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The metabolic networks of ferroptosis and links to lung diseases
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Abstract: Ferroptosis is a newly discovered non-apoptotic form of regulated cell death driven by iron-dependent lipid peroxidation.
The present studies have shown that many metabolic processes and homeostasis are affected by ferroptosis. It is related to many lung
diseases, including acute lung injury, chronic obstructive pulmonary disease and pulmonary fibrosis, efc. Currently, the research on
ferroptosis is still in its infancy. Previous studies have confirmed that ferroptosis is regulated by a variety of genes, and the mechanism
is complex, mainly involving iron homeostasis and lipid peroxidation metabolism. This review summarizes some regulation networks of
metabolic processes associated with ferroptosis and discusses the roles of ferroptosis in the pathophysiological progression of

many lung diseases. We expected to provide new ideas and references for the treatment of these diseases.
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1 SRFETRIHFE

Y MY U0 25 W A B A 1) A e R 1 A
WRE ZE. HERRE YR RINLAR G2 115 %
AN REE R KEENEN, JFHE5HAAEY
MREEHEES Y, R, 55PN &R 1T
P53 RN g MR R, A AT T R AS RO B A A
AT RRPIRAS . BT, 40 AR AT T AR I R 1) 7
BERE Y =8 TR (T AL () F
I A (K38 ). BT AR “FE TR,
TSR BRI CAR BB 1 A2 T AR L 1 1,
SR, B I LR 1 2 Fh LART TG 1R 0 B
Y BE T ML NS S IE s, BT AR & R W
MR AESE . “BRBET:” —1AE7E 2012 4EH Dixon
S5 N E R I DA IR —Fh B /N A6 &4 erastin
FRSL3 4% SRzt T- R R P WEIET: IER
wmaES, KEMITAZBKANEFHEEK, S
28 ORI LA Fe i R

2 SRFETHIFTHLH

2.1 SRIFSHRIET

B4 “ERAETE” AT HR, B2 U AL
VIR R FNERIE T R AE P TR 0. AP R A, At
WA IR RS A T — M3l & FEDIRS T o ALK
BTN EE S RN S AR E RN £
AR AR B, Horh, #8524 1 (transferrin
receptor, TFR1) Fl — 1y & J& & F #1544 1 (divalent
metal-ion transporter-1, DMT1) 1t 57 i 7 4H il 4 Mk 1%
ANZIHMN, 5 —J71H, Bk ia® A (ferroportin,
FPN) 11 57 K i 5 1) 2k A1 B N % 32 B 4 A,
B “FF” M7 DMRRRgI Rk Ra s O, g
Ji A R AR S T2 B Bk I R TT A - Bk AE R E (iron
regulatory protein, IRP) £ 4 Xt &A1 AH o 3 K] fn 8k
H M (ferritin, FT). k& [ (transferrin, TF), TFRI,
DMTI. FPN DL J¢ £ %k i ¥ 88 B ZIP (ZRT/IRT-like
protein) AT #E % 5 S 7. IRP1 A IRP2 A
DU B2 B2 A M b Ui B ek (Fe™) MR B, il it i
WEHEAOHBMKED LERRE. AN
il A7 AR 32 18 M 5% 2 1 mRNA (1) £8P R 1 5 41
M ERBIERN . AEAE RO R, DAYERR4E R 5T A
Fe s it b T 3E 2 KCF B fERRIE TN, X
e 55 IR AR A AT Re 2 AR, S ECE FRM AN
TS BRI . m Tk S R A
WA, DRI B A U 25 4 2% mT LLid i Fenton
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SN BRGS0 4 P g a5 1) R o
4 (reactive oxygen species, ROS) [{77 4= f1 B R, &
ZARE TR TR R AE . DL TR, BRI
AR I R A R R A T IR VI

WG, B A U ) H A R 4 R R A 5 e
YU BT ERIE T BB . BT RN, A% SRR
#1] 4 (nuclear receptor coactivator 4, NCOA4)”', %
Mk ¥4k B 2 19 1 (prolyl hydroxylase domain protein
1, PHD1)" 15- flgin%&U# (15-lipoxygenase, 15-LOX)"",
#AK 72 % A B-1 (heat shock protein B-1, HSPB1)!'",
CDGSH #4541 1 (CDGSH iron sulfur domain 1,
CISD1)!"™ Al i 48 4L ¥ i& 5 | -6 (peroxiredoxin-6,
PRDX6)" Sk AR A T R 73 2 5 T 2R A0 T 11
PR fEAML N, E W EDRE AT DA i 5 e kA
T VR AN M Ak AT T R B R AR ik g
PEE RO EREE T R, s ok R Rk
HE RN AT RO T BRI U T g B RTIR, Bt
TR 5 RA A B EEER, EEAE
BMEE, BAENE ERERMER M AT RTE R,
PRAEER AT B 2 M T RE .
2.2 BERRESHKRIET

JI5 A5 -5 44 B X 2k B0 T () AU A R A 2% ) A
Ko HETEEINA, PRIET IR APATH Mt
A, Ui E RN A BRAR 2 5T R
15, WASEAMMEIET IR A U, R0 b
AR/ AR N 78 2, MR B2 B 5 A FE
il 25 e H Ik 44k W I 4 (glutathione peroxidase 4,
GPX4) thfehs SHUkIET: ">, ] GPX4 £ 55
KEZ AANE I (polyunsaturated fatty acids, PUFA)
ANAR IR B R =4, Sk at
) A s PUFA ()= B AR B wkoE 1 40 i A i Joid ot
SEACIOTENE, Yo THSETI AT FEE B BR R
HAEW TR, BEIRME RG2S BN, HAE
SRR, HRAEAIM A AR IET . BRIEAHEE A &
B B 5 A 0 4 (acyl-CoA synthetase long-chain
family member 4, ACSL4) F13% 1L i ok AH msl ok 5k 4%
1 3 (lysophosphatidylcholine acyltransferase 3, LP-
CAT3) Z 541 }fufist o PUFA-PE )4 4 & iR 2 28,
TERERRIET RO R AR P2 20, b, i b 7o 16 A DU 4
fi2 5 H A 7% 20 PUFA (1 PUFA-PEs 1) &l id 1k
YA ) A AN B sz kgt T R e Y. TR,
XA REA P ERAE T ) — B AR A, AR R T
8 A] LLIE L E T 5 & PUFA 585 s A= & i %
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{18 Tk ik B BEL BT R BB T

AN, H ¥R (mevalonate, MVA) i 15 /& fiff
EEA RN EERFTHR R, GPX4 & — MBS MH
K (glutathione, GSH) Jy#i A -7 46 I i it S8 A 038
JRPTEA T, REAPMER, HPOogie
AR R, I MVA & 124 GPX4 )4
WA MREXREE P, [, MVA REHEZEESS®
FETZ W R BEIA Y. FINSG & — Fgr I T2 5 5
7 2, 5 erastin A [A], FINS6 &b FEAS 4> G 8 GSH
FR, B2 SEHIPE G GPX4 B A MVA fiT A1
SRIRTEBTEAL AR, R W] FINS6 75 5 140 i k4T
T 2 MVA A2 9 ™. BIk, MVA &1t
AfLLE I GPX4 AE & ANERFE T A R . Bl
TR, AP R A B R AR AR, BT AR
YER AT DA 3 RSL3 53 () - A M 20 T2, e
1 5% TPD52 (tumor protein D52) 48 Y fig 5 A7 fiff i
FELFHAS ATGS (autophagy-related gene 5) Al RAB7A
(—Mp/IN GTP il ) 1 4 i Jo2 B A it 72 T B 1 RSL3
FHFMME L AR T, R4 RSt
A PUEALME R BT, DR I ) g PR A IR AR
AT RE AR S0 T 1T 0 o
2.3 SERKHSHRELT

SR AU CE B FE T [RI e oy i A B B A
4 Mo 3 EIE I R / A &R I 12 R St (cystine/
glutamate transporter, System Xc ) M2 fifd #ME GRS
Pt g, AW RREIEEAEREAR, &5
GSH [M& H. H-LLnfy FLah 40 f ge s A FH SR 2 IR 1
Rt Ag, I & AR A A R I R
B SR & I O O W TR A a8 ok iy o o N L
FIAMERIER, M System Xc #5515 S 1840
T-HADUE. TERERERRN 5 —FioRIE, Sl
1138 45 | I B B -B- A I (cystathionine B synthase,
CBS) FIBtiR it -y- 2% N (cystathionine y-lyase, CGL)
AL A T B, 4x LK 4108 T3 RNA (siRNA) §ifi
BRI, EBEEE (RNA 5 R (cysteinyl-tRNA syn-
thetase, CARS) VBN & S 8FE WIS 2 1 LA RTRS 25
N 5 1 BRAE TS MR T /1. CBS AT CGL £
CARS #ifil iy 4tiffart B, I HAE erastin 202 j54K
e B IR R AR P X RIS R A
FREIERN, 12 I SIS AR AT A W e A X Bk
KU i % S E B R A

AL, A8 2R RN 75 S I it 2 R A0 T (1) R
e BEBRIET System Xeo B 101 EL 451 52 46 bk

R, AR /K250 System Xe [ D6E,
11 A1 wR AR B (1 4 2 IR T JE e #) System Xeo T
P 7 L L o R RO, AT B R kst T B, I
WVF AT AR 2 IR SR E M & R g rh RAR B =k
BRI EEEER W SRR, RN R K
P PR AT R4 System Xco FE Rl RE R /N R A 32 o 4
MR E B H, AN R R AT LE N
EARE R ESPIL T ER MR R, B—F
M, BRI P EREARAE R B8R
P Jrz mT LA 3 400 i e ) 2 2 e g Bl (GLST A1 GLS2)
AN IR, H 2 Al s = ) A A 45 2
M AN RE TS FERAET: . MR, DR BEI% S Dtz iR %
ZFAHSE AT DA RO SRt e M B
B A NZ oy AR A B, D2 R LR AN D 2 IR 4
EZ 401 7 A g 51 g e S8 A P P PRos AR R RN
FETZo A 2B o fE 7= 1) a- B I — 18 7T LAAR
B @B Tt Y X R —E &M,
BB BRI T I fil & RIFEA R 28 BERTIR, &
FERRACH (JEH MR AR AU ) 78 fh & Bk
FET- A R R e A .
2.4 FSP15#3ET

T, Conrad &1 Olzmann %5 4¢ 5 1% F CRIS-
PR-Cas9 i AR i I 4578 1 17 —Fh 28 kst T
il # [ 1 (ferroptosis suppressor protein 1, FSP1, DL
W AR ARV 125 S IR 7 2, AIFM2)PH 2,
FEoRN, SREREAL I FSP1 a] LYE i 5 I & 3% Atk
TR EVE R, Hal i AR Q10 (CoQ10) FI7K
SRR AR R RETE B 2 S EPTEM A (RTA), K
& RTA 0] DLA M il g 5ot e v i ot & 2R,
MR M A0 T B VE A B2Y, FSPL AT LAE N
22 P RE 48 PR A 2R B8 T AR B RE T B AE AR Ad
TERTE AN, 24 GPX4 i )5, FSPI1 {7 1E A
% 24 R Ml i 40 PR A A2 PP Rk, PSP 47 1) 51
Al RE 2 BN RE IR T AR 2 — o BEFE N RAE
GPX4 KO/WT (41 g i i 1 355 FSP1 Sk #kAT 24
Yimik, TERE T 2910 000 Fiib &9 )5, K37
FSP1 (1457 iFSP1, J-iiF S H 58 0% 2 2 52 s
AR IE T AR 12 IR BRI TS T — %%
7T GPX4 KB AU B AL T {5 5 18 %, FSP1 2
L RLR CoQ FT 8L ) R G 1 KB A7, L N i
T I S RS 1 B R PR B SR T D e ) S
YEH .
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3 Sk TFEMEXRRPRER

KPR AFERRAT 7L O SR IE T 2 5 2
PIRIIRA . KR, BIRH RTERAE T R L
ZVTEE SR MEIRAT R .
AR RE S AE N IR B 98 . BT SRRV 2T SR
W SRR 18 PR ZE R L il £ 4
AR 0 98 i 55 25 T Il AH S 008 R T SR BB T
TUIR R WAVE SN AU S 2. 18
P B 2 1 et o R i £ A 2 B FRTEER 2R o
3.1 RMMHRGS%RET

oV it 453 £ R0 B T B S I R A 2R A AR
(acute respiratory distress syndrome, ARDS) #& 24>
SR JRE IR B I, I R R B i IR
SRS PE AR 0, AR AR A K g B AR
S AR A0 T B BR T BT I R R L B AL
T2, g MR AL 2 i SR 2 K R 35 8 Ak
PR A o BRI AT e H 2 AR A LS
BFEMUIAE . 2. G1h. SRR E . BAEY
1 S AN 2 B, S R A (K R AL
A, AHEFRAN TR R, BRI F omentin-1
Al DU B A SR3OS NF-xB {5 5 i %, 47
1) A RE A1 i S AR AT 5 W 4 B vS Al B, T R 1
KHRFE TN S B th4h, NMDA
SR B0 5 <o DA i T 3 e A b PR A AR 2R T
W/ 42 1B (interleukin 16, IL-1pB) 83 28 5 4]
“F o (tumor necrosis factor o, TNF-a) 2§ %8 Jift [Al -7 )
FETBG  [EIN BB 28 IR IL-10 (3L, AT k4z
B RE S0/ N R SR g B Mok
FAS W MBI IR A7 FEE A B A e I 45 4 1 s B A B o
Fio BITHEFL RN, MBS 0 SV 4 /) B
B rh, PORIEAEN T RN, 8RR (2t
A=, JHld Fenton [N H L S8
Ji6 U Ak 55— 771 GSH #E35 F1 GPX4 ik /> []
FES RS RAE P Li % A RIE T E B /
VST 0 SR AR O A R T R A
[%l (inhibitor of apoptosis stimulating protein of P53,
1ASPP) 1 Nrf2 [ 4 il 7] i % i ik Nrf2/ iG55 =
[Xl¥ 1 (hypoxia-inducible factor 1, HIF-1)/TF {5 5 i#
BTSSR R BRAE T, AT X S i 4 A
HARYER . 5OB i 7 ik se 2k 58 2 7F LPS
7 B 2V 0 T R SCBEAE F, Bk BB T AR )
ferrostatin-1 (Fer-1) 5 %% 42 fift LPS i 5 i) 2V il 16
PRI R e WAh, 7N BRSO it
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(radiation-induced lung injury, RILI) & f2 k3BT [
PR ROCEEMEN, A5 &E 1 ROS il fE 2
Sk RILT BB T (WD R 12 3 SU i e 4] 26
JE7R T B T EIC T IR YT 7 SAE SV 4540 v i
TENE, FENJE SR SR N KR S8 e
ROBIT RIS ALR 4
3.2 RMEEMBERSHRET

18 1 oL 28 A I T A2 — ol LR 425 1) B SR PR A
RIS SR AFHE I om, FEEMEEME . f
FRORL B SAER G E 1) F JORE VA K, 23R
18 bR A MR R A, AT R R il
P ARl 5 oy () o LM s, H TR IR AF BYR
VAT FEBC WY, BRI S (cigarette smoke,
CS) 2 &5 5| 2 (1) 7 20 ik #2 A 2 18 TR
SEPE R R LS —i 4 . CS th 4 500 %
MR R IR S AR, BFE 2 A EY R
(tnHHHE). CS ZiEMEAE MMM, &
7S R A (damage-associated molecular
patterns, DAMPs) MU b 52 40 f B i s T 578 i
N, AEMOWE B IR SR DT IL R, x5 44k
LRI I AR kAR R S B AORE . B AR
R, CS @it NCOA4 /S8R 1 W Al i
HAREMNRER, SEUFESREMN, H28UW L
A e SR A AR AE T B, Ghio il it GPX4
AR/ RN G 1 GPX4 #RBE /N, 1 — P Ik
TERBETIAE CS 175 T 118 4 [ 2 4 it 7 /)N B A A
e /e . FEAR N CS BRI/ R R,
GPX4"" /INER R Bt B S5 o w0 ) i R 3o S Ak K A
AT AE TS, DAMPs B 58, S IE 5K
F/NSTESY R, R B B A0E E A0 Bk A
T ¥, GPX4 # 3K /MR NCOA4 FIRAE IR EE CS
T 5 51 R g R i AL AR R Al kR T Y
T AR 2 ¥ 5640 (whole cigarette smoke condensates,
WCSC) ] B8 ik P Joid X S 38 R 4 R Ak 453 4 7 3 S
B ERMB A R ERAET: W BhAh, BRI SR
PM2.5 38 2 i N J5F i 0k oA B2 4 kBB 28 i o ik
AR AR R ST, AT SR N R AR T B UK
P BO DL ERF IR SE T BRI T 518 1k BH ZE 1 i
P I K AEAFAE RS B, JE it FimT DAE— 2B R
NRBT P AR LS, I 9 F4RAT 2 A RRI6RIT
BRI
3.3 A ESHRET

ST VR R R VR T R s MR T i
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—, AN ER LA R SR VAT B SR e B,
FH T~ K 25 250 A s 0 ) 0 20 e e g 1) A 5 A L —
AR TR, Rk — A RIS,
FE PR R 9T 5 I M B M S SR I R U B
2, SR PER 448 4L (radiation-induced
lung fibrosis, RILF)™, RILF & il Ji& 55 5 ¥4 97 /™ &
Hfe R A A I RORE,  HRER R AEAE UG YT R 1Y
BN A, AR RRRg KL 2 4 B R4,
29 13%~37% (1) il 838 A 2 RV YU IR YT 5
KAT RILF P, FOR BT R, BT R
SEEMARICTRF LY, BRIET S T R e
SRR ROS, FEUE 1 E 4k (g FAAL )
I a8 AR AT RS R AE T R B I BE T,
XAE G LA MR 7 R e N SR 70 DA S R
SR (1 5 B A 2 R 1) A sz 5 b 43 1 s B,
XL I AT BE 9 R BR T T RER & AT . BT B
FOE IR, BRAET-FE RILF Hii s EH, BRAbT- 0
il 77 liproxstatin-1 J8 i JU% Nrf2 i 4% T~ i TGF-p1
Ky AE RILF P, DL ERFALRM, 2T B IR
T HmE 2 HHTIG YT RILF B 242 R A 7 1) .

W &1 il 21 4 4k, (idiopathic pulmonary fibrosis,
IPF) & ™ fi 35 N R B il Dhge = dLeim, HK
JRHLE AN TE TG . A LA ST iaE T 18] 72
T4 IPF e B0, It — b iEseid ok B R
T PR BB YR M 8] 78 5 T-41 i (bone marrow-derived
mesenchymal stem cell, BM-MSC) 7] %5 NMDAR %
PR ERR A TEREIE,  ITTTHER IE% BM-MSC
o W X B OR 5 20 T Il 47 44k 1 ia 7 7R P
FHREFRT, 0 28 i 5 V& H 3 5 1 (granulocyte colony-
stimulating factor, G-CSF) FiAb ¥ r] DL 5% BM-MSC
ML fE T B b, EAZ40MET CXCL12/
CXCR4 HiiL# £k E R M MES, I HE#
2 A ol i B R B TGF-B1 i 42 et 1 B 4r
e ) TE AL oA, NS 5 R ERIF R
i detb i A RIERRE ™ HET, XF IPF &
JEALE FIARIEA Bk e F H 23 568 . KRR SC
Frfilives I A F 7 (alveolar type 11, ATIT) 40 i f7 45252
WS MAgr RE. RESTIMEG, &i,
Wolters 251/ 72 7w, IPF A& —Ffii_E i 40 B
Barkauskas &0 0 o, SXFRRAAH L, FERERE
BT I A 4B AL i 2H 23 ATIL 48 a1 40 5 sk
AT 2 B, Sisson £ IR IE, RF4EM ATII
YRR 5 8 BAB R TR, IRk i £F 44k

AL, RS RR A IEF e DA W B E 4]
5 V4 PE T B ATIT 40 >, BRI, ATIH 41
P45 B ZE HE T AT 8 2 il 47 44k 0 ML o i 4G
Fftfo (HZ, ATII 40 BTl fe B i A B0 T ) vHE i 248
SE R TE 2. BT HIBE 7T R B B0 T O
erastin 3835 B0 AR BT ik S A0 1F A R0 GPX4 %k
TR SRANE B AT 2 4 M 1) VLT S AP A oAk 1
SET- 4071 Fer-1 n] DAk 38 GPX4 (1) 3R 1A FF 8D i
RIS, TR LT 4EAk . A 7o 4L IR
FoAL TR, IPF £ £ 4 A0 Fili 41 23 X 3517 76 B 55 11
BT R, 10T R 5 2 BUN BN £F 4E b AR
it 4 VAR U R S 35 TR 26 0k o S ik A A R 1l
ATII 4 A A H 30K & R DT RR I G A Y (g 2k Ak T
T £ R AR M 2 ) B8, BB AT 40 R Bk 2B T 5
IPF [ R AEFI R B VM O (5 R EHE ).

4 BE5RE

BRICT 2 —Fh W AR AR, W R, TR
A FERR S, IX L) o 1 AU 70 41 B 4 5 A0 24k R
ECOCEEE R o BRAE T BUARFAE A2 AR 2R 1 A S AL 5
FASHIMMBD. ST AR R R AT, T
AR (1 — 32 (B 1). ShA SR Al R
RIS IS5 BB R, 2R A KBRS
BICT B YIMOR, TPk T B AH IR Al A 250
s IR — e R PG IR . BT
M, KT T H AT TR P B, R T
BRIOT 5 e 7 T SR AR T — ke, H
W DLERBE T8 SR E AL Ge i 97 7 858 I 3 77 97
TR T O o B HA R, Brrgirif s
FIBIFE A CA S 22 PR X B G V6 97 SR 19 9 FH Al R
B M PR T PR AR B R s BT, 8K
TS5 eIl . 12 B 28 1 il s A il 41 Ak 55
5T B RTISR Hr ABR, (5 L&A B A UE P 2% B
BN AR R, FHERGICT AN — 28
PINES R 5 250 R 28 B 7 EEIE A,
B8 & AR FE AR N, BRBET 51 2 il A
W2 B R = HamiEm . s, BT AEN—
Pl R DL FE T 7 2, B o BT 5 B AR B
AN ST AT DR AN W R B, 5 2 R e
BEFL I R R ENE,  DLIET A TIN5 4
PRI e 25 P 0 B B YR TT 7 AR [ ) B
B EAS I E A SR 5
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Fig. 1. Schematic diagram of the regulation network of ferroptosis. Oxidation of lipid, lipid autoxidation, and Fenton reaction facilitate
the generation of lipid ROS. The metabolism of amino acids suppresses the synthesis of GSH and the activity of GPX4, thus inhib-
iting the reduction of lipid ROS. The accumulation of lipid ROS leads to ferroptosis. Therefore, iron homeostasis, lipid peroxidation
metabolism and amino acid metabolism are core regulators of ferroptosis. TF: transferrin; TFR1: transferrin receptor 1; DMT1:
divalent metal ion transporter 1; FPN: ferroportin; IRP: iron regulatory protein; PHD1: prolyl hydroxylase domain protein 1; HSPB1:
heat shock protein B-1; System Xc : cystine/glutamate transporter; Cys: cysteine; Glu: glutamic; Gln: glutamine; GLS: glutaminase;
GSH: glutathione; GPX4: glutathione peroxidase 4; Hcy: homocysteine; CBS: cystathionine-B-synthase; CGL: cystathionine-y-lyase;
MVA: mevalonate; IPP: isopentenyl pyrophosphate; FPP: farnesyl pyrophosphate; FIN56: specific iron death inducer; PUFA: poly-
unsaturated fatty acid; AA: arachidonic acid; AdA: adrenaline; ACSL4: acyl-CoA synthetase long-chain family member 4; LPCAT3:
lysophosphatidylcholine acyltransferase 3; 15-LOX: 15-lipoxygenase; PEBP1: phosphatidylethanolamine binding protein 1; HOX1:
heme oxygenase-1; PRDX6: peroxide reduction enzyme-6; FSP1: ferroptosis suppressor protein 1; CoQ10: coenzyme Q10; CISD1:
CDGSH iron sulfur domain 1.
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