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Signal Pathway and Regulation of Ferroptosis
Jin Weiwei, Jing Shenrong*
(Laboratory of Genetic Gngineering Pharmaceutical, Medical School,
Kunming University of Science and Technology, Kunming 650500, China)
Abstract Ferroptosis, found in recent years, is a kind of regulation of cell death. There are significant

differences in biochemistry, gene and morphology from other forms of cell death. The Ferroptosis process is
controlled by strict and complex regulatory mechanisms, characterized by lipid peroxidation and lethal reactive
oxygen species (ROS) accumulation. And the Ferroptosis process can be inhibited by iron chelators and lipid
peroxidation inhibitors. The regulation of Ferroptosis is associated with a variety of physiological and pathological
processes, including the death of tumor cells, neurodegenerative diseases, acute renal failure and liver and heart
ischemia reperfusion injury.

Keywords  iron metabolism; reactive oxygen species; Ferroptosis; GPX4; lipid peroxidation
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Table 1 Thecomparation of Ferroptosis, apoptosis, necroptosis and autophagy (modified from reference [2])

. T TR IR BE I
Ferroptosis . .
Apoptosis Necroptosis Autophagy
Cell membrane  Lack of rupture and blebbing of ~ Plasma membrane blebbing; Rupture of plasma Lack of change

Cytoplasm

Nucleus

Inflammatory
reaction

Core regulators

Inducement of
death

the plasma membrane; rounding-
up of the cell

Small mitochondria with
condensed mitochondrial
membrane densities, reduction or
vanishing of mitochondria crista,
as well as outer mitochondrial

membrane rupture

Normal nuclear size and lack of

chromatin condensation

Pro-inflammatory

Positive: VDAC2/3, Ras,

rounding-up of the cell

Retraction of pseudopods;
reduction of cellular volume

Reduction of nuclear volume;
nuclear fragmentation; chromatin

condensation

Anti-inflammatory

Positive: p53, Bax, Bak, other

membrane

Cytoplasmic swelling
(oncosis); swelling of
cytoplasmic organelles

Moderate chromatin

condensation

Pro-inflammatory

Positive: RIP1,

NOXTFRI, p53, CARS pro-apoptotic Bcl-2 family RIP3MLKL
Negative: GPX4, SLC7AI1l proteins
HSPB1, NRF2 Negative: Bcl-2, Bel-xL, other
anti-apoptotic Bel-2 family
proteins
Ironmetabolism disorder, Physiological or pathological Pathologicalstimulus

antioxidation overload

factors induced slight
stimulation, such as lack of
growth factors

induced factors, such
as hypoxia, infection,
poisoning

Accumulation of double-
membraned autophagic
vacuoles

Lack of chromatin

condensation

Anti-inflammatory

Positive: ATGS, ATG7,
Beclinl, other ATG family

proteins

Lack of nutrition and other
adverse conditions induce

Fe3+

SystemX -

TFR1
]

—

Dl\iTl Cystine
Lipid Fe* GSH
l
Fenton reaction GPX4
/
ROS
l
Ferroptosis

Bl SXFETRYIEE B T (R IESE SCHk 12112 250)

Fig.1 Regulatory unit of Ferroptosis (modified from reference [2])
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SN b YA i (SR Y IR NS E =R IS
iy, BUPR LI EEROSIN, 236 4 2R i it Al ™ EL )
. ROSFERMGAEMNE ., & AR
2.1 FerroptosisiZ#2 FROSHI =4

BRI 25 AL AT 2R e H IR S AL W) Big4(GPX4)
T VE A 2R SR ROSCR 1l 22 i B i Ak )= AR 1
B, AN EREEE SHEEALSE, U
Fe¥' ) T A7 7. Fe'' il i i & B 3% 2k & 1 =2 4k
1(transferrin receptor 1, TFR1)iE N 41 fifd, I 47 /£ T
W 1R (endosome) . 7E W A&, Fe 4 Bk 4 AL 18 iR
fifi(iron oxide reductase, also termed STEAP3)iL Jii Ny
Fe*'. ix Ja, Fe’'#% iz /&1(divalent metal transporter
1, DMT1) 4 5:Fe? M\ P A4 o R 3021 41 B Jo3 A (1 37
BRI BB A A AE Bk R E (ferritin) T, KA
T H & A f&(iron storage protein complex)H £k & H
%% 8 (ferritin light chain, FTL)F14k £ 19 # 5% (ferritin
heavy chain 1, FTHI)ZH 5. %k fan th i1 JB 2 3 2
% 12 # [1(membrane protein ferroportin, also termed
SLCHANN T 220 2140 i P 10 42 B 25 0t Al 3R
i, 3o & k8 i Fenton & B K HLOL A1 i Joit ot 280 A6
W) 4k AROS(KE2). RasFE A% i Ferroptosisf & 4
I i 5 Ras & 98 4% ) Ferroptosis A Bk 14 41 ff AH Lb,
TFR1[1 %1% & b 7H 10 84k 22 1 E S FTLAIFTHI Y
FIEE T XRW, 8GNk SN Ak kA A7 7T
Ae 5Bk 2, 311 5] AL Ferroptosis; [F] 5, J8 8k
24 7 (deferoxamine. desferrioxamine mesylate
ciclopirox olamine)PZ 1% 2k i 25 2 % 1 il erastinifs 3
HIFerroptosis”'e GPX4FIAEF NI GFAH Iz, 7218 IR 4%
It H Ik (glutathione, GSH)%H Bl ¥ H,O. 81 JIg 57 izt %4
A 3 53 e A I HL ORI AR JBL A B I(1E12)

GPXAR) i P 52 2 45 bt H IR(GSH) i1 2 il

o, —— 0} —»

Fez+

LEGSHHY 1A 75 t & Ferroptosisid 2 FFROS” 2E |
KEED IR, o, dME o)A 2 R/ R R
3z 4K SystemX. ( HH SLC7A11 I SLC3A2F AN
HE 2 R I 2 R T N AR, AR JE I s IR B A
It 2 R I & GSH. B 58 3% B, F 7K 4 12 18 U fsk
Jié L W (sulfasalazine) 1 il System X, ¥ 7% 4 fig 5] &
Ferroptosis, I8 ot B- 57 5 £ Pt 34 1 248 it ffe 22 I 1
N LUl erastinis 3 (VHT10804H 1 4L T,

28R, HoAh R U IROSH fE 5] A Ferroptosis.
Ferroptosisif 3 ffllerastin i B #% 5 28 R AR B I 1 L
[t (pentose phosphate pathway, PPP)*4=NADPH
A BE, NADPHEMEF(NADPH oxidase, NOX)fE
R T I AV, TR O A T
78R I, ¥ Calu-1FTHT 108041 il 4 2L fINOXH il
7ildiphenyleneiodoniumgE % & 73 411 fill erastinif; 3 1)
Ferroptosis!'!,
2.2 FerroptosisF"ROSHI{E

Ferroptosisid 72 #1 0 & BROSH & Z E H
R EEAAS . BIEE & 2 AR bR
(polyunsaturatedfatty acids, PUFAs), PUFAs 5ROSH
R RIZR A . PR, BRAR 7 A2 FOROS AT LA A=
Wl 1 0, SR IAET

W FL R 7R, FEKBM7AH L Jli3 5 A Q) 5% B il
T LS8 A T JIE Bk 5 2 7% #% 18673 (1y sophosphatidylcholine
acyltransferase 3, LPCAT3) 1 5 Bt 7E-CoA A il X
J%E 1% 1 4(acyl-CoA synthetase long-chainfamily member
4, ACSLA)ER & 1) | 1 RE % $2 = Rasik £ 1 SUIE 1
/N53-F-3(Ras-selective lethal smallmolecul 3, RSL3) Fll
DPI7(#: 40T 5 77))i5 5 [ Ferroptosis®™. ACSLA4FE
1k W 4 DU 445 2 (arachidonic acid, AA)FILPCAT3
WAL AABENJBEBEAR, [KIL, $0H| ACSLAFILPCAT3

Fe?.+ F e3+

H,0, ———HO+HO"

Op("sz H,0

2

Fe**

R ——> ROOH — 3 RO*+HO-

(0)

2

Gp o>

ROH+H,0

E2 $AYFentonFIGPX4HI{ERA"S
Fig.2 The role of iron in Fenton and GPX4"'
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RE M i 2D B 1R — S UK T 7 R 1 %Ak . ACSL4
{5 40 Hu 5 7 2 AV I BT B2, /£ — Ferroptosis
/N BROBEAY R 24 W 0 ) ACSLATE M ] DL 2% fif 41
ZUR TN, g W7 R 45 AL B (lipoxygenases, LOX)fE
% FEPUFASE AL B e AT I 28052 2k vh (8] 47, HLXGE
Ferroptosisif] & R A 5-LOXJE W /5 M. f it A Wt
FL K I, Ferroptosisi#h J i B2 H LU S A0,
HH P 5 R O PR SR A R A A B TR T Y PR v, A
A8 28 DU A A1 B R €8 3R 4 & Ik (adrenoyl, AdA)
B A4 A Tk JIg Bk 20 % % (phosphatidylethanolamine,
PE) &k, 41 ] ACSL4KE % Ik HiiFerroptosis. ROSTE
Ferroptosisid 72 H1 2 1718 2 5 H AR AL 3545 6 fr
B — BT .

3 FerroptosisBYiFiE

R 4 Ferroptosis ) 15 5 i %, LM % 7] P £E
ROSZE FATROSYE HI P 5 i #E47 . {H 2 tH T ROSHE
Ferroptosis T FI/E FALEIIE A+ 38 5, Fr A4S E
B “HFerroptosistEROS A [l /K - b ) 1 28 4
43 B R AN A8
3.1 FerroptosishYIEf§{%

T O A kAR, R4 GSHAE R, 3 1 i
GPX4 %K% 81 B £ T HGPX4#S it (FROSIT &, 5/ it2
Ferroptosis. M50 &I, GPX4™~ T4l g iR #X 2 g
UL AP R i Ferroptosis'™. Ferroptosisi7s 55
erastinfig BL#% 5 28R IR 1 [ 2 ks 4k Hi o A0 3t 9] 125
¥ 1 JE (voltage-dependent anion channel, VDAC){E
FIr=EROSP, b4, erastinthd B BL 2401 il SystemX,
IS E, 98> GSHI A 1%, #01H GPX4 ¥ 14 32 11 in
HHROSH ™A, 15 3 71IRSLS HL#% 5 VDAC2/31E H]
77 EROS. RSL3 EL 4% 5 GPX44: 7, 1| GPX4H)
W, 5 FROSEAMT, 15 T 57 T i & R (buthionine
sulfoximine, BSO)fE-Ras 7 2% 4 ff o A~ ] 33 b 410 1) y-
BRAR Y- Z R & BB (GSH A BT PR 2 1 ) (14 478 12,
IR/>GSHI G R, HETM FRARGPXATEPENT . BRIET 15
57l (Ferroptosis-inducing agents, FIN)AR 4 1 FH A1 1
3 NI, 5 —JEFIN(UIDP12)iE i ¥ )R GSHH il
GPX4[f) 35 TE, 1 55 — ZEFIN B 4 90 Il GPX4 1) i
PEIST, 7K TR AR 60 i itk g 38 a1 1] Sy stem X )
TETE, FRARGSHR /K, i 1M GPX4 275!,

TE — & J)f 987 41 A H, Ferroptosis &K A& 75 %p53
125, XA IR R WK T pS3X SLCTALLE A

(SystemX (1] ZH 55 5. 70) B 0 1] 52 30 07, i 2
I -tRNAF B (cysteinyl-tRNA synthetase, CARS) fig
i FIZF R, J/> GSHIF A EX, 1 GPX4 G, [
R CARSTE % # il erastinifs ‘T ] Ferroptosis, MCARS
(147 2 02 T 4 5 — e 240 P (1) erastin 1 BRUBPE LS
AN A B B S R B A R £ (glutamate) BE 55 4171
il SystemX. FIiE 1, #4415 FFerroptosis!".
3.2 FerroptosisBy 1§z

AT B P R AR IR AT, R GSHAK Tk
1M1 & ALGPX4, BL4% 7 (L GPX4AF B M HIROS/™ 4=
SEHRRERH 1L 41 i & 42 Ferroptosis. HSPB1(heat shock
protein beta 1)7EL5)H H 3l /)i B A IDOL A2 H
BB EBAE . ) Bk v R 7 3% 5 K- 1 (heat
shock factor-1, HSF-1){ #i JHSPB1 1] 21X fE 4% 4
ffill erastinifs 3 [JFerroptosis™®. 7EBJeLR4H ff + il
ik ShRNA T i % £k 85 1 52 44 1 (transferrin receptor 1,
TFR1)Re il erastinids T A0 ML T, 2 B 2k 4
Hw] PABJj 1k Ferroptosis®!. 55 —fXFerroptosis#i il 7]
Ferrostatin-17EHT10804 g & 411 #llerastin AIRSL3 75
F ¥ Ferroptosis, H ik VERI T 05 B ik, 75 & e e
S P b A ] i 5T A8 A s 2 AR TR OS IR AR 21

B Sk R FNF-E2 4 9¢ A -F2(nuclear factor
erythroid 2-related factor 2, NRF2)7E i J& 41l il $it
Ferroptosisid #2 H i HZAE H, EIANRF2RE98 J5 30
P AA A BT 1 R DR RN 2R AR T B 1 2R R 1 A 5, gt BE
1l Ferroptosis®. fEHT224i Jfd 1, Ferroptosisfl fill
M Zileuton ¥ ZE @ 1 #0 1] 5-LOX Y 7 £ P& IKROSH)
;A 3 T A ] 75 % R (glutamate) Flerastinifs 5 1)
Ferroptosis™®/,

i %, Ferroptosissz 5 K 4 F 2 F £ & M
Ferroptosis 1F. 4 145 8 2 ¥ 3L [/ H F 48 flIROS =&
A

4 Ferroptosis 5&mAVEL R

Ferroptosis [ £t 1% 1 4% 5 2 Fift A1 B A5 £ it F2
AR, OFEMBEARAET. HEBITHEER. 2
"B Ty e 3 by LR RO U B ot P 45 A .
i, W FT N B3 PE 11795 20 B o s ) 2 T Ferroptosis
75 5 fillerastin (1) Frde v 1%, I K I Ras(J5 96 J [K]) %
A2 Herastinff] 71 & 8] 3% A7 Bk &PV, FDAfL#E 75 5
Ferroptosisf]Z#Jsorafenib. sulfasalazineFflartesunate

£ Ji AE IR 97 J7 T AT BRI /19, WA F H R
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(dihydroartemisinin)id i 5 5 Ferroptosis{# 3k 35 Jiz 41
J ) 20 B e B BEL #52. SR T, FerroptosistE I I8 &k
A A E A AN 2 . BT R I, LB R BRI S i
B IR i 3l i Ferrostatin- 116l 48 e 46 T Bh T
B 1k 75 SR 75 5 1) 4 B PR, Kang %5000 98 £
H, FMSFE % 2 B2 13 - 3(FMS-like tyrosine kinase-3,
FLT-3) A R il 571 G A1 I ROS Y 7= A= A fig o i 48
b S N, 3T BE LA 28 T K AE Ferroptosis. 18 i 1 15
GP XA 1 175 3 1l fii 41 48 70 K = Ferroptosis A % 5 2
Ny RE NG AT A 20 AR AT T . IX LERiF 5T R B,
Ferroptosis 7| A2 [ £ 41 MU JE T 1] g f& ff 22aB 47 1
P9 P BB R A

TEHTEE 7y B0 B /INE SR AR A, Ferrostatin-1
X EH R AE L, &R 200 S I 8320 (acute
kidney failure, AKF) #' Ferroptosisiil 15 40 i #L 1= 2%,
FHISRS16-86(#F = X ferrostatin)ffl #l|Ferroptosisg FH
b S R oL PV VA A5 R R O A OG 1) e
Thfe x>, X} .19 2 % W) (acetaminophen) i & /&
H AT 2 T i 50 8 ) g5 L LR, 0 2Tk 2 2 Wy
EL 85 IIE BH B8 155 S S5 T 41 B & A Ferroptosis, 3 H.
Ferroptosis$il ill 71 BE 71 1] % £ Bk &= 3 Wy 175 5 i 40 g
%tDO]O

5 BRESRE

Ferroptosis & 1T 5 3 & I (1 240 I 58 T 1) — Ff
3. Ferroptosisf{s = 18 4% 1 58 9, B8N 0 3 1
T FERIROSHI = A CE A T — % M BERFE N &
SR, (HR X H R IFROSIAT 2% S 41 M ) B 1)
TR HASIRNWE T, Ferroptosisidt 72 4 76 B
JRE N, AT AR NI T K B 48 il Ferroptosis 7E
SiE S FRERIRAT MM« OB B0 S R T 7
HAHEBERKE .

BETHk (References)

1 Dixon SJ, Lemberg KM, Lamprecht MR, Skouta R, Zaitsev
EM, Gleason CE, et al. Ferroptosis: An iron-dependent form of
nonapoptotic cell death. Cell 2012; 149(5): 1060-72.

2 Xie Y, Hou W, Song X, Yu Y, Huang J, Sun X, ef al. Ferroptosis:
Process and function. Cell Death Differ 2016; 23(3): 369-79.

3 Yagoda N, von Rechenberg M, Zaganjor E, Bauer AJ, Yang WS,
Fridman DJ, et al. RAS-RAF-MEK-dependent oxidative cell
death involving voltage-dependent anion channels. Nature 2007;
447(7146): 864-8.

4 Friedmann Angeli JP, Schneider M, Proneth B, Tyurina YY,
Tyurin VA, Hammond VJ, et al. Inactivation of the ferroptosis

10

13

16

17

20

21

regulator Gpx4 triggers acute renal failure in mice. Nat Cell Biol
2014; 16(12): 1180-91.

Lachaier E, Louandre C, Ezzoukhry Z, Godin C, Maziere JC,
Chauffert B, et al. [Ferroptosis, a new form of cell death relevant
to the medical treatment of cancer]. Med Sci 2014; 30(8/9): 779-
83.

Imai H, Matsuoka M, Kumagai T, Sakamoto T, Koumura T.
Lipid peroxidation-dependent cell death regulated by GPx4 and
ferroptosis. Curr Top Microbiol Immunol 2017; 403: 143-170.
Yang WS, Shimada K, Delva D, Patel M, Ode E, Skouta R, et al.
Identification of simple compounds with microtubule-binding
activity that inhibit cancer cell growth with high potency. ACS
Med Chem Lett 2012; 3(1): 35-8.

Imai H, Nakagawa Y. Biological significance of phospholipid
hydroperoxide glutathione peroxidase (PHGPx, GPx4) in
mammalian cells. Free Radic Biol Med 2003; 34(2): 145-69.
Dixon SJ, Winter GE, Musavi LS, Lee ED, Snijder B, Rebsamen
M, et al. Human haploid cell genetics reveals roles for lipid
metabolism genes in nonapoptotic cell death. ACS Chem Biol
2015; 10(7): 1604-9.

Doll S, Proneth B, Tyurina Y'Y, Panzilius E, Kobayashi S, Ingold
1, et al. ACSL4 dictates ferroptosis sensitivity by shaping cellular
lipid composition. Nat Chem Biol 2017; 13(1): 91-8.

Yang WS, Stockwell BR. Ferroptosis: Death by lipid
peroxidation. Trends Cell Biol 2016; 26(3): 165-76.

Kagan VE, Mao G, Qu F, Angeli JP, Doll S, Croix CS, et
al. Oxidized arachidonic and adrenic PEs navigate cells to
ferroptosis. Nat Chem Biol 2017; 13(1): 81-90.

Matsushita M, Freigang S, Schneider C, Conrad M, Bornkamm
GW, Kopf M. T cell lipid peroxidation induces ferroptosis and
prevents immunity to infection. J Exp Med 2015; 212(4): 555-68.
Dixon SJ, Patel DN, Welsch M, Skouta R, Lee ED, Hayano M,
et al. Pharmacological inhibition of cystine-glutamate exchange
induces endoplasmic reticulum stress and ferroptosis. Elife 2014;
3:e02523.

Yang WS, SriRamaratnam R, Welsch ME, Shimada K, Skouta
R, Viswanathan VS, et al. Regulation of ferroptotic cancer cell
death by GPX4. Cell 2014; 156(1/2): 317-31.

Gout PW, Buckley AR, Simms CR, Bruchovsky N. Sulfasalazine,
a potent suppressor of lymphoma growth by inhibition of the
x(c)- cystine transporter: A new action for an old drug. Leukemia
2001; 15(10): 1633-40.

Jiang L, Kon N, Li T, Wang SJ, Su T, Hibshoosh H, et
al. Ferroptosis as a p53-mediated activity during tumour
suppression. Nature 2015; 520(7545): 57-62.

Hayano M, Yang WS, Corn CK, Pagano NC, Stockwell
BR. Loss of cysteinyl-tRNA synthetase (CARS) induces the
transsulfuration pathway and inhibits ferroptosis induced by
cystine deprivation. Cell Death Differ 2016; 23(2): 270-8.
Bridges RJ, Natale NR, Patel SA. System xc(-) cystine/glutamate
antiporter: An update on molecular pharmacology and roles
within the CNS. Br J pharmacol 2012; 165(1): 20-34.

Sun X, Ou Z, Xie M, Kang R, Fan Y, Niu X, et al. HSPBI as a
novel regulator of ferroptotic cancer cell death. Oncogene 2015;
34(45): 5617-25.

Yang WS, Stockwell BR. Synthetic lethal screening identifies
compounds activating iron-dependent, nonapoptotic cell death in



1260

22

23

24

25

26

oncogenic-RAS-harboring cancer cells. Chem Biol 2008; 15(3):
234-45.

Sun X, Ou Z, Chen R, Niu X, Chen D, Kang R, et al. Activation
of the p62-Keapl-NRF2 pathway protects against ferroptosis in
hepatocellular carcinoma cells. Hepatology 2016; 63(1): 173-84.
LiuY, Wang W, LiY, Xiao Y, Cheng J, Jia J. The 5-Lipoxygenase
inhibitor zileuton confers neuroprotection against glutamate
oxidative damage by inhibiting ferroptosis. Biol Pharm Bull
2015; 38(8): 1234-9.

Sun X, Niu X, Chen R, He W, Chen D, Kang R, et al.
Metallothionein-1G facilitates sorafenib resistance through
inhibition of ferroptosis. Hepatology 2016; 64(2): 488-500.

Lin R, Zhang Z, Chen L, Zhou Y, Zou P, Feng C, et al.
Dihydroartemisinin (DHA) induces ferroptosis and causes cell
cycle arrest in head and neck carcinoma cells. Cancer Lett 2016;
381(1): 165-75.

Kang Y, Tiziani S, Park G, Kaul M, Paternostro G. Cellular

27

28

29

30

protection using FIt3 and PI3Kalpha inhibitors demonstrates
multiple mechanisms of oxidative glutamate toxicity. Nat
Commun 2014; 5: 3672.

Hambright WS, Fonseca RS, Chen L, Na R, Ran Q. Ablation
of ferroptosis regulator glutathione peroxidase 4 in forebrain
neurons promotes cognitive impairment and neurodegeneration.
Redox Biol 2017; 12: 8-17.

Skouta R, Dixon SJ, Wang J, Dunn DE, Orman M, Shimada K,
et al. Ferrostatins inhibit oxidative lipid damage and cell death in
diverse disease models. ] Am Chem Soc 2014; 136(12): 4551-6.
Linkermann A, Skouta R, Himmerkus N, Mulay SR, Dewitz C,
De Zen F, et al. Synchronized renal tubular cell death involves
ferroptosis. Proc Natl Acad Sci USA 2014; 111(47): 16836-41.
Lorincz T, Jemnitz K, Kardon T, Mandl J, Szarka A. Ferroptosis
is involved in acetaminophen induced cell death. Pathol Oncol
Res 2015; 21(4): 1115-21.



