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Research progress of ferroptosis in hypoxia-associated brain injury
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Abstract: Cerebral hypoxia often brings irreversible damage to the central nervous system, which seriously endangers human health.
It is of great significance to further explore the mechanism of hypoxia-associated brain injury. As a programmed cell death, ferroptosis
mainly manifests as cell death caused by excessive accumulation of iron-dependent lipid peroxides. It is associated with abnormal
glutathione metabolism, lipid peroxidation and iron metabolism, and is involved in the occurrence and development of various diseases.
Studies have found that ferroptosis plays an important role in hypoxia-associated brain injury. This review summarizes the mechanism
of ferroptosis, and describes its research progress in cerebral ischemia reperfusion injury, neonatal hypoxic-ischemic brain damage,
obstructive sleep apnea-induced brain injury and high-altitude hypoxic brain injury.
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R I F ¥ ¥E (ischemia-reperfusion, I/R) 51 5. 0 L
T3 E 0 4 22 AR AT M 5 0 5 22 P 0 1 s 3 25 ) A
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BRIR 45 #1, 1 (CDGSH iron-sulfur domain 1, CISD1)
SRR S B R AT AR A AR A T A s
ZE ERTIR, AR TR AR B A R R SE T )
—ANBLERRER S, AP Fe® /KSF5 5 8 nA e
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Fig. 1. Mechanisms of ferroptosis. The mechanism of ferroptosis mainly involves three aspects: lipid peroxidation, abnormal GSH and
iron metabolism. Lipid peroxidation: when the intracellular redox is unbalanced, the PUFAs located on the cell membrane undergo an
oxidation reaction to generate a large amount of LPO, and the abnormally accumulated LPO seriously damages the structural integrity
of the cell membrane and leads to cell ferroptosis. Regulation of the activity of ACSL4 and LOX-5 can effectively inhibit ferroptosis.
Abnormal GSH metabolism: the dysfunction of System xc inhibits the synthesis of GSH, affects the role of GPx4 and leads to
ferroptosis. Reducing the level of extracellular glutamate, protecting the function of System xc , promoting the synthesis of GSH, and
enhancing the expression and activity of Nrf2 and GPx4 can effectively inhibit the occurrence of ferroptosis. Abnormal iron metab-
olism: when the iron metabolism process is abnormal, the Fenton reaction of excess free Fe’* can lead to excessive accumulation of
LPO and cause ferroptosis. Selective autophagy of ferritin can also modulate the sensitivity to ferroptosis. The use of iron chelators
can effectively inhibit ferroptosis. Furthermore, the FSP1-CoQ10-NAD(P) pathway, the DHODH-CoQH2 pathway and the GCH1-
BH, pathway also have potential roles in ferroptosis. The orange and green arrows indicate inhibition and promotion respectively, and
point to potential targets of ferroptosis. GSH: glutathione; PUFAs: polyunsaturated fatty acids; LPO: lipid peroxide; ACSL4: acyl-
CoA synthetase long chain family member 4; LOX-5: lipoxygenase 5; GPx4: glutathione peroxidase 4; FSP1: ferroptosis suppressor
protein 1; CoQ10: coenzyme Q10; DHODH: dihydroorotate dehydrogenase; CoQH2: panthenol; GSSG: glutathione disulfide.
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i S B A SRR /KT A RE v GSH AT
S0 GPx4 yE M, hAME F IR A A -2 (cyclo-
oxygenase, COX-2) ik /KF I FHE LRI T ;
Tuo % I HE R EBL, VR S MIMHI0 & AR, 4
JiL P4 388 5 A2 B UE K A AT 48 22 ) (amyloid precursor
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tau 25 (1980, AR T40 i ks g e s, 4
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Table 1. Ferroptosis regulators
Regulator ~ Name Link Mechanism Reference
Inhibitor Deferoxamine Iron metabolism Decrease free Fe* (]
Deferiprone Iron metabolism Decrease free Fe™ )
Ciclopirox Iron metabolism Decrease free Fe”* i
2,2-bipyridyl Iron metabolism Decrease free Fe™ o
Ferrostatin-1 Lipid peroxidation Decrease ROS {1333, 34)
Liproxstatin-1 Lipid peroxidation Decrease ROS (3,333
Vitamin E Lipid peroxidation Decrease ROS [13,33,34
Rosiglitazone Lipid peroxidation Regulate the activity of ACSL4 and inhibit 1
lipid peroxidation
Zileuton Lipid peroxidation Regulate the activity of LOX-5 and inhibit (3
lipid peroxidation
Baicalein Lipid peroxidation Decrease LPO and free Fe* and inhibit the B3
Iron metabolism degradation of GPx4
GSH metabolism
Curcumin Lipid peroxidation Decrease LPO and free Fe™* Bl
Iron metabolism
Ferulic acid GSH metabolism Increase the synthesis of GSH , decrease B7
Lipid peroxidation ROS and free Fe**
Iron metabolism
Inducer Erastin GSH metabolism Inhibit the uptake of cystine ©-17
Sulfasalazine GSH metabolism Inhibit the uptake of cystine .17
Glutamate GSH metabolism Inhibit the uptake of cystine e-17)
Sorafenib GSH metabolism Inhibit the uptake of cystine o
Buthionine-(S,R)-sulfoximine GSH metabolism Inhibit the synthesis of GSH .38
Cisplatin GSH metabolism Inhibit the synthesis of GSH 38
RSL3 GSH metabolism Inactivate GPx4 .38
FIN56 GSH metabolism Inactivate GPx4 and make CoQ10 deficient [17.391
FINO2 Lipid peroxidation Oxidize Fe*" and increase LPO B
Gallic acid Iron metabolism Increase free Fe*” and ROS 01
Artemisinin Iron metabolism Increase free Fe’" and ROS 1041
Dihydroartemisinin Iron metabolism Increase free Fe’" and ROS (40410

ROS: reactive oxygen species; ACSL4: acyl-CoA synthetase long chain family member 4; LOX-5: lipoxygenase 5; GSH: glutathione;

GPx4: glutathione peroxidase 4; LPO: lipid peroxide; CoQ10: coenzyme Q10.

A PN 3 5 Fe?' B9k 51 R Bk AE TS ; Lan 25 U B
F R IAE SD K B K i Hh 2l ik BH € (middle cerebral
artery occlusion, MCAO) #5780 v, 20 fing i 11 88 it
e R B A R A ] SLCTATL RIEFE M GSH 5
HETT R E GPx4 WML FE, b A R TR R A
24K 1 (transferrin receptor 1, TfR1) fl 4/ & Jm#% iz
M 1 (divalent metal transporter 1, DMT1) &1k 5k
SRR FE I 20 5 X . CA2 XA R i X R TR,
e I 75 TR A R A AR A SR KL S B A
JEERFET 5 Jin 25 PURF SR BLAE CSTBL/G /N MCAO
0 AC A H SN </ BB AL, N2 2R R it

75 0] 38 i B4 S K7 1o (hypoxia-inducible factor
lo, HIF-1o) F1{5 ‘5 % 5 S % 5 B0 R 1 3 (signal
transducer and activator of transcription 3, STAT3) |
WA TCR AN 1A SRR ¥ (polymerase I and
transcript release factor, PTRF) F ik, HE 1 G i
gl A2-IVA (phospholipase A2, group IVA [cytosolic,
calcium-dependent], PLA2G4A), {/& #2841 it fig J5i
R E, &% SR EAMELIET: ; Huang
% 97 R BLLE SD K B MCAO 154 B i #h 4
JUAH M S0 #3555 PRV E R A, AL Z UR W LA
FEAIC & UbiA 7t [l B 37 7% Bl 5 735 1 (UbiA pren-
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yltransferase domain containing 1, UBIADI1) /K*F-, 5
Wi 43 28 76 R AR G R R CoQL0 172 A=, 3 1 & 8l
J EA BRI T R A . AR, Al FHRE
SEPERRBET M7 Ferrostatin-1 Y, kg &7 ),
CoQI0™ 1 Fyrmy U (i Z3ty U, e th sk U7,
mRIER L AT T, B UG T R s AT
i b U 2 S Ak SR T AT b 2 Th RE B4 O
TS, X B RN DR 4545 I ELR AR IR )T
VAT, ARG LRI A, A ArE— A
FLUESL

LR B TR, WH S UR AT BN R
(malonyldialdehyde, MDA) /K~FF} &, i GSH & &
A1 SOD V&P 2 25 PR AR, 354 milg 5 X R ot id 4
K 5 TR RS EE S5, 17 TIRI. DMTI
SRR OC  B R A F EURA U AL D X
B UR KAERE DX System xc « GSH F1 GPx4
I3 FRAIG, BRAE TS AH G AR 4 COX-2 (R
KEFEREIN, AR FRK S B LPO 2K LAk,
IR (25 BRI 5 X Nrf2 [ T il GPx4 S5 4144k
EEKF, 53 System xc . GSH Hl GPx4 26 15
FAS, RS A A BTE U EAb RE
R IET KA. BRIk, ZRIET A S0 UR 545,
FHIERIE T BB % UR 75 S I AL 2 & it ,
PRI TS 2 VR 5 3 B 2 234 28 Jo i 4 T i)
HIENBER A (E 2).
2.2 SKET-5H4LHIBD

HIBD ™ # {20 A4 )L & 27T Beid ik A
Prp s =0T, HOW PS5 B> = B A
o< P, B )L HIBD Jo 48 o 5 A0 120 30U Bl
PEIRIE, (HRFREL AR 2 A AT 1] fE T EUK B #R
ZE LT

Rathnasamy 25 ®'V#f 5¢ % BLAE 1 H # Wistar K
BRUVR R S A I G A A v, AR i i 2
FERA AR /N B 40 0 9 GSH 7K~ 382k i 15 &
[ (iron regulatory proteins, IRPs) Fl1 TfR )ik F 5
R E RV o S 1 s T 55 SRR AR T I R AE
El Bana % "™ tf 70 R IUAE 2 A B P A= B0 LI
B a7 I o MDA 94 B2 -5 40 5 i 451 75 12 B2 52 1R A oG,
$enH A )L HIBD 5 iR id A 5% 5 t— Bt 5t
WE S, ik L HIBD B IfijE LPO ¥ & 5 AH 5% i 453
YfEE R IEMISE, HAMaddE ™™, Zh & ™
WFFL ARG SRl ] 235 i Toll #5244 4 (Toll-
like receptor 4, TLR4), #& p53 /K, &k SLCTALL
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M GPx4 KV I FELR AR, HEE S i
ZIUERAET, Wi TLR4 e % 18 i ol S8 A B B3R
LRI R ERAE T 5 B A ) LBk LB R
UL i = 2 B = ™, 4K T System
xc DIREMI IR K, W RECS A RAM A R
BAE, 0 GSH M, H&FELPO L EEFM
FRAEMREIET . B TR, FArEmoT A
A5 ) 9 i 22 O B AR T T SO i s O S B A )
ACIZ ks, FoAr 1 F -5 i A o i A pk A 5% 1%
HB S E AT DUA G HIBD R H R 2. fdl s
TCERAET . (R HE S 22 e A7 I 3% HIBD KR
)% 2RI AZ6e 71, {8 RSL3 #141] GPx4 AJ BH I
HUGEER, $eniB g s ap & o gkat T
RAFMAERTER 7 s Bt e R, HEmgar
DL T EE R R A B1 (high mobility group
box 1 protein, HMGBI1) Fll GPx4 {) &1L, % E AL
LA A RLAR AR A7, #) HIBD K BRAHZE T0 8k
FET: B, ARG LRI, BRAE TRy S A5 Fer-
rostatin-1 A] DL RS #P & u b1, HApLH] 540
HIHE Bk AL AT COX-2 Rk ok O ghah, KK
ZAlIE Nef2 4T =K 5 1 (heme oxygenase-1,
HO-1) i@ B f5 Pr 2 R 175 3 1 HT-22 40 fu kA0 T2 11
KA, BOREIEIET B A AR R .

IR TR R B, B AR LR S R i T B0 2H 2
GPx4.GSH I SLCTAT1 ik F#AIC, Hi2a fb BE JIFEAR,
ROS ik T, S8 PUFAs KB NG U L B
BT SRR MR A B AT B S EUF B Fe” AR, TR
SSEAREAH G B A R RIS G 08, 5 E0UN 2 Rk 1
A A7 ks, B0 S SR 2L 5 Fe®™ 1 m
ek, [Nk, HIBD f %k 4 i 72 # K ROS Al
LPO /7 4. GSH ¥, #kUTHRA = 0 T+ = 55
REYICTRIFEA —F, BILTW REZ HIBD &
ML B OCEEIATT (B 2).
2.3 SR T-5O0SAFR

OSA J&F57 EAR I % Hh PR] b I 3 e 7 i PH 28
SRR E MR RIS ECE 1, SERENEL A
PR ABOE . RIEMG R N B DR RS S A T e
PR A, RE ik, SRR, O
Ty ORI ML fE R R, IR SN
I A 26 H B B0IR A2 7. 5 2 e TSR RN D R
5 P, Ja) BRMEAR AR 9 OSA FRIR% 05 B L fitk A4
fiE, ROIME RS HIFEME RS040 HE LS
FEREE Y, OSA BF@EH AL, IATHE
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I P BT R S B GSH FE35, 52N GPx4 Wk
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Fig. 2. The underlying mechanisms of ferroptosis in hypoxia-associated brain injury. Hypoxia-associated brain injury mainly includes

cerebral ischemia-reperfusion injury, neonatal hypoxic-ischemic brain damage, brain injury caused by obstructive sleep apnea, and

high-altitude hypoxic brain injury. Ferroptosis may play a key role in the occurrence and development of hypoxia-associated brain

injury, and the mechanism of ferroptosis mainly involves three aspects: lipid peroxidation, abnormal GSH and iron metabolism. The

orange and green arrows indicate inhibition and promotion respectively, and point to potential targets of ferroptosis in hypoxia-related

diseases. Numbers on the lines indicate that the mechanism occurs in the corresponding diseases. 1: cerebral ischemia-reperfusion

injury; 2: neonatal hypoxic-ischemic brain damage; 3: brain injury caused by obstructive sleep apnea; 4: high-altitude hypoxic brain

injury.
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