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(GLUT1) on the proliferation, migration, adhesion, and angiogenesis of human umbilical vein endothelial cells
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(HUVECs) under ischemia—hypoxic conditions. [ Methods] In vitro experiments were conducted to subject HUVECs to an
ischemia—hypoxic—mimicking environment (1% 0,, 5% CO,, 94% N,). The biological characteristics of HUVECs under
normoxic and ischemia—hypoxic conditions were compared by assessing cell viability, proliferation capacity, and
examining the expression changes of GLUT1, HIF-1a, and VEGFA proteins under ischemia—hypoxia using Western blot
technology. Further, GLUT1 was overexpressed using plasmid transfection and the proliferation, migration, adhesion, and
angiogenic capabilities of HUVECs were evaluated through scratch assays, cell adhesion assays, and tube formation
assays. Mitochondrial morphological changes were observed by transmission electron microscopy, and oxygen consumption
rate (OCR) was detected by Seahorse metabolic analyzer to evaluate mitochondrial function. [ Results] Compared with
normoxic conditions, the ischemia—hypoxic environment significantly inhibited the proliferation, cell viability, migration,
and adhesion capabilities of HUVECs and impaired their angiogenic potential. The expression levels of GLUT1, HIF-1a
and VEGFA proteins were also markedly reduced. However, when GLUT1 expression was upregulated, the migration,
adhesion, and angiogenic capabilities of HUVECs were significantly improved, and the protein expression levels of HIF—
la, VEGFA and VEGFR were increased. Transmission electron microscopy revealed that ischemic—hypoxia leads to
mitochondrial swelling and matrix damage , while GLUT1 overexpression significantly alleviates mitochondrial morphology
abnormalities. OCR results suggest that GLUT1 overexpression may enhance oxidative phosphorylation of endothelial cells
in ischemic—hypoxic environments to improve energy metabolism. These results suggest that GLUT1 may influence the
function and angiogenic potential of HUVECs by regulating glucose metabolism and energy supply. [ Conclusions] This
study reveals the significant regulatory role of GLUT1 in the function of HUVECs under ischemia—hypoxic conditions,
potentially through modulating cellular energy metabolism and signal transduction pathways, thereby affecting cell
proliferation, migration, adhesion, and angiogenesis. These findings provide a new perspective on the role of GLUT1 in
cardiovascular diseases and may offer potential targets for the development of new therapeutic strategies.
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Fig. 1 Ischemia—hypoxia effects on HUVECs
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Fig. 3 The impact of plasmid—induced GLUT1 overexpression on HUVECs’ migration, adhesion and angiogenesis
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Fig. 4 The stimulation of GLUT1 expression mitigates the inhibitory effect of ischemia—hypoxia on HUVECs
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Fig.5 GLUT1 enhances glucose metabolism and angiogenic function of HUVECs by regulating the HIF-1a—VEGFA/
VEGFR axis

ML A R FEABEFE R, FATE SR T
GLUTI 7£ ik If sk A P 55 F X HUVECs R34 5 1T

% KGR RN ST A2 R . FR AT R B, AR
MBA & F,GLUTI £k F#M,HFH S



454 HlR AR 2 (R A2 ) 546 %

HUVECs I REARfL B YT AH

R g R — & B, FATT T el ad CCK-8 5L 5%
IV ZJ0 394 5 S 6 3, P Tt I e A X 200 i 7 44 AR
WarH ELAIIHIVER o #F—2 1) Western blot 45 5 3%
12 PRSI B A AT T HIF- 1o AU ARG, X 5
HIF-1o 635 5 i S0 2% 58 1 P RRE 2 v B) A 56—
o AL, 0 SR SO SR A5 R UESE T GLUT1
TEHUVECs F YA

18 P i L BBl 4R 45 F R GLUT (9635 F [, 31X
Folr 22 S5 AT 5 40 X B o, de 4 B A 368 7 4 S B
A, TEEPEGR MG S5 T , HUVECs 7] figid of
FEAIG GLUT 14 3 2K Fe vl 20 5 76 W 1) B8 10, LA i
AE R TSR AR fh . KR B M AR Ak v] B 50 il
PRSI0 K A 2, 2 1 532 70 11 A5 T2 A ) A

FRATH 20 B ) RE S 560 A R, 12 e ot ke SR
0] PN B 200 B 1 A A AR S5 A T W R T, SR
M GLUTI (= 283K 5 , REAT A58 Jn e i ke 40 o8
YRR AIERSRE T o A, R i o B AP e it ikt S
WEE N HUVECs MRS WY i RE ) , FRAT TSR )
FEBRIALEE SR, Hl GLUT 33 #3519 HUVECs
B ) T R A A5 A, s Y B RE ) R G 5R
XS ZE R 7R BRI B AEE LT, GLUT1 3K 1)
Tt RE 1% 350 % HUVECS A4 40 it 3 B8 AR AP IR 45
FAIE LR T (Al

TEIEH GO T  HIF-1o 75 48 78 JE I 2 4 i 42
Mt 7% 4k B (prolyl hydroxylase domain—containing
protein, PHD )R EAL SR IG B Von Hippel-Lindau H
F (pVHL) PR3 B A . SR, 78 Ml il B 4 2%
P, PHD (3% Az R, 3 30 HIF-1a B9 B B AR
SE , JETAR S I A AN S HIF-18 254 B K
HIF-1 & A I 5 S0 36 PR 19 B 40 s v ot
PREE A PR — RPN 25 S (2 2o g a2k
PR S PR A R W TR A T R A M 2 R
FI (GLUT) &80 3 S 58 PR 7 1R 7 400 il f1 48 A
SR 0 R RN R T A A il A A T LA
AR SR, FERA BT A A, AT &
A5 B BLG AR08 M e il i A A B
HUVECs " HIF-1a Fl VEGFA 1 7K - I 5 A 14 i
W ASEET 2 AR, AT B T TR, R
BRAREZ VS Dy RE AR A2 M Bl Bl S A5 T B R0

R T ERFEX L] A THAT T 20505, 34T
0 3 3 R A - Bead 38 GLUT L, 3 S — i 5 A
s A T ANIERE AR B . A A
PF 2, Western blot 5 R FEH] HIF- 1o #l VEGFA
FEAC B B W A0 ], B PERE VEGFR f34 . ite4h,
T 3 375 Bt R B LS 1) A (AR L S %) i I A ek %
HEL T Z A/ MAFRERAR , I H HUVECs & fL#%
FRALRE JI15 3] T 345 . JLF X sui s g 0 A1t
W, GLUT1 i3 323k T BEXS Il HUVECs F LB R L. AE
S B HARAS T L0 ATP, T S 4 i 3Rt 1 78 2
BB R, PR T HITF— 1o XoF 455 11 255 480 107 980 40 3 17
M )37

HE—2 401, FATTIA A GLUT1 v] B 2 3 1o 7
% HIF-1a-VEGFA/VEGFR #f % 14 3% HUVECs 4]
BRI S A AR BT RE™ . GLUTI AR Y
IR s ), HAd R AR T T 0 ) ) 7
10 5 B, 38 3 3 B2 ) HIF- 1o A8 B2 5 P A0 s 1
HEMH 4 VEGFA Fl VEGFR By ik, HIF-1a fE
Ry B AR A5 A% O B SR R - ZE GLUT L 1
T, 5 VEGFA/VEGFR Bh[E /-, S [E e i 1 il 4
A R DG 35 DR A 3k R A A e AR X — i R
fr, GLUT1 3 i 8 4% HIF-1a—-VEGFA/VEGFR %,
Vo5 200 P % 2 AR 0 A R T B B B R R
e, A Bl B SR FREE T X AR 20 ) 1 B A BRI A
EE) T OCHAEH

g5 b ik B R B il g AR 2 AR
PRz 20 i GLUT 19 2% 35 T~ B& , 11 B HIF-1a #1
VEGFA Ik T [, FEAK T N B 40 M3 5 3 %8 LA
K &Y LB RE T o SR, 38 i 1 i GLUT1 Y 3%
ik, Al L B HUVECSs SR Ifi Bk %0 4% % F HIF-1a,
VEGF 1 VEGFR 1 3R ik & 358 HUVECs A fb i iR
TRBEJT , o 20 M 345 58 22 B BB £, DA ITT A2 1F P B2 200
JH % 25 RN I T8 S R o X S ke Bk iE— 2 A
5% GLUTI 7 Il 88 5 9 v i A FH AR AL 187 i AL A
JEATRE N TE A IR TT M P I 7E B A5 . R
S U BIF 9 W IZ AR R GLUT AR AR AL o 5 4 1
FEWE T AEAS [R] e ol kA8 25 NI RE . Ah, T
fi# GLUT1 5 JHAth A 385 3% 42 19 AH B AR A 2
DALIU



55334

ZEIRFY A RN BRI T AR 2 5 U AR K P9 Bz 0 i D RE A R4 VR

455

S 30k

(1]

(2]

(4]

(8]

[9]

[10]

[12]

[14]

Fang Z, Zhao G, Zhao S. GTF2H4 regulates partial EndMT via
NF-kB activation through NCOA3 phosphorylation in ischemic
diseases[ J]. Innovation (Camb), 2024, 5(2): 100565.
Guo Z, Mo Z. Regulation of endothelial cell differentiation in
embryonic vascular development and its therapeutic potential
in cardiovascular diseases[J]. Life Sci, 2021, 276: 119406.
Dudley AC, Griffioen AW. Pathological angiogenesis:
mechanisms and therapeutic strategies [J]. Angiogenesis,
2023, 26(3): 313-347.
Li X, Sun X, Carmeliet P. Hallmarks of endothelial cell
metabolism in health and disease [J]. Cell Metab, 2019, 30
(3): 414-433.
Potente M, Gerhardt H, Carmeliet P. Basic and therapeutic
aspects of angiogenesis[ J . Cell, 2011, 146(6) : 873-887.
Carmeliet P. Angiogenesis in life, disease and medicine [J].
Nature, 2005, 438(7070) : 932-936.
Peters K, Kamp G, Berz A. Changes in human endothelial cell
energy metabolic capacities during in vitro cultivation. The role
of "aerobic glycolysis" and proliferation [J]. Cell Physiol
Biochem, 2009, 24(5-6) : 483-492.
Jongkind JF, Verkerk A, Baggen RG. Glutathione metabolism
of human vascular endothelial cells under peroxidative stress
[J]. Free Radic Biol Med, 1989, 7(5): 507-512.
Peng Q, Zeng W. The protective role of endothelial GLUT1 in
ischemic stroke[J]. Brain Behav, 2024, 14(5): €3536.
De Bock K, Georgiadou M, Carmeliet P. Role of endothelial
cell metabolism in vessel sprouting[ J |. Cell Metab, 2013, 18
(5): 634-647.
Mamun A, Hayashi H, Yamamura A. Hypoxia induces the
translocation of glucose transporter 1 to the plasma membrane
in vascular endothelial cells [J]. J Physiol Sci, 2020, 70
(1): 44.
Winkler EA, Nishida Y, Sagare AP. GLUTI reductions
exacerbate Alzheimer's disease vasculo—neuronal dysfunction
and degeneration, [J]. Nat Neurosci, 2015, 18 (4) :
521-530.
Eelen G, de Zeeuw P, Simons M. Endothelial cell metabolism
in normal and diseased vasculature[J]. Circ Res, 2015, 116
(7): 1231-1244.
Hoying JB, Utzinger U, Weiss JA. Formation of microvascular
networks: role of stromal interactions directing angiogenic
growth[ J]. Microcirculation, 2014, 21(4): 278-289.
Selvam S, Kumar T, Fruttiger M. Retinal vasculature
development in health and disease [J]. Prog Retin Eye Res,
2018, 63: 1-19.

[16] Kang Q, Yang C. Oxidative stress and diabetic retinopathy:

[22

[26

[l

]

—

[

molecular mechanisms, pathogenetic role and therapeutic
implications[ ] |. Redox Biol, 2020, 37: 101799.
Falkenberg KD, Rohlenova K, Luo Y. The metabolic engine
of endothelial cells[ J]. Nat Metab, 2019, 1(10): 937-946.
Meng Y, Xu X, Luan H, et al. The progress and development
of GLUTI inhibitors targeting cancer energy metabolism [J].
Future med chemist, 2019, 11(17): 2333-2352.
Levy AP, Levy NS, Wegner S. Transcriptional regulation of
the rat vascular endothelial growth factor gene by hypoxia[J].
J Biol Chem, 1995, 270(22): 13333-13340.
Yu AY, Shimoda LA, Iyer NV. Impaired physiological
responses to chronic hypoxia in mice partially deficient for
hypoxia—inducible factor lalphalJ]. J Clin Invest, 1999, 103
(5): 691-696.
Sousa Fialho MDL, Abd Jamil AH, Stannard GA. Hypoxia—
inducible factor 1 signalling, metabolism and its therapeutic
potential in cardiovascular disease [J]. Biochim Biophys Acta
Mol Basis Dis, 2019, 1865(4): 831-843.
Chen X, Qian W, Zhang Y, et al. Ginsenoside CK cooperates
with bone mesenchymal stem cells to enhance angiogenesis
post=stroke via GLUT1 and HIF-1lalpha/VEGF pathway [J].
Phytother Res, 2024, 38(8): 4321-4335.
Nguyen DT, Famiglietti JE, Smolchek RA, et al. 3D in vitro
platform for cell and explant culture in liquid-like solids [J].
Cells, 2022, 11(6):
Suresh MV, Balijepalli S, Solanki S, et al. Hypoxia—
Inducible Factor lalpha and Tts Role in Lung Injury:
Adaptive or Maladaptive [J]. Inflammation, 2023, 46 (2) :
491-508.
SORAL, FNR, Bk, 55 L SUMO 55 PR 2R 11l /1R
55 DRl — 1 w38 45 % BEL S P R P MR 2 45 (1R R 2 A AR
FO LA HAS R B BN BT ). ST R 22k, 2023, 39
(6):719-723;+729.
Jia YH, Tan XW, Chen L, et al.Predictive value of SENP-1/
HIF-lo pathway on cardiovascular events in patients with
obstructive sleep apnea hypopnea syndrome[J]. J Pract Med,
2023,39(6) :719-723;+729.
PR SAEMR , SRIE SC, 45 . SRS S I - 1o 7E ARE M
Joao b VR IBLHI B ST R R [T ], rh AR R I 2R s (Fh 3k
3),2024,8(2): 174-180.
Chen LL, Jing DH, Zhang YW , et al.Research progress on the
mechanism of hypoxia—inducible factor—1la in inflammatory
bowel disease [J]. Chin J Inflamm Bowel Dis, 2024, 8 (2) :
174-180.

(% NEZ)



