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Fig. 1 Aerobic exercise enhances learning and cognitive capacity and alleviates neuronal damage of aging mice
(a) MWM pathway map of mice from three groups; (b) the latency changes of mice from three groups on the learning and training day; (c) the
proportion of the length of staying in the target area for mice from three groups on the test day; (d) the number of crossing the platform of mice from
3 groups on the test day; (e) the number of active neurons in brain sections of mice from three groups; (f) HE and Nissl staining of the DG region of
hippocampus in mice from 3 groups. Compared with OC group, *P<0.05, **P<0.01, ***P<0.001; n=6.
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Table 1 Analysis of intestinal flora abundance and diversity of mice in each group
Group n Abundance Diversity
Chaol Observed_OTU Shannon Simpson
YC 6 577.2 (445.82, 633.448) 537 (432.75, 584) 6.079 (5.898 5, 6.343 75) 0.9635 (0.947, 0.97)
oC 6 414.375 (389, 421.25)* 373.5 (354.75, 389)* 4.874 (4.459 5, 4.942 5)* 0.894 (0.835, 0.925)*
OE 6 433.667 (413.636, 463.325) 390 (359.5, 436.5) 5.279 (4.591, 5.437) 0.9425 (0.87, 0.957)

Compared with YC group, *P<0.05. Non normal distribution measurement data indicate: M (P,s, P;s).
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Fig. 2 Diversity analysis of intestinal flora

(a) Venn diagram of OTU number of intestinal flora in mice from three groups; (b) PCA analysis of intestinal flora in mice from three groups;

(c) PCoA analysis of intestinal flora in mice from three groups; (d) NMDS analysis diagram of intestinal flora in mice from 3 groups; n=6.
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Fig. 3 Analysis of differences in intestinal flora structure

Gut microbiota abundance at phylum (a) and genus (b) levels; (c) the abundance ratio of Firmicutes to Bacteroidota in the intestinal flora of mice

from 3 groups; (d) the relative abundance of Actinobacteria in the intestinal flora of mice from three groups; (e) the relative abundance of Bacteroides

in the intestinal flora of mice from three groups; (f) the relative abundance of Bifidobacterium in the intestinal flora of mice from three groups.

Compared with OC group, *P<0.05, **P<0.01; n=6.
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Fig. 4 Differential metabolite analysis of OC vs. OE and YC vs. OC
(a, b) OPLS-DA analysis of OC vs. OE and volcano diagram of differential metabolites; (¢, d) OPLS-DA analysis and differential metabolite volcano
map of YC vs. OC; (e) Venn diagram between two paired groups of OC vs. OE and YC vs. OC.
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232 AR LIRS R )

2= SR AR S DR AT S PR 4 5 - (Kyoto
Encyclopedia of Genes and Genomes, KEGG) 43#7
L0y, 32 ML Y e A T Re U
U AL M e 2 R AP ARG E B (R 2) . Hir,
Htem il (Zebifkm Fsbatimib) MHXH
L-E/REfR (L-homocitrulline) . 5t &uhisE ik
B A (g B A 90 ) AH OC A A2 Jié WL K
(L-carnosine) . 5 HITFRICIG AT (FXR/Nrlh4 3%
RIEE ) IR AARRZ (Lithocholic acid) . 5% fih
AR (W R IR VLB {5 5 1G58 ) AH G I i

(Cytidine) &t W EH I, SA g e 42 HFN
TR S W% 1 (phosphofructokinase-1, PFK-1) {f
PE R 5 A ¢ 1Y D- R OBE -1, 6- B R = 8 L
(D-fructose-1,6-biphosphate trisodium salt) , 5 HE A
AR TR AR AR R R G (poly
ADP-ribose polymerase, PARP) 45/ DNA & &
HH ) ADP-# B (ADP-ribose) 4%t 4 /K F-
FEJF, SR R A B A A% T kB (nuclear
factor kappa-B, NF-kB) {55 1% F:AHICM) DU A 28
% (tetrahydrocurcumin) = & | 5 B4 & 2 [ %
FEE

Table 2 KEGG annotation of 32 differential metabolites

Compound Type KEGG No. KEGG signal pathway number
Cytarabine 1 02961 —
10-Hydroxycamptothecin 1 C17939 —
D-alanyl-D-alanine il C00993 ko01100
Xanthosine-5'-monophosphate 1 — —
MG (18:0/0:0/0:0) 1 — —
16-Dehydroprogesterone 1 C03207 —
B-pseudouridine 1 C02067 k000240, ko01100
Cytidine 1 C00475 k000240, ko01100, k002010
Dodecanedioic acid 1 C02678 —
FFA (18:4) 1 C16300 k000592
Proscillaridin A 1 C12816 —
Mebhydrolin 1 DO08161 —
3-Methoxyestra-1,3,5(10)-triene-16,17-dione 16-oxime 1 C15078 —
Sulpiride i D01226 —
Pretilachlor 1 Cl14517 —
Nateglinide 1 C12508 —
6-Hydroxynicotinic acid 1 C01020 ko00760, ko01100
Lithocholic acid 1 C03990 ko04976
L-carnosine 1 C00386 k000340, ko00410, ko01100
L-homocitrulline 1 C02427 —
Stigmatellin X 1 C12149 —
Tetrazepam 1 DO07277 —
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Fig. 5 Joint analysis of metabolome and flora data

Spearman heatmap of the top 20 differential metabolites and genera of VIP in OC vs. OE group.

Table 3 Differential microorganisms and metabolites at

the genus level between OC and OE groups

Compound Gut microbiota Relativity Significance
() )
ADP-ribose Parabacteroides 1 0
D-gluconic acid Parabacteroides 1 0
Isoxanthopterin Rikenella 0.986 0.000 31
L-homocitrulline Rikenella 0.928 0.007 67
Lithocholic acid Bifidobacterium 0.829 0.041 56
Cytidine Eggerthellaceae 0.828 0.041 79
DNF00809
L-carnosine Eggerthellaceae 0.828 0.041 79
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Table 4 The improvement of seven metabolites after exercise intervention and the related flora of metabolites regulated by

exercise intervention

Metabolite Changes in OC group compared with Changes in OE group compared with General High related flora Relativity
YC group OC group trend of exercise (r)
Fold VIP Significance Type Fold VIP Significance Type intervention
change (P) change (P)
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Aerobic Exercise Improves Cognitive Function of Aging Mice by Regulating
Intestinal Flora—metabolite Network"

WANG An-Feng", WU Tong", ZHANG Hu", LIANG Ji-Ling”, CHEN Ning""
(VTianjiu Research and Development Center for Exercise Nutrition and Foods, Hubei Key Laboratory of Exercise Training and Monitoring,
College of Sports Medicine, Wuhan Sports University, Wuhan 430079, China;

DDepartment of Physical Education, Central South University, Changsha 410083, China)
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Abstract Objective This study aimed to explore the effects of aerobic exercise on cognitive function in aging
mice and to elucidate the underlying molecular mechanisms by which aerobic exercise ameliorates cognitive
decline through the regulation of gut microbiota-metabolite network. By providing novel insights into the
interplay between exercise, gut microbiota, and cognitive health, this research seeks to offer a robust theoretical
foundation for developing anti-aging strategies and personalized exercise interventions targeting aging-related
cognitive dysfunction. Methods Using naturally aged C57BL/6 mice as the experimental model, this study
employed a multi-omics approach combining 16S rRNA sequencing and wide-targeted metabolomics analysis. A
total of 18 mice were divided into 3 groups: young control (YC, 4-month-old), old control (OC, 21-month-old),
and old+exercise (OE, 21-month-old with 12 weeks of moderate-intensity treadmill training) groups. Behavioral

assessments, including the Morris water maze (MWM) test, were conducted to evaluate cognitive function.
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Histopathological examinations of brain tissue sections provided morphological evidence of neuronal changes.
Fecal samples were collected for gut microbiota and metabolite profiling via 16S rRNA sequencing and ultra-
performance liquid chromatography coupled with quadrupole-time-of-flight mass spectrometry (UPLC-QTOF-
MS). Data were analyzed using a combination of statistical and bioinformatics tools to identify differentially
abundant microbial taxa and metabolites and to construct interaction networks between them. Results Behavioral
tests revealed that 12 weeks of aerobic exercise significantly improved spatial learning and memory capacity of
aged mice, as evidenced by reduced escape latency and increased target area exploration and platform crossings in
the MWM. Histopathological analysis demonstrated that exercise mitigated aging-related neuronal damage in the
hippocampus, enhancing neuronal density and morphology. 16S rRNA sequencing indicated that exercise
increased gut microbiota o-diversity and enriched beneficial bacterial genera, including Bifidobacterium,
Parabacteroides, and Rikenella. Metabolomics analysis identified 32 differentially regulated metabolites between
OC and OE groups, with 94 up-regulated and 30 down-regulated in the OE group when compared with OC group.
These metabolites were primarily involved in energy metabolism reprogramming (e. g., L-homocitrulline),
antioxidant defense (e. g., L-carnosine), neuroprotection (e. g., lithocholic acid), and DNA repair (e. g., ADP-
ribose). Network analysis further revealed strong positive correlations between specific bacteria and metabolites,
such as Parabacteroides with ADP-ribose and Bifidobacterium with lithocholic acid, suggesting potential
neuroprotective pathways mediated by the gut microbiota-metabolite axis. Conclusion This study provides
comprehensive evidence that aerobic exercise elicits cognitive benefits in aging mice by modulating the gut
microbiota-metabolite network. These findings highlight three key mechanisms: (1) the proliferation of beneficial
gut bacteria enhances metabolic reprogramming to boost DNA repair pathways; (2) elevated neuroinflammation-
inhibiting factors reduce neurodegenerative changes; and (3) enhanced antioxidant defenses maintain neuronal
homeostasis. These results underscore the critical role of the “microbiota-metabolite-brain” axis in mediating the
cognitive benefits of aerobic exercise. This study not only advances our understanding of the gut-brain axis in
aging but also offers a scientific basis for developing personalized exercise and probiotic-based interventions
targeting aging-related cognitive decline. Future research should further validate these mechanisms in non-human
primates and human clinical trials to establish the translational potential of exercise-induced gut microbiota-

metabolite modulation for combating neurodegenerative diseases.
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