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Background: Gut microbiota is associated with anxiety and depression, while exercise has been proved to alleviate depressive
symptoms. However, the interaction of exercise, depression, and gut microbiota remains unclear.
Methods: Male C57/BL6J mice were exposed to chronic unpredictable mild stress (CUMS) for 6 weeks and then were subjected to a
5-week swimming program. Behavioral tests, including sucrose preference test (SPT), open field test (OFT), elevated plus-maze
(EPM) test, and tail suspension test (TST), were conducted to assess the anxiety-like and depressive behaviors. Gut microbiota
analysis was carried out after sample collection.
Results: This study showed that CUMS induced depressive behaviors, but swimming exercise increased sucrose preference rate in the
SPT, increased time in the center and number of rearing in the OFT, decreased time in the closed arm and increased time in the open
arm in EPM, and decreased immobility time in the TST. Firmicutes were the predominant phylum in the gut microbiome, followed by
the phyla Bacteroidetes and Proteobacteria. We further found that CUMS and swimming influenced the relative abundance of the
genus Desulfovibrio, genus Streptococcus, genus p-75-a5. Among the metabolic pathways, aromatic biogenic amine degradation
(PWY-7431), mono-trans and polycis decaprenyl phosphate biosynthesis (PWY-6383), chlorosalicylate degradation (PWY-6107),
mycothiol biosynthesis (PWY1G-0), mycolyl-arabinogalactan-peptidoglycan complex biosynthesis (PWY-6397), toluene degradation I
(aerobic) (via o-cresol) (PWY-5180), toluene degradation II (aerobic) (via 4-methylcatechol) (PWY-5182), and starch degradation III
(PWY-6731) may be related to the mechanism of anti-depression effect.
Conclusion: Swimming exercise reverses CUMS-induced depressive behaviors, and the alteration of gut microbiota composition and
regulation of microbiota metabolic pathways are involved.
Keywords: gut microbiota, swimming, chronic unpredicted mild stress, CUMS, depression, metabolic pathway

Introduction
Depression is a common mental illness characterized by low mood, anhedonia, and loss of interest. According to the
Global Burden of Disease Project, depression is now the most serious disease burden among non-fatal neuropsychiatric
disorders and is projected to be among top three disease burdens by 2030.1 According to the World Health Organization,
approximately 350 million people suffer from depression, which can last for years.2

Previous studies have reported that depression, anxiety and exercise influence the composition of the gut microbiota.
Research into the role of the gut microbiome in modulating brain function has rapidly increased over the past 10 years,
implicating the microbiome as a possible key susceptibility factor for neurological disorders influencing emotional
behavior and brain neurotransmitter systems.3–5 There is growing evidence linking the gut microbiome to depression and
anxiety.6,7 Studies have shown that depression perturbs the gut microbiota at the abundance level, alters the fecal
metabolic phenotype.6,8 Chronic unpredictable mild stress (CUMS) is a classic method for depression modeling in
rodents. Studies9,10 have demonstrated that CUMS could not only lead to depression-like behavior but also change gut
microbiota diversity and composition.
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Evidence shows exercise has a regulatory effect on gut microbiota. Recent studies show that exercise can enhance the
number of beneficial microbial species, enrich microbial-related metabolites, consequently improving the metabolic
profile and immunological responses.11–13 However, there are few studies focusing on the role of gut microbiota in the
antidepressant effect of exercise.

As the interaction of gut microbiota, depression and exercise is not fully revealed, we constructed mice depression
models with/out exercise intervention to explore the alterations of composition and metabolic pathways of gut micro-
biota. Behavioral tests were utilized to evaluate the construction of our models and identify the anti-depression effect of
exercise. We focused on the composition and related metabolism pathways of gut microbiota using 16S rRNA gene
sequencing analysis and PICRUSt2 application. We are dedicated to identifying distinct species of gut microbiota that
play a role in depressive-like behavior and exercise intervention models, and to proposing potentially meaningful
metabolic pathways that might contribute to the pathogenesis of depression and the antidepressant mechanisms of
exercise.

Materials and Methods
Animals
Five-week-old male C57/BL6J mice (n=24) were used in this study (provided by the animal facility at the Renmin
Hospital of Wuhan University). Animals were fed under standard conditions (room temperature at 22 ± 1°C, 55 ± 5%
humidity, and fed ad libitum) with a light cycle of 12 hours (lights on from 6:00 a.m. to 6:00 p.m.) and free access to food
and water. The adaptive feeding period lasted for one week before the onset of the experiments. All procedures were
conducted in accordance with the Regulations of Experimental Animal Administration issued by the State Committee of
Science and Technology of the People’s Republic of China and the approval of the Ethics Committee of Renmin Hospital
of Wuhan University. The animals were randomly divided into four groups: control and exercised mice (C+E, n=6),
control and non-exercised mice (C+NE, n=6), CUMS and exercised mice (S+E, n=6), and CUMS and non-exercised
mice (S+NE, n=6).

Chronic Unpredictable Mild Stress (CUMS)
A 6-week CUMS procedure was adopted. Briefly, a randomized schedule consisting of various stressors, including water
deprivation (24 h), food deprivation (24 h), ice water swimming (5 min at 5°C), hot water swimming (5 min at 45°C), tail
clamping (1 min), inversion of the light/dark cycle for 24 h, cage tilting (45°, 24 h) and damp bedding (24 h, 200 mL
water per cage), was adopted. The mice were exposed to one of the stresses daily, and the same stress was not applied for
two consecutive days to ensure the unpredictability of the experiment. Control mice were not exposed to any stress and
were given free access to food and water.

Swimming Exercise Protocol
The swimming protocol consisted of two phases: adaptation and training. The training was graded beginning from 15
min on the first day until 60 min during the first week for adaptation. After adaptation, the protocol began with an
intensity of 50 min/day, 5 d/week, for 4 weeks. The swimming program was performed in a large glass water tank
(100 cm(L) × 60 cm(W) × 80 cm(H)) at 32 ± 1°C with a thermostat used to maintain the water temperature. The water
depth was 60 cm so that the mice could not support themselves by touching the bottom with their feet; liquid soap was
added to reduce surface tension and abolish floating behavior. The mice were swum in groups and continuously
supervised. After swimming, the mice were toweled dry and kept warm. The protocol was carried out at the same
time every day (between 9:00 and 11:00 a.m.).

Behavioral Tests
After the swimming exercise protocol, mice were subjected to several behavioral tests. The sucrose preference test (SPT),
open field test (OFT), elevated plus-maze (EPM) test, and tail suspension test (TST) were conducted to assess the
anxiety- and depression-like behaviors. All behavioral tests were performed from 8:00 a.m. to 12:00 p.m. in a quiet room,
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and the temperature and humidity of the testing room remained unchanged. For more details, please refer to
Supplementary Methods.

Microbiome Sampling
Feces were collected directly from the cecum of mice into sterile tubes, which were immediately snap-frozen in liquid
nitrogen and stored at −80°C.

DNA Extraction and PCR Amplification
Microbial community genomic DNAwas extracted from all the samples using the E.Z.N.A.® soil DNA Kit (Omega Bio-
tek, Norcross, GA, USA) according to the manufacturer’s instructions. The DNA extract was analyzed on a 1% agarose
gel, and DNA concentration and purity were determined using a NanoDrop 2000 UV-vis spectrophotometer (Thermo
Scientific, Wilmington, USA). The hypervariable region V3-V4 of the bacterial 16S rRNA gene were amplified with
primer pairs 338F (5’-ACTCCTACGGGAGGCAGCAG-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’) using
an ABI GeneAmp® 9700 PCR thermocycler (ABI, CA, USA) (see Supplementary Methods).

Illumina MiSeq Sequencing
Purified amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina MiSeq PE300 platform/
NovaSeq PE250 platform (Illumina, San Diego, USA) according to standard protocols by Wefind Biotechnology Co.,
Ltd. (Wuhan, China).

Processing of Sequencing Data and Statistical Analysis
The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered using fastp version 0.20.0,14 and merged
using FLASH version 1.2.715 with the following criteria: (i) the 300 bp reads were truncated at any site receiving an
average quality score of <20 over a 50 bp sliding window, and the truncated reads shorter than 50 bp were discarded;
reads containing ambiguous characters were also discarded; (ii) only overlapping sequences longer than 10 bp were
assembled according to their overlapping sequence. The maximum mismatch ratio of the overlapping region is 0.2. Reads
that could not be assembled were discarded. (iii) Samples were distinguished according to the barcode and primers, and
the sequence direction was adjusted, exact barcode matching, and two nucleotide mismatches in primer matching.

Operational taxonomic units (OTUs) with a 97% similarity cut-off16 were clustered using UPARSE version 7.1,16 and
chimeric sequences were identified and removed. The taxonomy of each OTU representative sequence was analyzed
using the RDP Classifier version 2.217 against the 16S rRNA database (Silva v138) using a confidence threshold of 0.7.

Statistical analyses were performed using the SPSS software (ver. 26.0, SPSS Inc., Chicago, USA). The data were
graphed using GraphPad Prism version 9.0, for MAC (San Diego, CA, USA). Statistical analysis of the quantitative
multiple group comparisons was performed using Bonferroni test, two-way analysis of variance (ANOVA), or Kruskal–
Wallis test. The confidence level was set at 95% (P < 0.05).

Results
Swimming Exercise Reversed Depression-Like Behavioral Changes Induced by CUMS
We examined the effect of swimming on depression-like behavioral changes induced by CUMS in mice. As shown in
Figure 1A and B, the interaction effect was observed in number of rearing in the OFT (F (1,20) = 7.061, p = 0.015),
CUMS reduced time in the center and number of rearing in the OFT (time in center: F (1,20) = 9.918, p = 0.005; number
of rearing: F (1,20) = 15.888, p = 0.001), whereas swimming increased time in the center and number of rearing in the
OFT (time in center: F (1,20) =12.623, p=0.003; number of rearing: F (1,20) = 9.467, p = 0.006); CUMS increased time
in the closed arm in the EPM (F (1,20) = 15.782, p = 0.001), whereas swimming decreased it (F (1,20) =7.803, p=0.011,
and the interaction effect was observed (F (1,20) = 5.971, p = 0.024) (Figure 1C). In contrast, CUMS decreased time in
the open arm in the EPM (F (1,20) = 22.322, p < 0.001), whereas swimming increased it (F (1,20) = 10.631, p=0.004, and
the interaction effect was observed (F (1,20) = 4.988, p = 0.037) (Figure 1D). In the TST, CUMS increased immobility
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time (F (1,20) = 10.730, p = 0.004), whereas swimming decreased it (F (1,20) = 16.207, p=0.001, and the interaction
effect was observed (F (1,20) = 4.952, p = 0.038) (Figure 1E). In the SPT, CUMS decreased sucrose preference rate (F
(1,20) = 5.851, p = 0.025), whereas swimming increased it (F (1,20) = 9.252, p=0.006) (Figure 1F), and no interaction
effect was observed.

Post hoc Bonferroni test showed that CUMS induced depression-like behaviors in the S + NE group, including
number of rearing in the OFT (p = 0.001, Figure 1B), increased time in the closed arm (p<0.001, Figure 1C) and
decreased time in the open arm (p < 0.001, Figure 1D) in the EPM, increased immobility time in the TST (p=0.005,
Figure 1E), compared with the C+NE group. Swimming exercise then reversed depression-like behaviors induced by
CUMS in the S + E group, including increased number of rearing in the OFT (p=0.004, Figure 1B), decreased time in the
closed arm, and increased time in the open arm in the EPM (p=0.008, Figure 1C; p=0.006, Figure 1D), decreased
immobility time in the TST (p = 0.002, Figure 1E), compared to S+NE group.

CUMS and Swimming Exercise Modulated the Composition of the Gut Microbiome in
Mice
Changes in the gut microbiome were evaluated using 16S rRNA gene sequencing. First, the community diversity and
richness were calculated using alpha diversity metrics. As shown in Figure 2, no significant differences were observed in
community diversity estimators (Simpson index and Shannon index, Figure 2A and B) and richness estimators (Chao1
index and observed species index, Figure 2C and D) between the groups.

The number of OTUs detected at the domain, phylum, class, order, family, genus, and species levels was 173, 36, 21,
1238, 2949, 1816, and 355, respectively. At the phylum level, Firmicutes was the predominant phylum in the gut
microbiome of mice, with a total abundance of nearly 60%, followed by the phyla Bacteroidetes, Proteobacteria and
Actinobacteria (Figure 3A). Two-way ANOVA analysis showed that CUMS had a significant effect on the relative
abundance of Firmicutes and Bacteroidetes (Firmicutes: F (1, 8) = 11.239 p = 0.010, Figure 3C; Bacteroidetes: F (1, 8) =
13.166 p = 0.007, Figure 3D), whereas swimming effected not significantly, and no interaction effect was observed. Post

Figure 1 Effects of swimming exercise on CUMS-induced behavioral changes. (A) Time in the center in OFT, (B) number of rearing in the center in OFT, (C) time in closed
arms in EPM, (D) time in open arms in EPM, (E) immobility time in TST, (F) sucrose preference in SPT. Data is presented as means ± SEM (n = 6 per group). **p < 0.01, ***p
< 0.001.
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hoc Bonferroni test showed that no significant differences were observed in the relative abundance of Firmicutes and
Bacteroidetes between the S + NE and the S + E groups.

At the genus level, Lactobacillus was the predominant genus in the gut microbiome of mice (Figure 3B). Three
genera showed differences: Desulfovibrio, Streptococcus, and p-75-a5 (Figure 3E-G). Two-way ANOVA analysis
showed that CUMS and swimming effected not significantly on the relative abundance of Desulfovibrio, but the
interaction effect was observed (F (1, 8) = 12.965 p = 0.007); CUMS had a significant effect on the relative abundance
of Streptococcus (F (1, 8) = 11.319 p = 0.010), whereas swimming effected not significantly, and no interaction effect
was observed; CUMS had a significant effect on the relative abundance of p-75-a5 (F (1, 8) = 29.585 p = 0.001), whereas
swimming effected not significantly, and no interaction effect was observed. Post hoc Bonferroni test showed the relative
abundance of Desulfovibrio in the S+E group was significantly higher than that in the S+NE group (p = 0.027). In
addition, compared with the C+E group, the relative abundance of Desulfovibrio, Streptococcus, and p-75-a5 was
significantly higher than that in the S+E group (p = 0.022; p = 0.032; p = 0.005). We further analyzed the correlation
between behavioral data and the composition of the gut microbiome, and visualized our results (Supplementary
Figure S1).

A principal coordinate analysis (PCoA) plot based on unweighted UniFrac distances of gut microbiota from the four
mice groups is shown (Figure 3H). Swimming exercise and CUMS induced a distinct structure of the gut microbiome,
with 17.7% and 13.1% variation explained by the PC1 and PC2 principal components, respectively. In addition,
hierarchical clustering analysis using the unweighted pair group method with arithmetic mean (UPGMA) demonstrated
that most of the samples clustered in their groups (Figure 3I).

Swimming Exercise Modulated the Gut Metabolic Pathways in CUMS Mice
To further identify the relevant metabolic pathways involved in the swimming exercise and CUMS procedures, the
differential metabolites were entered into the MetaCyc database to construct and analyze metabolic pathways. We
calculated the abundance of the secondary functional pathways in the MetaCyc database (Figure 4A). Seven types of
metabolic pathways- biosynthesis, degradation/utilization/assimilation, detoxification, generation of precursor metabo-
lites and energy, glycan pathways, macromolecule modification, and metabolic clusters-were included. Among these
pathways, the relative abundance of pathways involved in biosynthesis was the highest, followed by the generation of
precursor metabolites and degradation/utilization/assimilation. Among the MetaCyc biosynthesis pathways, the relative
abundance of nucleoside and nucleotide biosynthesis pathways was the highest, followed by the amino acid biosynthesis
pathway. We then utilized MetagenomeSeq analysis to identify pathways with significant differences between the groups
(Figure 4B-D). As shown in Figure 4B, the relative abundance of the five pathways- aromatic biogenic amine
degradation (PWY-7431), mono-trans and polycis decaprenyl phosphate biosynthesis (PWY-6383), chlorosalicylate

Figure 2 Alpha diversity of bacterial communities. Estimation of bacterial diversity (A and B) and richness (C and D) is visualized using boxplots for the four groups. The
boxplots show median, quartile, smallest, and largest observations. The Kruskal–Wallis test was performed to determine statistical significance of alpha diversity analyses.
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Figure 3 Swimming intervention alters the composition of the gut microbiome. (A) Composition and relative abundances of bacterial phyla in all groups. (B) Composition
and relative abundances of bacterial genus in all groups. (C–E) Relative abundances of bacterial phyla that showed differences. (F–H) Relative abundances of bacterial genus
that showed differences. (I) The PCoA plot is generated of the Unweighted Unifrac Distance based on OTU counts and explains the largest variance between all samples. (J)
Unweighted UniFrac based Clustering tree of all samples. Data is presented as means ± SEM (n = 3 per group). *p < 0.05, **p < 0.01.
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degradation (PWY-6107), mycothiol biosynthesis (PWY1G-0), and mycolyl-arabinogalactan-peptidoglycan complex
biosynthesis (PWY-6397) in the S + E group were upregulated than those in the S + NE group (p < 0.01).

The relative abundance of secondary functional pathways in the KEGG database was also calculated (Supplementary
Figure S2). Pathways were divided into six categories, including metabolism, genetic information processing, environ-
mental information processing, cellular processes, organismal systems, and human diseases. The pathways are further
classified into several levels. The results showed that the metabolism pathway had the highest relative abundance
(Supplementary Figure S2A). Among these, carbohydrate metabolism was the highest, followed by amino acid meta-
bolism. MetagenomeSeq analysis revealed significant differences between the groups (Supplementary Figure S2B-E).
Styrene degradation pathways were significantly higher in the S+E group than those in the S+NE group (p < 0.001,
Supplementary Figure S2B). Meanwhile, they were significantly lower in the S+NE group than those in the C+NE group
(p < 0.001, Supplementary Figure S2C). In addition, the relative abundances of the linoleic acid metabolism, steroid
biosynthesis and flavonoid biosynthesis pathways were different between the S+E and S+NE groups (p < 0.001,
Supplementary Figure S2B).

Finally, the species composition of different pathways was analyzed based on pathways with significant differences in
the MetaCyc database (Figure 5A-L). As shown in Figure 5, compared to the S+NE group, PWY-5180, PWY-5182,
PWY-6107, PWY-6383, PWY-6397, PWY-6731, and PWY1G-0 were upregulated (Figure 5C-G, J, and L), and PWY-
5028 was downregulated (Figure 5B) in the S+E group, suggesting that the species composition in these pathways may
be related to the antidepressant mechanism of exercise. No discernible trend was observed in P221-PWY, PWY-6470,
PWY-6562 and PWY-7431 (Figure 5A and H-K).

Discussion
Our results showed that CUMS-induced depression-like behaviors were reversed by a 4-week swimming exercise
program. The alteration of gut microbiota composition and regulation of microbiota metabolic pathways are associated
with depression-like behaviors and antidepressant mechanisms of exercise.

The CUMS protocol is a reliable and widely used depression model in rodents, and appears to be more effective than
short-term stress exposure.18,19 The OFT evaluates an animal’s autonomous behavior, anxiety, and stereotypical

Figure 4 The relative abundances of secondary functional pathways and pathways that differ between groups in MetaCyc Database. (A) The relative abundances of
secondary functional pathways in MetaCyc Database. The abscissa shows the relative abundance of functional pathway (KO per million), the ordinate shows the functional
pathway of the second classification level, and the most right shows the first-level pathway to which this pathway belongs. These are the average abundances of all the
samples. (B) Pathways that differ when S+E group vs S+NE group. (C) Pathways that differ when C+NE group vs S+E group. (D) Pathways that differ when C+E group vs S
+NE group. In B-D, the positive value of logFC (log2 (fold change)) on the horizontal axis represented up-regulation in group B (the latter) compared with group A (the
former), while the negative value represented down-regulation.
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Figure 5 Summary of predominant bacterial genus in MetaCyc pathways that differ. The ordinate represents the relative abundance of metabolic pathways. The contribution
values of different taxa species to this pathway at the genus level are shown in different colors. (A) P221-PWY: octane oxidation. (B) PWY-5028: L-histidine degradation II.
(C) PWY-5180: toluene degradation I (aerobic). (D) PWY-5182: toluene degradation II (aerobic). (E) PWY-6107: chlorosalicylate degradation. (F) PWY-6383: mono-trans,
poly-cis decaprenyl phosphate biosynthesis. (G) PWY-6397: mycolyl-arabinogalactan-peptidoglycan complex biosynthesis. (H) PWY-6470: peptidoglycan biosynthesis V. (I)
PWY-6562: norspermidine biosynthesis. (J) PWY-6731: starch degradation III. (K) PWY-7431: aromatic biogenic amine degradation (bacteria). (L) PWY1G-0: mycothiol
biosynthesis.
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behaviors such as rearing.20–22 Mice that prefer staying in the border can be described as showing signs of anxiety-like
behavior, whereas mice with lower anxiety tend to spend more time in the center.23,24 The number of rearing indicated
the exploratory activity of the mice. Generally, mice with fewer rearing condition are considered more anxious. The EPM
test is used to test the anxiety-like behaviors and track the spontaneous behaviors of mice.25 A less anxious mouse will
stay in the open arms of the maze longer, while a mouse with elevated anxiety tends to spend more time in the closed
arms.26 The TST is a valid tool to reflect the depressive behaviors of mice,27 and the SPT is used to assess anhedonia in
rodents. CUMS-induced depression mice display depression-like behaviors, including increased immobility time in the
TST and decreased sucrose preference in the SPT.28 In our experiments, the results between the C+NE and S+NE groups
suggested that CUMS induced depression-like and anxiety-like behaviors in mice.

The role of exercise as a non-pharmacological treatment of depression is gaining momentum, with findings showing
that exercise alleviates depressive symptoms and also ameliorates body functions. There have been some animal studies
that have demonstrated the effectiveness of exercise as a treatment for depression. For instance, Weina Liu et al29

demonstrated that four-week swimming exercise program alleviated the depressive behavior in male and female adult
offspring. We chose a five-week swimming protocol, which was adapted from several previous studies.30,31 The results
induced by the CUMS procedure were reversed by swimming exercise when comparing the S+E group with the S+NE
group, which further explored the relation between the antidepressant benefits of exercise and gut microbiota.

To our knowledge, this is the first study to use 16S rRNA gene sequencing and metabolomic analysis to investigate
the impact of swimming exercise on the gut microbiome and its metabolic profile in CUMS-stressed mice. Increasing
evidence indicates that the gut community is associated with anxiety and depressive disorders,6,32 and growing attention
has been paid to the role of microbiota in health and disease. It has been demonstrated that depression and anxiety are
often accompanied by changes in colonic motility, which in turn alters the composition and stability of the gut
microbiota.33 The regulatory mechanism of the gut microbiome on depression- and anxiety-like behaviors requires
further study. We have previously shown that swimming exercise alleviates depression-like behavior in mice. We made a
preliminary exploration, expecting to determine whether these outcomes are related to alterations in the composition and
metabolites of gut microbiota.

First, we analyzed the community diversity and richness of the gut microbiome. No significant differences were
observed in the community diversity and richness estimators between the groups. Previous studies34,35 have shown that
mental induction of stress and depressive behaviors in rodents results in reduced gut microbiota richness and diversity.
One clinical study36 found that no significant group differences in bacterial richness or diversity, and no significant group
differences were observed at the phylum and genus levels. However, these inconsistent results require further investiga-
tion. Next, we investigated the composition of the gut microbiome. Generally, the bacterial phyla Firmicutes and
Bacteroidetes represent > 90% of the intestinal community in healthy adults, and as such are correlated with the health
outcomes in studies.37–39 In our results, Firmicutes was the predominant phylum in the gut microbiome of mice, with a
total abundance of nearly 60%, followed by the phyla Bacteroidetes, Proteobacteria, Actinobacteria. At the genus level,
Lactobacillus, a member of Firmicutes, was the predominant genus. Our results indicated that the alteration in the relative
abundance of genus Desulfovibrio, genus Streptococcus, and genus p-75-a5, might be related to the mechanism of
depression-like behaviors induced by CUMS. A recent study40 found that genus Desulfovibrio may play a potential role
in the development of Parkinson’s Disease (PD), a progressive neurodegenerative disease, with genus Desulfovibrio
present at higher levels in PD patients. However, there is no confirmed evidence proving the relation between the three
genera, swimming and CUMS in the literature. The role of these four microorganisms in the antidepressant effect of
swimming requires further experimental validation.

To identify the metabolic pathways in our study, we analyzed the abundance of microbial metabolic pathways in all
samples using the MetaCyc database.41 Seven primary metabolic pathways were selected and analyzed. Among the
biosynthesis pathways, the nucleoside and nucleotide biosynthesis pathways had the highest relative abundances. This
pathway participates in the binding process of DNA or RNA, and the amino acid biosynthesis directly involved in protein
synthesis also showed an extremely high abundance. Focusing on metabolite synthesis, we found that fatty acid and lipid
biosynthesis, and carbohydrate biosynthesis were highly abundant. Fatty acid and lipid synthesis pathways were of great
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significance to depressed animals,42 and a long-term high-fat diet had been proven to be one of the means to induce a
depression animal model.43

We then conducted a comprehensive analysis between different groups to screen out the significant up- or down-
regulated pathways. Compared to the S+NE group, aromatic biogenic amine degradation (PWY-7431) in the S+E group
showed the most significant upregulation. Studies44,45 have indicated that aromatic biogenic amine acids may have the
antidepressant effects. A decrease in the degradation process may cause the accumulation of amines and decrease the
levels of amino acids. Similarly, mono-trans and polycis decaprenyl phosphate biosynthesis (PWY-6383), chlorosalicy-
late degradation (PWY-6107), mycothiol biosynthesis (PWY1G-0), and mycolyl-arabinogalactan-peptidoglycan complex
biosynthesis (PWY-6397) were downregulated. However, these metabolites lack valid confirmatory studies in animal
models of depression. In addition, we can further explore the dominant flora involved in these pathways. For example, in
PWY-5180 (Toluene Degradation I pathway), Corynebacterium made the largest contribution to it.

Depression and anxiety lead to neural circuit dysfunction in regions of the brain, such as the prefrontal cortex,
thalamus, hippocampus.46–49 For example, previous results50,51 have shown that pulvinar is mutually connected with the
sensory cortex, superior colliculus and amygdala and plays important roles in the multisensory integration and emotional
response. And pulvinar dysfunction is associated with depression.49 It has been introduced above that the communication
routes between the microbiota and the brain are related to various signaling and metabolites.52 With findings showing
that gut microbes can modulate neurons through gut-brain circuits to promote metabolic benefits and alter body function
and behaviors,53–56 we believe that alterations in the gut microbiota may also be linked to altered neural circuits in
subjects with depression.

Our study has some limitations. Compared with the C+NE group, there was no significant difference in the abundance
of Bacteroidetes and Firmicutes in the S+NE group. A previous study57 revealed a significant decrease in Bacteroidetes
and a significant increase in Firmicutes in the CUMS group, and our study also proved that CUMS had significant effect
on the two phyla. However, post hoc Bonferroni test showed no significance. The lack of statistical significance may be
due to the small sample size and the difference in statistical method. We found that, using post hoc a least significant
difference test, Bacteroidetes and Firmicutes indeed showed a consistent trend with Li’s work,57 under the impact of
swimming. In addition, although we recognized the gut microbial communities and possible gut microbial metabolic
pathways in CUMS mice, we did not examine additional depression model interventions such as social defeat stress
model.58

Conclusion
This study showed that CUMS induced depressive behaviors, but swimming exercise increased sucrose preference rate in
the SPT, increased time in the center and number of rearing in the OFT, decreased time in the closed arm and increased
time in the open arm in EPM, and decreased immobility time in the TST. The CUMS-induced depression-like behaviors
and anti-depression effect of swimming exercise may be related to the regulation of gut microbiota composition. We also
identified several beneficial potential metabolic pathways. Our findings may help provide new clues for pathophysiolo-
gical changes in depression and new insights into anti-depression therapy, especially the exercise intervention.

Abbreviations
CUMS, chronic unpredicted mild stress; OFT, open field test; EPM, elevated plus-maze; TST, tail suspension test; SPT,
sucrose preference test; SEM, standard error of mean; KEGG, Kyoto Encyclopedia of Genes and Genomes.
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