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Metabolic Oscillations in Tumors: Glycolysis, Calcium Ions, and cAMP
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Abstract

role in cellular metabolic regulation. In recent years, although biological metabolic oscillations have gained increasing

Biological metabolic oscillations are a common phenomenon in life activities and play a crucial

attention in scientific research, a comprehensive review and systematic summary of this field remain insufficient. This
article reviews the basic principles of biological metabolic oscillations, as well as glycolysis, calcium ion, and cAMP
oscillations in tumors. In tumor cells, glycolysis oscillations meet energy demands, Ca** oscillations regulate cell pro-
liferation, and cAMP and ROS (reactive oxygen species) oscillations interact with these processes in complex ways.
Neurons participate in tumor progression by interacting with oscillation signals. These findings provide new insights
into the mechanisms of tumor development and the development of therapies targeting metabolic oscillations. The ar-
ticle summarizes recent discoveries in metabolic oscillations and provides information on understanding this fascinat-
ing phenomenon by analyzing the interactions among four types of metabolic oscillations.
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N, AEE IR T2 R R, 0 i AR A Fa 252 il Bl
Bl R 55  55 ZRAEARR % 2 HREOS T 1
PRFHAT 9, B 04 i Y A4 B 2 18] 45 5 A 4k i 4R
Vi~ ML IR & AR e 42 T L R & 55 28 =
FAMAEIRG 2 B RAEFE I PR, B g
FLAYDE ORI . PFIRANLIR . BT R
Y B 73 24 AN R B A

L AH i i) B 9451, 4 e e 39 R O 1 A U A
PR LB AE — M ARG, S- I < 2
H 2(S-phase kinase-associated protein 2, SKP2)/E A
SKP1-CUL1-F-box % 1 (SKP1-CULI1-F-box protein,
SCEF)™ Nz sl 51— &6 70, 7240 1 5 3
WA AT R 5 AR . SKP2id i %
i 24 Y J) U B 0 1 Yl 4 1) 551 (cyclin-depen-
dent kinase inhibitors, CKIs)4p27, 12E40 i & 1 M
G (DNAZ S HTIH ) iE N SHE (DNAK #3H). p27
) P28 A AR o 17 T 48 R 30 B OB E BBUB 2 (cyelin
dependent kinase 2, CDK2) ], 1§ /5 CDK2HEMS ik
R Ak 0 20 it 31 2 T E (cycelin E), HEz)4H A & 3
HEFR 7L S PR R 2 WL ORAIE T 24 i B 0 1 A T
WL, SKP2itH i i 2 5 A7 I it S 1/2(isoci-
trate dehydrogenase 1/2, IDH1/2)ff1& € Pk, SEEILAH I &
WA AR R - 7ERT S B, SKP2-IDH1/2
S o A U 2 TR RS DGR Y, 0o SKIP2A B
R FIE RPUEE T RS XRG4l A
JESAREE , RAE T 4 PRAEAS R B RAS i 75 B AR
P AEMARUIR G AR B RAE R 53R B B ERHIE,
PR AN [ ST AR 7 132 5 AN B i
1.2 £ EIRH 4T

EMRGAR FRAEFIRT, 2RSSR

VRO H sy 2 BN ESAH AR B RS

PR < 1AM BAE R s ma 55 AT 51 A AR AR U iR
Vi I A 2 RO B (R I )84k o Ak, 2B fiw R4t K
ERA R ER I, T2 A BIFE T b T RE SR ALY
RE, HAFFESHUE AR 2 K A AR AR S )
Kk, ARG B A LU TR
12,1 Reetk  FEBRIPHURECR 7RG, KA
R TR, (BAERT LA ARG I, 2P R
G o AR B IR R 2 TR ELAE
1) X 28 DL K ax 6 A0 HAE B A BRI P 25 8 2 2R
(), 5w DA AR 3 Bk o) =2 AT
122 H 4k A AR R 3 BE AT DL ER A LS

ANAEAERIfE RGBT DL AR R IR A 2%
TR, ¥R RS F= AL B 7 2 4814k
Bl An R A B B R IR 3, AT T TR 4 19X 2%
W R Z D 30 2 T8 AR L Y, % 2R R 2 8]
A E 5 -DNAM AR L S0 8 B v A B R
A SR ER RO RE M R 2R A DAL 20 SRR 4 i
1% 28] FR) e 3 S5 A 41 8 49 e S DX 7 6 DNA AT %
Ve, SEBLE B HIR G,

123 T&M ARG TS ETRE
JESEIAS TR o 8] T e A B8 . AERBI R AT N
24/ BRI, R T AR TR AT AR 4R
Wi, TR ) A AR R R AR A
RK. KZHARE FEMARBIRG X SMBE SR
REMS A AT, AR A5 5 W) RE 2 52 2R E 4R 1
Sz, R 52 2R o AL RS R .

124 AHRME fERARAMZ AR T, ki B
SRRAEAE BN R Y, B B TR] PR A LA AT B
IS WOKHR , STt A dEtk. BlinfemFlaht
DR SR AT A 8 8 O A S8 S A 22 T 22 T R iR
%, 2 R PR R R B A A
JoR AR ) e =3 B A [ it 7 A ), 38 3 4 i 2 T )
R & 13 2512,

2 BRARKIETRS
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PEBE AR T, 1E 9 — Fh2n i o AT v 18] = ik
FERTBE NI A, — B2 S A T AT A R s )
PG O FEIE REA AR . TR pAR . O L4H
L DA K% e 200 B PN 1) 2 T 4 i 2R 284 mp 15 380 HAE i D221,
BHIFFN 2T 19674 1 IRTERE AL A 30 1 B I i
ViR B2, AR S SR AR R 72 I /N RS IR K
e 1 i T VR O 5% B AR R TR A A 7
JRNZE RS — #% L (nicotinamide adenine dinucleotide,
NAD"). R 1,6- 8% & F R — 5K (adenosine
triphosphate, ATP)Z5 ¥ il ITE 5. 534k, fE A0
KAV b s i P A 1R 32 1 B 7 Hh I S i r 4 i
(HeLa) A7 E BB fFAIR 3 R0
2.1 ERRPERE AR RS RS

BEIE R 35 I A% 00 IR Bl 008 T B At 1T, W T
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it I TR TR SR KRR - 1 (phosphofiuctokinase- 1, PFK-
D)X IR B SRR, PRS2 0 4% 40
Be B T R T E i, IR % (adenosine diphosphate,
ADP)5 5LHE -2,6- B (fructose-2,6-biphosphatase 3,
F-2,6-BPYYE N5 5701, i A4 RN 1 55 PRK-1%]
JEAD RN -6- B IR (M5B 77, fE RS 3T, ATPIKSE
BEZ MR, JaFAEAHNEITR S PFK- 1B A AL s &,
S HAY AR NAGIETHARAS | B S NOH 2R BRI | 1X
Fh A2 B IR T BLA 2 51 AR B 3270,

WE I AR 55 2 R AR S A R A 2 (R 9 AE ELAE
R 2 8 3 SRR R A& R 7R AT I NADHIZ
i, MR MR AT N BT e 2 P R A s
$FAIE, UNCrabtreeZ N Al Warburg 2, {545 5 41 o B
ELEAG SR N 1 B MO TR A AL BB, X AT
— IR T RGN A XSGR I FEIME A, A
I s 240 A R AR TR A AR R ) S S T D B
2.2 BERFERZSHER
2.2.1 Crabtree® 5L = Warburg#% 2 Jie 98 44 Pt
A7 AE T PP 52 0 5 T2 Ao DA T 522 1) AU IR 35 1) R R
Crabtree X N Fll Warburg 208, "EA11-5 bl B i FI1 RE &
FEAEA K. Crabtree RN, A2 H ¢ B A= M) 46 7 LI
3 - 70 8% JE Al (Humphrey CRABTREE)7E 20140 30
SEAE G, T8 = B R R, B2 b7
HEGKAET, B REAH A DL S At — S A P 4 i
SIYTRMEIEAR 20, P2 AR IR PRI S S R T R
()7 T 2 T EORE R s A b B B TE YRS N, AT
o ik o 2 B 1 23

Warburg R4 W iz - FH 4% [ A= )4k 7 5 BT - BL i
% (Otto WARBURG)7E201H 20204540 K BH, 2487 40
MaAEARUT I R v, RIS AL AEAG S 551, i) T
T PR AR R A A R, T AN Sl SR iR A Ak
TR I 1E . Warburg 2508 2 I 48 g AU ) — > i
EHRFAE, e 20 PR 1 R AR RN B R 7R SR A R,

V22 25 1) 9 41 0 22 B HH Crabtree RN PA
Warburg RN . HH T 40 M 75 22 K 2 1) g 8K 3CHr
FLPUR A KNI 2, fE i G BER ST, Sl o 3%
I Crabtree W SR I o b B2 i v M [RIRS, Warburg
BRI ) A7 5 S 4 S 00 [ o W TR AR i A
4= ATP, T Al i GRSk i 12, IX W] Re KA
2 R S A AR 1 e 24 52 38 00 ) B R
Ko XML FE RIVE A, 0 b 2 R AR 2 3
P AR T AR T A 0 o) 2 A A T I B, {4 T i s

12 RN e 240 T S R R, X — T T TR
S M e B R K, — T T e 2 R A 2R R
ARG, IR DR 22 A0 45 i e 40 B Hh B B AR T o0 R
JaFRGE T IR & ] o
222 WUEREF® ST PN PR B TR AR R A B T
SE IR A B, L A0 265 B 4L ek ) i ik 5 e
W S v R B SR s e 4 3 B IR TR A A 26

CA W FT R B, e 20 B AN I I DL 2 PR A
20 0 A A S MR R Y, PR P PR A IR 99
J AR A 201 25 28] W AL R 2 o ok e 24 i e 2
PRI O3 GRG0 B AR K HR 3 4B o5 B B 4 A )
E At 23 Bl 5 LR SR A Al B SR R T AR AL

TEAS H HeLa4 Mo i2E 47 I BRI R IR % S Bk, T
BN H 7K P R 586 B MR B TR IR R
¥ . HeLa4H Mo bl B i dR %A WU AMFFAE . — 2 %)
BV IS 0 J0 At 5 2 0 2 0 L I Y5 [ IS L 15
TR T EAH ) B LIRS = I R 35 1) )R B B
K MEEEE K, =RIRG AN E. IR M
FRS B) RIS AN 500 5 DU P AR 4R35 I 40
B[R] PR B AR AR . A BT 98 % UL 240 o 1) 605 g e ok 44
HAME 5 43 T Un ATPEE i (8] 14 2 7E HeLaZi fitl 52
2 EAESE, {H I H A W ST e A1 A R A )
4 B[] 38 THET,

HI A e DU 14520 i bl B2 A ik 9 5 LTS AR
Ko Warburg 20N AE Ay 240 Mo 1 — A ] i AR 41 RE
fiE, 7 LERT 51 M A b A LR, nTRe T
LA T 21 B 4O T s o F He At e &4 7 T ATP
R TR SR N SO o S SR Vi v = s R TR
Je 21 B 3 7~ <2 1] Warburg 2508, 3w i A 20 Bl
21441 i (cancer-associated fibroblast, CAF)#E47T 4 %
PHBE AR D= A2 FLIR , FLIR B Ji5 40k i g 2H 23 R AH 4T
Jeds 20 PR FH VR AT SIS A B0, i 470 e R TR A0 4 AL 11
ARIHFFE, T REARILAE DU 14540 HO R R I e 41 3%
HARYG; % HeLadl B 9% 3 o A, 4R HU ek
{E FIHeLaZHi JAH L/, [F]I, DU1454H I 7E 4% % 44
B B HR G S AR 3 FR S [R] 7 T R 3
A1, S HeLadi Mo AH LA,
223 MEEEMGIRG S AT HAREGRIL  FERAR
AR i 5 IR ) S 1t R A TS A R % DDk
R, TRE I AR 3 T DAAE S o ul o e e A S 5 )
Ta b, Jn 2 P B GEBR R, AT TRk TT A B A TR TR BRI B
T fe T L L BB AR, OB R W RE B
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T2 R S 8 240 A 75 B K 11 g AR A I ok 3¢
Fr s AE K AR 28 . SHREAIE R B2 T 5
ARSI 5 va o7 O B s2 e, H ] DUYE Do T s
MR — A RAFFERS , ARHE S ERRAT R A A A
AT 51 B ) S A A7 3R AR i, 201 34E7E S5 [ 211 99%,
T HeLaZH ff120094F 75 3 [E (1) S4F AL A7 26 967 %, AHLL
T, R SRR AR EAL, U8 8.2%™ .
ARG AT N B A F T T0 o B i R AR B &
e A R B )

TE R 20 i 8 T A R 3% R Warburg R Al
A g R T B A . SRS M, R
i R IR 37 2 B HH AN IR BRVRRAE Pk R S 1 R
240, B SRR . 6B RE R B R
WERER 3 % Sk 2 M . Warburg U 5 S0RE %
T B RF ARG B, PRV AT . T AR i B
HUARH,

A LR 4 i B AT PFK-1. HK2%5 % g il %
T, A B AR N A I, B R AR 3 U L 4
TN, W53 SR i, B PR AR R, DA
TS PP v A T SR o AR RS AR T (A
el AT T A TR ), R TR A 9% T e AR B o S
BT, RLTAEERES . flhn, 7R 7L 40 & (o
MCF-7)4 , BF 52 SR B 41 3% 73 ml il i PFK-111
SRR A T R FE B 2 1, S T e e ] A
VR A AT ) 70350 - 0 A 2 e A EIR S
2.3 RS EFIRS

BEE T (Ca?) R M M40 A —Fh B B 15 5
HSHUE], EMRRRE. RIE. REMEER hy
BEEIMG. SIEWE4IRMAL, Mg4iiLr Ca®
P 8 RPN 8 B 3 K a2 36 R4
27, T BB JE 1 S B R AR AR, S S AR
i 4 S BRI L AR 2R I 3 i A DA S

Ca™ ¥R % T 3 L 30 CDK 255 {1 1 Jir e 41 Jf 44
B R s A R TR DG R 1 AR A R M
40 A T U, Ak, Ca® PRI Re e BE I Y B
A KR 1 B R IE TR TR, TR E I8 2F i, 5Pl 38
o R AT SRR ) N 4T ) 3% B 1 e R
P, 3 5 IR 2 P 1) 4= 2R RN RS e 17
2.4 EHPCAMPIR

AL B R i (adenosine 3°,5°-cyclic mono-
phosphate, cCAMP)#I& % & — Pl B Z ) AT L A
I T S 45t [ 3 AR 52 A4 L B AT 7 22 At g =

AT TR cAMPIK VI3, BEAE Z M) 2
FHAE, FF 25 20 AR B R, 7240 Mo (R . 20
Mok ER AR TT TR A AR . R
FIANfH, cAMPIE I GPCRA 51 F A PK A )
TS, R 3 R A K B . IR FIAE IS . cAMP
ER—Fh R BN 50T, BEMARE 5T,
SR e mT SR e 0 A 5 e S s LA
cCAMPHR S HAT LA MR s — 2 1, cAMP
PG AR AL TR RS 5, eSS At I
M ThRE R B e, 2R, FIAYER cAMP/E
5 RENE B A RO (i kR A I Ok B TR H TR, B
WALl R A =E N, cAMPR AR
FHAC AL A5 4 B B 0% 3 O e 282 R B, AT o 4
RN . BART S, cAMP/KF (7 8 T S (e o
YR LR SRk, FERZ e A B B 2
2.5 BT EREIRHEE XK

bR ik 4R 4h, B 05 WY R B i A
(reactive oxygen species, ROS) [ HH 5 th A7 7E 4R 37 Fi
B, AHAZ AT S AL TP B, BTk R 2
— SRR FERMR LML) TS ST, PRI . Ca®s
cAMPHIROS AR — AN A% BT 5 R 25 (1 1),
FLEA T4 B ARBHE R (5 5 S AEE. %
0 224 30 1o K B 1) TE AR AL, S A AR R
I B RE . AR Y 515 5 2T U
TR AU BRI TE S, ME S
53 W A8 SO AU TS 4, X b ELATR SR A8 BX BT
RS A

HARTM &, cAMP 505 B fi# T2 RO 1) 45 %
cAMPIE 5 P A(protein kinase A, PKA)J5, R
A Bt B S P 1 R R MR - 1 (phosphofructokinase-1,
PFK-1), BERTHHERE A & fez , WM ™ 2R 1Y
ATP3@ N5 B H LA LB (adenylate cyclase, AC)H]
WL, FEARCAMPIKF, JE R S 51, Sha-F-fir e 4K
R .

PRI AR 5 Ca {5 5 B AL TR REAR S AFEAL ) 4
FRAads . BRI MRS MRS s T AE B E 2 ATP, A5 B
TRIE MR AL RE B SCHF, S B T S HENE; 4
Ca® 7K Fid @k, H 58518 H (calmodulin, CaM)%%
EWATHREIRNG , JEI 2 PR A 0 ) PEK- 135 1%,
S e P 125 W T A

IR IR T, WETE AR E R FINADH/NADPH
SR AR H AL B FEE I, (R#EROS™ AR i
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PKA phosphorylates PFK-1
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CAMP 55 E AR Y58 H.: cAMPIE I PK AT 2 14, 1% 2 AL B I - 1 (hosphofructokinase-1, PFK-1), {2 ikl T A 17 Bl % A 7= D ATP AT HIIHIAC, A
CAMPKT- UL G W A2 L o W AR5 Ca™ R 0L ) R 1 WIS AR 48 o T R (0 B 22 AT, SCHF S 1 7 A0 1k i Ca? i 475 £ FH (calmodulin,
CaM)WUFBERR M, fIHIPFK- 1A . B SROS LIRSS R 2 B 2 A N ADH/NADPHIY 53 2R (A 1L 1A% 3 B 3 18, (2 #EROS ™ 22,
HIROSIHE I AL B B AR (W GAPDH) I BE B A% . cAMP5 Ca™ 455 5 X cAMP-PKABGHIP3 3 A 55 Ca™ I 3l i g 9 Ca™ IR i Ca?il
iFCaMAIHIAC, TicAMP/KF. cAMPSROSHIZ (S S S : cAMP-PKABIENADPHE ALHE, fE#EROSA B, HIROSEMPKALE 5 7T,
FiflcAMPIE . Ca® 5ROSINAE TLAEH: Ca PG R LA QIS BANADPHAA AL, 3 IMROSA /i&; FIROSH b Ca® il (WISERCA) K CaM, 1]
Ca'f5 5.

Interaction between cAMP and glycolysis: cAMP phosphorylates PFK-1 (phosphofructokinase-1) via PKA to promote glycolysis; while ATP, a product
of glycolysis, inhibits AC (adenylate cyclase) and reduces cAMP levels to slow down glycolysis. Bidirectional regulation between glycolysis and Ca?":
enhanced glycolytic activity provides more ATP to support the activity of calcium pumps; high Ca?" activates phosphatases via CaM (calmodulin) to in-
hibit PFK-1 activity. Redox regulation between glycolysis and ROS: NADH/NADPH generated by glycolysis enhances the activity of the mitochondrial
electron transport chain and promotes ROS production; high ROS inhibits glycolysis by oxidizing glycolytic enzymes [e.g., GAPDH (glyceraldehyde-
3-phosphate dehydrogenase)]. Signal crosstalk between cAMP and Ca*: cAMP-PKA activates Ca?* channels such as IP3 receptors to increase intracel-
lular Ca** concentration; high Ca?" inhibits AC via CaM to downregulate cAMP levels. Oxidative signal transduction between cAMP and ROS: cAMP-
PKA activates NADPH oxidase to promote ROS production; high ROS oxidizes PKA or signaling molecules to inhibit the cAMP pathway. Interaction
between Ca?* and ROS: Ca?" activates mitochondrial metabolism or NADPH oxidase to increase ROS production; high ROS oxidizes Ca*" channels [e.g.,
SERCA (sarcoplasmic/endoplasmic reticulum Ca?*-ATPase)] or CaM to inhibit Ca** signaling.

Bl P FEEEAR. Ca”. cAMP. ROSHIMEEIFZ
Fig.1 Mutual regulation of glycolysis, calcium ion, cAMP and ROS in tumor cells

() ROS:# it S A0 W 2 i 8 (1 GAPDH), B il A3 i
FEE T, 3B S 2 P AR A 14

BT LIAWIB ARSI, IEAFAEZ PS5 T 1A
28 Xk - cAMP-PKAGH B 380E Ca il 38 (11 1P3
SZARVPETF Ca? IR EE, T 5 Ca? il i CaMA ] ACTE %,
#77 ; cAMP-PKA % NADPHA ML B i ROSE

(S

3 RS S ERIMER EAE

MBI S P A 2E AR A2 e, R BLAR R
ViR WA M L, T M B ORI R 1)
RUI L, T30 L A

B, Ja I E A PKAHI I cAMP(E 55 64k, Ca” i
TEERARAC U BN ADPHA L EE 3 I ROS /KT, il 5
ROS X @ it 4k Ca® 818 8, CaM ] Ca* {5 5. X
6 22 2 SO B U [EVE A R A L e e B A
T MNARE 7 K SRR, BN HFRELIGTA . A7
TSR, [ O A AR T IR A T Ok B il

A2 1 SR P R A B — N BRI AR RS
ARG, FH R A (U 2 o e 240 R R e 2 )
A b8 20 P (6035 AN B BT AR L BRSO LR 4
Mo BB 2 oaE ) LU AR L 2 41
JION /N5 A A R 1 2 ) R B S B
Rk, BEH & e LD RE, SCRECEMIR 4IRS 3 T
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AN R, 2 5 R 1 2 AN RIS IR
FHOC B WG A i (R DG , MUY [ g i R % B e g
PERT, T M2 [ 4 0 52 o6 200 B 1 428 i U i g g
RIS A AR S kiR M S IR
A [R) A7 AR AR A BAE R, #h & ToRE U ph 4 i
5t % JR3 A S5 AR A T S M J 5 9 4 L ) AR A
¥, B ZFH A ST Re e Rl . b, R BR 4
FRLTE B FR) S AR SR 1S N Ca® il &, 3X 1] BB J2 TR
PROE S BRI 2 — B,

PRZE SR R O SR S AL L AZ AL B
FIVEH, L FIHESI IR R AR R R STt .

3.1 FEMEEMRRZ RS IRHE S

B BERAIT 78 T R B, 2 L 2 T B8 ot 5 ke 3 o,
TR . AR5 A I ATAE “Fand 2 B " RE 4T
P TRIEEHER, BR] T A7 e R D S A8 4, AT I B T
PG HIFD o Ca® Wi 35 U 388 B L Mo IR 4 i 1] %
2y, A (8] B % 42 IR BH 1 Ca® (& 3h 2 S BUR i
e T D FR) S4B TR 2%

2 BH 40 1R ) Ca™ RE BN, A —/INEEIR TR
UMY OR AR e L R 20, 2R I LR A0 P 1 = ) ) 400
Ca™ k¥, 5 ONFEMAMMPILL. X —ReaE I AR
TEAR, BUONFER BRI U A fa, HAh 4
{22 SRATFAX Tl ] JAVERRAE o 24 455 o g o9 5% o <<t
P AR ) Ca® G S A Bl T SR 4 g o, it
AR BE A TR (4 Y
3.2 MEFREEE SRS

28 JIE T 96 AR TR A D v R AR R AV M iR,
Ak A UE 3 SR W OR R AL S 2 Y b
IS PR OO o o W T A S0 (R 1Y iR, IR 5 R 4 i
AT ORER LR . MR AN N A5 B BRI e is HR E
4(monocarboxylate transporter 4, MCT4)$ 7= 2 )
FUIR 73 Wb 22 4 A1 B, /0N Ji J57 210 A 1 24 i e iod
MCT 1AM SRR S HCALIR BT 3 2L IR 1) 7 A A
SRR R T — A 2% AR A, b LR 1Y
RR A WA RSB TT , SO 85 h SLBR 2 5 A7 AE
e fe— MELFRIERT I AL(1E2).

3.3 #HE TS ME M EEXTE5HR7 RS20

PR TEH ) Ca* HiR3% 2 R AbE 3 . ) RLAL
BR300 5T (AN 2R ) il R 1), 38 F S 4% 0
18 (voltage-gated calcium channel, VGCC). NMDA*%
PR BY A 5 IP3 52 /K (inositol 1,4,5-triphosphate recep-
tor, IP3R)M 3, R H AE 0.1~1.0 Hz, MM

B 20E T EE R, FoAT e B ) 23 (Rl R e, ml R BR
TR RBE. fhREY BB X PRG
Ffh AT AYE L FER] (0 c-fos)FEik K 4 3% TR
R OER, X253 e R4 I 25 P i 22 6
B, flhn, iR R BRI, M TSR E I R
il sh X Bl R S S AL 6, BRI TN 4% 5l
AT HPY, M CAHILLAR PVt — P 47 B T i ot 48
L H (A6 5 5 T i 97 8 4 4 326 T, T 82 SRR b
Z LRGP AT

FHECZ TR, 028 15 5980 200 (a8 J5i 85 24 i 9
GBM) 85 R 3 tH s N AE 15 5 (W EGFRY 3 .
PI3K/AKT 7 M0 )« AR (WNATP . B ATR)
O KMEESH S, IRGMFERIK(0.01~0.50 Hz),
R AR ALK (100 nM~10 M), 33 B 4% 35 3 1
P2X/P2YMEN 244 . TRPC 18 i B 4% [§3% 322 (U1 Con-
nexid3) &7, RI7E AN A P o0 A AR BAE R 41
TR T B [ A 45 0, s . TR . 1R ALY
M 25100, RS T 1) B R [ .

B TR0, B o Je 4 Bl o R Ak &5 4 S5
TCIE A FME 558 ., A IR, A2 42 IR STtk ik
JEIAZ L P32, M 22 TR A SRR i W fi
JRIRE A A AMPA/NMDASZ K155 545 P 3t , 3 I3
CaMKITEFE5 { A PEG, (2 i R IT R AR 2208, [H]
N, P8 TG i AR L (AR A ) T i it BDNF i L
3% SO I R TRPC LI , kB i s 4R % .
2, B IR A R IE I PR AT . 25 &R B 4 R Fe (n
Connexin 43)/1 3 P IEY B, BUEIZE T P2X/P2Y B
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Glioma cells enhance the glycolytic pathway during the process of glucose uptake and lactate production, and glycolytic oscillations may occur. Lactate,

a product of glycolytic metabolism, is secreted via MCT4, and then taken up by microglia and macrophages via MCT1 for subsequent metabolism in

mitochondria. Whether lactate in the tumor microenvironment exhibits oscillations deserves investigation.
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Fig.2 Metabolic symbiosis between neuroglial tumor cells and microglia and macrophages (modified from reference [57])
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Table 1 Comparative analysis of neurons and glioma cells
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Schematic diagram of the interaction between neurons, glioma cells, and astrocytes mediated by Ca?* signals. The figure shows that several types of

cells form contacts through the extracellular matrix or gap junctions, and Ca?* acts as a second messenger to shuttle in intercellular signal transduction,

revealing the dynamic interaction mechanism of various cells in the glioma microenvironment.
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Fig.3 Glioma celll network (modified from reference [63])

BE ik (References)

MOFATTEH M, ECHEGARAY-ITURRA F, ALAMBAN A, et
al. Autonomous clocks that regulate organelle biogenesis, cyto-
skeletal organization, and intracellular dynamics [J]. eLife, 2021,
doi: 10.7554/eLife.72104.

BENANTI J A, CHEUNG S K, BRADY M C, et al. A proteomic
screen reveals SCFGrrl targets that regulate the glycolytic-
gluconeogenic switch [J]. Nat Cell Biol, 2007, 9(10): 1184-91.
TUDZAROVA S, COLOMBO S L, STOEBER K, et al. Two
ubiquitin ligases, APC/C-Cdhl and SKP1-CULI-F (SCF)-beta-
TrCP, sequentially regulate glycolysis during the cell cycle [J].
Proc Natl Acad Sci USA, 2011, 108(13): 5278-83.

DESALLE L M, PAGANO M. Regulation of the G, to S transi-
tion by the ubiquitin pathway [J]. FEBS Lett, 2001, 490(3): 179-
89.

LOHMULLER M, ROECK B F, SZABO T G, et al. The SKP2-
p27 axis defines susceptibility to cell death upon CHK1 inhibi-
tion [J]. Mol Oncol, 2022, 16(15): 2771-87.

WANG X, WU Y, YE B, et al. Suppression of anoikis by SKP2
amplification and overexpression promotes metastasis of esopha-
geal squamous cell carcinoma [J]. Mol Cancer Res, 2009, 7(1):
12-22.

ZHAN Z, SONG L, ZHANG W, et al. Absence of cyclin-de-
pendent kinase inhibitor p27 or p18 increases efficiency of iPSC
generation without induction of iPSC genomic instability [J].
Cell Death Dis, 2019, 10(4): 271.

LIU J, PENG Y, SHI L, et al. Skp2 dictates cell cycle-dependent

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

metabolic oscillation between glycolysis and TCA cycle [J]. Cell
Res, 2021, 31(1): 80-93.

LI J, YANG M, ZENG J, et al. Transcriptional activation and
repression in the plant circadian clock: revisiting core oscillator
feedback loops and output pathways [J]. Plant Commun, 2025:
101415.

HUANG H, ZHANG D, WENGY, et al. The regulatory enzymes
and protein substrates for the lysine beta-hydroxybutyrylation
pathway [J]. Sci Adv, 2021, 7(9): eabe2771.

LIU C, WEAVER D R, STROGATZ S H, et al. Cellular con-
struction of a circadian clock: period determination in the supra-
chiasmatic nuclei [J]. Cell, 1997, 91(6): 855-60.

WELSH D K, LOGOTHETIS D E, MEISTER M, et al. Individ-
ual neurons dissociated from rat suprachiasmatic nucleus express
independently phased circadian firing rhythms [J]. Neuron, 1995,
14(4): 697-706.

GOLDBETER A, GERARD C, GONZE D, et al. Systems biol-
ogy of cellular rhythms[J]. FEBS Lett, 2012, 586(18): 2955-65.
DANO S, SORENSEN P G, HYNNE F. Sustained oscillations in
living cells [J]. Nature, 1999, 402(6759): 320-2.

GUSTAVSSON A, VAN N D D, ADIELS C B, et al. Sustained
glycolytic oscillations in individual isolated yeast cells [J]. FEBS
J,2012, 279(16): 2837-47.

SHIBATA K, AMEMIYA T, KAWAKITAY, et al. Promotion and
inhibition of synchronous glycolytic oscillations in yeast by chi-
tosan [J]. FEBS J, 2018, 285(14): 2679-90.

WEBER A, PROKAZOV 'Y, ZUSCHRATTER W, et al. Desyn-



2644

[18]

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

chronisation of glycolytic oscillations in yeast cell populations [J].
PLoS One, 2012, 7(9): e43276.

BENNINGER R K P, PISTON D W. Cellular communication and
heterogeneity in pancreatic islet insulin secretion dynamics [J].
Trends Endocrinol Metab, 2014, 25(8): 399-406.

YANG J, YANG L, QU Z, et al. Glycolytic oscillations in isolat-
ed rabbit ventricular myocytes [J]. J Biol Chem, 2008, 283(52):
36321-7.

AMEMIYA T, SHIBATA K, ITOH Y, et al. Primordial oscil-
lations in life: direct observation of glycolytic oscillations in
individual HeLa cervical cancer cells [J]. Chaos, 2017, 27(10):
104602.

FRU L C, ADAMSON E B, CAMPOS D D, et al. Potential role
of the glycolytic oscillator in acute hypoxia in tumors [J]. Phys
Med Biol, 2015, 60(24): 9215-25.

IBSEN K H, SCHILLER K W. Oscillations of nucleotides and
glycolytic intermediates in acrobic suspensions of Ehrlich ascites
tumor cells [J]. Biochim Biophys Acta, 1967, 131(2): 405-7.
GOLDBETER A, LEFEVER R. Dissipative structures for an
allosteric model. Application to glycolytic oscillations [J]. Bio-
phys J, 1972, 12(10): 1302-15.

LANCASTER G, SUPRUNENKO Y F, JENKINS K, et al. Mod-
elling chronotaxicity of cellular energy metabolism to facilitate
the identification of altered metabolic states [J]. Sci Rep, 2016, 6:
29584.

MADSEN M F, DANO S, SORENSEN P G. On the mechanisms
of glycolytic oscillations in yeast [J]. FEBS J, 2005, 272(11):
2648-60.

WANG C, TAYLOR M J, STAFFORD C D, et al. Analysis of
phosphofructokinase-1 activity as affected by pH and ATP con-
centration [J]. Sci Rep, 2024, 14(1): 21192.

GREENHOUSE W V, LEHNINGER A L. Occurrence of the
malate-aspartate shuttle in various tumor types [J]. Cancer Res,
1976, 36(4): 1392-6.

KIM S. Cancer energy metabolism: shutting power off cancer
factory [J]. Biomol Ther, 2018, 26(1): 39-44.

CRABTREE H G. Observations on the carbohydrate metabolism
of tumours [J]. Biochem J, 1929, 23(3): 536-45.

VANDER H M G, CANTLEY L C, THOMPSON C B. Under-
standing the Warburg effect: the metabolic requirements of cell
proliferation [J]. Science, 2009, 324(5930): 1029-33.

BRUNI P, FARNARARO M, VASTA V, et al. Increase of the
glycolytic rate in human resting fibroblasts following serum
stimulation. The possible role of the fructose-2,6-bisphosphate [J].
FEBS Lett, 1983, 159(1/2): 39-42.

HONG S Y, YU F, LUO Y, et al. Oncogenic activation of the
PI3K/Akt pathway promotes cellular glucose uptake by down-
regulating the expression of thioredoxin-interacting protein [J].
Cell Signal, 2016, 28(5): 377-83.

WU S, YIN X, FANG X, et al. c-MYC responds to glucose de-
privation in a cell-type-dependent manner [J]. Cell Death Discov,
2015, 1: 15057.

ZHONG X, YUAN X, XU Y, et al. CARM1 methylates GAPDH
to regulate glucose metabolism and is suppressed in liver cancer
[J]. Cell Rep, 2018, 24(12): 3207-23.

SHAW S N, AMOS H. Insulin stimulation of glucose entry in
chick fibroblasts and HeLa cells [J]. Biochem Biophys Res Com-

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

mun, 1973, 53(1): 357-65.

LIN G C, RURANGIRWA J K, KOVAL M, et al. Gap junctional
communication modulates agonist-induced calcium oscillations
in transfected HeLa cells [J]. J Cell Sci, 2004, 117(Pt 6): 881-7.
PAEMELEIRE K, MARTIN P E, COLEMAN S L, et al. Inter-
cellular calcium waves in HeLa cells expressing GFP-labeled
connexin 43, 32, or 26 [J]. Mol Biol Cell, 2000, 11(5): 1815-27.
PERTEGA-GOMES N, VIZCAINO J R, ATTIG J, et al. A lactate
shuttle system between tumour and stromal cells is associated
with poor prognosis in prostate cancer [J]. BMC Cancer, 2014,
14: 352.

AMEMIYA T, SHIBATA K, DU Y, et al. Modeling studies of
heterogeneities in glycolytic oscillations in HeLa cervical cancer
cells [J]. Chaos, 2019, 29(3): 33132.

KIRAZLI O, OZKAN M, VERIMLI U, et al. The effect of
growth hormone on motor findings and dendrite morphology
in an experimental Parkinson’s disease model [J]. Anat Sci Int,
2025, 100(1): 79-87.

NAKANO A, TSUJI D, MIKI H, et al. Glycolysis inhibition
inactivates ABC transporters to restore drug sensitivity in malig-
nant cells [J]. PLoS One, 2011, 6(11): €27222.

MA F. The inauguration of cancer innovation: leading new fron-
tiers in oncology, building human health community [J]. Cancer
Innov, 2022, 1(1): 1-2.

KIM P, HYEON C. Glycolytic oscillations under periodic driv-
ings [J]. J R Soc Interface, 2024, 21(211): 20230588.
MONTEITH G R, PREVARSKAYA N, ROBERTS-THOMSON
S J. The calcium-cancer signalling nexus [J]. Nat Rev Cancer,
2017, 17(6): 367-80.

NAJAR M A, REX D A B, MODI P K, et al. A complete map
of the Calcium/calmodulin-dependent protein kinase kinase 2
(CAMKK?2) signaling pathway [J]. J Cell Commun Signal, 2021,
15(2): 283-90.

ROSA N, SPEELMAN-ROOMS F, PARYS J B, et al. Modula-
tion of Ca”" signaling by antiapoptotic Bcl-2 versus Bel-xL: from
molecular mechanisms to relevance for cancer cell survival [J].
Biochim Biophys Acta Rev Cancer, 2022, 1877(6): 188791.
ALHARBI A, ZHANG Y, PARRINGTON ]J. Deciphering the
role of Ca”" signalling in cancer metastasis: from the bench to the
bedside [J]. Cancers, 2021, 13(2): 179.

WANGTT, LI Z, CVIJIC M E, et al. Measurement of cAMP for Gas-
and Gai protein-coupled receptors (GPCRs) [M/OL]. https://www.
ncbi.nlm.nih.gov/books/NBK 464633/, 2025-09-10.
KIZHUVEETIL U, PALUKURI M V, SHARMA P, et al. En-
trainment of superoxide rhythm by menadione in HCT116 colon
cancer cells [J]. Sci Rep, 2019, 9(1): 3347.

BAGHBAN R, ROSHANGAR L, JAHANBAN-ESFAHLAN R,
et al. Tumor microenvironment complexity and therapeutic im-
plications at a glance [J]. Cell Commun Signal, 2020, 18(1): 59.
SHENOY M, POOJARI S, RENGASAMY M, et al. Manage-
ment of dermatophytosis: real-world indian perspective [J]. In-
dian Dermatol Online J, 2023, 14(3): 347-56.

KRISHNA S, CHOUDHURY A, KEOUGH M B, et al. Glioblas-
toma remodelling of human neural circuits decreases survival [J].
Nature, 2023, 617(7961): 599-607.

OSSWALD M, JUNG E, SAHM F, et al. Brain tumour cells in-
terconnect to a functional and resistant network [J]. Nature, 2015,



SRIE 55 IR AR BRI A5 25 T cAMP

2645

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

528(7580): 93-8.

HAUSMANN D, HOFFMANN D C, VENKATARAMANI V,
et al. Autonomous rhythmic activity in glioma networks drives
brain tumour growth [J]. Nature, 2023, 613(7942): 179-86.
VEGRAN F, BOIDOT R, MICHIELS C, et al. Lactate influx
through the endothelial cell monocarboxylate transporter MCT1
supports an NF-kappaB/IL-8 pathway that drives tumor angio-
genesis [J]. Cancer Res, 2011, 71(7): 2550-60.

FERON O. Pyruvate into lactate and back: from the Warburg ef-
fect to symbiotic energy fuel exchange in cancer cells [J]. Radio-
ther Oncol, 2009, 92(3): 329-33.

AMEMIYA T, YAMAGUCHI T. Oscillations and dynamic sym-
biosis in cellular metabolism in cancer [J]. Front Oncol, 2022,
12: 783908.

VENKATESH H S, MORISHITA W, GERAGHTY A C, et al.
Electrical and synaptic integration of glioma into neural circuits
[J]. Nature, 2019, 573(7775): 539-45.

CAHILL M K, COLLARD M, TSE YV, et al. Network-level en-
coding of local neurotransmitters in cortical astrocytes [J]. Na-
ture, 2024, 629(8010): 146-53.

VENKATARAMANI V, TANEV D I, Strahle C, et al. Glutama-
tergic synaptic input to glioma cells drives brain tumour progres-
sion [J]. Nature, 2019, 573(7775): 532-8.

CATACUZZENO L, SFORNA L, ESPOSITO V, et al. Ion chan-
nels in glioma malignancy [J]. Rev Physiol Biochem Pharmacol,
2021, 181: 223-67.

STUPP R, TAILLIBERT S, KANNER A, et al. Effect of tumor-

[63]

[64]

[65]

[66]

[67]

[68]

[69]

treating fields plus maintenance temozolomide vs maintenance
temozolomide alone on survival in patients with glioblastoma: a
randomized clinical trial [J]. JAMA, 2017, 318(23): 2306-16.
ZHANG L, WANGY, CAI X, et al. Deciphering the CNS-glioma
dialogue: advanced insights into CNS-glioma communication
pathways and their therapeutic potential [J]. J Cent Nerv Syst
Dis, 2024, 16: 1595147876.

LEE Y, CHO J, SAI S, et al. 5-fluorouracil as a tumor-treating
field-sensitizer in colon cancer therapy [J]. Cancers, 2019,
11(12): 1999.

WANG Y, PANDEY M, BALLO M T. Integration of tumor-
treating fields into the multidisciplinary management of patients
with solid malignancies [J]. Oncologist, 2019, 24(12): ¢1426-36.
KIRSON E D, GURVICH Z, SCHNEIDERMAN R, et al. Dis-
ruption of cancer cell replication by alternating electric fields [J].
Cancer Res, 2004, 64(9): 3288-95.

ZIMMERMANN U, VIENKEN J, PILWAT G. Rotation of cells
in an alternating electric field: the occurrence of a resonance fre-
quency [J]. Z Naturforsch C Biosci, 1981, 36(1/2): 173-7.
HOLZAPFEL C, VIENKEN J, ZIMMERMANN U. Rotation
of cells in an alternating electric field: theory and experimental
proof [J]. I Membr Biol, 1982, 67(1): 13-26.

KIRSON E D, DBALY V, TOVARYS F, et al. Alternating electric
fields arrest cell proliferation in animal tumor models and human
brain tumors [J]. Proc Natl Acad Sci USA, 2007, 104(24): 10152-
7.



