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FACSE, BRI RBUSNE, fEdE s U A b
FROERIRC o AR LA DT 1T, A ) £7 £ 56 B2 1 i
Sl id i 22 AL R LA & B 7 e R
M Sz, FLRREATE A N B 235 | Rk
BRI FLRRAG, AT BIR e 5 T ) ) o vt
6], Bij kit B2z 3l T B0 s G s i B fer
YIZRNE ARG T, 753 AMP B 94
U I & TR 172 32 5k & 7 5 (AMP-activated
protein kinase threonine 172 residue, AMPK
Thr172) FREEBERRAL, AR WU 0T in 8w 45
BRI R 7o MeAh, 38 Bl ik w] G i E A AR
1 A S e LB N e R ST £ 3 S R e s R D
R CBAKT, dEmsmapUA RS LEE
TEAS I R, 3K AR AR, Y S BRACS: T PTMs
P25 (0 S A AR o [R)— 25 1 5 AT [ i 22 D iR AL |
AL SE Z R, X SEE T 2 (A F7AE B R B T
YERT, SEME R A= Bt sk, X Fh
th Z HBM R BRI Il R rshSAH |
VE RIS R I RE LRI S 2% . HRiT, A%
AR RGN B A IR, KAz sl
Hme 13 A BARAE AR i R S A B B . AR,
1z Bl R 4l A e OC 1 38 Bl 6 PTMs (14 52 ) LA f2
PTMs X}iz sl 5 ¥4 F PR AR ML, 2R mixs T
HorF BRI R AR . WA /R IX 55
FHEAE AT A 218 S5 S R BN, A AT
NS sh AR DT R E S A S, R iz
By N ML R R T AT R EIE S # S R

ASCUFLIRAL . BERRIL N C WAL 555 U PTMs
M, BAERGAGE I STE FIAE S PTMs ] 34
YERIBIAHOCHETE I, A AN IRl 2 TR AR B
(93T LA LGz sl ixX SE R 9 1 R o it
WG =& B Sz s HIRE (AR
. WUNZIRE . 4N ROE Y ) Z AR SRR R
o 7RIz S TR AR PR G TE /> FHE R, N
Bz g T kg . I RS T shrEidin
7 5 RS SR IR S R B IRl , AZRiA
A BT HRXT PTMs S 28R4 2 AR, R A
2 U ST R HEBI AL A AT 17

1 ERMNEERBEREER

1.1 FLERLIE

VBN —RRER MR, FLIRH LA L-FLER 1 D-FL
PR PR BEOE S AL XAF A T AR . b L-3L
WAL AN FLIR I 2, T T4

UM, o FLRR A S AR T i T R O R P A
S A B LR Bk R TR . ARSI
RS, A2 — FR OB SN e A6 R TR AR
H TR T —ORIRIEIS, NERRR G A ZokL
IRHATA A AL, PR o 7R LR N 2
T, WERRRHOARJF N FLRR , 4ERF4H i Re f Hha T
FEFLRE

FLIR A 9% A 30 LA G I A AR 21,
AR AR BB, FLER S HA AW s i
Mo FLIRAEE 8 i 5 8 5 20 R 5k 2k i LA 45
&, BRAEAREIRL (UFRFLEL) i,
T W L 2 Ak 86 & 12 (lysine lactylation, Kla) "',
X AR S LR 5 R AR A R M
JE R (—COCH,OH), MIME R4 46 111
23 [A)F4 G2 S H fap P 5 o

FLIR B 7 J5 R 2 TR IR X 45 v o i S S
07, BENS B S R A A SR b R, 3 i
PRI SR o YT S LR A B 1 UIAH G i) i
FEIEMIE R AR R s S A . el
Jed A ERURIDI T, AR RN 200 tRN A 53
1 (alanyl-tRNA synthetase 1, AARS1) fe/EHIZLIR

B, I SR IE e, fE Sk ke 1, Hi,
AARST A3 13X — FLIRAAE i FAT A e i A
fiE s HONRBURRRG A, MR b s & L-2LIR 55
T, ol T LIRS T SRR
(adenosine triphosphate, ATP) [ 52 W 5E W4 & v
SBT3t Sy A LR 4 IR T S v v
RORFEVE IR AL THLRIERL . eAh, IR e EE b
() LR T 3 o 24 2R 1 H3K8 FLIR fk & i i i &
g0 B WS % B Bl AF 3 (methyltransferase like3,
Mettl3) HE[H % 5%, Jf BB M METTL3 & H
“CCCH” F¥ig4itiyll, 1455 X4 RNA i No- !
FMRE (m°A) B4, KSRk Y RN
S 5 g B WA D, e T R A AIKB [R]
15 (AIKB homolog 5, ALKBH5) &4:FL#: 1k &
i, FFEHIALBTHLE (interferon-beta, IFN-S)
mRNA [ m°A i, (L3 IFN-BAERL, kR
DNA & il . FEME B, Mg T4
IR R % iz i H (monocarboxylate transporter,
MCT) 1 F1 MCT2 73 5! 91 52 FL IR 19 S HE A A
MCT1 i i 7 B FLIR 2 AU & 1 FLRR ALK -F |
T&, 0S40 R AR SRR R 3 5%, i MCT2 kel )]
RELUTAMIEPE LR fish A (2 B8 L FLIRR AL, Sl piss T
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Y E o, BLAh, TR BT I ELER LB i
PEIE R AR AT T, & IS Sl i 3G o P A 1
PR, BT T A E AR BE M AKCE, HE S
DNA B I H BRSO 2 5 BE WL
& KM, fEREEEE) (90% f RKGE )
o, D IEFLIR KOV T 2.3 45, JF B IRZRiiR
A=) AR S R ) AR AL W B G S 0 B0 52 A y
B 75 I F la (peroxisome proliferator-activated
receptor gamma coactivator 1-alpha, PGC-lo) 2.1
% F 40 B 5 2% C A AL B I JE TV (cytochrome C
oxidase subunit IV, COX-1V) 1.8f%5f)FKik, #n
FLRRIRZN T U WA A G 5 b AR ) 6 BUEE R
s ZE b, FLRRACAB VR Sy — i B ) st
FEVHEERLE], 7 2R A FRRR P FE R 545 e
YERT, AAHCBR R TSt T I E AT A
1.2 FEERLIE

BRI MR R 5L A (—PO,)
Y SRR R B R R IR R AL, tn22a]
fig (serine, Ser). ZhZi R (threonine, Thr) FIE&
IR (tyrosine, Tyr) FRIE L. X —id FEi8 % i &
e A L, K ATP 5% = 85 2 2 1F  (guanosine
triphosphate, GTP) A ¥ 1) y {37 B 2 J& 141 5% 7 2] 5%
BB, N g 1 AR fh o R ) e 2R
FIBEIR I E i X AMEME AT, FEAiffE54%
S AR RN R R R R R G E R, B
A EENAEY AR

WM AIE VR M O PTMs I3, HAEY) 2%
IRETE 2 WU T P B DR . TEREP ki ds
S, R AR e T A I AR HLT
Z—o REY A Ser/Thr/Tyr {if 5 HO MR B 1 1F
BRI o5 %k 7 K B AR 3 AR B B AT A
PR, AEAE5 % SOt mT B 6 T 20 M A% PN ) 1
DR, SE R LA A R e R iR 2 B A
S G YA TIFT, DN ITTAK 56 PR TR A A G B
P o AR AR, DU T R I
i 1k PKA-CREB iff 175 5 24 2 11 H3S28 W i 1t ,
A RS AR B R e ok, 48R T BRIk
METEAC R A R b B e SR PE AL 2. 7R
FUR SO, BERALEIE R o IEORT TR
ZFME TSI N . BRI, AU R
3 JH Piezol 1Y S1612 £ i AT # & H ¥ Al A
(protein kinase A, PKA) /%5 1 4 fif C (protein
kinase C, PKC) BEf@fl, b3 3gom AU M,
PR AR iz s 7, BT B f L

WS 5 e S RS HETR LS 2. BeAh, Tk
F AL T THEMIS Y Y 34 107 5 BA R A1 32 I8k 4 41
R H B A TR B BS  (lymphocyte-specific
protein tyrosine kinase, LCK) 5% Src [A]ii 2 4544
Il 1 2 1 2 R W R I 1 (Src homology 2 domain-
containing protein tyrosine phosphatase 1, SHP1)
MR Zh AR, BERR i) THEMIS i ik i 0
SHP 1 TR, O Or N B 20 e BH PR B 4 1 1E 7 EA T,
7R T BERRALTE S e A R B (553 v A 0L ) 3
FEAER > i b, BERR B E o B AR
FiUige, fEREFRL . RS gam et . B
P AEA YRR R RO E R, LRI SR A
X A A A SRR A
1.3 ZEiisin

LIRACIE R 24 S T4 A (acetyl-CoA) (1)
TR AT s 300 0 11 T i e PR e kN | G
ol 2R SRR R DL, R R AETE R o
e BT S A sk . BB AB A A T I
CER G/ I INTY A q Ve il AN N s el )
HAEF, R =g g5 ntease . Sl b
& W% B  (histone acetyltransferases,
HATs) FlIZH&E H 2 Wkl (histone deacetylases,
HDACs) St 45, & —Fh ] i (9 3 80 2 .
HATs 75045 O BRI R BB 5T 1, 11T HDACS
TUJ8 3 B L BE B B R IE KT . X AP s
MR T e AT g R OC HL L

CBACYE Ry —Fps DRy HDDRE 2 FE B fS
B, EAEATIE . A AL s 2 05 T
A EE A O, AR R A, UUBRE AR
Ly (argonaute2, AGO2) W)L MEfbiam 1 2L
JEPE miRNA BRI, RS8R L, AGO2 71 K355,
K493 FI K720 7 5 & A S WAL HE S 1 B0 7E miR-
19b AR, SEMTOE T IEOR MR (5 o am s , nas
JilEd AR A A G 54228, #78 T miRNA G 2§ sl
o7 A8 1) B RS A B A LA 2 2 400 ] B 00
7, £k % 7% W Tipo0 4 1k & & Tt 1k i
HDACS 1 LB ARSI K i G v, 8%
HHAKGIK (cohesin) B H:——Z5 M 4E R Y (1
& 3 (structural maintenance of chromosomes 3,
SMC3) [ ZBEAbACE-Fr, SE R 1 40 & 1
HERE . AR AT E— 20 E I HDACS () Z 14k
K, RUIHAE R “FIFE" S 5o Ff)
PR AE N N 2 AR SRR AR E T I, AR
Wl AR AMER LR, EHEAA
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(replication protein A, RPA) 3 LB fLRENS{E
R DR L ) i PR e e R 2475 S A o, S 2 B Y
KRimiEHAE R, ¥ T RPAVEN “FEHAsFi 4"
BT RE 7 TEPORIRYT S, BT R PLAKBERS B
i WAL 25 S BEAL B DRI T AR 1 1 (sirtuin 1,
SIRT1) HYSCHEAL AT, ISR pS3 4 &,
AT 558 p53 #Y £ e ALK 75 5 e g 4 O 72
TESS B /N AR, AA0) Z A Y SIRT1-KQ
GEAR R AN R A KO SR A A8, B ]
VEARTE AR AT 5 IR YT Hh B R FH R At 1705k
fift 2 2R BT, SRR — Rl BT
BRI R A AN e . Ak
PR ZH RS PE LA SBRIRIRY T 55 2 SR 436 B A
FH o HOE RS A A% B BT RE AN R, S
AN B A PR LR A

2 FLE. SRR S 2B SR EIEY BT
B
2.1 EERBIFEEIGE SRR

PTM & JE4E 9 PTM [H]AH B AF 9 B 2P 3K
JETR AL B A B 2 PTM @ i SE S B 5. 2L

(b)

—> i
—

B G N e AU ERER i 0D W DRI N R /I i
K E ARZE S5 TRE, HS S5 .
b, AT KA S T FR A AT, X AR R AR
BEEZEXEEEH . PTM S B PIR
AR

a. [F)]— JiC 4 8 1 JoT 24 22 TR 3% 56 1) & 1 A B A
o AEMEE R R TR — ey 8 A ™A
KWk, FEMA, R E A S R A B
A S [] — 57 1, Bl AR SR 1 Y HAB B A, i
o A ml I ) A R A A M AR 1 BT Y 43 D e
(Kl 1a),

b. Bl A R . 2B 5 AR
B PR DIRERVB NG, i B N R R
H BB S Thae stk . LI aT B A
TR (SCRA R 1458 T e Ay OB ASUN 7
) NIRY), @I/ RBR B s, 5
3 o A AR FH %) 7= ) D2 0 A ) T e i
KB T I MR I A TR IRAE B E
PSR BRI IR, AR A AR R
KR (Bl 1b).

—( AR

Tﬂi&ﬂﬂﬁ?ﬁiﬁﬁ\ JEE#) : LDHA/Vps34
M 5 N\ : ULK1/TIP60

Fig.1 The mode of action of crosstalk among post—translational modifications of proteins
Bl ZER#EFREHESEHERES
(a) “FLEAL- CBEAL-BERRAL” TER— D B ) SRR IR Tk A A, AN 2 18158 i T AR el ek i) Jy 3L ] P54 1 BTy
SFIIEE; (b) ULKIBSRRILIEIGLDHA, fedrzligAd: i, TIP60LIFLIR M F R FLER LI Vps34. Lac: FLEfLEMi (lactylation); P: R
fbEHE (phosphorylation) ; Ac: ZTALEME (acetylation); ULK1: UNC-51FE##1 (UNC-51-like kinasel) ; TIP60: ZWEILHEREG (tat-
interactive protein, 60kDa); LDHA: FLERMGSUAFA (lactate dehydrogenase A); Vps34: WILFE 1431E34 (vacuolar protein sorting 34)

22 L. BHRUS ZELERE R B
FURRAL . BERRALS BB ifE FSCh 242
TN AR BEATAE S A A ER PRI o
M FIRHRE , =FHAAEAR -5 PR Y
FAEEAR . — ok, 7E8E A el i miok

T, MEESSRBBMZ A g, i
1% 5% 5 1T i W] I 528 2 A0 RN ZL IR fb A I v )
WF 98 & B, 784l | [ OH3 0 & iR 18 gk
(H3K18) ., & Btfk (H3Kl18ac) #il %l & 1k
(H3K18la) BEMMifAESE S EF . 128 HDAC #lli 5
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REAS 1 = H3K18 Y LMt /KF (H3K18ac). T
X FMEMREAR R F3e 4, H3K18ac MG A2
P H3K 181a BYSE Il X R P d 2 2 B AR T
SR (hepatic stellate cells, HSC) #i%175 5
BERFIR, TR 7o A4 128 HDAC i il 57 Ak
BEAM I HSC A0S = (1812a) .

T3—JiT, LRGBS S BB TR
UTWERRACAT R IR R EAFTE, t T EifE
AFTE, XM B HE R . FLRRHEH R &
AHHMYEREE (—OH) M (—CH,), A
TR Z R T O, X PP 22 5 P BRIk
AR BRI S48 0 s ], kT BHAS 4RI
AR AR Y A 2R YL TE I R E DNA B
fiff (thymine-DNA glycosylase, TDG) B35,
FE 1P Co LAY (protein kinase C alpha, PKCa)
I T 0 B IR L R4 HE B £ Tk L R8I (CREB-
binding protein/E1A-binding protein p300, CBP/
p300) A3 ZWALTE TDG 2 BRI, #iiRfk
M A] LABH 1R TDG () Ak, ik AR B HE R OC &R
W, AR Z ] RefAfEse F R, LIk
HHBNRER ER L 2 (K2b).

WA, B Z A AR PR RIRLN . BERR LB
AT USSR A BRI R, (THRERE S & Bk e
() DNA J3° 8 8 5 HAB AR U BAE T, AT 4
FERI IR R F R RE, & T LU S b izl iR it
Jefit AL [FS, miRSHERE L S S
Wi, JERUBMZUR IR 5o BRI, B
Wi U8 MU pS3 A 4, L RRAS 45 & B R E 1Y

(@) (®)

H3K18
< H3K18ac

kA

HDAC

AR

DNA 741 |, Mis e 5 65k o et R Al |,
BERAS WAL Z IR DR RIVE ], — SRS it
P A ARG F 1AL R SRR ALY p53, N
SR N B BERR 1L T B HEHS p300 AR £ e AL
SRZT2AE, UESCHEIR AL W] REN S WAL IR AL < TiAL
W 5, fips3 Rt WAk, g s AL S
TEPE 2 eAh, BERR LA FT REiE 48 55 L mE AL
(CBP/p300) SKAEEpS3 () L WAL, TE A6 i g ik
WRAG S, #— L H5R p53 iy Thig ™. X £ )2
PRI B O T pS3 6 20 MR 5% S 1wy g 410
il b B SC A AR IR RO (20) o 25l
UNC-51 £ # # 1 (UNC-51-like kinasel, ULKI)
7] BB I Wl R A A i 5 e R I 2R 1 43 3 34
(vacuolar protein sorting 34, Vps34) M FLIRL1E
Wi, BERRILPIRE N FLRR IR “FikbH” (5, fif
Vps34 BB HFLIR L. A, BRRR LA AT REE T 4R
SERLRRALERAR IE Vps34 IFLIR L, T LB Sk
CRAR S, T Vps34 AYG T 55 0 XAhCig
F A S MR P EIPLE], #R0R T Vs34 7EA
LA o B B Re A LA RO 15

AR 2R Z T RE , FLRIL S St it
EARBHT AR SR . LRI A A N FL IR K
CHEBEM 1) . AR CBERE B A (acetyl-
CoA) RRIETHFME AN (ZORMAGER) Bl
R P AL R RRE S S Re AR S BB
5K, e [ajn p BE FER AR AL B Wi Ak ) E A 1A
FACH R S MR ET A, AN, WM i o s
B%ff g (O BB 2 (hexokinase 2, HK2) iR

&

p53 p33
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Fig. 2 Mechanism of competition and synergy among lactylation, phosphorylation and acetylation modifications
E2 IABU-BERA-ZEEmEnESSHhEERNE ( LEAEZER/A6] )
Lac: FLERILIEME (lactylation); P: Bffigfbf&Hi (phosphorylation); Ac: ZMEfLIEMi (acetylation); H3KI18: £ FIH3 MM &k 185% I ;
H3K18ac: 2K [ H3 Ay 4 2 2 18 4k 5 2.k Ak ; H3K18la: 414 FIH3 MY #1241 185k S 7L M2 1k ; HDAC: AR 4% Z Witk (histone
deacetylases); CBP/P300: ZBifb; p53: MR MHIZ A (tumor protein p53).
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AR 1 i = A NSO R Gl G e
(pyruvate dehydrogenase, PDH) iR £k # il N iR
PRk NZRiiR) B8 R e ZLIRAE BT, NI FLER 1L
PEULRY . PR A R i A B A8 XA [RIB M 22 ]
LR AL T ERITIERT

TEF T E B RE)Z 10, OBk . FLIR Ak
FRAAEMAEAE = BE S G IS T . T, FEARAE
FSH, AR N ER A A A B S I A R AL
TR IR (b 2 Ik Ak 3 e €0 o 4 AR 1 JBAE A

SN ST SE R 3Rk B, 7 B W 4 M S RE (5 5

S, FLRRAGS B o il R G AN T
SABLHIE PR R R 2%, ] 4 2 0 AH DG A
ERIA 0

WAL, BhlEn) 2 Re R — g m T =
AHEAE IS 2t . ATl 2 P AL D Re ) 22
B, FEAR N ST [ A0 4 PR AR 2l AT
T A -5 5 7% AR S TR N g 12

i bk, Fmfb. ik 5 o mik iz iE
FEEERZHZ)Z MM HAEN, XL HAERTE
HRACIE . 155 3 DL R R Rk R h i ¢
A,

3 SEhEIBRH. BBRUSZBREBIHE=
ERIMPHIEHA

1E I BRSO B RO, AT,
TBE AT R R A A i R, e R M
DI —RZ kR, BT R K2 RETZ3)
HE— BT, FAAE— R BR . BRI, R
iz %t PTMs ER A2 e B B S,

B SER—FhE A B s, e
RGurInl . AR 2 GO Sl BK B A ER Y
B SRR, IRZIFZ R 0 A PN B R LR T 1B
i CEEAE BRI E T Z R S A R, —
I, EEhEre R . FE R T AHEAE
W2 R0 fEremfC RS, Sahfe i
Jil ATP A= B A8, JTAE B A Qs b 8] = A
RfET T, HEgREREILRL . Bk,
PRI RREIGETE s TR S SRR, B3hiis
AMP 336 19 8 A T (AMP-activated protein
kinase, AMPK) . fi¢ 53 24 J5 % A i & 1 o 3 il
(mitogen-activated protein kinase, MAPK) &5 [,
T A W R A B S I A A 81 9 18 T P8 35 2 LA B TV
et ; o FAHEERRS T, SahifEN
Fr-sE AT, AR EAE R, S

FEWLZ, J—Jr T, isshiEiE Rl E -5 5
SO TAHEAERN" MZ)Z90EHE, HEshFLR
b, k. BRI, FCHE w7 AR
A EREER AL T RTARIR SN, 5T R e B
BTG UER BTy 1], oA E AR —20
BAEES, WHERREZENREMNYG . B2, XMH
ZRG . ZIZHRNEIRER I, ST X 4
FA . A, TSRS ATE T, NI Reiz Bhad
Wl J;, FEiz e S S R R s h R AR O
YEM

3.1 EFHFSHRERIMNEEZERNEIHER
3.1.1 FLRHESILR- SR

FLIRA G LA LB AR | iR 2k, H
YERPLH S S BB A — e S LR % iB
SEE SRR AR, R B FLRR
Ko BRI, WELS A ) LR A &
B2 (acetyl-CoA synthetase 2, ACSS2), 1ERZ
PTG A A BRI 0L, I REIF AR AR T4
bR R O BRI A ACSS2 A% L-FLiR A
R MRS GRS, REts m SOl LR e 1 ZLR i
fitt A (L-lactyl-CoA), MIMiA f5 2 FLIR A&
BELZERRY . TE m oR B R A 2R (high-
intensity interval training, HIIT) "', F|LAR/KFF
e R LRt 2 B, FLIERALEERERS i
WiTR & il (fatty acid synthase, FASN) FJFLER{L
N O 11 S R O o o L T =
B XA R T LR A o T 5 T D R RS
¥, IFWER Tz i A G- i 5 e Bl A
PRV AEMLS] o (RIS, HK2 (283K 0T DL S i
fife e MR FLIR A, S H3K18 FLIRfL & M. 7F
HSC ¥ i o #2 f, @R HK2 J5 , Js R HSC Y
H3K 18 FLIER fb Al & WA A AR T B, i Sh A L
R4 v LIV LR Ak &M, B LB b g im it —2
TR, X F B H3KI8 A 2LIR T A& i A 2 Ik A A& 1
RS LR, AMA 6w S OBy >
(Kl 3a),

WAk, FEizshif S m AL R AL, HDACs,
LT Il p300 5 T ERH 19 8 11 SIRT K 4 3l
SHEAEN, EFEME T OB SRR B
[P VB —A 28 HAT, [AAf e
MK AR T FLR A B, p300 7E = FLIR Ve
BE AT Al FLER G A 2 0] 5685 2 4 2 UV TR
A7 w5, FOAER A M a5 A% FL IR M A S R
(GTP-specific succinyl-CoA synthetase, GTPSCS)
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TSI RetEE &g LI, 22 Wit efd izl
PR ARAE T ] £ BE AL AR . HDACs K
JI 2, BE Ak 5 5 FLIR A AR il %, Hirh 128 HDACs
(HDAC1~3) 1ERSCHEMA & IR FLIRRAG , ZEiRSh
55 20 M A A v A E S RE R AL R PR AL R B L- A
D-FLIR B M, HAZBFL IR 1 16 PR vl 5 2 M i
LA DI BRIE e S PR dE ', HIERE, SIRT1
5 SIRT3 RN i L AB il , X4l A KR & A
R IR R L O S ARl e s,
YRR s ) RGeS 3R T ACHRIRAS 5 L 4 5))
DM EHR Y LR R I 3 S A BAE
HUE TR AR AL, 76 FLRR TR TP HE D I &
Wik S5 AR A R 0 T4, R A A RS 5 5 R0
AL IR [ 2% R ARER, SLR - Fs S RECT A
KRk FE R (F3a),

DL EAFSEERI, iz 3l A 0 v FLIR A O
5i, A2 PTMs KA Sl , i fil & FL
R4k 5 A ) ER RO . FLRR LS 2 1Ak
M R sE G A, DR IR) il 5 1 i ) B ) 30 92 1Y)
%, KRG S SRS AL A AR R, XTI R
INE G RE L R AR 25 . X — AL s B
P AL T B E AT
312 fEEL (AMP/ATPH ) SRR IL-2 Bt
L

e N O A8 AN A N ATP KT [, iR 22 s
W2 (adenosine monophosphate, AMP) 7K
FFFET, FEAMP/ATP HLfE ETHIPIRES . Rtk
SEMEEA RSN EZEGES, @G
AMPK # BRI NG 3. Rz shid fid, ATP
AR, AMPK RS, o) LB 5 PGC-1a Al
A R AL PGC-1a, 34 PGC- 1o (1% 575
P U8, AMPK AT i Z R L E 58 1 5 LR .
—J7TH, AMPK A] LU i Wi 1k £ IE i A 2 AL
(acetyl-coenzyme A carboxylase, ACC) >f il il H
T, TS S BERTE A 7K. LIRS A 1Y
O AE 4% {2 o A R & Bt i % B (lysine
acetyltransferases, KATs) A9if ¢, #Fmife ok & A
i WAk . 55 —JrTE, AMPK i ] DL3E o 4
21 B N JE S I B R S A% 1 R (nicotinamide
adenine dinucleotide, NAD" ) Y ¥ & >k ¥4 1%
SIRT1, M AE #F 8 H By 25 S etk . 4,
AMPK it fE 3l o b R B BRI T R
(B-hydroxybutyrate) [ BE A H HDACs, i
R R I S WEAL . [FIET, AMPK A W] DLis&

HDAC4 I HDACS M4 M A% % 78 2L BT, AT
HEhnAn R N4 E E B O BHE K. fdE, AMPK
W AT LA B R Tk I R 4 p300KAT, A 1 41 i &
B et 7 X SEHLHI R, AMPK i 1
Rk a7 Z PTG E, DRI 2R 5 Y £ 1k
PRES, PR 2 T 7 FH (45 AMPK 76 41 i 58 1=
RO R R Ok 1 S AR A
(3b),
32 EHEERNESERSZ EREIHSET
3.2.1 MAPKI#E i S fb-FLRR b At

RN R T i . 75
A 1 58 SO A MR A TE A, E AR 200 M0 4
JiL PN 22 Fh A= 2 ok . MAPK 38 62— Fh 45 iy
MM S Tl HAZ O RE R B R L gk
R MM e ik AN AAZ , TR 2R
YiFid . p38-MAPK J& MAPK F ik 19— 8 B,
b1 B BEIE p38MAPK [ BRI R . W5
LKW, izghal LIS S 8% UL p38MAPK 1 iR
b, JRHOETE MR sk Rtz sh )G . fE—Tise T
[ BRIz s s, 2 5 & 72747 30 min 1)
70% fx K% E A (VO,max) Ay 0] 8k iz 8 s
AMPK BERALIE N 2.9 1%, p38-MAPK IR 1k 1
Jna.2 4% 5, FLER v] AR I Y p38-MAPK HREFR
TR ) 6E . BFoR R B0, FEFLERAL PR 40
i, p38-MAPK HY 84 2 1k /K - (P-p38-MAPK)
2l Ean, JLHGETE 15 min A1 30 min B9 3K 3 g
H 5 Libwror g R, FLWR T 66 o BT
p38-MAPK [, Rt H R IE 555, s
2B B R S N A T R . Sy —r T, LML s
i AT a1 p38-MAPK A&, 1T XG40 i 2y
REF= B VAT E . AFIE R B, A ik B R 1 I 2k
Ja, FLRRAKTTHE, p38-MAPK HYERR Tk /K- FiZH
1 H3 58 4 (i & FR Ak ik = W 34k (H3K4me3)
FEIRFFAL, X AT BB WL PR 20 6 1% o0 Ak RN Sd L A
X W FATAL, p38-MAPK fE i MAPK % (1)
KHER B, TEi2 3hif SRS 555 SRR IS N
R FEE R OVER . BRI KT I AR AN
T A RE R TR AMA R, AT NS S
R B R4 M A AR RN SR R - LR A AB T
R p38-MAPK FUBS IR LIRS, F M5 o L il
YR NS S S, SR, ik SRk
ZIRIB A EAE R, AT a8 5 MAPK G B 3F— 4 X 4h
M T EE S aE =R R (8 3¢) .

AN, FLER AL AT BEIE o 5 M A SC 5410k
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(] 22901y MAPK {5 5l % . HoE R, FLIRILRY
UDP-% %5 5 /Il & i  (UDP-glucose dehydrogenase,
UGDH) mI LU A B ST, w b RS
BOFRELAZ A3 o XA FLIRR LB AU 1
UGDH [ JjfE, i Al Bl of BT H 5 STAT1 4 AH
HAER, {2 MAP3KS (4% 5%, i1 MAPK
fFoidpg > XRVIZLER k] A i Z AL 52
i MAPK {5 538 #% 1 005 . B, MAPK G g
iRk 5 LR A 2z 18] (R RH B FH B HT 40 D e A
PR, AR PR .
322 BES SHRIL- BB

PR (Ca™) JEAMIN A (5, )
225k NE SRS TEawiit, z35]
E LA AR 23 HE AN N Ca™ e 5, IR 45 A 4
1 (calmodulin, CaM) Fil Ca*-45 & U &
i B (Ca®/calmodulin-dependent protein kinase,
CaMK) , I BER b ZMat &, 85 B Rk
AR R . CaMKILZ42 801755 B 85 (5 538 % b
) O S Z — , 3 o #% iR /b HDAC4 F1l
HDACS, fe#t eI NS, DT BR X L2
Al $4 5% H - 2 (myocyte enhancer factor 2, MEF2)
By H o, TR R A OBE B iz 2R 1 4 (glucose
transporter 4, GLUT4) J& g+, 149 35 45 b 4%
W, A, CaMKITA S 5 4 1 8 22 Je il 32 14
1A (ryanodine receptor type 1 channel, RyR1) il
R BERR AL, 5200 5% B RS R IL P Wi
DL BB R, Ca? i CaM Al CaMK , i id iR
TR, TER LS SR OCHE R 3Rk | AR
P LA A vh A SCHE S 5 S E

12 375 SRS (R S TERERR LA Z A B i 14
FErh R E AR . AF5E KB, CaMKIIL AJ 3 1ok
PR Ak 1L 375 2 5 U e 4 (histone deacetylase 4,
HDAC4) {18 4 fb B ILEF 4 i 5 1k =00 itk
Hh, Bl kR RN (AMP/ATP (Tt
) ALV AMPK {5538 % . AMPK 1E 2 fig it Jk
Mo, PR T NAD K fil & gt s g, Herp
FIAEXF SIRT1 BYBRBR AL 7 16 ALAY SIRT1 38 it
% L BALIB MBS PGC-1a, AUEFELRAR A )
H, AT — S p38-MAPK i i Y, £5 I,
{5541 CBEACFNBE IR A AE AR BAE T AT iE
2 555l B R A B LA AR . S5 A R RE A
b, TR T S BB LAY A GE M i B 3R R
(& 3¢).

33 BHNMSHNEARFFEIMNESEIHERT
BENGILH PTM #34E, FEA R4 2152 By 5+
PR, 3 [ S 2 - A I Y R AR R 2%
H LS AR Ay iz S B A O8N g B, PRI
REENI 225, TR 1Ak e A B A (LY PTM 3
s
331 EHEIL A RS
BHUE Sz sh B ROR0 8 e, A
25 ReR 0l O BCPEMZSESE, SOy
1Z5))-PTM R -2 2458 Ny (1) A5 ] . 2 25 ek
B ER AR B LS A W13 s B rh R 45 B
YER, Tt 732 2l R0 e i B 1 sl ik A [m] A A AL ]
P E R LA . S5t RTRE
s, DA 32, FLRRK-FAH
XA, BERRAS S P R FELR AR A ) % A
MgHITR A . WAL, 1EEBIIMCTI YIfight
RO, T FLRR IO e A AT LET 4 ) 2k
R, ML NAD K38 m,  3#E s 4O NAD
[ SIRT1, HEfI PGC-1a i 2 LA K B R,
NI R TRY IR A 19 7 A R B A= ) 1
R BIRGRAE R SRR T iz B LA AR Ry
T, HAEwERAL . CMEALENFR R ORI ) Kk
AL [FIE, i s sl R AR S e
Wi SRR RE . TE A B NLAORLA AR DR S A 7%
7, BRI BB RG-S £ BB s s 14 i
LRI SEHENR TR IE A LR AL s Ak, MEPER
el BB UL A 0 0 TR 28 P AH O 2 1 A £ T A 7K P B
. HAEBERERR AR A UM IR, 33X n] e
RN EACERRIR R 22 R A OC, mifigRs T
WP T i g I e ) A R 07 B 2 A B4 1 i
B, T iE S AR L S LA
MR ENEVE ], e dELb A Y & A FIR TR 4R
b, DA i i LA e A QA8 3 AR oy
FEE SR S, HINT i@ J o s i, vl
SHEELRMKF T S o i B A T g
Sy AT IR, HINT 39 18] il 3% LR Wk BE 0 2 v T v 4
5k B FF 22 Il 25 (moderate-intensity continuous
training, MICT). ZaHridifixE 1 i 3 0001~5
FLIR 5 AH R IR AL A, X BB ] REAE A
W T e 1L IR A G R b R FE AR Y Sh,
WF5E R, HOT IR MG E H R s L
WAL, 0] Beii i 4 1 BT shas S SmE AL s
APMEI S ., 2P A m LA D RE A 1
;I DL RS R, HUT Y2538 o ZLRR fhik
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BERMEARAZLEEN, BERA RIS
Rtk (E3d).

g L prik, i 773z s A HIT 38 15 A 6] A9 A5
WAL A LG IR, X LET 5
AR T B E M B IAEA Wiz 3h 77 2o &
BNV R S vz, 3 il R iz sl
G0 AR TR, A B O g TR AN g
s s R
3.3.2 JIFMEFPAOACS L

JHREAE A 4 S AR X, P iz 3 )5 2L IR T
b, WESA RARWishon, SCBlREs Ao, JFAE
FEIE ST EURIE L RSB E A . SR
ST 1) FBHPE S A8 i B R 00 5 T A s o 2% 52 B
¥, PP EBARICH SR, 4eRsshi
KRR

iadfa, FLURELEE (Cori) THMFLiE 2T
JUE, AR bl S A TR B AR o ROTLAA G ik
WEmEff = R R, LRI A MR st 2 e, 7F
JHF e i e e 2R e A R A, A A I
VAR IR 1] 2 LR SF 2 LR AR . X — i X T
AekF IR E FIRE b0 B OCH S, MR, o
JEissh g lrh LR AR, AT S8 SH3
2t ¥ 3§ 3 (SH3 domain-containing protein 3,
SORBS3) &AEFLIRA, 5] K HW -1 AR 53 25
(liquid-liquid phase separation, LLPS) . SORBS3
(1) LLPS 35 1 H 5 B8 F flotillin 1 A9 A1 B AR AT,
I % P& Hb A2 2 F-box £ H 2 (F-box protein 2,
FBXO2) J3ik /N0 L 360, IS 8T IR
M, iR 4E4k . i SORBS3 FL2 fk 5k
FBXO2 S R FLIR IR IR i, IF 22 M ok B2 Il k5 |
RWHFLR AL ), X RIIZLR BT o B B 3h
51 R I s AR Ak S 21 T OCEE R R S PE R

TERFREACE T, ZBeAb B2 2 SRS
NEWTRRACHES . — ARG AR . 9Tk
B, 32 Bl AT PR SR A U I i B NS S AT R UK
fitg, {2 SIRT 1Pk, el /D JHEA QT g 1 £ ek
MR R TR Ak > Ik Ah, AR, =
NEIRE 75 R R B T A Sz dh s, e
B JIMHCHE 1 (dynamin-related protein 1, Drpl)
() CBRAL AT BRI, 3 AT BR300 Sirt] S5 81
[y o AR A i 2 AT e LR Ak B i Y 1
A E S, —J7 T, CBEAREnY b il e o
T A R TG AT RS, DA IS LR () A
FAIAT, TRHESZ R FLRR BRI K- 53—,

L RAAB U ] BE -5 B IR AR AS Ui ¥ 15 i AH B D
], ARG, SR, FARMHLH]
AR — L5 .

IEAh, 2 shidnT DL S R R s e
JrE R FRUFFHIE H AMPK o0 TR T /KT, DA T35 5 e
BRESHT, UCERETRe . SEREtE
Bl T HOE PR K U IE o AMPK Fll ACC B iR 1L /K
S N, HALH T RE S5 ik S A sE AR AR
b BRI K AR RS A L iR
T R80T BES LR AL B A AR B . —
T, AMPKo B8R AL AT G838 A2 8 5551 C A DG il
INETE, FmFLER A=A fist, dEmse I rLR
BHEIKT5 —J7 0, BERRALAE R T mT fE &
CBACAE U AE B YR, )R A A A
o, BARIPLEIFFERA FEE—B5E (Bl3e).,

gi Lk, sshiEid Il ibEi . Lk
AR LB, IR A A A AR A
. FLIRILBMTE L BB sh5 | K i e B AR Tk Hh
EE] T AR A SER, LB MR k&1
D A 9T A T AT G, LRI ZERR R Y
RFRE.

3.3.3 UG HFEPTM H3 4R 0920 4V etk [k

BBl & PTM R, SR MLAKS M 12 50
DI GO 31 = W N EA S AR s vaw) I S i
I B B4 5 OhREER S, X PTM H 4 £ P 45 57
PEMN . BRI, “BPEsRfbizsh R Al H
br, EFLERML . BERRL . ZBHERZEAE S P
IR, B 18 shlk BEE i 512 shse i i
S RNEE S R U 2 R PO R .
# s e AR S S P s " #PTM
JAPERL, iR =R MBS S R R R TG Y
T IL, AERFPLARRE R T, M REIR S iE o)
SURRIREE S, it 2. & LRI
“I2 B - A SR SR N - R GEARIE L R
G, A shill 4o £k
RGHHEBEIZ sh T RIS T &, S48 T8+
PE P S B A

EAFE RIS, ONE . B 55E s U 211
PTM S HEHLHIMIA BB . X S 2R 42 sl 0 3
(IR R AZ AR, WSR2 sl B PR AR HEAE I ) 5
BN . RS SR B8O UG
PTM -Gk eE" MRBALE], 2 AEmoY
SRR, DT ATz St O i e R 1 G o A 4
BRI EEE S
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Fig.3 The mechanism of the role of exercise in the crosstalk of lactylation, phosphorylation and acetylation modifications

B3 EEIBRNL. BBRUSZEBHER=E R PRERIE

Lac: FLRRILBM (lactylation); P: WiER{LI&ME (phosphorylation); Ac: ZFEfLiEMi (acetylation); HDACs: ZH#E M2 LMELEGF (histone
deacetylases) ; p300: LA ; SIRT: PUBKIH W E M (Sirtuin); ATP: J#1F —#5l2 (adenosine triphosphate); AMPK: AMPI&{bINE
5 (AMP-activated protein kinase); Ca*": #52F; MAPK: ZZZ4FI4IG MR FI%H (mitogen-activated protein kinase); CaM: %51
I (calmodulin); CaMK: Ca®-#51HE IKH:E Fi# (Ca®'/calmodulin-dependent protein kinase) ; NAD": J& i ki IR IE204 — A% R

(nicotinamide adenine dinucleotide) .

PR DR T HLARBEAS A S bme Lz SR, AT

§ BRNEREEXSEMEN f A B R4 3 B e
EAMAME R 3 e 41 RERRES

AARSIEL: RERAUHE I AL SR L RE AU F I8 L2 MR i bE , e

LA T8 S35 N . FEIZShi S IONLARIE R AR b, WA . ORISR IR . BRI

FLIR

BB . AR B E B2 m A BB ER p FR A X — A il 3 A

(AR LA IR EOC A M G, SEEMpLE ), s P Rt AR e A

il B

AOGE IR R AShR RS e R Al B AT e dE A A R ECRIR TR A k. AMPKE
Wm%§¥%,7ﬁﬁgﬁﬁmﬁ$MﬂmﬁﬁL WAL TBCT 25 A I H 1 (TBC1 domain

MUATE 12 S 455 136 ARl XA IR family member 1, TBCID1) FIfi%

A A AT
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1 #5£ A (thioredoxin-interacting protein, TXNIP)
KA i GLUT4A /9 Zy 50, DA T 38 I 45 765 B 1) 8%
Bt LR A 8 i 32 B E A A ] PDH A% 76 ke s
D BRI A WA AL . PDH B9 152 2 FLIR fb &
MRISZR, TR BRI S —RIRIE IR Z ] )
i, WAL, BRI SRR E HFLIRIL, &
LAY Z I -tRNA G 8 ] PO R I = 52 5
T PDHAL #1221 336 & A= FLI (b A& i, il
TG, A TN R R A R £ TR I A RN =R TR T
W, iR A B R i, R AR . &
P A i DU 3 e 20 B 1048 U RS SR AR S TR 1) 3
ik, SIRT1EN—F NAD IR# 1Y X L WEALEy,
it £ CA Z B s PR N2 A ORI T B R 3R
MANMIDIRE . SIRTI 0] LA % LWt PGC-1a, AT
PR LRAR A Y A 7 Ak, SIRT1 6 AT LLiE
12 LA XK HE SR 1 O W% 3a (forkhead box
O subfamily member 3a, FOXO03a) i am HA% 5%
WM, HE AR 2 40 AR )45 R T A Ak N K
bt

i bR, s Bk . LR QA e
Wi, —E UG . SR AL AR R AT
DAAERFRE T . X S mALEI L R, o iR
MIAEAS [ Al B2 75 oK T R AS AU A B S Y BT
"= ATP,

42 WA HSEE

12 315 S W AR AR S 1B o R
P EEZ NS, JCHAENA AL, FLRRfk . #
FRALAN A S ML BRI VR, ek BTE A% 5%
SERFLL R 216K -2 (nuclear factor-erythroid 2-
related factor 2, Nrf2) {5 i@, HmPLAETRY
WPk, Az shi .

Nrf2 fF R —FP G % 5 A, it 5 Kelch
¥t ECH A ¢ #£ H 1 (Kelch-like ECH-associated
protein 1, Keapl) Z54, JH#EHUAIERIMERIE .
WA, iashnllid #iE AMPK ., PKC3. PERK
SV, fEPE N2 OBERR AL, (M Keapl HPfiff 5
IR fRZ 7, Hid, PKC 3 R B2 1k Nrf2 (1)
Serd0 i i, Pk HALIE A AN X AL 3 7 FE
Rz, Nef2 BACBHMLIE, & Sk X s
AMRPIAE R 45 G 2P eV ot (antioxidant
response element, ARE) I, MG 3l 5 K §% 5%
M2 OB 2 Nef2 55 ARE 53 B, P8 SR & Uk
JEBE IS AR AR Y BeAk, RS R IR, GE
ok e e A O 2 /N3 T SAKZ692 T I R R

BEEM B (pyruvate kinase M, PKM), FE0pEEz
fiff 368 i I -3-BE R AC I A R, il Keapl &
A AEBE O S-FLIR M B4, MBI Nef2 {5 5 38
i PP A2 B mAIL TR B O T N2 78 AR
R T s R, NI RS sht B AL LA 1Y)
ik, HRAEML BT E L RE
43 AIREZREEN

YOI G2 LR RE R A AT B, HAZ O
PURIZE T LA I 5380 . iRk . LRIk &
Pt Ak 55 B R S I AR — i R b o DGR E .
iR Ak R 1 LR IE R B OCBENL R 2 —, BFR R,
70 ku AR S6 i (70 ku ribosomal S6 Kinase,
p70S6K) (MBI A5 WL K& VIAH G . SRR
)5, p70S6K MR ALK W E e hn, JUHIETE
SER 3 4H 6 kB KEE IR EL (6 repetition maximum,
6RM) VI ZkJ5, p70S6K1 Fl M 2 1k K 18 K T
348, 1M S6 MBEIR kA WG K T 30 /%, R
p70S6K. 1Y i iR 1k 2 WL PR T K (1) O #8552
— 0 SRR AL KT BT, BENS IS T
e fs T g, RHEEA AR, IWmiESI LA
HEX.

FLIR A BTBH I e LA IE R B 75—~ E AL
il FLRR AR S ] LIS Z A E 5 am g, Nmife it
HEEBTE BRLAIE K . A BT ik /) R e
SYFLIR . S BT 22 S AU ERK1/2/mTORCI
(G ARED) 1 AMPK (AL ERg, HEA
[ S FR0E R LAY D REIE AR Ak 7. S bk &
MIAENLA DA rh i M, AR,
WUsh & I 7E K326 1 K328 kb i) Bk Ak A8 23 52 i L
PR WAL 4 A DG 2 1 J5i (8] 79 A B AR FH 2R T 52 e L )
Wi

g LTRSS EIR R EIRALEIAR AR, GE
2 Em e, LR IR TILRTEBTRH IR S 1Y
ARG LY

5 REHRE

BBl TR R A i, il 2
R Tl il A FLIRAE . LA SRR A AE 1 i) 2k
s, AgEvoad “R-Bn-Es” =
JEVRERAY R LR 3 Fl PTMs 4nfal P3[R 4E47 g
= AWIE SO L R EEi ) VAT (VRS R e A TRAAR R
TR A LA DR ey IS AT LA B P 8] 5 TS 1 5 2 Ao
I FIB A A B AR R ki s FLIR AL
TR0 7Ty, EAREE F RO 40
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o7 -3 N B i 4 . 2 ZE A s BALTIANM U
7N T B SRR T Eht, ok iz shab Ty
PR s TR AL T e

SR, BT PTIM MR et 5 M, ALk
TORET IR . OB SH L =& Z MY B
L, MARRGhSZ R, HEL, RS HR
i OG5 PTM 7E42 3 W P i B S S kA0
MRS LEAC BALS], AR EZ )RR, AT
FENHE— LA RS, RAEHRVIZF PTM 7R
BN PMNEVE T, DA 4 1 i b i shid
N PTM 43137

SRS AR T JE B A A o T, 3
T g Z PR S sk, —Jr T, BRI
2y T X FLIRAAE MR RS HERI , R SRR T &
R AL LA X 20 Ho 5 2 Bk Ak 38 XU R 5 o5 — 7
I, TERSROCREE L, 2558 B aifhs i /e
KM BT B, A T5 M Bl 25 R il 5 /o SR AR A5 78
DL S DR 5 B, BB A 18
iR TR R, BREShRE B S & . It
Hh, ANFEEE B GREE . Bl 287) XTFLIR
b, SIS RR A E i B R A A 25 7, X
S S alnl o A B T IR AR A, A
SRS HERZ SR T T R B HE BRI AR

ARG % e 10 A A P40 L2 T P A 1
Bk, RARTE SR EE S, JHRRRA
G WX Z B E i BRI E S . RIS, HRIG IR
AR, FET PTM S itz 3 T mfCis i
W EE, HEhIE BT F A P ) AP AR HE =
SEESEE, AEB R-IEE-(EST AEssAL, SR
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Abstract Post-translational modification (PTM) of proteins refers to the covalent addition of functional groups
to amino acid residues or structural alterations in proteins during or after translation, primarily mediated by
enzymatic reactions and secondarily by non-enzymatic chemical processes. PTM crosstalk denotes interactions
between distinct modification sites or different types of modifications on a single protein, which regulate protein

functions through synergistic, antagonistic, or cascading mechanisms. Lactylation, phosphorylation, and
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acetylation are three pivotal types of protein PTMs, involving the covalent attachment of lactic acid, phosphate,
and acetyl groups to specific amino acid residues, respectively. These reversible modifications are dynamically
regulated by cellular metabolic status and signaling pathways. Phosphorylation primarily facilitates rapid signal
transduction; acetylation broadly regulates metabolism and gene expression; and lactylation is closely associated
with high-lactate microenvironments and metabolic stress. Through competitive binding at identical or adjacent
sites, reciprocal modulation of metabolite levels, and cross-regulation of signaling pathways, these three
modifications form an intricate crosstalk network that coordinately regulates cellular adaptive responses to
internal and external environmental changes. As a physiological stimulus with broad effects on bodily functions,
exercise induces a series of changes in intracellular metabolism and signal transduction, thereby influencing
PTMs and their crosstalk. On one hand, exercise activates multiple interconnected cellular systems, including
energy metabolism, signal transduction, and molecular interaction networks. Within the energy metabolism
system, exercise alters the pattern of cellular ATP production and utilizes metabolic intermediates as signaling
molecules to directly or indirectly modulate the activity of enzymes involved in these three modifications. In the
signal transduction system, exercise activates pathways such as AMP-activated protein kinase (AMPK) and
mitogen-activated protein kinase (MAPK), which precisely regulate the activity and subcellular localization of
modification-related enzymes via phosphorylation cascades. In the molecular interaction system, exercise
promotes protein-protein and protein-metabolite interactions, thereby remodeling the regulatory network of
PTMs. On the other hand, exercise facilitates crosstalk among lactylation, phosphorylation, and acetylation
through a multi-level progressive regulatory model: “metabolic initiation — signal transduction — molecular
interaction”. At the metabolic level, alterations in metabolites provide the initial driving force for crosstalk;
signaling pathways amplify these signals and precisely modulate the direction of crosstalk through cascade
reactions; and molecular interactions further integrate signals to establish a refined regulatory network.
Ultimately, this multi-system and multi-level crosstalk enables precise regulation of cell proliferation,
differentiation, and apoptosis, thereby mediating cellular adaptation to exercise and playing a central role in
enhancing exercise capacity and improving metabolic health. This article systematically examines how exercise
influences crosstalk among these three key PTMs—lactylation, phosphorylation, and acetylation—and the
underlying mechanisms, including the regulation of metabolite levels, modification-related enzyme activity,
cellular signaling pathways, metabolic homeostasis, and gene expression. This work provides a novel perspective

for gaining deeper insights into how exercise regulates physiological functions.

Key words exercise, protein post-translational modifications, crosstalk, lactylation modification, acetylation
modification, phosphorylation modification
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