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Abstract: Ferroptosis, a form of non-apoptotic cell death, mainly depends on iron and reactive oxygen species
(ROS) to trigger oxidative-reduction imbalance, causing membrane lipid peroxidation, cell membrane damage, and
subsequent cell death. Recently, its crucial roles in embryonic development, metabolic regulation, neurodegenerative
diseases, and cancer therapy have been unveiled. This article delves into the dynamic balance of cell membrane
lipid peroxidation injury and repair mechanisms during ferroptosis, and dissects the multifaceted functions of
mitochondria, lysosomes, efc., in regulating ferroptosis. The imbalance between membrane damage and repair is a
hallmark of ferroptosis. The antioxidant system maintains membrane integrity by regulating lipid metabolism and
redox homeostasis, while membrane repair mechanisms prevent cell death by removing lipid peroxides. Moreover,
organelles interact dynamically through iron metabolism, ROS signaling, and lipid peroxide diffusion, modulating
ferroptosis sensitivity. This article encapsulates the latest progress in ferroptosis mechanisms and highlights the

potential of targeting membrane repair and organelle interactions for disease therapy, offering novel insights for
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precise disease intervention.
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FIRT R MBS T (regulated cell death, RCD)™. 4R
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Apoptotic death

Process:
Nuclear condensation,DNA fragmentation,
cytoplasmic disintegration, and eventual

QOO

Regulated cell death

A mode of cell death that clearance by macrophages.
is initiated by alterations in .
= Ferroptosis:

the internal and external A N L .
environment and is self- Non-apoptotlc death 4 O N Atype of oxidative stress-induced cell
regulated by the cell itself. Other than the classical apoptotic \\§. ’ ) death dependent on iron ions and lipid

\ s peroxidation.

pathway, the modes of cell death \
also include the following types

N

Accidental cell death

Cell death caused by
intense chemical, physical,
or mechanical stimuli.

Necroptosis:

A form of regulated necrosis
mediated by the RIPK1/RIPK3 and
MLKL proteins.

£ 5 14
Necrosis —\"  Pyroptosis:

.. No biological regulatory program. 0/ : .. A form of cell death characterized by

-~ Direct damage leads to loss of cellular function. \\J . <cell swelling and rupture, releasing

N inflammatory factors, and activated

by infl ymes such as caspase-1.

Figure 1 Comparison of regulated and accidental cell death pathways. Regulated cell death (RCD) is a programmed form of cell death
autonomously regulated by the cell in response to internal and external environmental changes, encompassing apoptosis, ferroptosis,
necroptosis, and pyroptosis. Apoptosis features nuclear condensation, DNA fragmentation, cytoplasmic disintegration, and clearance by
macrophages. Ferroptosis depends on iron ions and lipid peroxidation. Necroptosis is mediated by the proteins receptor-interacting protein
kinase 1 (RIPK1), receptor-interacting protein kinase 3 (RIPK3), and mixed lineage kinase-like (MLKL). Pyroptosis is characterized by cell
swelling and rupture, releasing inflammatory factors and activated by inflammasomes like caspase-1. Accidental cell death (ACD) or
necrosis, is an unprogrammed cell death caused by intense chemical, physical, or mechanical stimuli, lacking biological regulation and

causing direct damage leading to loss of cellular function

Table 1 The comparison of ferroptosis and other types of cell death

Cell death type Key inducer Feature

Ferroptosis Impaired antioxidant defense, uncontrolled lipid Increased cell membrane permeability without complete disintegration
peroxidation
Apoptosis Caspase-8 activation, DNA damage, oxidative stress Intact cell membrane with blebbing; nuclear condensation; cell shrinkage

Necroptosis Caspase-8 inhibition, viral infection, oxidative stress,  Triggers inflammatory responses

inflammation
Pyroptosis

Pathogen infection, inflammasome activation Triggers inflammatory responses
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Heart

I/R-induced injury Liver

Cardiomyopathy Drug-induced liver injury
Heart failure

I/R-induced injury

Hepatitis

Liver fibrosis

Alcoholic steatohepatitis
Non-alcoholic steatohepatitis

Myocardial infarction
Atherosclerosis
Nervous system =
Neurodegenerative disorders

Stroke

Traumatic brain injury

Gastrointestinal

fientess o Gastric cancer
Diabetes 8 > Ferroptosis W | Colorcotal cancer
Pancreatitis ?
Pancreatic cancer A
k% Kidney
. ) g Acute kidney injury
Adipose tissue’ o LZ T/R-induced injury
Obesity Clear cell renal cell carcinoma
Adipose tissue function Lung Adrenocortical carcinomas
Subcutaneous fat Acute lung injury
accumulation COPD
Lung cancer
Figure 2 Ferroptosis and diseases. Ferroptosis plays a pivotal

role in a variety of organ diseases. This form of cell death is
closely associated with cardiac conditions such as heart failure and
myocardial infarction, hepatic diseases including hepatitis and
liver fibrosis, neurological disorders like stroke and neurodegenera-
tive diseases, as well as a spectrum of diseases affecting the
pancreas, gastrointestinal tract, kidneys, adipose tissue, and lungs.
Ferroptosis is not only linked to organ damage and dysfunction but
may also be involved in disease progression and exacerbation.
This insight not only enhances our understanding of the role of
ferroptosis in pathophysiology but also offers potential targets for
the development of novel therapeutic strategies for these diseases.
I/R: Ischemia/reperfusion; COPD: Chronic obstructive pulmonary

disease
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Figure 3

Signaling pathways involved in ferroptosis regulation. Ferroptosis is an iron-dependent form of programmed cell death

characterized by the accumulation of phospholipid peroxidation products. When iron homeostasis is disrupted, the accumulation of

intracellular Fe* reacts with peroxides (such as H,0,), triggering the Fenton reaction to produce phospholipid peroxyl radical (PL-OO«).

Additionally, abnormal lipid metabolism also promotes the formation of PL-OO-<. Excessive PL-OO¢ in the cell membrane triggers

ferroptosis. Moreover, mitochondrial dysfunction due to excessive reactive oxygen species (ROS) can also lead to ferroptosis. There are

several major cellular defense systems against ferroptosis, such as the system xc ~ -glutathione-glutathione peroxidase 4, ferroptosis

suppressor protein 1-coenzyme Q10 nicotinamide adenine dinucleotide phosphate, and guanosine triphosphate cyclohydrolase

1-tetrahydrobiopterin pathways. Red indicates pro-ferroptotic pathways; green denotes anti-ferroptotic pathways
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Table 2 Role of subcellular organelles in ferroptosis

Organelle Stimulus

Morphological and functional change

Mitochondria

Lysosome

Erastin, glutamate

Endoplasmic reticulum
(ER)

Erastin, RSL3

Peroxisome Erastin, RSL3, ML210

Erastin, glutamate, doxorubicin, zalcitabine

Swollen mitochondria

Mitochondrial membrane potential 1
Mitochondrial membrane permeability T
Mitochondrial ROS 1

Mitochondrial lipid peroxidation T
Lysosomal cathepsins |

Lysosomal lipid peroxidation 1
Lysosomal iron T

Lysosomal nitric oxide T

Lysosomal membrane permeabilization 1
Lipid peroxidation T

Viscosity of ER T

ER stress |

Plasmalogen synthesis 1

LA FR R E RS (cOH), X 28 [ 5 5 2R R |y
F 1% # %% (mitochondrial electron transport chain, ETC)
f U vtk PR T 2, E — 2B 1 9 ROS B 74, ROS AT I
o PUFAs, A4 SR iU A0 4, (R ERFE T I R AR
R BRARE R o, 20 A% 30 e 2 WA 478 8k T
M. ZORIREE T 1 (mitoferrin 1, MFRN1) /51
BRSO 0 RT3 A i R AR T UMY R AR I 2R
V2R O B U Sk, BN P v, R S
SN AR T o o AR A . SR AR ad sk IR T R B A AL U YT
PUFAs (AR, 31X 26 g 7 B2 2 R A0 T vh G B 1) AL
RS 5 RIS, GSH A2 8k 58 T b 31 22 1) Bt A8 Ak 57,
ML KR D) RESZ AN, GSH LA AN J2 2 in Rl i o it 4
U, 2k iR B GPX4 m] fe i I &) 534 S5 2ok A4 T I
S A R FE R S R R AR Y, T 2ok Ak 5 HL AL
15t BT GSH #E 38 mI 3 i 401 i 5T GPX4 3% 1 UK
JEE 4545, 2 s ZoRL AR - I BT Bt A A &R 48 B A ) P
[ P

BRAE T 7m0 52 380 2 b 4 i ik L s 9D i
AL AE I B 1 1G Jn K D) RE R AT, BN I R A T B
FTATP & 5 AR W 70 R B, 2R kifk N ROS S H AT
A R R B AR D AR R I, & 5k B ARl
() JiL IR, A FH 4 1) 28R 48 ROS ¥ B 771 (40 MitoTEMPO
A MitoQ) 1] LA R il ix — i #%2, 75 2 Fh i f 25 A
(e 2 JEL < 0 JUL 4 R A 25 ok 22 T 4 P ) ORI, T
B 2 KL A& ROS 7T fig 2 101 il 48 i 2k 58 T i & AL,
B SRR 2 R AE T B S 4 A%, B S 5 hEk
FET ORI LE o BRLARHTA A B, 11 GPX4AR . & 5
S AL W) B AL ¥ (manganese-containing superoxide
dismutase, SOD2)™. CoQ10 A1 — & #. /& B It & &
(dihydroorotate dehydrogenase, DHODH)™*145: S g it 1
731 5 AR AR A RO I o i 8 A 7K, 4 Bk S
oo A, 2R A A R 7 v 1 = 3 o, B AR JE B

i Ve, A8 20 Re 9% 35 A B S B0E 1 4 (activating
transcription factor 4, ATF4) {5 5 i@ i, it — 2D 1% 55 21
JifL 0T GPX4 #7751 & R FE T M U PECY . X — 31
FARW], LRAR I FELEHUER L T D e 2k, W] Re 2 Ik
ATFA J F 30 FT s K 1 PR 37 RN o

SRR AE BRI T 2 — X T) 8, B2 fink o g Jo
Tob SR AR R A R B R s, SR A R B SR A B 1 ) %
AT . R HAE N 8 R PR T R K 1
Tl R R A B R VR T SR BAT B3 .
22 HRTHBEPARMNE EREEZAM A —
AN Z BB RS, R IR SR R G
SRk, H T RE LA B A R IR A S AR A 4R KR
& YL T R b 2 O A 0 I AT AT
R, i B E A AE R 58 40 DO AR SO Tl R
YIS E R EE (1), 1E GPX4 M5, fi it &k
WVIT RETH SEAE ER FUHAD 2 i 2% A SR 4R, B 5 £E i 2R
AR AE IR P, Fer-1 (ferrostatin-1) 1)V 41 i 2%
€ RLFIE LI 278, & n) Bid it /£ ER HR AR 3 LR #%
HPURIE T RO, AR 72 1 B AR B2 b fk 21, #E 8K
et R, fE i A A H AR R i ER JE, fil K ER
LR R PR PRt e I AR v, P ) R
BN BUR R T B AR BOE, TR AR TTR AN
g Bt A A, ATF4 BEWS L1 system xc #% 18
B PR IL, W% GSH & B, T 52 Wi 2550 T2 1) BUK
P, FERE RO B, BRI 7 5 1T (solute
carrier family 7 member 11, SLC7A11) [{] &5 T F 1
T B AT AR

TERRBET H, 2 ANML A% i (PUFA-phospholipid,
PUFA-PL) HJ %L /& #% 0 S F, T PUFA-PL ) 5 BA
A:AE ER JiE B, ER i _E¥) POR A1 40 L (4 3% b5 i% 7
fitf 1 (cytochrome b5 reductase 1, CYBSR1) AJ B 224 3t
JEL i P S A, S ECRAE T, RIS, 4 A 0 i 5 2H Rk
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Figure 4 Cell biology of lipid peroxide accumulation. Lipid peroxides are known to accumulate at various cellular sites, such as ER,

lysosomes, and mitochondria. Among these sites, the ER appears to be a critical locale for the initiation of ferroptosis due to the

accumulation of lipid peroxides. However, it remains unclear whether the propagation of signals from the ER to the plasma membrane is

essential for the progression of ferroptosis, or if lipid peroxides simply accumulate initially in the ER. The uncertainty regarding the

potential transmission of signals from internal organelles to the plasma membrane, and the nature of these signals, is highlighted by the use

of arrows and question marks in the relevant diagrams

1 TR S R A T U 1) SCBRE R 3 2 — 2, i i
5 5 T A ) PUFAs 5 A8 X £ 5E 1) MUFAs | EE A1,
A0 R 40 0 Ak A6 T B B JROIR 35 e AR N LR AL TR
A%, ER "1 ACSLs £ 21 Jif 5 8% i ¥ 4= 40 & R A B
W R YR AR R, ACSL4 3l i g At PUFA 2 Tt 5 i
ARV KSF, T ACSL3 415 1) MUFA AR 1) 14 5
THUERBET RE /17 R ACSL4 & A7 T ER. IR 55
Z #0407, {H ER E A7 ) ACSL4 3@ i & 4 PUFA-PL A fl§
A B S AL R, 2R T R IR B R, i ACSL3
W [F R ER A e A B A, AT A F E
Az r AR — AN 2R A R BT TR T R AR R e R
ER H ) 5 B9 Wl 1 255 I 53 %% F PUFAs Al MUFAs AR
. N 3- T R H I B 2 R R B 4 (glycerol-3-
phosphate acyltransferase 4, GPAT4) 7E 1 fIg ) M3k 5 1%
R EE TR . eI R U A R, T
BE 2 52 e 20 X R AL T B U RS SR, AH AT
Jig B M Sk i A, BEAR BRI AR Nz . WEE
I3 e 26 T A R PRI A AR, ST 2 A AR
BEMERE, AT % R BT A 4L iPLA2B W] & f# A AL
[ PUFA P B, AT B 42 B i) IR o oo 4 1 97 J0F
WD BRBE T B KRR, HTh Be B AG I 2> (e 2R AL T 1 K
ACY A [R] i AR A2 R AR R KT g T BB ) B AR i
LR, H AT AN B8 T A 5 R B0 T A 5 I BT BT
HIPA R SR T ER. B 7 /EBENE AU 19 7E F 41,
ERIEAFIE 58515 5 (W28 ., BRAE T A 4k R AT 5 3
ER 45 i & , W Ul B% = #% B8 2 /& (inositol-1, 4, 5-
triphosphate receptor, IP3R) ¥ 3%, B AU 55 1 21 i
i, 5l R S AS 5 @ B, 1 — 2B {2 i2F ROS 2E B Al

JIE oo SR AT SR AR AH G P4 5 IS (mitochondrrial-
associated endoplasmic reticulum membranes, MAM) J&
JIg 5t e 1a AN A5 5 1 45 1 SR B A, AER AL T RIS 5
&3 A% OB Y. ER BRI 5 8 i MAM % 5%
i B R, S EUR R A T e L, (W HE Rk IET .
M2, ERTERRBE T % B 2 07 Dhse .

23 BRRTHBPWNBEANE HiALSHRZE
B8 e XU 1 BB 5%, N BB AT 22 R At 7K e i 1) 24
#, 25 Z MRS R, B FEY) o B A AR 0 B0 AN
MMM RIYESr . BRI T IR, IR Thie
Jo Fo 5 AT g T SR 20 4 LA D) A OGP
WHR S SR, RN EEZ R E, 24l
JiL PN i O\ EE O B 2 B 24K (transferrin receptor,
TFRC) /1%, 1 TFRC 18R 5 2 PR 1 48 Bk 2k (1)
PR AL, AT IR SE T2 B R AR T o A, A% S ARl
7% [X T 4 (nuclear receptor coactivator 4, NCOA4) ft] 1)y
RE KA S EEIE T BURPE K, EA R EOER
B BGAR, (2 HEEOR I, T i R ZRAE T A
WEE U A R R, WS A RS L, S B LR
[ i B (cathepsin B, CTSB) R Jit %= fg Jii, AT in &l &1
F A5 A0 5T 2 BR, 3d 0 ) Bl BR CTSB, A X
RE W A7 20 OR 47 4 M % 52 8K 26 T 1 52 W, 34 A Kk 52 4
it ) 5 M, S ) G R R R AR A, ER
£ FINO2 B4 Py Y5 M i S8 Ak W) g 42 V%5 il 4 W] 15 3 Bk oK
T2, (HIX — i R4 75 @ i ER #EATAE B, (K ik, HED
PR S OL R, W B R R IR0 T ) LS o, T2
T8 IR TEOH Y ) (g RD At SR A TR TR] 2 A Uk 4H
JHAET:
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25 LR, Vi R AR B B 4 ] S B B T R, X
— I AT e — 0 0 I o I SR A S A 4 L 1) 45
50 DRI, 2 45 Vo T AR 52 ) S B 0 1) E R RE BN R
FETHH R IIRIB T B B & o G 48 i Vs g AR 1 48
HRe 71 B> LA S BRI B, T REH B TR )
BRIET MR
24 SKETHBPHOISUHEAENE TEMLD
Mk R A Z MRS RN XSS E, 56 2
PUEACEE, B35 LA RE (catalase, CAT) ALY
IS AL 1 (superoxide dismutase 1, SOD1). it & fb ib &
¥ A 5 M 6 (peroxiredoxin 5 and 6, PRDX5 and
PRDX6), ix $6 A7 By 1 i 40 o 1A 10 S A0 L 38, o oA
i & 7 ROS F 3% P % (reactive nitrogen species, RNS)
U1, i S A6 g 7 PRDX6 J8 i GSH A i 14 i 464k
YIRS, 5 GPX4JE B2 1] HAP, PRDXG6 i 4 J&) iR
i A, T GPX4 18 2 R E S A5 1K Fh 4 X Ak
BUE AL HI AR RE T 1A PRDX6 s ok 188 5 g 2k st T
BB AT, PRDX6 1904k S8 T2 AF A & 72 S E 15 3
UESE, £ PRDX6 2 [N R B J, i 8 57t b % R4 X B A0
T BB B 2 1T o X B R e A0 L RHYR T IR
JIRREHL 4> AR T PRDX6 S5 N Bl WUZ 1B 5 &
NN

T A A g AR s T 3 s B T TR R Y AR R AT
T2, X — I FE IR AN 4 ROS B RNS ) B 22 H file,
S Al A N R AR P TR R 5 8 S 4 IR g T 5
li A JEJE G 1 (fatty acid remodeling 1, FAR1) FlkEdE H
W B R A& A B (alkylglycerone phosphate synthase,
AGPS). EATILF W= T 2 AW AR 7 R B S
(polyunsaturated fatty acid-ether linked phospholipids,
PUFA-ePLs) JA4E AR, TENR & AN AT i it &
REEAERT IR R 20 i 2 AN 1 (plasmanyleth-
anolamine desaturase 1, PEDS1) il i [%{f% FAR1 & H /K
SR BRI BR T, FLHLHZE T 51 N &0 58 Tk XUBEE 22 4
P 1 g

Zx LRTIR, BRI T B ERR AR b 2 41 A A AR K
M EIG- 125 . SRR EL & BURI ROS fil & JIg
Ji UL ER {2 PUFA-PL & i L, SR AL 0 RA) I
RIS 5 W B @ 2k 2 B IR (ferritinophagy)
PR B 1, W9 A 75 o A A I A U e i e 4
L EHG (41 PRDX6) 55 7 fAE R . X s diff
I I AR B/ B iR Bl & ROS 3 HUE il sl 2 1
P o Rk B RIE 5 R A A 40 I s R A A7 R (B
MAMSs) £E9) 57 28 4 v 1) HARAE F, AR IR 4 il [X ek 4k
B L] (W0 ZeRE A GPX4 5 M GPX4) 4nfa] ¥ 41
MLATIZ o TR RE K 1 LG 2 f 2% 1) 52 A ELAE FH AL 43

N8 R E R R ARG R IE T RN, A
)R )
3 RESERE

BRIE T AT AR # 0E — AN R R R 5l 12,
V5 I A I P A 2 AR A i R FE AR AR FH R A R RS
U2 . AR T A A ) BRI B R I8 I 2 IR AR R
4 ) IEH Thie, AT R SR iest T, R H A
CA Z FPtE b R g RS AL 68 0% 55 B 24 M HK 48
A SO R BE T BT 5| S B HR 450, H &SRR AR T
5 5 77 0 11 770 75 40 M 2 v ) ELAR VR FE LA AT 75 2 —
WIRE

TE 2 M 25 FAE (9 2 AL 58 003, i 135 B ff 1)
i) 2 — & MAMs /& 5 B #:2 5 5 i S e 1% 3 .
WIHR T S A P15 5 A 0 1 A2 75 M 36 5 S 1) i ol 4
22 %58 BR B R RE P E AL A . Ak, RN
FUIX LL YT A 35 42 fik 2T 2 T2 R R Hsh AR, 5
7~ EAE NG i A A i R ) DG ERE . 4H
i 25 [B) PR AH ELAE B T Rl O 2 R Rk AE . a4 e B
V) P 55 2 2 o o] BB RS 2 R B SR b I I B e e B, B
ORI BT S BT SE T AR A He . R
Hg o ack A4 42 R DA S 29 B A i R A () 400 i 4 1)
&3, 51 R 4 P B IR FE T B N I B A HLAE
GEL AL RN RN E =R S Y g
E AU B F AR AR 43 7 3] B R 1 2 BN R AR T
R o TR I, AR 200 2% 7 AT T R 1) Th RE AN AH
AR R ORI R Ak . I SRE, T R ER X
K AR AR R R R EE e —. Wi
Fifg A S A2 52 71 CA-074 HFJE 51V B & MAMESs 411 1 71
PDZD8"™, J& 75 AJ LLA7 25 FH W7 25 41 B 2% 403473 15 5 i A%
e BeAb, B DR R AN i 28 B 1) 259, 2Rk A
BREE G AT A B IR SR, A B T e
AT FIERAE T T TS . gl B AR U A 2 5 o S A A
BEETEGRIE TR 7T g D EOR, il B A ax g
iR, BT DL R A BRI T R 1 1 45 KU, 45 7~ A ke Bk
T SRR N XS I IR AMY REE 3R (1L
RGO BE T A AL T HOoN MR T SR T
B TR o X LRI AT [ R, K R T T AT AT
Fs AT I T, I RAH SR IR TT S LB i A 2

EETTRR: PR KT 57 TS Je 2 I U S0 R R ST
71 BT SCHR AT $RAN SCFEHE QL $E 2 2R RBR BRI S Y
J7 [AF R 5K 3 A7 B0 SCE B
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