISP 2 DI RE LS -
3.1 SN SHRIETEISHRER

BRAE I AL R D RE v R AE PR —J7 1
Z 5 R R =R BRI IEPE . WP BE i 1A%
i UL ATPIAE G 53— 7T, BhosfERE A R g K
MR, HIXOM B AE R 2 2 G053 AH O 1 fisi [X
FEONBEE 1SS B AN 2H 245145 5 10 v e i )
I AR R AL B VAR O

i Jo e B LA 4 45 K 9 R S AR E AR H
A B A 0T N KRG o I i I ) 4 R
ZIN S 5T 240 6 ) P TR 4 ), T A K R L 565 R )
LT, 2 FEUNR 4 MR O 5 4 8 B
BN BB B R o AT AN 2GR0 o fi o
RIEEVERG I, MR E F R R T E A
{551 AN S A S | D ST R 7 N (s R R
HENISEJET, A 5 2 i S e A R R O
wEECT, phAh, RS KR S R PUFAS
KA AN A K EROS, BCE BRIkt B
BHAE, 0F i 4H 208 Rldi 3 o (H 2 I PR A FH 1) 11 ik
R T F R T o R i B B B AP, R AR
HGEISHIZ DRI I DAL

ISHF AR B B BRI AEFe™ SN IE N B0k
A fEIAE R R, SIEMEA RS DR R
5. WIFLRI, SR AR 15115 (cerebral ischemia
reperfusion injury, CIRT)FIN 414U AE LA,
K = 3 ik 41 2 (middle cerebral artery occlusion,
MCAO)ZN WA h i 22 gt glod B8k, HARTRA
B 5HPEm AR S IE EEPY Bk Ra Al i O g ki
WERAN TR, s s E LT, SVEE T
B F- 1 S TFRIFREKF A&, TF-TFR1i#
TSGR RN B E R, PR 4 40 i 1 ek
TR ISR AL S 3 KT NF-«BfiDMT1%
RN, ERE TR . EEXEEFS B, N
2% )5 ALE M TFR 1/DMT L1155 38 #4 DAsk >k
(R W5, BT B A MLC A O K R i 1f A €
[LTE 20NN

PR THORS , Tauk E i PR B BRI AT & 40 B A
#-6(interleukin-6, IL-6)[15R1K 34 i< 5 Bk LA
ML BB AR . Taufk HRRCE & 2 f i e A1
KA, WA R b BT AR 2 E R Y e EFPNHE
o TuoCRBL, CIRIATHNHITaudk (iGHE, 2
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A P P9 4 8 N 1T 38 5 R S T R BURR P . Ding
ZCTRPL, IL-6/f B S RIRERIEL, A
F OO BRAR B B tF PN R IA AT e R .
B e, TL-6RIAIN, 8RR E T =",
MR HE S, G . B, ISIRIRYE
I7 N B BT AR AR I 43 47, AT 538
5

o 55 1L i 3 RS i PR 2 A ) R L 2 1 R Bk A
TC IR LR S T A, 1R in B 4 R 1 i 47 4%
MEZFEFHEER. Kb, oo g 2 B
1ML 5 4k P i A 4 A0 A g ok 2 D R Pk R TS 1)
HIEIRR,
32 fEREEAX N FEFETEISHIIER

K2 & IR AR TR R M #s B, 3%
£ B 4N B 6 DU AL A DU I I, K i 1) v AR 4
ISR R I A e UK, 5 R RRROS, i Rk
HET.. ACSLAFILOXSE A 5 5 o i S A0 1) 5%
ff. ACSLATERNAH L iz 04, HRIANEE
miR-347184% . WKL, ISEHAmMIR-347(£ A
B B T ACSLAZKSF!Y ) TR T PUFAS#;
HNL-OOHKIHERE , & i infh. Cuize "k
W, BRIEThR G AL N ACSLAW R s, TR
N RS2 B R B, S 2 ik 3R IR R AT DA
Rl f . DR, FH 520 s 271 P8 5 35 a6 B4 RE
BEARACSLAVEMENY ] i e i 5] A 14k FE T
B H BT 5% T ACSLAA SIS 4R BT (1) SC Bk )8 5
A HEAHUGIEA et — P A

LOXZKEMARIM SR R Ak, HH, 15-LOX
FS-LOXTERRAE T H 47y A b L Ath s 07 58 B2 £
i, 15-LOX%E — 1L PUFAS K LS8 b [ B, &%
SEIT- R EEED. BREt oSS EAL
(phosphatidyl ethanolamine binding protein 1,
PEBP1)/{ie i 15-LOX AL 75 16 A= DU I |2 1) i I 19 2
BEf%, 515-LOXEE A= M At U215 5 R it k3t
T, WenzelZ™ &3, TIHPEBP1/15-LOXE &
YK Re M HI R IE T, BRARIE S 4 ZLCIRI 15
PR . 15-LOXHES A 7IML3S il FERLOX
T TR ORY 1 22 40 B 5 52 IR P S A A A . 5-LOX
MTEKBRFEAMCAOE KL B, (HELRENS
REA TP EE A = 1A, I R T T
MR A5 . TR I, KREH R TAT T 15-

LOXUKF, I8 248 045497 I 02 128 isd Sk 1f f5 T g
R, S5 B2k BRI — RO B ik
PV S-LOXFMHIF, mT Lk b ROSIIF 4, £
ROH A E R T 1/ RIE S 2 ot HT22 K A 8k
T, HAET, ARLOXK T M7t AHER, H
S0 1) 710388 3o BHL I e 45 41 B R A0 T () R BB S N ]
RIS 5 (A 22 ThREVK &

ZE TR, BRBE T e TR A AR P ST
JS7 i BB PR 4T 35 4 R T R F s B 3 RE R fii
e 1M R0 2k R MR . DRI, e AR S e 0 ) 51
(A5 I AT LA B 6K A T e 4 A S B 1 D 9 1
T E5CE i IfPE  27 F ) 40 22 T R A 473 FH T3
33 SEH N SEIL THEISHRIMER

AR BOR IS E B E LK 2 —, ERE
T AN SRR AP, Fo A B ROS
fHDNA KR R M MR, ISRE
N, BE AR 1 ek 2 s r T 5 0 4 2 A
L, ARCKEROS, ™ E AL R -
AL BRI T B AR S Al st
BEY, RARESHMRITETHIXe, S
GSHFIAFFAG, W GPXA 3 1 5k 25 5 BF T 44K
MBS . GuanZEUOUREL, CIRIFIYD AR AL
GPX4 T &K, (HAHAY T EHGPX4/KT )5
AP AR AR T . R EYTRIL, MifdZ
BREANAN RS 18 ol I PR /0SB B2 R ROS /K-
S A N W A VA 2 SV /B TS R
(malondialdehyde, MDA)FJHER R B3 #h 2 Thfig K
o R, RFPUEAEE . BRKROS/AKF BN
HITS P TLER LT I

GPX42& WIRMEPTEALT], 1650 H KA v LAk
BISHUG . il & 4P a1 B ER, mii
TR IR B VRIS S R 054 B 2O R (2 EGPX 4
(RIES ) B S R R AR T P U, A
FREHN, SRIGPXAE ARKIE, /N R BRI
PR R ™. S 4k, Tat SelPepff N—Fhar
WA R BRI, AT CARGERIS R E B,
Ab, By A E I B INGPX 4RI KM H Vb &R Ak
FET, I CIRIH D o 451

Jig B R O S 1l 771 7T B 1k S A B 8 s vy,
EBRROSIRY M 5+ & 0 % 2 CIRIH i -
Ferrostatin-1fllLiproxstatin-1 & A& B AL T-FIH5], H



- 546 - CHEmRIILEEY 2023454334541 (537

HHEMIEE, BEHERROSH B, 4] H Erastin
BURSL3 FHIEIET: . A FEFLIKE o] (RIS H15
KR FIMDAKF-, 30 A A 8L B (supeyoxide
dismutse, SOD)& & RKIRFHHUEMEE N Bk
4, HIERZEAEAROSTERA, AEFRO™. H,0,
FOHe, CEREZHTiRTISHm" . Ll B
FLRWT, USRS O i 25 Hp )
BT, REA ORI T 2 T RELR @
V7PN I =N A=y b < FRANY K U AT A S s U
Th A F 5 15 AR o ot P 705

S I 2 i 2 R SR A S BOIR S R PR AR B B
VAR B & BUEALRE S0 R I — 0 e T 4k Ok
VERG A5 A% . DRI, F AR HR AR RO 1 Sk
ARG PSS ARV VA S ke
BT S ANEIT T A .

4 REHHAHKIETNFHIS

HERZBA MBS, TR, 28
T TR SE TR B e 1 2 mh o H A A 5 24 76 Jil 25
FRIERIAT R, BEANAIE. THER
Ji R R BV 2 Rl TR (R D) o

1 PEHSSRMEMNZEPRRIETRIET
REEZGRE 4R AL SR

REAMNGYE BHRTYE EIIGSH. SOD. GPX4H [52]
WG, BEEROS/KF

FHET Rl BREPS3ERIE, RIEXCIER [53]

e wiFrrs FTIRTFRITERIGERIS, BF [54]
kKT

AR mRER BIESLCTAL11/GPX4%H,  [55]
e kR LR

hERRY SIS AR, $RTHHLEAL [56]

&b
He

BEIT 0 AT B TR A PLAAL RE D R B AR AR BE
TR REPEE KT, $2EGSH. A Bt H ki S AL
YIlg4. SODMIVEME, M KIGIHERE H B3, A
o5 i A T R TS B . B AT DU 437 T AR R R
JR LR PS5 30 Rk R RIS T T X RAMME
F, 3k T A CTRI 5| 2 1) 4o 46 45 443 A sk 2D K fi A
ZERFABY 2 P i 7 @R N A TEAITER 52 44 5k
FEARER BB ORI T FRAIKIS & )4 42 Th g 0
HFERERY, W2 R T IESLCTAT1/GPX 45 KA

BEPRIC TR SRR AR, HETT OIS 3 #h2 Th RE
R PHSIREUIT S0 T AR UES A 2k
13 RE B T T A BE 77 R B AR BR SE T A UK
P, AT 2 U8R MC A O B8 B ) 4 48 T g 4%
B30 BRI, BABRZE T B A v 2 24 I R
JS2FH AT BLBA R R IS S IR DR, il AR Y
TRTT SR AT RN

5 INgE

AILLER T RTINS . AT HLA,
AR MRS A RS 5 T AR B T2k
FETAFISH R A . HAET, X FEAET 75 FISHLH]
SRS 2, sk T XHERBE T AE W bs E )
IR IT . BRAE T (0 A= b 764 mT B 2 i e 1f ¢
N AP A R 7B Y s 1 il o 72 o =
a3, T HR N ST O] e 2 B A T A A TR i A A
(R BEATL A o Bk 705 B A 7R PR 4 1) 245 4 A
TEISHIIG RYA T HR BUAS BC U 1) 3%, ELAS [R5
[ &5 & A FH B A 7 i 2 R IR I PR TP R 4 2 A0
M 2T . HERF A AR Z A Bk
ST HT. ARSI T ISR 2 [ B 5% R AL
MANE R BT EISH IR R ZHE RIS, B
TRZ RAE LB AN BB BRAE TS 5ISA R
B BARNLUS] A B ff s SR ER BT VR BB T/ RIS
ML 0 S D e, I FRIR N R . R,
50 B4k SRR IR R BT, N A R B YR SR LT
(SRR RIS, HONISIIG IR ZFN G T R AL IR
W, CUPAI KBRS
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