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WA B BERE o iR 4 i i B A Bl 52 BIAROOR
T, BN A FT IR RSP DA R 4H i ) g
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After glucose entering into cytoplasm, it is converted to pyruvate by glycolysis. In normal cells, if oxygen available, pyruvate undergoes oxidative
phosphorylation in mitochondria. If hypoxia, pyruvate is converted to lactate in the cytoplasm. Cancer cells drive pyruvate conversion to lactate in the
presence of oxygen. Cancer cells are also able to actively take in glutamine. Myc and p53 regulate cellular energy metabolism in different levels. Ener-
gy metabolism is switched toward glycolysis in cancer cells when myc is activated or/and p53 is inactivated. GLUT (glucose transporter); MCT (mono-
carboxylate transporter); ASCT2 (ASC-like Na'-dependent neutral amino acid transporter 2); a-KG (a-ketoglutarate); SCO2 (synthesis of cytochrome ¢
oxidase 2); TIGAR (TP53-induced glycolysis and apoptosis-regulator).
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Fig.1 Energy metabolism in cell

s [K 1, ATHIF-1. HIF-2FTHIF-3 =01 28, 4714
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LDH-AJEPE, 5t n] e A7 2500 e 40 i (10 Be &K U5, M
TS LB T AN S Wi LA 480 QI oA = 10 1 5 40
AT, BTSN 53 R M2 T I 12 15k (py ruvate
kinase M2, PKM2) & 4l il i #2715 i JF B F 24X
o> 1o MDA I P98 Tl AT Y A S A A, PKMITA
PKM2. PKM2iili % &5 TR 412N, MPKMI1ZRIL
TRURA L. 40 e A2 B, PKM2 BT Pk 55 3R 0,
TTTPKM 32 I 32 2040 o 0k 22 b i 67 41 B 2= 1
3 AT S 58I 52, PKM2JE Ji A8 4 23 rh R 30 1) ik — —
b X0 A I PRV o 4 P PRMT A8 48 Jf v
IPKM2 )5, 5 EUFLTR ™ 5 1 B FIRE 405 1 15 n,
IX1F 4f FiWarburg 8 W AH [z . WA R 5 PKM2 1T 41
JL A Re AR /N B b 8 iR, 15 WIPMIK2 R AT {2 adk fih
J6 240 T vh MURR A R B B W iR 4 il PKM2
221k HMyct A A7 98 R, Myct A RETS FPKM2
(R Z2IR B, X IE 45 My e e 41 i 1) fie 5 A 5 1]
Warburg % W A& — 301 . Fc A W9 Wos, PKM21]
VE i HIF T 5 A FTRIAR PR A 1, 389 5 HIF T % s AR
H, IR FATTRT LA H i 40 B ) Warburg 25 3 S A
[Fi) D] 25 i ) 4 R T 8 TR o A TR v 4 £ T TR s T
PR T 2 A P T I R, () B 7 25— AN ATP 31, 1%
N 2 W A TR AR B0 — 0 S e H T I 2,
PRM2 AN (LT BE PREAZE, T A A0 T P A, 5 2 b
T e 10 o ) 7 A 1) A0 K 01 RGN G 5 i 9 4
PR SRR D P48, S e A L ) A
2.1.2  PI3K-AktfZ 5 #UE R AR B % PI3K-Akt
{5 W VAR AR T A0 M, T8 I A A
HETE R A1 RE AR A5 2 Rl R A 4% 2 1
W) ihe. PIBK-AKUF 5 52 9 Jk Ml ras [ 15 1 15
U g 40051 B AL PTENTR) 470U 15, T ras 5 DA ) 58 A%
HMIPTENKE PR G AR 5 2R 71 g A A2 AR LI, BRl
VF 2 JIJR8 #R A7 AEPISK-AKt5 5 (0T - Aktid i 19
IMGLUT.  CUH i (hexokinase, HK)F IR B
fi1 (phosphofructokinase 1, PFK )45 A FHIvE T, M
1717 44 558 Ji 27 48 B ) Warburg R0 WY, HIKGE B % fidt 1)
o PRy, A 2 B B IR AL i 6- TR AT 4 B . 6-
Tl I 80 e W e R A S5 T i 0- B I SR B, - 12 K 0 1
HIPFK IE AL 11,6 1% S 0%, k1 F ABEIREMF . HK
HIPFK 1R 2 1 25 0l 1E N R AR 1) OC B, H i i IR
I FRPETH A s A7t i 89 40 100 4 QU 2 245 P 5t A2 1
o] Jit e 4 A v I HK-TAL U1 o Akt ] e ik S
0 FL 8 ) 75 A %% % # 2K [1(mammalian target of ra-

pamycin, mTOR){5 53 3 25 11 JFURUIG 5T (1) & e 7
TR, EIRARE ARkt S WS HIFY, A 41 il fig
AU D A P A AR
2.1.3  p53iAT miekt 2 Kt BAR K Z K
411 M I ATPHE £ 24945 56%~63% K J5 T~ 1 4800 19 i,
(TR ) 2044%~3T% ¥ ATP g AT 77 B A7 A
Pt e ORI R I pS37E I T AR AR AT S A AL
LyBlmeefie 072U TA) ()~ b k3 RS, p53
kN, BAT 2 A Dike, f4E 40 e
G BB AT ST 5 7 pS 3175 5 W 12 At AN ) 120 75
[Xl-F(TP53-induced glycolysis and apoptosis-regulator,
TIGAR) 141 fl (4 25 48 Ak & 12 (synthesis of cyto-
chrome ¢ oxidase 2, SCO2)/&p53i% S & H(K1), &
HaupemACH . TIGARZRIEFFHAR T o4 furh 2
BiE-2,6- gk MR £k (fructose-2,6-bisphosphate) 1) 7K 1,
T RS P 7K -, T SCO2IMAEH /2= 5 41264
W AR (6 T AR s A ELV), ‘B 54
AR H A ¢, SCO23KIA Ft i m] i £k for A4
T M4 2K (reactive oxygen species, ROS)H i1, 520 £k
AR AR AL D BE, DAL i Rg 40 i v i WL IRIp53 2k
75 A TP TR 240 L DA TR 28 ) = 2 )
2.14 ZKEARBMFEBRMARGNE AR
iRt (1) 53— AN TR IR R ER AR D RSk B, 23t 2k
AR E A R DI RE BT« 51 LR A TR
A Ty e R4 55 1) B DR AT 22 Ff, Gn e b AADNAAR S
M AR BENLAE AT AE S AU AH OIS I R 08
A

G A 1) e R AR AN BEEAT IE A A B IR
o 3X R A 40 B el T R B PR A A7, ] S Bk
KR AROS/K 1S e B2 (IR OS24 Sk 19 il
(aconitase, fELITARIR 514 4 AT AR IR, 14 XTROS
U IR TE PE, (A AT AR AT 2R Y IR FE 3G w3, #7
B R 4 — IR R %% iz £ [ (tricarboxylate transporter)#f iz
LR, — H3) TS, AR AL ATPH AR TR LA 1
(ATP citrate lyase, ACL){FH] T 73 it Ay 519t £, (oxalo-
acetate, OAA)FI Zk4HFA (acetyl-CoA, Ac-CoA)., &L
ok 0 R 45 340 50 ik S L 1 (malate) T4 12 1] 1) 28 Fir 44
ho TR A 3 SR S e R SRR (I i
FE = 4 FINADHRE A ] — R IRE ), HAc-CoAJx
A BSAT R 1 58 B — R BRI FA(1812) . Ac-CoA (1,
FE MR AR I 12 SR 1) Ac-CoA) FH 2k & 1 T 7 18 i1
JRCTE WE . A PRI A A 1) — 3R MR 1) P4 (truncated
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HE TR 20 g SR A L FOROS I 1 W, Sk BRI 1, 4 AT BRI A2 126 UM, tho by TR B4 W (ACLL) 20 M1 51 £ TR(OAA) il Ac-
CoA. OAABGRISUN RGBS BN LALAA T . fELALAR PRI P OAA (FEBLRFE ™ EINADHAN G =R IRIEEE), 15 Ac-CoA
S ST TR SE I —FRR IR - Ac-CoA (BLIF K A Ze WL AR I FH SR A F IR s R Ao e o

In some cancer cells, increased ROS (reactive oxygen species) in mitochondria inhibits aconitase activity to result that citrate is exported to the cyto-

plasm. Citrate is cleaved by ACL (ATP citrate lyase) to generate oxaloacetate (OAA) and Ac-CoA in cytoplasm. OAA is reduced to malate, then re-

imported into mitochondria and reconverted to OAA (while generating NADH that represses the TCA cycle), and it reacts with Ac-CoA to complete the

cycle. Ac-CoA, including exporting from mitochondria, serves as synthesis of lipids (fatty acid and cholesterol).
B2 #HEH=ZHRERER
Fig.2 Truncated TCA cycle

TCA cycle), #H 1) = RERIEIA A58 2 (0 IR IR
R, JUPAS= R i, {H e 0k st A=K 1 e 40 A
St T REBEY) S R S5k .

SR IR I A (isocitrate dehydrogenase, IDH)
A M RE AR 2 ) — AN Gk (12), AAIDH1
FIDH2M Y, 43 BT s Rl — SR AR R4 . IDH1
AT M, IDH2 B4 T Eopifk . w50 or
IDH 1 AITDH2J PR 5 A% 5 figg J12 5t 768 A PR RS A 11 10
W(AML) &S A KM, e 548 i) G BUE A R ks
P S8 Ak I 32 A -l 1, — 1% (o-ketoglutarate, a-KG)
HIBE T KK B, AHHN R I 31 T B o-KGIk J5 i
& T (2-hydroxyglutarate, 2-HG) )87 T GE, FF VM #E
NADPH, X 5% 250742 41 Ji A 1R S8 A0 380 T 1 48 A7 56 Wi,
A A 55 25 08 R 2 L ) Warburg 28 B A7 5% . Il IR L
LR IATIDHR AR (I AMLE A MR AR, 2-HG K
A S 0 Y, X S Rk B 1Y 2-HG 2 5 5 AMLA 1
KA R 2P

22 HEAXEARB R ZMEMER X —FFm

BRI 4 B RASCT2E NI IR, FEA R
1k J¥ 6 (glutaminase, GLS)HJAE F R, ZK i A 2 12
s WA JUM 2], 22 T 5 1 P2 R
TR &5 5 % e Bt HIK(GSH), GSHJL P £ 7
T AR, 25 N0 5 A8 R 5
B Z IR AR ] AR io-K G, HEN SRR, h 41l i
SR b RS P A RE B (1), X 0 7E A R (1)
CORTRAEIA TR R, ROk DRI = A AR I 1
WAFHE B B = IRIRIGIAE N 5Ok}, X AR 00 SRk AR
Jyanapleurosis'®, AnapleurosisIil % $& 75, 75 2 Bk )l
(1) 48T FH 352 W) 7] 26 W TR I L, AR A 7 S I e 1) 438 A
5 WA ACK A 2 R P A5 D, AT bl e At R 4 I e A1
AR G AR B S A,
TR R A 5K AR 5 1k

BARTEIE—FF, T8 40 M 1) AR RO 23 2 M 2
g, T HAT AR AN GG . X 1w 40, A 2=t
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Jig A T R ISR, & R I ok A 2 B R e k. (H
IR S BT 23 2 I I EL A AR, iR 4 AN e A
BT AR TR AL A K, BRI A A
T fe P AR o] Sf S R 40 L ) A G, IR R )
M, A2 E O AE D 75 2 FE MR L A il 75 2
FER o A P e 4 e ) K S A i P A
i v B S DA 9%, g ) A K 5 7 IR o =
TR BRIk A, T 24 M0k 28 2 e M 1 A FH
TRIR 2o 1E A0 M A 20T e A2 4 P A 2 1 TR A TR
B B SRR, AR 40 BAE B2, BB TR A e R R
()38 7> B AE A LI AE K A Koy 7 & B SRR
Ah, E NGB o B E A AR B, T AR A AR g)
TFIA B,

C-Myc/2: 2 12 i 41 B 7S 2 R I A 1) 3 225 5
K. C-Myclf nJ {2 2k 40 B £ B 2 W ik, 0 nT {2
PSR AC I (B, c-Mycfe Bk S ke S 5
miR-23b47 5¢. miR-23b[¥J#E 7> 1 & 45 2 Wkl . 7
e A0 B ARG R v, 23 2R o (il 40 A 0
C-Mycill 2 41 lmiR-23a/bAi 25 % Bk 2 g 3% 1 184 7,
M2 A KR A ZR, 11 c-MycfE P8 41 iy 2 ik 1
AR WL

H T 988 40 i E 75 2 I e A O, DRI B O
U, E I BH BT R 4 A A AR
TR IR A AT RE IR, AR SERR EAFST TAE O 23
A 988 R R A 2 I P B N 5 V8 A 385 o e g 11 2 Kk
FEE, PR A s 4 Ioheg s b 745 2 i mJ sk
AT T BOR, BT 5 R BIA R V™, 5348,
A R O R TS, XS R I AT
WERAE e KR, ek LN s i A T re 4

RS P
2.3 PREHREMER R RIEEEFE X

T T, WA e O IR A0 i 4 it i 7R N g
o FECIRBH TR 7 A2 B/ R ATP, AEGS TR e 440 Jid iy
, NZ[KATPH] e AR AT U o U M 41 okt
B A FH AR H A 2%, IXFEADPHSBE IR AL IATP, /=
KPR TR AT 3 100 o1 36 TR SR W Bl 1 (P )R 4110 o
B IR A, XA S 1T AN T b e 4 AR e 4 i
5 HU 25 0 1) £ 00 A gk LU I A i, SRLix st
B A A SRR N AT S AR AL, TS A IR ATP
T B R A0 M B . LR, R 40 P v R
PREMAEAR I LA 18] ), BENADPH. Ac-CoA.
KRR — LR DA T 2 R IR, DA 2 FE P AR K 5
Bl T, WA AR K EILR, SRR R R
(acidosis), X T TR A R 555 25 59 44 T 75 40 T 1) 1) i,
AR T i 40 B ()R I A e A o X LB I FLIR IS
A A A i g A0 i FH A i R

b o

3 AMPKER#page 2R EZRHEF

AMPK (AMP-activated protein kinase) & F.4% 41 Hg
W R IR — 2855 40 i Re 5 A QAT DG IR 22/ 95 2 IR VU,
FRZA“RERBENAR”, T2 HH— M () R A
WM EE(B VA U = 2R AR el 17247 1)
TN R IR AL R AMPKE P 1 ke S A .

Y 41 Jf Y AMP/ATP LY AF TH 5 1, AMPKA BT -
AMP% 5 AMPKy WL 45 &, Al AMPKAA 5 A2 07,
I e ol JE 17247 ;U IR 2 IR, A T AN [ )
AMPK 3 l(LKB1. AMPKKsHINUAKI1)# 1% 1k, 1
AMPKHE W% (B13), W& IAMPKEE 2 1] £ 5y 400

Deactivated state

Transitional state

Activated state

41 [ N AMP/ATP LU A T i i, AMPT] 5 AMPKy WP 3t 45 4, 5 3TAMPKA G & A2 0048, 5 e Y o7 3 172467 5 ) IR R, 1% A7 15 AT B LK B 1AL

T AMPK L AMPKK) #8214 8 AMPK Y 380375 o

AMP binds y subunit of AMPK when AMP/ATP ratio is increased, triggering off a conformational change which allows a subunit to be phosphorylated
at Thr172 by LKBI and other AMPK kinases (AMPKK) to lead activation of AMPK.

E3 AMPKHIHE
Fig.3 Activation of AMPK
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5 o MRS 0 25 B (R ATPIN (B ATP/AMP LU AB 55 1),
ATPH] 5 AMP3E 4+ 45 H AMPK AR LG, 5k 1
AMPK [0 2 A B AR S W AMPT L[] IFATP
TR . K, AMPKSE LLAMP/ATP LY i 1 42 18
TS 240 0 FE R A AR A PR M A7 U

P A AMPK A XU B 273800, — 51T, AMPK
NI TERRAL Z BRI, 191 W1 2 94T AR AL i (acety]-CoA
carboxylase, ACC)FITSC (tuberous sclerosis complex)

\/

'

AR e D I ] e DL R R AR R,
M/ ATPRI FE . 53— 7 1T, AMPKGE 3 e 3t i
IDTRRSEA . IR IE A%, SR m AT T, 3
SEoK, W9 Kk BLAMPKIE i % 2 1 PGC-1a (peroxi-
some proliferator-activated receptor 1a), i€ 3 I 7 IR
s AE, Fe AR . PGCLZ R LN i
ARG BOM BE A AR I s PR 1 (1814)

Hi T AMP/ATP LY {8 5% W AMPKE PE, 1 1 5%

N

. Protein
[Apoptosnsj [Cell cyclej [synthesis] E\utophag;j

Fatty acid Fatty acid
oxidation synthesis

R Z AE R, 40010 A AMP/ATPHUAE THE, FELKBIER] N, AMPKURGS . AMPKAT VF 2 Dfig, & nl 4l & s A, FrlRan i st s ke, 411
S AN NS RE BT o I LG0T p5 3 AT A0 20 0 A A, 07 £ Pl i AR AL BiE(ACC) A mTOR AG AR T PR R 1R ML 1] 2 A A% 2 1
FRAAT I, FEREE S W, MR B B S e . AMPKAR Al 33t B R L PGC- 1o, 12 HE T AR S S R 42 AL

LKBI activates AMPK when AMP/ATP ratio is increased in presence of energy deprivation. AMPK has multiple functions that include activation of
p53, inactivation of ACC, activation of TSC1/2 to inhibit mTOR, and activation of PGC-1a to promote fatty acid oxidation. The results suppress ana-
bolic metabolism and preserve energy to restore a favorable bioenergetic state.

El4 LKBI-AMPK{5Si&f#Z
Fig.4 LKB1-AMPK signaling pathways

2 o3, DRI rIeE 40 i 20 v i dX — 428 1l 1 (check- S B (calmodulin-dependent protein kinase

point), DUEFRAF B Sy, IEF 500N, AMPKAZ |-
TFBIELK B S0E « LKB IR by 2 — Rl Ri s 2 8],
IR I & AE Peutz-JeghersZi G Ak T ARG ) — AR
DN, JEORAE IR . A e R L R S e
R B2 5 R 2R 3% o 1232 IR () 2R3 ] 75 AMPK
& A mTORN I /E F, 3 BmTORFMIHIFSE 14 1 =,
T 5 5 440 M 5, A5 e e AR 1 W I A

Bk T LKB14h, AMPKtH 5245 1 8 (4 4 i v 2

kinase-B, CaMKKp)H1 TAK1 (TGF-p activated kinase
DI TAKURE# A IA SRR, ZXAEN S
TAK 1% AMPK A U,

AT, I R _E 32 2255 i8I AMPKIGH ) K i
I7 IR, IX AL FEAICAR, I XU (metformin), 7K
AU (phenformin) &, FYXUITCAT 2K 20U S e
W7 RE PRIV K —Z T 2, A 3K 28 24 OBl PR s S8,
LI R TR B 2 LR FRALAIR, o — FOBUITOR 4%
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CXUITEAT IR T 1 1 o

4 MEMEEEXHFRERNIRERS X

i 96 2 M B A R 1) e AR R Y, X L pl gy
(AR 2 8 n] 45 T A IebRg FRD 2 B R B 1] Y 97 o
4.1 Warburg®{( 5z F 112 b

1E F 5 T ML 2 49 4 (positron emission
tomography, PET)7E M 2= (1 N H H &) 32, IR
Ml A5 206N o PET IR Ji B 0 i 6 T e 40 i i
CABE B VE N JLARM 7 28, (T A ATPEL D, i
DL Db 20 £ ECBE 22 1) A 25 W ok 4 5 L mg AR 1)
SV . SF-g I 4R T 25 B (B F-flurodeoxyglucose, '*F-
FDG) ki FE A 7 5770, 2 B A0 R AT 500
5z I R MR AU R, PF-FDG A A
BRI 00 T g R AR, FEVE AR, PF-FDG L ]
AR — R 40 M GLUTHEA M N . *F-FDG
HEON A0 B S 7E OB SO (HK-ID [ 4E FH T B B 1
1k, T 56-TR-""FDG (6-P-"*FDG), {H 5% %5 bl A [7]
(1) 42, 6-P-""FDGA fig 4 1t — AR, 102 iy B HEAR
TR ML P o iR 40 i el 1 LA s e T 258 PR R R
e R AR 2 [1F-FDG.
4.2 Warburg3§( iz F{EBhEEE @) ;8 7

i 980 2 HE P fig A R38R AR AN [R] 1 1 40 M, X
FPURE (1) e B A R AR AR AR B BRI 7K
RV 58 o P B I e il . ARG R, SRR S
PR TS AR TR AR W T LA L U S 8 4 M R e IR AL, T
I RANZ M . H AT, BRI AR V6 9T 0%
PE RS () SNG4 2 T . BFST RN, — LU RH I i,
WIHK-IT. LDH-AFIPFK 75 e 4 i rh s 2k,
X 5 2R TA TRV W I A I 380 T B A R IR TR T I
Mo BT R A0 B T AR B T AR, W
il 3¢ IR FNGE Ik W] B 23 e AR AR AN, B b P A A
[RIIRTT SR T AN B 22 A BRI A I AU B VR 97 3K
RUr,

HK-TLR i 987 41 i Warburg 250 Y. (1) 5% 8 I, e 1)
i PR TR A0 L B I A0 L gy S~ T4 3-VR P PR
(3-bromopyruvate, 3-BP);& H BT T HK-TH i 571,
B IR 1 /N> 12, il SHK-IZS &, T4k
IR 0 B R R TR A . SRS HER SEB B, 3-BPWTIE
FEPEPIE IR A A, S 1 Al R A s, 2-
Jlit 48.-D-7] % B (2-deoxy-D-glucose, 2-DG)H, J& HK-II
. 2-DGR MBS, — B ANZH A,

WEHKBE R 1L, IR I12-DGAS RE Wt B A, T 704l
ot SR, NI A R A . Btz A, HK-IR v 1
W5 B g5 BN GRS 1 H AR [ 29 i
I (voltage-dependent anion channel, VDAC) K (147 K.
I HIHK-1125 & 2 VDACH, v] 0 /M98 40 J (1) 4 5%
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Features of Energy Metabolism and Clinical Application in Cancer Growth
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Abstract

Cancer cells are different from normal cells in metabolism of energy and matter. Cancer cells

take up much more glucose and glutamine for aerobic glycolysis (Warburg effect). It seems to be wasteful, but is es-

sential for cancer growth in both energy supply and biosynthesis. Altered metabolic phenotypes in cancer are chal-

lenges, but also opportunities. Understanding metabolic phenotypes in cancer could lead to new approaches in early

diagnosis and target therapy of cancer.
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