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Figure 1 Schematic model depicts the importance of iron in the Earth
and in human body. A: The most abundant elements in the Earth; B: iron
is an essential component of human body
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Figure 2 The research paradigm of Ferrology. Ferrology defines a
novel iron-centric science that covers comprehensive and multilayer
research areas at different levels from molecule, cell, tissue, organ,
individual to population
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Figure 3 Systemic iron metabolism. The iron reductase (Dcytb) in intestinal cells reduces Fe'' from food to Fe**, followed by transporting to
intestinal epithelial cells via divalent metal transporter 1 (DMT1). Heme enters intestinal cells through the intestinal epithelial cells and undergoes
degradation by heme oxidase, resulting in the release of F ¢*'. The Fe*" entering the bloodstream is then oxidized to F 5 by iron oxidase, which binds to
transferrin (TF) and transported from blood circulation to the hematopoietic system for hemoglobin synthesis. Macrophages are capable of
phagocytosing and recycling old or damaged red blood cells. Excess iron in the body is stored as Ferritin in the liver. When the body’s iron demand is
met, hepatocytes secrete Hepcidin, which facilitates the degradation of iron efflux protein (FPN) to inhibit both iron absorption in the small intestine
and efflux of iron from macrophages, thereby maintaining systemic iron homeostasis. FPN degradation is regulated by RNF217, an E3 ubiquitin ligase
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Figure 4 Cellular iron metabolism. Absorption: The extracellular Fe’* can bind to transferrin (TF) and undergo endocytosis, forming an endosome
through the complex of transferrin/transferrin receptor 1 (TF/TFR1). Subsequently, Fe'" is reduced to Fe’* by six-transmembrane epithelial antigen of
prostate 3 (STEAP3), and then released into the cytoplasm via DMT1 or TRPMLI1. Extracellular Fe* can be directly transported into the cytoplasm
through DMT1 or SLC39A14. Utilization and storage: cytoplasmic F ¢”" can be stored in ferritin and mitochondrial ferritin (FTMT), or enter organelles
such as mitochondria for iron-sulfur cluster (Fe-S) and heme synthesis. Efflux: cytoplasmic F ¢* can be transported out of a cell through FPN. Hepcidin

mediates FPN internalization and degradation by RNF217

i %% K BB g i S AL I REIE,  Ferroptosis Hi Stockwell 4]
BAIZE20124F 3 Y, o 2B 4 TR S AL AT A AL 77
Z B BRI IR R AT BRAE Tk B AR ) — B
FTREF LRI T, E20198 R oy 2Bk AE
Rk KRR Rz —.

BRIET AL S 2R MRS 4 1) 4 M 25 (1€]5). B A,
1) Bk 0 T 00 B A A D H I SR A P i 45 e
HJik(glutathione peroxidase 4/glutathione, GPX4/
GSH). ZRFET-HHI R T 1/5 BEQ10(ferroptosis  sup-
pressor 1/coenzyme Q10, FSP1/CoQ,,). FSP1/4E*E&
K(FSP1/VKH,). =R 5 H ALK I 1/ DU A
5% (guanosine triphosphate cyclohydrolase 1/ tetrahy-
drobiopterin, GCH1/BH,), % 2% i A% 0o A5 s
AR U A DR 4 M S SR, TS RSB T )
W FEA T KRB IEA S B4 (acyl-CoA
synthetase long chain family member 4, ACSL4). ¥ il

Tl JIE Ok JIEL ik P 35 % #% 18 3 (lysophosphatidylcholine acyl-
transferase 3, LPCAT3)fig i3k 2 A1 Hig i -1l i 1 T
% (polyunsaturated fatty-lysophospholipid, PUFA-PL),
HE T 78 16 28 VY I B2 A I 0B (arachidonate  lipoxy-
genases, ALOXs). %A fbiLJ5F(P450 oxidoreductase,
POR)Z5 4 F R {23k i o i Sk 2% A=,

BRYIM TR AENEES 5 (£ IEF RS, 2k
FROSSZ A MUAS AN A%, 0 B Pid & 2 id 25 S
LA AR BRANRS E B2 H 1, 3240 WROSE M
PSRRI, JF2 5 2 AR TR 5 5 AL,
AN BT AL D LA 594, RSB A R
PETI RS AT AR AR, S,
B BB OCE ATFE, SLC39A14, Ferritin,
FPN, DMTI, TFRIFILCN2%53HHiiE 2 50T
o 16274791

BRACH Z AL FRIE T A Z P NP 2

1337



EAafh: BBl (Ferrology): 7eiiik 17 15 T 28 X F}

%

..........

BT IEES HKEIMSNULTIE

©

SN ISR KL
&V
LRHIE
EIEE
Ni2gi| .®
gé;;g@é > PUFA-Lipid
RIS

~~~~~~

REMIRED

s

BRILT P8RS

0L00D

N

%4— <—%
[
I——<—¥<—§:’<—|:
G
T ~—5
T &
N

\_

Bl 5 4ifpikstro o s pLm]. 20 & R aR Bk AU T I R, b A B RN B T RERSE TR AR RO AR, A R
BRIET (M %, NOXs: & JF 7 MR A RIS — I H IR WE IR AL, Cysteine: “FIEEIR; CTH: PR IR-y- 2%, Se: fl;
CHMPS/6: 7ff L 2 /K 5 (151 5/6; ESCRT-NIT: N FARIZ i 75 70 2 44

Figure 5 Regulatory mechanisms of ferroptosis. The left panel illustrates the activation pathway of ferroptosis. The middle panel depicts the core
process of ferroptosis mediated by iron ions, and the right panel shows the inhibitory pathway of ferroptosis. NOXs: NADPH oxidases; CTH:
cystathionine gamma-lyase; Se: selenium; CHMP5/6: charged multivesicular body protein 5/6; ESCRT-III: endosomal sorting complex required for

transport-I11

(KRR, BRI S R, B, FhE
BATYERI . O MU Bl . IR B
I R B e A A L S T N | RS N L B 5 1| R = o
TR AT [ B S s 2 o A 2 JE DS E e, ks
GrfE I AR TR WU N, SN E R A
FIERFET 47, 2725 HIDFO(deferoxamine) FIDFP
(deferiprone) 5 CLAE IR PR b FH T VA 7 1 A i 24 i B i
o S R AR S 2, CNI1281E A— g Bk B &
FURRAL TR AU RS 2. 1 B A B s o i 4
WA F B Ferrostatin-1, Liproxstatin-1P4 & HARAL 259,
MEA ANk B Iy A 44 RESAE IR
PRI EA e — PR, 1Ak, AR IXe &
Gi (B AR TG T R 11 S K3 il i 2(solute  carrier
family 7 member 11 or 3 member 2, SLC7A411K
SLC3A42))FI GPX455 R HE T AR SCHE RIAE R AL g A T 2
KRS TEA G, HHEIETHOE A, Xe” KRG
7 GPX 400 i) 7] A H Ath 388 i HE v G SH[R) 422 310 i)

1338

GPXAI AL & W sAT F LA U i I8 20 0, FEL W f e i
2, BribRtR bR, Bz, SERBIET AT R Bl R
AT

5 HOURSAORBAE

BE A KA R WK RE, BRGORM R 32 58
. RGO RA A KR — ke, sk
TN /RT3 R AT Zh B ) &, R I 4ERF 1 2k
A RS, PR anir: . A=A 2 AE T /E B 4%,
DRI LRGSR AR - WERE M 2543802 . WAFIR YT 0
BRAET: 5 300 55 A 1= 2 e B R B 1 8 AT
g lsa-s6]

) FH Bk i KA R S PR 3 R 5045 (magnetic re-
sonance imaging, MRI)3|#e 32 %7 EIGHE
ARG KR H ATOE S ) 1) — 8B 1R 5t 74U(T)
WA BHArEAE e A FDARCHE NG R {E F, WiFeri-



I ERE: AaRE 202344 E£ 3% H10M

dex, LumiremfIResovist&:. {H&, ‘B AR M LL5E 4
e H K B Im R 7R k. BRI, 38 1 4 HORT
T2 AR BY. 4 8 15 2 5 e il 2 7= L o8 R B 2 B ATt
FEA Y EE . TN ST AES nm PL R Ok 98K A R
WESE AT DULVE 9 1m) st 4 (7)) i& 5257 " FH T MR1,  Hod
b HRSFEGINEL . SRS S RB ST U
To0f R ™™, g5 5 T e S R A 38, R Bk ok
ARG 3 T - T, WU 28 2 22 1538 52 77 © O BT 90 4
1 [89.90]

R BB AA B i 1, wT DLdE i R i
ARSI A A, T H T I v, e L
I AN RS SEIL AR AR N IR ik, DR T AR 2
Widikrhr 45 2 REC . BAL, WM RR KA R AT
ARESHWIE R T B A2 R A, R Tt e S R
IREHGAYT, AR AT BIA DY, i
JEA . Reby HRREEIE AR, #Hlsh R,
AT LA T R BRI KNS, A Rt iR 42 Lt e 8 2508
T SEBUENGYT, BRI AIA TR IELTT . Ok
BTS2 FOTERG

IEAb, 8 I [ 20 A P IR Bk A KA R, BT DA e A
PR B =, R 2 B () e AR, AT 5 S 4 G H 22
PR A AT T R, e T R A SR,
HRESRSAE. TERBR. REBIHAE SRR
o5 SR A v S N AR B G E L, AR
N R LR 259 )% 230 S50 G A @ B )
BURVBRGIR T AR, DI sR B0 T AE A, 3 M s
BITRCRY BT TN, PO mERR
H$HU BN A R IR R ORI AR B T 2R
[ d:prit =

[ N TP 7 B R 7 1N | RN /%7
NI V= 5 A L= 22Dy RN U7/ L - S Ak /)13
AT R RIS AT . BRGNP RE R R g
J& TR R Y L, A RO AR ) R S AR N B 2
KIEME B KMRL 2 —. TERRIFFF, IRARE
AT EL PR R M) A% 1 BE AR R I BR A KARH
TREJCRE L. WA, BEERGURM R &R, 1
REMAL 5IRTT S T — K I 2 D Re B9 M R A )
FLE B HT 5. AR, HEGEER G KAL BRI PR A i K0
WL RKVGEI S A ES SR NIRE, HESEIX
— T BRSOy B G R a3k g K U ) K Fe B L
W77

6 ZiiE

BB — T TN E XAR), RETIRR T
A AR AN 2R i A R ORL A Bk A R B
A ME . 2R 2 OURAE AL IR SRS, Bk
AT FUERE I A T BRI Z R IRBE T,
Je i A R AN ES YRR a] B PR AR A, ok
SETANGRAC U Oy A BRZ2E fin B2 e B2 2 B WF 50 44
R, BURHLE R IR R AL DE L QR R B 50000 1t
T TR L oML T AR PR 55 22 A 1 B0
BLEBIBE T, FE AR TSI Z ) RIE.

PEN— TR ST 3R A% 0o ) 2 2 RS B Y% o
B BRBHEX T 2 M AR R A DR R
£, m H A E R R OB A 58—, Eidek
BHEARENL S KRR, NITRENS 207 R Bk RN 2E
V= IhRe, SRITIF I IR TR 100 1R -2 -
A RN, 3 A R LB O B R
FRFER IR R, 5, BB IR FOR RS HE T
ARST BRACHT 57 S BRAE T A DR 1A 22 R 48 L S8
L5 SR B =, BRRFE R TR O et Tl A0l K
O AT R R R B AN, S5 DY, B 1
WRIE, FOMKIE Z ARHR B2 ORI, 2R
T, BB SR, RO 2T
2R A R AE SRR B LA

FaetkZzl, BOUREAR, SRAVA RIS,
R 2 QB o) 2 Il LR AR O, A I 21 3R Bk O R AL
il BRAET I RO B A A R AR AE AN R AL A8 B )
Z VR AR RO, BB S B S U
3, HEHE VB R0 B A8 SO R B R SR BERE, T
NIRRT EAFI . AFRHIRES LA RH A
BRI A R ZhREALE], NBA PR S E IR
e, T5 A HESRS HE R 2 T HE T A B BdR RS
AR RHEAE TR R, NSRRI MLE N B (03
Sz,

EAGRIRRZ, BRI U IT R A3 X
RER}, BAUAUR IR T 2 A A B 2 k. 8k
TUERAE TP AR 77 88 2 i NS AAE A7 1M o R R
FEATERR SRR, WH® LA, EHME. 2
HEPUIE . BRE . SOEIRGAE. W RITER RN E
PR K B B 3t R ) 5 R A o S B 2R AT A o 2 AT ) 7 )
Bk, BATHE, BRBHER 2 M Bt saEmE A3
RAF T ] BARBI RS,

1339



EAafh: BBl (Ferrology): 7eiiik 17 15 T 28 X F}

i RMENTAFREEHR. AHEL. HEaREL, TEHEL. BHER. 2ZEARL. RPREL G E
HER, BEAFHFHEFREREREL. MEEL. XfEEL, RNFEAFFFRIELS 5wk E. BREITE,
BXHMBEEXREREF. BXFRERAF S AATRF I AT A, fFFAFHTIR R %7 £ iR sk, 30
BE I LE.

S5 3k

1 Wade J, Byrne D J, Ballentine C J, et al. Temporal variation of planetary iron as a driver of evolution. Proc Natl Acad Sci USA, 2021, 118:
€2109865118

2 Williams R J. Biomineralization: iron and the origin of life. Nature, 1990, 343: 213-214

3 Chen J, Li X, Ge C, et al. The multifaceted role of ferroptosis in liver disease. Cell Death Differ, 2022, 29: 467—480

4 Fang X, Ardehali H, Min J, et al. The molecular and metabolic landscape of iron and ferroptosis in cardiovascular disease. Nat Rev Cardiol,
2023, 20: 7-23

5 MuQ, Chen L, Gao X, et al. The role of iron homeostasis in remodeling immune function and regulating inflammatory disease. Sci Bull, 2021,
66: 1806-1816

6 Muckenthaler M U, Rivella S, Hentze M W, et al. A red carpet for iron metabolism. Cell, 2017, 168: 344-361

7 Dixon S J, Lemberg K M, Lamprecht M R, et al. Ferroptosis: an iron-dependent form of nonapoptotic cell death. Cell, 2012, 149: 1060-1072

8 Sheftel A D, Mason A B, Ponka P. The long history of iron in the Universe and in health and disease. Biochim Biophys Acta, 2012, 1820: 161—
187

9 Sun S, Shen J, Jiang J, et al. Targeting ferroptosis opens new avenues for the development of novel therapeutics. Sig Transduct Target Ther,

2023, 8: 372

10 Perutz M F. Hemoglobin structure and respiratory transport. Sci Am, 1978, 239: 92—125

11 Rossifanelli A, Antonini E, Caputo A. Hemoglobin and myoglobin. Adv Protein Chem, 1964, 19: 73-222

12 Gell D A. Structure and function of haemoglobins. Blood Cells Molecules Dis, 2018, 70: 1342

13 Ordway G A, Garry D J. Myoglobin: an essential hemoprotein in striated muscle. J Exp Biol, 2004, 207: 3441-3446

14 Solomon E I, Brunold T C, Davis M 1, et al. Geometric and electronic structure/function correlations in non-heme iron enzymes. Chem Rev,
2000, 100: 235-350

15 Fridovich I. Superoxide radical and superoxide dismutases. Annu Rev Biochem, 1995, 64: 97-112

16 Beinert H. Iron-sulfur proteins: ancient structures, still full of surprises. J Biol Inorg Chem, 2000, 5: 2—15

17 Hirst J, Roessler M M. Energy conversion, redox catalysis and generation of reactive oxygen species by respiratory complex I. Biochim Biophys
Acta, 2016, 1857: 872-883

18 Wachnowsky C, Fidai I, Cowan J A. Iron-sulfur cluster biosynthesis and trafficking-impact on human disease conditions. Metallomics, 2018,
10: 9-29

19 Lill R, Dutkiewicz R, Elsédsser H P, et al. Mechanisms of iron-sulfur protein maturation in mitochondria, cytosol and nucleus of eukaryotes.
Biochim Biophys Acta, 2006, 1763: 652-667

20 Ashley E A, Pyae Phyo A, Woodrow C J. Malaria. Lancet, 2018, 391: 1608-1621

21 Wu Q, Sacomboio E, Valente de Souza L, et al. Renal control of life-threatening malarial anemia. Cell Rep, 2023, 42: 112057

22 Devireddy L R, Gazin C, Zhu X, et al. A cell-surface receptor for lipocalin 24p3 selectively mediates apoptosis and iron uptake. Cell, 2005, 123:
1293-1305

23 Yang J, Goetz D, Li J Y, et al. An iron delivery pathway mediated by a lipocalin. Mol Cell, 2002, 10: 1045-1056

24 Andrews S C, Robinson A K, Rodriguez-Quifiones F. Bacterial iron homeostasis. FEMS Microbiol Rev, 2003, 27: 215-237

25 Rajasekaran M B, Nilapwar S, Andrews S C, et al. EfeO-cupredoxins: major new members of the cupredoxin superfamily with roles in bacterial
iron transport. Biometals, 2010, 23: 1-17

26 Seiwert N, Heylmann D, Hasselwander S, et al. Mechanism of colorectal carcinogenesis triggered by heme iron from red meat. Biochim

1340


https://doi.org/10.1073/pnas.2109865118
https://doi.org/10.1038/343213a0
https://doi.org/10.1038/s41418-022-00941-0
https://doi.org/10.1038/s41569-022-00735-4
https://doi.org/10.1016/j.scib.2021.02.010
https://doi.org/10.1016/j.cell.2016.12.034
https://doi.org/10.1016/j.cell.2012.03.042
https://doi.org/10.1016/j.bbagen.2011.08.002
https://doi.org/10.1038/s41392-023-01606-1
https://doi.org/10.1038/scientificamerican1278-92
https://doi.org/10.1016/j.bcmd.2017.10.006
https://doi.org/10.1242/jeb.01172
https://doi.org/10.1021/cr9900275
https://doi.org/10.1146/annurev.bi.64.070195.000525
https://doi.org/10.1007/s007750050002
https://doi.org/10.1016/j.bbabio.2015.12.009
https://doi.org/10.1016/j.bbabio.2015.12.009
https://doi.org/10.1039/c7mt00180k
https://doi.org/10.1016/j.bbamcr.2006.05.011
https://doi.org/10.1016/S0140-6736(18)30324-6
https://doi.org/10.1016/j.celrep.2023.112057
https://doi.org/10.1016/j.cell.2005.10.027
https://doi.org/10.1016/s1097-2765(02)00710-4
https://doi.org/10.1016/S0168-6445(03)00055-X
https://doi.org/10.1007/s10534-009-9262-z
https://doi.org/10.1016/j.bbcan.2019.188334

I ERE: AaRE 202344 E£ 3% H10M

27

28
29

30
31

32

33
34

35
36

37

38

39

40

41

42

43

44

45

46
47

48

49

50
51

52
53

54

Biophys Acta Rev Cancer, 2020, 1873: 188334

Young G P, Rose I S, John D J B. Haem in the gut. 1. Fate of haemoproteins and the absorption of haem. J Gastroenterol Hepatol, 1989, 4: 537—
545

Fan Y, Pedersen O. Gut microbiota in human metabolic health and disease. Nat Rev Microbiol, 2021, 19: 55-71

Parmanand B A, Kellingray L, Le Gall G, et al. A decrease in iron availability to human gut microbiome reduces the growth of potentially
pathogenic gut bacteria; an in vitro colonic fermentation study. J Nutr Biochem, 2019, 67: 20-27

Seyoum Y, Baye K, Humblot C. Iron homeostasis in host and gut bacteria—a complex interrelationship. Gut Microbes, 2021, 13: 1874855
Vigani G, Morandini P, Murgia 1. Searching iron sensors in plants by exploring the link among 2’-OG-dependent dioxygenases, the iron
deficiency response and metabolic adjustments occurring under iron deficiency. Front Plant Sci, 2013, 4: 169

Romheld V, Marschner H. Evidence for a specific uptake system for iron phytosiderophores in roots of grasses. Plant Physiol, 1986, 80: 175—
180

Robinson N J, Procter C M, Connolly E L, et al. A ferric-chelate reductase for iron uptake from soils. Nature, 1999, 397: 694-697

Eide D, Broderius M, Fett J, et al. A novel iron-regulated metal transporter from plants identified by functional expression in yeast. Proc Natl
Acad Sci USA, 1996, 93: 5624-5628

Santi S, Schmidt W. Dissecting iron deficiency-induced proton extrusion in Arabidopsis roots. New Phytol, 2009, 183: 1072—-1084

Nozoye T, Nagasaka S, Kobayashi T, et al. Phytosiderophore efflux transporters are crucial for iron acquisition in graminaceous plants. J Biol
Chem, 2011, 286: 5446-5454

Curie C, Panaviene Z, Loulergue C, et al. Maize yellow stripel encodes a membrane protein directly involved in Fe(IIl) uptake. Nature, 2001,
409: 346-349

Dixon S J, Stockwell B R. The role of iron and reactive oxygen species in cell death. Nat Chem Biol, 2014, 10: 9-17

Pierre J L, Fontecave M. Iron and activated oxygen species in biology: the basic chemistry. Biometals, 1999, 12: 195-199

Wu H, Ling H Q. FIT-binding proteins and their functions in the regulation of Fe homeostasis. Front Plant Sci, 2019, 10: 844

Yuan Y X, Zhang J, Wang D W, et al. AtbHLH29 of Arabidopsis thaliana is a functional ortholog of tomato FER involved in controlling iron
acquisition in strategy I plants. Cell Res, 2005, 15: 613-621

Zamioudis C, Hanson J, Pieterse C M J. B-Glucosidase BGLU42 is a MYB72-dependent key regulator of rhizobacteria-induced systemic
resistance and modulates iron deficiency responses in Arabidopsis roots. New Phytol, 2014, 204: 368-379

Ogo Y, Itai R N, Nakanishi H, et al. Isolation and characterization of IRO2, a novel iron-regulated bHLH transcription factor in graminaceous
plants. J Exp Bot, 2006, 57: 28672878

Zheng L, Ying Y, Wang L, et al. Identification of a novel iron regulated basic helix-loop-helix protein involved in Fe homeostasis in Oryza
sativa. BMC Plant Biol, 2010, 10: 166

Fang X, An P, Wang H, et al. Dietary intake of heme iron and risk of cardiovascular disease: a dose-response meta-analysis of prospective
cohort studies. Nutr Metab Cardiovasc Dis, 2015, 25: 24-35

Galmozzi A, Kok B P, Kim A S, et al. PGRMC?2 is an intracellular haem chaperone critical for adipocyte function. Nature, 2019, 576: 138—142
Quigley J G, Yang Z, Worthington M T, et al. Identification of a human heme exporter that is essential for erythropoiesis. Cell, 2004, 118: 757—
766

Rajagopal A, Rao A U, Amigo J, et al. Haem homeostasis is regulated by the conserved and concerted functions of HRG-1 proteins. Nature,
2008, 453: 1127-1131

Sun F, Zhao Z, Willoughby M M, et al. HRG-9 homologues regulate haem trafficking from haem-enriched compartments. Nature, 2022, 610:
768-774

Shayeghi M, Latunde-Dada G O, Oakhill J S, et al. Identification of an intestinal heme transporter. Cell, 2005, 122: 789-801

Qiu A, Jansen M, Sakaris A, et al. Identification of an intestinal folate transporter and the molecular basis for hereditary folate malabsorption.
Cell, 2006, 127: 917-928

Maines M D. Heme oxygenase: function, multiplicity, regulatory mechanisms, and clinical applications. FASEB J, 1988, 2: 2557-2568
Fleming M D, Trenor lii C C, SuM A, et al. Microcytic anaemia mice have a mutation in Nramp2, a candidate iron transporter gene. Nat Genet,
1997, 16: 383-386

Gunshin H, Mackenzie B, Berger U V, et al. Cloning and characterization of a mammalian proton-coupled metal-ion transporter. Nature, 1997,

1341


https://doi.org/10.1016/j.bbcan.2019.188334
https://doi.org/10.1111/j.1440-1746.1989.tb00858.x
https://doi.org/10.1038/s41579-020-0433-9
https://doi.org/10.1016/j.jnutbio.2019.01.010
https://doi.org/10.1080/19490976.2021.1874855
https://doi.org/10.3389/fpls.2013.00169
https://doi.org/10.1104/pp.80.1.175
https://doi.org/10.1038/17800
https://doi.org/10.1073/pnas.93.11.5624
https://doi.org/10.1073/pnas.93.11.5624
https://doi.org/10.1111/j.1469-8137.2009.02908.x
https://doi.org/10.1074/jbc.M110.180026
https://doi.org/10.1074/jbc.M110.180026
https://doi.org/10.1038/35053080
https://doi.org/10.1038/nchembio.1416
https://doi.org/10.1023/a:1009252919854
https://doi.org/10.3389/fpls.2019.00844
https://doi.org/10.1038/sj.cr.7290331
https://doi.org/10.1111/nph.12980
https://doi.org/10.1093/jxb/erl054
https://doi.org/10.1186/1471-2229-10-166
https://doi.org/10.1016/j.numecd.2014.09.002
https://doi.org/10.1038/s41586-019-1774-2
https://doi.org/10.1016/j.cell.2004.08.014
https://doi.org/10.1038/nature06934
https://doi.org/10.1038/s41586-022-05347-z
https://doi.org/10.1016/j.cell.2005.06.025
https://doi.org/10.1016/j.cell.2006.09.041
https://doi.org/10.1038/ng0897-383
https://doi.org/10.1038/41343

EAafh: BBl (Ferrology): 7eiiik 17 15 T 28 X F}

55

56
57

58

59

60

61

62
63

64

65

66

67

68

69
70

71

72

73
74

75

76
77

78
79

80

1342

388: 482488

Donovan A, Brownlie A, Zhou Y, et al. Positional cloning of zebrafish ferroportinl identifies a conserved vertebrate iron exporter. Nature, 2000,
403: 776781

Donovan A, Lima C A, Pinkus J L, et al. The iron exporter ferroportin/Slc40al is essential for iron homeostasis. Cell Metab, 2005, 1: 191-200
Chen H, Attieh Z K, Su T, et al. Hephaestin is a ferroxidase that maintains partial activity in sex-linked anemia mice. Blood, 2004, 103: 3933—
3939

Levy J E, Jin O, Fujiwara Y, et al. Transferrin receptor is necessary for development of erythrocytes and the nervous system. Nat Genet, 1999,
21: 396-399

Dong X P, Cheng X, Mills E, et al. The type IV mucolipidosis-associated protein TRPML1 is an endolysosomal iron release channel. Nature,
2008, 455: 992-996

Alvarez S W, Sviderskiy V O, Terzi E M, et al. NFS1 undergoes positive selection in lung tumours and protects cells from ferroptosis. Nature,
2017, 551: 639-643

Terzi E M, Sviderskiy V O, Alvarez S W, et al. Iron-sulfur cluster deficiency can be sensed by IRP2 and regulates iron homeostasis and
sensitivity to ferroptosis independent of IRP1 and FBXLS5. Sci Adv, 2021, 7: eabg4302

Yu Y, Jiang L, Wang H, et al. Hepatic transferrin plays a role in systemic iron homeostasis and liver ferroptosis. Blood, 2020, 136: 726-739
Liuzzi J P, Aydemir F, Nam H, et al. Zip14 (Slc39a14) mediates non-transferrin-bound iron uptake into cells. Proc Natl Acad Sci USA, 2006,
103: 13612-13617

Kawabata H, Germain R S, Vuong P T, et al. Transferrin receptor 2-a supports cell growth both in iron-chelated cultured cells and in vivo. J Biol
Chem, 2000, 275: 16618-16625

Li D H, Xu S, Jiang L, et al. Physiological functions of iron exporter Ferroportin and its regulatory mechanis (in chinses). Chin Bull Life Sci,
2022, 34: 754777 [ZE KM, 1442, ¥, &5, k%% 8 (A FerroportinZE BRI it & R LEI T k. A dnklaz, 2022, 34: 754-777]

Pigeon C, Ilyin G, Courselaud B, et al. A new mouse liver-specific gene, encoding a protein homologous to human antimicrobial peptide
hepcidin, is overexpressed during iron overload. J Biol Chem, 2001, 276: 7811-7819

Jiang L, Wang J, Wang K, et al. RNF217 regulates iron homeostasis through its E3 ubiquitin ligase activity by modulating ferroportin
degradation. Blood, 2021, 138: 689-705

Altamura S, Kessler R, Grone H J, et al. Resistance of ferroportin to hepcidin binding causes exocrine pancreatic failure and fatal iron overload.
Cell Metab, 2014, 20: 359-367

van Swelm R P L, Wetzels J F M, Swinkels D W. The multifaceted role of iron in renal health and disease. Nat Rev Nephrol, 2020, 16: 77-98
Stoyanovsky D A, Tyurina Y Y, Shrivastava I, et al. Iron catalysis of lipid peroxidation in ferroptosis: regulated enzymatic or random free
radical reaction? Free Radic Biol Med, 2019, 133: 153-161

Lai C S, Piette L H. Spin-trapping studies of hydroxyl radical production involved in lipid peroxidation. Arch Biochem Biophys, 1978, 190: 27—
38

A N K, Sharma R P, Colangelo A M, et al. ROS networks: designs, aging, Parkinson’s disease and precision therapies. NPJ Syst Biol Appl,
2020, 6: 34

Wang H, An P, Xie E, et al. Characterization of ferroptosis in murine models of hemochromatosis. Hepatology, 2017, 66: 449—465

Bao W D, Pang P, Zhou X T, et al. Loss of ferroportin induces memory impairment by promoting ferroptosis in Alzheimer’s disease. Cell Death
Differ, 2021, 28: 1548-1562

Fang X, Cai Z, Wang H, et al. Loss of cardiac ferritin H facilitates cardiomyopathy via Slc7all-mediated ferroptosis. Circ Res, 2020, 127: 486—
501

Fang X, Wang H, Han D, et al. Ferroptosis as a target for protection against cardiomyopathy. Proc Natl Acad Sci USA, 2019, 116: 2672-2680
Tan Q, Zhang X, Li S, et al. DMT1 differentially regulates mitochondrial complex activities to reduce glutathione loss and mitigate ferroptosis.
Free Radic Biol Med, 2023, 207: 32-44

Feng H, Schorpp K, Jin J, et al. Transferrin receptor is a specific ferroptosis marker. Cell Rep, 2020, 30: 3411-3423.e7

Cai Z X, Wu X T, Song Z J, et al. Metformin potentiates nephrotoxicity by promoting NETosis in response to renal ferroptosis. Cell Discov,
2023, doi: 10.1038/541421-023-00595-3. In press

Wang X, Zhou Y, Min J, et al. Zooming in and out of ferroptosis in human disease. Front Med, 2023, 17: 173-206


https://doi.org/10.1038/35001596
https://doi.org/10.1016/j.cmet.2005.01.003
https://doi.org/10.1182/blood-2003-09-3139
https://doi.org/10.1038/7727
https://doi.org/10.1038/nature07311
https://doi.org/10.1038/nature24637
https://doi.org/10.1126/sciadv.abg4302
https://doi.org/10.1182/blood.2019002907
https://doi.org/10.1073/pnas.0606424103
https://doi.org/10.1074/jbc.M908846199
https://doi.org/10.1074/jbc.M908846199
https://doi.org/10.1074/jbc.M008923200
https://doi.org/10.1182/blood.2020008986
https://doi.org/10.1016/j.cmet.2014.07.007
https://doi.org/10.1038/s41581-019-0197-5
https://doi.org/10.1016/j.freeradbiomed.2018.09.008
https://doi.org/10.1016/0003-9861(78)90250-3
https://doi.org/10.1038/s41540-020-00150-w
https://doi.org/10.1002/hep.29117
https://doi.org/10.1038/s41418-020-00685-9
https://doi.org/10.1038/s41418-020-00685-9
https://doi.org/10.1161/CIRCRESAHA.120.316509
https://doi.org/10.1073/pnas.1821022116
https://doi.org/10.1016/j.freeradbiomed.2023.06.023
https://doi.org/10.1016/j.celrep.2020.02.049
https://doi.org/10.1007/s11684-023-0992-z

I ERE: AaRE 202344 E£ 3% H10M

81

82

83

84

85

86

87

88

89
90

91

92

93

94
95

96

97

98

99

100

101

102

Ru Q, Li Y, Xie W, et al. Fighting age-related orthopedic diseases: focusing on ferroptosis. Bone Res, 2023, 11: 12

Yang X, Kawasaki N K, Min J, et al. Ferroptosis in heart failure. J Mol Cell Cardiol, 2022, 173: 141-153

Fang X X, Cai Z X, Wang H, et al. Role of iron overload and ferroptosis in heart disease. Chin Sci Bull, 2019, 64: 2974-2987
Bustamante-Torres M, Romero-Fierro D, Estrella-Nufiez J, et al. Polymeric composite of magnetite iron oxide nanoparticles and their
application in biomedicine: a review. Polymers, 2022, 14: 752

Schneider M G M, Martin M J, Otarola J, et al. Biomedical applications of iron oxide nanoparticles: current insights progress and perspectives.
Pharmaceutics, 2022, 14: 204

Tran H V, Ngo N M, Medhi R, et al. Multifunctional iron oxide magnetic nanoparticles for biomedical applications: a review. Materials, 2022,
15: 503

Zhao Z H, Li M Y, Zeng J, et al. Recent advances in engineering iron oxide nanoparticles for effective magnetic resonance imaging. Bioact
Mater, 2022, 12: 214-245

Jeon M, Halbert M V, Stephen Z R, et al. Iron oxide nanoparticles as 7; contrast agents for magnetic resonance imaging: fundamentals,
challenges, applications, and prospectives. Adv Mater, 2021, 33: 1906539

Lu H W, Chen A, Zhang X D, et al. A pH-responsive 7}-7, dual-modal MRI contrast agent for cancer imaging. Nat Commun, 2022, 13: 7948
Zhou Z J J, Bai R L L, Munasinghe J, et al. 7}-T, dual-modal magnetic resonance imaging: from molecular basis to contrast agents. ACS Nano,
2017, 11: 5227-5232

Liu J F, Jang B, Issadore D, et al. Use of magnetic fields and nanoparticles to trigger drug release and improve tumor targeting. WIREs
Nanomed Nanobiotechnol, 2019, 11: ¢1571

Vangijzegem T, Stanicki D, Laurent S. Magnetic iron oxide nanoparticles for drug delivery: applications and characteristics. Expert Opin Drug
Deliv, 2019, 16: 69-78

Hedayatnasab Z, Abnisa F, Daud W M A W. Review on magnetic nanoparticles for magnetic nanofluid hyperthermia application. Mater Des,
2017, 123: 174-196

Lei G, Zhuang L, Gan B. Targeting ferroptosis as a vulnerability in cancer. Nat Rev Cancer, 2022, 22: 381-396

Qiao C, Wang H, Guan Q, et al. Ferroptosis-based nano delivery systems targeted therapy for colorectal cancer: insights and future perspectives.
Asian J Pharm Sci, 2022, 17: 613-629

Li Y, Qin Y, Shang Y, et al. Mechano-responsive leapfrog micelles enable interactive apoptotic and ferroptotic cancer therapy. Adv Funct
Mater, 2022, 32: 2112000

Ful,LiT, Yang Y, et al. Activatable nanomedicine for overcoming hypoxia-induced resistance to chemotherapy and inhibiting tumor growth by
inducing collaborative apoptosis and ferroptosis in solid tumors. Biomaterials, 2021, 268: 120537

Huang K J, Wei Y H, Chiu Y C, et al. Assessment of zero-valent iron-based nanotherapeutics for ferroptosis induction and resensitization
strategy in cancer cells. Biomater Sci, 2019, 7: 1311-1322

Ghosh R, Arcot J. Fortification of foods with nano-iron: its uptake and potential toxicity: current evidence, controversies, and research gaps.
Nutr Rev, 2022, 80: 1974-1984

Xu'Y, Wang Y, An J, et al. 2D-ultrathin MXene/DOXjade platform for iron chelation chemo-photothermal therapy. Bioact Mater, 2022, 14: 76—
85

Lin L, Wang S, Deng H, et al. Endogenous labile iron pool-mediated free radical generation for cancer chemodynamic therapy. ] Am Chem Soc,
2020, 142: 15320-15330

Mehdipour M, Gloag L, Bennett D T, et al. Synthesis of gold-coated magnetic conglomerate nanoparticles with a fast magnetic response for bio-
sensing. J Mater Chem C, 2021, 9: 1034-1043

1343


https://doi.org/10.1038/s41413-023-00247-y
https://doi.org/10.1016/j.yjmcc.2022.10.004
https://doi.org/10.1360/tb-2019-0242
https://doi.org/10.3390/polym14040752
https://doi.org/10.3390/pharmaceutics14010204
https://doi.org/10.3390/ma15020503
https://doi.org/10.1016/j.bioactmat.2021.10.014
https://doi.org/10.1016/j.bioactmat.2021.10.014
https://doi.org/10.1002/adma.201906539
https://doi.org/10.1038/s41467-022-35655-x
https://doi.org/10.1021/acsnano.7b03075
https://doi.org/10.1002/wnan.1571
https://doi.org/10.1002/wnan.1571
https://doi.org/10.1080/17425247.2019.1554647
https://doi.org/10.1080/17425247.2019.1554647
https://doi.org/10.1016/j.matdes.2017.03.036
https://doi.org/10.1038/s41568-022-00459-0
https://doi.org/10.1016/j.ajps.2022.09.002
https://doi.org/10.1002/ADFM.202112000
https://doi.org/10.1002/ADFM.202112000
https://doi.org/10.1016/j.biomaterials.2020.120537
https://doi.org/10.1039/c8bm01525b
https://doi.org/10.1093/nutrit/nuac011
https://doi.org/10.1016/j.bioactmat.2021.12.011
https://doi.org/10.1021/jacs.0c05604
https://doi.org/10.1039/D0TC04702C

EAafh: BBl (Ferrology): 7eiiik 17 15 T 28 X F}

Ferrology: a charming boundless iron-centric science
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Iron accounts for around 35% of the entire earth, which is recognized as the most abundant element in Earth. As an essential metal
element for almost all living organisms, including plants, microorganisms, animals, and humans, iron serves as an essential nutrient
for maintaining the survival of many species. It is noted that iron-mediated oxidative stress serves as the major driving force for the
origins of life. The essentially of iron in life could be highlighted below. Firstly, iron is an active component of numerous key proteins
and enzymes, such as hemoglobin, catalase, and peroxidases. Secondly, iron ions are indispensable factors in redox systems and play
important roles in the physiological processes of metabolism, biocatalysis, electron transfer chain, oxygen transport, energy
maintenance, and immune regulation. Most importantly, iron functions as a key essential element that controls not only the
proliferation of a cell but also the programmed cell death, known as ferroptosis—an iron dependent type of cell death. It is well-
recognized that dysregulated iron homeostasis could directly cause various diseases, such as iron-deficiency anemia,
hemochromatosis, cancer, cardiovascular diseases, and diabetes. Emerging evidence supports iron-targeted therapeutics as an
effective strategy for the prevention and treatment of many life-threatening high prevalent diseases. Due to advances in science and
technological innovations, the essentiality of iron in life and health is more complicated than previously anticipated. Ferroptosis-
related studies have been growing rapidly and become one of the top ten global hot research areas across biomedical and life sciences,
and continuously gaining more attention. Given a rapidly evolving research field of interconnected iron ions, iron homeostasis and
ferroptosis, we propose to establish a novel iron-centric interdisciplinary science, termed as “Ferrology”. In this review, we define this
novel interdisciplinary science and briefly introduce its research scope. We also provide our perspectives on the future research
directions of ferrology. As a paradigm shift in iron-centric science from single dimensional to multidimensional scales, we envision
that ferrology will have a big impact on empowering iron precisely for better life, and provide a solid scientific basis for a healthy
world.

Ferrology, iron homeostasis, iron metabolism, ferroptosis, iron nano-material
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