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W) Check for updates

A 2> non-apoptotic A|ZAPE: ferroptosis

Novel non-apoptotic cell death: ferroptosis

Seon Min Woo, Taeg Kyu Kwon

Department of Immunology, School of Medicine, Keimyung University, Daegu, Korea

Ferroptosis is a newly recognized type of cell death that results from iron-dependent lipid peroxidation and
is different from other types of cell death, such as apoptosis, necrosis, and autophagic cell death. This type
of cell death is characterized by mitochondrial shrinkage with an increased mitochondrial membrane density
and outer mitochondrial membrane rupture. Ferroptosis can be induced by a loss of activity of system X¢
and the inhibition of glutathione peroxidase 4, followed by the accumulation of lipid reactive oxygen species
(ROS). In addition, inactivation of the mevalonate and transsulfuration pathways is involved in the induction
of ferroptosis. Moreover, nicotinamide adenine dinucleotide phosphate oxidase and p53 promote ferroptosis
by increasing ROS production, while heat shock protein beta-1 and nuclear factor erythroid 2-related factor
2 inhibit ferroptosis by reducing iron uptake. This article outlines the molecular mechanisms and signaling
pathways of ferroptosis regulation, and explains the roles of ferroptosis in human disease.
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Ferroptosis+= Z|2o]] 2HAE AlZAFE (cell death)®] 3t =
F2, H(iron) vj7}e] 2@ #H4k3Klipid peroxidation)] ]
o) S E e regulated) AIEAOITH1). & Ak 557
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Aba7} TFsHA A= AkskE AE#| A(oxidative stress) 7t
FVel MEAEO] ojubs, oS ferroptosis?} gt}
[5]. %9 ferroptosis -FE=A|Z+= Ras7} EdHo| FE|=Z
A= GAIZAA AZAPES Fr=dhe erastino] WA
Aare], olF AR} EE 2389 7|H-E F3}o] non-apop-
totic A|ZEAPEL §-=3}= Ras-selective lethal small molecule
3 (RSL3)7} LA = UTH7].

A|ZAFES FA| A2 I AKnecrosis)f 2 THSHE Al
AP (programed cell death)2 £33k 4= Q1th Necrosise &=
2% fabolu} T Abo] g Al ST Near
osisiz 5EH PEREE FEHOZ Pofhe AEAY
o] Fejjoick. A= FEEHE oz o) Ay nEEEg
o] Wi (swelling)o] Lefral, Ajazute] 3Hgd(membrane
integrity)©] Z2x5}m Ajszeto] B 7Tk Necrosis7} QoL
Az Yg-=o] FEHEE A4S oFIsks Aol 4
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O]tH8). Programed cell death= caspase?] A5} -5 wh
2} caspase &JE2 Q1 A| 2| %Y AHE (apoptosis) I} caspase H]| 2]
Z219] non-apoptotic A|ZAFEZ B53 4= QIti(Table 1).
o] #3} non-apoptotic A|ZAFHoll= 2 TSLE Az AA}
(necroptosis)@} ferroptosis7} ZAstcl. etz EXoz
= apoptosiss= GAAL -8-=(chromatin condensation)Z} DNA
o] BA ¥ 2uk9] blebbingo] Yol necroptosis+= ne-
crosiso} - AF1 Befzeot of mele e AlERre) gy
o 24 gl Al 27]139] WAo] UEhA|TE 3o 2d S
UERR] ¢H=tH9,10]. BHH, ferroptosist 3H9] 852 LE}
WA grom, njgFegote] 7|7 53l n|EZ o}
9] ofdf mpdo] dojdti{1,11]. Bs}sta] EA S 2= apop-
tosisi= caspaseS Z/J3HA] 7|3l H|EZEE ot 1 Tk
(mitochondria membrane permeability)& <7}X]7|™, necrop-

tosis+= receptor-interacting protein kinase 13} 3, mixed lineage

Ferroptosis is a new type of non-apoptotic cell death

Al W 9| cfo] F7IskaL A& 1HAste] F2o] vehdt
£ Hiofx= 7|E| g8 AZAbEE o2 2 3

o] MZAFERI ferroptosis®] 24 7|1 ASHEHZ 2

theFet Awox e A&l dial 7]&stalz} gt

2 =
— —

1. Ferroptosis = 7|&

Ferroptosis+= system X 2] H]&-AJ31e} glutathione pero-
sidase 4 (GPX4)S oAIT 4= Sl 5 RFo) AuA 22
oJa] G =HrFig. 1). Class [9]] &3} ferroptosis F=A1=
erastin, sulfasalazine (SAS), buthionine sulfoximine (BSO), so-
rafenibo] ZAJ5}H, o] system X, 9] H|EA SIS Ed}]
ANz W 393 glutathionegl GSHe] k& £t} Class 11¢]|

kinase domain-like®] &/J3}-5 =3t} ¥, ferroptosis= £&351= ferroptosis -F-=A|Ql RSL3, ML-162, ferroptosis-

Table. 1. The morphological features, regulators, and inducers of ferroptosis, necrosis, necroptosis, apoptosis, and autophagy

Cell death 4 Caspase Morphological feature Biochemical feature Regulator Inducer
ependency
Necrosis Independent Swelling of cell, loss of  Inflammatory response Hypoxia, severe
membrane integrity, lysis ~ ATP depletion - physical damage,
of cell, disintegrate of nucleus excess ROS
Apoptosis  Dependent  Chromatin condensation,  Activation of caspases, Pro-apoptotic: Bax, Bak, TRAIL, FasL, DNA
nuclear fragmentation, mitochondria Bim, Noxa damage, oxidative
plasma membrane blebbing membrane permeability Anti-apoptotic: Bcl-2, stress
Bcl-xL, Mcl-1,
IAP family
Ferroptosis Independent Outer mitochondrial Accumulation of iron  Positive: VDAC, p33, Class I: erastin, SAS,
membrane rupture, and lipid ROS, CARS, NOX BSO, sorafenib

Shrunken mitochondria inhibition of system  Negative: GPX4, Class II: RSL3, DPIs,
X/, depletion of GSH SLC7A11, HSPB1, Nrf2 FINS6
Other: artemisinin

derivatives, cisplatin
Activation of RIP3 and RIP1, RIP3, MLKL TNF plus zVAD
MLKL, PARylation,
PARP1 hyper-activation

LC3 II conversion

Necroptosis Independent Swelling of organelle,
plasma membrane rupture

ATGS, ATG7, Beclinl,
SQSTM1/p62

Metformin, rapamycin,
mTORC1/2 inhibitor

Autophagy  Independent/ Formation of autophagic
dependent  vacuoles, accumulation of
autophagosome

ROS, reactive oxygen species; GSH, glutathione; VDAC, voltage-dependent anion channel; NOX, nicotinamide adenine dinucleotide
phosphate oxidase; GPX4, glutathione peroxidase 4; SLC7A11, solute carrier family 7 member 11; HSPB1, heat shock protein beta-1;
Nrf-2, nuclear factor erythroid 2-related factor 2; SAS, sulfasalazine; BSO, buthionine sulfoximine; RSL3, ras-selective lethal small
molecule 3; FINS6, ferroptosis-inducing agents 56; ATP, adenosine triphosphate; Bax, BCL2 associated X; Bak, BCL.2 antagonist/killer;
Bim, BCL2 like 11; Bcl-2, B-cell lymphoma 2; Bcl-xL, B-cell lymphoma-extra large; Mcl-1, myeloid cell leukemia-1, IAP, Inhibitor
of apoptosis; TRAIL, TNF-related apoptosis-inducing ligand; RIP3, receptor-interacting protein kinase 3; MLKL, mixed lineage kinase
domain-like; PARylation, protein poly ADP-ribosylation; PARP1, poly (ADP-ribose) polymerase 1; RIP1, receptor-interacting protein
kinase 1; TNF, tumor necrosis factor; LC3, Microtubule-associated protein 1A/1B-light chain 3; ATG, autophagy related protein;
mTORC, mammalian target of rapamycin complex.
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inducing agents (FINs)+= ZHz o2 GPX4-°—] 9 S A8k
I Al W AE ke S22 fEdth

1) System X A S 3l ferroptosis F-=

System X = A|AE-ZREAY w3 47 (cystine-glu-
tamate exchange transporter)=2 SLC7A11 (xCT)x} SLC3A2
(CD98hc)7} heterodimer AYE|Z A|3E Thof] A3}, Atsh
319 A (redox homeostasis)S F-A|5H=t] F23t J3t
< SHH1]. System X &= AM|3E Y9] glutamate S A|3E Bfo 2
WEHIL A2 5H] cystined A2 ¢Fo= [-dshd, F-UE
cystine cysteine 0 2 A= o] GSH g4 ol ARS-HTH12].
Cysteine®]] 9|3+ GSHE| A3t {2 4H3H AE A0
o8 ob7| Sl AL 48 BH=tH13]. Ferroptosis %
Al erastin¥} SASE= system X, 9] 7]5-2 JAFO2ZH glu-
tathione 9] ¥ So|11 AL} SF E o] ferroptosis7}

dojuw[14], o] AZAFE-S FH4t3HA|(antioxidant) €} iron
chelatorO]] —JSH AR HH1,15]. E3SE glutamate-cysteine
s BSOL GsHel g4e ddez
A3t ferroptosisE F=HcH16]. Hak ofe}, o A4k
3} 84 A8 A|(multi-kinase inhibitor)2 &# 7 sorafenib&
coksl QR EOA] system X 9] JAIAZ 28519 non-apop-
totic A|ZAPE-S =511, iron chelator 9t ofug), 2104
3HAESHA| (lipophilic antioxidant)¢] vitamin Eof| 2]3f ferrop-
tosis7} A ETH17-19].

ferroptosisg 2Ask= 543 24 2zl
[20], SFA17FA A glutamate receptor?] S-S Fd1]
Al W Z 5% (calcium influx)& G235}, system X, 2]
QA S Sl glutamate Wj7]] 417 =g (neurotoxicity)S &
© 71tH12,21]. ©]+= calcium chelator7} o}d iron chelatoro]
ofsf AA=7] diZoll22,23], glutamateo] ) F=%= 4l

Glutamate=

Glutamate

Erastin
) Sulfasalazine
‘ Sorafenib

—®

Cystine
. TS pathway l
Methionine Cysteine
PKC l Se
1 BSO — GSH
IPP «—— Mevalonate
RSL3 ) pathway
DPls —— GPX4
J_ FINS6
Fe2e Fe l VDAC2/3 |—— Erastin

IR \
L|p|d ROS

@o

Fig. 1. Signaling pathways of ferroptosis. SLC7A11, solute carrier family 7 member 11; SLC3A2, solute carrier
family 3 member 2; TS, transsulfuration; GSH, glutathione; GPX4, glutathione peroxidase 4; ROS, reactive
oxygen species; VDAC, voltage-dependent anion channel; PKC, protein kinase C; HSPB1, heat shock protein
beta-1; Nrf-2, nuclear factor erythroid 2-related factor 2; NOX, nicotinamide adenine dinucleotide phos-
phate oxidase; IPP, isopentenyl pyrophosphate; BSO, buthionine sulfoximine; RSL3, ras-selective lethal
small molecule 3; FIN56, ferroptosis-inducing agents 56.
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2) GPX4 s AAE F3t ferroptosis F-=

RSL3¢f| )3} &%= %]+ non-apoptotic Al ZAFE-2 erastin
7} A1 Fe el SAakeo] S8 Falo] Yoluict
[7]. SHAIRE RSL3+= system X: 9] 7153} Al W) GSHE| k&
ZABIA] @7 W&o, RLS39] 9J3t ferroptosis+= erastin}
ok 2 7)o Tebgol ANIEITHL 1] ol e
52 7] (proteomics analysis) & F3ko] RSL3¢] e} T
2 GPxd7} WAIEglT, RSL3E GPXde} im0z Al
of Bk YRS Aok ATAEL FEaT14]. GPX4
< Al W EAshs At 524, XA slERiMiskE
(phospholipid hydroperoxide)S 2]HZ o2 JA|gH}H25,26].
b, RSL3+= GSHO| & 2ASHA| ATk GPX42] H|Z
NoE Bslo] A ) A2 HABFE ZHA7] T ferroptosi
£ g=3itH14]. Bl ohlgl, ML-162% A& 02 GPX4
o] S HaAZIH[27], ARAL 2] FINS6 ERL Y
5 ZA(post-translational regulation)& £3}¢] GPX49] ¥r&
2 Ao ZH EAAEA 7 9] non-apoptotic A EAFE
< 9 w3H28]. thakst GPX4 AR 23] GEEE fe-
rroptosis+= iron chelator, MEK JA|A], gFAFsIA[of 23] <
AVEICH14]. GSHE GPX48 B48HA7] B4ael Bzql
AHcofactor) 2 A& A UTH29]. whAl, Class [ &dh=
ferroptosis -=A|2l erastin?} BSO+= GSHe] 23S 535}
Aoz GPX42 E43E AAlska A1E BHitskE 57t
XA ferroptosisE -F=3HH14].

3) g& 7|3 &3t ferroptosis 5=

Frastin®] & t2 £A4H4] Bl F iUz n|EEEd| o]
voltage-dependent anion channel (VDAC)o] &&A 1tH15,30].
VDACE m|EZEg|o} oJuf child 2, n|EFZ oo} A
2 Aol 9] o] 2o} thAt AAEEE 53k 9 S=(trans-
membrane channel) 2] &&-2- $FcH31,32]. Erastine VDACY/
39 AgH O Aol nEZCelole] uf Expale] M
< 2#5}al NADHO| A8lE AA|sHH([15], 2l ¢to=
NADH®| £2& Z7HXZITH33]. AT 0 &, erastin
22 e ote] £AKmitochondrial dysfunction)} AHs}A|
9] F-E2 oF7|3}4 non-apoptotic A|3ZAPE Q] ferroptosisS
Fr=gteH15].

Z9F A3 A AHtumor suppressor) Q1 p532] FAISH= sys-

Ferroptosis is a new type of non-apoptotic cell death

tem X, 9] A 2441 SLC7A119] &L A5}, cystined]
E5E AGANFHLZEHN ferroptosiss FE=3HTH34]. E3L
pS3-Z ANIEZ W E/d4ka9] S S7HAIA ferroptosise]] Tk
S =9 & ATH34,35].

2. Ferroptosis2| AMSHEAZ

1) HIEA 7 Z(mevalonate pathway)

GPX4+= /3 7-9]o] selenocysteine 717 Al T &
(selenoprotein) 2, A IFAAE F HEA A2o] ofaf =
AEItH36,37]. Selenocysteine?] G412 F=+= UGAZ £4
FE(stop codon)T} FU3}H, M 3} (translational machi-
nery)S E35}o] Thilld o] selenocysteine©] A= 7|&
9] stop codono] A2 7152 54 FHHEE GPXAS T4
}AIZ1TH38]. Selenocysteine transfer ribonucleic acid (tRINA)
L oh24F AZ2o|A £93F 94 = PR, selenocysteine
9] 47 F=2 E5Kdecoding) T 4= Utk Selenocysteine
tRNA+= tRNA isopentenyl transferaseS ©]-85}] £ o}y
d X2 isopentenyl pyrophosphate?] o|%-& Zujjgro =z
A Thl 2l o] selenocysteineS A1 dH= isopentenylationS
SecH9]. wobd, GPXAS] RS s e
AZE JAIT AL, selenocysteine tRNAL] H|ZAIZE &
5lo] GPX42] AeH-S Ao 2K ferroptosisE G- =3
T ATH39,40]

2) 3 A3 2 (transsulfuration pathway)

E4F AT & M DAL e FAT UL
gt} Methionine2 & {3 ofn|icito &2 QIA|of Do
favolm, @2 SA o=k 3T 4 gUok o] methio-
nine2 8 A& ZE E319] homocysteineZ} cystathionine
S AA HFHOZ cysteine 2 Z AEETH41]. Cysteine2
"™ opa|i-AHnonessential amino acid) 0.2 3 HIAZE
Foto] A E L, Rl GSH /o AR-Er) GSHe
Az e 4leh2hd 2h8-0] #3S FAIshs 583 A=
GPX4E 2ATO =R AT U 12 HASE ZHEE
£ r=tH14]. A|2H|¢l9] T4 7] A (uptake mechanism)©]
At 2Ea) £ 1, I HUA2E Foto] methionine
O 2 cysteineS IS GSHE| 215 S8l Al A&l
T3t Cysteinyl-tRNA synthetase @] 745 53 3 A%}
20| FAT= system X AAA|Q erastino]] 23] FEE]
= ferroptosisol] Thet A3HdS Uehdth42]. weba], g dgt
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7 2= ferroptosis®] ZHRIAE 3 H =27} vj&AJskE AF
Ejof| A Class [9]] &31= ferroptosis -=A|ol &J3] cysteine2]
Aol A o FAEY AAEE FHE 5 ok

3) HSFI-HSPB1 A=

Heat shock protein (HSP)-2 A|3Zo] 24 L8
v o2 43 A (folded protein) 9] ¢SS
31tH43,44]. Heat shock factor (HSF)-& HSP2] &S %=
o 4= e FAARIALZ[45], HSF1 wi7i &) HSPB19| &
e AlZ W A 440 e S7HAIA erastine]] &Jgt
ferroptosisE F-E=2HCH46]. ¥HA o, protein kinase C 71 <]
HSPB19] QIitsh= Al =7 9&Z Q1 A9 F<x(iron up-
take) 2} SAAAE JA81e] ferroptosisE 2=TH46].

=
o

]_

-
ol

S

i
)

N

4) o] 9| ferroptosisQ] AZAGAHZ

Nicotinamide adenine dinucleotide phosphate AFs}& 4
(NADPH oxidase, NOX)+= plasma 9}of] Z23l= 4 B3
A2, NADPHZHE AAE o]5A|7 superoxideE A/Jgt
t}. NOXeof| ]3] A4 H superoxidet= APiH2] o 2 FpAFSke
25 FAstL, A= AlZ i @4aE ST o)A
BHio] wr=2H, NOX1 YAAIQ] diphenyleneiodonium}
GKT137831 erastin®] &J3]] =%+ ferroptosiss A3t
o FEA QU]

Nuclear factor erythroid 2-related factor (Nrf2)+= SFAFSHA|
Hhgofl Bofshes AR, 2ol d 3d(iron homeo-
stasis)2 2Tl BITEITHAT]. ZFAIEo| A GSH &
AA| Q] erastin®} BSO, sorafenibo]l 2]} Nrf2 Thaf2lo] oA
37} ===, ol p627F Keapldh ZAgeto 24 Nrf2
7} Keapl 2 25 {E|&o] SOz ol Fsto] ZA} Q1A 7]
= ATHASL. & = o] 53 Nrf2= Fh4ksl ¥ FaAel
heme oxygenase-1 (HO-1)1} & thA} DA<l ferritin heavy
polypeptide 1] T&-S S7HAIZITE p629t Nrf29] 2 A
+ erastinZ} sorafenibo]] 2]t ferroptosisE T} W2 7] F2IA|
7|1, o] E3}o] Nrf22] EAISH= ferroptosisol] tgt #&}
A& vUehds o 5= doH4s].

HO-12 Al f Fe 40| a3t a2, A8 1Hiltst
£ 357N A ferroptosisE -F-E8HTH49]. ZHEA| o] A] Nrf2
W F7te] g HO-19] 4J3k= erastino]] 2]t ferropto-
sisE A= RHH[48], H--5FollA erastino]] &7 HO-19]
W57k ferroptosisE F-=3HCH49]. o5 F3}¢], HO-1
9] &A3k= AlE F-3of| wat ferroptosisE ThEA A%

ohe A

tlo

o 4 e

fr

3. Ferroptosis®?} C}2FSH ZBZHO| AFRIEHA|

22 ghe Aol ferroprosiseh ThaFeh Azke] ATip
Aol dis E5t . Huntington’s disease2 Huntingtin
SRl CAG WREA o] wgAFa 0 2 Z7helo] vyeh
= AAEYZAZ O 2[50], o= 7]5HLE glutamateo]
ojgt S ET7} LRI glutathione Hi7] Akskghel uh
$9 2UBITHS1]. HAZ9] A A (periventricular leu-
komalacia}& ¥} B P42 918k Ake Zgo] Al Fule)
SAS AP Ao, TR 2N A T
3lo] HAMECl malondialdehydeo] E21=]91 3, o]+= glutat-
hione ZA3gol 23t ferroptosiso]] T17FAJo] eIt Hi
HACHS2,53]. ZFHEA| d+22] acetaminophensr It} &
&3 = 7HRA(liver failure)o] doju=d], ol= 12+ 2H
A3 (primary liver cell)®] ferroptosisE -F-=3HH54]. E3L,
SardoA 38 ATF(ischemia/reperfusion)o] 2]t fe-
rroptosis®] F71= 7He] £ARS Ao F1THS55,56].

B2 A Fote] oFst dAEY A A A
fro ferroptosis®] A& RISt oH, T FoME A%
A 2L} ABAIZY ZF0] ferroptosis +=A|of Tt ¥l
A=t =oH14]. ARAAIZE o2 dAlZETG Al Y -
o] g o] o} ferroprsisoll I3 AEAE] WMol Lt}
U=t)|[57], erastin Byt ofa}, system X, 2] 7152 AAT
4= Q1= sorafenibd} artemisinin - =] o] 23} ferroptosis7}
odrH58-60]. AUBAIZHZF] A2, & ASH =9
Aoz QI5to] cysteine /o] A2 LofuA] 271 wie
o system X, AZE AL 4= Q= ferroptosis Ao
it vizkdol =4 vehdtHe1,62]. olFolA B
erastin} RSL3| 23] F-F AJ7o] &A= m[14,46], erastin
2 &5 AT 2of|%= temozolomidel} cisplatin, doxorubicin
I 22 At W YA FHold FgaTE 2ok
[63-65]. T2 FA|Eof|A] ferroptosiso]] Thet MZFAd o] UEL
WAL 2] Aidolu 218y, 2|20l {1o1A] ferroptosis®] &k
of gt d+= wlEsith

2 &

Ferroptosis= X|Lof] WHASE 24 A|ZAPES] 3t Fei=,
ArrgE o H ajel X TAISHE BOR B Tt
ZAAE Esto] YojurkFig. 1). o]2|gt 2HAAIE fe-
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rroptosis ¥F ofu gl N ZAPAPH oLt Al Z A} -2
tE FH Y A|lZAPE = F7= 7|ZItHTable 1). w2hA],
ferroptosisol] 2]t M ZAPE F= Aol QoA A o]&3
Q1 Ak o] AT A ARl Toshe B4 242
A= 95]lE Ao Fasit)h 1 Soj|A GPX4+= ferroptosis7}
== oA wi¢- S8t A4 EAE, Ad KBS
Z A= GPX42] AA|= ferroptosis Wi7HQ] AZAPELS 232
3= %23t Ellolch H|E ferroptosis7} TS AHof o
RAsjo] gL, FFIT G014 ferroptosise] T that
A= n|Esich waba, GAIEZA] ferroptosise] BA =S
Aed oz 248 5 Qe RS 2ot o] mE 7|1A
< 93] ferroptosis©] S-S ofssh= Aol do] et A
20 S0l A= 7|31 AXT % Slck. © Yol ferrop-
tosis WI7HS] QPA| I APE-2 iRt FFETE Bk A=
& H=o] & Aoz Q73
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