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Backgrounds: Gut microbiota plays a critical role in the onset and development

of depression, but the underlying molecular mechanisms are unclear. This study

was conducted to explore the relationships between gut microbiota and host’s

metabolism in depression.

Methods: Chronic social defeat stress (CSDS) model of depression was

established using C57BL/6 male mice. Fecal samples were collected from

CSDS group and control group to measure gut microbiota and microbial

metabolites. Meanwhile, tryptophan metabolism-related metabolites in

hippocampus were also analyzed.

Results: CSDS successfully induced depressive-like behaviors in CSDS group.

The 24 differential bacterial taxa between the two groups were identified, and 14

(60.87%) differential bacterial taxa belonged to phylum Firmicutes. Functional

analysis showed that tryptophan metabolism was significantly affected in CSDS

mice. Meanwhile, 120 differential microbial metabolites were identified, and two

key tryptophan metabolism-related metabolites (tryptophan and 5-

hydroxytryptophan (5-HTP)) were significantly decreased in feces of CSDS

mice. The correlation analysis found the significant relationships between

tryptophan and differential bacterial taxa under Firmicutes, especially genus

Lactobacillus (r=0.801, p=0.0002). In addition, the significantly decreased 5-

hydroxytryptamine (5-HT) in hippocampus of depressedmice was also observed.

Conclusions: Our results showed that tryptophan metabolism might have an

important role in the crosstalk between gut microbioa and brain in depression,

and phylum Firmicutes, especially genus Lactobacillus, might be involved in the

onset of depression through regulating tryptophan metabolism.
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Introduction

Depression is a common mental disorder that severely affects

quality of life and psychosocial functioning of patients (Affatato et al.,

2021). During a depressive episode, people will experience different

symptoms, such as empty, low self-worth, and a loss of pleasure, even

thoughts about suicide (Grover and Adarsh, 2022; Ning et al., 2022).

According to the reports of World Health Organization, depression

affects about 3.8% of the population and causes huge economic

burdens on individual, family and society. However, the

pathogenesis of depression is yet unclear (He et al., 2022; Zhong

et al., 2022), which results in two serious problems: i) only about 70%

patients response to the first-line antidepressants; and ii) no objective

laboratory methods are developed to diagnose depression (Cai et al.,

2022; Mojtabavi et al., 2022; Tian et al., 2023). Therefore, it is urgently

needed to further explore the pathogenesis of depression.

Gut microbiota recently has been considered to be participated

in the onset and development of depression (Jiang et al., 2021; Liu

et al., 2021; Pu et al., 2022; Song et al., 2022). Previous study

reported that gut microbiota might play a key role in the

phys iopa tho logy o f depres s ion by regu la t ing bra in

neurotransmitters (Huang and Wu, 2021). Carlessi et al.

suggested that the disordered gut microbiota would cause a

systemic inflammation, which eventually influenced responses to

depression treatment (Carlessi et al., 2021). In our previous studies,

we found that there were significant differences on gut microbiota

compositions between healthy controls and depression patients,

and gut microbiota might participate in the onset of depressive-like

behaviors by affecting host’s metabolism (Zheng et al., 2016; Chen

et al., 2020; Bai et al., 2021). Using depression mice model, we found

that gut microbiota might influence the levels of neurotransmitters

in hypothalamus through its metabolic products (Wu et al., 2020).

Although much work has been done, the detailed mechanism of

gut microbitoa in depression has still not been completely understood.

Thus, in this study, we established depression mice model using

chronic social defeat stress (CSDS) method to further investigate the

role of gut microbiota in the pathogenesis of depression. The 16S

rRNA gene sequencing analysis was used to identify the differential gut

microbiota, and then the functions of these differerntial bacterial taxa

were predicted. Meanwhile, microbial metabolites in feces were also

detected using liquid chromatography-mass spectrometry (LC-MS).

Considering the important role tryptophan metabolism in the

pathogenesis of depression (Chojnacki et al., 2022; Lu et al., 2022;

Pu et al., 2022; Xiao et al., 2022), tryptophan metabolism-related

metabolites in hippocampus were also analyzed. Integrating these

data, we sought to find out the potential pathways in the crosstalk of

gut and brain in depressed mice.
Materials and methods

Depression model

This study was performed according to the National Institutes of

Health’s Animal Research Guide, and Ethics Committee of Chongqing
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Medical University reviewed and approved this study. C57BL/6 male

mice were provided by Laboratory Animal Center of Chongqing

Medical University (Chongqing, China) and housed in groups of five.

CD1 male breeders were used as aggressors for this study and singly

housed. After one week adaptation, we randomly assigned the C57BL/6

male mice into control group and CSDS group. Sucrose preference and

body weight (BW) werematched in the two groups. In the next 10 days,

mice in CSDS group were subjected to social defeated stress from CD1,

and mice in control group were not disturbed (Wang et al., 2016). The

mice after the CSDS models were prepared were single-housed.

Subsequently, mice in two groups underwent behavioral tests to

assess whether the depression model was successfully built or not.
Behavioral tests

The mice were subjected to behavioral tests one day after CSDS.

The following behavioral tests were successively conducted here: social

interaction test (SIT), sucrose preference test, open field test (OFT), and

forced swim test (FST). The behavioral tests were carried out in another

same room to rule out the potential effects CD1 male. The procedures

of these tests were the same as those in our previous studies (Gong

et al., 2021; Xie et al., 2022) (Supplementary File 1). During these tests,

the operators were blinded to the group allocation of mice. Each

behavioral test continued for six minutes, and we recorded the activities

of each mouse in the last five minutes. Three indicators (center area

time (CT) (%) in OFT, sucrose preference (SPT) in sucrose preference

test and immobility time (IT) in FST) were calculated to assess whether

the mice in CSDS group showed depressive-like behaviors or not.

Meanwhile, BW of each mouse in the two groups was collected.
Data collection

After completing these behavioral tests, the mice in the two

groups were sacrificed. Samples were rapidly collected and then

stored at -80°C. The fecal samples were used for both 16s rRNA

analysis and metabolism analysis. Meanwhile, the hippocampus is

used for metabolism analysis. In this study, the mice in CSDS group

with a social interaction (SI) ratio>=1 were considered stress-

resilient and excluded from subsequent experiments (n=4).

During the development of CSDS, three mice in CSDS group

incurred bite marks: i) two mice (SI ratio <1) were still included

in this study; and ii) one mouse (SI ratio >=1) was excluded from

this study). The procedure of 16S rRNA gene sequencing analysis

was exactly conducted in accordance to our previous studies (Wu

et al., 2020; Tian et al., 2022) (Supplementary File 1), and the

procedures of detecting microbial metabolites in feces using LC-MS

were exactly completed according to our previous studies (Wu et al.,

2020; Tian et al., 2022) (Supplementary File 1).
Statistical analysis

Student’s t-test, nonparametric Mann-Whitney, or Pearson

correlation analysis was used when appropriate. Here, four
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parameters (ace, chao, shannon and simpson) were calculated to

evaluate the alpha diversity of gut microbiota. The principal

coordinate analysis (PCoA) was used to assess the beta diversity

of gut microbiota. The linear discriminant-analysis (LDA) effect

size (LEfSe) was conducted to identify the differential gut

microbiota between the two groups, and the phylogenetic

investigation of communities by reconstruction of unobserved

states (PICRUSt) analysis based on Kyoto Encyclopedia of Genes

and Genomes (KEGG) database was performed to predict the

potential functions of the differential gut microbiota. To identify

the differential microbial metabolites (variable importance in

projection (VIP) > 1.0 and p-value<0.05) between the two groups,

the orthogonal partial least squares (OPLS) model was built using

microbial metabolites. All the analyses was carried out using SPSS

19.0, R software 4.0 and Cytoscape 5.0, and p<0.05 was considered

to be statistically significant.
Results

CSDS-induced depressive-like behaviors

As shown in Figure 1A, CSDS group showed a significantly

lower SI ratio of social time in SIT compared to control group

(p=0.00005), indicating that the mice in CSDS group had the social

interaction deficiency behavior. In OFT, the total distance was

similar between the two groups (Figure 1B), indicating the

comparable motor functions between control mice and CSDS

mice; but the CT(%) was significantly lower in CSDS group than
Frontiers in Cellular and Infection Microbiology 03
in control group (Figure 1C, p=0.031). In FST, CSDS group showed

the significantly higher IT compared to control group (Figure 1D,

p=0.0036). During the whole CSDS, the food intake between the

two groups was not statistically different. After the CSDS procedure,

significant differences in both SPT (Figure 1E, p=0.032) and BW

(Figure 1F, p=0.0082) were found between the two groups. These

results showed that the mice in CSDS group had the depressive-like

behaviors, demonstrating that CSDS-induced depression model was

successfully established.
Differential gut microbiota

The results of within-sample (a) phylogenetic diversity analysis
showed no significant differences on alpha diversity between the

two groups (ace, p=0.64; chao, p=0.64; Shannon, p=0.11; simpson,

p=0.09). But the results of PCoA showed that there were significant

differences on gut microbiota compositions between the two group

(Figure 2A, p=0.0010). The relative abundance on the phylum level

was described in Figure 2B, and the dominant bacteria taxa on

phylum level in both groups were Firmicutes and Bacteroidota. To

identify the bacterial taxa responsible for discriminating CSDS mice

from control mice, the LEfSe was used here. The bacterial taxa with

LDA>2.0 was identified as the differential bacterial taxa. The results

showed that there were 24 differential bacterial taxa between the two

groups were found (Figure 2C). The 14 (60.87%) of these differential

bacterial taxa belonged to phylum Firmicutes. The detailed

information of these differential bacterial taxa was described in

Supplementary Table S1.
B C

D E F

A

FIGURE 1

Depressive-like behaviors in CSDS-induced depressed mice. (A) CSDS mice had the significantly lower SI ratio compared to control mice; (B, C) in
open field test, CSDS mice had the similar total distance (B) and significantly lower center time (%) (C) compared to control mice; (D) the immobility
time was significantly higher in CSDS mice than in control mice; (E, F) after CSDS procedure, both sucrose preference (%) (E) and body weight
(F) were significantly lower in CSDS mice than in control mice. SI, social interaction; Con, control; CSDS, chronic social defeat stress; FST, force
swimming test.
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Function predictions of differential
bacterial taxa

To find out the potential functions that these differential

bacterial taxa were involved in, we used PICRUSt to predict the

abundance of functional categories based on the standardized OTU

abundance and KEGG database. The results showed that microbial

gene functions related to ‘Metabolism’ was the most, accounting for

47.92% of the functional categories in the first level of KEGG

pathways (Figure 3A). In the second level of KEGG pathways, we

found that amino acid metabolism and lipid metabolism were the

top five metabolic pathways among ‘Metabolism’ category. Further

analysis found that there were 10 significantly affected metabolic

pathways (the third level of KEGG pathways) in CSDS mice

(Figure 3B), and tryptophan metabolism was significantly

decreased in CSDS mice (p=0.0026).
Correlations between differential bacterial
taxa and depressive-like behaviors

In addition, to explore the potential correlations between

differential bacterial taxa and depressive-like behaviors, Pearson

correlation analysis was used here. The results showed that there
Frontiers in Cellular and Infection Microbiology 04
were close relationships between depressive-like behaviors and nine

differential bacterial taxa (55.55% belonged to phylum Firmicutes):

i) IT was significantly correlated with six differential bacterial taxa;

ii) BW was significantly correlated with three differential bacterial

taxa under phylum Firmicutes; iii) SPT was significantly correlated

with genus Muribaculum under phylum Bacteroidota; and iv) CT

was significantly correlated with two differential bacterial

taxa (Figure 4).
Differential microbial metabolites

The built OPLS model showed that the mice in CSDS group was

significantly separated from mice in control group, indicating that

there were divergent microbial metabolic phenotypes between

CSDS group and control group (Figure 5A). Meanwhile, the

results of 399-permutation test showed that the regression line of

the Q2-points intersected the vertical axis below zero (Q2=-0.412),

demonstrating the valid and not over-fitting of this model

(Figure 5B). By analyzing the corresponding loading plots, 120

differential microbial metabolites were identified (VIP>1.0 and p-

value<0.05). Among these microbial metabolites, 51 and 69

metabolites were significantly increased and decreased,

respectively, in CSDS group than in control group. These
B

C

A

FIGURE 2

Differential gut microbiota composition between the two groups. (A) principal coordinate analysis (PCoA) showed an obvious difference in gut
microbiota composition between the two groups; (B) the dominant bacteria taxa on phylum level in both groups were Firmicutes and Bacteroidota;
(C) the linear discriminant-analysis effect size (LEfSe) showed that there were 23 differential bacterial taxa between the two groups, and most of
them (n=13) belonged to phylum Firmicutes. Con, control; CSDS, chronic social defeat stress; LDA, linear discriminant-analysis.
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differential microbial metabolites mainly belonged to lipid-related

metabolism and amino acid-related metabolism. The heat-map

built with the relative abundances of differential microbial

metabolites showed a consistent clustering pattern within the

individual groups (Figure 5C). The detailed information of these

differential microbial metabolites was described in Supplementary

Table S2. The results of Pearson correlation analysis indicated that

depressive-like behaviors were mainly significantly correlated with

differential microbial metabolites belonged to lipid-related

metabolism and amino acid-related metabolism (Supplementary

Figure S1).
Tryptophan metabolism as bridge between
gut and brain

PICRUSt functional prediction of the disordered gut microbiota

showed that tryptophan metabolism was significantly decreased in

this study. Meanwhile, two metabolites (5-hydroxytryptophan and

tryptophan) in tryptophan metabolism were found to be

significantly decreased in feces of depressed mice here. The

results of correlation analysis indicated that there were strong

correlations between tryptophan and differential bacterial taxa

under Firmicutes, especially genus Lactobacillus (r=0.801,

p=0.0002) (Figure 6), suggested that the disorder of tryptophan

metabolism was closely related to the disturbance of phylum
Frontiers in Cellular and Infection Microbiology 05
Firmicutes. Significantly correlations also existed between

tryptophan and IT (r=-0.540, p=0.031), 5-hydroxytryptophan (5-

HTP) and SPT (r=-0.562, p=0.023), genus Muribaculum and 5-

HTP (r=-0.632, p=0.009). The detailed information of correlations

was described in Supplementary Table S3. In addition, we found

that there was significantly decreased level of 5-hydroxytryptamine

(5-HT) in hippocampus of depressed mice (p=0.015). Thus, we

suggested that tryptophan metabolism might act as a bridge in the

crosstalk of gut and brain (Figure 7).
Discussion

As a psychosocial stress model based on social conflict, CSDS

has been widely used in depression studies (Lu et al., 2021; Liu et al.,

2022). In the present study, we observed that the mice in the CSDS

group showed obvious depressive-like behaviors, suggesting that the

depression mice model was successfully established. By 16S rRNA

gene sequencing analysis, we identified 24 differential bacterial taxa

in CSDSmice, and most of them belonged to phylum Firmicutes. By

LC-MS, we found 120 differential microbial metabolites, which

mainly belonged to lipid-related metabolism and amino acid-

related metabolism. Correlation analysis showed that depressive-

like behaviors were closely related to differential bacterial taxa under

phylum Firmicutes and differential microbial metabolites that

mainly belonged to lipid-related metabolism and amino acid-
FIGURE 4

Correlations between differential bacterial taxa and depressive-like behaviors. SPT, sucrose preference; IT, immobility time; CT, center time (%); BW,
body weight.
BA

FIGURE 3

Functional predictions of the differential bacterial taxa. (A) the phylogenetic investigation of communities by reconstruction of unobserved states
(PICRUSt) analysis showed that the metabolism category ranked the top, with a proportion of 47.92%; (B) in the metabolism category, ten
significantly affected metabolism pathways were identified.
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related metabolism. Our results would be helpful for future

exploring the role of gut microbiota in the pathogenesis

of depression.

The homeostasis of gut microbiota is important for host’s

health, and its disturbances were related with many diseases (Li

et al., 2022; Li et al., 2022; Zhang et al., 2022). Firmicutes are

bacterial phyla that dominate the entire human digestive tract, and
Frontiers in Cellular and Infection Microbiology 06
its disturbance is usually viewed as one of hallmark in depression.

But the specific molecular mechanisms between depression and

phylum Firmicutes are still unclear. Lactobacillus is one of beneficial

bacteria under phylum Firmicutes. Bravo et al. reported that

Lactobacillus supplementation could regulate the emotional

behavior of mice via the vagus nerve (Bravo et al., 2011). Dong

et al. observed the significantly decreased level of Lactobacillus in
FIGURE 6

Correlations between differential bacterial taxa, 5-HTP, Tryptophan and depressive-like behaviors. SPT, sucrose preference; IT, immobility time; 5-
HTP, 5-hydroxytryptophan.
B

C

A

FIGURE 5

Differential microbial metabolites in CSDS mice. (A) the orthogonal partial least squares (OPLS) model showed that the two groups were significantly
separated, indicating the divergent microbial metabolic phenotypes in CSDS mice; (B) the results of 399-permutation test suggested that the built
OPLS model was valid and not over-fitting; (C) heat-map of the 120 identified differential metabolites.
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depressed mice, and its level was restored after treating with

antidepressants (Dong et al., 2022). Schaub et al. found that the

increase level of Lactobacillus was associated with decreased

depressive symptoms in depression patients receiving probiotics

(Schaub et al., 2022). Here, we found the significantly decreased

level of Lactobacillus in CSDS group and the strong correlation

between Lactobacillus and tryptophan. These results highlighted the

role of gut mcirobiota in depression and emphasized the potential

of microbiota-related treatment approaches for depression.

In this study, we observed the alterations in lipid and amino

acid metabolism in CSDS mice. Meanwhile, the significant lower

body weight in CSDS mice was found, although the food intake

between the two groups was not statistically different. However, it

was uncertain whether the lower body weight in CSDS mice was

caused by the disturbance of lipid and amino acid metabolism.

Using chronic restraint stress-induced depression model, we found

the significantly lower body weight and alterations in lipid

metabolism in depressed mice (Tian et al., 2022). But using

chronic unpredictable mild stress-induced depression model, we

observed the similar body weight between the two groups and

alterations in lipid metabolism in depressed mice (Xie et al., 2023).

Previous studies reported that gut microbiota was also closely

involved in regulating body weight homeostasis (Łoniewski et al.,

2022; Van Hul and Cani, 2023). These results indicated that the

body weight might be related with many factors, such as gut

microbiota and host’s metabolism. Future studies were needed to

further explore the potential mechanism under the changes of body

weight in depressed mice.

Forced swim test was one of the classic behavioral tests for

depression, and immobility time was the evaluation indicator. Here,

the significantly higher immobility time was observed in CSDS mice

compared to control mice. Anhedonia was one of core symptoms of

depression, and sucrose preference test was the most frequently

used method for measuring anhedonia. In this study, we identified

the significantly lower sucrose preference in CSDS mice compared

to control mice. Similar results about immobility time and sucrose

preference between depressed mice and control mice were also

observed in our previous studies (Tian et al., 2022; Xie et al., 2023).

In one study, we found that the significantly decreased level of 5-

HT, one of neurotransmitter in tryptophan metabolism, was

significantly correlated with immobility time and sucrose
Frontiers in Cellular and Infection Microbiology 07
preference (Tian et al., 2022). Meanwhile, we also found that two

main neurotransmitters in tryptophan metabolism (tryptophan and

5-HT) were significantly decreased in plasma of depression patients

(Pan et al., 2018). These results suggested that tryptophan

metabolism might have an important role in the onset of

depressive-like behaviors.

Tryptophan is the sole precursor of 5-HT, which is an

important monoamine neurotransmitter. Many studies have

reported that the level of 5-HT was significantly decreased in

depression (Cai et al., 2022; Zhu et al., 2022). Our previous

studies also found the significantly decreased level of 5-HT in

depression patients’ plasma and brain areas of depressed mice

(Wu et al., 2020; Tian et al., 2022; Xie et al., 2023). 5-HT is

mainly produced in gut, but it cannot cross the blood-brain

barrier. However, its direct biosynthetic precursor, 5-HTP can

cross blood-brain barrier. In this study, we found the significantly

decreased levels of tryptophan and 5-HTP in feces of depressed

mice. Considering the decreased level of 5-HT in hippocampus, we

deduced that the disordered gut microbiota, especially

Lactobacillus, resulted in the significantly decreased tryptophan

metabolism, which caused the decreased level of 5-HTP; then the

decreased 5-HTP level caused the lower level of 5-HT in

hippocampus, and eventually the mice showed depressive-like

behaviors. These results demonstrated that tryptophan

metabolism might be a bridge between gut microbiota and brain

in depressed mice.
Conclusion

In conclusion, the CSDS successfully induced depressive-like

behaviors in mice, and the depressed mice showed significantly

different gut microbiota compositions compared to control mice.

Most of the differential bacterial taxa belonged to phylum

Firmicutes. Meanwhile, there were divergent microbial metabolic

phenotypes between control mice and CSDS mice. The identified

differential microbial metabolites mainly belonged to lipid-related

metabolism and amino acid-related metabolism. Further analysis

showed that tryptophan metabolism was significantly decreased,

and there was strong correlation between genus Lactobacillus under

Firmicutes and tryptophan. Considering the significantly decreased
FIGURE 7

Tryptophan metabolism acting as a bridge in the crosstalk of gut and brain. 5-HTP, 5-hydroxytryptophan; 5-HT, 5-hydroxytryptamine.
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level of 5-HTP in feces and 5-HT in hippocampus, our findings

indicated that Firmicutes, especially genus Lactobacillus, might play

a key role in the onset of depression via tryptophan metabolism.
Data availability statement

The datasets presented in this study can be found in online

repositories. The names of the repository/repositories and accession

number(s) can be found below: https://www.ncbi.nlm.nih.gov/

bioproject/PRJNA909169.
Ethics statement

This study was performed according to the National Institutes

of Health’s Animal Research Guide, and Ethics Committee of

Chongqing Medical University reviewed and approved this study.
Author contributions

YW, JX, W-TW and J-JC performed material preparation, data

collection and analysis. JX, W-TW and J-JC wrote the first draft of

the manuscript. QZ, DW, LN, SW and YZ performed model built,

software and methodology. YW conducted writing-reviewing and

editing. All authors contributed to the article and approved the

submitted version.
Frontiers in Cellular and Infection Microbiology 08
Funding

This work was supported by the Natural Science Foundation of

Chongqing (cstc2021jcyj-msxmX0096, cstc2021jcyj-msxmX0084).
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fcimb.2023.1121445/

full#supplementary-material
References
Affatato, O., Moulin, T. C., Pisanu, C., Babasieva, V. S., Russo, M., Aydinlar, E. I.,
et al. (2021). High efficacy of onabotulinumtoxinA treatment in patients with comorbid
migraine and depression: a meta-analysis. J. Transl. Med. 19 (1), 133. doi: 10.1186/
s12967-021-02801-w

Bai, S., Xie, J., Bai, H., Tian, T., Zou, T., and Chen, J. J. (2021). Gut microbiota-
derived inflammation-related serum metabolites as potential biomarkers for major
depressive disorder. J. Inflammation Res. 14, 3755–3766. doi: 10.2147/JIR.S324922

Bravo, J. A., Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M., Dinan, T. G.,
et al. (2011). Ingestion of lactobacillus strain regulates emotional behavior and central
GABA receptor expression in a mouse via the vagus nerve. Proc. Natl. Acad. Sci. U S A.
108 (38), 16050–16055. doi: 10.1073/pnas.1102999108

Cai, W., Wang, X. F., Wei, X. F., Zhang, J. R., Hu, C., Ma, W., et al. (2022). Does
urinary metabolite signature act as a biomarker of post-stroke depression? Front.
Psychiatry 13, 928076. doi: 10.3389/fpsyt.2022.928076

Cai, T., Zheng, S. P., Shi, X., Yuan, L. Z., Hu, H., Zhou, B., et al. (2022). Therapeutic
effect of fecal microbiota transplantation on chronic unpredictable mild stress-induced
depression. Front. Cell Infect. Microbiol. 12, 900652. doi: 10.3389/fcimb.2022.900652

Carlessi, A. S., Borba, L. A., Zugno, A. I., Quevedo, J., and Réus, G. Z. (2021). Gut
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