HEFR 2R Acta Physiologica Sinica, December 25, 2021, 73(6): 10171024 1017
DOI: 10.13294/j.aps.2021.0080  http://www.actaps.com.cn

2
HIFs-PHDs § {f RIS E E X PR H{ERA M RIER
JBl s, &, REN, WEBR, HRAE

LR R e T R e 5 AR IR &R, UL 212013

W OE: §4%F S F T (hypoxia-inducible factors, HIFs) & i 5 %P1 3 2 S H 2 —,  FARsE M sooT A U I Il iR =
1Ll &5 #4938 (prolyl hydroxylase domain, PHD)FRMRZS Y€ . IEFREF TR, HIFs-IZ IR F2 1L (prolyl hydroxylases,
PHDs) % % &% 5 2 5 41 i S8 1 (ferroptosis) I 2« BRIE T2 IR R I —FIAR R FERAE. T RS TR T4
T B Al B At 207 2, Ao 2 40 it PR ARt 1) I ot o A P & R S IR P AR T T S AR S AN R AR TR R I 2R AR
W MEAQU A e H Ik (glutathione, GSH)& B4R =77 [ B s 1R IMHIFs-PHDS S8 AL BB AEAT 0« IR . it i A Ak
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Research progress on the role of HIFs-PHDs oxygen-sensing pathway in cellular

ferroptosis
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Abstract: Hypoxia-inducible factors (HIFs) are one of the primary transcription factors regulating oxygen balance, and their stability
is determined by the hydroxylation state of the prolyl hydroxylase domain (PHD) that is sensitive to oxygen. In recent years, studies
have shown that HIFs-prolyl hydroxylases (PHDs) oxygen-sensing pathway is involved in the process of cellular ferroptosis. Ferro-
ptosis, a new type of cell death, different from necrosis, apoptosis, necrotizing apoptosis, and pyroptosis, is essentially a programmed
death caused by the accumulation of iron-dependent lipid peroxides in cells. This paper focuses on the role and mechanism of the
HIFs-PHDs oxygen-sensing pathway in cellular ferroptosis involved in nerve diseases, tumors, lung injury, and chemical nerve damage
from three aspects of iron metabolism, lipid metabolism, and glutathione (GSH) synthesis/metabolism. This review will provide a
theoretical basis and new ideas for the development of novel drugs targeting the HIFs-PHDs oxygen-sensing pathway and capable of

regulating ferroptosis for the treatment of diseases related to ferroptosis such as nervous system diseases and tumors.
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B4 15 3 X7 (hypoxia-inducible factors, HIFs) 25 [ (transferrin, Tf). & J& & #1214k 1 (divalent
WA E B RN —, 2572 metal transporter 1, DMT1). ik #% iz 25 [ (ferroportin,
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FPN). %k# E #E 5% 1 (ferritin heavy chain 1, FTH1),
R (324K (transferrin receptor, TfR) 45 £ Fh ik 18
AR SCE B Y B 2 il & R R LI (prolyl
hydroxylases, PHDs) ¥% 3 {t, HIF-o i 742 Hp B 2 1) 4
A7, B S E AR 5R © PHDs HVEME, Dk
¥ HIF-o I B fif, T 480 FH 26 B T 4] ) 2% Bk ke
(deferoxamine, DFO) J& B8k 2 T-RE M1 PHDs ¥4,
755 HIFs ik, 20055 RS BT 1 oS i
AR B, X R HIFs-PHDs S8R Z T RES 5
PEA AR IE T A . AR LA AE A/ 41 HIFs-PHDs 4
ISR D R Al B, HE AU 3R HIFs-PHDs
AAE IR W EEA M EIE T R RIEEH, AR
1 [7] HIFs-PHDs %8 f% BO& A% I 2R A0 T 5 776 I7 #
LRGN WE IR RN e S e e AL R

1 HIFs-PHDs & & RIEEATNRE =

HIFs & 20 22 90 SEAWIEHT TR AT T I
ZLYHN E R E (erythropoietin, EPO) ZEAIAIS, M
Yl A% SR I R B 2 5 AR R AT 1 — A
AT R T HIFs & BB R T, FE—%
ARz E NS 5, BRI R B A T A A% Y .
HIFs s& i o SEHEFN B P 3 41 il 2 A 5 55l M S IR
TRk, Horh o P 3ESE HIFs [T, e I
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£ HIF-a. WFL3NY)— SLAE(E = F HIF-o V.JE (HIF-
la, HIF-2a Al HIF-3a), ' HIF-1a f HIF-2a 45
FISAE R EE . W 1R, EEEATET,
HIF-o ¥/ 5 B2 7% 364 PHDs 7E Fe®'\ 2- %k 4.
AR T 0/E A R, NI IR - AR
189 2 (von hippel-lindau protein, pVHL) 125, 4R
JR&Z REAMKOKEE YR " SRl 8
BEASKAE T, PHDs K205 PE, HIF-o NEFEME, 2
€ () HIF-a 5 HIF-p 45 & . HIF-p /& —fhfy A %
KT B R ia R, A HIF-1B. HIF-2B,
HIF-3p =/ANEAY, BATTP 4 & 44 % HIF-1. HIF-2,
HIF-3 338K 7o 57 2 SR AR 5 25 Tl 800 2 R o 4 [X 3
(R SR N T S A, P IR 5 LA X A ) B
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Fig. 1. Regulation and functional characteristics of HIF-0, in normoxia and hypoxia. 2-OG: 2-oxoglutarate; PHDs: prolyl hydroxylases;

HIF-a: hypoxia-inducible factor a; pVHL: von hippel-lindau protein; Ub: Ubiquitin-proteasome hydrolyzed complex; HIF-f: hypoxia-

inducible factor §; ODDD: oxygen-dependent degradation domain.
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BT . W 2 s, B0 B L)
B SRARH . R S A e K (glutathione,
GSH) & il / AR . BRAE T A 9 Bk A s A 28 A T2
X —FafsET- 730 2 GSH #)& il GSH ik
AU PR BT A A B e H IR ALY 4 (glutathione
peroxidase-4, GPx4) 7E44 N FMg IS, RO i

15 g B AL D AN BE B AR Dy T A T 1 TR I 2R
JR, TR TR S T (Fe™) A5 0 25 e A 4 77 A=
K& F G M4 (reactive oxygen species, ROS),

SR BRIE T R 1 AT T i 1019

HHBE AR, F il FEA TR #EA
A, REEM TN EZNES, F il
4 J& 16 J5 B 5K % 3 (six-transmembrane epithelial
antigen of the prostate 3, STEAP3) )&k % ik Jif g 4
WE R Fe™'. &85 7431k 1 (divalent metal
transporter 1, DMT1) 415 Fe*" M A% A 14 B il 1) 48
H st AR e RS I Bt . i BB E AR EREE
(ferritin) 254, BIEELE F#4E (ferritin light chain,
FTL) gk A #E 4% 1 (ferritin heavy chain 1, FTH1),

AR T, Rt T.. Fik, EWATE Bt & R E 12 & [ (ferroportin, FPN) /1 &,
T EA, AaHkftE, AoREMRNIEE  Er Lok Fe® &L Fe''s 7F Ras 3% K R8I 8L
B, WHMTAREY. ST URBRAERE  ToBURMMt, TR &GN, Wi fF 2k gki
ROS W% . ZBRiAA /NI R AUZBEN EFESEINARE AFRIEFRAR P AR 00 3 B8 S IR T4k I BTG 1

454 % 11 2 (iron response element binding protein 2,

IREB2) £ [H{TER /5 e 18 FTL A FTH1 &5,
BRAR AT HE N k5 &, ] erastin 5 S AU IET: 1,
B AT O, Ak B B n AN A kD 5 S kR
A FEIET IR R, R 40 M Ak R B

ThRE. BERIBIET-25 TR, /R 05k
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Fig. 2. Regulation of ferroptosis by HIFs-PHDs oxygen-sensing pathway. TfR1: transferrin receptor 1; FPN: ferroportin; HIF-1/2a:
hypoxia-inducible factor 1/2a; PHD1: prolyl hydroxylases 1; PCBP1: poly(rC) binding protein 1; STEAP3: six-transmembrane
epithelial antigen of the prostate 3; DMT]1: divalent metal transporter 1; HILPDA: lipid droplet-associated protein; PUFA: polyunsatu-
rated fatty acids; PL-PUFA(PE): phosphatidyl ethanolamine; PLPUFA(PE)-OOH: phosphatidyl ethanolamine hydroperoxide; ACSL4:
acyl-CoA synthetase long chain family member 4; Glu: glutamic; System Xc: cystine/glutamate transporter; y-GCS: y-glutamyl
cysteine synthetase; GSH: glutathione; Grx3/4: glutaredoxin 3/4; ATF4: transcriptional activator 4; Chacl: cationic transport regulator
like-protein 1; CHOP: CCAAT/enhancer binding protein homologous protein; Trib3: Tribbles homolog 3.
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Ve A7 AR FH A R4 R AR T ) EE T R
3.1 HIFs-PHDsEfERIRESE5MBERIILFEN
HWEIMGRIERTE T TR

BRIET ORI 5 M & AR Bl 7K 5 B
SRR 2 R S 2 P RGUEAE G TR
22 IR AT PR A8 R rh R R B ER AR 2R, T
Bk AN, R AR,
T A A T 1 B8 T AU, BRAE R E X
TR 5 2 Al 23R4T M I AR LR 25 DTk 2 1
B S B ARG T PHDs [WEYE, niE T HIF-a
¥ B f#, T 904 HIFs-PHDs #] _E 3 HIF AH 5% % 4]
R % i 14 1) 2 [R] PDK1 A1 BNIP3, W45 %3 Bk 2%
Fifk ROS MMHIZRAE - G B, B RIS 5%
WG T 4 (activating transcription factor 4, ATF4), [H
BT 1 (Chacl). CCAAT/ 55 145
& H A A YR & [ (CCAAT/enhancer binding protein
homologous protein, CHOP) F{f 4: J# i Tribbles [F]
VBB 1 5K % 2 3 (Tribbles homolog 3, Trib3) (%%
SRS RE, MBI EER KAES KRR
SHAMEIET: ", Chang 25 AW 9T & B FH 3L ok
AR 2 20 i HIF- 1o J R 2 s 2 1 -1
(glucose transporter-1, GLUT-1). EPO. IfIL.% P 24
K[ -F (vascular endothelial growth factor, VEGF) &
HERIE, WmESHassE "™, i DFO Fikt
B4 1 PHDs 3% 1 B 106 e F1 2 Ok B PC12 4 Jfg v
GPx4 M1 HIF-1o & [ RIEFEAR, S/ AR5 31
PCI12 #fiJfi 8k SE T2, Ui W] HIFs-PHDs % {4 Rz 15 2
5K E SISkt Y,
3.2 HIFs-PHDsEERFRSE5MBELE. ZRE
KR TIE

%08 1 0E HIF-1o 3% 2 055 907, ¥
T &2 B BTR0T « AT HRPL B AR SR e AR
BCEE AT . BORTE Si R B, {8 A HIF-1a
1) 751 2% 3w Bk HIF-1o0 A 52 35 38 0 AR B i 8 AL 7~
WA % (malondialdehyde, MDA) =4, {i2if GPx4
F 75 RSL3 5 5 (1) 22 b N Jm 40 () 2R A0 T, T fel
FSE AL S HIF-10 3%, N> MDA 724,
ik RSL3 % S ekseT- ", B — IR 7T s, B
AT, N 20 B BRAE TS5 357 erastin 1K
Priksgng, 52— AR, H ARG I K
Wik HIF-1a R H —3, EiR4RER
HIF-1o 75 G407 5 0 15 e 40 A 0 T4 b e
AR
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3.3 HIFs-PHDsEfF RG2S SMIRAHEXKIET
UK

SEAT 74 (acute lung injury, ALIL) 52— A iy
SERI TR, RIWFEFIET R . BN RNUA S
AREFMRE, (B ALLRAER, 5] e
b R A R L A R AR R IR AR R
SINRESZ R, i 2H 23 4 M ) 4R A3 R o B B A
MTAEN LA S BB, ZRik HIF-1a, 1 HIF-la
Wt — B EER P RIES S ALL KKK
JE. WL EoR, TEGE / ZE (HR) 55 10 B
Y, HIF-lo MG AT A & B HE 4 (acyl-
CoA synthetase long chain family member 4, ACSL4)
FikKF EFF, GPx4 Fl FTHI R ik/KFFEAE, n
o A

4 HIFs-PHDsE g RE S5 MR TRH
A REFLH
4.1 HIFs-PHDsS fEBURE 58X

% (rC) 45445 H [poly(rC) binding protein, PCBP]
R Fe™ D B8k 4K #iE PHDs A1 FIHT (i £ 2%
HH, ¥4+ PCBP1 F1 PCBP2 4= 47| PHDs
s, 1 Fe® L& Eig i PCBP1 A4 3% PHDs
(e U A, a0 R R 2 M B
5 R T 2R R AL G 0 ) 1) (HIF-PHI), 3222238
R 2 EPO = A, 2 v BoR) A 28 R0 0 ) 2k 1 2R
(hepcidin, hamp) /= & K #Hi 3% A, &7 PHDs
YA EEHENBER ", WA R HIF-o A1
13 /I8l R R A < B R DMTT A THRD ™2, 75 2
TR R4, i HIF-1a i HIF-2a 13141 &
2 180 DMT1 M1 FPN1 ik, N HIF-20 417 i 7
I ek R AR R IA Y R T g 2 R
B TR ik HAS A, HIF-1o 38 i 5 4 = B 76 4F
SEGWOE TR sk, MR T 1% O, 8 CoCl, 4b#H
ff) Hep3B A JH-J 41 Jfl 11 K562 2 it f¥) TfR mRNA
W ™, WHREoR, 1E HepG2 FPE4If P, HIF-1a
FIETF N, DMTI R B B T, R
I oKL i e BRI F /I DMT1 /& HIF-1lo (1) 52
IR P, hamp /& E BB TR, & RAEMER
I AR SR ) A [ e 22 TR BEK 2R A
G, TENUVAREARE P R s e . 2 it
FL R hamp PEGRER TEIUANEEE AR Be 9 7 1E
HIF-20, 1fi 718 HIF-2a 47 BT B3 2k it meic 1> 4,
w5 /)y BFEJIE hamp 5, FPN w] f25E ik, T



T iR k>, MESRRE TG, X
— DG ATASADLE A% P I £ B U i R R Rk
ZIE RIS, 1 HIF-200 (1) 6k 2 0] 56 3% 5k
/b hamp B Z /N RAKN RGBT P, ek A
5 b R B FPN A 3R I AR AR AR R T 4
i HIF-20 [ RIA P mtkar 0L, i 2 fios,
SZERBETC AR DMT1, FPN R TR 252 Fhak A it
AHC 13552 HIFs-PHDs 4%
4.2 HIFs-PHDsE R R SRR
BAE T 5 MR PR B VIO, e R,
GPx4 G HENg, UL GSH {ENIEJERA, {2kt &1k
BRI 5 N, BHIEZRIE T KA. AR BoR,
E "B 175 BH 41 J i o HIF J2 055 40 B 4k 0 T i) 32 22
A%, HIF-200 38 1 05 S E0E 5 IR A S
(hypoxia-inducible, lipid droplet-associated protein,
HILPDA) ik #:VEH '8 7 2 ANMEAIEH, GPx4 1)
R EHFE R EL T 2 AR (polyunsaturated
fatty acids, PUFA) - i lig ik AL P ERR,  AATATF5 K 5
AR AET: *, PUFA RILHE GBI T, &
5 Beam MR i g By T R SR, R AR B AT
BN PEFIARTEAE (1) 531 R A, B2 e P S A S
FIRE AL NERAE T RIPAT SR AE P ot it A i A
AR, B IE S HIF-1o (3804 &35 1] PUFA
(] ACSL4 JL A RIE, RIFESMHI A0 ERIE T, PR
WA ER P AR RN, Wk R AT YR
JE4H P HIF- 100 2 [ W] (5 35 49 i ACSL4 [y ik ¥,
M0 i 5% 20 g ACSL4 A P& AIC g Joa iod 8046 %) MDA
IR, AHAFERIE T A BAT B . T Tk A
A LM AR 1 (stearoyl-Co A desaturase 1, SCD1) Z»
5 0 s T A, AE AR TR A B I A S X
AAEH . He MR 2 Mo A1 2 (fatty acid desaturase 2,
FADS2) A ZwiS 1) A-6 ZEHIFNEE (delta-6 desaturase,
D6D) I i 2 Vi B A1 o- V. JBR B2 5 R K B PUFASs.
AWK, R AS49 41 it SCD1 1 FADS2,
4 W fig i ROS AL B 7K P B35 3 m,  2RIB T A
RUA Y R A ALY B LG 2 (SOD2). ¥ Ji # 4
FWE2 (HWHE R RIZEE ) A 4 (SLC2A4).
SLC2A14. SLC7A11, SLCI1A5. SLC3A2. EBt&E
% tRNA & B (CARS). W MEE 0 E &)
3£ 2 (EMC2) Al #% H 14 & 19 L8 (RPLS) ) mRNA
FOE W E AN, A M ) B PEAK, W B SCDI
H FADS2 fE 4R S IE T B R EEAE A .
it c-Myc/PHD2 (PHD2 h # EGLN1) ) i HIF-1a

HIFs-PHDs A A% & A 7E 4 BB Bt T (4 F i 9e it J8 1021

OIS R T Ry e 1 ke B (LSH), —#h DNA F 34k
MO, EeE s GLUT-1. SCD1 il FADS2,
AR ROR P AR S TR ARG P A Ak, 8 240 2k
FET-H H 9 B2 ok S Ak R 5 T 0 B A o
(peroxisome proliferators-activated receptor-a, PPAR«)
MR, fENERET, ERERSES TR
5T [H 1) PPAR [ B G 14 K 18 42 356 IR i 3R 98 P,
PPARa = 22 7E B A & fIG 107 R A8 A e T I 2 2R R
&, B O EAE B IULAE . B REE4ERFLAA
P R AR . AT AR AR R B R I R E
EIRe. TEARWAS M AR 40 AR (L02) 1, PiER HIF-
20 FRIE AT/ G T SRR, AH I HIF-20 i ik v]
2404 PPARo, 5 % PGC-la. NRF-1. ESRRa
SR FIEPRAE, B InZerr A g A lg i B8 P2 g
p53 WA A4 ¥, [V S MDM2 A1 MDMX
T A PPARGO i P SR R R AR, i
@E&Et [33]o
4.3 HIFs-PHDsE % &2 5 GSHR& B/ i

BRAE T 3L R RRAIE A2 40 b 28 iR 4% iz 5 3 GSH
FEUE A EAL R . 1T GSH 7 GPx4 HIEAL1E T
AL E A A B 1 4k IR 28 (lipid peroxides,
L-OOH) it J5i p 7o 7% 1 Jig B (lipid alcohol, L-OH),
i GSH 2 Tk 5 41 i % 2E R A0 T 11 21 AR MR AR 14
Y. E T E A ik SLCTATL 1 = FA ¥ 3L iR e
(TNBC) 4 il i & B HIF 1ou A1 HIF200 2235t 38 5,
X AT fe 5 A At B R A 2 IR A RS Xe it
AR, FEAM ALK RIS, 5
il PHD2 314 5% B4,

BEILE A Grx3 M Grxd # & AR IR AL R
H, BRI Grx3 F1 Grxd £ 20 i 4540 - Lo 4 52
RAE AN e SIS AR AR L R, I B ATERT
AR R EENEA P, Grx3 M Grxd4 @i
CGFS i MAL S5 GSH /Ny T — it 45 & Fe-S iR TE
% Grx3/Grx4 Fe/S fESZ &Y, Z 540 AP B
W, AERRERARAS . MR AR TS T, BT
GSH ({174 #E, X LA R Grx3/Grx4 Fe/S #8541,
SR HARE BRI, TR R B
Bk TN, M Grx3/Grx4 Fe/S #55 &R
e ramit PCBP1 S 2K #t I 1) PHDs P77,
ZOWH SRR, RETEERIGR T A BESET,
WPUEAAL, 5 —ME A @ i PHDs 36 74
PEEAET: N R, BB FERRAE TR R,
AL REAE VG PR AR 0 = Az, i HL AT DA R B AR
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WA S BE S (Eedn, PHDs), 78 40 i 5t o o
5f) ATF4, Chacl. CHOP Fl Trib3 ik, 4% S8
FET MR A T,

MLALZ N4 -1 (heme oxygenase 1, HO-1) /& 11
MR —, BRIl KIT G T 2 s
B A PUAA R R 4E . HO-1 Bt & NADPH
Je 2 5 2% P4S0, Gl I iH 4% 208 J5 B (biliverdin
reductase, BVR) [#fft Il 21 2= Hf A= i fH 2 3. CO A
Fe®', M IR Y R R AT A A fe . TE T
2 Fh A A0 B S B U IR % R A R R I S A
HO- 1 4 15 5 111 7% VR 3 5 B[R I, 8k 2 1 (R KT i
[FE Ty Adedoyin 55 8 ik A TR 74 27 R0 240 i A 4
T PE AR AL R B HO-1 1 2 40 B OR 47 M B A8 8 HK Pt
erastin 175 5 [ 2V B 3004 Al o B /N B R A i Bk
FET R R A B WF 7T R R HIF-1o 2 5 1 §% HO-1
218 KB 3 3 ik i &~ 3 WL (vascular smooth
muscle, VSM) 4 il # & T 1% O, J5, A% S VSM
2 B b HO-1 1 %% 5%, JFH4 0 HIF-1a A1 HIF-1p &
7K, 7E6t= HIF-1a DNA 454815 2848 VSM
2 i R e A o sz A R ¢ B i SO ) HO-1
mRNA ¥ 5xKik, kg REPIHET T HO-1 1£
AL Mg TR h R, I Hi%3RiA % HIF-1
s s s B

5 REERE

R ERTR, BRAETI S5 NV G, Rt
TIHIR A K 2 M Rk . R AR E
S, A RIEIEMAENRRL, SR
N BT B A m AR OCE, I A B AR o 1 v
PRI R 2 | Zok AR AR AR /N DL S I B 3 Ry
FET bR HH TR 2 T AL AR IE T AR )
RS MR 55 A WIH, 7Rk AE T F e, HIFs-
PHDs 4 fk Big /23838 2 588 A M. g fis A
GSH & p% / AR &5 J7 1 L [\ = 2R B T2 B8 )
HIFs-PHDs %8 f& EIg 12 EAT W LR IE T s &80
i~ MR A A S A S S s e B
TRIT PR AR AR AT K
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