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Abstract: Ferroptosis, a novel programmed cell death mechanism characterized by the iron-dependent
accumulation of lipid peroxides, is precisely regulated by multiple signaling pathways, including intracellular iron
metabolism, lipid peroxidation, and antioxidant systems. Recent studies have highlighted the dual role of
ferroptosis in the fate determination of hepatic stellate cells (HSCs) and hepatocytes, indicating its significant
involvement in the progression of hepatic fibrosis. This is corroborated by ongoing research that explores the
molecular mechanisms of ferroptosis and its potential as a therapeutic target in various liver diseases, including
liver fibrosis. This article elucidates the key molecular mechanisms of ferroptosis and its dual role in liver fibrosis,
while systematically reviewing the latest progress in anti-fibrotic research using natural products and synthetic
compounds targeting key ferroptosis molecules. The study aims to offer a solid theoretical basis and strategic
guidance for the development of innovative anti-fibrotic drugs by regulating ferroptosis pathways.
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PR, PRl SRR N R 5 I 28 4 Ak 1) 03 WL 3-8 280
VAT S B8 . ISR, BRBETT (ferroptosis) 1E N
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T B MR A ) S RAE, R BN RO
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(reactive oxygen species, ROS) K& B, # £5] &k 41
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e B VIR, HAE IR 4640 b I 1E - VLI A1 G 7
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SECIR 40 i (hepatic stellate cells, HSCs) 25 JiT ¥ 41 fd f)
Ig, 5 RORE RS A RIS i B R A B A
2P, BRNH TR IE TS 5l B AE 2 4E A 1897 T Y
Iy AL, A BN I 2F e B v 42 fR 8T 1) S5 s A A
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o 27 Al A I SRR A, VS AL 1) HSCs (activated
HSCs, aHSCs) 2k 2 H 5 A REE, SRAF 4558 R ) 0F K&
£ BRI 43 3 BCM, 530 ECM 78 T AT 41 43 Hp i B 0 RS,
TSR FFIE IE 3 S5 M A Dy e o AEIF AR et fE H, 2 Fh
4 Mo B 7 40 % A6 A2 K R F B (transforming growth
factor 8, TGF-p) #& N i s A £ 4EAL 40 Jfa [K -1-, TGF-B
i 5 A M R T 2 AR S A, WO N I Smad {5 5l K,
e 3k HSCs ¥ I 5H & ECM & ™. b Ab, I /N AT
A K BT (platelet-derived growth factor, PDGF). i
JE IR BLIA T a (tumor necrosis factor o, TNF-a) [ 41l 1
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activated protein kinase, MAPK). #% Xl F - kB (nuclear
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2.1 System Xc -GSH-GPX4 System Xc & — fft fif
TYH R R D R/ A R ) e as Ak, RV B AR
ZK T A 73 11 (solute carrier family 7 member 11,
SLCTA11) FI ¥ J5t 4844 5K J& 3 % 51 2 (solute carrier
family 3 member 2, SLC3A2) P/~ FE2H %, System
X EZIfe 2R AR (cystine) ¥z £ A, [F]
I A N 2 R HE 2 A, D ZU R HE N 4 i 5 4L TR
B B & R (cysteine, Cys), Cys /& & & 2 Bt H ik
(glutathione, GSH) R i# & & /% . System Xc -GSH-
GPX4 AL T 24 system Xc~ Il g 52 21 301 1] i, 48
JH A1 bt 28 R T v I N AR P, T A R P R
FRAHE B AN JE, 1T GSH & B b, 4845 48 I H Ik
H ALY 4 (glutathione peroxidase 4, GPX4) 7 14 5% 3|
], JCEA 250 g i A g ol B, R B AL
YRR R 91 R A s SR A, B 24 SRR S TR
Ao M, QAU L BE (sulfasalazine, SAS). 3 i
Y7 (erastin, Era) 54011 71 38 i #1#1] system Xc ThRE,
MM K AT . LAk, pS3 R o 0 A
SLC7A11 ik, F#K system Xc LI AE, M8 i 2 i xf
BRACT (PR, 3 — LI A p53 A 5 1% b e 400 ) 2
e 7RI . AL, BTSRRI, pS3 A R ERAE TIIE
A RE 38 I i b0 A e an 18 AR DY A TR 12- I8 R A Tl
(arachidonate 12-lipoxygenase, ALOX12) 145 5 F
14 551 14 % JIE S A2/ (calcium-independent phospholipase
A2 beta, iPLA2S) 25812528, p53 BL#% i ALOX12
PR H PG IPLA2B B IS VE, J5 5 7K Ml I i B ik 2 A
TR DT R (nAE A= DUIRIR), 9 ALOX 12 R (), —
& v 17 3K 2 I ok A e s 8T, n TR AT TR .
128 % 7 A B S PR 4 B RT RE AR AE 22 S TR A,
RIEFEVEYS T HSCs BhAE T 424t T ik . X,
F E2 #H ¢ Al F 2 (nuclear factor erythroid 2-related
factor 2, Nrf2) &5 W WuiE — R A B A AL 5L K 3R 0E, T
TR A0 M B A RE 7D, SRR AE T R AT

22 SREEEBEE 40N BRI SR AL T R K
AR EZOEM . sk B DL Fe T A7,
HAR L B4 % 2 8 B 524K 1 (transferrin receptor
1, TFR1) /- SN EAEH . B BEkEN
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Figure 1 Mechanism of hepatic fibrosis. HSCs: Hepatic stellate cells; qHSCs: Quiescent hepatic stellate cells; aHSCs: Activated hepatic

stellate cells; a-SMA: a-Smooth muscle actin; TGF-4: Transforming growth factor ; NF-«xB: Nuclear factor kappa B; MAPK: Mitogen-

activated protein kinase; ROS: Reactive oxygen species; TNF-a: Tumor necrosis factor a; IL1-4: Interleukin 14; IL6: Interleukin 6; ECM:

Extracellular matrix; B-cell: B lymphocyte; T-cell: T lymphocyte

(transferrin, TF) 5 LK 1 {f] Fe* &5 & K i TF-Fe" £ &
V), 2B EWS TERL R R4 &, T8 PR 25 EH OB
1 T AR 0E NGB, T N B /A TE N BN,
INESJEE b 7 BT 3 (six-transmembrane epithelial antigen
of the prostate 3, STEAP3) % i& Ji [ ¥4 Fe' ik i A
Fe’'. B, M &8 & T #1811 (divalent metal
transporter 1, DMT1) ¥ Fe? M\ /M 4 % iz 25 41 Jifg it A
Fa 52 2kt (labile iron pool, LIP) H, {40 g F IS, 7
Py, i A Fe™ Al g AiE AF T8 R A (ferritin) A7 .
TEGRAE T AR, g 2k 5 3 F W (ferritinophagy) 55
BUHIL, Bk E 4 P M, Fe? R JBCE LIP h, 3 B0 A il
BFWREF & . F+H e B Fe* il it Fenton [ W (Fe™ +
H,0,— Fe’" + -OH + OH") /AL K & i i P ) F2 4
Hi % (-OH), Juohy 40 fd 5 b & &5 (9 2 AN 1 A Jfi iy 1
(PUFAs), 5l & NIg ik 4k, A% 25 5 8040 i 2k o0 120
R, BB TG R EE S Fe 4 &, ALY A
LIP /KF, T BRAE TR A . B4k, BRI A 1
(iron regulatory protein 1, IRP1) A1k 75 & H 2 (iron
regulatory protein 2, IRP2) W] jd iz &% )87 41 Jfd Py 2k &5 +
K, 58k 8 JeAF (iron response element, IRE) 45 &,
i3 B A& TFR1 MR 1 #) mRNA F8 € P55 8 9%,
SEIUE AR P R IS I S A7, AR RPN P R AR AT,

23 BRRERAHIEEEBE R A AR SR T Rk

ATERNT, RRAC I 25 9 £ B4 U8 T 40 B X 2R A0 T 1)
UM, JFIEPTA RS 5 KA E A . 2 A
g W5 2 (polyunsaturated fatty acids, PUFAs) 1E A4k 5t
TR A IR B IR, o 5 A UM T i U 7 1) K
PUFAs /& B N R KR . KBENRIEAH G A & BG4
(acyl-CoA synthetase long chain family member 4,
ACSL4) 52 BRF0 T2 1 G B e € A 1, ACSL4 7 ¢ M ff
1K 5% PUFAs 54l A (coenzyme A, CoA) 454, 4%
JIE Tt 4G A (PUFA-CoA)™; VA I 198 IR 15t JIEL il Ik 2 % 7%
% 3 (lysophosphatidylcholine acyltransferase 3, LPCAT3)
¥ PUFA-CoA Bg Ak 217 L% IR 5k & B iz b, & Rl e
[ & & PUFAs [ JIf % 2. B % (phosphatidy] ethanol-
amine, PE) J 5 & S 20 fa i (J0 A2 J57 5 R0 2 A 4 i)
o, 24 E & PUFAs B IR FE 40 M B TR s, EATTak
BCA R 5 i S8 Ak 1) H AR, i B8 KBS 1@ i Fenton SN
A RERIEA B E (COH), MGt A e M
PUFAs I 80U A =7 B 37 U 1, 51 R IR 1 eh 2k
(L) B SN, e 24 Bl i id 8467 (LOOH). It
4h, HE4E & (lipoxygenases, LOXs) A8 B 4 5 At
1t PUFAs i &4k, nfe 4= V044 B2 15-8 % & B (arachi-
donate 15-lipoxygenase, ALOX15) ALOX12 F14£ 4 Y
J# R JIE %8, & I 3 (arachidonate lipoxygenase 3, ALOXE3)
S TR IR BHE 2 PPt PR 58 (R b gkt o
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24 SRREITERE AKAEYIL T P AR
&M B E A O, AOE AR AR L, T HERES
5T TMPATERE . ERRIE T, B H A5 A
(tn GPX4 il &) 77 A2 1 20 & i B S ) 2 iR 26
RiAA T e, 5 8 T % 1% 5% (electron transport chain,
ETC) Dhfebas, KA i1 “Mtis”, < (0,) A4
I J5 A G SE A 1 (0,7), I AR KR E ROS!Y. X
TERL T — AN IERAGHEIR, 2 — 2 e pd e, W3
BORBRBETAS 5o (RIS, SR04 2 4 i 2 A 11 22 2
TR, A SRS R, o 140 AR AR AR (Fe-S
cluster) W& MHI A PT . ALK KT THm i, 2ok
o3 R B SR, 3 BRI Bk o R AR,
25 VI BE 11 Fe? 55 2240 4 7 4 19 H,0, % Fenton 2 v,
FEAETE PR R FR AR 2R (-OH) B kLA T,
JuH 2 E & PUFAs B IR 15 58 5 i S804k, sk Jfs fod i
b LA, HRIE TR, SRR IR E I L RO
BH 2§ F i (voltage-dependent anion channel, VDAC)
TELRARGRIE T P E R . — /N4 9 VSTM2L (¥ 2
HiE it 5 VDACT A ) BE B 2 (hexokinase 2, HK2)
FHEAEH, #H] VDACT (15 54k, T 4EFF 2 R i 52
ATEMEIERFE T X AR BAE BRI, 2 2
BEERFE TR A o AH I, BRI A7 AE BT AL, Zekr
A& GPX4 (mitochondria GPX4, mtGPX4) ] B 7% I £k
LA A 7 AR ) B A, o DR P R A 4 52 S AL
AT 2 — BB 28, 24 mtGPX4 KA, A FLiG IR
% (dihydroorotate dehydrogenase, DHODH) W] LA i#
b H g5 A 1 HL T S CoQH, (T2 E) H 4214 iR 28 1Ak
PR B AP, AT A R BE T

2.5 HbFHMLUPIEEE FSP1-CoQ10-NAD(P)H i
P BRBE T4 2 1 (ferroptosis inhibitory protein 1,
FSP1) 7237 GPX4 Mk AL T4 R4t . 7L -
FSP1 ¥ 4 1k B4 il Q10 (CoQ10) i 7 Ay Ht S AL T X
[ CoQ10(H2), J& & i 3K MR 5T B b &, AT 0 ) i i it
Sk, ORI e 2 B AT TR ™ . GCHI-BH4 @
GTP 3 4L /K fift i 1 (GTP cyclase hydrolase 1, GCHI1) &
& T & A WSS (tetrahydrobiopterin, BH4) ) 5% 4
PR i, 110 BH4 & — o (5 oy 5 40 SR 0 S AL 77, it
AR CoQ10 RGEAH KK, W 4ERF CoQ10 ik JR 25
CoQ10(H2), CoQ10(H2) A By th & — Fib 1 2L {1 Jig ¥ 1
U Ak 5, BE M ST F GPX4 R G8 # ) k BE o0
MAPK i % : 151k 1) p38 MAPK 4 B2 A4 I 30 5 =% [
- (W1 ATF2.CHOP), iX £ 5% 5 R - 23 45 & SLC7A11 %
(5 87 X 35, #] SLCTA11 KA, #14 system Xc-
Uiee, B REGAET; 5 p38 FAL, vE I c-Jun FHE K
Uity $4  (c-Jun N-terminal kinase, INK) filf Fg {4 %% 5%

F c-Jun, B BEGE & 1 (activated protein 1, AP-1) &
T4, L ACSL4 & [ RIE, N4 o x fig it i s 4
BB INK 8 B2 10 Bel-2 i [ 2o E W AH ¢ B
Beclin-1 B0 1], Sod L FE0%E H g (ki 8 B W) o)
RE, 38 020 A e B8 kK, {2 2F Fenton S W21 it A1,
WIS 1) 4 K A S 5 0 Y R (extracellular signal-
regulated kinase, ERK) [ il ACSL4 ik B3 5 p53 1%
PR AL HEERAE T . PI3K-AKT-mTOR J % : % ) IR
FLENY) & R E A E S5 | (mammalian target of
rapamycin complex 1, mTORC1) fig i [ & i 15 7o {4 45
&8 M (sterol regulatory element-binding protein, SREBPs)
i AL A% % A7, mTORC 1-SREBP i 3 8 S 1 A1 fig ifi
2 (monounsaturated fatty acid, MUFAs) & %, L8 i
P 4 5% 4 07 82> PUFAs 8 & 21 40 i i i i o, 16 3%
Wee AL 200 L o) i o o S A SR, SIRPTBR SE T L AR,
WOE I mTORC 1 BE A B WA % 1, ek /1> 2 Jf oA Ve 25
BRIKF, B Fenton SR & A2, #IHI ERAE T (A% 0 SR B))
DRI 25 ] o % 6RRH i iR 989 s 55 B08 5 R [R) U4 (Ak
strain transforming thymoma viral oncogene homolog,
AKT), % # 9 E E i B, ol i B R AL Nrf2, %
Kelch ¥ ECH #H < %5 1 1 (kelch-like ECH-associated
protein 1, Keapl), {£ 3k Nrf2 £ & M AL, B3 — &
FIA0 A A2 i PR 4 5 AT A e 5, ofi 41 3 0 AU -1
(heme oxygenase 1, HO-1). it A {1t i Ji i§ -1 (quinone
oxidoreductase 1, NQO1) 2%,

2.6 BRRETXBHFHEMMMS HSCs PHIERRIE
581F  BIETE B AR A 4E AR T TR T T, IR K
FEEE BT HOC B R 4% 4 75 T 41 i 5 HSCs, 4 1
& aHSCs 1 72 5 17 £ 22 5 M 1) 2208 i PR 5l 4% 1
2O X7 R T AR PR 25, SEIL AR AT 40 A R
aHSCs V097 Hhr 7> 1 5:hl . B AT 7R B, 2%
Do TAER R A7 R E 2R (B12). @ System
Xc-GSH-GPX4 #fli: SLCTA11/GPX4 7E # 2.4 HSCs
FIXBAC . £ aHSCs 1, K IXH KR 4 4u b5 5
(W1 TGF-p) 1 ¥t — 5 =2 Z| 40 ], 3 3 aHSCs FI 2 Al bt
AL RE J1 B, X system Xc 1 il 7] (U1 erastin) BX,
GPX4 1|75 (W1 RSL3) B MU . A, 1EH T 40
T YE RF R K SLCTAL1/GPX4 32 1k UL X AR i &
77, (B IAE T HRE TR TR, @ f5 BRI
K4y F: ACSL4.FSP1. ACSLA4{E NERIE T 1) IE 7] 14
P2 IA T, ACSL4 /£ aHSCs H ) FRIEE 7 2% Eif. X
55 aHSCs 75 % KB A BOA I A1 358 5 6 =0 9805 R A K,
T ECH I IR H PUFASs LE A5 7, 0 I Jog ot 4504k 5 A
. FF4H R ACSL4 3R 34 7K~ AR LA HL 5 e ™,
FSP1 E 8 GPX4 7 1T [¥) Bk JE T~ 41 fll & ¢, FSP1 4
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Figure 2 Molecular pathway mechanism of ferroptosis in hepatocytes and hepatic stellate cells. MFLCs: Myofibroblast-like cells; FTH1:
Ferritin heavy chain 1; FTL: Ferritin light chain; CP: Ceruloplasmin; STEAP3: Six-transmembrane epithelial antigen of the prostate 3;
DMTI1: Divalent metal transporter 1; SCDI1: Stearoyl-CoA desaturase 1; GPX4: Glutathione peroxidase 4; ALOXI15: Arachidonate
15-lipoxygenase; DPP4: Dipeptidyl peptidase 4; GSSG: Glutathione (S-S-glutathione, oxidized form); GSH: Glutathione (sulthydryl form);
GCLC: PE-AA: PE-AA-OOH:
Phosphatidylethanolamine-arachidonic acid-oxygenated derivatives; SLC7A11: Solute linker carrier family 7, member 11; SLC3A2: Solute

Glutamate-cysteine  ligase, catalytic  subunit; Phosphatidylethanolamine-arachidonic  acid;

linker carrier family 3, member 2; GLU: Glucose; Gly: Glycine; Glu: Glutamate; Cys: Cysteine; LIP: Labile iron pool; AA: Arachidonic
acid; AA-CoA: Arachidonoyl-coenzyme A; NCOA4: Nuclear receptor coactivator 4; LPCAT3: Lysophosphatidylcholine acyltransferase 3

aHSCs H [ 3Rk il B8 N S Be 2 4, 2 — 0 Hl55 1
aHSCs I HLER AL T-B7 1 o 177 ££ 55 70 JH- 48 g v, FSP1 7]
B B B AME R L] . @ AR A G 7 7
TFRI/HE H . aHSCs &b T 38 FEAR A, 08k 1) 75 R 3%
I, # RPN TFR1 %35 _E, [ 4k & A 7 R Jim]
REAHXT AL, T BOL AT e Bt 8 5 i 8, 7E R F
PR SR S Fe™ o I 20 i Ak A 1 U 58 0 B T AR AS 4
Fro @ 504 5 ROR 8 aHSCs &b T 1 5 S AL B 3
s & A2 47 4E A0 40 o 5 7 (40 TGF-BPDGF) 134
B, X ES R ERE IR R I SLC7TA11/GPX4, | i
ACSLA4, 3t [F) % aHSCs #E [7] 2k S0 T BUBRAS o 177 T2
JHL T AH [R] AP 355 T R S AN [ ) 3 S 1 B (T
Nrf2 i@ ).
3 EIRSKTE TR AT AL P RO E AR R AL
BRACTAE ST AR b e AR h 4 6 S 4 B R A XUE
P A €0, X — 45 5 T AF ZE A0 R L K 5 A
(B13). — 771, 76 1EF FF40 M b gk B0 T ik JHF 41 44k
R A0 Ml 2 0 3 B AL IS I, P

BB TR B T, R R A Fenton S, 77 AR K
ROS, 7 & i i S A0 20 S, 7 AR T 22 1 i i i 4
AT, B T AT B 1) e e N T, B £ B0 T 4
FET: . HFAH MRS A0 T 2 il R IS B B, W 4
J« H b 2 i 5 K BRI, B T TNF-a IL1-4 55 41 i
IR 7 0 4 Ak R 7, 0% HSCs B4 Ak 9 LB 2T 4 40 Jf
40l (myofibroblast-like cells, MFLCs) 434 K & ECM
IE 2 YA RE . 53— J7 1, BF 58 2R, /£ HSCs
PRI, AT LA S A et . R
HSCs 1 BB 7464 5 A T2 5 [T 40 g 20 32 I (1) 58
WG YRR, E AT 4R Ab T R o, HSCs % RF 82 305 #14
JNMFLCs. 70K, 55 HSCs KAEBRI TR 0E A
RO H B, PR ECM HI & 5 43 b, 38 1M 22 T
YL,

3.0 FUWRBOERESRETIER  E AN AR AT A
YL I FE i oes R R, B R AE T (R AE B 2R AR
TR R R WIS A BAE 22 SR 25 2 e B A

B 4 (receptor-interacting serine/threonine-protein kinase
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Figure 3 The dual role of ferroptosis in liver fibrosis and its differential regulatory mechanisms. TGF-f: Transforming growth factor f;

ACSL4: Acyl-CoA synthetase long chain family member 4

4, RIPK4) 3t 1 1 42 19t 25 Al il A 5 ol Bl o oK R A A
1 (acyl-CoA synthetase medium chain family member 1,
ACSMI) IR IL, FEMBRFE TR AL, X 38 7R 1 AL R
MUERFE T 2 (B BB LM o 72 T4 4 b R A2 R R il 7%
Hh, 22 T B0 DR 2R 9 B R PO U 25 4 4
2 3 U I A AR TSP 0, 77 A2 KR ROS HL#:
1477 40 ML A0 HSCs, [F] I3 BE 28 H1 22 i S 5 38 B 52
BRAETIRAE . — T, ROS W] #EEk B 1 k& (A
PRI, 1040 L P I 2 B 2 TR B, O Fenton S B i
2 A, MR B AL, i SRR TR AR T
[, BRIE T AR rp 7= A KB IR T S - M it — 2
TR S L, TR G R IE A, 36 (R HE S 4T 41
Ji& o FEEMNIBORAT T, — LAk b8 R 4 1) S B
B 23 R AR AR AR, BETT RS BRAE T 4% . 4 Nrf2 2 41
N EZTEANERE T, EFEFHLT, N2 5
Keapl &5 & I Ab TR IR A, 2520 0 32 3 S0 40 S 081
WS, Nrf2 it 25 Keap, #F N\ 40 il 4% 45 & B 40 540 [ S
JG1F (antioxidant response element, ARE) b, ¥ i% 1
HO-1.NQO1 %5 #it S 1k 5 [K 354, 15 B ROS #1115 Jii
RESEA, RIS BRIE TR . SR, FEF AR 4R AR
H, Nrf2 {5 538 B 52 2030, 3 SO st e ee b
1, TETFAG S5 )k B0 T R0 S8 R 8, 38 o 2B B AR 45
Pio 1E LI B R GY I SR I 20 4 fl 283 v, P
W Nrf2 335 7K1 2 35 BE AR, [R]85k 58 T2 AH 5% 4 Ax T
e, X7 Nrf2 15 5 38 B 1 0 ) mT Re (22 1 BRsE T

JHET YA I

3.2 QRMEFEEKERTIER  g0H K 1 7E AT 4
BERE h R 4% A B TR RN  BR AT T i K
AERIR R P AR R R . 2 A L IR Y 0 TGF-B-
PDGF . TNF-o 5& £ JIF 21 AL 3 72 v 57 R0k, EAITIE
5 A AR T A RS2 ARG, WO R S T g, AU
2 5 HSCs Wil AECM & i, 34 A8 1 $ 8RS0 T AH 2% 73
TRIBANENES . TR, TGF-B 2 H T & A iR e
YA AL A 1, R LT EAG L RE v, TGF-p Rk 12 3%
B, el i WO Smad {5 5@ H, ) # HSCs
system Xc~ D fig, /D e 2 R 5% L, PR A GSH &
%, FEAR GPX4 5 1, Toid A 20 B g i A4k 7, 1
TN HSCs X2k FE T s M . 4k, TGF-p 38 i 1 5 2k
FRHAR G HE AR %, dnd in TFR1 R8sk Bs 1
(PRI, R HSCs #4612 TNF-a /& —F A A £ ML
YD Re A B IR 1, B AR 4R R b, LR IR
SEHII . TNF-a 38 i B0 52 A HAE R 35 5 &
F1 1 (regulatory induced protein 1, RIP1) £l RIP3, ¥ &
2 i[0 a SR 77 T e i 1 7 0 e SO ) 3
B, TNF-¢ i8 i F i NADPH % 1L B 4 (nicotinamide
adenine dinucleotide phosphate oxidase 4, NOX4) ik,
BN ROS PP AE R BEZRFE TP, IE4b, TNF-o i3 i i
WERAR WA G E B, Wk & B EHE (ferritin heavy
chain, FTH). %k & [ # 5% (ferritin light chain, FTL) %%,
5 e A P BR S T B A AR T, 2 5 Bk A T A
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Y AR ORG TR A 4E AL DN AR, 45 T TNF-a
PR 5, %2 B 20 2R N R BB T A G H8 45 MDA &%
VR UK B A ] R BRAIC, (R I AT 4 A R R AR
PR, X 5E & PR (Hu-Ge granules, HGG) X AT
oF 4k 1k K B AT I GSH. A . % (malondialdehyde,
MDA) & IfiL i TNF-a 7 & I 5 W /1 — 2, i3 — 2B iR
TNF-a 15 A% 1 25 4 4o A2 Hpoeh 2k st T B 2
PE B,

4 VHIEERIE T AL RAERHLE

4.1 f,\\szﬁ%Hﬁ RIRF= W2 oI 2 440 245
VAR R I E SRR, AT i R A T A O B I
RIERITAER (R D)o ~7Ei?§'§r HSCs #kFET K. It
KRR =Wy id o 3 o A A B AR R, BV TE RS
1K K HSCs, U3 3% & (curcumin, CUR) 5 H ZRHE Y
ZHE AR 2K, JE I ] Nrf2/ARE i@ B 484 0 ROS 4= )%, %
5 HSCs # AL TP, M2 (capsaicin, CAP) J& H B,
JE Ik RO W I 52 A4 FRLAT A R VY 1 (transient receptor
potential vanilloid subtype 1, TRPV1) iB i 5] A& 45 P It
AL N, 41 system Xc/GPX4 i@ %, 15 5 HSCs
BRBETZPY; W 5% R (wogonin, WOG) i H #6%~, H#%
i Nrf2 /5 5@ %, T GPX4 f1SLCTAL1 Kk, HI 55
U RE 77, fil R NE B S Ak SR AR 3 AT (artemether,

ART) V5 5 8 &, IRV 5 3k N aHSCs, Hoid St
(-0-0-) 5 Fe¥' g B i A 24 fift, 7= Ax K& v 1l b 0
H L, T 4 b () PUFAS, 8 2 I 5t i 480 4k % =X
N, 755 aHSCs BRAE TPV, & 4 FF4n i gk st -2k
WG R AR = ik B A Bk O e R A BE ), TR
YIS 2 45007, LR AR (1 (lactoferrin, LF), Y& H LT,
ST A Ak, 30 Fenton S SN AR i 4AU4L, 14
T 40 BBY; H EER B5 (magnesium isoglycyrrhizinate,
MgIG) J8 B K ARH &L, @i J0E Nref2 {5 5 8 B, Jl
JFF 408 L 453 45 , 00 1) 4 R AR Bk BT T, MU Sk BHL B
HSCs &b, (A8 LG LN ACRY . =R ZHLHIP)
AR eI RAR = IR R F T 2 Skl i, e 2L i
5 HSCs 46 T F O 37 I 40 B 1 X0 E AR J, 40 38 %5 1
(baicalin, BA), ¥ [ %5 %5, #1] GPX4 i 14 375 & 2 ki
AT ReRERS, 36 1 ROS F= £ {2 1 HSCs Bk AL T2, i T
T Nrf2 /5 53l B, 5 5 HO-1 il GPX4 ik, 455 AT 41
fubt A e 0, iSRRI 2 e i S A ), DR A T 4
BT H B PR (resveratrol, RSV)P RS R
(apigenin, APD)PY  #t J7 25 (quercetin, QUE)P 45 1 i I
7 Nrf2, B i GPX4 Al SLCTA11 ik, $) BT 4 i 4 48
T2, 75 0] J@ i 40 ) TGF-p1/Smad @ i, T I HSCs 5 4L
brEE R, %S aHSCs T A1 E W .

Table 1 Drugs for treating liver fibrosis by regulating ferroptosis with natural products

Drug source Representative drug Mechanisms of action

Pre-clinical/clinical progress

Advantage Limitation

Turmeric Curcumin (CUR)  Inhibit Nrf2/ARE pathway, Cell and animal Anti-inflammatory and Fast metabolism in vivo,
rhizome increase ROS generation, induce experiments showed anti-  antioxidant low bioavailability, poor
HSCs ferroptosis fibrotic effects polypharmacism cellular selectivity,

Chili pepper Capsaicin (CAP) CAP activates TRPV, causing
Ca” influx, calcium overload,
and mitochondrial dysfunction.
This leads to ROS production,
inducing HSCs apoptosis
Scutellaria  Wogonin (WOG)  Inhibit Nrf2/ARE pathway,
baicalensis
expression to weaken cells'
antioxidant defense capacity;
then promote ROS production to
induce HSCs ferroptosis

ART peroxide bridge bond is

**, resulting in a

Artemisinin Artemether (ART)
cleaved by Fe
large amount of ROS and
inducing ferroptosis of aHSCs

resistant malignant malaria

Mammalian Lactoferrin (LF)

milk reaction, reduce oxidative stress, LF's anti-liver fibrosis

Animal studies have
confirmed the effectiveness inflammatory,

Cell and animal
downregulate GPX4 and SLC7A11 experiments showed that

Accurate aHSCs ferroptosis Highly fat-soluble, it
was triggered in cell and
animal models. Meanwhile,

Chelate-free Fe*', inhibit Fenton Animal experiments support High safety, as an oral

potential hepatotoxicity
risk
Strong targeting, anti-  Fast metabolism in vivo,

low bioavailability, poor

of CAP against liver fibrosis antioxidant and multi- cellular selectivity

effect of regulating
lipid metabolism
Multiple targets, anti- ~ Fast metabolism in vivo,

inflammatory and low bioavailability, poor

WOG had anti-fibrotic effect antioxidant multi-effect cellular selectivity

Potential neurotoxicity
easily passes through  at high doses, poor

cell membranes and cellular selectivity

ART was used to treat drug- blood-brain barrier,

and has higher
bioavailability
Moderate effect, low

preparation, good bioavailability, limited

protect hepatocytes from
ferroptosis

effect. Moreover, LF has
been used as an adjuvant
therapy and nutritional
supplement

patient compliance, no
need for injection

cellular selectivity
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Continued
Drug source Representative drug Mechanisms of action Pre-clinical/clinical progress Advantage Limitation

Glycocholic Magnesium

acid and isoglycyrrhizinate — pathway, reduce hepatocyte
derivatives (MgIG) injury and ferroptosis, block
HSCs activation signal, and
achieve anti-fibrosis effect
Scutellaria  Baicalin (BA) Activate Nrf2, upregulate GPX4
baicalensis and SLC7AL11 to inhibit
hepatocyte ferroptosis. Inhibit
GPX4, induce mitochondrial
dysfunction and increase ROS to
promote HSCs ferroptosis
Grapes, Resveratrol (RSV)  Activate Nrf2, upregulate GPX4

peanuts, efc.

Activate Nrf2 signaling

and SLC7A11 expression to

MglG is used in clinical
liver injury treatment, and
its anti-fibrosis effect is key
to its overall liver protection

BA protects against erastin-
induced ferroptosis in cell
and animal models,
reducing liver inflammation
and fibrosis

RSV has been shown to be
effective against liver

Water soluble, suitable
for preparation of
injectables, easy to
metabolize

Unique bidirectional
regulatory effect,
multi-effect synergy

Broad mechanism,
including antioxidant,

Extremely limited
capacity to directly
reverse severe fibrosis,
limited selectivity for
HSCs over hepatocytes
in pro-ferroptotic
contexts

Difficult to absorb
orally, fast metabolism,
low bioavailability,
complex bidirectional
effects challenging
selectivity control

Fast metabolism in vivo,
low bioavailability, poor

inhibit hepatocytes ferroptosis.
Inhibit TGF-f1/Smad pathway,
downregulate HSCs activation
markers synthesis, and induce
aHSCs apoptosis and autophagy

fibrosis in cell and animal
models

Activate Nrf2, upregulate GPX4 API has been shown to be
effective against liver
fibrosis in cell and animal
models

Activate Nrf2, upregulate GPX4 QUE has been shown to be

anti-inflammatory, cellular selectivity for

anti-apoptosis ferroptosis induction
(hepatocytes), pro-
apoptosis (HSCs), and
autophagy regulation
Multiple target Fast metabolism in vivo,
characteristics, high low bioavailability, poor

safety cellular selectivity

High safety, anti- Fast metabolism in vivo,

Celery, Apigenin (API)

cilantro, etc. and SLC7AT11, inhibit
hepatocyte ferroptosis.
Meanwhile, inhibit TGF-£1/
Smad pathway, downregulate
HSCs activation marker
synthesis, and induce aHSCs
apoptosis and autophagy

Flavonols  Quercetin (QUE)

in fruits, and SLC7A11 to inhibit

vegetables, hepatocyte ferroptosis.

effective against liver
fibrosis in cell and animal
models

inflammatory and
antioxidant

low bioavailability, poor
cellular selectivity

etc. Meanwhile, inhibit TGF-£1/
Smad pathway, downregulate
HSCs activation marker
synthesis, and induce aHSCs
apoptosis and autophagy

polypharmacy

42 ANIERZBMAE AN TH S R
[ 2R FE T B, AP R e AL iR o7 S ft T B SR mg (R
2)e —JE 5T HSCs BRAE T W) i ad ik #71 fil
system Xc~ - GPX4 i E AL 5, 98 PR 15 B aHSCso 4N
EHrdFEJE (sorafenib, Sora) 1F 22 i i 4175, 1 A
T A R VAT, 8 B system XcThAE, P
IVt 2 R 15 X, FE v GSH [A) 42 2% 7% GPX4, 155 aHSCs £k
BET, W I AT AL, R PR S FH A B 2 R TR
L VS AN RN, BRI T AR AR 4R a7 14
J7U. SAS Hl Era 55 g BL# 11 system Xc~ I fE, SAS
Je O BB A 2, A Bk = 5 PR AN TE I R 1 R T
HNFH, M Era 2 VERNERIET Mo MR T R 24, Sz
I PR 3% F 4 ; RAS %6 8 1 2058 43 T 3 (RAS selective
lethal molecule 3, RSL3) I B £ 4L 4 41l i) GPX4 i 14,
eyt i, PO R BT, TR AL HriE SE AT
R SR B HSCs % 41 41k, & B 2R T APY, 35

= JE G (artesunate, AS) 18 Id k4K f M ) B 7= £ ROS,
N GPX4 RIA, P S HSCs ZAET- . 24
FF 20 Ak BE T 2R I B o IX 2R SR i 1 o B A fb
577 0 fi6 77 B0/ B AR R v SR A A A, PR A R, AN
Pk BB A AR iR 0 S B o a0 Bk B AR 2 Bk i
(deferoxamine, DFO) il i &5 & Ui 25 2 & ¥, Bk >
Fenton 5 . FHL T A o ik 46044 i3 2, 3 F -8k 340 56
JH, (85 i B b s 25, AME S B IR BT AL
71 1| 3 3 % -1 (liproxstatin-1, Lip-1) H1 %%k %€ T 1)
37J-1 (ferrostatin-1, Fer-1), 1F A I8 V& PE U AL 77 EL 4% A
FRE Tk 4 B H R, e AN R, 7E 2 R R A AR A
TRAF T 40 M, 93038 27 Ak, & 50 UE R AR T AL DG B T
B2, HR itz = EZHHhERIER. kY
Jo i I 2 HHOE B P R4 F, SRR 15 3 HSCs A8 T F £k
P AE M R . Wi SR8 (regorafenib), FEH 2
FRM RN AR RATAY, & —Fh OIR 2 BEG S R), A
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XA system Xc-, BT 20 AR 5% I, #635 GSH, #E T
75 GPX4 k3%, HAEHE m) L8 N B AE KR 1 5244 1~
3 (vascular endothelial growth factor receptor 1 — 3,
VEGFRI1 - 3). Ifil /N ¥z fi7 4 4= K R T %2 48 (platelet-
derived growth factor receptor, PDGFR). i 4T 4 41 g 4=
K [ -F %2 & (fibroblast growth factor receptor, FGFR)
S, FH] HSCs 1% A A B 6 A

43 I HSCsIEFEMHRETESHIRME EHRT
TN EF 4eA iR 7 S it 1 8 B, (HS2 I EIR 40 A

(JUHAE aHSCs) L FEERRIETI I S 2 4T 4k 1%
Okl . WA KZHYILTHE S H) (U erastin RSL3
CUR 5§) il = 41 ffg S A e 58 %, ] 7] B 453 795 I 4t e, e
MM ENET 44l o PR, R SR B 50 N R AR T O A
HSCs ff B L T- M IE M % . RALEFH ES
HSCs.aHSCs 5 fT 41 Jfi 7 system Xc~GPX4.ACSL4.
FSP1 5 084y 1 B RIS Z 7 BIR S IR IIRES 3k
R 188 A% 2 RF AL, 348 7T 4L 5] HSCs B aHSCs 4 57 1
fa g5 S @ JFR 4 MR R IR R G, R K E

Table 2 Artificially synthesized drugs for regulating ferroptosis to treat liver fibrosis

Representative drug Mechanisms of action

Pre-clinical/clinical progress

Advantage Limitation

Sorafenib (Sora) Inhibit system Xc~ function, block
cystine uptake, deplete GSH,
inactivate GPX4, induce HSCs
ferroptosis
treatment
Sulfasalazine (SAS)  Highly inhibit system Xc~ function,

block cystine uptake, deplete GSH,

and indirectly inactivate GPX4
Erastin (Era) Inhibit system Xc~ function, block
cystine uptake, deplete GSH,
inactivate GPX4, induce HSCs
ferroptosis
Inhibit GPX4 activity, leads to the
failure of lipid peroxides cannot be

Ras-selective lethal
small molecule 3
(RSL3) reduced, specifically induced
ferroptosis in aHSCs models
Artesunate (AS) AS hydrolyzed to dihydroartemisinin
(DHA), the peroxide bridge of DHA
is cleaved by Fe*', produces a large
amount of ROS and induces
ferroptosis in aHSCs

Chelate-free Fe?', inhibit Fenton

reaction, reduce oxidative stress,

Deferoxamine (DFO)

protect hepatocytes from ferroptosis  overload

Cell and animal experiments
confirmed Sora can reduce
liver fibrosis, and it has been
used in clinical liver cancer

The anti-liver fibrosis effect of
SAS has been confirmed in
vitro and animal models

The anti-liver fibrosis effect of
SAS has been confirmed in
vitro and animal models

The anti-fibrotic effect of
RSL3 on ferroptosis has been
confirmed in cell and animal

AS can induce ferroptosis of
aHSCs to achieve anti-liver
fibrosis has been confirmed in
vitro and animal models

DFO has been approved by the
FDA for the treatment of iron

The potential of "old Lack of clinical data for

medicine with new use", fibrosis, side effects,
multi-target and multi- poor cellular selectivity,
mechanism coordination  potential hepatotoxicity
risk

As an oral drug, patients  Lack of cellular
have good compliance selectivity, potential
and convenient hepatotoxicity
administration
Preclinical research tool ~ Lack of clinical
compounds applicability, poor
cellular selectivity
Preclinical research tool ~ Lack of clinical
compounds applicability, poor
cellular selectivity
Anti-inflammatory and Lack of clinical data,
antioxidant multi-effect;  unknown long-term
precise mechanism of safety, contraindicated
action for pregnant women,
poor cellular selectivity
Mechanism and safety are Oral absorption

clear and approved for extremely poor, must be
marketing infused, lacks cellular
specificity, may

systemically chelate iron

Liproxstatin-1 (Lip-1)

Ferrostatin-1 (Fer-1)

Regorafenib

Neutralize lipid peroxide free
radicals, inhibit lipid peroxidation,
block hepatocyte ferroptosis, protect
hepatocytes from damage, and
prevent HSCs activation

Neutralize lipid peroxide free
radicals, inhibit lipid peroxidation,
block the process of hepatocyte
ferroptosis, protect hepatocytes from
damage, and prevent HSCs activation
Inhibit system Xc~ function, block
cystine uptake, deplete GSH,
inactivate GPX4, and induce HSCs
ferroptosis. Meanwhile, target
VEGFRI1-3, TIE2, PDGFR etc. to
inhibit HSCs activation and
pathological angiogenesis

In vitro and animal models
have confirmed that Lip-1
protects hepatocytes from
damage by inhibiting
ferroptosis

In animal models, Fer-1 can
effectively reduce liver injury
and secondary fibrosis caused

by alcohol and drugs

Rigobinib is a marketed drug

approved for treating

metastatic colorectal cancer,
gastrointestinal stromal tumor,
and hepatocellular carcinoma

(HCC)

Preclinical research tool
compounds

Preclinical research tool
compounds

The potential of "old
medicine with new use",
multi-target and multi-
mechanism coordination

Lack of clinical
applicability, poor
cellular selectivity as a
protective agent

Poor pharmacokinetic
properties, poor cellular
selectivity as a
protective agent

Side effects limit use for
liver fibrosis treatment,
poor cellular selectivity
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R RS ELZ %) (antibody-drug conjugate, ADC) ¥ it
PG 3k R, R ERE T B R R R R
aHSCs. N T aHSCs &AM /MRAT A AR E 152
& B (platelet-derived growth factor receptor 5, PDGFRp)
BUEE R avp3 IR VE BT [m) A4 ) ) F R
SRR SRR . aHSCs Ab T i B A AL R IORN 2k &
AR BRIR 85 b, 0T R B0 T 1 A T R A T A
A SE I T 24, A HANAE aHSCs #5411 7 ROS 8
BRIRIE N MO, AT ST B R A @ 45 A L
BIT S EE A . Q0 A TR ZH R 0 41 A 7 e JIK
TAT 5 i 1. % 9 (cytoglobin, Cygb) [ fili & £ 4 TAT-
Cygb, i i 77 5 JI i3 2 B 21 2 A1, 45 53 MR b 7E LX2 41
Jf A R BE TSR B) 28 i VA R . A 4 AR
FI B SET % S 7 5 HSCs I AL 3 1 7 (41 TGF-4 %%
PRSI FR]), 7 BRI 4% B B 1% 1 [ B 39 5 6 aHS Cs )7
BRI -
5 RE

BRIET-AE I A A 36 7 2o BRI 77,
RSN R A VR IT WS O 7 1) . S aHSCs
ML IR — R DUSE K, 8 R
T LA S R R I IR B 2 1R R B
Ho ARSI Iy E: O R E G0 P SR
AR, i3t — 20K A2 ] aHSCs 5 40 g /2 2k pE T2 Im % 1
M4 5 22 e IS @ R B TSR RE I AE AT RL, SEILZ
VI TR ) 5 2R AE H BUE HEE N B3
FERY 22 G0 VR VP Al 3% B 1 SRS A R S e Ak
B4, TR OB T Al b R ) Bk A8 T B 1 24
VIR AN IR A RE e L. Rk, A FE N R 7R
P T8 HE R 25 KU, R e T 7 2, R R EE
V) RILFERNATT F B AR B T B 4EA L
il L AH B 1 25 (W TAT-Cygb) BF 50244, 5 2R 8
YR AR LR IR R IR KR T At — P TR s
(A i HSCs B8 1] k), 42 fen e 4 e £ 44, JFR R @
i i PR R 7 7 AR D 24 40 36k 2% A ) PR RT AR ) R B
SR P PR S FH e A0 1) 7L

B SRR B BRI 1Y R T B 53 SR U BE 2 S0 8 1 4
55 RS0V B BT S0 B IR B B SR SORK S B B S
HEZLAN 4R G 00 7 4585 45 A%

FFRIRSE: 1EF Z 8] T 5 v 2R
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