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LT AT LA
1 EHFESHEREEEX REIIRERNT

11 EHEdEEHRHNESOESHNEE
Iheetitsn
111 SR T DA Z AL e e D fe

fEmi(1 R G Rl v e RO F R A NS 7331
FIEPE4E 2R (reactive oxygen species, ROS) AY4:
B, DT REAR AT A PR R 0 s e Ik
AR HE B g A A 1] {2 48 1 ML R BB A, [R]Hs 4 )
HA WG FRBEEE  me 2 Tk
LA (EL4E T4 B4 ) MY ER IG5 . s34k
FDNREAHE 5 s AT 3 350K 1 & A A b
Bk, 77 A s R AL &K 77 ) (advanced
glycation end products, AGEs). AGEs f% 4l it % ifif
% fK (the receptor of advanced glycation
endproducts, RAGE) 7EZF il (GLHEE W
M. FARZANME . TARML . WSRAIME) Rk
ik ', AGEs-RAGE 456 fith & 52 2% 1 T U5 5 4%
RSN o 3K U530 I O TR i A B A R A
L R, 4n B9 3R 38 I @ (tumor necrosis
factor, TNF-0). > Z%-6 (interleukin-6, IL-6)
e (s i b8 1 1 (monocyte
chemotactic protein-1, MCP-1) ) ¥ HIRE
i, A RAGE A B B9 3K 8, TR — 1
“AGEs-RAGE-RAE" HYIELASIEER, DAl F1
Yo B R I M AR RS T
1.1.2 a3l T B0 e D Re i O

AR I Bl i 4 e 4 B 9 15 2R R R 4
Wi iz M 4 (glucose transporter type, GLUT4)
PRI SEME, SO, (B U A
0, DA 38 ARG IUARE 7K ST R AR 8 shle R, DADsie
BEPEXT g% RGui i . il , iz s B TR
2 1 ORI oy rh R A R A . AR D) BE
ROS‘ERRE Yy, R HLpuEgae Sy . Hik, &
R UL, A BT v IR 3 Y B
A 1) ML 98 B i BEAR AL, A1 L i) P A
SR RIFAL, I AT AR AR
AN, B30 O G 5 > AGESs AR I
HOR L O T “AGEs-RAGE-RAE” A%
PEOEER 7, B, iz sl it w0 4 B AR, &
fife 1 = BT e R 2 EPE, IRKE YRy T
By A Y IE YRR

1.2 ZEFESEERAE KR HXT %% K XN E
T1ERA
1.2.1  FLRRAE A PRS00 F BUHAIR

N ZU A B[] 3 I B ), P UM T e i 32 2
g, FEEIR AR A IR E M, L
iz v AT N # 8 9 1~2 mmol/L FF 1 & 20~30
mmol/L "', FLFR 8 AR e it B by AR
JEH)” 5T bR . AR I e s FLIR
— PG BRI E ST, B FLRIE 5 KR s
TER . BORE R g5 R R, sk 2
A= B FLIRE S 4 I FLIRIE (I H3K18la) A
2 B W A A M2 B A A DG EE BRI 263K, 1852 ma i 1y
PE T 40 e e R DI RE , PR FLIRTEE 3 T 1Y
A G 38 I R FEOCEEE Y 18 3l T EL
PRI AS A X G e D RE ) 52 i BAT A YE . BEAT4)
AT SRS S iy, R HTHRe T 2L R ik
B2 AEI S e A s Y
1.2.2 Bk FEFLIR 1) S P 5

TE2ERZE 2 F LR R T = GER
>10mmol/L) MYFRTEMIAEE T, FLIR E L 2B X)
BIETRE M HIVER 1, X — SR I A5 3 2
LA pH M PRSI 1R G & P I SZ K 81 (G
protein-coupled receptor 81, GPR81) 4-FJHH .

a. pHARHE LI . FLIR PR T 300y Jm il 21
ol MY pH E N R, IR PRSI BE mT B 40 3 2500
T AN AT A SR A 05 (NK) 41 i i) 40 7 25 4 ) g
(Canam i) 28 FL 2= ORI BRI )« HS B RE 7 DL SO HE
MR (P& y (interferon-y, IFN-y) ) [9
A T SRR B TA Sy R IR O 5 v g 1k
R EENLR Z —, WATERE T s s 3l 5 g 2]
(AT G e MR B 5 PR R 1917, SR
il REA B T Bz 35 | e 0 R e S g, ik 2
;1

b. GPR81 /i . FLA2J& GPR81 Y N I
PEBCHA Y, GPR81J VZFk T LA s 4H iR
AR E VRN . BSR40 (dendritic cell, DCs)
FES 3 TN RE . ik BEFLIR 5 GPR81 455 ),
LS RIYE G E, I R R P
TN O BE R R T (cyclic adenosine
monophosphate, ¢cAMP) KR, 7EF K40 Al
DCs 1, cAMP 7K -F- i) [ AR BE % 410 ] Toll £ 32 4
(Toll-like receptors, TLR) ZEAizCiR a3z 4175 511
TR RN F (ANIL-12, TNF-0) B4, M
REPIRIEN ' Wik, @b —id - mizl
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FTHEE, %: E3HESHRHEEN RRIEENEEER -3

1% fig 8 :F GPRS1 {5 53 %, 4100 il [51 A %o 92 44
(innate lymphoid cell, 1LC) F9id BEVEfL, fEit &
SiE A S TR o

1.2.3  AFNREEZLIR M S0 SR S E R

MFLRAL T AE PR BEVE ] (1~5 mmol/L) I,
EAFERINHIE S, MRS R e o 4 i 1)
REAY SCREE SRR 2

a. BERJEY . FUCEAHR . ALUBER G0
UIREM o ZE R, A M2 B 2t . 1 P
T AN LA SR A1e A2 TR, 3k mK- - FLIR i
sEH (MR ZHH 1 (monocarboxylate
transporters 1, MCT1) ) FIFLEEIL A B (lactate
dehydrogenase B, LDHB), BE i &5 M5 HUFL IR If:
P AL N ER R , B A ZRiAR =R IR 1E R
(tricarboxylic acid cycle, TCA) #1TEALBEMR L
(oxidative phosphorylation, OXPHOS) , = ‘£
ATP 2020 KL, fEizs sk 8 W sl e e oA
FLIR AT A i S G e A A ) F R A R R, S RFI
RIS . TIReERF ANCACIE L, 181k s Zhnehy o
XL R LR RE ST

b. HE I FLIR LAY . AN FLR e AEA
A PRI IR o i B S e ——21
HEHFLRR " AUTERY], TR0 IR S AR
PR EL R AR, bR TS A 1 LR EK B Y 4
FHFLERE (WWH3K18la) BEMEFLTE -5 M2 Y F g
ANRRAHSCHYRER A ah , AT 3h W 240 B 412 5%
(M1) [mPrRAERE (M2) FRIFEAS 2V 538K
&, B8 (FRRTEEIN) AR KR FLIRREE
X PR, A SR A Y T g
A, R RAE IR FIZHZUE S .

K, 12 3175 5 R ZLRR T S S R G5
JER Y. Bk FLER AR iE AT pH BF (IR A GPR81 {5
SRR RPN, AR SAE R, FL
MR M RE R ORI 501 GEE IR, MAE
0 SRR e MR Y D RE, (e hl M B
KA LBUEE .

1.3 E3#E T AMPK-mTOR/E S 5= 1E 1§ 2
M 62 7% 4 B Th BE IR 7S

AMPK E I N Z A BE R 4, AEIB K
20 LN AMP/ATP B 781, s shid #idr, L
A ATP K AE . AMP/ATP FU{ETHR, F3L
AMPKRGEHGHIE >0 WP RY], AMPK TE S 2
Ma )z Rk I AR R LEAERH . AMPK I REWE
B v fE e il fk (M1), R dEdt Rk

(M2) '; AMPK 3 3J) J5 REAEA il 4% 2 R4t it L4
FVE R AR A 15300, R T 4 Mg 1k > R,
12 31175 T 1) AMPK S0 ] 5% Wi 5028 40 i 1) 3% Atk
SR

AMPK (1) T i #2405 2 —J&2 mTOR., mTOR
FOIE SRR . A AR A R R
FECEEVE . mTORC1 &4 Wil o 8 3= 4 i
(InZNE . 28 MAERKKEFES, b
fiff FNEE A, SR A P 3 A R A% 0 T
fie 7, fEAEAN T, mTORCI i P35 S5 {E &
M (CANREN T4 . M1 L2 1% k35 P04
5%, 1 mTORC 1 10 il W] 41 12 6 38 40 it i) 470 46 25 A
TR (AR TAN . M2 BRI ) A%
1k 28 3z 15§ 19 AMPK B RE % 1 4 30
mTORCI {1, AT B2 I e 928 40 i 11 412 R e 781
PR BT B G RE 1T R AL ATE R 2 BN, K
PR 2 2 B8 5 AR Bk /DN BRUTR 7 20 20 B 40 i
mTORC1 i 4, & U 5 40 il 1) B 48 M2 & AU 5%
b, O R E AP R E RS B BeAh, B2
#5519 AMPK-mTOR 15 5 4l 28 fb. Al BRI 45 T 48 iy
I B, A HEICAZ T 20 A0 5 M T 40 i i 2=
W, dERRfEfads BV Wik, 2 8hiE i AMPK-
mTOR {55l A& S e AN M), S2ma Sy 4 i
S ARSI RE . XA Sl B i i iz
SR FEGRIET T E R EZEALS 2 —.
14 EEETHIF-1laft SHEEFE BN RRH
P

gt i, WURAZUERER N, RffdZlA
O HEREAR, FECHIF-1a 006 . HIF-1o 806 /5 7]
SR OCHE R (2 M EE  (hexokinase,
HK) . LM S (lactate dehydrogenase, LDH) .
NHEHBR i (pyruvate kinase M2, PKM2) ) FI%j
AW IEE T (WGLUTL) 19335, 1R E e
R WA SRMFY A B, HIF-1o 76 8 20 ALY
AR I AN RE RS R SRR Y

FERZEAN I, HIF-1a /5 09 B B2 R0 &
355 20 R AR 0 AR S B DA DG . AN T 4B (4n
Th17 4000) FIfE R A (M1) 7E3G el i
FEIH O S M A A, ORI AR AR T
HIF-1a BTG B, HIF-1ou i i 175 Sl e A AF 56
FER R, SRR N RO G G AR R DI RE Y &
BRI, KIHEE B T 0 HIF-1a 305 2
BRI . 5T RM, A3
B HIF-10 00 BB OE FE G 4 i i A 8 R 1, 34
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SR BE ;s I AL A2 By D)3 2 e (PR LAl
AR HIF-1o A8 FEVRTE , 7 1k 5098 40 o 2 £
KWL, R RRE BY, Fln, KB AiE5)
AENE B E JE S 4 G 17 20 2% 5 W5 40 i v HIF-1a0 6
ik, D/ RERE AR, (R A A T M2 3R
RUFAY, O R I 28 R RN AR RE RS 0 [
I, iz g HIF-lo /- S A 2,
P G2 A L A0 % AR S RN D) BE

5T, AMPK-mTOR {5 538 #% 5 HIF-
lo Z [ AFAE R 2 HEh A 22 R M 4% . Hidr,
AMPK 5 mTOR F % [l 4 i ge SRS A T4 P
7. AMPKAE MR =5 MR as iz sh s, i
M40 mTOR MIfE A5 B MIRE,, PLoefhBERE R Ht4 .
1M HIF-1a /E A SR FURZ # . F2Em iz 3l 5
RN SR it AU S T R e AR . S D Re il
AfA], {H AMPK-mTOR {5553 % 5 HIF- 1o 2 8] /7
TE BB AL A SR, i, AMPK G520
HIF-1o B R 506G 7 Y5 mTOR W 7] 547 HIF-1o
A EIIE (H5Z 35 6 AMPK B9 Rl ) 20 ek,
HIF-1o ]38 34155 & B 5 DNA 45 4 g 1 55 [+
1 (regulated in development and DNA damage
response 1, REDD1) AFHLI 5 15 41 il mTOR, p
FEMRE T RRE R @, 2, AMPK-mTOR %
55 HIF-1o 2 [F] 84525 12 i b b i OB T e 72
npe A E I | A DL R AT
2 EBEFEMERBEEEXEEINAEK

A
2.1 EHEITEREERARBMIMNEERRE
K&

TENEIHEDRAE T . o2 NIRRT Yt FE AR R
X PEURNTHL TR R, R R RN 4 HAL K |
B LTI, DL R A o= B g
ML) BRI R M1 R A Y X SR ALY A
i 20 21 B W 4 il (adipose tissue macrophages,
ATMs) FIZIHEZEELAYNR DT 40 AR B 25 K a5 il i
RAPEHF, W TNF-o, IL-6. MCP-1%, JERIR
T B SRy AR AR AE RS, TFREIATE RS, 3R
GEVERYIB PEAREE RAE 1,

KAz, R il )iz sh 456 bkl
Yk, RWRIR S, JUHOR AR D5 0 A T
B, wRsR R, RIS SRR g D I A AR
[ R4 v A B ) SR i, T LR M1 A
(fE48) ELMEgufm M2 8 (BiRMAER ) B gl
() F AL S ot — IR XA RN BRI A

BRI, A8 JEI H M B W E RS TR
i ZH 21 F4/80°CD11c" M1 B [ W40 i A8 LL A5, [l
IS T F4/80°CD206" M2 B W2 it i) Le 45, 3
PEBEE RG220 P TNF-o # IL-6 mRNA 351 F
P8 ARt B Uk 3, AT B ol
AMEE SR E L T e A gUsE AT, 5
M1 £ R SEHIEEH (40 CD6S, CDIllc) Fikis
A M2 FRASC LA (An CD163, IL-10)
FEIRYGE I B, PeAk, A8 Bhik fe I JE R N I 4l 4
MBI ECIRAS , T — 2 B R AE 5 5 1 3 B
FE NP RSS2 5 rh 4 5 IS S RE AT 2K
REEAPR T JHE 2 4F 2o VE 1l 35 v 9 TNF-o0 F1 IL-6 7K -,
BEEHARIAEIRES, XA T XTI SR AE Y
MRVE = g5 b, s shiE s E R IR i,
It 50y 5 0 A 7 2 2 ) % 4 Pt 2 SR 200 B PR
W, AR BRI LSS M R E, ORI AR
GEVE e T R I B R A
22 EBEEHESETERETS DB EREHRR
Ihge

I 105 40 B0 ) £ 035 PR SR Bk ki i PR
(adipokines) , EAMENIE ST, 7ERE=ACH .
JBR 5 AU . B LA S e T i R A R
S (e IR = 1 A AT E GBS PSS
MG KT F/a gl 2363k, AT A LG e 1y
BN

lEBXZE (adiponectin) == Z: i I il 41 Jitg 23304
S A HAR I A B g RN 5 AR W R B
MERE AP AR R AT E AR, MiAELE s, R
BRI 2k, S8 2 RS S GRS
BeE e E 5, BRI M g HAZ &k (AdipoR1 Al
AdipoR2) FEZ R REdiie (G E AN . T 40
M. BN, WEORANMD) ERIEER . 75w
Mo, NRIE K BEAS I i s AMPK Al PPARw/y 15
Sl s, e Uk M2 MR Ak, B R
(endotoxin) 5y TNF-a f1 IL-6 F=A:, Jf-35m
B WEVE AN IL-10 9430 5, JRERZ L nl 4l T
21| OO e IR AN o (13971 P < o W11 ) )
(regulatory T cells, Treg 4ifis) AYLIfE " KL,
BEEFNRIRE TS, AU T EZ R NI
PEPLR MM ES . SIREMR, HE
(leptin) FEELHARITANMI /3, HACE S50 & 2
IEAHSG, I T WA R R AT, Refs e
/B W 20 R 0% AL A A i PR 7 7=, i S Th 40
JL A S 00 G SR, A Treg 4B A & & A1)
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FTHEE, %: E3HESHRHEEN RRIEENEEER -5-

AE Yo TENERERAST , 0 0 e 3 R IE A R
it MALzEh, Fenle ks T rEiEs), E
HRE SR ARG P98 ZKOF ) RO RE IR
B P X e s 2R nE RN . i, —Xxf
P T/ IE A AR AT 09 S 30 12 JE B s Bl T
ot , BEhAHIMIEE R KB TR, [FEE
Fi#5 C IS #5 1 (C-reactive protein, CRP) ZF#4
FERR PR REAR 1 Besh, iz sk s HAb AR
R, WP R (resistin) FIE&{LZE (chemerin)
PV, R, sl AR N A A
FEAERE =P R BRI R A ARG IR & 9 2 K
o, HAZRTT RN AT R, 2Pk T HAT
RINGIERRSAERER
23 EZEHRABERMEXN RRAMINENERE
=41

bR THENG R, MG A Rg o+ A &
FLFRIFENRIGR (free fatty acid, FFA). Hil=[§
(triglyceride, TG) FIE& A& F E M S0 Y
5% MRHEFLE & LA g 55 (AN FFA. &
TG. %= % JF i85 11 (high-density lipoprotein,
HDL) ) 549 J¢ I8 A 1 2 A 235 DIAR ¢ 1)
R PGP AR T, B S A T e

a. FFAIIETVE o JES T FFA K THE 437
AR EEPE T SR B S AE N . AN [A] 2 AY FFA TE f i
PR RO 22 S 2 . AR TR (saturated
fatty acid, SFA) ANA7HHER B A sRZIM L2 RE T,
MAHFIAE BBR  (unsaturated fatty acid, UFA) 1E
B b &E 4= 6, BN ME DR
(monounsaturated fatty acid, MUFA) QR IHAR,
RO E XS SAE AL IRAL SFA 55, A WFFEIN N MUFA
ALIE A A R MRS Y SFA, R IR BSR4
SRR RIERE, SORHEARMPIRIER, B
BN A e 2 AN AR TR (polyunsaturated fatty
acid, PUFA) & 3 '®', PUFA R & 245 # 70
Omega-6 (n-6) F1O0mega-3 (n-3) Wi RIS, —3&
TESRIEP T AR R I FEHIOC R o n-6 PUFA
IAEE DU R 2 2P MIE M AR TR T A, (R4
n-6 R 9y o 3R I P R s A2 IR TG PR . n-3
PUFA T DL AT A FE 2 AE T 18 AR 1 8 32 QT o
BIRAVEE & TR FRFA b RE, (E DI
iz B e B 2 1R = AL 2O FRA R BE 1, A3 5%
i 25 M8 )% J5 FFA K, ¢ i 2 ol 20 4 48

SFA ' 33X i by ek 2D T i A B R B T e TR
P& 98 FFA I U o 328 2l 8 T 05 2R S0 14 i e
R EER FRA 2 0 55 N JHE A DG M 98 i 19 G S
Z—o BFRCUESE, FUEE 2 nT R ARAL AR I 7
FFA ¥ J&, JF £ BE R 5E b5 & 9 (CRP, IL-6)
TR e

b. HDL A Z & iy oine: HHNER,
BH.1E TLRA 03 5 400 A 200 B 1) P9 2 ) 285 B R
s BV R/ B RIS, P A
N, B> TNF-o7 248, AR 3 IL-10 B @ e i
F Wi 0 6 IE [ B oh (48 ATP 455 &% iz ik Al
(ATP-binding cassette transporter Al, ABCAL) /
ATP 4 & & % iz /K G1 (ATP-binding cassette
transporter G1, ABCG1) ), Bij ik HAEL e R 1Y
VRN 7 A s s T iz B PR TR B
HDL /K FRA AR Y F B 1, SHHREMRE, 2
I in HDL ¥R, 4 g ok L i M) g
n ¥4 5w M0 [E BE O 8 fE J1 (cholesterol efflux
capacity, CEC) FIHi4AALREST (AN %) A e 1
(paraoxonase 1, PON1) i) ', scomfb T HLAA
(1 NPEPEBT A B4R

c. TG, TEHH TGIKF-Fhim o i e Thae - 4&
BEMNOELN, H5, && TGHIEEH (4
VLDL KR  m] 5 ok 240 M A s 4 i 25 Se K
o P58 A B TR I B8 BUE & s #E - (lipotoxicity ) o
1o TG IILAE 5 1 Fifd 4 A 1 Y3 54 R N B2 D fig g
DN 4 B PR B SOREIRAS, e du il o e
ZEAELAE TARBOAE . MR E B, FEA
AR E A RE g, ORI IIE A
TG/K - ELZAL Y T FE Y, sl %
FHLHI S B TG MIREAR, LG HE & # LR i 1D R
S IBCR AR, 98D JFFE VLDL-TG 4 1S
A3, DA R R Z AR TR AL HE AR R AR
e B, s TR TGk, ATL
LR IO 26T S 20 B ) AR SRR
BP0

K, iz i PR BT ke s 4
PEDIRE, 1B BRI TEME 22 (1) FFA (R# ]2 SFA)
FTG K-, [A]H v BA 2 S He & A s 15 2
AENY HDL By /K7 Sl D RE T o 3k £ pfp i 4t
[FEAE T — AR TR | J Mgk 4 0E K
WS G A
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3 EHESNEARRHEEXREN

A1
31 EHiESRAEERRELFAEREATH
HI a1 F

avezdh, folRmiREEEL OB, B
R WVSEZHZ B 8 1 o3 S AN S A i 43, &y
B N, 5 EIR 58 8 11 (heat shock proteins,
HSPs) “55r PRI IR R RIS TERL, HSPs
FENER AR, TR N 57 8 1 B e T
. ¥z BEUNEMRIRTSEZMNED
T, 4EFFEA TR (proteostasis) o

R RN, Btz el m s s,
AN JE R 4 S (peripheral blood mononuclear
cells, PBMCs) FIH#ALH HSP70 ) mRNA Atk
FIBKF 2 B The 70 XA BBl 2 4
JHL I X 3 By I A RN, A B TR A A A
ZHii, HEFEDIRE. HSP70 5550 TR R AR 40
PRSP E RIS S 40 3 B D BE Y 4E 4 22 G 2L
BIAITER AT AR T A B A A A BE

HSPs TR0 MR SE BT ) S5 e 2R, mT LA
PR A4 7 A0ffI4h HSPs (eHSPs), 45
J& eHSP70 il eHSP60, A LA Ay 451 475 4 3¢ 43 45
XE EMERT, S e R I RS2 AR (an
TLR2, TLR4, CD91, #EE R A LA
H H % K 1 (lectin-like oxidized low-density
lipoprotein receptor-1, LOX-1) 4¢) fHEAEH, #
I [ A SR 2 27 AN, eHSPT70 AT LUl
RL/E WA DCs 7= A2 R AN 7 (U1 TNF-a,
IL-1B, IL-6) . #fbP5, FHEdt DCs #Y AR
JR B RE ST 7, X FhE eHSPs A F B AR RE A
B FiE Bz shib 7= A A ns b, e shalgUg
St #E, SR, eHSPs MUVEFWEAXUEME, i FE
BURFLL Y eHSP {55 MR A AE S b 7o K A A
ia B 25 R i B = A Y HSPs 18 3L Rl 7K ST R
WO TR S), H SR A0 MO BB T 2 P, TR
79 eHSPs MRt UE T e (5 S %, i Bl
THERIB S G A AAE ROV, FFRELLIEX LA Pk AL
AR B RO 25 7 K R B R T i v LY
HSP70 /K-, 5IHBGER e DIRERH ¢ = Bt
iz Bl I 0 HSPs 1Yk SITEREIL, MR T 3%
T JIUPR 55 e T Y — S5 L E
32 EHESHIREEEARESHAEENR
7 2%

B s ) B RN E N R E . &

BT o b Z A LA A F- (myokines) o 3X #643
BIATERRG)S, MR T LA SR RG22 E)i
PN R, e — DA . BA A0
B IZE 1T 45

IL-6 S5k — W25 F 58 e IR AL L . SR
SRS T GeZe 4~ AE e PR IL-6 AN[F], B3l
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Abstract  Exercise-induced metabolic remodeling is a fundamental adaptive process whereby the body
reorganizes systemic and cellular metabolism to meet the dynamic energy demands posed by physical activity.
Emerging evidence reveals that such remodeling not only enhances energy homeostasis but also profoundly
influences immune function through complex molecular interactions involving glucose, lipid, and protein
metabolism. This review presents an in-depth synthesis of recent advances, elucidating how exercise modulates
immune regulation via metabolic reprogramming, highlighting key molecular mechanisms, immune-metabolic
signaling axes, and the authors' academic perspective on the integrated "exercise-metabolism-immunity" network.
In the domain of glucose metabolism, regular exercise improves insulin sensitivity and reduces hyperglycemia,
thereby attenuating glucose toxicity-induced immune dysfunction. It suppresses the formation of advanced
glycation end-products (AGEs) and interrupts the AGEs-RAGE-inflammation positive feedback loop in innate
and adaptive immune cells. Importantly, exercise-induced lactate, traditionally viewed as a metabolic byproduct,

is now recognized as an active immunomodulatory molecule. At high concentrations, lactate can suppress immune
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function through pH-mediated effects and GPR81 receptor activation. At physiological levels, it supports
regulatory T cell survival, promotes macrophage M2 polarization, and modulates gene expression via histone
lactylation. Additionally, key metabolic regulators such as AMPK and mTOR coordinate immune cell energy
balance and phenotype; exercise activates the AMPK-mTOR axis to favor anti-inflammatory immune cell
profiles. Simultaneously, hypoxia-inducible factor 1o (HIF-1a) is transiently activated during exercise, driving
glycolytic reprogramming in T cells and macrophages, and shaping the immune landscape. In lipid metabolism,
exercise alleviates adipose tissue inflammation by reducing fat mass and reshaping the immune
microenvironment. It promotes the polarization of adipose tissue macrophages from a pro-inflammatory M1
phenotype to an anti-inflammatory M2 phenotype. Moreover, exercise alters the secretion profile of adipokines—
raising adiponectin levels while reducing leptin and resistin—thereby influencing systemic immune balance. At
the circulatory level, exercise improves lipid profiles by lowering pro-inflammatory free fatty acids (particularly
saturated fatty acids) and triglycerides, while enhancing high-density lipoprotein (HDL) function, which has
immunoregulatory properties such as endotoxin neutralization and macrophage cholesterol efflux. Regarding
protein metabolism, exercise triggers the expression of heat shock proteins (HSPs) that act as intracellular
chaperones and extracellular immune signals. Exercise also promotes the secretion of myokines (e.g., IL-6, IL-15,
irisin, FGF21) from skeletal muscle, which modulate immune responses, facilitate T cell and macrophage
function, and support immunological memory. Furthermore, exercise reshapes amino acid metabolism,
particularly of glutamine, arginine, and branched-chain amino acids (BCAAs), thereby influencing immune cell
proliferation, biosynthesis, and signaling. Leucine-mTORCI1 signaling plays a key role in T cell fate, while
arginine metabolism governs macrophage polarization and T cell activation. In summary, this review underscores
the complex, bidirectional relationship between exercise and immune function, orchestrated through metabolic
remodeling. Future research should focus on causative links among specific metabolites, signaling pathways, and
immune phenotypes, as well as explore the epigenetic consequences of exercise-induced metabolic shifts. This
integrated perspective advances understanding of exercise as a non-pharmacological intervention for immune
regulation and offers theoretical foundations for individualized exercise prescriptions in health and disease

contexts.
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