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Fig.1 Core components and characteristics of the natural immune system
Bl XAEBRRGMIZOERES REFR
NKAAE: ARAD4M (natural killer cell), MHC-II: EZH UM E A KI12550F  (major histocompatibility complex class 1), PRRs:
R Z 1K (pattern recognition receptors), PAMPs: i J5UIAAASE 73 FH30 (pathogen-associated molecular patterns), DAMPs: i ji#f %
4 F#0 (damage-associated molecular patterns) , IFN-y: yT#Z (interferon gamma), TNF-a: JifJgi¥R%E K Fo (tumor necrosis factor
alpha), LPS: HgZH# (lipopolysaccharide), IL-6: F{41Z-6 (interleukin-6), Thl: FfiBhPETANME1%S ( helper T cell type 1), MO: #IHREIE
VEANAE (macrophage 0), M1: MIFEEANfE (type 1 macrophage) .
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Fig.2 Exercise enhances the defense effectiveness of the natural immune system on multiple levels
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slgA: SIS EREE 1A (secretory immunoglobulin A) .
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Table 1 Effects and potential mechanisms of exercise interventions on natural immunity indicators in different populations
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W ANBE IL-6 « IL-10 IL-6 | « TL-10 T . TFN-y T
NEE 1895 . ) .
AR 47K/ CD206. IL-6 CD206 | . IL-6 | SERBEE [es]
g B
B 1 L& 2 %4 (Serum Free
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. 168 30/ AMPK L iR s
NBE 18 o . )
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HIIT: =3 EREIZE (high-intensity interval training) . NKZHML: F$A% 45 (natural killer) ZHfd. ILC: Je R4 (innate lymphoid
cell) . CRP: CRI#HIT (C-reactive protein) . SII: 2EHHfERAEFEEL (systemic immune-inflammation index) . TLR4: TollF:3Z{k4 (Toll-
like receptor 4) . NLRP3: i FREE A 45 Ik & & 2 &8 1 & )3 51 Al AR U 45 #9332 K3 (nucleotide-binding domain leucine-rich repeat
and pyrin domain-containing receptor 3) . BDNF: i o bl 427 32 [l F (brain-derived neurotrophic factor) . IFN-y: y 43 (interferon
gamma) . TNF-a: MJgIFSEH Fa (tumor necrosis factor alpha) . SOD: #B4A LY LR (superoxide dismutase) . MDA: N ¥ (malo-
ndialdehyde) . sFLC: I i&{#E4 5% (serum free light chain) . AMPK: AMPYGALIKIEE [ BT (AMP-activated protein kinase) .
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P Ca ¥k B T iy T R B BE B R APIRAS . LUK
B AT B1 (liver kinase B1, LKB1) ¥ il Ca>"/4%
A& O M R 1 T U B (Ca/calmodulin-
dependent protein kinase kinase, CaMKKp) ' iR
PEieE AMPK, JEHUEH: o ME3E Thrl 72 FBATR AL
TIEMTENE A ZEREZ ™, 1L AMPK 1]
18 o Z2 Fh AL I B 1) JE 4 NF-«B {5 5 % . H—,
AMPK ] 38 5o 19 558 «B ) il 45 11 o (inhibitor of
kappa B alpha, IxBa) M5, 0 IxB 3 i
(IxB kinase, IKK) & -&#ayiGde, #miBH ik NF-
kB p65 WAL A#%, P/ IL-1B. TNF-o 55 4E &
HFRo%e 5 7, H ., AMPK /36 A6 nT 38 55 T ER
R S F 1 (sirtuin 1, SIRT1) )£ 3A 157
P72, SIRT13E i 25 2 1AL NF-xB p65 7 HE i 2
FRER AL, T SRIE M, SE—20 T R R 4
FRER 7 SR In R, KA Ezhe
% 0 2 RAR /N B UL S S A DG S Y
AMPK 55 SIRT1 £ 7K, [A] 41 i Toll B 3 4
(Toll-like receptor, TLR) /NF-«B {5 5 fll i ¥ 7% ,

PR MR A AR ) O R SRIUERAL, BERAFIR A G118
PR SRR 7

11 S o DO R i S SR T A o - S g
(mitogen-activated protein kinase, MAPK) i % )
JEE R OCHE . p38 MAPK 3l i TG Ui 1) MK,
PETRARE S AEA] X mRNA, 2 JE M1 R (5L K 2%
ik . Tz s 8 MAPK 85 R B 1 (MAPK
phosphatase-1, MKP-1) fJ5Kik, fEif p38 MAPK
By, BEMIA S Arg-1. TL-10 %5 M2 £ AIbR &
(A, SEISREm 2 SHLUER 7,

i ek, EEIWE NI B PRI
JEMETL-6 (myokine IL-6), Hifid %54 IL-6 1553
WA (gp130-IL-6 receptor complex, gpl30-IL-
6R), BT JAK1/2 I W (5 57 5 b ot i
1 3 (signal transducer and activator of transcription
3, STAT3) (Tyr70517:5), i STAT3 — R ik¥;
AR, FHRIL-10, AN TE S M6 EA 3
(suppressor of cytokine signaling, SOCS3) 254 &
PR3k 7. SOCS3 w Bt 2 it 4 il IL-1/1L-6 25 2
RN THMESE T, HE— D AERE RAE ROV Y 3 &
Al
32 ZhifkThEES B

1B B0 SR AN A e A Y T S R AR Y
DReny EEEELA . 12 Bt P LORAR A ) A
(3 48 A W T A 34 51 0 500G 2 A y B0 TR F 1o
(peroxisome proliferator-activated receptor gamma
coactivator l-alpha, PGC-la) 4~ %) "™ F1 H MK
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(%45 %E M1 3 (microtubule-associated protein 1A/
1B-light chain 3, MAPILC3, LC3) % ik i
) 7 VERRZ AR, dERE il 2
B i CaMKKp Fl AMPK {55 51 % _E 18 PGC-1a 1)
ik W NN RIGHIE N T, PGC-1a 5K
[A-¥1/2 (nuclear respiratory factor 1/, NRF1/2) %%
G, e 4Ok IR B 5k B A (mitochondrial
transcription factor A, TFAM) [k, IRzhZEk:
A DNA % 56, T4 F- A LR (oxidative
phosphorylation, OXPHOS) REJ1 *', TEE WE4N
FUAR SR 20 M, 38 i 0 2R AR AR S 4 M2 3R
B, M ROS Hy™ A= 0 Bh— 204, i2gn]iE
ik AMPK 5 12 At FI W 38005 B 1 (Unc-51 Like
Autophagy Activating Kinase 1, ULK1) (Ser5551y
O IEMEIE LY FE NG REEALZ G
(mammalian target of rapamycin complex 1,
mTORC1) {&ME, BUE AVERIGE S, 3% F WS
W, BfiJE , Beclin-l 5 WM& (14 ik 34
(vacuolar protein sorting 34, VPS34) E&¥n 5
o & B B B, LC3-1 748 H Mg M & & H
(autophagy-related protein, ATG) 7/3 B4+ T 5
R LC3-11, 25 H BRI RSEM . ZLHX TIE
Bz ARgbifR | 81 NLRP3 BTG I N B2
3.3 RUWEFEE

B RANEE AR, ReEE i T L
BIL I 2 3 O3 A A %) T RE A 5 sk 19 o i Bl i
DNA Ak . HE B X AE gD RNA (40 miR-
155, miR-21) 87 88 #H O 56 K 3R 58 %, AE
DNA LT, 23T T 18 DNA HEEF
fiff (DNA methyltransferase, DNMT) #9715 14 o% 4
P2 TET B 215, B G A G R 2h+ (A
TLR4, IL-1B) HYHIALIRZS ™ R BN, 7R
A, Tt iz s nl B 2> TLR4 J5 3h+ X 5,
) CpG — #% 1 M J¥ ¥ (cytosine-phosphate-
Guanine, CpG) H & fb , 349 H X g £ 0
(lipopolysaccharide, LPS) FJHUSHE, Mtk
Y20 8 7 az gy [ AR S e 4 2R 1 2 & AR T
(histone deacetylase, HDAC) FN4L & H LB
fif (histone acetyltransferase, HAT) AY3GTE, 228
SFEADCIHE R A et ] Stk ™ FEZ AR s
2, i8S SIRT1 i, $28CE o i ARG
IR ZH 2 1 H3 (histone H3 lysine 9, H3K9) 5%
16 137 41 2 iR 1% 1 1 241 &5 H H4  (histone H4 lysine
16, HAK16) {525 LMEAL, S JEHEAH S 3 1

DB FFE . teAh, B ik R 2
K EZH2 16 PR, 4458 H3K27me3 TLERARIC, 411
M S HE R 1 gk 2 7EIESR A RNA J5 T, 153
2 W 2 Fp A % T M i RNA (microRNA,
miRNA) HJ&ik. 23T miR-155 (—FM1%
BUGE RN F ), B miR-21, M I8 5 R AE 2R
B8 Y miR-21 i i ek ) BRI K K g 2 A [
Ui %) (phosphatase and tensin homolog, PTEN) ,
1 o W MR WE UL BE 3- U BE/E 1 WS B R K
(phosphoinositide 3-kinase/protein kinase B, PI3K/
AKT) f5%5, fedkF med i M2 1 4 K i 3574 T 240
4 (regulatory T cells, Tregs) M #4, #F—L%
PR MAEE
34 EEFEEER

B SV T I RS, R
& WjlZ (short chain fatty acids, SCFAs) FAEAYF
B, fedbRpefads . SCFAs, WL . Wik
Eh T RREE SIS R AR S i L R AR B SR T Y
GHEAHIKAZ K (GHEAMEKZIEL (G-protein-

coupled receptor, GPCR) 41/i# & g Wi i2 5% 1A

(free fatty acid receptor, FFAR) 3. GPCR43/
FFAR2., GPCRI09A/E #: & R % 1k 2

(hydroxycarboxylic acid receptor 2, HCAR2) ),
RARGIEPI TR 7 3k 2 32 R I 00 T fe i
185 R R DG HEAE F . SCFASs i i GPR43 i iF
Tregs B4 G AT RESG 2 , 0400 1) 5 J38 1) 4 2 Jse
BL, AER G 32 Y. T RRER A SCFAs Al 1
HDAC i ¥, M s W v Xk & H A P3
(forkhead box protein P3, Foxp3) Ji s F X4 HEH
LA, NI Foxp3 1261k, 23 Tregs
(AL N3 BE . SCFAs il it GPCRs {5 53 J# {2
HEIE R AN SRR LR RGA R TE
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Fig.3 Molecular mechanisms of the action of exercise on the natural immune system
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Abstract The innate immune system serves as the body's first line of defense against pathogens and plays a
central role in inflammation regulation, immune homeostasis, and tumor immunosurveillance. In recent years,

n

with the growing recognition of the concept "exercise is medicine," increasing attention has been paid to the
immunoregulatory effects of physical activity. Accumulating evidence suggests that regular, moderate-intensity
exercise significantly enhances innate immunity by strengthening the skin — mucosal barrier, increasing levels of
secretory immunoglobulin A (sIgA), and improving the functional capacity of key immune cells such as natural
killer (NK) cells, neutrophils, macrophages, and dendritic cells. It also modulates the complement system and
various inflammatory mediators. This review comprehensively summarizes the effects of exercise on each
component of the innate immune system and highlights the underlying molecular mechanisms, including

activation of AMP-activated protein kinase (AMPK), inhibition of nuclear factor-kappa B (NF-kB), enhancement
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of mitochondrial function via the PGC-1a/TFAM axis, and initiation of autophagy through the ULK1/mTOR
pathway. Emerging mechanisms are also discussed, such as exercise-induced epigenetic modifications (e. g.,
histone acetylation and miRNA regulation), modulation of the gut microbiota, and metabolite-mediated immune
programming (e. g., short-chain fatty acids [SCFAs], P -hydroxybutyrate). The effects of exercise on innate
immunity vary considerably among individuals, depending on factors such as age, sex, and comorbidities. For
example, adolescents exhibit enhanced NK cell mobilization, whereas older adults benefit from reduced chronic
inflammation and immune aging. Sex hormones and metabolic conditions (e. g., obesity, diabetes, chronic
obstructive pulmonary disease, cancer) further modulate the immune response to exercise. Based on these
insights, we propose a personalized approach to exercise prescription guided by the FITT principle (Frequency,
Intensity, Time, and Type), aiming to optimize immune outcomes across diverse populations. Importantly, given
the dual role of exercise in immune activation and regulation, caution is warranted: while moderate exercise
enhances immune defense, excessive or high-intensity activity may induce transient immunosuppression. In
pathological contexts such as infection, autoimmune diseases, or tissue injury, exercise intensity and timing must
be carefully adjusted. This review provides practical guidelines for exercise-based immune modulation and
underscores the need for dose — response studies and advancements in precision exercise medicine. In conclusion,
exercise represents a safe and effective strategy for enhancing innate immune function and mitigating chronic

inflammatory diseases.
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