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AE AT EIRIERT R (NAFLD) J2 &0 AR m A MEAT R AL, SHERE . BEIRM |« i liR AE S5 AR 25 3 AR 2 DI AR
K, JEMATEEM A IHER B — . HRAR AR ILE M AERE . HATA TSN BT 25 T NAFLD i AL 5K,
BRICT 2 — R R P PR IAE T . B E2 MG 2 (Nrf2) gt B i E N T, WPstr e
Eb . BN R B A AR AR PR E R, I H B SGE il GBI 1 H 2k IE T2 NAFLD ., AR SGH X ERIE T 5
NAFLD [ 5C R B HEATHE, R5T Nef2 SR 50 10035 NAFLD 19 ] e . e, WTAEAE R IR REHEA T3 BT O3 Hh A St it

FEE.

KR Nrf2, HSETs, AEWPAEVEIRINIE IR
hESZES R392.1, R723.14

RENERER AT, AR PERR DTS (non-
alcoholic fatty liver disease, NAFLD) iR &4
A, B0 A A Bk A e 2
— ', NAFLD J&— M EIERPR, Fbl ih e
AR RRIT AR, SR R e BT RS R R W I 56
(nonalcoholic steatohepatitis, NASH) . FF£F4EfLH:
2 A0 M D . AR Y 25% A N B A
NAFLD, H[E NAFLD f S A 0 58 29 2 30% /.
H TR A R A ) ™ H /6%, NAFLD & il
LM A g RN 82—, {HJ2 NAFLD (1) &l
Tl E I, BHETM AT, ZATE
J& NAFLD &k ) 2 SLAL] ,  H BRI S =Kt |
I FERG I 2SN B — AT s
4 (reactive oxygen species, ROS) HEFISEA %
e o D DAY & | EZR AR € 3\ p i tae € 1 )
", AN R G E T BT A
S, PIETT I E BRI 2 — R AR B A A HE AR
DL R A A A D kA Ak i 4 (glutathione
peroxidase 4, GPX4) i/l it —2L22 8 FF IR R
FLERIET 5 NAFLD B G HR KHAE - IpLE], KBl
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BRI BB BERE N . SRR DG R . &
AR, TS ERERAET SR T
S/ S R A E L DY D U ZE R
NAFLD " IR R, MHIZIET 1] BEXT i S
SRR GERCR . A, MBI T A B T £
P 1) A e 17

FFREEEAEAE . BRI AR S, 4R
HERARI S R G Bt A A i B PR R 2 i
ERAE T 2019 4F H 78 Minoru Tanaka #ff 5% /s
AR, NASH LR/ R4 i rh kst T
Se T HAMA RIS T . FE SV AR it S A
AIIRIERIE T A, W Z e
LR, GPX4. BRI, BEBat E AL K —
SRS T IFIRIE T, s e
FERRBET AT e N D714 NAFLD (BB 5k —.
1.1 NAFLDS5#%ZETHIGPX4iEE

JE T A AL M HE R LA B GPX4 /D 4R AE T )
FEAFIEZ — 22 FEIEH RS T, GPX4 nliid
HASHFAMEHRK (glutathione, GSH), B4 #EHY)
JIg i &t B4k (L-OOH) %% 4k JC 75 14 i I 5
(L-OH), MIiHERAE B A by = B, #ildil
GPX4 BRI AR, XU ZHIET
Fri&iz— ', {H1E NAFLD (AR & JR B Bt GPX4
AR LA AR ]

W JVAERIFSE o, RSl R 1D A8 PR AN
A GPX4 B TR, [RIBHEREE SR T- 0 & A,
FEIX B3 GPX4 19 28 38 AN AT LA A ) 30 5 4k AE
T-, X NAFLD B9 %& J& i nT LU 21 4 3% A0 4 i 1
. Rk E (HFD) A NAFLD FERaliA A iR/
TR (PA/OA) 1755 19 1T 40 Jf AR P A A rp 2 1
GPX4 FRikFEA%, HEAEPIET: B AN iiER
GPX4 J& fg ot A2 & Jn i), 38 & 300E B BR Bk B4
(thymosin beta 4, TP4) K4 HN GPX4 2 ik n] #iji i
BRAET, 3% NAFLD

NAFLD 13 A B A R4 h,  wl ik i by 635 P
BRI NASH, {H2 NAFLD W1 % J& }y NASH %
AEHE . AR T NAFLD, 78 NASH WrEL, GPX4
FikE TR . X CSTBL/6 /NS T 3 R R AR/
JHAE G = & (MCD) & THE, &I/NEIF
JIE GPX4 ik 0 E 3 hn, JFFEREE #IET:, ROS.
JHFe (1) FSERIGIN, AR5 S bW & L mbE L
HOmE A G OB EE K BE KK L B 4 (acyl-CoA
synthetase long-chain family member 4, ACSL4) #l
fe % & (lipoxygenase, ALOX) WEI4n, [F

fif & 42 NASH 2. 55 — R {fi F§ C57BL/6 /)N B3 ik
MCD Tl 10 d il % /]N FUNASH 580 | [l FE H B T
GPX4 ik W 5T AEFET MBI B4 7, X
P28, GPX47ENASH &, X5 5alit: i i i
o GPX4 T FERIGF A . mTLAHEN, Bl NAFLD
SRR R, 23t B™ B 19 ARORE B IR it 454k i
N, AU T O3 20 B 5o 32 3 23 A LU
X ] 2 NASH o GPX4 %35 AR, 3 -7t
() GPX4 AN fgse v brat Z W Ag Brat 4k, M
MRARRIET

SR, TS AT [A] B9 A [5] AT HEXT GPX4 7E NASH
R DIRE A . — ST R B, X CSTBL/6 /)N
M TMCDIRE T4, 8. 124, NASH ™ &2
FEBERE BRI R s, [FIRHEA GPX4 HEs:
A, AW 2 GSH T & Mo
(malondialdehyde, MDA) 54 N[, $RREIET:
ATREZBME . X5 2Z BT R SE T e E NASH
HEEAE . 1EEUCH, DA NASH kRS, 2t
T AT REAE A — MBS s TR 9 7R I8 NASH
O A TR /NS M 7T N O N o
(LO2) % T rlit B I Wife (HFFA) 72 h # & 1
NASH # R, {E i %35 GPX4 I}, LO2 40 i fig i fL
M, e RSL3 SRR 20ife, X 5281
WEFT 25 FEAH /0 D, R NASH o, 38
GPX4 ik ] JI il Bk FET- 2035 NASH., {HIX i (3
XF C57TBL/6 /NRMCD K& 4. 8. 12835
FHABWFFTIRE R 3 AR 10 d, I H RS o
it HFFA X LO2 407547 72 h NASH i #e, o i 3%
5T 24 h PAALBRAG LO2 41w ' KAt iE] i NASH
R BB FEUTF RSB AT RS, 18 g e
FREFLEPERG N, JF H SR HXT B A SE 5 GPX4 3R
KA, JOvE IR AR SE G Hh 5 ] NASH 1
BLG, HEN GPX4 ik J& 5t & 5 1R B DT A A 1
FH o X — 25 JE 75 2 5 LA 98 S0 E AN [7) 3 A5 1)
GPX4 58RI R . HAE NASHFE R | )
FkMiE LEE 3 (ENO3) 255 GPX4 ki,
AR BT AL B . A2 & 2 Uk, ENO3 Af i
JIEL 1 2 i A 5 | A O R R A 2R 7, R R
ENO3 1] fig i i GPX4 45 T Ik () B [ BE A il
R, (AR MR, T2 — S 5E

LARTFRAERBRAR -5, HREERE
B, GPX4 F [ 54k%ET-FI NAFLD 5 %, Fhi&
GPX4 REMIELFIE T, 23 NAFLD, {HTEA [A] 2
FERINASHARA T, P4 GPX4 FRib3shn 5 #kst
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T-HI NASH YR A2 (1 0C R 45 R0 — 8, BT 7E
NASH & J& i LA A itk — 2 e
1.2 NAFLD5#JETH#k iR E
BRSREACURTF 259 (Skok e fL |
U L B S FEE  A A ZR A TR ) AR
WEZ— ™, i NAFLD fg Iz — 0, JFE
R0 EEAE , TR UAZR RS T
oy CE L IR B EAE W A M b Bk i 21 2 i AR
(hemeoxygenase, HO-1) [§f#, Z3f#h Fe (1) .
JHERZFINHLLZ . Fe (I1) 384 40 4k i ia B
(ferroportin, FPN) #%iz A, 38 il A6 P14k
FEUUARBRERAS . ZEMFAAEh, i it i 5
AR E R BRAE I 3Z2 4K 1 (transferrin receptor 1,
TFR1) %54, WHESHFALIM . Fe (II1) 7ERRMTENA
Berh W PR ok, st B RS T
2 Pt Jil 3 (six-transmembrane epithelial antigen of
the prostate 3, STEAP3) i JFh ANFRUE 1) /51 S g 1
Fe (ID, —#p@d - MERELzEA1
(divalent metal transporter 1, DMT1) Fl T 32 {4
FH, 37 PH 25 -7 38 18 %6 B8 25 11 1/2  (transient receptor
potential mucolipin 1/2, TRPML1/2) #%iz 3|7 BHAK
e, BEA AN AR E Btk (labile iron pool,
LIP), J—#4rFe (1) AI#ERER M. J34b,
JH- 441 B 3 T L8 2o 3 A O 2R A s 5 T FPN R
1EBR I AR M ARG, DAGERFDLIA S A
Z PN

BN O

MHUA A Z R IRR), R Fe (1) £

WEFEERO2

SRS R, IAMURBPIET RN R Z
—, WRENAFLD AR Z— 20 BFFE NG N
TEI L A 76 NAFLD H /E 3@ i HFD
#E37 NAFLD /N RS, A /N BRUFFIDE b S gk ik
EIREAML, HFe (1) WEAS . HATE
(S, I LIP R Fe (11) R4k 2R 25 s b
KAEMIRHEZ —. fERKAENAFLD &4, &
ok A SR s AR R R R T A A
(nontransferrin-binding iron, NTBI), HHEHH 4
JE iz H  (metal transporter Zipl4, SLC39A14)
e WMEEOT, SRR EE T, Mgk
i 3 2 R LS 7 4 (nuclear receptor
coactivator, NCOA4) HEEALEE, B HXZE
IR, FECLIP B B, B )
Fe (II) *, Fe (II) 5 i %A 1k & (hydrogen
peroxide, H,0,) A Fe (1) 5323 A HHE
(HO-), RAZFR N P2 S5 i = A= i HO»
Yo i b i Z A AR e 5 35008 Bt Ak Y i A=
G, BEMIGI R ERIET. . X $E78 NAFLD H Fe
(ID 3G Z AT RE R BRE T B R 2 (B,
[FIRE L4 2 R B, NASH /INEUFFE RIS ) 304k iot
#, WEE AN DFO & T iX —8%, JFHW
HERFET, 3% T NASH. DL EZ55RI, Had#k
51 A AR Bt A G N DL S RAE T A A Pl g
VN A E NAFLD Y EEE RN, R B #on]
REXS NAFLD #3577 R 2 H 24T

A, AT R B LR, s

ZEAUSIR S
HE T4

o : Fe(Ill)

o : Fe(I)

CIREEEN A®
S8 5 Ao B :. R
WIS L 5 T T

Fig.1 Iron metabolism in hepatocytes
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RAGIHET GG . 2R MIELE RNA LSS E I 1
(polyr (C) binding protein 1, PCBP1) J&—ffZ%
UiRemE A, MR R, SRR E IR
ZIFL A Y SZ AR P, LIP H195% & H
PCBP1 Y Fe-GSH & & W) 4 )&, T1fii Fe-GSH /& thi
GSH it it Heiifp B #i 3E ELE MO A2 Fe (1D BP0
HWFFTHIE, 76 PCBP1 Bk /I B Hh 41 2k K
WA, 0 LIP rh () B e SO Pk B g m, K
Hi &5 PCBP1 45 A4 1 Fe (ID FEROS ™4, 7
A BRI E IS L S EUR B Ak,
JiRg B AR PE o BB Q10 AT % PCBPL f bR 5| & 1)
ROS ¥4 1 LA B g D A8 P =0 Btk 7 JH A o
PCBP1 A i it 45 LIP, M 1 00 i 4% 6 1 itk 3
NAFLD,

LR TR, kil 202 NAFLD & A= 1) 5 2 5
B, 2T R PIET-HOCHE 2 . Rkt 2k
R Bk A6 T X T NAFLD 4 % Ji8 1] g 2 51 2% fi /8
. J34h, PCBPL Al fig B R B AR 2k ok 48 1y vl A7
b5
1.3 NAFLDS5#ZETHIBE T ELiEE

NAFLD #9 &bl v, i it S8 AL R 2 5
E B RO R R — D EE R P, Ml
B ALY B B R R AR T R AR R 2 — B
R, IR A A il BB 2 gl K BRAE 1, S 3
NAFLD & JR Y 5 R R

JIE Joa 3k A8 A W 1 A i e A AR A DO 0 R
(arachidonic acid, AA) 7E N Y Z A1 Fi g Bij iR
(polyunsaturated fatty acids, PUFAs), il ACSL4
AL T A B2 R R DR - RO A
(polyunsaturated fatty acid, PUFA-CoA), B J57F

wows M8 Mt M Bk OBt O M OB B O3
(lysophosphatidylcholine acyltransferase 3,

LPCAT3) fifb NI s A UF NG PR -WE R £ B
JHi (poly-unsaturated  fatty  acid-phosphatidyl
ethanolamine, PUFA-PE), #5231 Bl {1 ol JF A
(ZFMWs ) Az g ot i 84k =7 ok il
HFD 5 3 1) NAFLD /s B & 3R 5 iod 40 Ak 7= )
MDA A K Fe (II) & @ EFHE, [FK5&ZEkRIE
T2 %0 ZENASH/NEUT, JRBUT ALY AARY
THERRRERZ — I/ & Bk
% . MDASGIMUL R g R A LG, (I ERAE T
PR s A AR S R AR R G, IR AL
7=#) MDA F [, NASHFJE TR, 30t
b, TR, 2Ry Fe (1) ATRES| & 5

N, SRR ARR N . Kk, S5 Ak
YR AA 5 Fe (I1) 7N %A Ak B g i R
FEEDFCR, FEB T kA, Ik
NAFLD fyitfE .

ACSLA4 J& PUFA A WU Ag o o 4010 ) 1 DG S il
Al ff PUFA & 1L A 5- %2 3 — + % U M R
(5-hydroxyeicosatetraenoic acid, S5-HETE) ., Wei
G OB R BURE T, 57 NASH LUK AR IET -1
K, 4559 578 ACSL4 FIMDA 6358 58 k&, 3]
ACSLA KIS, Hifif A KB NASH 1 5-HETE
T N, MHIERSETS, 2B NASH. %5 4s
W, RPARES T 2 (mitofusin 2, Mfn2) FEAH
TR RS T B AT, [R]IRE Mfn2 7]
5 WL B 75 2 B la  (inositol-requiring enzyme 1
alpha, IREla) Z5& 2k S-HETE =4, 51 %08
RUFZEGFL, FEEIET- L4 . NI NASH, it
Mfn2/IRE1a R G i3 ACSL4 1E [ P83 5E T,
JElHI7 S NASH .

ZE LRk, A BR A Ak R Rk AE
T-, AIAERIAYY NAFLD YRI5 5.
1.4 NAFLDS#ZTHEMIFLIERE

L AR AL RN ST B L IE R R TS S S
NAFLD i Jg . Lok b n i o R BOL Y Rk
fig, FLRRAE R =R B P i LA S Z i K ROS 31
i, B A LR AR ROS BT AFAG A M, #hFE
% T Q10 AT LA 3 A 4 A 1A ROS 34 hin 1 i B i A2
PR PG ENN LT, R A T A A
NG, e E AR MR, IR T ERBE T
it MitoTEMPO  (Zhi {4 S AL i bl ) b2
I R ARG B i £ T 40 i e A LA K 4 i R
MDA L) & ROS, FfHI N2, GPX4 Fl GSH %54k
ST P AL B NG . 2 5 A TR Ak 2
(ethidium bromide, EB) i flt 4 A H () LA 14
FERRIL B S R I ki, 40 B ROS Jf- A
i, BRBETAZ B Y XU, Pt EaA T
MR SO T3 o SR AL i T 350, Bk A4
AR QT - A (YA = N O 3 |
(dihydroorate Dehydrogenase, DHODH) J&—7#ffik
RN R, ATREARZRL A AL N I B,
T8 GPX4 i A s Il i s M v, 4 DHODH
AR PTHETR AR I T A S A MR Y Rk A
', DHODH 5 GPX4 17 kK #Hi 8 AEH , Blisr
T 5 H A GPX4 ', X AT REFE NAFLD H (18R AT
T-RIEER . 28 LAnR, 2okt T Tk
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R ERAET R AR T E L, S T BR GOk Y
ROS KAl IE T ] HE S B i NAFLD BB .

VT JLAERIFSY s, Nref2 il o 45 F ek ot
TR SE T 2% NAFLD W R HE S E R .

2 Nrf27E$RZE TIAENAFLD £

B s R Nrf2 & — il P 52 R BB 1 1
VFZIEME ARG N T IEHRET,
Nrf2 5 Kelch £ ECH A8 H 1 (Kelch-like ECH-
associated protein 1-nuclear factor, KEAP1) %54,
T - AR BIRE R, M4 TR
AR RS, KEAPL b B2 Jbb 0B 5% 2 15
M, 51 KEAPT FYZ5H R EBE, A T KEAPI
5Nef2 (454, 0T Nrf2 FEFF, Nef2 28 A 40
M ¥ 5N LN B £ 4k Y
musculoaponeurotic fibrosarcoma, MAF) [ %
b, PEBET 20 AL ORAP L DR g e o 2

Nrf2 # 1 i A B 9B 75 NAFLD FIEkAE T
HE B DCHVE T ), BB o R, B0 Nef2 AJ
DA NAFLD /N BB ERIET: B PRtk AR S
STHE N2, #AET 5 NAFLD Z [ IR, 495
PO Nrf2 410 ) 2% 48 1252 i NAFLD () & 4 5 &
& (K2).

21 NrR25#HEk

Nrf2 A A RGeS S 7, nl e
] — RYVEACIR JE A OCEL A, X gk Ae T 3] 45
YEHI

GPX4 U857 >4 Nrf2 52 (T A AL ST
FOAR U, AR Z PP A0 b IO BR Nrf2 2] BRI GPX4
AR 1 BR T LR EE GPX4FE b, Nrf2ik
A AE 2o 4% GSH Y e s A 7 GPX4 1Y I 1
B SCATAT, GPX44KEE GSH At A IIiE
Il GSH 72 GPX4 Y FREJEY) . T2 5 GSHAEYM
KA R DR/ A 2R [ 5% 15K (system X C—,
M % SLCTALL) « v 4% & Bt 28 Mt & MR & 7% B
(y-glutamyl cysteine synthetase, y-GCS) I R-
KM AR AL (glutamate-cysteine ligase, GCL)
Pz BINef2 P . G, Nref2 & GSH MK A 1
FEAPAE AT A R GSH A Bl R 2
SR GPXA4 P A AL IR . TS5 A R Uk & BT 03
/NG IS S 1 2 I /R, 39T LA
i 3 PTG Nrf2-GPX4 Rl e gk s T o, H
1E6 AR MCD IR 5, SEFAAUNEAALE, Nrf2
w53 /0N B EE 1) I A8 P | S RN 2T 4 Ak B Ry ™

(small

o [AIEF Nef2 @bR /N U o GSHZKF-BH 8 il
Jg it ALY B HE AL B X R, Nrf2 1] fE
Feak 2 GPX4, TNk st T3 NASH..
BRUbZ A1, Nrf2 i o] DI i st - i sl & 1
(ferroptosis suppressor proteinl, FSP1) Y% 5% >k
P BUEALTIfE . FSPIL & —FEr & FLAY P IR 5
BRAET- IR, BT 4a T T it 1V P 3 el o D
M QL0 M MARIET Ptk . TEFRIET-H, FSPI
5 GPX4 VA7 R AEHUE AT RE ™0 AR,
£ KEAP1 KO Wfififm i rh, GPX4 KK TFE, 1M
FSP1 ik fin, FERMWE TEIET - brtk. mad e
T RE DLTE & BLFSPL A 31 &4 B Nrf2
HHTE AL R N R E (ARE) 7 4, 7E KEAP1 KO
211 i A Nrf2 B2k T BR T KEAP1 KO 15 548 FSP1
Ja 3 -9 JE FE BTG M AT FSP1 %3k, i KEAPI
KO 4 g %5 8 A6 1175 5 700375 5 1 4k A8 T F BT fURR
X W FSP1 & Nrf2 7 st ids,  IF H 7E GPX4 [FE{I%
(TGS, Nrf2 o] LU o [ FSP1 iy %% 5 & bt
AAThng, m=AEgseT- gtk Y. 74, HFD
P51 NAFLD /N iU Nrf2 5 FSP1 #3kF4(%, ROS.
MDA FIEk B F /KT Bl Nrf2 38 2 A5 507 /9
GPX4 FIFSP1 MiFhix s, Whil kK IEPiE . Pigk
FET-IIVE o X SEA] BB IR YT NAFLD $2 {4 1 —Ff
JA7R

FR L3R P-4 Nref2 34 7] 38 35 5% i HO-1 % 5§
Sestrin2 (Sesn2) " EZHEHTAMLTIRE. h L 3Cn]
I, HO-1 7] p= A Rk 2 /AR 2T 28— A AR il S5 i
PR, LAY AT R A B A i A e a7
AR R T BT 22T S TE B A
NRF2/HO-1 & 12 7] LAV 28 NAFLD [ & J& 5, —
TR &, DAL 5 NRF2 54+ KEAPL, i
NRF2 F i HO-1 LA & GSH A] DLy PE T, B3t
HFD %5 5 ) NAFLD *', #8878, Nrf2 0] i o #
HO-1 KAEHTEAAER, Mk FE 12035 NAFLD,
Sesn2 J& —FP LR SF BT A AL B (1, Mo i T 3L R B¢
PE . AR AR 5 25 RO, R B E WL
HVER B0 WS, Nrf2 nlilid 5 Sesn2 3 3)
T ARE B AUk SN i (45 £ IR LA i 1o
Park 45 1% X} JELAC 20 B it Jil erastin (BRAE TS
H) HFHEAEYIET:, KK Sesn2 mRNA £ iAH
e MIEDHEZRIET v Sesn2 TH i 42 75 T5% 5724
W, VEFE RS N2 J5 R BLERJE T2 S 7 51 E 1Y
Sesn2 Fh i 2 o FEM B Sesn2 J& 31 F ) ARE JZ
NJRAEIE, Sesn2 ik TR, FEERL20E T TR
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P R ik 263K Sesn2 J5,  Sesn2 i o ARk & T
VLI BRRg B S Ak, I T ERAE T
Wi FPiE ik (liraglutide, LG) 7] i3 #8006
Sesn2, Nrf2/HO-1 238 AE 5 3 A9 NAFLD ) ixX
SLgb ], Nrf2 Al REif i FiiF HO-1, Sesn2 &%
BrE L IIEE, HIEFET S NAFLD,,

SIMHZ, Nef2 (BT E b aexs Tl gste
T E CHAE A, B AT 3 o 4 Bk R 4 0 45
GPX4 751, 0] LIYE GPX4 4 1% It i i FSP1 #4 5%
o 1 32 1 3 HO-1 F11 Sesn2 %% 51 & 45 BT R ALME ] -
PR, ) N2 A 3 2 0 S A D) 58 Al b A Ok Bl
1A NAFLD ] 1571
2.2 NrR25#%R i

JHE SRkt A B R AR T, Nref2 il PR i
FE RSB PR AT . B BRI S 8RR 3z 46
BHIET-RAENIRNZ —, &M, 75 NASHAR
U rp Nrf2 mi B /0 BRUAR P 2k B R B OE /N BRURE
A

JH W H 8k 32 SRR A AR R AR T, BREE T E R
(ferritin heavy chain, FTHI1) #F1 £k &5 1 % &%
(ferritin light chain, FTL) J&%#k & 140 W (1) — 3B
5310 FTHI & — ARG M A, v]
Pits Fe (1) % Ak>h Fe (ID fEAEAERRE AT,
FTL W] A2k i Fe e 7. FTH1 M FTL RS2
L1 79 Nrf2 7 % SR 1 Nrf2 1] DL 3 i 1F
BRE I (FTL I FTHL) %238 R 0815 2k i g A7
DIV ERAR B, NI R E T L 78 i 4 g
HBOTE Nrf2 4% B (57 FT A0 i i 48 B i ke T, L
SLFTHI I3 s di kst 7, e 8055
() /I B 4 05 455 Y v B 2F 4 A B AR K
21 (fibroblast growth factor 21, FGF21) W] i i%
Nrf2 & H R 40 5L [ GPX4, HO-1. FTHI1 f1FTL
B, a3 T A LSRR 8 T RE I 1 2k AT
T, BCEER SR 7Y AR INTE B
(ginkgolide B, GB) AJ i Nrf2 i i Hit 4 b LA K
BRACHHMHIERSET, k3% HFD 15 $ NAFLD, {H
SETEOE N2 J5 FTHL SRA N 2 RHRER, —
J7 TR A] SR B S Nel2 B9 5T (FGF21. GB) Jir
Y, H—rmE e RE R TR AN SEL L
TRERER 1 E W R AR LA RS A I AL 7,
NCOA4 1E Ry A Wi b8 W) 32 A ] LA £ PE 4b 5 FTHI
FHEAEH, LSRRI TR, Bk
FTHI 45 & W 8k B i, 5l A 20 M PN oif 5 4k 1
S WEGRARGE, R RS T E i

R, BBk + ™, I HFD Al R 3k f
FIWE, FTHIREAR, P HEAMT, gERARK
A A mE T, FTHIL Y | REIRER S 2, IRE WAL
S SEOLFRIRI M, B2, Nrf2 iJ 5 FTH1
MEFTL WA, SEEATIER AR, i gkat
7o, X NAFLD & 2IBiE/EH

Nrf2 AT DL ERAE A, 3 ] LU i gk
i R R A . FPNT ALk M 20 3 B 2 10
WAEIT, DA4ERFHLAERERAS 7, FPNI A
PEUEBA 32 Nrf2 4%, Nref2 il 8745 FPN1 )£ 55
R 5 W) 240 Ak i A AR Y AR R
B, Nrf2/FPN 1 pi i /- SRR S Rt Tk 3%
B AR 7 . JF H 4o NAFLD 8 &
FPNT B A = [At,  AFMEH Nrf2/FPN i #% nl fig
U 25 38 0o 39 gk e L B AR R T Ok B 2
NAFLD HfEH

SAMTE 2, WS Nref2 A5 525 2o 28 1 2R it A7 A
B BEAR R L B R MR IE T, R A ME
NAFLD. {H HHi#F5E 2 4 T Nrf2 5200 2k it 77 2
FNAFLD, M i gl i AR R L T21803% NAFLD
WA ULHGE , TR RS
23 Nr25fERgEX

P Nrf2 A] DL 4 50 T ik 78 b i g T i 46
L5 i NAFLD. PUFA Bk AT i JR 58 FiK & 772
L] iH 3 (acetyl CoA carboxylase, ACC) j=/4:,
H ACCZNrf2 % ™', ACCl2—FhZ SR &
RCAOTE, T L Z RIS A (acetyl-CoA) ik A
N k4 A (malonyl-CoA), 1N EAHES A J&
PUFA &b 1. W90, RS E A
P (AMP-activated protein kinase, AMPK) T[4}
T ACC 1 R A R0 % 355 7 8115 g ot i 4804k B i
PdlRIE , 7 AMPK FE DR i % 49 20 Pt in ACC 411
il 770 AT B AMPK 2K 38 5 | B BRAE T ™0 D4k,
Nrf2 F /N B FFAIE F AMPK K R . 52
—3, 1E Keapl s/ LAY FHE H AMPK ZK-F- T+
S XU IE AMPK A g2 2 Nef2 {5, H.
Nrf2 A g8 it AMPK [A]4% 2 5 15 it i 41k S bz
PPERIET

Nrf2 38 i 45 ik S A W i A3 B P VT 2 A y
(peroxisome proliferator-activated receptor gamma,
PPARy) Z5¥F0T 11 . PPARy XHIR LM %56
H g % H PPARy FH Nrf2 7 58 7. BRAET R
ACSL4 4N, HE A2 (cyclooxygenase-2, COX2)
[F)RE AT HEIL AA A R B Ak . e 2o dn i



-1888- EMUEEEYIEER

Prog. Biochem. Biophys. 2023; 50 (8)

HHERBET -5 57 IT P& AIE PPARY %35, THis COX2 1Y
Fik, VAIG PPARy J5 I LD COX2 By 2RIk, I
55 08 U AL AR B, IR AR T B AE SR AU
25 A0 PPARy B0 34 i Nrf2 5 PPARy 13
ik, MESETERRE SRS T . HAE
HFD /5% 8 NAFLD /MR, Nef2 @b/ DR S5 1EH
ANERAREE , M8 HE B 2D, PPARY K- FEAE ™,
XL, A2 Nrf2 FriE % i) PPARy 1] GEiH 14 2 5 ik
Jad SRS FEFSERAET S, 50 NAFLD B3R .

Zi L TiR, Nrf2 45 3 1 B H2 52 1 PPARy 5(
oL e AMPK, R 45 RS Bk A A s N,
HIERIET
24 NriR2EfbHLH

L3RR, KR TIREZE LS 5 NAFLD 54k

o Fe(Ill)

rrrrrrrrrrrrrrr
.......

LTRAHTEA
Ak B

I RREER I |
Hagss )
A BRAH A

| zrwmmmm | \

WA AGA £ L el e
Bl 5 5 e 54 o

22 ARG TR -
HHHGA
T ot T IS EL st 19
SRR

3

EZ b
WimR-WiE e el
1t £ BE i (2 35 P450
EALIL 5

T, AR DIREETL BN T, Nrf2 32
Y, PEIRGE , Nrf2 @R/ R A 2R iA ROS
AR T WT /R 2 T H, 2R fZ 4 il ROS
) EZORUR, RIS Zb At 2 7 A IR A 1 —
2 (adenosine triphosphate, ATP) A9 -EZ 402 .
SRIM, HERLR AT Re S A 2 4T, S 2
Nrf2 JEH) AMPK, Bl R ACC 2 5l it
FALRON, TFERIET . H AMPK K I 23 BT 2k
BET- ™, B N #E  (glucoraphanin) ' ol — & fk
e B o 1 Al

(Carbon monoxide releasing

molecule-Al, CORM-A1) “* W] 3G Nrf2 i i 52 0]
2 k7 VR T BE R A5 4035 NAFLD. X 42 /K 78 NAFLD
O Nef2 1] R 38 12 18 5 4R 1A T B B A 100 il 42k
LT 3% NAFLD.

\\\\\\
rrrrrr

S TR H Ik

Fig.2 The mechanism of ferroptosis regulated by Nrf2 in NAFLD
E2 dAEFERE MRS BT P Nrf2iF R 8T TR HLE
LA RN 2 PSRRI Y RN IR F A A CIERLAR 5 48 (R B IR Bl S fhad A2

3 FibERE

NAFLD PR H: 3 & R g e (0 fa 2 201z
KVE, JFHERAET M BARDC 1 ARSGIR TR
T-7E NAFLD P g #Li], BRAE T 38 i GPX4 ik 12 |
BAERE . IR RihaE U Kk —HARE S

F| NAFLD (Wb . Beobh, 25T 80 Nrf2 |
BRBET-FINAFLD f74F — @ MR, Nrf2 38 o 41 il 2k
BET- W 3% NAFLD 1o

E1xt H RTERFE T 2 3% NAFLD (58, A Scfs
HWPLF LA % fENAFLD gk fE R, GPX4 1)
FIRTENAFLD 5 NASH H H BRAH S O 25 5%, AR



2023; 50 (&)

BE0R, % Nef2iiEMSKIE TR IEB AR A BT R R 6 B9 E LS

<1889

T D3 AT R ALART T 8 9 AE Bl T ik S Ak S
A4 B4 R N o T FSP1 5 GPX4 1538 1+ it 4 Ak
Uife, RBHGTESLT- M H B . {H FSP1#E NAFLD
HRIFSE M 7 . GPX4 5 FSP1 1] GEXY %2 B Nrf2 ()
PP . BRITFE NAFLD FR (e Nrf2 . GPX4 5 FSP1
IPRIE AT AR, DL RS AT R B S X P AR T4
fbigte, DATE NAFLD b fa] & HEml gk st/ o)
g, HAREZEME XL,

7R R i A7 E A, B 3R R
NAFLD 5831 kA MEZ R A, T fhigis
Bt 38, MHIEksET=, nIRES X NAFLD B
HEAWKAF . H o TR A0 52 2t
H RS i A4, s iE— L eRR . filan, JiF
WEZR A b A CIHE 1 2 5 NAFLD I k3ET, £k
SR AR 22 FR, Nef2 P84 19 FTH1
R 2R UL & HFD /N I 3R 36 , 32 Nef2 A5 11
FPNI1 1 A ol — (% ki 1 85 11, #£ NAFLD
L B T RE, (R FPNT 40 o] 38 i3 14
TERAE T T 45 NAFLD, *F T b i [8) 5 p i1 5%
PR DR E

735h, HEMFSE B EPFET s B A ki
R —Se B 5 NAFLD #5768, ks A
TN 7 R % 7% 2 Wi B Hh 19 LPCAT3 K A5 g it
ALY OGRS . tk, THEREEFoiE X st
Z 5 1 ik S AR O Y PR 75 1T 2 NAFLD /Y
bii e

SRS, 381 Nef2 J 51 2R 5ET- 2035 NAFLD
BT . B8k ME £ 5 Nef2 #H iR 1%,
ek NAFLD 424555 1l .

2 % x W

[1] Younossi Z, Anstee Q M, Marietti M, et al. Global burden of
NAFLD and NASH: trends, predictions, risk factors and
prevention. Nat Rev Gastroenterol Hepatol, 2018, 15(1): 11-20

[2]  Yki-Jarvinen H. Non-alcoholic fatty liver disease as a cause and a
consequence of metabolic syndrome. Lancet Diabetes Endocrinol,
2014,2(11):901-910

[3] Gao G, Xie Z, Li E W, et al. Dehydroabietic acid improves
nonalcoholic fatty liver disease through activating the Keapl/
Nrf2-ARE signaling pathway to reduce ferroptosis. J Nat Med,
2021,75(3): 540-552

[4]  Wu, Zheng Q, Zou B, et al. The epidemiology of NAFLD in
Mainland China with analysis by adjusted gross regional domestic
product: ameta-analysis. Hepatol Int, 2020, 14(2): 259-269

[5]  DayCP,James O F. Hepatic steatosis: innocent bystander or guilty
party?. Hepatology, 1998,27(6): 1463-1466

(6]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

(22]

Wang Y L, Wu J, Li R X, ef al. A double-edged sword: the Kelch-
like ECH-associated protein 1-nuclear factor erythroid-derived 2-
related factor 2-antioxidant response element pathway targeted
pharmacological modulation in nonalcoholic fatty liver disease.
Curr Opin Pharmacol, 2021, 60: 281-290

Cusi K. Role of insulin resistance and lipotoxicity in non-alcoholic
steatohepatitis. Clin Liver Dis, 2009, 13(4): 545-563

Zhu Z, Zhang Y, Huang X, ef al. Thymosin beta 4 alleviates non-
alcoholic fatty liver by inhibiting ferroptosis via up-regulation of
GPX4. Eur J Pharmacol, 2021,908: 174351

Yang Y, Chen J, Gao Q, et al. Study on the attenuated effect of
Ginkgolide B on ferroptosis in high fat diet induced nonalcoholic
fatty liver disease. Toxicology, 2020, 445: 152599

Yuan J, Yu Z, Gao J, et al. Inhibition of GCN2 alleviates hepatic
steatosis and oxidative stress in obese mice: involvement of NRF2
regulation. Redox Biol, 2022, 49: 102224

Yang Y, Cai F, Zhou N, et al. Dimethyl fumarate prevents
ferroptosis to attenuate acute kidney injury by acting on NRF2.
Clin Transl Med, 2021, 11(4): €382

Dixon S J, Lemberg K M, Lamprecht M R, et al. Ferroptosis: an
iron-dependent form of nonapoptotic cell death. Cell, 2012,
149(5):1060-1072

Jakaria M, Belaidi A A, Bush A1, et al. Ferroptosis as a mechanism
of neurodegeneration in Alzheimer’s disease. J Neurochem, 2021,
159(5): 804-825

Yan H F, Tuo Q Z, Yin Q Z, et al. The pathological role of
ferroptosis in ischemia/reperfusion-related injury. Zool Res, 2020,
41(3):220-230

Wang N, MaH, LiJ, eral. HSF1 functions as a key defender against
palmitic acid-induced ferroptosis in cardiomyocytes. J Mol Cell
Cardiol, 2021,150: 65-76

Zhang H, Zhang E, Hu H. Role of ferroptosis in non-alcoholic fatty
liver disease and its implications for therapeutic strategies.
Biomedicines, 2021,9(11):1660

Hassannia B, Vandenabeele P, Vanden Berghe T. Targeting
ferroptosis to iron out cancer. Cancer Cell, 2019, 35(6): 830-849
Chen J, Li X, Ge C, ef al. The multifaceted role of ferroptosis in
liver disease. Cell Death Differ, 2022, 29(3):467-480

Tsurusaki S, Tsuchiya Y, Koumura T, et al. Hepatic ferroptosis
plays an important role as the trigger for initiating inflammation in
nonalcoholic steatohepatitis. Cell Death Dis, 2019, 10(6):449

Yang W S, Sriramaratnam R, Welsch M E, et al. Regulation of
ferroptotic cancer cell death by GPX4. Cell, 2014, 156(1-2):
317-331

Friedmann Angeli J P, Schneider M, Proneth B, et al. Inactivation
of the ferroptosis regulator Gpx4 triggers acute renal failure in
mice. Nat Cell Biol,2014,16(12): 1180-1191

Ursini F, Maiorino M, Valente M, et al. Purification from pig liver
of a protein which protects liposomes and biomembranes from
peroxidative degradation and exhibits glutathione peroxidase
activity on phosphatidylcholine Biochim
BiophysActa, 1982,710(2): 197-211

hydroperoxides.



<1890

EMUFESEYIRHR

Prog. Biochem. Biophys.

2023; 50 (8)

[23]

[24]

[25]

[26]

(27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

Ursini F, Maiorino M. Lipid peroxidation and ferroptosis: the role
of GSH and GPx4. Free Radic Biol Med, 2020, 152: 175-185

Li X, Wang T X, Huang X, et al. Targeting ferroptosis alleviates
methionine-choline deficient (MCD) -diet induced NASH by
suppressing liver lipotoxicity. Liver Int, 2020, 40(6): 1378-1394
QiJ, Kim J W, Zhou Z, et al. Ferroptosis affects the progression of
nonalcoholic steatohepatitis via the modulation of lipid
peroxidation-mediated cell death in mice. Am J Pathol, 2020,
190(1): 68-81

Lu D, Xia Q, Yang Z, et al. ENO3 promoted the progression of
NASH by negatively regulating ferroptosis via elevation of GPX4
expression and lipid accumulation. Ann Transl Med, 2021,
9(8): 661

Wu J, Zhou D, Deng C, et al. Characterization of porcine ENO3:
genomic and ¢cDNA structure, polymorphism and expression.
Genet Sel Evol, 2008,40(5): 563-579

Le Y, Zhang Z, Wang C, et al. Ferroptotic cell death: new
regulatory mechanisms for metabolic diseases. Endocr Metab
Immune Disord Drug Targets, 2021,21(5): 785-800

Salomao M A. Pathology of hepatic iron overload. Clin Liver Dis
(Hoboken),2021,17(4): 232-237

Chen X, Yu C, Kang R, ef al. Iron metabolism in ferroptosis. Front
Cell Dev Biol, 2020, 8: 590226

Koppenol W H. The Haber-Weiss cycle--70 years later. Redox
Rep, 2001, 6(4): 229-234

Lai C S, Piette L H. Spin-trapping studies of hydroxyl radical
production involved in lipid peroxidation. Arch Biochem Biophys,
1978,190(1): 27-38

Philpott C C, Jadhav S. The ins and outs of iron: escorting iron
through the mammalian cytosol. Free Radic Biol Med, 2019,
133:112-117

Hider R C, Kong X L. Glutathione: a key component of the
cytoplasmic labile iron pool. Biometals, 2011, 24(6): 1179-1187
Jadhav S, Protchenko O, Li F, et al. Mitochondrial dysfunction in
mouse livers depleted of iron chaperone PCBP1. Free Radic Biol
Med, 2021,175: 18-27

Ota T. Molecular mechanisms of nonalcoholic fatty liver disease
(NAFLD)/nonalcoholic steatohepatitis (NASH). Adv Exp Med
Biol,2021,1261:223-229

Kagan V E, Mao G, Qu F, et al. Oxidized arachidonic and adrenic
PEs navigate cells to ferroptosis. Nat Chem Biol, 2017, 13(1):
81-90

Wei S, Qiu T, Wang N, et al. Ferroptosis mediated by the
interaction between Mfn2 and IREa promotes arsenic-induced
nonalcoholic steatohepatitis. Environ Res, 2020, 188: 109824
Chen G H, Song C C, Pantopoulos K, et al. Mitochondrial
oxidative stress mediated Fe-induced ferroptosis via the NRF2-
ARE pathway. Free Radic Biol Med, 2022, 180: 95-107

Mao C, Liu X, Zhang Y, et al. DHODH-mediated ferroptosis
defence is a targetable vulnerability in cancer. Nature, 2021,
593(7860): 586-590

Wu J, Wang Y, Jiang R, et al. Ferroptosis in liver disease: new

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

insights into disease mechanisms. Cell Death Discov, 2021,
7(1):276

Taguchi K, Motohashi H, Yamamoto M. Molecular mechanisms of
the Keap1-Nrf2 pathway in stress response and cancer evolution.
Genes Cells, 2011,16(2): 123-140

LuJ, ZhaoY, Liu M, et al. Toward improved human health: Nrf2
plays a critical role in regulating ferroptosis. Food Funct, 2021,
12(20):9583-9606

Osburn W O, Wakabayashi N, Misra V, et al. Nrf2 regulates an
adaptive response protecting against oxidative damage following
diquat-mediated formation of superoxide anion. Arch Biochem
Biophys, 2006,454(1): 7-15

Lu H, Xiao H, Dai M, et al. Britanin relieves ferroptosis-mediated
myocardial ischaemia/reperfusion damage by upregulating GPX4
through activation of AMPK/GSK3beta/Nrf2 signalling. Pharm
Biol, 2022, 60(1): 38-45

Yang W, Wang Y, Zhang C, et al. Maresinl protect against
ferroptosis-induced liver injury through ROS inhibition and Nrf2/
HO-1/GPX4 activation. Front Pharmacol, 2022, 13: 865689

Fan Z, Wirth A K, Chen D, et al. Nrf2-Keap1 pathway promotes
cell proliferation and diminishes ferroptosis. Oncogenesis, 2017,
6(8):e371

Lian G, Gnanaprakasam J R, Wang T, et al. Glutathione de novo
synthesis but not recycling process coordinates with glutamine
catabolism to control redox homeostasis and directs murine T cell
differentiation. Elife, 2018, 7: 36158

Chen'Y, Zhu S, Chen Z, et al. Gingerenone A alleviates ferroptosis
in secondary liver injury in colitis mice via activating Nrf2-Gpx4
signaling pathway. J Agric Food Chem, 2022, 70(39): 12525-
12534

Zhao T, YuZ, ZhouL, et al. Regulating Nrf2-GPx4 axis by bicyclol
can prevent ferroptosis in carbon tetrachloride-induced acute liver
injury inmice. Cell Death Discov, 2022, 8(1): 380

Sugimoto H, Okada K, Shoda J, et al. Deletion of nuclear factor-
E2-related factor-2 leads to rapid onset and progression of
nutritional steatohepatitis in mice. Am J Physiol Gastrointest Liver
Physiol, 2010,298(2): G283-G294

Doll S, Freitas F P, Shah R, et al. FSP1 is a glutathione-
independent ferroptosis suppressor. Nature, 2019, 575(7784):
693-698

Bersuker K, Hendricks J M, Li Z, et al. The CoQ oxidoreductase
FSP1 acts parallel to GPX4 to inhibit ferroptosis. Nature, 2019,
575(7784): 688-692

Koppula P, Lei G, Zhang Y, ef al. A targetable CoQ-FSP1 axis
drives ferroptosis- and radiation-resistance in KEAPI inactive
lung cancers. Nat Commun, 2022, 13(1): 2206

Ryter S W, Alam J, Choi A M. Heme oxygenase-1/carbon
monoxide: from basic science to therapeutic applications. Physiol
Rev, 2006, 86(2): 583-650

Budanov A V, Sablina A A, Feinstein E, et al. Regeneration of
peroxiredoxins by p53-regulated sestrins, homologs of bacterial
AhpD. Science, 2004, 304(5670): 596-600



2023; 50 (&)

BE0R, % Nef2iiEMSKIE TR IEB AR A BT R R 6 B9 E LS

<1891-

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(711

[72]

[73]

Sugimoto R, Tanaka Y, Noda K, et al. Preservation solution
supplemented with biliverdin prevents lung cold ischaemia/
reperfusion injury. Eur J Cardiothorac Surg, 2012, 42(6): 1035-
1041

XuQ, FanY, LoorJ J, et al. Aloin protects mice from diet-induced
steatohepatitis via activation of Nrf2/HO-1
signaling. Food Funct, 2021, 12(2): 696-705

Qiu M, Xiao F, Wang T, et al. Protective effect of Hedansanqi

non-alcoholic

Tiaozhi Tang against non-alcoholic fatty liver disease in vitro and
in vivo through activating Nrf2/HO-1 antioxidant signaling
pathway. Phytomedicine, 2020, 67: 153140

Qiao Y, Li X, Zhang X, et al. Hepatocellular iNOS protects liver
from NASH through Nrf2-dependent activation of HO-I.
Biochem Biophys Res Commun, 2019, 514(2): 372-378

Shin B Y, Jin S H, Cho 1], et al. Nrf2-ARE pathway regulates
induction of Sestrin-2 expression. Free Radic Biol Med, 2012,
53(4): 834-841

Kim M G, Yang J H, Kim K M, et al. Regulation of Toll-like
receptor-mediated Sestrin2 induction by AP-1, Nrf2, and the
ubiquitin-proteasome system in macrophages. Toxicol Sci, 2015,
144(2): 425-435

Bae S H, Sung S H, Oh S'Y, et al. Sestrins activate Nrf2 by
promoting p62-dependent autophagic degradation of Keapl and
prevent oxidative liver damage. Cell Metab, 2013, 17(1): 73-84
Park S J, Cho S S, Kim K M, et al. Protective effect of sestrin2
against iron overload and ferroptosis-induced liver injury. Toxicol
Appl Pharmacol, 2019,379: 114665

Han X, Ding C, Zhang G, et al. Liraglutide ameliorates obesity-
related nonalcoholic fatty liver disease by regulating Sestrin2-
mediated Nrf2/HO-1 pathway. Biochem Biophys Res Commun,
2020,525(4): 895-901

Xie Y, Hou W, Song X, et al. Ferroptosis: process and function.
Cell Death Differ, 2016, 23(3): 369-379

Theil E C. Ferritin: the protein nanocage and iron biomineral in
health and in disease. Inorg Chem, 2013, 52(21): 12223-12233
Cairo G, Tacchini L, Pogliaghi G, et al. Induction of ferritin
synthesis by oxidative stress. Transcriptional and post-
transcriptional regulation by expansion of the “free” iron pool. J
Biol Chem, 1995,270(2): 700-703

Chang C F, Cho S, Wang J. (-)-Epicatechin protects hemorrhagic
brain via synergistic Nrf2 pathways. Ann Clin Transl Neurol, 2014,
1(4):258-271

Sun X, Ou Z, Chen R, ef al. Activation of the p62-Keap-NRF2
pathway protects against ferroptosis in hepatocellular carcinoma
cells. Hepatology, 2016, 63(1): 173-184

Wu A, Feng B, Yu J, et al. Fibroblast growth factor 21 attenuates
iron overload-induced liver injury and fibrosis by inhibiting
ferroptosis. Redox Biol, 2021,46: 102131

Bellelli R, Federico G, Matte A, et al. NCOA4 deficiency impairs
systemic iron homeostasis. Cell Rep, 2016, 14(3): 411-421
Mancias J D, Wang X, Gygi S P, ef al. Quantitative proteomics
identifies NCOA4 as the cargo receptor mediating ferritinophagy.

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

(82]

[83]

[84]

(85]

(86]

(87]

(88]

Nature, 2014,509(7498): 105-109

Kerins M J, Ooi A. The roles of NRF2 in modulating cellular iron
homeostasis. Antioxid Redox Signal,2018,29(17): 1756-1773
Asano T, Komatsu M, Yamaguchi-Iwai Y, et al. Distinct
mechanisms of ferritin delivery to lysosomes in iron-depleted and
iron-replete cells. Mol Cell Biol, 2011, 31(10): 2040-2052
Donovan A, Lima C A, Pinkus J L, et al. The iron exporter
ferroportin/Slc40al is essential for iron homeostasis. Cell Metab,
2005,1(3): 191-200

Marro S, Chiabrando D, Messana E, et al. Heme controls
ferroportinl (FPN1) transcription involving Bachl, Nrf2 and a
MARE/ARE sequence motif at position -7007 of the FPNI
promoter. Haematologica, 2010, 95(8): 1261-1268

Yang S, Deng Q, Sun L, et al. Salmonella effector SpvB interferes
with intracellular iron homeostasis via regulation of transcription
factor NRF2. FASEBJ,2019,33(12): 13450-13464

Tian H, Xiong Y, Zhang Y, et al. Activation of NRF2/FPN1
pathway attenuates myocardial ischemia-reperfusion injury in
diabetic rats by regulating iron homeostasis and ferroptosis. Cell
Stress Chaperones, 2022,27(2): 149-164

Auguet T, Aragones G, Berlanga A, et al. Hepcidin in morbidly
obese women with non-alcoholic fatty liver disease. PLoS One,
2017,12(10): 0187065

Sun X, Li X, Jia H, et al. Nuclear factor E2-related factor 2
mediates oxidative stress-induced lipid accumulation in
adipocytes by increasing adipogenesis and decreasing lipolysis.
Antioxid Redox Signal, 2020, 32(3): 173-192

Lee H, Zandkarimi F, Zhang Y, et al. Energy-stress-mediated
AMPK activation inhibits ferroptosis. Nat Cell Biol, 2020, 22(2):
225-234

Meakin PJ, Chowdhry S, Sharma R S, et al. Susceptibility of Nrf2-
null mice to steatohepatitis and cirrhosis upon consumption of a
high-fat diet is associated with oxidative stress, perturbation of the
unfolded protein response, and disturbance in the expression of
metabolic enzymes but not with insulin resistance. Mol Cell Biol,
2014,34(17):3305-3320

Xu J, Donepudi A C, Moscovitz J E, et al. Keapl-knockdown
decreases fasting-induced fatty liver via altered lipid metabolism
and decreased fatty acid mobilization from adipose tissue. PLoS
One, 2013, 8(11): ¢79841

Cai W, Yang T, Liu H, et al. Peroxisome proliferator-activated
receptor Y (PPARY): a master gatekeeper in CNS injury and repair.
Prog Neurobiol, 2018,163-164:27-58

HanL,BaiL, QuC, et al. PPARG-mediated ferroptosis in dendritic
cells limits antitumor immunity. Biochem Biophys Res Commun,
2021,576:33-39

Annie-Mathew A S, Prem-Santhosh S, Jayasuriya R, et al. The
pivotal role of Nrf2 activators in adipocyte biology. Pharmacol
Res, 2021,173: 105853

Liang H, Tang T, Huang H, et al. Peroxisome proliferator-activated
receptor-gamma ameliorates neuronal ferroptosis after traumatic

brain injury in mice by inhibiting cyclooxygenase-2. Exp Neurol,



<1892

EMUFESEYIRHR

Prog. Biochem. Biophys.

2023; 50 (8)

[89]

[90]

[91]

2022,354: 114100

Duan C, Jiao D, Wang H, et al. Activation of the PPARgamma
prevents ferroptosis-induced neuronal loss in response to
intracerebral hemorrhage through synergistic actions with the
Nrf2. Front Pharmacol, 2022, 13: 869300

Li L, Fu J, Liu D, et al. Hepatocyte-specific Nrf2 deficiency
mitigates high-fat diet-induced hepatic steatosis: involvement of
reduced PPARgamma expression. Redox Biol, 2020,30: 101412
Matigian N, Abrahamsen G, Sutharsan R, ez al. Disease-specific,
neurosphere-derived cells as models for brain disorders. Dis

Model Mech, 2010, 3(11-12): 785-798

[92]

[93]

[94]

Kovac S, Angelova P R, Holmstrom K M, et al. Nrf2 regulates
ROS production by mitochondria and NADPH oxidase. Biochim
Biophys Acta, 2015, 1850(4): 794-801

Xu L, Nagata N, Ota T. Impact of glucoraphanin-mediated
activation of Nrf2 on non-alcoholic fatty liver disease with a focus
on mitochondrial dysfunction. IntJ Mol Sci, 2019, 20(23): 5920
Upadhyay K K, Jadeja R N, Vyas H S, et al. Carbon monoxide
releasing molecule-A1 improves nonalcoholic steatohepatitis via
Nrf2 activation mediated improvement in oxidative stress and

mitochondrial function. Redox Biol, 2020, 28: 101314



2023; 50 (8) 85, %: Nef2fliRkIE TR R B A R I AR R 6 Y RS 1893

Role of Nrf2-regulated Ferroptosis Pathway in The Prevention and
Treatment of Nonalcoholic Fatty Liver Disease”
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Abstract Nonalcoholic fatty liver disease (NAFLD) is a chronic liver disease with high incidence. NAFLD is
closely related to obesity, diabetes, hyperlipidemia and other metabolic syndromes, and it is one of the important
public health problems at present. Its specific pathogenesis is still unclear. At present, some studies believe that
ferroptosis is involved in the occurrence and development of NAFLD, and ferroptosis is a new type of
programmed cell death. Nrf2 is an important nuclear factor in the regulation of ferroptosis. First of all, Nrf2 can
directly or indirectly regulate the downstream antioxidant GPX4 to participate in ferroptosis and the development
of NAFLD, and can stimulate FSP1 transcription or directly stimulate HO-1 and Sesn2 transcription to play an
antioxidant role when GPX4 is inactivated. Secondly, iron overload is closely related to ferroptosis and NAFLD.
Nrf2 may reduce ferroptosis caused by iron overload by controlling iron storage and iron output, and finally
improve NAFLD. However, the current research focuses on Nrf2 regulating iron storage affecting NAFLD, while
Nrf2 regulating iron output and affecting ferroptosis and NAFLD have not been reported. In addition, Nrf2 is
expected to regulate lipid peroxidation and inhibit ferroptosis by directly affecting PPARy or indirectly affecting
AMPK. Finally, the study shows that activating Nrf2 may inhibit ferroptosis by regulating mitochondrial
dysfunction. All in all, Nrf2 can participate in the occurrence and development of ferroptosis and NAFLD through
many ways. It is hoped that more ways related to Nrf2 will be found in the future to help improve NAFLD.

Key words Nrf2, ferroptosis, non-alcoholic fatty liver disease
DOI: 10.16476/j.pibb.2022.0210

+ This work was supported by grants from The National Natural Science Foundation of China (12072202) and Liaoning Provincial Department of
Education (LJC2019ST03).

## Corresponding author.

Tel: 86-17742780139, E-mail: yixuejie8387@163.com

Received: May 7, 2022 Accepted: October 31, 2022



