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b S 0 D B S 2 o 2 DD AR 9%, TR I L 308 5% (10 S8 750 AT 0 o U L EOAS TAR OREERR . ARSO =K
e DGR TH R N B K T B 38 (1) AN [ 36 I8 I B2 HIF % HRE's 75 A [ B iR vy R 3 7 7 1) 38 4% 24 4 ML)  HLTF 38 % (14 24
R SR R AT T 4Rk, LAy e T A A0 A 1438 B Je HIF AH DG MR (R E— B i AR Bt 5 %5

KRR B m R G R S S T R R R A

FE 525 R394.5 RkFRIZES: A Y EHRES: 0513-4870(2019)04-0611-09

Hypoxia inducing factor related genetic adaptation in high-altitude
and pharmacological modulation

HE Qi-lian"*’, GE Ri-li'?, LI Zhan-giang"*, LU Dian-xiang"*’

(1. Research Center for High Altitude Medicine, 2. Key Laboratory of Application and
Foundation for High Altitude, Medicine Research in Qinghai Province, Qinghai-Utah Joint Research key Laboratory for
High Altitude Medicine, 3. Medical Department, Medical College, Qinghai University, Xining 810001, China)

Abstract: Adaptation to hypoxia of the plateau environment has been a focus of scientific research in decades.
The geographical distributions of such living environment include the Qinghai-Tibet Plateau, Andean Plateau in
South America and Ethiopian Plateau. Over the past century, the unique features of physiological adaptation to
high-altitude chronic hypoxia have been documented scientifically. The genetic studies of hypoxic adaptation in the
past decade have revealed genetic bases of human high-altitude adaptation, with a close relationship to the hypoxia
inducible factor (HIF) pathway and hypoxia response elements (HREs). Interestingly, the genetic pattern of adapta-
tion to hypoxia is not the same among the three plateau populations. Tibetan has developed the best high-altitude
adaptation, with modification of the HIF pathway as the key genetic element. Due to the wide range of HIF
pathways, HIFs could regulate hundreds of downstream genes and are closely related to various diseases such as
cancer, inflammation, ischemia, acute organ damage and infection, etc. The treatment researches of these diseases
through HIFs-related regulations have led to the development of stabilizers and inhibitors of HIF pathway. We
review here the adaptive responses of the three plateau populations to the hypoxic environment, and the genetic

ek H#: 2019-01-04; &1 H3: 2019-01-30.

HEEWH: R BREEEETBTIH (81860768, 81660308).

*JHHAEH Tel: 86-971-6109507, E-mail: zhanqiang_li@163.com; ludianxiang@qhu.edu.cn
DOI: 10.16438/j.0513-4870.2019-0010



- 612 - 242224 Acta Pharmaceutica Sinica 2019, 54(4): 611 =619

mechanism of HIF and HREs in the different ethnic high-altitude populations. Classes of HIF inhibitors, such as

PI3K and/or mammalian target of rapamycin (mTOR) inhibitors, DNA-binding inhibitors, histone deacetylase

inhibitors, heat-shock protein 90 inhibitors, cardiac glycosides, transcription inhibitors, topoisomerase inhibitors,

and HIF activators including 2-OG mimics, Fe*" chelators, prolyl hydroxylase (PHD) active-site blockers and

CUL2 deneddylators have been presented with the drug examples. In addition, the top 3 chemical-disease and

chemical-gene (protein) co-occurrences have been presented from the Pubmed literature search. The review could

serve as references for research of hypoxia adaptation and HIF-related diseases.
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3T AR T AE e R N LE A BA L I WRORI LY T T
S HE 0T v R B B A MURR G R . J5UIE MY (high-
altitude adaptation) /& = Jil tH J& AN HE B3NP 48 3o 1
ARART B AR 3 i SR A, o e ot A 266 R R AR e
LIy B8 45 16 5 2B R 200 5073 B R 4, T O A e Sl o AR
FEAL ¢ JE AT DU R ok o X AR 2 N B A 8 AL & N
(genetic adaptation) J&4ili (1) H %8 >J /g (natural acclimati-
zation)Wo N4t F iy 5L 3 D s S K S A RS e
N S R BT L B FER (29 3~5 T3 4F) iR 3R
22 3 s SR I B SR 2 N (299 T-4F), T AN EXHIR A
TE N A N BE AT TR 1890 4F M Francois-Gilbert
Viault ff © 746, X 28 5HA B 70 8 o 32 B0 22 25 T 1L
NN S AR B E R A 20 THEAD 70 SRR, B 5T
AR T T e S e 7 o e i PR A B A O N, T
AT AR 2 22 1) DG T 5 ZE MR LG N 0 s S 3 1 7 =X
BFFE e AT o = K v S e A X v BRI AR A
T SR T R R, SRS 3 A (hypoxia inducible
factor, HIF) R4 W LA (hypoxia response elements,
HREs) /& A 840U M ) O B A% 22 AL, I 5 1k
ZMEEAEYIR R 1T HIF @ % 25 2 22 0
., 04 HIF 30 75 R 40 ) 77) ) A 7t BAS 1 AR Rk
J& o ARSI =R e S A JE N i R PR 55 AN [ 3 B2
SN VHIF ¢ HREs 78 A [R] i i i 38 87 v i) 1 4% 22 4R
FH AL HIF 388 26 A2 2 750 R0 40 ) 751) 1) 24 22 2 0 70 34 e
LRAIIT .
1 =ZXSREUtEABNSREERMETL
L1 HBRRETH

T Ji 380 2k e D U B A N, A N R 4048
J AR I 21 2 1 R P B B o T RS, 20 4 i 4
9, 58 ¥ T v T K, A 2 4 4 i BE 2 AR BA e R
DRI R T v 5| S R B S 70 TR I FRAIC . 22 28 30 L A
A 2R I HE 5 T v R A G I L 41 B R B X P
Ji & AT R FH I OHE, RV R N I AT B R B A
TP T 4 000 m I A Bl 2 sy, EAHR T 225 0N,
X S T R N RIS 5 R P 2T A P G 22 S
PEEAREY, Bk Ak, 2EAH R R e R, s8R N\ (2 2040 i A

% Z (erythropoietin, EPO) & & 3 5 {ik T~ %2 58 1 A4,
T 42 ZE A3 L P\ A4 P (1) I 20 B 1 8 DU PR R AE P RN
B e 7K P L Y RT DA v 20 ISR %o o U R0 2
JER 7 #BA &, B LS N A I 20 28 R T 2 4 3
T VAR A S PR B I 25 S X R AR Y i 21 i
WRPE AU N R JFoE S i BB R A —
1.2 ME{BFE (oxygen saturation, Sa0,)

T (7] v B, 75 e Dt S e R 2R N
JiR 0~ N AR 3R 55 B [ EDIRAS Sa0,, 13 5 78 75 5
e AR IR ORI I S0 A BT B R 2
F HH [RIRE i 038 F0 0 & 07 7%, i N SaO, Ik T [F] 5%
R IR 22 B 0 N KT, A5V B S AR U 2o PE N
FErh, SaO, S5 Ak A iy R 1K 5 T A B Ja AR AE 1S 2 1
T SaO, &5 A i RMIC ik i) AU, T 2 26 43 LG SN 1Y
SaO, 3 LU [F] g 4k 5 B 1)~ J5 88 o o e, Al ik & &
EE T SR Jo o i 240 16%
13 BREBSESRKERSRE

2 J N R 5 R A e SR P8 S o S R S
Tt =, B 40 38 < < N (hypoxic ventilatory response,
HVR). X2 % 12 8 76 i B B N B 8 300 L 7 220
NI, ARG S AN 2 R KRR, G BOR Ja, HAE
RS T B R E S E B FKCER, Tt E &
JR NG FL AR 22 2 5 A AR S A S5 A0 A I A SR A [R] 1Y
I s 7 - 22 5 1 N i EOIRAS T B 38 K 5K
RN FEH EAE ZR A T E SOK T8 B B ZE 0
T 75 [R5, 0 N\ b 8 v iR > A %) I 90 N A
BRI N PR H7 25 B e 1) SRS I8 K, R B HVR
HmRI . (A VE R B, R EURE A # EOREIE A K
Vo AR AE B L 1) 3 R N 1.5 6% ek, T
B N B HVR 5 S 2 5 IR AR BE T BB i s &
FRIE IR N BEA —20hE, SRk N O 20& MK & BT
] e P i 8 A R B e
1.4 FhmMEWYE &N SFEIEKE (pulmonary artery
pressure, PAP)
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ik v A2 5 R i A DR (I T e 2L, R R
995 LA Ak, g fie 065 Wi 4 A ER Y, B 44T 5 S PAP 1
T A 0 3 vy, AH 2 5 B0 TR M A ) 2 L B AR L
02, A JE e A A AR B | A ) i ot A WA S B
JE AN, g N i S RE SRS 1 PAP 5F A
S8 KT R B SR A A T, IR e It 2 ik
T R R AR — AN BRI o 171 0 AN e i 22 40 L
EMsh bk m MR LB EERNEER . HAK
B, 55t R ) LA b, B AR 7E 7 8 s SR A 0 2L
FEZY 5 W I S v L SR IR, R R o R
Rt Bl ik T B A 0 FE O3 A e b, il B bk v s AR
WL AR NI A B R A R, AR
[R] 560,45 fii 20 Fik A B 438 JE2 (1 20 ik 46 W AR A0 A 02,
1.5 %)L A E( birth weight)

xof 22 55 W L N R i LU R Lo M TS R B, =
WS SFERILE WAKZIR, #Em S 208 4 ) LK &
H, X FEO LR AE R T 0 — MR EEE R,
AL AE il o X R LS, sk S 800G )L
BN AR IR kA 2 2 B A FLAE 5 i S A e [R] A A K
M BEAR, HATAE R A LR B R A XS D FHEE
B JE N0, ) A R Bk e B R AR N B R R
7, 5N A SO A A B, 22 58 i A RI R i 1
L AR G L HA AR A B A vy, 3R B 22 B BT N R e
JE NBEHE 2 3 Fok 5 sk S 5 55 I 1) OC AR A4 3L IR
P01, Ak, 2 B T N AL R SRR S 5 AR )L AR
PR B YA, RFJGHEZH) T 8L 1 mle,
1.6 —E LA (nitric oxide, NO) 7K F

LA Xof o JEr A1 B3 o 110 2% 284 IR - Mk 9 22 4 o 7 il
IR AR S KT Lo T S50 AR T Fie H O A TR
o JEUE B [ R 0 R IR o NO AR 3 (10 1fL 5 7 5K A
T, TEALHE I PN B 40 M AR 22 i e b &R A R IA, v
I AN L BEL 7, 1 2 5 A ) 41 R s R B ik
I LA AR st o B FURBH, AH LGP RN, s80% A A
A T I LAE 2R NO /K, B 5K A I &
B I oA S B v s o 2 B g () T vt 7
2 HIFEEEERA

HIF {5 5 18 B — R B O R TE & J5dE B A
A B AR, HIF B3  KZ, 7640 i S
AN AT TR EC DL T R RIS, HIF R Rk
EAET NFIEFLEh P an e iy, BARTE o SR (21%
0,) Fu ik, (B4 5 HIF 5 [ R 7 TR P& 44 i
PR PRV R (RIS R AT R, W R B R 4%
PE R A SRRk, HEB0m i 540 B AL A 2Tk
g AR E R AR E S D), HIF RS —4
A H AU R G, R 4R RRR A B T 40 i 1 s AR

U A ORI B S5 7 T B AR R A TS U 2 R A
R AEU A HH S B, 5 LA 3 8 v iR B 55 % TR R 20
HIF 2 RS N I e S 45 2%, B FL AL (HIF-B) Al
34N a VB AL (HIF-1aHIF-20 A1 HIF-3a, §i 7 % F) 0T
TR Z) R SR R AR, HIF 83 o A7y
S DX 5 4D e I 0 35 ok R 4 L S R B AR A R A=
() R SE, PO 0T A 5 AU A DG R 4 B L A

HIF- 1o ] 40 1] 42 A4 Tl TR A0 R 28 br A A2 0 5 1, %o
YEFFA ARG LT 20 Mo i A e A T] D . HIF-20 7] 1
TR N (8] T 40 i EPO ZE A, 1) EPO & 41 &R [ #% O
W7o B B RN BRI AT 5 R, HIF-2a 72 28 DR S
N2 K ThE, M HIF -2a 3813 ThRERT 2 72 A 40 R 4
221, AE B AR S S e, HIF-1a M HIF-20 7] 7E 4 A A
b FEAE R, P AT OE I R AE KR P (vascular
endothelial growth factor, VEGF), M 15 5 1L & 4 1% .
/INBRE 7T 35 7, HIF-1a fl HIF-2a 332 PR AR AT 28 38 55 55
AR AR il B ok v R 1) R 2B T HITF-200 748 AT 3 £l
Sk, 27 HIF-1a A1 HIF-2a 5 B3 bk & & 1 & 42
YA, [F i, HIF-1a M HIF-20 25 M Ei5 bt
£ o HIF-1a {2 32 240 ff 5 A 45 3, T HIF-2a {2 325 20 i A
W . A BRI 2 PR L A 0T B RN P B 4 AR
HIF- 1o 38 3 0% — S AL % A B8 2 (nitric oxide synthase
2, NOS2) % [H {ig ik NO 7= £, 11 HIF -2 ) 3 ik 17 1) A5
AN (arginase, Arg) %= K] NO =424, HIF i %
1) B = R PR AL B (prolyl hydroxylase domain, PHD)
T E AU PHD1.PHD2 Al PHD3, A 7 H S04 361 b4 st 45
X FAL HIF - ARG OL R, PHD X A £
(AR R 15 o 17 R AR P R U A, S TRk
IR 4 B2 R = B2 BRI 31 4%, BV HL 2R B IX el ek %
R S SN, %A B PR R A 3 T U 4% HIF XAk
FE AR SN, PHD2 25 PR 1% Bl ek 55 1T s HIF 3420260,
3 HIFBREFRE=ZASEHEAFSRENPH
BE S
3.1 M ASIRIER A HIF @IS G FHLH

T R e ot g e A A T A i O R AR AT g S
B NHEAA . o gt Ja NI 22 T (R 2H 4 4t 7
37~ HIF 388 4% 25 D] 7 s i N\ /5 5L B Hh k4% 1 224
FHR7-291 i He o ) W5 > HIF 38 % 56 X (HIF -2 36 P A
PHD2 % [Kl) 76 AN [R50 25 58 b B — Bk e0), BoR
PR A N B i S D0 I ik R 5 UG S B B
EAA
3.1.1 HIF-2« ERE WK PAS X H 1 (endothe-
lial Per-Amt-Sim domain protein 1, EPAS1) Z£[K . HIF-
200 5 [R & HIF 38 i H 1) B B IR, 78 N M B IR S A
5310 240 A= A T Y 0 % R R A O A (R e
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TR 1K) HIF-2a 5 X AT B0 H R BE, 87% LA E 1
N A 1% B DR Y, T DU (1455 717 324X 9% 230, Stk
— DR R AL, B 70 TR R AT T OGR4
T, M5 20 20 o A DR IR B AL R 2 S Y (single-
nucleotide polymorphism, SNP, $i§ 7% 3 [F 2H 7K - Iy 5
MEZE RS 7 BT 51 DNA 75| 2 38 1%) R % E
HH 12K R R e e N TR I 41 B R A OG, itk — P
MEAIE T 12 R B 5 00 N v 50 S PR AR DG PR B, VR
VR ZH B2 3 56 50 491 1 J e e (1 41 2 (L2 92%
NEFER) HEAT I, &I HIF-20 3 [K] 46441523 7 14
S5 HE R G AE HHE J e N I Az e T DURR, HL
AL R A S 2L B B VI OC . JBUR A1
Je N Fp A7 A B . 22 5 (0 SNP A 5 38 667 T HIF-20 3 [A]
AR 51X, H.1% SNP A7 s Y ik PR B 5 g s e 1) A1
I 218 R FE 35 A %, 7R HIF-2a 25 1R 5 i 5 1 v
FH DR800 i vy it J % N\ B HIF-200 32 (K ) 2
AP AR AT B R B 3 DDA G A, i 241 8 K
JEE U SAR T R U 4 v R T 22 B 0 N, T SRR N
T B I 20 8 KR, 3R R e AN B T R
TSP AL ) 5 A S R RE R B W 22 5 0 N A
[, b 4 5 DR 20 W 50— B0 7t J % N HIF-
205 R H AT RABR 1) 7€ m)ade £ 4, AT B & A2 ) AR
DA 5EATLAA X v JER A 35 B 2 4%
3.1.2 PHD2E[RE PHD2 #HF AN EGLNI, s HIF i i
P IR) IR 2 Pt 0 A R 1 BB TR, 22 ORI I S SRR
T N B v LI I8 R B A O B HITF 388 6 1k ik 366 (1] 2
PHD2, & AJ it 3 Jk 2 41 B R IR 25 T HIF- 1o 37 3 1)
F2 LAV AE T U8 T HIF % 560 g 28290, Jdop s K
¥ Tatum S. Simonson 5 K F4% H 7 #EZEP9EAE, @
i 4 3 R 2 SC R AIF 78 (genome-wide association study,
GWAS) ¥ 30 {51 tH: Ja& s e (4 Wt 78 & B, PHD2 Az
22 5 G b IR A P I A B B A O AL S AR A
(peroxisome proliferator-activated receptor A, PPARA)
PRI SEURH O 35 R 1 B A L 5 s e ) I I 21 3R
FEEVIMK, WA IERXFhE K S 80k N B AR
il ) v R R T At 22 U S A S R T N
PHD2 J& P 5 HAI il 21 2 IR FE 2 [R] A7 AE S BRB03435,
WFFR R, LS ECIRBL R, PO PHD 45 47 25 K] 5 1fi.
H EPO IR Bl S ARG, BRI N 23 85 1) ik 22 240 P AT
FE A e N B AT AR 1K) HIF- 1o Rl HIF-20 $E 56 [R] i
P&, 11 PHD2 5 o7 J5 PR tH 7] 5 42 38 ik 36 i NO [ 7K -~F iy
2 SRS IAEL N 1 IR i 5 113034361
32 REHAMKREME T ASIRIE A HIF 8@ 8
IR R FHLH

225 U NI R 26 23 M SR 22 /b 40 A HIF I8 %

5 B EMH Sk 3 R 2 5 L e T AL A 017, T
e ide 5k DR] 5 0 R tHE e AR v JBr 3 7 A 5% 8 R AN 58
EHG. RS PHD2 2 2 55 5 R i Ja AL [R] Y
e JER T 5 126 i TR, {HL 5 I 20 B R PR AT SR IR TR N
ey JiR I I O B R DK PHID2 AE 22 55 i A U)K d s
AL AR S 2830350 b5 R N vy o 3 I i) e K e ik
HIF-20 A1 PHD2 A~ [A], 4 585 H7 N e J5L3d 7 10 9K i 5 (A
R T T R T TS B VR - 1 AL T 2 (a-1 catalytic
subunit of adenosine monophosphate - activated protein
kinase, AMPKal, L #% y PRKAA1) F1 % 5 41 40 i /=
AR 2Rz R AL B H B 1 (sentrin specific peptidase 1,
SENP1)7381, 2z 55 fp 1) N JE X 41 43 #7 12 7R AMPKal
HL DK SNP _E i B oy O BF R 5 5O AL LA H AR AR
HMIRFR I 5 5 B bk EARAH R, 7R 1% 4% X 7T e 1 52
M S R A FER e IR B i )L AR A Sk B0 v SR R B N
REBAL PRGN, A, 22 55 Ml 18 e s R
1) 4= 5 R4 ) /7 S5 7R SENP 8 2 5 HAS M 5 R 5 (1)
KT,

Xof e ZE AR L v A N 5 A% S BE 9T SR R
SR SR 9% B AR AR S0 6 DR A L vy i ik N o AR o B R
12, T I 4 gk 30k e DA 5 3 e N R 222 55 34 A AH EE 3R B H
WG AN [R] 8390, 4 W3R i@ — A — M3 i@ S Ik ik S B % E41
(basic helix-loop-helix family member e41, BHLHE41).
2 R A E5 5 B 1 & H] (mitochondrial calcium uptake
1, MICU1). VAV 3 & B 04 ¥ 1 g 28 #it Al -+ (VAV 3
guanine nucleotide exchange factor, VAV3). 75 7 15 %2 14
1% ¥ 12 & M 2 (aryl hydrocarbon receptor nuclear trans-
locator 2, ARNT2) Al FAR i ¥ & B %2 & (thyroid hor-
mone receptor 3, THRB) & i it J& [K #5542 ZE 4 LU WP
NI A A PR B BR S S BE A O% . AR B A2,
P FEAR LA 19 ARNT2 A1 THRB P A3 [ 5 3 i 41
AW E AR A B D) R, T R R B HIF-2a
A PHD2 % (K] 5 FL M 21 8 /K~ #H 5%, (EL7E 22 26 B
N IR BEAT RILIX TP ORI, 1B 37 22 55 i i A2
T T AN [ B0 38 A% A R AT e BRI Y
4 HIF BEERZEFHMR

wn _EpR, =K R AR, 35 s R
2y AR IR ] B R At g D A N, A SE A R HE AL I ],
AT 2 3 Eh B0 4 10 e i3 L e B2, T He PHD2 A HIF-
20 )RR ARG WA 7 1 BT 48 (0 B SRk #d R0,
KR BIF ST 3% WY HIF 38 B ik DAL ik S0 I 1 2 o S 2 A
A8 SR PR AR AR R S B R 7R, AT R B A T e
Jf1% % EPO. VEGF #I NOS 4§ £ fl HREs f#] & 1414,
FH T HIF 3 #% 5 90 « SERE Gl L O JUL SR oL 713 988 2 457
15« B 245 (acute lung injury, ALI). 214 5 5 45
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(acute kidney injury, AKI). 8 4% F1 4% 171 £ 45 % U A0
oK, DAL, g 24 B A S X — RS B s AR 9] i
T VR 2 O%TE, HIF 18 B 58 ) 25 W) 48 B 1 25 V)0t 50 4038
H UG T AR R el
4.1 HIF #]H5

HIF #1550 1) & 3 23 T4 & P i ik, 28
G W2 e v 23R4S 55 [ B 2 W B R (FDA) it
T B EN T3 I PR 12056 1) HLLF 56 R0 1) 25 9047 20 4%
A, T B AT A 11 P HIF $05) 750 #4842 900 17 28 (cardi-
acglycosides), W1Hh & % EL R FOHT 71 iR 25 A 5. WF
ORI 32 (NSC-13502) 7 H B30 HIF14 5 3 [F)
5 HREs f) 45 45 11 i A HIF 1 1 25, 3 At HIF 30161
59 B3, F5 1% 12 L 3 -3 B (phosphoinositide 3 -kinase,
PI3K) A0 L2 ¥ 7 A1 %% 2 #2251 (mammalian target
of rapamycin, mTOR) I 1| 7] . # 4K 5 25 5 90 #1l1 il 711
(heat-shock protein 90 inhibitors) 2H & A it 2. Ik SE g 411
#il) 771 (histone deacetylase inhibitors) F14f F1 7 A4 Bl 4171 i1
7| (topoisomerase inhibitors) %5 . H A H T AE G I 15
PR 56 1) HIF 4170 57 A5 82 Al 2 i - ¥ 41 B B W PX-478
Hh v 3 Jo RSB R EZN-2968 S50, AR 3 ) 58
55 W 70 I HIE 400461 77) (%) 98 75 J= B 1, a0 B B 9t
HIF #0 il] 7 00 2% 22 V68 97 FF RS 5 10 ALTZDBR, 25 51
S /0N BRI R ek HLI B 28 S 3G 7. A H Rip
1) G 5% T HLLE 400 1) 770 % 9 i 1 e i P 9 16 FH DN
PRI UE A, (I R RS0 W v 7D 4R 75 B H A OR T IX L
VAR A, L an ] gEF0 I 2H ZURY I B T B RE M
J5 (inflammatory bowel disease, IBD) £ 34 If 18 4 JiE #
WA, A I ik A LI 0 1) 551 110 56 35 A 0 JUTLARE 2 39 ) ]
A T S35 ™ () I — PR E B A, BORE P EL Y AKT AN
ALL 55 o HIF 38 i 40 1 71 (10 70 28 S AR 3R 25 ) WL 3k
18001 2% i [ B B T Pubmed O & 38 SCHR A #1828
BT AT = 5% 238 B I B A % YA M
PR SR (EA).
4.2 HIF 3E 570 PHD HDHI 77

Wt 55 0E B HIF 380 770 75 AN [5) 18 28 e 5 8 v B A
Ry ER . A W70 4E F HIF B35 77 DMOG (dimethyl-
oxaloylglycine, 4 2-OG I 48 B [ PHD (1) 45 7 14 )
il 7)) VR 9T A T I A5 W 2% I B LA R R
HIF #3571 FG-4497 -+ Tl 2,4,6- — i JE K 1% (2,4,6-
trinitrobenzenesulphonic acid, TNBS) % 5 ) I 18 &
JiEOL02 R I 5T 35 3% B HIF 30 7VE I7 5 I 18 26
Z PSR B3 CE A OR, A AR FR R W TE AR
A RN 21 AR A6, R I, i 9T 3R W HIF 350 5 108
i JRe I T R 5%, TR A A HIF 380 7R Va 97 28 1%
BCIRR L 5 T P — A B S i) R0 A 6o e 88 2 5 0 (1) 5%

i), {E HIF 075 77 2 75 AT B8 3 S0\ 89 i i Ji 8 34 Je
{40 1) R L 17 1349 T B AR IR B 6% I P 1 AT I ST 9T R 25
A Tt R B R (1% e of 9 1 e A AT DUAR A
O G B2 B S BRSO UL 43, 17 K5 G ) 20 ol 2R 3
PETE 31 HIF- 1o 25 40 995 25 13 5 210/ SRS UL
AT DLTE 25 B b 5] X Pk B, 1% SEAFF 552 7 HIF 3
i 79 11 R i o0 R R A A RS04, [ BF, F T HITF )
B VEGF B J30AT 68 55 10075 7% R 14 I R I 2 4 £ 6
fIEAT 5%, — TUE 5% HIF B0 R XA E MR E A R
(g 5P R A LIS MR IR ) 1 S DA P Ak
B AR L I A AR SR o i 3 A K R Th R R FR A, K
T3E 1 PHD 4141 75 FG-4095 F HIF il 34 7] o4 2% 50 <05
i % & AR, (HFG-4095 1697 4H G FE T2 sh W #1 H H
BB R BB AN Sk B B 4T B BB M B2 92, H FG-4095 iR
J7 5 RIGIT AU B, BETS R B2 95 2 AV A7 6 2 25 M 0%
(P =0.002)-621, [ T Jg fiE 4TI, HIF /E A 48 i A1 Bk I
PR 995 1) 2 B0 2 B A, W R AT 7 0 2 45X e e HLTF 3 2%
WS TSR A T 18 P I P 2 I 9 G A1 JE Bl ke A
(R RICPE B AT, 1o A U1 ST B A A 28005

WIHT AT A, PHD2 2 RV 21 98 55 1T 0% HIF i& 17,
R PHD #1011 75 2 A HIF $0E1E o 6B v 3% il 2 3
HEAT B T3 P R 56 b, 1 AR PHD #0141 771 FG-2216 7]
WO HIF 38 2% M\ 1T 2 35 38 i 25 25 i 2% EPO 7K T, 3% B
I 25 H 2R 42 5 HIF R 40T LU A Y57 EPO 1Y
prAEes] BRI, T FG-2216 [ %2 4 1 in) 3 4n ] 5 3
ES QA i W I G e 2y R L ) I e
A% PHD 41 751 FG-4592 %o 2% K 11 B 75 28 & (1) 5 1tk 7%
I A R 6 1E S5 223047 . (EF 50 & A i Fhid it
HIF 38 25 S0 € 328 1 21 200 i A B AT R A7 78 AN ] 45 1) 14
P, JG He 72 7E HIF 200 0 7S 6 97 J R] 0, [ i),
B4 S5 B 5 38 I UL 3 S AACAS (HIF Lo ) — Bl
PRI 20 G A 2 ok R s 2 ) AN ik S F PHD #1771
DMOG 2 5 % 7% )& fi SR U5 i A= s A i, 23 A 32 7+
dif L Ji7 A4 Y HIF 1o K P 4R F WF 90 3R B X FREC & 96
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JEe AR T BEST ., ART, 5 5 PHD 0141 57 7 265 BT 78 14 A
DLAHSCHRIE . T PHDs 3 [R] {1 232 A0 Th g v A K141
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Table 1 Classes and examples of hypoxia inducible factor (HIF) inhibitors
HIF inhibitors Example Molecular Chemical-disease co-occurrences Chemical-gene (protein)co-occurrences
class drug name formula in literature (top 3 in Pubmed) in literature (top 3 in Pubmed)
PI3K and/or mammalian ~ Wortmannin!**! C,,H,,04 Neoplasms, AKT serine/threonine kinase 1 (AKT1),
target of rapamycin ischemia, phosphatidylinositol-4,5-bisphosphate
(mTOR) inhibitors whooping cough 3-kin-ase catalytic subunit alpha (PIK3CA),
insulin
LY29400214% C,,H;;NO;,  Neoplasms, AKTI,
ischemia, PIK3CA,
inflammation protein kinase cAMP-dependent type [
regulatory subunit beta (PRKAR1B)
Temsirolimus!*”! C,Hg,NO,;  Neoplasms, Mechanistic target of rapamycin kinase

DNA-binding inhibitors

Histone deacetylase
inhibitors

Heat-shock protein
90 inhibitors

Cardiac glycosides

Transcription inhibitors

Topoisomerase inhibitors

Echinomycin®”

Romidepsin®"

Trichostatin AP

Radicicol™

Apigenin*

551

Geldanamycin!

Digoxint>®

Amphotericin BB

Chetomin®®

Camptothecin®”

Topotecan!®”!

C51H64NIZOIZSZ

C24H36N40652

C 17H22N203

C18H17C106

C21H20010

CZ‘)HA()NZOQ

C,;He O,y

C47H73NO 17

C3 1 H30N60684

C20H16N204

C23H23N305

carcinoma, renal cell,

neoplasm metastasis

Neoplasms,
hypoxia,

drug-related side effects and
adverse reactions (DRSEAR)

Neoplasms,
DRSEAR,
lymphoma
Neoplasms,
carcinogenesis,
breast neoplasms
Neoplasms,
DRSEAR,
carcinogenesis

Neoplasms,
DRSEAR,
diabetes mellitus
Neoplasms,
DRSEAR,
carcinogenesis
Heart failure,
arrhythmias,
DRSEAR
Infection,
mycoses,
DRSEAR
Hypoxia,
neoplasms,
DRSEAR
Neoplasms,
DRSEAR,
colonic neoplasms
Neoplasms,
DRSEAR,
ovarian neoplasms

(mTOR),

AKTI,

PIK3CA

HIF-1a subunit,

SET domain containing 2 (SETD,),
HIF 1

Histone deacetylase 9,

histone deacetylase 1,

tumor protein p53

Histone deacetylase 9,

histone deacetylase 1,

tumor protein p53

Heat shock protein 90 alpha family class A
member 1 (HSP90AAL),

ATPase H" transporting V1 subunit A
(ATP6V1A),

thirty-eight-negative kinase 1

Tumor necrosis factor,

interleukin 6,

serine protease 1

HSP90AAL,

AKTI,

receptor tyrosine-protein kinase erbB-2
ATPOVIA,

ATP binding cassette subfamily B member 1,
TBC1 domain family member 9

CD4 molecule,

tumor necrosis factor,

albumin

HIF-1asubunit,

E1A binding protein p300,

SET domain containing 2

DNA topoisomerase I,

tumor protein p53,

caspase 3

ATP binding cassette subfamily G member 2,
DNA topoisomerase I,

tumor protein p53

KR 22 (1) It 6 95 2% B v Jal A BEOE N 2 2 AN R,
2 HIF il % 2 B A AR A 3. b ah, R
JE N HIF J8 i 256 [R] (10 328 3¢ 3 B2 B T g s &
;25 S AFL R N T (143 ol 35 TR A A 2 T v i 4k
b DX A PR35 77 VI IR ik 1048 A 2 B R 113 B
SR, H PHD2 I HIF-20 75 56k % a1 J5L i B A 1) 3 R 7E

F i 2t — kT . [ T HIF 8 B 2k N 2
P9 A A ¥ PHD 1 571 HLLF 410 1) 750 03880 71 ) 24
AR UG T2 R, (BT A AR AR 2 R AR A 1)
o e I R I TN SR A I R AR B 1 RS
Bt BLHIF I %y ¢ 8 50 i 10 vy JL a8 A% 1k 2 fF
FC S HIF it it 24 B A P F0RE 5 0 3t B A N\ R34 B3 B
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Table 2 Classes and examples of HIF activators

HIF activators Example drug Molecular Chemical-disease co-occurrences Chemical-gene (protein)co-occurrences
class name formula in literature (top 3 in Pubmed) in literature (top 3 in Pubmed)
2-OG mimics Dimethyloxalylglycine!®® CHNO; Hypoxia, HIF-1a subunit,
neoplasms, SETD,,
ischemia HIF1
N-oxalyl-d-phenylalanine!®”’ C,,H,NO,  Hypoxia HIF-1a,
erythropoietin,
SETD,
Fe?* chelators ~ Desferrioxamine!””) C,sH,N,O; DRSEAR, Ferritin,
iron overload, catalase
beta-thalassemia
Hydralazine!”") C4HN, Hypertension, Renin,
heart failure, calcium voltage-gated channel subunit alphalF,
hypotension albumin
TM-6008!7! C,H,,;N.O, Hypoxia, HIF-1asubunit,
inflammation, EGLNI,
ischemia myosin light chain kinase
L-Mimosine!”! CH,)N,O, Hypoxia, tyrosinase,
neoplasms, HIF-1a subunit,
DRSEAR interleukin 6
PHD active-site  Pyrazolopyridines! CHJN, Neoplasms, PDE4,
blockers DRSEAR, B-Raf proto-oncogene serine/threoninekinase,
asthma tumor necrosis factor
8-Hydroxyquinolines!” C,,H,INNaO.S DRSEAR, ATP6VIA,
jaundice, albumin,
neoplasms methyl-CpG binding domain protein 2
CUL2 MLN4924176] C,H,;N;O,S Neoplasms, Neural precursor cell expressed
deneddylators developmentally down-regulated 8,
DRSEAR, parkin RBR E3 ubiquitin protein ligase,

carcinogenesis

cullin 1

[ 7 2 A, 9 Sy BRI R0 A 5k 5 G S HLIF G
ARSI BB T AR S A AR
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