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Mechanism and strategies of hypoxia-inducible factor-mediated resistance to tyrosine kinase inhibitors in
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ABSTRACT The use of tyrosine kinase inhibitors (TKI) has been an important advance in the systemic treatment of
hepatocellular carcinoma, but their sustained anti-angiogenic therapy leads to increased tumor hypoxia, accelerates the development
of a hypoxic microenvironment and promotes the expressions of hypoxia-inducible factors (HIF), thereby inducing drug resistance
of tumor patients to TKI. This paper summarizes the mechanism of action of HIF mediating TKI resistance in hepatocellular
carcinoma in aspects of metabolic reprogramming, abnormal expressions of cancer and cancer-associated genes, and ferroptosis,
and sorts resistance response strategies to provide reference for clinical solutions to TKI resistance issues. As results show, HIF/
glycolysis axis inhibitors (isoflavonoid genistein, simvastatin, etc.) can improve TKI resistance based on metabolic reprogramming
mechanism; oncogene-targeted inhibitors combined with TKI (the combination of capsaicin and sorafenib) can improve TKI
resistance based on abnormal expression of cancer and cancer-related genes; fatty acid synthase inhibitor (orlistat) can improve TKI
resistance based on ferroptosis mechanism.
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Jo L7 A ke AR ) SO B 2 i R 403755 R (hypoxia-
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phosphofructo-2-kinase/fructose-2, 6-biphosphatase 3,
PFKFB3) (WRIBTER P ARCIBIT oA ik im , AR AR
FAF T RFET NIRRT HCC 40 = A7 AR JE /Y
BRI 5 A ) HIE-1oc U 2 52 iR HCC 41/ H PFKFB3
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HIF-1a (334 , 755 5 COFE BT 2 (hexokinase 2, HK2)
178 %5 Wi 5% 12 75 H (glucose transporter type 1, GLUT-1)
FEIRBEIN, IO , AT -T2 HCC 40 i x =4k e
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L T A Tl 1) K, DT 3 B HCC 44 L vy ) 26 W4 s
HFE LSRR JE RIS PE 245 B AT 241, TKT
TRYT I HCC 4 ML7E B4R A5 1F T #5355 T R SR B S h
PR ik 1) Bt 7 3 52 O S PRl HIF A3
1.2 HIFNSHERERAXEENRERIE

£ AMP i 1k 3 1 34 (AMP-activated protein ki-
nase, AMPK ) 5 53 i H1 , AMPK (1 25 53 HIF-1a
1 A, 15 A AR g R DK My D R A 2 i g &
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A2 134 (mitogen-activated protein kinase, MAPK) {55
S RS I 2/HT 5 R ER B AhE i 0E MAPK AR
530 PR F HIF-200 N RELBTRE B8 22 4RO , T e 10457 TN
Ji2 H: Al F (vascular endothelial growth factor, VEGF ) Fll
i f R A 1 DL AR IAIKOE s A E K I /3R
J 4= K K F (epidermal growth factor receptor, EGFR) j&
7, NI HE 58 HCC 20 M X R P AR JE it 2526, Ak,
2 BRI FE IR B 1 2 FE B A AR 1 T R M 3Rk, AT
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i3 EGFR AR A2 HE HIF-1/20 263K , #E M 2 HCC 41 ity
RIS JE AU, 7E Wnt/B- 231 3K 11 (B-catenin) 5
S P B4R S R HIF-200 B9 b R AT LA IE i) 98 Y
B-catenin FE3k , I 1T T $ b 8498 0 20 R A T DR R 3k
MATATHE I HCC 4 X &P Al Je iyt 250 . 7E i 7L 3h
) h %5 2 K 1 (mammalian target of rapamycin,
mTOR) {5 5 38 #%  , B4 2% /4 HIF /9 L3R, o] 5] &
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(fatty acid synthase, FASN) 5 HIF ()45 &, Al fi¢ ¥ HIF-
Lo (A% S AE , [) s i HIF- 1o 2 RS , M3 iz
JR AR K T i 51 11 (solute carrier family 7 member 11,
SLCTALL) BY¥E s I HIERFE T, 1M 2 HCC 40 i ™
AT 2P, Gao FFFI ] IncRNA T, %578 T —F 55
BRAET- M54 1 IncRNA, Bl URB1-JZ X RNATL(AS1) , H:
FEXT R PLAR JE i 24 (1) HCC 4 i b 5 v #2348 s HIF-1a 7]
i o O URB1-AST (9 5% 5ok 3 i & i Ak e 15 2 1
HCC AAEARAET . FH I RT 1, HIF (R e F kX% HCC 4
LA ERFET R 2 T IR, BT 2 HCC 21 M%) TKI
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14 HIF A SR EMLH

FEEAL JH 19 %8 HIF 355309 TKI i 250 B —E
BIVE . microRNA-16 38 15 14-3-3m 25 11 Y #0 m) + 9,
36 HIF-1oc A9 R A , B8 HIF- 1o 25 F1IG M, DA 2E
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WA, 438 AT 3 VR T HIF Sk HCC 40
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JE nl 38 1 41 Tat 254 25 1 30( Tat-interacting protein 30,
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1M HIF-20c (14 35 2 365 W0 UE BH AT LR 98 TIP30 Jf- i iff
EMT®™, ] 0, #10  HIF-2« (4 %35 7T B 2 1A
TIP30 FRik , ¥l EMT ot 8 , M0 5% TKITfit 2, Bel-2
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A H A 1 3(Bcl-2 interacting protein 3, BNIP3)J&—
FPAREA 1 8 1, TR B AR X 323K s HIF 25 i 33k
$20 T BNIP3 i 201 119 FY S AR ARt 4 T 2R, DA 7k
BNIP3 & [ 133k , {2 i HCC 4% Z Rk e iy 3
it 25%, 53 4, HIF-1o il 5 1 g CAAXL 1Y Ras FE A
i HCC 21 i iy A K G 7%, 1T 530 HCC 4t X 28
PradE e 25, Rt Z b, M2 4F E & 1 1 (neuropilin
1, NRP1) 7 il 5 45 14 7 AT 9 HIF-1o GF 1) 98 5, JF A
NRP1 AJ 38 o 9% 15 [ W A2 i HCC 4i f xf & £ & Je
it 255
2 ETEMEREHMIZE R 3T 5k R
IRAFSE R S5 AR SE T B SR T HIF 1Y R 3R
ik 5 TKIM 25 2 [H] 1) ¢ 3 , W] HIF X TKI G ITRCR
B MR, ST UL, B3 A AR OGSk, 2R 3L T
SR i R TR 2 1 o SR (AR I 1)
FH 2% 1 AT, AR TR G R A T 24 o Xof 5 W Jr T

i FE HLLE /08 T A 400 ) 590 W) A 038 TRUIA YT RO
7 N AR A, WS B IR YR AR R SR TR
AR R BE T S AR DG I DR S Gk it
24y [ e SR 7 T, 95 S5 DR [ 10 759 R TR B4 17

A BB — P TEMTRTT M , LB 3 ARl e ik
BN, AN 15 AR S TR — Rl B IR
7R M. BN, FASN il 30 B8 ] il , 76 1500 2 e

SR PRSP R R AR R A T T R R
[f1] HIF- 1o A1 HIF-200 P b IV 52— Folifish 24 157 % SR s 491
an, 2-F AU RV R B AR e 9B A B Y BRIz
A, T 240039 790 R0 R DA % it P FR A B ) Bl 4
U — B 4 M, 30 3 49 K 3 24 A o e 4R
IS5 DA gt IR e 4, WA R0 IR TR AR 2 1
3 IL.\—FI %EE

i TR 25 /& HCCIR YT M H 2N 45, HCC
B H DLARIE 2 — IR P BR HIF J& 2 E T N7, OFHE
TKITif 253 ft rp A EEAEH . HIF il 25 R & 4
T 9 R AR DG BE IR ) S R0k ARAE TRV E
WAL R AR Z RALE], LIS HCC X TKI N 25 14 & &
H A1, HIF C 8 HCC JRY7 BT 72§ 5, I HL HIF-
Lov/20u J2 T & il EURH S0 I8 1) 25 9 19 £ 2L 55 . TKI
5 HIF 0 700 s A 25 9 367 A4, i B B ol A
A ) HIF DARREARHZR IR AP, HE T4 55 TKI 9724
I, 8 [n] HIF D) e 36 g i S T B A B8 B ol TKT X
HCC i 24 (4 1o X S s . SR, TR 5 HIF $0 5700 % 245
(I AT 22 Fpos RHUASEIG AR 6 9631 HA ik
e, BRILZ AN, FE2 B At ik R gt Jr
167, AT S S AT e LT 25, O3 T B AR 1 9
Jri it L% 4 Z IR IR IA YT 9Kk, HCC
PR Z IR T RS

F1 ETEMBEREH TKIMIZE R X R RS

Ak ik MR TEAHLH BHVH:
SEFRETREROIA RN FEMLRAZRAER  HCC-LM3 Bel-T4041H; BALBIc/M i M HIF-1oc mRNA  GLUT-1 HK F3k FIRERR (b A i i
FHRITERER HOC-LM 4 BB TFHEM HOCLM3 B LM-SRAIAE 1V HIF- Lo 5k R ARSI st AmAt - 4
ERRRIER Mt/ N PR 4 HIHIHIF-lo mRNA R 35 SURKE BERER el 3]

KEHIEEE BAZHIEE  HCC-LM3, SMMC-7721 407K BALB/c MK T HOC-

M2 R TR s A i SRR B M2 BRI IR Lo AR [26)

LM34i FE i, ST
R MHCCOTHAMH;BALBIG /M B FHERMHCCOTHARNE I HIF-Do ik AINLITE EMIT, (R M m
ETHIEHEERR &% HRE R HepG2. Huh-7 4011 BB fk-Foxn (muia) NGLUE T4 (038 AMPK S5 4k LR A SR L ARERAAL LR IR T, Wl mses 28]
IR R iHepG2, Huh- 74811
HIF-2 4] HepG2, Huh7 ,SK-Hep-1 411 SK-Hep-1 R FRDI SUERL 0| HIF-Do F kA 2 S B 2 fah [29]
PT-2385+ K HiE
Preatenin#I ] Huh7,PLC/PRE/S 41 1] B-catenin €L Survivin, Cyelin DI Axin2 %35 BERER 2 K ROIR (R e - 30
FHSIS+RFER
ETEFAMEAT-M BHR b RRE Huh7SR A 772 1SR EEHE RO M 720SRAM VI HIF-le SLCTALL FASN 3% SRR B AL AUAAER T 6]
ik FREATRHER HepG AR & He R0 S s i IR T EACE, ft et di
A H kot LR 4 ] SK-Hepl, HepGl. SNU44O 401 J1 5 76 & F 129-Gstzl™™/ IR M TAL R OMEIN T2 ARE H ikt LB 4 220k SR AbAmms e - 3]
RSLMZHER CONBC/M,
SEFRMOUHMRRRR  -PEMM B RAEE  HepG2AIHub7 40 BALB/c/NEUE FHAA Huh A0 400 HIF-Lo HIF-20 B FHAVBL S F RISV TR VEGE B ik SR MM - 133]
BN ERIER Hep3B4fl 1 HIF-1oc BNIPS 8 135 DL BTGRP LB A Ao 134
RIS MHCCITHZMHf; BALB/e/NEE FAFIMHCCOTHAMNL 0 HIF-2o E-FAVE 1 N R 1R RIEMT, S5 TIP30 3% (3]
Fe-Len/Adt@EGCGAPKA  Hepal-6-Luc R TN TERE RN 5 IR P Pk 1 ik [36]
NanoMnSor 4 ki HCA-URRFFEBERVN IR PR SRS o S M R 37
PFH@LSLP4 Aok BALB/c/NU T4 H22 40 SHHIF-lo B TAAMIATE T | 35, (bR ARE 45 CDS TH AT [38]

-+ 1282 - China Pharmacy 2024 Vol. 35 No. 10

TEZD; 2024455 35 5 10



Sk

[1]

(2]

[3]

[4]

[5]

[6]

[7]

[8]

(9]

(10]

[11]

[12]

MOU L S, TIAN X H, ZHOU B, et al. Improving out-
comes of tyrosine kinase inhibitors in hepatocellular carci-
noma: new data and ongoing trials[J]. Front Oncol, 2021,
11:752725.

HUANG W J,JENG Y M, LAI H S, et al. Expression of
hypoxic marker carbonic anhydrase IX predicts poor prog-
nosis in resectable hepatocellular carcinomalJ]. PLoS
One,2015,10(3):e0119181.

JAYSON G C,KERBEL R, ELLIS L M, et al. Antiangio-
genic therapy in oncology: current status and future direc-
tions[J]. Lancet,2016,388(10043) : 518-529.

JU C, COLGAN S P, ELTZSCHIG H K. Hypoxia-
inducible factors as molecular targets for liver diseases[J].
J Mol Med, 2016,94(6) :613-627.

LONG Q, ZOU X J, SONG Y, et al. PFKFB3/HIF-1a
feedback loop modulates sorafenib resistance in hepatocel-
lular carcinoma cells[J]. Biochem Biophys Res Commun,
2019,513(3) :642-650.

GAO R Z, BUECHEL D, KALATHUR R K R, et al.
USP29-mediated HIFla stabilization is associated with
sorafenib resistance of hepatocellular carcinoma cells by
upregulating glycolysis[J]. Oncogenesis, 2021,10(7) :52.
LISN,LIJJ,DAI W Q,et al. Genistein suppresses aero-
bic glycolysis and induces hepatocellular carcinoma cell
death[J]. Br J Cancer,2017,117(10):1518-1528.

WU F Q,FANG T, YU L X, et al. ADRB2 signaling pro-
motes HCC progression and sorafenib resistance by inhibi-
ting autophagic degradation of HIF1a[J]. J Hepatol, 2016,
65(2):314-324.

BORT A, SANCHEZ B G, MATEOS-GOMEZ P A, et al.
Targeting AMP-activated kinase impacts hepatocellular
cancer stem cells induced by long-term treatment with
sorafenib[J]. Mol Oncol,2019,13(5):1311-1331.

DONG X F,LIU T Q,ZHI X T, et al. COX-2/PGE. axis
regulates HIF2a activity to promote hepatocellular carci-
noma hypoxic response and reduce the sensitivity of
sorafenib treatment[J]. Clin Cancer Res, 2018, 24 (13) .
3204-3216.

HU W W,ZHENG S F,GUO H X, et al. PLAGL2-EGFR-
HIF-1/2« signaling loop promotes HCC progression and
erlotinib insensitivity[J]. Hepatology, 2021, 73 (2) :
674-691.

LIU F, DONG X F, LV H, et al. Targeting hypoxia-
inducible factor-2a enhances sorafenib antitumor activity

via -catenin/C-Myc-dependent pathways in hepatocellu-

TEZED; 2024455 35 85 10

[13]

[14]

[19]

[16]

[17]

(18]

(19]

[20]

[21]

(22]

(23]

lar carcinomal[J]. Oncol Lett,2015,10(2) :778-784.
YANG Q Z,GAO L H,HUANG X L, et al. Sorafenib pre-
vents the proliferation and induces the apoptosis of liver
cancer cells by regulating autophagy and hypoxia-
inducible factor-1[J]. Exp Ther Med,2021,22(3) :980.
STOCKWELL B R. Ferroptosis turns 10: emerging
mechanisms, physiological functions, and therapeutic
applications[J]. Cell, 2022, 185(14):2401-2421.

YANG Z, SU W, WEI X Y, et al. HIF-1a drives resis-
tance to ferroptosis in solid tumors by promoting lactate
production and activating SLC1A1[J]. Cell Rep, 2023, 42
(8):112945.

LIY,YANG W J,ZHENG Y Y, et al. Targeting fatty acid
synthase modulates sensitivity of hepatocellular carci-
noma to sorafenib via ferroptosis[J]. J Exp Clin Cancer
Res,2023,42(1) 6.

GAO Y, TONG M, WONG T L, et al. Long noncoding
RNA URBl-antisense RNA 1 (AS1)

sorafenib-induced ferroptosis in hepatocellular carcinoma

suppresses

by driving ferritin phase separation[J]. ACS Nano, 2023,
17(22):22240-22258.

QIU Y X, SHAN W Q, YANG Y, et al. Reversal of
sorafenib resistance in hepatocellular carcinoma: epige-
netically
inducible factor-1a[J]. Cell Death Discov,2019,5:120.
ZHU M, YIN F,FAN X, et al. Decreased TIP30 promotes

regulated disruption of 14-3-3m/hypoxia-

snail-mediated epithelial-mesenchymal transition and
tumor-initiating properties in hepatocellular carcinomalJ].
Oncogene,2015,34(11):1420-1431.

YOU A B,CAO M Q,GUO Z G, et al. Metformin sensi-
tizes sorafenib to inhibit postoperative recurrence and me-
tastasis of hepatocellular carcinoma in orthotopic mouse
models[J]. ] Hematol Oncol, 2016,9:20.
MENDEZ-BLANCO C, FONDEVILA F, FERNANDEZ-
PALANCA P, et al. Stabilization of hypoxia-inducible
factors and BNIP3 promoter methylation contribute to
acquired sorafenib resistance in human hepatocarcinoma
cells[J]. Cancers, 2019, 11(12):1984.

SONG Z,LIU T F, CHEN J, et al. HIF-la-induced RIT1
promotes liver cancer growth and metastasis and its defi-
ciency increases sensitivity to sorafenib[J]. Cancer Lett,
2019,460:96-107.

FERNANDEZ-PALANCA P, PAYO-SERAFIN T, SAN-
MIGUEL B, et al. Hepatocellular carcinoma cells lose len-

vatinib efficacy in vitro through autophagy and hypoxia

response-derived neuropilin-1 degradation[J]. Acta Phar-

China Pharmacy 2024 Vol. 35 No. 10 - 1283 -



[24]

(25]

(26]

[27]

(28]

[29]

- 1284 -

macol Sin,2023,44(5):1066-1082.

FENG J, DAI W Q, MAO Y Q, et al. Simvastatin
resensitizes hepatocellular carcinoma cells to sorafenib by
inhibiting HIF-1a/PPAR-vy/PKM2-mediated glycolysis[J].
J Exp Clin Cancer Res,2020,39(1) :24.

YAO J W, MAN S L, DONG H H, et al. Combinatorial
treatment of Rhizoma Paridis saponins and sorafenib over-
comes the intolerance of sorafenib[J]. J Steroid Biochem
Mol Biol, 2018, 183:159-166.

FENG J,WU L W,JI J,et al. PKMZ2 is the target of proan-
thocyanidin B2 during the inhibition of hepatocellular car-
cinoma[J]. J Exp Clin Cancer Res,2019,38(1):204.
HARATI R, VANDAMME M, BLANCHET B, et al.
Drug-drug interaction between metformin and sorafenib
alters antitumor effect in hepatocellular carcinoma cells
[J]. Mol Pharmacol,2021,100(1) : 32-45.

BORT A, SPINOLA E, RODRIGUEZ-HENCHE N, et al.
Capsaicin exerts synergistic antitumor effect with
sorafenib
AMPK activation[J]. Oncotarget, 2017, 8 (50) : 87684-
87698.

XU J J, ZHENG L B, CHEN 1J, et al. Increasing AR by

HIF-2« inhibitor (PT-2385) overcomes the side effects of

in hepatocellular carcinoma cells through

sorafenib by suppressing hepatocellular carcinoma inva-
sion via alteration of pSTAT3, pAKT and pERK signals
[J]. Cell Death Dis,2017,8(10) :e3095.

TURCIOS L, VILCHEZ V,ACOSTA L F, et al. Sorafenib
and FH535 in combination act synergistically on hepato-
cellular carcinoma by targeting cell bioenergetics and mi-
tochondrial function[J]. Dig Liver Dis, 2017, 49 (6) :
697-704.

XU F L, WU X H, CHEN C, et al. SLC27A5 promotes
sorafenib-induced ferroptosis in hepatocellular carcinoma
by downregulating glutathione reductase[J]. Cell Death
Dis, 2023, 14(1):22.

China Pharmacy 2024 Vol. 35 No. 10

[32]

[33]

[34]

[35]

[37]

[38]

WANG Q J,BIN C,XUE Q,et al. GSTZ1 sensitizes hepa-
tocellular carcinoma cells to sorafenib-induced ferroptosis
via inhibition of NRF2/GPX4 axis[J]. Cell Death Dis,
2021,12(5) : 426.
MAL,LIG X,ZHU H Q, et al. 2-Methoxyestradiol syner-
gizes with sorafenib to suppress hepatocellular carcinoma
by simultaneously dysregulating hypoxia-inducible factor-
1 and-2[J]. Cancer Lett,2014,355(1):96-105.
PRIETO-DOMINGUEZ N, MENDEZ-BLANCO C,
CARBAJO-PESCADOR S, et al. Melatonin enhances
sorafenib actions in human hepatocarcinoma cells by in-
hibiting mTORC1/p70S6K/HIF-1a and hypoxia-mediated
mitophagy[J]. Oncotarget,2017,8(53):91402-91414.
YANG Q,GUO X T, YANG L L. Metformin enhances the
effect of regorafenib and inhibits recurrence and metasta-
sis of hepatic carcinoma after liver resection via regulating
expression of hypoxia-inducible factors 2a (HIF-2a) and
30 kDa HIV Tat-interacting protein (TIP30) [J]. Med Sci
Monit,2018,24:2225-2234.
ZHANG D, JIANG C W,ZHENG X Y, et al. Normaliza-
tion of tumor vessels by lenvatinib-based metallo-nano
drugs alleviates hypoxia and enhances calreticulin-
mediated immune responses in orthotopic HCC and or-
ganoids[J]. Small,2023,19(29) :e2207786.
CHANG C C,DINH T K, LEE Y A, et al. Nanoparticle
delivery of MnO:. and antiangiogenic therapy to overcome
hypoxia-driven tumor escape and suppress hepatocellular
carcinoma[J]. ACS Appl Mater Interfaces, 2020, 12(40)
44407-44419.
WANG Y H,WANG Z J,JIAF,et al. CXCR4-guided lipo-
somes regulating hypoxic and immunosuppressive micro-
environment for sorafenib-resistant tumor treatment[J].
Bioact Mater,2022,17:147-161.

(A H 191:2023-10-13 & 171 H 11]: 2024-02-19)

(Dl - FEGETE)

thEZG 2024 4E55 35 4245 103



