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Yy, A5 EEE A TEEALER], BRI SR RS
A PR A T A A A

1 EHFSHERBELEN REIER

A

11 EHEBEdSEEREKHNESORESENER
Iheetifsn
111 5 R i 2 R L 3 e e Y he

ey R I RR ey v (P S A & e A W
FIG TS ZE  (reactive oxygen species, ROS) K4
B, DT REAR AT A PR e i e 0 B e Ik
fe JE B V4R o a2 28 i M1 e BUbe Ak, [R] s =
AR WE R EEYE Y & e & Tk e
YipE (GUFE T BAIME) IERYESE . b An
DIRE R o MR AT S B0 (0T kA R b L
b, PR EAL 2R (advanced glycation
end products, AGEs) . AGEs % 4l ifg 3% 1 52 1K
(the receptor of advanced glycation endproducts,
RAGE) 7EZF il (fuhENEgnfe . srix 4
M. T4HML . WERAEM) FIHRIE . AGEs-
RAGE W45 6 il & 52 2400 RS S PR, kst
5 TG R A R B M R A, A
WAL T o (tumor necrosis factor, TNF-a). [
41%-6 (interleukin-6, IL-6) F#fLRT (UnHA%
i ka L H 1 (monocyte chemotactic protein-1,
MCP-1) ) By ARETE I, [RlNF 1 RAGE H
B, Wl—1 “AGEs-RAGE-RIE" 1ER
AEER,  DTTIRI AN AERR 4> B e s Ry BB 018 1 4
R
L1.2 I8 ZHGE & RSB0 e D e A

FRAR 12 B3 A 4 e 4 B 9 I 2R U RN %
Wiz 85 (glucose transporter, GLUT) 4 [J5&ik
5iEYE, EIECH, (R aasIURA R,
1T 38 AP IAUARE KT FR AU 8 SR BE ,  DASURM 2 Xt
Yo R G AR E o N, E3A B TR I
TEA 1 %) v PR 40 B Y e . AR D RE M ROS
A pae . ByRRHPUSRGLRE T Y Ok, B ahiE
SPGBl T 300 5 = R 5K 3 1 5 24 i
] M1 28 R A BEAR AL, Al ik ) B SP- mli e
RINFAVEAL, TFBCE R EROR . It
Hh, BN MO G B> AGESs 1 AR JiGHE
e OIS T “AGEs-RAGE-R4E” Y%A
AR KL, s g I A S, SR
TR R R ZEIE, IKE YRR T R

JEA MY IEH DIRE .
12 ZEHFESIBRER R EX %EEEANEN
T1EA
121 FURIE N RIE(E 5 0 7 BHAR

T Z S A B )32 2l HATR] , H B UL P A e 2
JEEm, RBELR K E AR,
fiR e BE TN & B B9 1~2 mmol/L T & 20~
30 mmol/L "', FLIR G Bk eIt AR i AR
IR o5 bR . AR s, F
R —FEERIE 501, B LRI E S R
PEVTAER . BRI R A R BN, sk
WA FLRE S HE P FLR L (W1 H3K18la) A
AT B g0 A M2 B A AR DG EE R 1 58, 52
VT T4 (regulatory T cells, Treg cell) %o
EANRIPIRE, PERFLRRTES S5 T A D) Sy i 1
R FECHAE R MY s 3 S M FLIR A AR X
eI DI RE A sE I HA O M, BE AT it T S e
PRV, HEARVEFHHGR TZLIR MR . 1 Sy
YA,
1.2.2  F R BEFLRR 1 S e A O

TEAVERIZZE 2 SR LR e B s GRE
>10 mmol/L) MIRRMEMIME T, FLRR 22 XT
HZEDNRER AN HIME ] ', X — S I 0 22
F LA pH MO R A1 G & PRS2 1K 81 (G
protein-coupled receptor 81, GPR81) 4 Ffliil .

a. pHARHE ] . FLIR TR 200 Jm 4l 41
Sl I pH (TR, 17T R TR A B8 T L 401 8 A%
T A A A SR 340 (natural killer, NK) 4 A i 4f
JEEETIRE (AN ZEFL 2R/ ORI R RS . HEAH RE
JIVL R GBI - (any T4E % (interferon-v,
IFN-y) ) (R4 Do SRR B A 2 e foh
Berh ek EEALE 2 —, WAl iRk tks
Bl i WS B 0 R S e R I sk TR
X R A R R B T Rz 3l 5 R A i B R 9E
VA i AR EEAE T TR

b. GPR81 4 (il . FLIRJ& GPR8I [ A I
PERCIR 0 GPR81 ) {Z 3Rk T LA e e 4 I
A FEE REANAE . SO (dendritic cells, DCs)
ST T RE . kB FLIR 5 GPR81 455 ),
A EOE I RIYE G, T R R P B
BN B BE R MR T (cyclic adenosine
monophosphate, cAMP) KT R, 7EF L2 R
DCs 1, cAMP 7K-F- i) [ AR RE % 410 ] Toll £ 32 44
(Toll-like receptors, TLRs) “545xCiH 5|32 K% S
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AP J I T (AN TL-12. TNF-0) B9774, M
MAECRIER " Wi, &b —id T m i
FLIR AE I8 1 GPR81 5538 %, 1] 26 R M ik 0 41
2 (innate lymphoid cell, ILC) By REEHfL, ek
RAEM S FIHIR
1.2.3 A PR P LR Y S S S VR

MFLRRAL T AEFR RSl (1~5 mmol/L) I,
EAFLRIHIE S, MRS AR S 4 i 1)
REAY S ol T e >

a. BB, FUsBAHiR . ALUBRE0C1C
IERY S 4 oA, an M2 AU S AN . Treg 4
MILL BB TARME, ik mK- P FLiRE ia &
H (53R MR % i2 88 H 1 (monocarboxylate
transporters 1, MCT1) ) FIZLIRIE A B (lactate
dehydrogenase B, LDHB), HE i &5 i £ HUFL 2 Jf:
PR TN RS , Bl A ZRR =R PR 1E PF
(tricarboxylic acid cycle, TAC) #1745 fb#iiR b
(oxidative phosphorylation, OXPHOS) , = ‘£
ATP 220 R, 7R 38 Sk W sl ke o s v
LR AT AR Ay 3k S S e 4 M i) i AR}, S
RS . DIReERe NGB, 18 1kiE sl Zhpekg o
TXLEAH R LR BT

b. A A FLRR AL . AN FLRRBESS (a4l

AR AR LI R — PR i B i ——2H
EEFLRAL o AWIERY], TR R R kA
R E MR, AR AL A FLRR K Sh 2
HHFLRM (A1 H3K18la) BEREHIG 5 M2 A E I

YREAH SRR Rk, DATATHE B I 4 R ph A1
(M1) It RMEE (M2) FREEAR 20 5 E ik
%, B8 CROlRERER) A r R EZLR e
T X R , A Y N Y T e
A, EHERAE T IR FIASUB A .

K, iz 3715 T R ZLRR T S e RG]
JERUF Y. Sk FLER EE L pH IR GPR81 {5
SRR I G RIRLN, I RAE. [, L
e N REERIE A 50T GEAEILRRI), X#E
% SRR SR AN B A T RE,  fR I R P G
AL UEE .

1.3 E3hE T AMPK-mTOR/S S dE i 8
me SR A AR ThBEAR 7S

AMPK &4 i ) T E A RE R A, RES K
HIZH AN AMP/ATP AR A ML, iz shad B2, L
N4 ATP K E I #E, AMP/ATP B THE, S35
AMPK s g Y, pFE R, AMPK 7E S5 4

M Tz Rk I R AEEEAEH . AMPK IS REE
PO w40 I A R A fE (ML), f iEd R Ak Ak
(M2) 5 AMPK 350 J5 BEAEA il 4% 5 1R 48 At mig 22
FE S AR 7530, BRI T i 4k > PR,
12 31175 T 1 AMPK U0 AT 52 M) B 058 20 1t ) 37 AR
SR,

AMPK 1 i #2840 55 Z —J& mTOR. mTOR
o IE S TEAN AR . A . AR KA R R R
FECHEVE I . mTORCI & 45 W3 o BN 32 4 ix
(nmzpl . 28R MARKKEFES, (Edbmn:
fiffe FNEE T B, SR A P T B RN AR08 1)
fie . MERPELNAE T, mTORCH ff Mg 5 5 4 &
gHf (ansn; TM . M1 B REAnf) 54k UIAH
2, 1M mTORC 41 ] ) {2 2 6 75 240 B 1) 470 2% B M
IR (U0 Treg 40 . M2 ELWEARAME) 54k 2
12 3175 5 1Y AMPK U RE % B ) mTORC1 1%
Pk, IR e 4 A e 58 A, (bt R el b
PEP T RAAIE AL > filhn, KN ALZ ZhhaeS
B2 AV A e /1N BSURR I 2 280 5 s 40 i mTORC 1 ¥ 1
fE W 20 i T T 2R M2 AL A, kst g 5 AR
PRI RAEAR S P AN, 32 8 T 1 AMPK-
mTOR {5 57t BB A4 T A A s s i, i
G T A AN Treg ARG A 1, AEFrfasetads B
K, 12 2l i AMPK-mTOR 5 - il o 4 5 9% 2
OBEACI, R o 40 B TR AR S TR . S
ARIHF 580 I 1 A JR 1 Bl A S e A 5 A FH A
B Z—
14 EFHETHIF-1a/t SHEEEE LB RE N
VA

i, WINAZUERERS M, RffHLUR
Sy FEREAR, SBCHIF-1o 0 ™ HIF-1o 306 5 7]
7SR OCEE T (2 MEEE  (hexokinase,
HK) . FLMRM S (lactate dehydrogenase, LDH) .
NERFR B (pyruvate kinase M2, PKM2) ) FI%
EipEtia A (W GLUTL) Ry, (Edbpsme s
AR 2 ARG KL, HIF-1a 78 S 41 MY
AR AN BRI rh A SR H] B

TERPEAN M T, HIF-1a /5 A9 BB i) B
IS AL TE RSB IAHOC . R0 T 40AE (hnd
BOPET40M9 17 (T helper cell 17, Th17 4ift) ) Fi
PEREWEANML (M1) e AL FE b 2R B0 B R Y
W T i 8 e, 3K A A I R AR R8T T HIF-1a 19 384
{6 P53, HIF- 1o il o 175 5 00 2 A AH OC JE R 3 3
SR O Y% A AR PR AR AN AR R DR RY R E BT SR
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7, A RLALE 375 5 9 HIF- 1o 0% BA A R Y
PP W TR . WHFERM], 12 315 5 1 K8 HIF-
Lo P84T BE A F oy 40 0 ) A Qi i, G i f e
WERLIRE, IR S 2 W o R R RIPR S T
HIF-1o (3 BEOG . B7 1E So e 40 ot B £ R il Ak
HeFp e fa s B, i, KA A0S SRR IS FE AL
JIES TP 20y 0 i s 22 1 W 200 i v HIF- 1ok, i/
WEIE I, AR 1 W 4 1) e 2 M2 R B Ak,
HGE R B AU E R SIRARAS P Bk, iz sl
i HIF-Tou /S OB P2 e A Qa0 o 2, 992 S 2 4 i
ARSI RE .

iBa s, AMPK-mTOR {5 538 #-5 HIF-1a
ZIEAFTE S e Hah S m 28 HRE Mg, Hr,
AMPK 5 mTOR = %[ S840 Ml it IR AS HEA THE BT
W AMPKAENBE R 5 10 A BN g oz shisod , iF
MM # mTOR 12 G M EhRE, e ihbERemites .
1M HIF-1o /20 G B Y U2 e, 32 0 1 5z 3 5|
R R AR AR S i e oG o 8 T RN
ARTF, {H AMPK-mTOR {5 5 i 5 HIF-10 2 [A] 7
e BB A 1 2 SRR, BN, AMPK & 152
HIF-lo fY A 80E M Y, mTOR W] i 4% HIF-1a
My EE ((HAZ 35 1 AMPK B FR6l) ', fead ok,
HIF- 1o ]38 1 1755 % 5 -5 DNA S5 e REH 55 1~ 1
(regulated in development and DNA damage response 1,
REDD1) “FHL S 15t 40 i) mTOR,  BipE Ik 40 #4
B, R, AMPK-mTOR 4l 5 HIF-1o &
)45 12 Sl W P A SCHE T et B, ndg s s
HI AR S SRR

2 EHFSWERBHEEX % & INEER
=AU

21 EHBELEZREHARERBIMNEERERE

TENERERZET , R N NG D7 0 B AR 2R
2 FEURNTHLTNRES I, RIL I NRITT A HAL K |
BRAE L FETCRG AN, DL R s gnif (JoHJE Bl
M) BRERIEA M1 B AL Y X g fb B g
i ¢H 20 B W 4 g (adipose tissue macrophages,
ATMs) FIIREZEEL AR 7 A LA B 23 R 5 73 W 2
RUMLFF, U TNF-a, IL-6, MCP-1%, JEHUG
TR R AR RAE RS, IFRIATERS, 3R
GEVERIB PEAREE AT

KAz g, Rl 2 iz s 455 sl
Y5, WUDIRIE S, JUHR NIRRT A AT

Bt W fRaR R, BUERE S RENS D IR A A
il 20 25 rp g A i ) R T R, S ELAE B M Y
(FER) BEwggupam M2 A (JLRMER ) F i
(R F UG ) o, — T4 ) A R /N BRI AF 5T
KB, A8 JEAY H £ MRS 2 o R T RS2 AR
i 4274 F4/80°CD11c” M1 &I WEAN i i L3 , )
IS T F4/80°CD206" M2 I E e 4f At i Lefgi], 3f:
P Bt 25 115 15 26 24 rh TNF-o Fi IL-6 mRNA 23509 F
JA 9 RSO SR B S Uk B, Bk ol o
MMERIE SN ZR)E Ho T RR i A 80U EA T, 5
M1 FLRIA L FEN (U1 CD68. CDIlc) ik
A, S M2 RARHH OGS (41 CD163 . IL-10)
FEIRYEIN S PRk, 12 Bhik R I pE R e T 4L 4
B EUIRAS AT i — 2D B R AT (5 5 1 3l s
B FFEIESE, R 255 P A iR S SRR IS A 2L
FEARNE AR Lo PR ML P ) TNF-a I TL-6 7KSF-, 2k
L RAERAS, 3T R T i 1 L 8L A i AR
HIFEH ™, 2 b, i@shilad EEas IR 5, I
= By H VB i 5 A B0 G 2 20 e 2 RSN A A TR 43
Wo, PR A RRMTH RS S E, R ILRIER
Gtk E I LR AR
22 EFHHEITATEREFYBEEREMAE
IhgE

G 200 B b ) A T P R B B B R
(adipokines) , B MENE ST, FERe R,
JoR 2 AU . BRI LA B e e T R R R R
ZAEH . 2SR W UE 2R OCHE IR T R
OB N SV e S S P N N T s o SR R
BN o

g% (adiponectin) =%t g iy 40 it 4316 ,
o B FLAR M I Bt 4 R 5 28 B SIR i R
NEREAMA PRI KTl H 3K, ALz s), Fr
SRR Ik, E8) IZIE RS HE M A IR G
R, IR H3Z & (AdipoR1 1
AdipoR2) FEZFP e il (RHFE EANA . T 40
i, B4, WEORAIM) EARIEIEN . TEE WS40
o, BRI 3K 6818 38 i s AMPK I PPARa/y {5
Sl B, IR E M2 BB Ak, o R R
(endotoxin) %S TNF-a f1IL-6 7742, FTFMoR A
WEAE FHFT IL-10 /94300 o REERZR A8 AT H T 4
(RIBGFEFEAL, AR Treg ZUARAYTNAE 7, R,
BRI E TR, AR T B IR
PEPLR A WS . SIREEMR, MR
(leptin) FE MRS W, HOKTF-S5K)5E 2
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TEAHDG, ERIBHEFIAN BRI T, AL IE
A%/ W 240 R ) 35 A R B R - A, 55 Thl 48
LA 00 e g% Ny, ] Treg 40 M (% & & A1 L)
fig o FERCREIRASTS , W B 2R IAE R R
bt HELZE), FRle el E T~ s, E
HRE IS RGP 98 2K ) R RE IR
B TR X e R AR 2 9K Bl . fildn, — Ikt
7/ PR A N AT 1 R 0 12 J A AR as B 1 T
o iis, BEh A IMEE R KB TR, W
ffi 5 C Jz . % 1 (C-reactive protein, CRP) %54
SEAR R EAR s BLAk, iz shid s m HABNR
¥, WHHTE (resistin) ML E (chemerin)
&Y, B2, dsdhiE Lk 5 AR I R A A I
R =P R BRI R AT FIREA IR & 9 2K
e, AR AT, 2 eRAk T T
RIGIERRSAERFER
2.3 iEzhidE L & EA I RS B R N 5 0 4 B
Ihee

bR THENG R, MG A Rg B+ AR &
A AEFERITR (free fatty acid, FFA). HiM =g
(triglyceride, TG) FIfgEH o2 8 L (1Y S e 15
5% ACEEALA & WA AE 58 (A= FFA. &
TG. 1 % B s 42 1 (high-density lipoprotein,
HDL) ) 549 J¢ P8 RIS 1 4 25 DIAH G 1),
isR S AR T, S I R A e

a. FFA. fE¥ P FFA KV Th i 2 AR IR eI
IR 3N G RE LML o AN [F) 26 78 FFA 76 G 28 8 134
N 25 S 2. IR iR (saturated fatty acid,
SFA) kst LA IE R B8 1, ARG
Wi 2 (unsaturated fatty acid, UFA) 1E % N
Ao Blan, ARG B B2 (monounsaturated
fatty acid, MUFA) [fCFRIMAR, FEMAK L XT 94 1
SR SFA 58, A WF5E A MUFA Al 3 i 78 70 8¢
FARRARE ) SFA,  BEARBRARH PS5 B AR e 4
e, BURFEARIPTRIER, EHESA KA
M FIRE IR (polyunsaturated fatty acid, PUFA) i
# %), PUFA #R 4l 45 #4 7 & Omega-6 (n-6) i
Omega-3 (n-3) PIRIE, “HAERBER G P
LI RFEPLEF . n-6 PUFA H A 46 A DU iR 1 &2
FPE R PE AR RRATIR, (B 5 n-6 fRBH ™= Pt 3
B PR B THIR TG PE . n-3 PUFA I LA % il
PR IAETHIR R A 32 G . AR AT S &
F5 FFAHERE, H L2 g fig o 2 e 4 4L
XF FFA R M I RE S), A AR AR 23 I I 48 I FEA K

L FRNR IR AR G SFA L X FlGE s T
o 95 20 1 7% % T i Vi BE 412 48 FFA 19 IXUR: o 13 32
2 19 I 2R R T AR AT B Al A 2 00 AT A
KNG RAE B BN Z — o BFFEIESE, MiFizs)
A R ARRAIEL ke AT I35 FRA MR, I Bl 28 RE b i
#) (CRP, IL-6) R %),

b. HDL. HDL BA7 Z & il [ ohfg: WAl
WHEER, BHIE TLRA S ; S0 FRA% A0 A 1] 9 B 1
RN AT RS s EEC Y B/ E VR AR T g, S
LR R, Jdi/ TNF-o 724, {2 df IL-10 BEAL;
i I A e A AR [ B (28 ATP 255 &
iz & Al
ABCAL1)/ATP 45 4 & %% i2 & G1 (ATP-binding
cassette transporter G1, ABCG1) ), Pjjik HE41L N
PEAERY “WLIRANNE” . A Eas S )iz sle 4
FHE HDL KA SR 259 T Be Y, TR 2R
&, BEIAUH I HDL # i BE e H 5 A
IR, AN o i [E B H 58 1 (cholesterol efflux
capacity, CEC) FIHTEAEES) (UNH X i 1
(paraoxonase 1, PON1) &) ', ixXsmfk T LK
() NIRRT R BIAE

c. TGo B TGIKF-Th i 23 S Dhe A
BERTEEN ., 5%, B8 TGRIRER (i
ik % I 8 1 (very low-density lipoprotein,
VLDL) KHFRL) B PR 200 i A v 200 i 25 5
R AP AN O -4 U7 & IR (lipotoxicity )
11 TG IfUAE F5 11 Bl S0 Ak I 8 5 R P Bz D g e
it 2D a2 B AR RAEARAS S S e A0 i D g
ZALONE TR, MR IAT R, Rl
JE AR A iz, ORI A EEER
TG/ PR HEEALZ Y T HF-E . isghnldid £
P S TG BYREAR , A3 5 &% U g e
I HE IR AL A AT, Wl HFIE VLDL-TG 15 S
G3Uh, DA RGE I 2 U T e A B A iR B
e B, EdE s TR TGk R, mTL
LR N T 2O SR AN ) B AR R R
BT 7

gi b, imahilad HEAEER R BRI T A
JEUIRE, 1B s AR 2 R 1 FFA (45572 SFA)
TG, [F 3 s BA 2 EPU AR AN 4 19
AERY HDL f 7K Kl LT e o i, ax seph s It
[ T — AR Tk ss . sMEPERAE X
W G P o A

(ATP-binding cassette transporter Al,
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3 EHMFSHEARRTEEN REINRE

sEAl

31 EHFESPNREEARELAERBRATH
R E1E A

2k, FRERERES RO, B
WAL U0 L B o s A g i it . il i
PR, SRR 3 H (heat shock proteins,
HSPs) 55 FHER RIS Fs e R, HSPs
FEAE R FHR, TR N T 5 R H B EaR T
T i B VR R AT B B P Y AR
i, 4EFFE AR (proteostasis) o

R, R s shal =R s ol e
N AN LA 408 (peripheral blood mononuclear
cells, PBMCs) FI- i UL+ HSP70 i) mRNA 14
HBUKE 2 T 7 3R L RpA &
JHL R X328 Bl I A B R g, AT B RS AR e
ZAMG, dEFFIIRE . HSP70 25001 REAR 7 40 M N 1)
PRI IR e A 1 S DI Re e e 2 G2, 1A
UNHE DN FEARAE T dEFRpbk B A0 B A7 06 AN T RE 7

HSPs 7E 41 MR E R % ) S 25, AT LA
BRI AN AE 7 S HSPs (eHSPs), 4]
J&: eHSP70 Fil eHSP60, ] AR M A G 43 F A 2L
B UEIRET, B SRR 2R
TLR2, TLR4., CD91. #EE KA A M BUK %
H H % K 1 (lectin-like oxidized low-density
lipoprotein receptor-1, LOX-1) %) tHEAEH, #
I AT SE N 2& 7 i, eHSP70 AT L) i
B/EVEA A DCs = A e RABML I 5 (41 TNF-a.,
IL-18. IL-6) . #fLIA T, JF{Eit DCs iy AT
JREERE ST 7 XFR Y eHSPs A I S B TS A
B PRz s = A e i, I n shdl 4l
HilfE. SR, eHSPs WFE UL HA XU, B
BURFLE Y eHSPAR S RI A AT s, 7, KL ALE
I fg 2 5 40 PN HSPs 9 38 Atk 7K 7 10 3
Vihe o =0 O T L DR W IVAY G T g O e B i
cHSPs RO B T (55, A B T4
TE B P ARAE SN, T RE AR HE X o i APk fik %) T
A RONE B R R M 2 R T AR R T P
HSP70 /K-, 5HMGEE R RAEDIReHE =, Hik,
iz )il L 520 HSPs 1Y Rk S TE R, ML 1 &
NN RS e e R 1 — S i

32 EHFSHIREEEARESHARERIA
T
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Table 1 Overview of exercise-metabolism—immunity regulatory mechanisms
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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
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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 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-lo (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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