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i OE . MEAEBGRIENCAE 1B N BB IS 5 55k O R T BT A A #8 . I AR i 42 0 A%
Bk, i, ZMEERAE 50 F i W A K K ¥ (vascular endothelial growth factor, VEGF) i
of ok B} 40 i 4= K K] F (fibroblast growth factor, FGF) % J%. Notch 1 Wnt 15 5 i@ #%. #1L & K KH T -
(transforming growth factor-B, TGF-B) {55+ IML& 4 A3 (angiotensin, Ang) Al Tie {55 RA%ES HIHE ME £
o BT AL NG TS S A1, ML AR R 52 BRI AR5 o ZEIE, A SCRER T H BT P9 3 48 (endothelial
cells, ECs) 25 AR a8 42 I D UR B X AR BRURVRE B 1A 00 A AR i s . Jrp, WEERAR . BT PR S A AR A TR
AR H TS IR, ECs FEARTENREMR ™ 4= ATP. BERE AR 38 6- BERR R Mg -2/2,6- —
T 1% SN 3 (6-phosphofructo-2-kinase/fructose-2,6-diphosphatase 3, PFKFB3) i i il 1% 23 i 40 il (Tip cells)
HIRRZH A (Stalk cells) P47, SRk e ML AR 77 R, FFORBEITE R RO Al R AL . 59— 71, JRIiiR
AL (fatty acid oxidation, FAO) 1 id AAEY) & i b Y5 T WA AR PR 36 5 . 22 Pa SRR AT 1L/ P 1z 4 i [
FERAREEEEM . B4, M4 RO SRR G ORI G BORE. LhiiAE i & 2
JLRE. BEE G RIE RS K.
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Abstract: Angiogenesis refers to the growth of new capillaries from pre-existing blood vessels or postcapillary
veins. Angiogenesis is a rather complex physiological process involving multiple levels of intertwined regulation,
such as VEGF family, FGF family, Notch and Wnt signaling pathway, TGF-f signaling pathway, Ang, Tie signaling
system, and so on. In addition to genetic and molecular signaling, angiogenesis is also closely regulated by
metabolic shifts in ECs. Herein, we overview various pathways of angiogenic metabolism and their impacts on
physiological and pathological angiogenesis. As for ECs, glycolysis, amino acid metabolism, and fatty acid
metabolism are the most common metabolic pathway, while ECs mainly rely on glycolysis to produce ATP.
Glycolysis regulator PFKFB3 plays a critical role in regulating Tip cells and Stalk cells to determine the
angiogenesis effect and promote migratory Tip cell phenotype. In addition, fatty acid oxidation (FAO) contributes to
biosynthesis by providing carbon to regulate Stalk cell proliferation. Various amino acids also play an important
regulatory role in the metabolism of vascular endothelial cells. Moreover, angiogenesis is also related to pentose
phosphate pathway, hexosamine biosynthetic pathway, mitochondrial oxidative phosphorylation as well as the
pathway of glycogen synthesis and polyol.
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A H A 2 T8 W O BB 40 1M Bl B 40 L8 )
F KR FE T S ) L8 R # PR It A P R 4
(endothelial cells, ECs) [ ¥E . 5 AT &l % &
R M. ECs MU A AN T) e 5 25290y 3 Fi:
Y} Tip 4. Stalk 21 F# 1L Py 4T (Phalanx)™.
Hor Tip 4 A Stalk AHARAE LA A K7 AR5~ (vascular
endothelial growth factor-A, VEGFA) Fl Notch 155 )
BEHIN, sh A, e d 2 e E P

MAEFAE WSS A, S, 2R
FUE 5 Fan i N & 2E K B-F (vascular endothelial
growth factor, VEGF) 5 i £F 4 £} 41 il 4= K [ 1
(fibroblast growth factor, FGF) ZXj%. Notch il Wnt {55
. AL A K R F -B (transforming growth factor-B,
TGF-B) {5 5. 1% 4 il & (angiotensin, Ang) Al Tie
B5RG&EMS 5P Y, Jal, PumdtER
TR U8 A RAE 5 8 A i VEGF %5 B, 4RI, 8
] VEGF 6597 i A A= 1078 AR 52 2097 3804 2 %
i 26 1 S (R BR 1] 0 BRAS S @B Ah, B RRAC
A AR A B RE . AR AC 2 S =)
A N Re AR SRR, X T ECs (3G 5H
AT SR CHE., Mo, ECs HA1EE R F 3
KT A RPATERKE FHIEH, XRY ECs AU
AL A H A Ve SR, A AR R RE R ECs
PR ML M RGBT 07, ECs [E5 8. %
(Al 2 S 1 618 B K2 ECs S 75 2 5 1 715 HAREPIRAS
ANERE . ARG T IE W AR ECs AR A HR 5T
DL, B A A WA R T I R A, FESR R
B MRAE N L 3 A2 i R b ECs R ALK BT &
IEH .
1 MERMEFHE

MR EEEHRERALSST, FEHRMN
AR, BN R, FE A gh i,
NI 426 A& S I IE 384T e 70 MR 0 AR N
e, MUE E ARSI —HZ ECs, ZARMAE W
BRI~ R0 B I 57 80 2 DR (R I 42, A TP A R
A SR, TR S A B SR BB LR (e
AiE IR ESZ A AESE ), ML AR T 3T
AL, ECs Al s )4 2] 8 Hr A = A, Ed s
FE IR 1 5 2O T i (1 ot e B ot s 26 T

I8 H A 32 A 2F 2 R A A 43 R =
BT H EE S A A A R AR — R AT
X, =55 AU B 4 1) ECs G4 Tip 40 i
Stalk Z i A1 Phalanx 40 ™. 8 87 A48 A FE 32 3

e I B9 Y VEGF Frilksl, VEGF jEid 5 VEGF
%% A& 2 (vascular endothelial growth factor receptor 2,
VEGFR2) 45 &, ¥ 5 ECs #:1kJy Tip 40 Jf1 5 Stalk
o U I T A O T I B T 3 9 Tip 40 B
HEZEMEHR MR, RRALRE, 717
I A, R T AR B R BB S A5 A
Stalk 40 fig 3= EEMEEH, ERERE . BIZH
f# 1k Phalanx 40l F 2 2 5 L& b, 42U
s U1 Horh, Tip 4000 Stalk 4 g 32 %@ i Notch
I F B SCELENAS B4, X VEGF BV i
i 1) ECs ¥ o5 98 Tt 7 B, 564+ Tip 20 M 667 &,
AT ARAIE L858 A i e RS T 1 ).

2 ECstXif

FEIEH ME T, ECs HRAEME AN, HERE
B T MR P R AR R, B B, KR Z
R U B AT, IEE A I I TAE 3 B A
ECs 3l /)2 155 b 5 H Ahfd 5 40 g S5 A AH
Et, ECs 7% i 1L IR B = A= > 85% 1) ATP Skl 1),
Tip 2000 Stalk 40 B A A F AR BRE, 4 ECs
SEGEANIT AL I, Tip 240 i) F WE % fige il #% 42 ik e
&, Stalk 20 f A5 FH R AR 77 A R R TR A
T B) A4 2 7 B AR ) o G S PR At 38 A% DU 3 24 i 1
U, 5 {a R ECs AL, R RE R AR 0 AR I
() ECs HAT 58w A ACr U DRk, BRagtfefn
TGS, MER AL Z BRI KT, ECs
R S 5 IRT, LR T A 1
2.1 HEEERR

W TR fige LU A AR REAE SE (RIS TR N 7= A B 22
(1) ATP 43, Mifidvidi oy ECs 4 (it ifi 8 8 A= i
fBE &, K S B AL AU AR BY . B b,
R AR AR P2 e NG IR R A, 7= A 2 P 53 2R
EMERIFT TR RIR ST, B AR RS
IR JE 7, ATREE— Bt i B2k B

6- T TR SR W U g -2/2,6- — Tl R R B Ul 3
(6-phosphofructo-2-kinase/fructose-2,6-diphosphatase
3, PFKFB3) j& ECs fQi 9 “ 1788~ ¥, Tip 4
) 3 T ft 36 i v T Stalk 4P, H. ECs 75 2 & b
WEfAR K VA fig a4 Tip 40 fr & ", /K PFKFB3
FE[R AT 4 ECs BEBE AR, 93 /b Tip 40 i 1) 3L # F
Stalk ZH A F4) 18 AN i 400 ) 1 28 2R A= U, ECs
i 5w PEKFB3 1R/ BRI IS I3 K 7 ka3
LN Tip 40 il 22 0K 0 /& T 1 32 45 A Stalk 21 i 39 76
b, SEUNE KRN 52 1m Y. [,
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BHIr PFKFB3, [£AK ECs FEEEAAZS, Al 40 AR 505
AMETERG, ISR E A, Al
B It et A7 w24, BB ) PFKFB3 B 7R I A
R AT ) R L R A R R B AR AR AR A
PFKFB3 JLER AT #] ECs Thg, ks 220 2 MTE &
FMEEER, JFE ECs 28 ™. [, PFKFB3
X ) ) 0 T A e U v o 2 L AR, AN R
MV H 2 A SR B R 3R 3L . /£ ECs 71, PFKFB3 J&
VEGF-Notch 3K & ffiL & 37 4= 1) it ). VEGF w] 14
T bR P A 4% 4 PFKFB3 f1 314KV, PFKFB3 it
I W T RO P A R 3 2 X A i A T AR R
Tip 4B A, # Notch 5 S3E M, HA KA Tip
41 i A1 Stalk 41 i FH 5% 3k IR (¥ 3R 08 K7 B, k4,
Yes #1555 H (Yes-associated protein, YAP) HJ{E N %
SkALBOE A5 PEKEB3 B3 1456, WKEh N 40
PR, R AR A A R
OB 2 (hexokinase 2, HK2) #2 ¥ # 2 H ik
12 4k, S}y % %] ¥l -6- % 1% (glucose-6-phosphate, G6P)
() PRLR P, A PN 2 A L e ) ) — bR e e 1 IR 1
% 4T 4 41 il A= K [K] 7 2 (fibroblast growth factor 2,
FGF2) n] {ig 36 40 Ao 84 4= JF Jea FE K] (myelocytomatosis
oncogene, MYC) ik, M Hz = HK2 FIUHEEZ fiF /K
S, Sl A A A B SR IR XCRHERR 9 1 (factor
forkhead box O1, FOXO1) Fll Kruppel ££[A - 2 (Kruppel-

1 Capillary structure

Tip cells w

Stalk cells { ,
/

Filopodia

Phalanx cells

Pericyte

O R M B A MECs £ B A S Tip4T Al . StalkZI L A PhalanxZffl; @ HK2. PFKFB3% S5ECSHERE AR 1L FE s

like factor 2, KILF2) it ity /D> W P fiff FH 2 A A I Sk
YEFF Phalanx 40 (0 Fa e . Rk, @ T
ECs AU )55 B 838 15 5 2 1 ] B ke 21 0 i 8 p A=
FEH (E1@),
2.2 PR

o R T A AN R R AR, R DT R AL AL (fatty
acid oxidation, FAO) X IfiL & 1 A=t B A7 28 5C H 2 (1Y
YEH . ECs il it FAO 5 — e 2 5 =3RRI
FAO 138 2 4% 1) 20 R A& B FAO 715 771 B e Bk 7% 7%
I 1A (carnitine palmitoyl transferase 1A, CPT1A) 41 &
(1), B AR D R 3 N R R AT B- AL, hﬂa
FERAC U A L k58 B A (acetyl-CoA), JRJGHEAN=
FRIRNGIE B0 /INER I P B KR P CPTIA Gk 531
X RIS % & 5245, ECs BEHE /D, I8 43 32 0
IR, MUE BRI 5K 3240, T 22 R0 2 B E
I AR LA 22 5o BY, R 4h M) CPT1A /]
> ECs B9 58 ok T PR 40 M 1 H 28, (A2
ECs [f3L# ", CPT1A JUER W/ 5 3 /& 4 ECs H)2
W IE VT AR B Y. 4k, Phalanx 41
Ji 3 m] i A A R AR S EIR IR TR B A A LA IR
MEFRTH(EH 1),

BRI ECs 4, CPTIA fEMKELE B FIRAGE
KEFEMIMEH .. WRE PN 7410 (lymphatic endothelial
cells, LECs) 75 CPTI1A il n # FEWME K E . LECs

Glucose 2
VEGF
¢
For Kruppel
HK2" prkrB3 ATP
Biomass CPT1A 3
1 Fatty acids
Krebs cycle — Nucleotides
— Epigenetics
GLS1
ASNS
4 Glutamine ——» Redox homeostasis

3 CPTIAZ

SECsHEMBARM LR, @ GLsﬁuASNS% SECsR LR IR,
PR BRI E MM FT 4 R RVE
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Wi FAO 774 dNTP {2 #E 858, JF7E LEC 7 fbid
T2 ool ik AR A () I AT RO AL 4 . L
I, ¥ 3% K ¥ Prospero [A] Y& HE 1 (Prospero-related
homeobox 1, PROX1) [iff CPTI1A £iXx, H|# FAO
TGN B il A 174 R A OB 2
p300 fitl /] FAO fiTZE 1) Z WL i M A /£ PROXI1 45 &5
BT HE R B, TMTi% T LECs fU385E . iE
B or 4. Rk, PROX1 FIH FAO o ik B
PR RLEAL A, 1G98 B e is . T BEL T
CPTI1A B r] il 45405 75 S bk 2 AR A, I8 4 78
LR RANTE ZBEAE A PR ROX — i F2 B
2.3 AR

ECs fAHH 5 H A 4H M 28BN . 2 B4 i 1
FH 81 0 B A A B e S HEAT R EF IR & i, T 2 2R (4
PR R 2 W% ) [FIHE /2 ECs [ 8 28 FR K5
BABIH T AV A . AR (B
FAC R ) AR S R . AEAR AN R, T
ZAME AR B o 52 e EC 38 5 R F2 SR A0 ) I8
A o A A v 1) S e I E R 1 (glutaminase
1, GLS1) i 2>+ ECs Hr i E IR JRARAS, 4
% Tip 41 i xE F2 F0 Stalk 40 fu 3 8, FEUARN HZF
M B AE RS . B 2 B R A B & R’
B, DL4ERFA0 AR S . DT BR R & Bt i & Ak
(asparagine synthetase, ASNS) aJ 513 ECs HiZf 7,
DRIk, BE A BH BT GLST A1 ASNS ] 4 ECs 4R,
T AE Ry —Hf 25 R 0L 8 AR i 7%, ZE A0 b
SRR AL 0L A P R — i R P 1 @),

PR B IE AR A BG4, FER . 23R
H TR A 2R S5 4 1L ECs ¥ EE W ITER
T 15 H-Jl PR Bt &% (phosphoglycerate dehydrogenase,
PHGDH) /& 22 R 2 & & 2 1 KBl . ECs 57k
PHGDH it b 7] 3 304 Db H k. B TR It i Ji e v —
¥ % (nicotinamide adenine dinucleotide phosphate,
NADPH) 4 i sk /b 1 £ b A& ) it 15 15 55 . PHGDH
Bz 5 I 2 IR AR T EUMLLL R & A 2, G
4 (reactive oxygen species, ROS) /K *F Tt &, #(f#
ECs ZET- AN BRI K B ok R R W] R ECs
G BRI T BT tAh, KRR IS @
I 2 2L Eg 1 (Sirtuin 1, SIRT1) F1 ROS i
fig Z ## (lipopolysaccharide, LPS) Il ATP #1] ECs
o) NOD F 32 fA # i 1 45 /4 38 AH ok B2 1 3 (NOD
like receptor thermal protein domain associated protein
3, NLRP3) &%/ BY, 2 a i n] L5 H & i o
et NS —BrRACEARZE, DLISE AL IR -

M HRE . BEAERE R R, = BRANES FAH L
(1) L IR fr 3 HUVECS 4532 1 S AL & 75 5 1 40 i
i B Ak, HEER AT ECs (100 A s
SIS MR A K Y, RS E RNE 1 (arginase 1, Argl)
ST R A 3 3 AR ) — PP, T AL L- R
TR L- B IR JR & . (£ ECs 1, Argl B
W 2 4t — 48 AL B & (endothelial nitric oxide synthase,
eNOS) 1 L- ¥ 2 B 1) v %, AT 92 — S AL
(nitric oxide, NO) H /=42, FZWA &8 H 1 NO 44
FIFRE, et Bz oh BE g A 2 e B
2.4 WERIKHEIRE

B % i (8] 42 GOP A 3G W 18 IR i 12 (pentose
phosphate pathway, PPP) g %4k, 724 NAPDH FI
¥ b -5- 502 (ribulose-5-phosphate, R5P), 434l Fi T
A FRESMZ B R AEY S . NADPH 225
JIE J5 F1 NO & 1% BL SR 4 25 I H Ik — s ik
(glutathione disulfite, GSSG) ¥ 1k, N2 Bt H K (glutathione,
GSH) My E Z R 2. 7EN R S T, & i e
N R A 8 AR -6- BERR I AU (glucose-
6-phosphatedehydrogenase, G6PD) T iR 4t >k 41 l] G6PD
. GOPD V& 4 [ K ROS )35 [ Bl ] % 2% I
SEANMAET:, 1PKE G6PD vE 4 Ik & ECs %k
WRARA M, Jh4h, fE ECs 1, 39N G6PD £ ik
Al @ NO #y ] H (R 3t VEGF 755 1 IfiL 57 8T
A TRE, 1 GOPD i fIk U 1 i) ECs Xf VEGF H ¥
() I8 o
2.5 CHERENERIER

U IZ 2E W) A & 12 (hexosamine biosynthesis
pathway, HBP) J& ¥l I fift 1F] o5 — A 933¢,  ml P2 2R bE
FEAWE A RY), RIEMFEESMEN, S8 E
HREYE . St AE AL DiEe, ARG SRSh K
HEHREEAE M . HBP LU HT A SRR A K1 4800 55 5
PRI 15 T 1 ECs TREFENG A 0, fEREFRIEF I
] 2] B Y RTS8 R B RS 2k AL 9T 92D ECs 1 A2 A
R RE S . Ak, BEREAR R — R LR RS 1
i, wliE S AR S AR AR R R B
4, Notch 524 i) B %= 4k v 52 M) H 5 FC 4K Delta £
BiAk 4 (delta-like ligand 4, DLL4) 1 Jagged! [114H H.
£ ™, VEGFR2 1l 55 46 X 4 Jfg ¢ b VEGFR2
(07 B8 o E R . TR b, LR R -1
(galectin-1, Gall) 7] fi£ #F VEGFR2 31k, 3K
Pt VEGF JR97 AN B, s = B 3L 4L RE B 1) /) BRI
ERAERCD, MR A KIS, Gall- B Hh AR AT
33t o A B | e 20 T P SR R A A
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I, B RS A AR 52 A4 AH T AT $ iR bt VEGF
TRIT T 2
2.6 ZRRIRELBERIL

LR WA A K 2 B Al e 2R 8 b ROS 1 32 BRI,
B SR ROS 1 ECs =21/, (HXFT ECs 777%
AR EREE, Zhifk ROS LUBA N &K
R4, &N REAE, BT S NO k
N A NI AR £ . AR B A A SR 4 i
ER G S SRR, s AP S A
PR R £k 5 0 I 59 HR ECs 1 Th B B A5 35 D) AH
5 B, I3 Bl 5 2 A8 AT S 80 ECs 4 i i AN 2k
Fitk ROS [7= 4 B9, A S BIU) R 775 510 14
Yok, I I AL A . (KK ROS 8
/yiE it VEGF f L Al VEGFR2 15 5 % 5 5
M HE Y, phah, Rtk geimib G e R
S 2 R A B 1 RE TSR A B 5 R A AR T R4 BT
T, DA 20 A g NSk A B A ME S, ik S I
EALHI R ECs T2, 4HHE P Ca™ F 3 ik v 8
T $ N 2R PR MR OR AR R 2R Rk ATP (17 4 B,
SR R RIAR TN BE S ECs vh Ca™" (5 5 S a2
[) (R AE ELAE AT /5 g — 2 it 9
2.7 HAbigE

B ERACHHERAN, ECs fRBIT] Agit 5 £ ol
B BEEABOERSEA L. R, Z2R0
HAE PR Z ol & E, Hod i E 5 B A
NADPH 4 %] %] # ik Ji2 o 11 B4 08 B2 . 17 NADPH 7K
[ B A T 5 2 ROS LR, AT 5 SO0 FR 96 A0 I
FESSPS A5 ) A o T A Do T L BRI ] 38 2 PR AL 1Y
FELJ 75 K G (A sk B 1 8 3 2B J% VEGF HI¥CT 1 i &
B P BhAl, ECs ARG — 35434 47 bl 7 210 IR
B RO T IAEARE I DUELAE Y, 4 B 3 <F 5 8L
B i A7 52 R, KB ECs LABEJFAR U 4k 64 4
i 3 <5 S I f b AR Y. R0, BE EAR B X ECs
(A A FH 1 75— 2P A

3 BEESRE

BT, ECs QI I £ EER THEf A, 2t
FRAR AR IR AR 25 . B R ARUTRY ECs 49
SOIRE MR, B L ) S A, AT R
I8 2 PR i RS AT 400, S SR S VR T I AR
B ) ECs AU A4 i) if 3757 A4 036 7 - B AS 2k
KR Z v, Wizhgr ¥ PFKFB3 BB/ 751 57 =
NS R I IE Ak, P CPT1 5t GLST [A] £
REIR/D /N BRIFTHR 007 A2 L TR R, FAO A 4 FR R ]

238 ECs AR LLRIE LECs 734k .

ST, ECs AR FE AL TP I B, A —
BT RE AR E G % B ACSPIRZAS E LU, ECs
55 JFC At 24 P RS PR T ) 4 L 2 TD PR AR XA U 22 S B
A, B, ARRAT DAZE A0 K oy Hr
Jifr g AR A0 ECs AR, A IA 7] 40 B (1) B AR SHR
&, 2 EZRARBE I R AN, I D)
REJCIM ECs, W¥EIK3) ECs M BEF =Y, H
SO AR PR . OB PRV S SR BRI
P e
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