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[ Abstract ]| Metal ion-dependent regulated cell death pathways, centered on ferroptosis and cuproptosis, play key roles
in fibrotic diseases. Disruptions in the cellular uptake, storage, and efflux of iron and copper ions lead to redox imbalance,
which subsequently activates the canonical and non-canonical transforming growth factor-/Smad pathways, drives epithelial-
mesenchymal transition (EMT) and fibroblast-myofibroblast transition (FMT), and promotes the release of damage-
associated molecular patterns to amplify the inflammation-fibrosis loop, thereby promoting organ fibrosis. The mitochondrial
tricarboxylic acid cycle serves as a common convergence point of ferroptosis and cuproptosis. Targeted intervention strategies
derived from related pathways, including metal ion chelators, traditional Chinese medicine derivatives, small-molecule

targeted drugs, and nanomaterials, show favorable anti-fibrotic potential by restoring metal ion homeostasis, blocking EMT/

FMT and inhibiting oxidative stress.
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314
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AP REEL B SR AT,

BB A S B A 2 R AR K, Fe'T
SR N4 A T M R I R kR a2
TR 1 N HE AR, B4 Jm i S T 51 B 7 B
I Bz Bt JiL (six-transmembrane epithelial antigen of
prostate, STEAP) 3 ifJ5ih Fe’", Fe'' & M4R
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S4B T2, Cu’T B STEAP Rl Cu™,
A T TR S 31 R 172 [ MORR R B IE
1/2 ( copper transporter 1/2, CTR1/2) | #1 SLC11A2
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BB AT A L) 1 (antioxidant 1) | 484
A 15 A Tt ] A5 2R 1 R 4B 65 2R o S A Tl A B
16 17 (cytochrome ¢ oxidase copper chaperone 17,
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P TIRE, 200 Fl ik ATP B4 %% p K
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T M A R A I PR A6 T, Zhang %57 A
HERIET- A R HARE 75 S 2R 40 ( hepatic
stellate cell, HSC) #FET:, B/~ T MG EIEMH:
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M1, Zhu %55 % 3L CTRI 78 2 FhLFAEALBTRI AN
B2 AR 1 B L RS IR 5 AT TR ;
SRR 20 M N H B P, AR AR R 1 COX 17 fig
T AR LR A BRI S MR S 5 ) 4 T
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1.2 RALZ R E&H B, B RgE oy
5 J52 17 7 A Ko g Jo o A A ) S AR, Y
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Py 0 3% M S 2 0 20 i 3 AR AR O A A, T A
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( glutathione peroxidase 4, GPX4 ) AJ 7 H K,
Wi GPXA [T RGN ETR / 4 &R ) §5 iz
H I (System Xc ) /A H K /GPX4 R4, MK
Ht GPX4 [R5 RGEALAE N NET MEAN R A 1/
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AHOC R 2 BB R 1k 5 | kS 1l 212 4885 1 (heme
oxygenase-1, HO-1) =Rk, M T8 % 10 1 3
FaSi R AR T, ek I O AT 4R Ak 1) i
o BRIEHAG A A BB BB 4 (acyl-CoA
synthetase long-chain family member 4, ACSL4) fi&
gt Z ARG R S5 A 255, 2Rt A
TEIE R B . Cao %61 R BRI SHY
F G AIE /N R AL R B ACSL4 /KF- T,
] ACSL4 1] & 35 2% i 4 A Ak b e . 40 e ) 3 2
P A 36 P 5 R T 57) 2A ( eyclin-dependent kinase
inhibitor 2A, CDKN2A ) BEAE I 4540 & 1A
P53 3 fH (B2 52 e 4 A A A AL N, AP AERE
R MERET Al i B R o X AR R T P
J 9 £8 5 RIAEE BRENTHE K2 Dk 0 5 1) T A A LA 7 4G
W A B, B K7 3 K8 o CDKIN2A [ 3R 3R 7K - I 3
Tt
1.3 %k, A% & L& - ) 4518 (epithelial-
mesenchymal transition, EMT ) | #% 4F 4 48 it — Uk,
#F 4 2m o 35 4% ( fibroblast-myofibroblast transition,
FMT) EMT Ml FMT & 4 2115 5 & 91 5 2F 4k 1k
PR R S AE W) o B, 9 X TGF-B/Smad £ 4t
W PGSR R AN IS 2Rl e
BL, Bk 2 A IEdE R Wk . WS T-7E EMT F1
FMT i 8 d 2] BREs i 4 s R il b Je
A . B AR R R R a- P WLILE)
#HH (o-smooth muscle actin, o-SMA ) FEiLHEN,
eGSRl R A0 EMT ST sl £F 44k .
Liu %1 % B SET 45 4 48 53 541 86 11 i 2 R 3
R W 1 ( SET domain bifurcated 1, SETDBI1) fE
BEAE AL IS 2 EMT i 2 114 32 22 4% 5% [ F Snail 1920
I H3 5 9 (iR = JE1L (histone H3 lysine
9 trimethylation, H3K9me3 ) , M sk AL T
fE 3F TGF-B A5 1) EMT, ik 1fij i 48 il £F 4 b, 31X

TF R fa s T R G e R T 5 4 e fb p
MVE . Gong %M BF5E & B GPX4 T F L5 e i
4L FMT B9 TEZER . Cho 257 TEATEF 4 AL 1Y
W a7~ T RIS, AF9E A 5% HSC f#
GPX4 #ii5% RSL-3 THil)s, il % 8 HSC i&fbbr
Jr 7/ b SRR /B A I W N A =i

REAT: 22 WUAIF 53 36 W] 40 22 5% BE % 3l ik TGF-B1/
MAPK ., TGF-B1/Smad, £&Hi1k A W% k0% S
EMT H1 45 48 46" Philips 252 % B4 55 T fig
A L R T A 240 B 0 15 5 DA e B I 4 iR B T 1
( matrix metalloproteinase-1, MMP-1) F11L-8 )5
ik, HEPESE A B AR BRI S D G SR,
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WA R T LASE 32 55 40y e o 4 it e) i i, oF
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HNEBIUR; D - A A A B T T e B AR 5 20 TR UHOR SRE - EF 4R LIRS, TS 5 B £ 4E 1. ATP i — R

2 BRRETHEETHIRFE

TEK S 25 B AP AL iy ad B eh, Bk, HSE TR
A HIL 428 B TR R SROZURHLR], BRi
INHERETE, BIET ST MRS I
SEPREE . TER TR, M AT A SRk R
it Bk, M i HO-1 28 135 1 532 bk
DIRERETE, SCRPHLENINE TSP S L
LA Tk RIS REIE 1 250 s
PRI, A H R A0 R AL R G
FEHEALR, TEERFE T B B0 e s 4R
Ak, TESAFET U 5 540 88 745 5 ke s L e
FLRI SRR 0™ . GPX4 BRRFE TR
TR SR 1, CA BT R 5 B T B4
BT RS REE R GPX4 Bkt %,
DA M B 75 S VR B 7 PR E T IR AR A
PR LT AL R (AR B R

110 2 2 27 N G e S N (DB 24 1) [0
Fe LRI . TERAET R R IRk — A S

PRt 2 B RTINS Qo REIE i AR GPX4 AR AR 1
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FET-HIRL IR, R A AR (A% S8 355 R 14 24
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MBI T MR AL T 2R A
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Bl Xk A BE T AR AT A AL TR AE RS
IR, FSE4: 8 e . AL, EMT.
FMT S5 420 ML R 40 AOZ Mg R 3R, JFIE R T
—EBEIESEETFEAN ., TR AT . D
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