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Figure 1 The coordination of immunity and metabolism maintains
body homeostasis. The coordination and interweaving of metabolism
and the immune system result from long-term evolution, serving as
crucial mechanisms to maintain organismal homeostasis. The immune
system is intricately linked with the metabolic system. The metabolic
system not only provides energy for the immune system through
metabolic products and reprogramming but also influences immune
functions through processes such as oxidative phosphorylation and
mitochondrial metabolic reactions. Conversely, the immune system can
regulate metabolism through mechanisms including inflammatory
cytokines, receptors shared by the metabolic and immune systems.
This close interplay between immunity and metabolism ensures the
efficient utilization of energy within the body, enhancing adaptability to
external environments and promoting overall biological harmony
(created with BioRender.com)
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Figure 2 Coevolution and coordination of immune and metabolic responses. In Drosophila melanogaster, adipose tissue, the liver, and the
hematopoietic system are organized within a single functional unit known as the “fat body”. In mammals, systems for nutrient and pathogen sensing
have evolved into distinct organs, such as metabolic organs (e.g., liver and adipose tissue) and the immune system. However, the close anatomical
proximity and functional integration between metabolic cells (e.g., hepatocytes and adipocytes) and immune and inflammatory effector cells (such as
Kupffer cells, adipose tissue macrophages (ATMs), lymphocytes, and dendritic cells) are preserved. Thus, metabolic cells are not only closely
associated with resident immune cells like Kupffer cells, ATMs, lymphocytes, and dendritic cells but also functionally integrated with the immune
system, allowing mutual regulation. This developmental and genetic architecture underlies the close connection between immune and metabolic

response systems, serving as an evolutionary basis for their interaction (created with BioRender.com)
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JEBATIE, ARG B R T AP e 2 AN R IR B AE
ERN, BRTHEHER, EFERZESEKFREM
SHMIER -, a2 S5 AR I S A T s AR A
PG 5 A R R S5 (13), TR ITE B SGE A
T 2 g LA R R 4% 2 A L 1 ¥ A M T T i R A HL S
BRI S I8 R, IR S5 5 AR A ok
41 Hf ) R AN AE R A U A T TR I DU R, R
AN RE T . AR A DA AR AR AL 1)
PR OMER, R T S SR I R,
32 7 8 I U X e E S 08 B O/ T TR R T R
i AT AR UTIRAS VB R T B

cGAS-STING{E S iEHs. F SHR-IRH R &
(cyclic GMP-AMP synthase, cGAS) & —F ffi 3% WDNA
TN 2%, FES 5 A SR FIDNA (U 3%
DNA. ZHEDNAELH 44545 5 & T DNARE ) fil & 4
FERNZ. cGASIEBIT A K - H 5 S HR- IR R
(cyclic GMP-AMP, cGAMP), i T4 2 3k IR ) i K]
“F(stimulator of interferon genes, STING), MIifih & T
eI, 51 KT PR =R SR I M.

IR FL it JE 48 78 cGAS-cGAMP-STING
FEAE SR B ML SR M E4h, IRERE RS S AR
W RERERG R E AR, RS 5 W R
SRR 5 BAEH i EEAEA. AR
H—BEI T R SR ATt 7T, &
TTHIRF A B IR 7R T cGAS-cGAMP-STINGAE 5 il #%
G2 5 T IR T R ST =42, ZERERER
RET, MR HLIR R KR -5 B e R AR DNA (mi-
tochondrial DNA, mtDNA)FIRE, 1M i ih 575 A2 4E

FImtDNA NI f it 5 cGAS-cGAMP-STINGIE B 1%,
BE— ORI JORE,  4kim 51 EUE S RPN
WIhae R, BIERT R, EIERRE T, T
71 S EUE IR A L 2R R AADNA KA R, B3E
T T A3 TF cGAS-STING S 5 4%, 328 i i g 5 B
AR Y ) 8 2 i 2 o B A RO, cGASH
BhZ B E R T R R B /N R AN T 2,
BE— B BN 38R, cGASTIEIE — 24 IESTINGHK
RG4S VR B 2 BT 11 38 58 1 45 5 2R 11 B(CCAAT/
enhancer binding protein beta, CEBPB)#/ill Jif 5 4t i
35 TISTINGHM /N R B3 0% 1 s lg i
R I R HCPURBE R 2, ZI I STING BT
T BN S R 6(paired box 6, PAX6)IZikAIE L,
1AL S P I Th e A O X BERF AT 45 AL R
T cGAS-STING:H# B8 7E i 15 HE AU R S E R, 18
R T AT GERE R AR S T I R 4400A R ThiRE.
AN PRTF R, i a2 RO R . S ks R A 25
AR, B AR 51 R I ek Th RE R i Al
JE JBR AR SR 47 7R BEIOE o GASTE Sl R, AT R 2
R BB R, cGAS-cGAMP-STING/Z 5
6 B O Re % 5| i BERR — MR ¥ PDE3B/PDE4 1) 1t
Ft, FIHAMP/KFRIE FBIFA(protein kinase A,
PKA)E 5% FHIFEAR, H 7 OK EFIER 65 7 7= #
e, [FI, STINGHSOE th i i e (e 3 g iR A
o BEAR AR R A sk 1T B2 B BT 5 AR 1R
103 e B BANAIESE T cGASTE A 4E K A s AL
B A 1R SR 238 5 T T 1 A 0 5 5 1 S AR
R T REREAT 1%, 1 KR T cGAS-STINGI#
PRAE T P AR RE R A I S AE ), #2021 cGAS
TR RN BE RS T M E ZThEE. 4 LRTA,
cGAS-STINGIE E§ A A B2 40 i P9 1R 5 A A 42,
FLAE VR G 5 AR B S B o i 2 M AN 78 20
IKK/NF-kBfE 518 #%. %[ ¥ «B(nuclear factor
kappa-B, NF-«B)ULHAEGe . 508 A i J8g A A= A i
P FITIf 46 107, st 2 JUAE R SIS S8 58 1 BL7E AR
R B R O FE Y, NF-kBAEAR AN 28 55 T )
Z5RI TR S5 RE ML, NFxBR—4 5k
PEAFE SR IN T, P RN o 2 DA K AT AT
5. IkBI# (kB kinase, IKK)E &40 T 41K 752
i, TollFf 52 AR Ut B U2 83 15 (145 5 1 R Ui,
FEAEHINF-kBIA T (1) 2 GEHE K], 41TNF-a, IL-1BAIIL-6
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Slriehilid
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R BRBEF
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AEAhZDAR

B3 A s . AR RS R R G E VIR, FRGE T 5 4 AT B 40 i 3 S ) SOEAACHE 5 2%, 1X
LB fE SEBR L T T IR LY [ ELE . ZhA AR EAE, PLMIKK/NF-kB, cGAS-STING, NLRP3- A /IMA(S 18 5 75
R A YR 3K X 24 v PR AZ o RE A 23 B3 5K H BioRender.com)

Figure 3 Network regulation of immune and metabolic responses. The metabolic system is closely linked to the immune system, and we have
described the shared inflammatory and metabolic signaling networks between adipocytes and macrophages. These networks mediate continuous and
dynamic cross-communication between these cells, with the IKK/NF-kB, cGAS-STING, and NLRP3 inflammasome signaling pathways playing
central roles in regulating and coordinating these networks (created with BioRender.com)

FRIZEIE. A PR -7t 5 5 e i 400 A 77 0 i,
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TLRs, M S TKK/NF-kBAlc-Jun  NA bty 4 -
22 2 JF V5 A ER (S 5 B P% (c-Jun N-terminal  ki-
nase/mitogen-activated protein kinase signaling pathway,
INK-MAPK/E Sl B8)BOR 2 9. P IIKK/NF-kBI#
T G 2 A IO A0 SE X1 7 A b B R O E H.
AR I BIF FE BE— P UE SLIKK/NF-«kBA5 5 10 B% /&
SEREAR AN S e e s TR Hh 0 P 5B 2 A M
MBS 5T, TR S AR SR B B4 i T e A K
A7 AU B 5 # BE S 1 T NF-«BiE AL U IKK B
(&1 3) R0 HE A 3 22 28 0 WG TNK 22 22 5035 Ak 2 1 B
MAPK". ZEREREA AR, 20 i 5 2 A 7 40 v
NF-«B# 0, BEmieit Bmgdn s 4e. Bog. Q3
L A L R 775 R K RAEAR 5, AT I i 5 R 2
A& (insulin receptor substrates, IRSs)f] BL#% 22 & IR
PR AR T PRI 5 K 2 ik 545 2070 IKK/NE-
KB I I AN 38 Ao 9k 55 A/ JE R A 2k AR 5 T A 2
AR, I8 I TP 1) AR AR ) 2% R FEAE . NF-
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NLRP3- % PE/IMASE Sl . [EA Gk R E NTE
F B2, ik Aow BV S e N % R S A
BN Z 0 65 A5 20U 52 4 (pattern recognition  re-
ceptors, PRRs)JA 511 i 98 JiE 24 I S5 I LA RN 4 55 424 3
. PRRsZ 0 T AR AR, 765 3 [ e e A
R MR R IEEZ(ERH. NODFEAZ A (NOD-like
receptors, NLR)ZCEAE 95t o H 2L (FPRR, 1E RAE
B REE AR, IEARSZ 32 K. NLRsK
RS 2 Fh R IRE S, IRk 980 /N 2H 2 A 98 0E
7. NOD#: %2 42 19 3(NOD-like receptor protein 3,
NLRP3) [z F2H 2% (0 S /N oxs T4 2 40 i Bl 5 1L- 1
F A 4N 3 -18(interleukin-18,  TL-18) ) i B4 4314
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T8 E NI AERKE 5 (MWATP. JRER & AR F0AE B ER) LA
Bl JEARAE 5 7 T A5, R BEIL- 1 BFIIL- 18 14 g 24 A
B, HETEOR SR K e N H AT 2R
ZRVERRAE/IME. S5 7 5 98 R 153 1 B i
F76-78)

NLRP31E N % 4E K 15 5@ % 2 5 AU 58 2R
MEBENREERI AU THA . — 7,
NLRP3- %R IMAEAE A 5 54 1 H % 5 A0 ) 22
fEIRER. BERAARAE Ik 2 56 R Sz AR i 32 2 41
Mu#§, tHRNLRP3 /MBS EZEN . &AIA
FRATL 1) 2 44 S 3 8] £ K A ROS (mitochondrial
ROS, mtROS)HIAE I I, A b mtDNARE 141y
JE, LR i I O B I SEAENLRP3 TS . NLRP3
PR A ) L 2 A1 212 288 44 i ER] T - 1 R TL- 18 1) e 24
43 WA HE T S RO A AR 8 2k Y, T S e
JRE S 2 B PR AR 0 JCHS A A S AU PR 5 ) K
FYIA S, fildn, R R AT S BRI KT T
AL RLAA T REREAT, HETEUENLRP3 2 1% /M, f it
IL-1BE) A, 5] IR 5 B ARPUR JORE N, e A2 it
RHEER R R RS A —J7TH, ZRMREHERICE
FCANLRP3 28 i /M (G 800 55 R 1, BRIEENLRP3 X
B A P2 AR O e % A8 ONE T DG B AR ) R
NLRP3# I AR A5 BB a8 i, 7ERif
BT, ATV TYNLRP3 SAE/MAE.  7E =R A
BAnfarh, ETARFETSHE K 73 R)RIEE N, i
IR F L RS S I R IA PG, 5 3B S AN 77 IR 1 B
fig4(microtubule affinity-regulating kinase, MARK4)[#]
ST MARKAE i (U IR AL AR 0 NLR P3 48 i

AN A, AR G N AT
CD367KF-, SEAR U MR TR E A AL BT AR, I\
{2 3EmtROSAE FAINLRP3 4 5 IMATE L™ ZE g8
PRI, R 7 TR AR T AP o 428 T e ) R B e i iR EF TR
WA H B (AMP-activated protein kinase, AMPK)-
1 I-mtROS {5 538 B SENLRP3 480 MA ), R AL
BERRARE, RIARE DAL = RIRIGHH 2 AT 132 NLRP3
JRE /N TR B0 A0 X BE B ST B, NLRP3- 484
ANMBTERAE S H B S MM ZO ) R A2 K ke
& R EE MR,

WA % RS JORE AUTACEI MR 2 18]
FHEAE R T — MR LRI KRR, RAEMME, G
HOENLRP3 JAE/MA, FEIEFIX LI R [ A . R
S /A RO ik {12 48 400 Jf DT TL- 1 AR IL- 1 8 AR,
Ff I 40 £ T R BRSBTS, NLRP3 RE /ML
EXZPE TP B RIS, AR ) Re RS -
mtROS 77 A2 DA K AR 5 188 - 40 110 26 0 e 2 A
RUPIRE 5 IINLRP3 28 A /MBS 4l e FE 1
RAEFNE A BT RERR R R, RV RAEFAC KA
AR R, WIS ITNLRP3 % M/ MERE
A T D A2 48 R e 3 A P DR A o3 7 T B,

mTOR{E S i@ FE. W L3N 0% 2 ¥ 2 H (mam-
malian target of rapamycin, mTOR)EL H T EH R &
7 g A RS B A AN g A0
S AR Ra S, 78 Gu R i rh, mTORX T i
WA R E Y F I, mTORME M2 E R4
35 A V% A 5 AR R 15 7 DG BRI A1

mTORME 51 B8 H A = E 5 S A3
HIHE R EAE 51 (mammalian target of rapamy-
cin complex 1, mTORC)FII L3045 05 2= 0 8
2 A&Y)2(mammalian target of rapamycin complex 2,
mTORC2)/F i H e, mTORCURFN ZHM. i
EWE ERKETAMRERESSES, (REEORAE
JRE Rk, [FIEA) E R, PASCRRA AR KA e, Bk
&, @I IE T RasH X GTPHF(Ras-related GTPases,
Rag GTPases)¥¥mTORC14H 5% 2 i i f4E F, Ras[A)i
&% HGTPEF(Ras homolog enriched in brain
GTPase, Rheb GTPase) Bl #GFmTORCI! ™™ 7y
B {42 1, mTORC1 W] LA ¥ 7R heb#% il mTORCI1
Wik A, I E B IR AR 1 B 1 S6 UM 1/2(riboso-
mal protein S6 kinase 1/2, S6K1/2). E %L 44K T
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4E4E 4 B M 1(eukaryotic translation initiation factor 4E-
binding protein 1, 4E-BP1). #3[X-FEB. Bl —
FR T R 1 (phosphatidic acid phosphatase 1, Lipinl).
UNC -S1RRNE LRI R 7 AR 45 5 BE 1055 IR )
RV TAZNEAR L KA TEHOBPERI . IR IR A1)
R FRIRA S IR = RO 1008 s g e B
KRR, AMPK# B, @i 455 Al nE & 5491
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— %% (phosphatidylinositol-3,4,5-trisphosphate, PIP3)
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EHIE RS0, mTOR(E 518 B AL K HE 28
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Azhfg > i, mTORC L@ % HIF-1afc-
Mycf5 5 & 2 0N T M A 3 g A, A T3 5 T
A" mTORC2ENK AU AIDCsI & & AT fE b % 4%
FRBEME L, 381 T AKTAS 5 4ERENK 4 i [ 7735 Al
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mTORAE 518 M AE A A 90988 R 48 2 (8] 48 Xl
ErEEMREMN. REPRENE F7E FHiImTOR
T % 5 0 S % 2 () D RE A s, 4, s IR IR S B
4 HE B 38 3 mTORC 1A I 8 3375 5 i T 40 fi A B 24 i
ThRg, Bl g BE R, NEREAE S H18 1 %
E 55 i 107 ZHL 43 e 1) LG 440 B AN T8 A9 mTORC 13
BOEF AR A, G RN I A T R R R
Jask SR T AR B ARERIRAS . T4 J5 il id mTORC1
R AR A AR TR, AR Gt RE R A S i AT
BRI FUIE I, mTORTE 15 i it A P i 5 1 32
% RGN EAEA R B REEZE/EN, mTORCIH
T T AT DA g 18 57 B D BN 9 S BB, AT S 4
SR i, wu AR B, mTORC it
VT i b R AH R B R SORE N, SE e B TE AR )
HIZH BRI T RE, 3281 15 78 = R AREHIRS.

mTORAE 518 ¥ (1) 57 7 45 5 2 Bl A A F e i
WG, WOBERME . MEIE. SERE. B B SR DL
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A RK KA T ReA AT HIIEE. BB AMPKXT
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HER A SR E A, HAPERIRES XS T 4R
FEELEE" Janusif(Janus kinase, JAK)FI{E S
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Figure 4 Gut microbiota regulates the balance between immunity and metabolism. The gut microbiota plays a pivotal role in maintaining the balance
between host immunity and metabolism. A healthy gut microbial community can provide energy for metabolism. Through bile acid metabolism,
hormone regulation and other pathways, it maintains the homeostasis of the metabolic system. The stable state of the metabolic system enhances the
function of the immune system, which in turn maintains the normal barrier function of the intestinal mucosa, thereby sustaining the stability of the gut
microbiota. The imbalance of the gut microbiota can lead to metabolic disorders through various mechanisms, such as increased secretion of LPS,
reduced secretion of short-chain fatty acids, interference with bile acid metabolism, and disruption of intestinal permeability. These changes can result
in insulin resistance, elevated oxidative stress levels, and mitochondrial metabolic imbalance (created with BioRender.com)
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Immunity and metabolism: network regulation, trade-offs, and
homeostasis
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The Second Xiangya Hospital of Central South University, National Clinical Research Center for Metabolic Diseases, Metabolic Syndrome Research
Center, Key Laboratory of Cardiometabolic Medicine of Hunan Province, Changsha 410011, China

The sustenance of life fundamentally hinges on two essential activities: energy acquisition and defense against infections. To cope
with the survival pressure caused by environmental changes, organisms have to achieve optimal resource allocation through lifestyle
diversity. These life activities and optimal resource allocation strategies rely on the synergy of metabolism and the immune system,
which maintain an exquisite balance. The homeostasis between immunity and metabolism not only ensures an effective barrier against
external pathogens but also secures the high-efficiency conversion of energy, pivotal for maintaining healthy. However, this delicate
balance can be compromised by prolonged nutritional imbalances or sustained inflammatory states, serving as the pathological
foundation for a spectrum of metabolic and autoimmune diseases. Thus, unraveling the complex interactions between immunity and
metabolism is paramount for the elucidation and therapeutic management of these diseases. This review navigates through the
intricate interactions and trade-offs between the immune and metabolic systems, discussing how immune cells regulate their functions
through metabolic pathways and the impact of metabolic states on immune responses. Furthermore, it examines the role of the gut
microbiota in influencing the immune-metabolic equilibrium, delineating how the gut microbiome orchestrates the body’s health
homeostasis through the gut flora-metabolic energy-immune inflammation axis. In conclusion, we provide an overview of current
research and future directions in interventions targeting the immune-metabolic balance, offering new perspectives for the prevention
and treatment of metabolic diseases and autoimmune disorders.
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