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The role and treatment strategies of ferroptosis in liver diseases
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Abstract: The discovery of regulatory cell death has led to new breakthroughs in the field of disease treatment.
As a novel discovered regulatory cell death in the past decade, ferroptosis is characterized by abnormal increase of
intracellular iron ions and peroxidative damage of cell membrane lipids, morphological features of mitochondrial
volume reduction, increased mitochondrial membrane density, as well as mitochondria decrease or disappear. The
mechanism of ferroptosis is mainly associated with factors such as iron metabolism disorder, lipid metabolism
abnormality, amino acid antioxidant system imbalance and oxidative stress. Since the liver is the main organ of
human body for storing iron ions, it is necessary to deeply investigate the mechanism of ferroptosis in liver diseases.
Relevant studies have shown that ferroptosis plays different roles in various liver diseases and is closely related to
the process of liver diseases, including drug-induced liver injury, alcoholic fatty liver disease, non-alcoholic fatty
liver diseases, viral hepatitis, liver fibrosis and hepatocellular carcinoma. The aim of this review is to link ferroptosis
and liver diseases, concentrating on the iron metabolism disorder, accumulation of lipid peroxides in cell membranes,
imbalance of amino acid antioxidant system, hyperpolarization of mitochondrial membrane potential and its accu-
mulation of lipid peroxides, oxidative stress-related transcription factors and other aspects. This review summarizes
the regulatory mechanism, current situation and the roles of ferroptosis in liver diseases, in order to provide a new
theoretical basis and ideas for the in-depth study of ferroptosis and the treatment of liver diseases.
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JH 975 2 thE 590 Bl A 3 BB A AE T ) 2 2
Rl FEH I, DL B30 28 L AR TR VR 07 1 JH s A 5
PRI 32 o AR I & 28 I 2 i) 1 3 342N, RIS JH:
o A R [ B O LR T PR 4 AR T AR
JE R B ) b R AR R, Bk BB T (ferroptosis) &
2012 A5 R AR — iRk AR 1 4 i 8 T TR =X, HG S
F K # Ak B T 35 T 4L (reactive oxygen species,
ROS) Fl i i ik AL M AR 58 5 3500 e b Ak T 25 g A8 A
T BB A SR . BRAE T AR R T RS
VAR BT TS, LR IE V2 AR SRR IE T AR,
g kR b A Ak & S . Bl QL0 (coenzyme Q10,
CoQ10)-#kFET-H1H| 2 11 1 (ferroptosis suppressor protein
1, FSPL)-HH ik Jiie i M2 04 — #% ¥ 8 (5 12) [nicotinamide
adenine dinucleotide (phosphate), NAD(P)H] i % . =
PR 5 7 JR 4 K fi# B 1 (guanosine triphosphate cyclohy-
drolase 1, GCH1)- U & A4 ¥ 1§ ¥ (tetrahydrobiopterin,
BHA)-Tf e fh %5 . A UFHE Bon, BRI T B E 25t
JEEAG AT RS P 0 A PR A IR M A P 4R s B
98 T I A 4 Ak S5 I v Ok 4 R AR AR

AR SO T R VERBE T B AR S BB
TP, JEX R A8 T AE AN [R] R 2 S e % e i
B G BERE 5T 5 R 9T SRS HEAT SR8, 9 D ) R AR T
B3 962 FFE 05 i fL i KB i
1 SIRSFT

PRAGAS R Fa ALK b 1 B Ak T AN W R i R H L fi
A7 FOARG PR TS 1) B 25 S 7 R e o TR AR A I T,
PR B AR % 4 R 2 1 R . S8k N+
TR )R, FeT BT AR AN 6 K bk SR O Fe*, JF
Ik 4 4 )8 #4145 5 [ 1 (divalent metal transporter 1,
DMTL) i N+ =45l b e gl . 4 HLAk 75 Bk,
Fe? il i #k #5142 85 [ -1 (ferroportin 1, FPN1) #%iz Hi 40
F, R A L Fe™, B NTE IR R 411
LEIM R R Fe® 5 #54k & [ (transferrin, TF) 54, 76 H bx
I My 3% T 5 % Bk B A 2 4k 1 (transferrin receptor 1,
TIRL) &AL A G, B py 77

JHH 40 B AE 9k 1) E Ak A A0 I, AT DA 22
R, X BRACFREAT T . HAUALE SRR SR AT T,
Fe M TF Hh R Jis 388 ok V75 T Ak 00 )it Bl 2 4 R S 2k, IE.
B oL v A4 B ) DMTL B33 & 0 5 (0 A Fa e 2
o 41 IR v DLIE I AZ 2 AR B0 R 4 (nuclear
receptor coactivator 4, NCOA4) 4 5 ) &k & 1 [% fi# ok
WA RN, AL, g M A SRR R A, AT

DA 3 ik 5 R 2 5% i R IR R R T A I Y kAR A . B
52 [ (iron regulatory protein, IRP)/% 2 B 7644 (iron
response element, IRE) R Ziifiid i DMTL A1 TR 11
FI&, N FPN F0 2k & [ H #% (ferritin heavy chain,
FTH)/4& & 1 82 4% (ferritin light chain, FTL) 3k 38 gk
(OB, ik 2k o g R T

LA R BT, T2 P R R e T R
HARZ B 39 1 1 14 (solute carrier family 39 member 14,
SLC39A14) #Z HUAE ¥ ¥k & A 45 & 8k (non-transferrin-
bound iron, NTBI), ¥ i & (1) 8k fit 77 /£ 2 & (R . 78
BRid & M 4n i b, NCOA4 5 E3 72 & ik H: i HERC2 45
&I E A R B A . IRP/IIRE R4 F i DMTL #
TFR1KIFRIE, LA FPNFIFTHIFTL 31k, 2R K
Tkl K& K EE A (bone morphogenetic protein,
BMP)-SMAD 5 5 i@ i fl 2 fE A T 1 4l /v % 6
(interleukin-6, IL-6)- %% 5% B35 [X -1 (signal transducer
and activator of transcription, STAT) 15 5 i i {115 5 Fr
VAT, AT D B Y™, I SRR 7T UL B, AR A
AN TR 52 B i 458
2 BRETERFFS

BRBET /& — PR AR 50 14 41 L A T2 T 2K, 31X A 4i g
FETCIRFAE 5 O 50 10 40 L A8 TR AE AN R, R W48 i %
TE A DS . DNA W7 2 H1 - B K 4 Bff (cysteinyl aspartate
specific proteinase, caspase) ¥ i%, JF H. caspase #1711 57
ANBE B axX — ik B, H 32 SRR A2 4 A B P AL
YRR AN AL R JE R A 5 A 40 B B T AR A
EE, BRAE T30 22 B HH R R 9 T 28 22 FVAE Ak SRR ALE
TETRA T b, BRAE T B 40 Mt I /N SR A L B 44 s
JEE 38 v EORL AR IR 9k 2> BT 2R S BRORL AR A IR 2R SR
R I H IR = e € o kA L 4 B o RN 4 B S K
DL R RS 4 i . TR AE AL RRYE b, BRBE T B
RIS 8 IR R 75 A0 B (1 U (adenosine mono-
phosphate activated protein kinase, AMPK) fJ % i%
System X FrI ] Dt 22 BR F DA 982D L 43 Dk H K (glu-
tathione, GSH) FJ#E 35 A1 1€ A= DU s TR 25 A I AR R T 55
R BRBETT S YN A T 40 B R A A T S
AT 7 2R 5 B I D31 I 2 102
3 BRI TIEIEHLE

HHATC AP 3R st T 7 A A (% 1), Bt
T 11 5% HE AR 252 IS ) ik 28, {42k B0 T A4 G 1 4
JET S AN [F) T IR SE PRI TR TS, B AR T
FFLE A, B 2 AR (polyunsaturated
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Table 1  Comparison of four types of cell death

Type of . . . .
yp Cytomorphological feature Biochemical characteristics Reference
cell death
Ferroptosis Plasma membrane rupture, mitochondrial volume decrease, 1. Iron and reactive oxygen species overload [12]

mitochondrial cristae reduced or disappear, nucleus of normal

size, no chromatin condensation

Apoptosis

the nucleus, no change in mitochondrial structure

Autophagy Organelles such as Golgi and endoplasmic reticulum expand,

Cell shrinkage, chromatin condensation, apoptotic body, and
cytoskeleton disintegration, with the most significant changes in

cytoplasm is amorphous, nucleus is fragmented and pyknotic, a
large number of phagocytic vesicles are formed, cytoplasmic
membrane loses specialization, and cell membrane blebbing may
occur

Pyroptosis  Cells are swollen and swollen with many bubble-like protrusions;

pyroptotic body, pores or ruptures in cell membranes, and the

contents flow out

2. Activation of AMPK

3. Inhibition of the System X~ and reduction of cystine

uptake

4. Glutathione depletion

1. DNA fragmentation [13]
2. Multiple protease control

3.Cytoplasmic Ca?" continues to rise

4. Changes in pH

1. LC3-1 is converted to LC3-11 [14]
2. Changes in the expression of autophagy substrates

such as p62

1. Formation of the inflammasome

2. Activation of caspase and gasdermin

3. The release of a large number of pro-inflammatory
factors

[15, 16]

fatty acid, PUFA) £k it it i A 51 ket kot
HH 3/MRRAE 8 S Bk B AR Z L & F PUFA I IR
A S 3 e H Ik i Ak Yo i 4 (glutathione peroxidase
4, GPX4) {25 g i AL e T 1 kM, BRAE T
BARPUER 20 2 2%, W Kk B AR e AR | 2
FR AR AN e B NS 2N J7 Tl BRAE T )R A A2 5 T
T A A A S AL R R 45 R, B BT B AT AR
BRI AR 764 T iR, i TR E M B .
31 HBFREFIELSIEKIET TN F0IFEH K
T 5 o i AR BR AR T bR B . R AR
A W) KA 2 AE S P 5 R R FE TS . Rt R
P450 i J5 i (cytochrome P450 reductase, POR) 141 fiEg
& B5 iL JR  (cytochrome B5 reductase 1, CYB5R1)
4 T M NADP)H (—Fhid J5 B ) #8224 R,
M f A, S A S B S = £ H B
BRI = AR (G300 S 8E), ¥4 EEH S A A4 M b g S
2 ANV I 197 PR B R A o Ak, JE R R J5 1) A AL
Tl 4RI HE R, AT B R ) 5 B 1, B kAR T,
I, BB K SR T B VA G

41 Pty 3R TH %% 2k B 1 A2 MR TR TR T KR IR R
O, NTBI @ SLC39A14 %5 4 J& ¥k s & [ ik A AT
Y, 300 )RR AT BB SR T, kAh, DTBRER
AR R 428 PR a2k S B G A 45 B 2 (iron respon-
sive element binding protein 2, IREB2) 4> 4 41 ff o}
BRAE T R BURAE . PR, BRAS S AR Y 2 By b Bk A T
32 HMERERERISUHNRESHERET RiA
1b B 5> N 3 2% B4 A B (cyclooxygenases, COXS) .

41 Jif {4 2 p450 (cytochrome p450, CYPs) il fig 4 & K
(lipoxygenases, LOXs), HH1 LOXsXHERFET It Ay H 2,
LOXs J& — R & AR ML 241 K Bk 1 BUM U8, 72 1E RS
N, AT I Ak AR PUFA IR U0 480 s S A= B 7
BRI A A, T GPX4 ] i i S8 A W e Ak o TG ¢
1 i Jo B, TR R AE T R AP PURA X i Joi i 48
W E UK, ZFPUFA T BES 58T IR .
I Tl g 6 HEL A6k 15 2% %% #% 8 3 (lysophosphatidylcholine
acyltransferase 3, LPCAT3) Al % Jig Bk 4 i A & 1 I
4 (long-chain acyl-CoA synthetase 4, ACSL4) )4 fIf it
AR 975, S AR AR a2 e v A Ak B T ) AR
FR A GPXA HETH 5 BRI T . ik, ACSLA A
LPCATS3 ) fifk 4% AT R A& 8 1k PR 1] ot 480 4o S50 6) g J 2
TE RS 1 1R SR M B kBT T2 P, A3k ACSLA Gk
] DL 35 HR BT GPX4 sk K 51 RSB T . ML Z
T, FBR LPCAT3 #ifi £k 58 1 9 FCR A i Bk ACSLA,
R E AT E] AT BE AT TEAME LI

33 REMMENRZEAEFTLAHKRET BRI
R S 1) e 38 1k System Xc 2 HH B4R R 7 1
11 (solute carrier family 7 member 11, SLC7A11) Fl %
Jo 8% 44 5 3 % 4 2 (solute carrier family 3 member 2,
SLC3A2) LA i 20 Bl (1) 7 R — Ak, et /i S 4t e
WA E R FIGH M AP e U RRIEAT 1012384, l TP e
FRIANESSE, JUF- BT I 4 i 21~ ez B #8 LA S8 AL IR DR
AR XAFAE, 40 g 1 1 e 220 R i 1 System Xc
BTSN M N PO, P IR 2 PR R 2 B iE i GSH Bk
fifi S804 2 4 348 5 1 (thioredoxin reductase 1, TXNRD1)
G MR BRI SR A P, 2 B R i B T S
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5 GSH I & i, GSH 5 75 11 80 s B2, AT S 21 4 i £
FAEH . PR 2 A A DT IR R, 2 43 bk
HIKE BB R 2R o 1y VA BE 1 4 &R W] ) System
Xc, BE I R <5 bk 2B 5 AR 1 B Y FE GSH 1 AE
FH, AT 5 AR BB T2, 7R 8K FE 125 5 5 erastin 5 5
HIERFE T, erastin 2 41 System Xc™, M i 5% GSH
Tk G, GSH [k 2k 22 5 B I H kol S8 A0 4 il
(gluthathione peroxidase, GPXs) ] 2<%, GPXs )& T
— 2R (OUFR Al ), 645 GPX1.GPX2.GPX3
FGPXA4 PYFHRY R FET I OB 5 25 1, GPX4
AT LA RECR AR B A P e A o 6 B B R B I, 997 1k
STt S P o ok SR AR R T A S 45
1M GSH {F 24 il s GPX4 1) 4l X -1, GSH it 2k 2 T £
GPX4 %3, #E ik L5 kR IR il A B T, B %%
PR BRIETBY, i E RSL3 (— i GPX4 #1i] 71) i &
FIERFET: A, RSL3JE T 5 GPX4 [#) JL A 45 & K )
GPX4 i 1, FBUR T A R, & 38k
%1‘:[33]0

3.4 LAk GPX4 ST 5L S8 (dihydrooro-
tate dehydrogenase, DHODH) # ISk FE 1= 2k ki fk
WPt R 7 A v PR AR, A T 1 AR 32 BRI, BT DA R
AT PR A 7 AR L = R R A P AN AR S5 7 T AL
CELTURATIE Y. ¥ R B SR 25 1% 51 39 (solute car-
rier family 25 member 39, SLC25A39) /& GSH M it i
i B RAR N K AEDUEAAE A A D e i) &
TP R Y TERRSE T AL L, kA
BRIET- R R PR . BT K20, ki
PRTERRBE T o R HEAS AT BRER 136 20 o H eIl — U 92
KB, 2k B 7E erastin B Bt 2 8L 3 5 155 T (1 2k A
oA OCEEE (R AEFD ] GPX4 B ifs S 2k BT
FAN BT Ji R 1 5 T DAASE 2 R A 58 P A7 e
AR Joit i A8 A P R R T ) R A 1) = R BR 1 B
B % 0 B AT DAY AR A A i P A R R A T
AR, TR AT, B FE 57 T GPX4
B FSP1PY. DHODH & M5 g M Sk A B 36 4 A Ak B
SR, A7 4% B DHODH &3 4515 S 132 2k ki ik
Jig B A R SE T, T #b 58 DHODH [ i) W] BAJR
BRAH GPX4 15 38k AET: . DHODH 5 £ R 44 1)
GPX4 (X 5T B ST 40 i %5 51 GPX4) I 4718 1E, ¥z
B R 5 oz B (— Fh B A PR TG P I B B4 3R
TBURALT), B ISR 1) 2ok oA P B R AE TR0, i
4k, CDGSH %2k fif 45 #J 45 1 (CDGSH iron sulfur domain
1, CISD1) (2% mitoNEET) & — Fft & 2k (1) & b A 4
JEE 1, A B TR B e nT DLd I AR 2R i ok ) AR
SR AU AT ERIE T, #i CISDLR i 7Bk 3£

WL i I S A, T AR BE R BB T2 5 5 77 erastin 5 5
ERFET BT,

3.5 CoQ10-FSP1-NAD(P)H @ EHIFI Sk T- X2
M 57 T GPXAIGSH 1 3 — 2% U 42 %k B8 T2 (1 8 % .
FSP1 /& GSH AR 14 2k A0 T3 il Kl -, 7E GPX4 i 2k
()4 Bl 7, CoQ10 m i ik i 1 FSP1 it 33, Ik /b JIig it
AR A, DL IR B R SR T R #0 ], 9 H FSPL
Al s K i NAD(P)H i £ CoQ10 (1) i A= o 1X A
AR VE ] LA GPX4 F GSH ik [F] 401 1) i o ik 48 4k Fn gk
FETEN, BRI, ESCRT N (—FERARE &
A A5 1 B RS S AT DA B AR T A R I o o
FAL, 42 78 FSP1-CoQ10-NAD(P)H i % 5 ESCRT 1
H fg A T AN REDY,

3.6 GCHI1-BHA-BiRRHHMHIBISKIE T mITH WK
I, GCH1-BHA-H A il v] DL i Bt 80 4k 1 15 #0 1) k oK
2. BH4 & GCHL BRI AT AE4), th#ik GCHL ¥4
M B BHAE N H el B4 3R B P A A0 7, i ik 4
PELRA B S (0 71 FE R A LR 40 P 4 52 i o i LA 1
YERL, MITHIHIERFE T, Ak, BHA R W] LA T & &
CoQ10, # 1 i i _F & CoQ10-FSP1-NAD(P)H iff #% 1!
FIRIET: o X —JiURF () GCH1-BHA-1 fig i 2k 6 1 {7
PHLEI ST T GPX4/GSH & 461,

37 SHNHMHEXEFETFETHRET SN
HH G B S5 DR AT LA 1) BSOS Bk A0 1A DR 2 TR 1 3R
ik, REFRESIETIMER . RN TR TFA4R2
#H 22 A 7 2 (nuclear factor erythroid 2-related factor 2,
Nrf2) 25 S A0 R0 535 fE R 380 B2, 4 i 1) Bt 4 AL A
BRAC AR ET DL Nrf2 R 3E KA F o 78 S AL B BEOIR &
T, Nrf2 )\ Kelch # ECH 55 B% % 11 1 (Kelch like ECH
associated protein 1, KEAPL) fif &5 £ #4 % 3N fg #%, 76
1% B0 A DA A SO TG R )T i S R R SR A
AR Bk BE T2 457 45124, Nrf2 35 7] LLE 5 System Xc Al
GPX4 1X P AR FE T2 OC B B A, BRI T 1 Atk 1 7T
DR80T L Nrf2 fR 05 38 T A Y FTHLFTL S8
SREEH, R HE GSH & fl, $ TG PR = AR, IRt
NAD(P)H F-4. ifif p53 &5 {4 — Jy T A LA i ] —
Jik 3L ik 4 (dipeptidyl peptidase-4, DPP-4) Sk BH 1E 4% 4E
T80 53— 5 T 3 3k 0 A1) SLCTALL F IR Sk i 1F 8k 4E
T db Ak, TR R S0 R 7 4 (activating transcrip-
tion factor 4, ATF4) {1335 Al 2 Bk AE 217,

3.8 HHSmEAHRETHNET BRItz Ah, AT
EHLEE R AV 2 J7 T . WS RSO T, AMPK
)75 1 398 0 AT v 4 B GHER BE T AR B 7, 1T AMPK
IR S 20 R R AT T BURK, 3278 AMPK A5 (1 BB = 8
B S T BRI, g% A
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—EREE Lk IE T . 45 % & (A E (E-cadherin,
ECAD) #& = Sz 41 it v 240 i 18] AH TG 2% (1 3 223 5 A
T, AR I AT LAE i ECAD L5, S0 4 e P Ao
22 #7455 (1 2 (neurofibromin 2, NF2) & X A1 Hippo 15
538 % A A ) i S ILE0OE R Yes AH R R T (yes-asso-
ciated protein, YAP), #E I 41 ] ACSL4 1 TfR1 f L,
AT A R BE T, i 7 200 i %5 52 484 vy ) 104 0] 2R S T
FIHEHLAE 7119, TR A T A OG5 5 38 i L P 1090,
4 SRILTIERT R/ P RER BIGTT R A%
W90 R IR, A2 505 ) A R K e B B, 5047 A Bk
UL R IR DU R SRR R i S AR
FEAEBRIE T ARRAER, R BR BT X T 1 AR
RIBEEAGEBZEAFEER. Eik, RN BEIET S
2 SRR A R PR AR TR M R D e B

SLC39A14

JEF 98 < JHFET 24 A R FET 240 M e 458 FEH 0 2 1] PR SR IR, AR 7T
BRIETAE R o B4 P RIG I FFJE 2 0 i 208
BERHANIE ST SR o

41 HYIMERTIR  AWIEI R R AR B % 2R )
Jo FL AR 7= W 45 75 R 20 B 453403 A 5 L Tl o 2
FECHH S5 I PR 26 B0 A 00 « X RS Ly (acetamino-
phen, APAP) I & 5 2 i I 451 1 7 i o LI — 28 245
PEFFFA5 07, A0 A2 5 B2 P 1 B FFE 0 0 1) 3 2 [N B
PE4RiE, i & APAP 2> S ELAA A A GSH /K1 35 R B,
XA FHRIE TR R, 2 APAP I &I, —
#il7> APAP fEJITJIE CYP (1 I T BEAT AR, #etb v A
AT 6 25 P g e ) AU 7 ) N- 2 T i — S I T
(N-acetyl-p-benzoquinone imine, NAPQI), NAPQI 1] 5
GSH 45 &L LM B & i HE AR 41, S EUH 40

e.®
[ ]
Glutamate Glutamine
Cell Membrane

’ ® A ?Glutamine
: Cystine Glutamat:
Lﬂhoz Reaction f
GTP @ on ppp-4 TF4 Cysteine Ly, prp
’Lt;('m ‘/ \
BH4 i AR
[ \ / Nrf2
CoQ10
Fsh ! peroxidation A
CoQyoH, S
PL-PUFA AD(Ey*
e T LPCAT3 o Patl?\g:y | mGPX4 DHODH
i Ferroptosis EEEASCoA
Energy / ‘r ACSL4 NF2
Stress TXNRD1 \‘ 'ﬂ ESCRT-III PUFAs
ECAD

Figure 1 Signaling pathways involved in ferroptosis regulation®, SLC39A14: Solute carrier family 39 member 14; Tf: Transferrin; TfR1:

Transferrin receptor 1; GTP: Guanosine triphosphate; GCH1: Guanosine triphosphate cyclohydrolase 1; BH4: Tetrahydrobiopterin; CoQ10:

Coenzyme Q10; FSP1: Ferroptosis suppressor protein 1; CoQ, H,: Ubiquinol; DDP-4: Dipeptidyl peptidase-4; ATF4: Activating transcrip-

tion factor 4; SLC7A11: Solute carrier family 7 member 11; SLC3A2: Solute carrier family 3 member 2; System Xc: Cystine/glutamate anti-
porter system Xc'; GLS: Glutaminase; GSH: Glutathione; GSR: Glutathione reductase; GPX4: Glutathione peroxidase 4; GSSG: Oxidized
glutathione; Nrf2: Nuclear factor erythroid 2-related factor 2; FTH: Ferritin heavy chain; FTL: Ferritin light chain; NAD(P)H: Nicotinamide
adenine dinucleotide (phosphate); SLC25A39: Solute carrier family 25 member 39; CISD1: CDGSH iron sulfur domain 1; mGPX4: Mito-
chondrial glutathione peroxidase 4; DHODH: Dihydroorotate dehydrogenase; ECAD: E-cadherin; NF2: Neurofibromin 2; YAP: Yes-associated

protein; PUFA: Polyunsaturated fatty acid; ACSL4: Acyl-CoA synthetase long-chain family member 4; LPCAT3: Lysophosphatidyl choline

acyltransferase 3; TXNRD1: Thioredoxin reductase 1; ESCRT-I1I: Endosomal sorting complex required for transport 111
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GSH [y B FEus . LI, i 2 (1) NAPQI 55 JH-4H it b 27
HYrMEREANEAD S T4E (FELLPAE
H), & 1 APAP & 1 In& 40, 5 BUH 40 M 2 ki 44 A 4k
NN RERERS, 251k A 4534557

TE 245 W) Ve I 40 40 () 96 97 SR D7 THT, B L R IRAE
APAP &b 2N 5 JFAC 4 BB 15 50, ferrostatin-1 (—
PR L T4 F)) Ak B AT 4 =0 APAP 75 5 1) /) bR
AR AT 20 M 2425 (4 T 1159, 78 APAP i 5 119 /N BT 3
Vg AR A HR R BB T A R AT A A ) O B APAP 52
(/N BRAE T, 3F H. ferrostatin-1 & ¥ 1F F 5 NAPQI 1]
R AR TE KRB 5 — U 5C R R, 3 R i ) —
A=W B R B [(+)-clausenamide, (+)-CLA], — J7 1l
T 3 0 B4 B R GPXA B B i, i FE 24 W 1 BT AR A
HhoE AR I B I AR, AT AR B R AR T S — T
[T, 3 AT DAIE S 4 1) Nrf2 32 36 4 AT 38 1 Nrf2 1) 52 e
P, BE T S Keapl-Nrf2 3@ 4%, B 1L 25905 5 19 AT 40
FERFE T, 25 b, B R I e od ik 1 i GPX4 A1 BH. iir
Nrf2 iz 24, AT 400 a1 JFF 240 B 1) 2% B T2 I 9 % APAP
7S S 7, 1X 9B 5 I P Bk SR TR
T VE AR AG S At 1R R RS A I 2454
42 GEREMERTRR ORI R R T B R
TR N T B AT g, DA I e 7 22 1 B M 1 B 6
R A 4 AN RFAE, 2 3k — 20 kR o R A0 B &
JEt . B FOR DULE USRI  R R RE R, KR
Fe® FURTEMFHE h, JF BLAE A I3 8k Ak B 1 7K 7 3
O, L AL T A R R AR R R Rk, it
i 44 0+ — 45 % DMTL A1 FPN 2 3%, M T 48 in 2% (%)
WA BN Ak, 7E 2O RE PR TR 1) /0 BRFF AT Hh o R 3
4 NAD(P)H (19 2 A1 SLCTALL 4 411 1], 3 13 B 974
FEVEIR 5SS T B UIAH G . i D7 e 7 1 lipin-1 72 —
ol Mg 0 6% 14 5 IR R o R il , 9 F 9 SR A S RS A 5 1
lipin-1J 1A AT DUBIEZR AR 21, (2 3t i i Ak, JF H
98 /> GSH FIH i & -3- 1% 12 it 2L (glyceraldehyde-3-
phosphate dehydrogenase, GAPDH), 5 £ it 4 Hfd &% 4t
T2, 48R T IBRE 51 20 Mk B8 T 45 4 9 ZE AL A1
TETAG 1 08 Y6 7 5 T, 4R B TR B RSB T2 40
I35 (ferrostatin-1) R LI 5 /Iy B0 I 4% P AT 44500
A, & CREME TR E, 5B A RN R AR B, K75 5L
(sirtuin 1, SIRTL) Ji7 T& 45 5 1w B /N B JHR I 8 0 952
500 2 3 AR, PR i TE SIRTL Sk = nl i@ i 44 1E
BRAR U T AE B RS 4R GSH S R R R i Ak,
RAE AR E Y, 33X AR 7T 3 A SR 38 i 00 i) FET- 40
BRBETRIR T R P 0 B2 L 37 19 7 S RN SR es
4.3 AESEREMERSBRRT AR ORE VRS W I IR AE B R
] 1) 2 A 1 s, O BRI 52 2%, B BT o RE RS

o TR SR IR A PORS YR R D I A A7 A %
IO, AR B 2 L) e 1 o e IR K 7 &
o B ORI LL AN, BH R R I A B R R 22
1% [—Fh W15 5 (eat-me signal)], I H.Z 8 1k 22 2% o
4 Hf (Kupffer cell) (—Fh A7 T FFE 4 1) B WE 40 fl) 7
Wi, FEOR B L2105 H BRI R AR R {5 20
RAEBRIOT, B & R N AR T R 1 g 17 1 T 4 7. itk
Ab, FERRBR T, Zbr A RS 80/) I i 5 U it /> 1 411 i
T 2T e A, X — i R R R TR P S AR R
T 8 FH 2% Bk i 55 Bk 25 A 77 A ferrostatin-1 25k 286 T 41)
7 AT LA 2 38 i 5 e A AR A D A R, SR
T 38 2% PR R 42 1T DL A Y8 T R RS I DT EE B0
W& o FEURE 5T BINE 07 I 28 0 /0N BRBERY o 2k
A (W 28R AR) 16T AT LA A B AR TS, R S R
B IEH R /N B L, PR B Z R D TS 2R R
(VR A 19708 BRI AR R FE T I8 42 Bl s ™. kAT
#1571 (ferrostatin-1 A1 liproxstatin-1) & % 1 &5 & R Al
HE§% & = (methionine and choline deficiency, MCD) 41X
1 51 1 /0 BRURT R 72 1 R A5 R AT 440 PR
6575 Trolox A1k 2% & 7] (Z 8k %) i1 74 78 22
P M 7 P /0N B P A P 248 2K B0 1 B 5 4 PRV Vi A
9% 1 200 P DR - 2 AT, T A RE S M IR SR U T )
71 (necrostatin-1) JCik P IE 40 R AET: . LAk, HIERSE
T2 75355 RSL3 % MCD MR 5% 1) /N B #EAT AL 3, /N B
JIE GPX4 3 K~ BEAIS, JHFJ0E AR 05 A2 M = . i H
GPX4 0% 77 A B B ¥R 77 MCD MEFR 1/ U, /N B
JHFE GPXA 38 I, £ B & E RS 1 A 15 4 28 A DG
FRA 473 5 2 e R T, ax e R B T MR SR TR B VR
A PG 4 T 107 B S

4.4 TRE|MFR WM R KRR S T
AL, ™ E A E S . AR, 1B N AT
200 T IR YL 2 T A0 M R 2R T AR R M 2 B
RTINS OL T, GPX4 & 4k FF AT 40 i 773% 5 1F
W IIRE M OCHERE R . KR I 18 M O T I &
A 2 A5 (27 4k 4L v] g5 kA . g4t
AT DA 0] T T 40 B 0 R A0 T ) R YR T v B
JF 4 o s FH A ) ACSLA 1) % B 40 o 44 A= D0 95
1% 5 % & 1 (arachidonic acid lipoxygenase, ALOXs) ]
Zileuton (5-l5 & B4 61 770) P AN a EEF B (—Fh
YR EMTAEYD) MBS (—MEREE S R KAl Bk
FETT, B AR A i AE T B AR I R B 7
[, 8 I R AE T T AR B R0 V6 7 98 B 14 I 28 38 R
FHRB AW T . BT, 00 25 M 98 Ak B8 T2 2 18] A1
KA D, 5 BB T O 1) BAR G IT HE B I 75
WP RE.
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45 FFEFeEb BT AT 2F 4 4h 2 2 Fhoms IR T 80 18
JFF R 3543 i o A BRI P 45 4 AL AU 3 A M s o 7
FFEF A0 IR T SR 5 T, RSB T T R R B —
T, 40070 JFE U O 55 40 ) R BE T R DAYRR B 47 AL
F R A IR /N RS I e AT AR T B AR R AT EF
AL 1) S B, Tk SE T3 7 (ferrostatin-1) 7T 45 2L
TR, AL, R AL 4 R I OE R Th e T T
RIFGRIER, o] BN 18T 8RB0 T 5 S0 T £F 44k
f SR RE AL 25 A0 T Trf (2 B 5 25 2 1 1 S 1))
S P o ok 1 /0 R PR TR A R s P Ak AR T 9 5
(ferrostatin-1) A] LA R feas Ho 41 440 . I HAE 4
JfL Tef 45 7 P il Bk /s B HR 40 i) SLC39A14 [ 3R 34 1T BA
2 D I A R B AT R IR S S
JIF &1 4 46 55 — J5 1, BF 2R 41 i (hepatic stellate
cell, HSC) 113 44 76 JIF £ 45 46 11 R 993 Ll vh ke o 22 K
FEVER . 24T IR 980 S5 50 B2 4, HSCs
I, M IDIRZS (1) HSCs #5AR NILR AT 4 4n ™., (R,
il HSCs (35 14 A2 B ¥ BT 41 4 40 ¥ < 8, {233 HSCs
BBk B8 T2 B T o038 B 4F 48 b, 7 H o iR 8
(MgIG) & 240 7 HSCs (135 1k, I H. 38 i 412 32 2k An
g J5 3k S A A O B B A HSCs 52 B0 HA 26 B8 T (0 TR 25 4
fiE o I 41 2 04 B 1 (heme oxygenase-1, HO-1) 4t
MgIG 755 1) HSCs Bk AE T 1) i A7 B, 3 7T § i i
it HSCs BRFE TR 16 7 I ML £F 4 AL $2 41k 3 2 5 1,
Ub b, I8 W 7T & B RNA 45 4 2 11 ELAVL1/HUR Al
ZFP36/TTP fE#5 # HSCs AL T i R EHEAE M, th
Al BLRRCA VR IT 8K BE T 5 SR T AF 4E AL B T AR A
AP R Ah, I 2 RO T 3 HSCs R AE T 11
W% 5 R 2, Wi R AR K 25 1K 28 (solute
carrier family 25 member 28, SLC25A28) 5 p53 It & 15
F HSCs LB T, 35 5 % fis i i 2k [ W A 3 HSCs
BRI SRR R, BUEALRE JTBEAC, AT {232 HSCs
BRFETUO: T R DLE i E VR A B 5 7 (bromo-
domain containing protein 7, BRD7) [ ik, i Bl 411
SLC7ALL [F3RIA, I T 50 GSH FE35 . GPX4 i 14 1% 2k
M ROS it &, I &% 5 HSCs K AT, DL E#F
FEFIH, 0 AT 40 Bk B0 T Bk AR 3 HSCs At T4
B RCNIRTT T 44k (0 250R 97 Sms .

46 BF A B 5= (hepatocellular carcinoma, HCC)
HCC & i WL I i 25 2, 55 1E % 40 i At HCC 4
it F K R AR £ 1 R 3 T A P KT T, i
KRBT B AR, SR AR 8RB0 T2 75 HCC IR TT
AR R 1 B AR HPY, fEHCC IR BT fEH,
BRIET. 5 p62-Keapl-Nrf2 i 58 AL I 4 2 DI AH 2, p62 vf
DL I 2 3 Keapl 14 A, 80E Nrf2 7 NAZ A, 3t 1 1

TR A ROS AR AH OC JE DA 1 2k, H 1 ERBE T (1 K
2 p62 i ] LU 3 NAD(P)H if JR g 48 1k ik J il 1
[NAD(P)H quinone oxidoreductase 1, NQO1]. HO-1 #lI
FTH (%S 3RIE, fHI ghaE Lo #20er,

YE N HCC W 3% a7 29 R Hi Ak Je, Hodid 41
il SLCTALL AT 75 3 40 BU Bk AL T2, A FH AL 32 2448
HE p62-Keapl-Nrf2 it 5 A0 A5 5 %, {3 Nrf2 1 30E
Feakv] L/ R hi9E Jé £E HCC 4 g 5 5 1) GSH #E
5, A 5 A R AR T, 3 30 A B X R B AR e AR T
1Y, AN, I E T R BLHCC S5 AE T 1 H A AR
FEHUH, W28 B g R (- /NG R (low density
lipoprotein-docosahexaenoic acid, LDL-DHA) #] L% £
P ek /> JHF 6 0 L 1 A AT, GRR e . (— RS A
Z51) fe %3 1T S0 Nrf2 . HO-1 A1 GPX4 &5 i 3t JiT i
AU MR AL T, JF B8 LLAH X Y 771 & A2 i R dE e
IR AE T, A LR 1 HCC 41 il % RSL3 Al
erastin 15 5 [ 2R B8 T- 40 4% o) LA I H — 08 T 52 1%
FLER T AT LA 1E HCC 48 i ATP 177 42, fff AMPK
SR, AT A BRAE T, DR] b 410 o) 2L TR 55 H T A e oA
Y e T E R TT B A5, SRR T I 07 1 T 6 A O
H R AL & JF HCC B3 B 40 R Bk A R L AR & 0F
HCC &3 5 J™ 51, I 3 WY VR 14 1 Mg 44 JH 28 AH G JH
fififb £ 35 1 HCC R B 5 I BB 480 6B, DRk, 41
JHO R A0 T 7 I A e 1) VR 9 7 SR D7 T A
5 RESRE

2022 Ffe KRBV AL T B+ A 4, (H TR RSB T
PR TE AL TP B BRBE T AE IR T 5 o )
AT W THI A, — 7 T £E 1E A0 b ] 2R A TSR] AR AR
JHF PV 9 905 40 R A 5 5 — 7 T, A 6 S 4 i o 2 i 2k
ST DU Bl TR G2 IF I s I E R . H RO, X8k 4t
T 5 M B 72 58 2 04 B T 3R 2, 8 —
6 1oy TR A R ) I R, QD) BRAE TR AR KRR (1 58 HE L
W A FEEA, @ JH MR T R ST T 1 B T R
W3 #E— AR R, @ B 1a) B R IE T (1 25 W 1) 22
At 5 R 1 R A B R BRI

AKX TRRBE T I T, B2 N2 A L 22 J2 TR
ZHRENT, RGWEGRICT 1T 9] o SR ] 4
A A 5 T B VA (R SR BRI, IR 4t i A AR IR B S5 N
MELFRIR, SEIL BN AS ALK 2R, 1 57 58 35 1 I Bk 4

SR 1) JEL I T SRS

EE DT EXBUN ST EENERHRE OCEE T2
ANSCHRAS 2R S AR B 28 BRSSO R o B G s TR st
EGE KRBT, S 150 B LR R
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HAME G F A 9 DTOCHR G 2R S BB 22 R AR DT LRI R
A8 RS IE 55 TAF
FREM S A LA 8 75 W TE R 2 h 5%
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