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B, NIL, ARBFFELEE 16S tRNA M FE 5 #0405
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M ST Rer EREAE R, B e R is sh & —Nk
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1.1 sy 4EF

T4 C57BL/6 /N FRUAA 35 T SPF 2%/ BRI 5+ (1]
W, BRGCIEMMBE4 120, FR (22+2) °C,
ATV 50%~60%, ARifEZEFR R 2= 21 H i,
VAL 2240 (old control, OC) FlIE4ER
RizshdH (old+exercise, OE), HEZH6 H/NEL; LA
6 4 J1 % [FIAE FRES T 1R 55 A it CS7BL/6 /N FRAE
RHEAEXTBRZE (youth control, YC)., OE 21/t
o3 12 i & A s sh il 2k, YCHOC 41/
MG TLZHARIED) . 1EA Fis s iE I,
XE/NEGHEAT 5 diE R PEYI SR, BERIINZREE M 4.2
m/min FFG, 430 sHI 1 m/min, % 12 m/min J5
PR ELRINAREE TR, & NP VIZRI AR N B
K10, 20, 30, 40 F150 min, 7535 W TS I 25
Je, ERUATESE 12 JANAE FE a4 ()i
J£ 12 m/min, YIZrEIHE 50 min), 1 IIZR5 K, IF
WEIC ST U A /N A AR FERAL . T ¥ &
SIS I B DUA T B s O g At FH 22
PSS BRBOR MR P T, SRR bR 5N
S0087-20220120-01.,
1.2 /MNREFEKERFLE

B TR, BN E THE T
WA T &, /N RHEE S KT
MU SS B X N W EP P, BT -
RO°CYRURMHAE, T e St a2 A 4241
WF 38T T AR B B FEAE BN R+ MK -
SOCCYKF MU AEA, FEVK L5, FREC20 mgtF
AREBLE, A 400 ul 70% F LK AR BORK ,
WE 3 min, A FEAS A 43 HIOU A 59 2R 4k 25 303 e 3

min, FLEUKKEH AT 10 min, U S 2828 iR e
1 min, JF7E - 20 °CYKFE TP 'E 30 min, F )5 7E
4°CHEE R L) 12000 r/min 5.0 10 min, HX 300 ul |
W R —B 08T, MR T B0 3 min,
B 200 pl B W BN RHE T8

1.3 Morris7ZKiE'E (Morris water maze, MWM )
izt

MWM HF 3Pk /N R 2= 2T 121288 T . MWM
RAE—A B AR 120 cm . 350 em ([T (4K
PEAT, KIRAERFE Ly 22°C, kAP RE—AHAR6
em 0 s ST, A F AR A — 2 e, Kk
[N 0.5~1 emAb . MWM A4 4L 1 25 (]2 > Y1l 5
HA— R A H o a8 [\)22 2025 H B Rk T 4
YOS, HRpsza d, EICIIF & 07 B AR
AAE RN 4GB Zx i v ] CE /S BT
SEEy R RIS 24 hiE TR AR Ee . (AL
B IR R4 4F (Version 3.0, Labmaze) R/r#147 R
G
14 RALZMBESEE

MWM AR H , FeAARSRRIE N BUS 230 5 ]
AEFRER KRN 4% Z R E (pH 7.4) LIEREE, HX
NRAM, 4% ZRPEERE SR, A, %
RUTRHLYIS ym Ul o AU R TS AT 98 AKS -G 41
(HE) FJEIG (Nissl) Jefn, HISR RS (Bullse-
E100, Nikon, HA) RAEMYIH KL, F Imagel
Pro # ff (NIH, Bethesda, MD, USA) i 17
giit.

1.5 FFEEEHMREH=YEERES ST

K1 16S rRNA FEPII PP AR, 2304 18 HU/IVE
FEEREAR T R B REAL N . AR AR RS
DNA 5K . PCRY 3 | =gtk . SCEEH
& M JFER, Be)E T NovaSeq AL .

K TM T #E A2 R AR X 18 HU/N RIS EREA
AR A T R RE AT . B R
F LA = AR AR (3% (Ultra-high performance
liquid chromatography, UPLC) . PUZ% AT K47 A ]
Jii%  (Quadrupole-time of flight, QTOF) £ Hk
Jiii% (Tandem mass spectrometry, MS/MS). WA
Sl . (3R ACQUITY HSS T3 (2.1 mmx
100 mm, 1.8 um); FsHAH A H 0.1% B9 I ER/K ,
TLENAH B R 0.1% B H IR/ 3 Al 40°C, i
0.35 ml/min, PERERGARFL RGNS pl, Tz 0
R 2wl Bl R S&M R . AR 25, Tk &
5500 (ESI') #14500 (ESI ), i&J¥ 500°C, BT
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RAEGR, XA OTU MACER T S8 B i R
A5 B X65 L A P P A RIS T ) = B A A 1 1O o
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(A2 RE T A — A
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/NEIE S TRIR D (DG) X8R 28 70 52 B0 5 35 10
AR BRARAE . T HEIRA LR EL (P=0.001
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PEEE T #EA TR RS, 4815 1 1914~ OTU,
Alpha ZFEVE TGS R Bk, 5 YCHL/NRAM L,
OC /N iz 1B T HE = FE A 2 e PR i FFRAL (P<
0.05), st Az 11, OE 4/ iz iR
ZHPEE OCH A T (R 1),

OTU /3 #ri7n, YC. OC HI OE 41/ il b
BEOY OTU B 4391k 976 . 640 F1698, 3d 1+F Venn
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PCA /M i zs, OCH15 OE £H 1 YC 2/ il
WHEAEPCL FIPC2 B A B 25 (K 2b).
NMDS 7t 27, OC 25 OE 41 f1 YC 41/ LAY
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FrERET, AFETT (Bacteroidota) FlEREE ]
(Firmicutes) 7E[ J/KF b s EFME (K 3a);
TR L, FEMZAT RS (Ligilactobacillus) F1
IR B (Dubosiella) FE 340 50 G F KA
2 (KI3b); YCHHHIFFHIE (Bacteroides) Fin
BMITHEIE (Turicibacter) PLFH ., OCL H 11
WU AT & (Bifidobacterium) AHXT 553, FLFFE
J& (Lactobacillus) PL¥F AL, 1 OF 41 iy %&b
41 7 Bl NK4A136 20 (Lachnospiraceae NK4A136
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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 three groups. Compared with OC group, *P<0.05, **P<0.01, ***P<0.001; n=6.

Table 1 Analysis of intestinal flora abundance and diversity of mice in each group

Abundance Diversity
Group n
Chaol Observed_OTU Shannon Simpson
YC 6 5772 (445.82, 633.448) 537 (432.75, 584) 6.079 (5.8985, 6.34375) 0.9635 (0.947, 0.97)
oC 6 414375 (389, 421.25) * 373.5 (354.75, 389) * 4.874 (4.4595, 4.9425) * 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)

Notes: Compared with YC group, *P<0.05. Non normal distribution measurement data indicate: M (P,5, P,) .

group) . [FIAFTHJE (lleibacterium) . I T IK G TET TR E 7K P b X AT 10 Fh 41 B 19 22 5 0 17
W& (Alloprevotella) FIRMRA G- SR ICEE  Z5REW, KL, 5YCHMLL, JERER T/
(Escherichia-Shigella) PLH#HAXTH R L (K3b). AP 1T A9 b {E (Firmicutes/Bacteroidota, F/B)
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Fig. 2 Diversity analysis of intestinal flora
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Fig. 3 Analysis of differences in intestinal flora structure

(a) and genus (b) levels;

relative abundance of Actinobacteria in the intestinal flora of mice from three groups;

abundance of Bacteroidetes in the intestinal flora of mice from three groups;

of mice from three groups. Compared with OC group,

*P<0.05, **P<0.01

5

(e)

(c) the abundance ratio of Firmicutes to Bacteroidota in the intestinal flora

the relative

(f) the relative abundance of Bifidobacterium in the intestinal flora

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)

metabolite volcano map of YC vs. OC;

OPLS-DA analysis and differential

(e) Venn diagram between two paired groups of OC vs. OE and YC vs. OC.
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IRKE, % FREDHBESHEDERF-RHMMELERZ/NRINNIIRE 7+

PR 5 K 3T I RN 53
232 AHIBE T LI RE BT R e )

2= AR UER L R RN (R 1 888 % (Kyoto
Encyclopedia of Genes and Genomes, KEGG) 4-#r
FH], 32 P AL gAY 32 2w AR T RE A
PUEALBIE . S DG (FR2). Hirp,
HRe G AL (onifkh 2B aEE ) AHOCHY
L-F /R 2 (L-homocitrulline) , 5 #i2 et Ak
Bt (i BT ik Ak A ) AH DG B9 ZE TiEWLIR (L-
carnosine) , FAHVFERACH T (FXR/Nr1h4 37 {4k
P ) A A IEER  (Lithocholic acid) , 5 %8 filt

ALIAE (W e I LB {5 5 3 9 ) A OC Y M
(Cytidine) j7&t B Z IG5 SWHEEARIE B P T BETR
MBS 1 (phosphofructokinase-1, PFK-1) 1514
PR P A G D- 2R BE -1, 6- —BE MR —aNEk (D-
fructose-1, 6-biphosphate trisodium salt), 53E[H 2
T PEAE R R R W R G B (poly ADP-
ribose polymerase, PARP) 45/ DNA & & ¢
1) ADP-#% 4 (ADP-ribose) “F{CIf#7KF 3%
Ths M52 R A B A U K F- «B - (nuclear factor
kappa-B, NF-xB) 5515 M CH WA £ R
(tetrahydrocurcumin) = M) 52 B8R G R R 3

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 1 C00993 ko01100
Xanthosine-5'-monophosphate 1 — N
MG (18: 0/0: 0/0: 0) 1 ¥ —
16-Dehydroprogesterone 1 C03207 —
B-pseudouridine 1 C02067 ko00240, ko01100
Cytidine 1 C00475 ko00240, ko01100, k002010
Dodecanedioic acid 1 C02678 —
FFA (18: 4) 1 C16300 ko00592
Proscillaridin A 1 C12816 —
Mebhydrolin 1 D08161 —
3-Methoxyestra-1, 3, 5 (10) -triene- 16, 17-dione 16-oxime 1 C15078 —
Sulpiride 1 D01226 —
Pretilachlor 1 C14517 —
Nateglinide 1 C12508 —
6-Hydroxynicotinic acid 1 C01020 ko00760, ko01100
Lithocholic acid 1 €03990 k004976
L-carnosine 1 C00386 ko00340, ko00410, ko01100
L-homocitrulline 1 C02427 —
Stigmatellin X 1 C12149 —
Tetrazepam 1 D07277 —
a-D-glucopyranoside-B-D-fructofuranosyl 1 — —
D-fructose-1, 6-biphosphate-trisodium salt 1 — —
Bufalin ! C16922 —
Diosmetin ! C10038 —
Cytochalasin B J C19954 —
Piracetam ! D01914 —
Tetrahydrocurcumin ! - -
Reticuline ! €02105 ko01100
Buflomedil l D07176 —
2-Hydroxy-3, 5-dinitrobenzoic acid ! C11319 —
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24 BEEH R EIEME ISR IERE
OC Y5 OE H i i 5 Ul A B s 16 & 70 s
2 e A S T R AR ARG, I
BRI BAE M 2 KM 2R EN (K5).
S7N ] R 1 N U N ) [ 1/ S
(Parabacteroides) WIHGTH , K3 H 5 ADP-#% b
(%% H R B 5 S Y ) M D-# 4R (D-
gluconic acid, AL AR T 1) Ay IEAH
KA (=1, P<0.001), #2751% & Al fE1E i 1 5

DNA &5 it 1 Fbt AL B s e i 2 oo i . )
B, 32 2 M SUBFF o = B M S5 A IRER (I
PR, PRI REE) KFIEM G (7=0.829,
P<0.05), =B AT AEIE A 98 ARy Wi 22 e i
WNRIAE . ILAh, HEWFR)E  (Rikenella) 55 ¥
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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.
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Aerobic Exercise Improves Cognitive Function of Aging Mice by Regulating
Intestinal Flora—metabolite Network”
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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.
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
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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 a-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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