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Exercise-induced restructuring of gut microbiota mitigates
depressive-like behaviors: feasibility and therapeutic
prospects of microbiota transplantation

MEN Jie', WU Simin'*, ZHANG Yuxi', ZHU Guoyu', WANG Pengbo', YU Zhengyang',
CUI Chenglong', WANG Qi'", WANG Yaoyong”", LIU Penghong®

1 Shanxi College of Medicine, Fenyang, Shanxi, China
2 Key Laboratory of Fenyang Hospital of Shanxi Province, Fenyang, Shanxi, China
3 First Hospital of Shanxi Medical University, Taiyuan, Shanxi, China

Abstract: [Objective] To investigate whether gut microbiota (GM) reshaped by exercise can
ameliorate chronic unpredictable mild stress (CUMS)-induced depressive-like behaviors in mice
via fecal microbiota transplantation (FMT), and to explore the underlying mechanisms. [Methods]
Twenty SPF-grade male C57BL/6J mice (four weeks old) meeting the experimental criteria were
randomly assigned to a control group (CON, n=5), a model group (CUMS, n=10), and an exercise
group (SW, n=5). After four weeks of CUMS modeling, mice in the model group were further
randomized into a PBS control group (CUMS+PBS, n=5) and an FMT group (CUMS+FMT, n=5).
The latter received GM transplants from SW donors, and the experiment lasted for eight weeks.
Depressive-like phenotypes were assessed by behavioral tests. GM composition was analyzed by
16S rRNA gene sequencing. Hippocampal and colonic structures were examined by
histopathological staining. Hippocampal inflammatory cytokine expression was measured by
quantitative real-time PCR (qPCR). Correlation analyses were performed between differential
microbial taxa and environmental factors. [Results] Compared with the CON group, the model
group exhibited typical depressive-like behaviors and disrupted GM structure, characterized by a
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decreased Bacteroidota/Bacillota ratio and enrichment of the pro-inflammatory genus
Adlercreutzia. The SW group showed increased GM richness (P<0.05) and reversed behavioral
abnormalities. After FMT intervention, depressive-like behaviors in recipient mice were markedly
alleviated, indicated by an increased sucrose preference rate (P<0.000 1) and reduced immobility
time in the forced swim test (P<0.01). Furthermore, hippocampal neuronal injury and colonic
barrier disruption were effectively repaired. Microbiota analysis revealed that FMT restored GM
diversity in recipients (P<0.01), shifted the microbiota structure toward that of the CON group,
significantly reduced the relative abundance of Adlercreutzia, and increased the relative abundance
of beneficial genera such as Candidatus Saccharimonas and Alistipes. From a mechanism
perspective, FMT suppressed the CUMS-activated nucleotide-binding and oligomerization domain
(NOD)-like receptor signaling pathway and downregulated hippocampal mRNA levels of NOD-
like receptor family pyrin domain containing 3 (NLRP3) and interleukin-18 (IL-18) (P<0.01).
Correlation analysis further confirmed that the abundance of beneficial genera was positively
correlated with positive behavioral indices and negatively correlated with pro-inflammatory
cytokine expression. [Conclusion] Exercise can attenuate CUMS-induced depressive-like
behaviors by reshaping the GM and inhibiting NOD-like receptor signaling pathway-mediated
neuroinflammation, and this protective effect can be effectively transferred via FMT.

Keywords: exercise; gut microbiota; fecal microbiota transplantation; chronic inflammation;
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Figure 1
suspension test; FST: Forced swim test.
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Animal experiment procedure. OFT: Open field test; SPT: Sucrose preference test; TST: Tail
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®1 AAHGERKASEREGAPDHIER
Table 1 Information of target genes and internal
reference gene GAPDH

1D Primer
names

TLR4 TLR4F

Primer sequences (5'—3")

GTGGTCAGTGTGATTGTGGTATCC

TLR4R  ACAGCCAGCAATAAGTATCAGGTG
IL-1p IL-1BF  TCGCAGCAGCACATCAACAAGAG

IL-1IBR AGGTCCACGGGAAAGACACAGG
IL-18 IL-18F CAAAGTGCCAGTGAACCCCAGAC

IL-18R ACAGAGAGGGTCACAGCCAGTC

NLRP3 NLRP3F AAACCCACCAGTGTGCAAGA
NLRP3 R CAAAGGCCCCTTGTAGCTCA

A BR A BB A A T A MRV L 41 DNA
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E2 CUMSEHES/NMEIHEFTASCMEE

Figure 2 CUMS induces depressive-like behaviors in mice, with alterations in GM. A: Time spent in the central
area in the OFT; B: Number of rearing events in the OFT; C: Sucrose preference in the SPT; D: Immobility time
in the TST; E: Representative movement trajectories in the OFT; F: Alpha diversity indices including ACE,
Chaol, and Shannon; G: Principal coordinate analysis (PCoA) based on Bray-Curtis distance of fecal microbiota;
H: Gut microbiota composition at the phylum level; 1: Bacteroidota/Bacillota ratio. CON: Control; CUMS:

Chronic unpredictable mild stress; SW: Swimming exercise; GM: Gut microbiota. Data are presented as

mean+SD. *: P<0.05; **: P<0.01; ***: P<0.001; ****: P<0.000 1. The same below.

TST i1, 5 CON ditHLk, CUMS d/NRAIAZ)
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mm a: p__Actinomycetota mm bl: g Adlercreutzia
mm b: p_ Bacillota cl: g Akkermansia
c: p__Verrucomicrobiota dl: g Anaerostipes
mm d: ¢ Actinobacteria el: g Butyricimonas
mm ¢: ¢ Coriobacteriia m f1: g Candidatus Arthromitus
mm f: ¢ Negativicutes gl: g Citrobacter
g: ¢ Verrucomicrobiia hl: g Dubosiella
mm h: o Clostridiales mm il: g FEnterococcus
mm i: o Coriobacteriales jl: g Holdemania
j: o__Flavobacteriales mm kl: g Lactococcus
k: o Mycoplasmatales 11: g Ligilactobacillus
mm 1: 0 Veillonellales-Selenomonadales mm ml: g Metamycoplasma
m: o__Verrucomicrobiales nl: g Mycoplasma
n: f  Akkermansiaceae ol: g Negativibacillus
mm o: f Clostridiaceae pl: g_ Prevotellaceae_ NK3B31_group
mm p: f  Eggerthellaceae mu ql: g Quinella
mm q: fEnterococcaceae mm rl: g_ Rodentibacter
mur: f FO82 sl: g Ruminococcus
s: f Flavobacteriaceae mm tl: g Streptococcus
t: £ Muribaculaceae ul: g UCG-005

u: f Mycoplasmataceae ma vl: g Veillonella

mm v: f Pasteurellaceae m wl: g [Clostridium]|_methylpentosum_group
w: f Prevotellaceae mm x1: g [Fubacterium)]_siraeum_group

mu x: f  Ruminococcaceae mm yl:g norank f F082

mu y: f Selenomonadaceae z1: g norank f Flavobacteriaceae

mm 7: £ Streptococcaceae a2: g norank f Muribaculaceae

mm al: f  Veillonellaceae
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B LEfSe bar
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Figure 3 Differential gut microbial biomarkers identified by LEfSe analysis among CON, CUMS, and SW
mice. A: Cladogram from LEfSe analysis showing differential taxa (from phylum to genus); B: Linear

discriminant analysis (LDA) scores (LDA>3) for differential taxa.
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Figure 4 Exercise effectively alleviates depressive-like behaviors, neuronal damage, and colonic wall damage.

A: Time in the center of OFT; B: The number of rearing events in the OFT; C: Sucrose preference in SPT; D:

Immobility time in TST; E: Immobility time in FST; F: Representative movement trajectories in OFT; G: HE

staining of hippocampal DG region (200x); H: Nissl staining of hippocampal DG region (200x); I: HE staining of

colonic mucosa (200x). DG: Dentate gyrus; HE: Hematoxylin and eosin. Data are presented as mean+SD.
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G Community barplot analysis
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Figure 5 Effects of exercise on gut microbiota composition and associated analyses. A: ACE index; B: Chaol
index; C: Shannon index; D: PCoA analysis of beta diversity of GM; E: GM composition at the phylum level; F:
Comparison of phylum-level composition among CON, CUMS+PBS, and CUMS+FMT groups; G: GM
composition at the genus level, H: Comparison of genus-level composition between CON and CUMS+PBS
groups; I: Comparison of genus-level composition between CUMS+PBS and CUMS+FMT groups. CUMS+PBS:
CUMS-exposed mice treated with phosphate-buffered saline; CUMS+FMT: CUMS-exposed mice treated with
fecal microbiota transplantation. Data are presented as mean+SD.
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e: p__Verrucomicrobiota
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g: ¢ Brachyspirae
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j: ¢ Verrucomicrobiia
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dl: f Tannerellaceae
el: f UCG-010

fl: g Adlercreutzia
gl: g Akkermansia
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m: o__Burkholderiales mm nl: g Butyribacter
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u: £ Atopobiaceae vl: g Parabacteroides

v: £ Brachyspiraceae wl: g Parasutterella
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Figure 6 Differential gut microbial biomarkers identified by LEfSe analysis among CON, CUMS+PBS, and
CUMS+FMT mice. A: Cladogram from LEfSe analysis showing differential taxa (from phylum to genus); B:
Linear discriminant analysis (LDA) scores (LDA>3) for differential taxa. LEfSe: Linear discriminant analysis

effect size.
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Figure 7 Prediction of gut microbial functions based on KEGG pathways. A: Differential KEGG pathways and
their relative abundances between the CON and CUMS+PBS groups; B: Differential KEGG pathways and their
relative abundances between the CUMS+PBS and CUMS+FMT groups.
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Figure 8 Effects of exercise on hippocampal inflammatory factor expression and correlation analysis among gut
microbiota, behavior, and hippocampal inflammatory factors. A—D: mRNA expression levels of hippocampal
IL-18, IL-1B, NLRP3, and TLR4; E: Spearman correlation analysis between behavioral tests (OFT, SPT, TST,
FST) and GM alterations; F: Spearman correlation analysis between hippocampal inflammatory factors and GM
alterations. IL-18: Interleukin-18; IL-1p: Interleukin-1p; NLRP3: NLR family pyrin domain containing 3; TLR4:
Toll-like receptor 4.
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