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� Three important ”metabolite type-
bacterial genus” correlated pairs were
identified.

� Peripheral and central GP metabolism
was disordered in depressed mice.

� Four differential NEs from tryptophan
pathway in hippocampus were found.

� ‘‘Firmicutes-SCFAs-GP metabolism-
Tryptophan pathway” was possible
way in gut-brain.
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Introduction: Although researchers have done intensive research on depression, its pathogenesis is still
not fully explained. More and more evidence suggests that gut microbiota is closely related to the onset
of depression; but its specific functional ways are not clearly identified.
Objectives: The purpose of our work was to find out how the gut microbiota was involved in the onset of
depression, and to identify the potential ways to link the gut and brain in mice with depressive-like beha-
viors (DLB).
Methods: We used the chronic restraint stress (CRS)-induced depression model here. Gut microbiota
compositions in fecal samples, lipid metabolism (in fecal, serum and hippocampus samples) and neuro-
transmitters in hippocampus samples were detected.
Results: We found that the 7 of 13 differential genera that significantly correlated with DLB belonged to
phylum Firmicutes. The differential lipid metabolites in fecal samples mainly belonged to glyceropho-
spholipids (GP) and fatty acids (FA) metabolism, and three important ‘‘metabolite type-bacterial taxa”
correlated pairs were identified: ‘‘FA/GP-Firmicutes”, ‘‘FA/GP-Akkermansia”, and ‘‘FA/GP-
Bifidobacterium”. The key differential lipid metabolites significantly correlated with DLB mainly belonged
to FA and GP, and the DLB-related metagenomic genes were consistently enriched in GP metabolism and
FA metabolism. Three significantly changed short-chain fatty acids (SCFAs) were significantly correlated
with the majority of differential genera. Meanwhile, we found that the differential lipid metabolites in
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serum and hippocampus samples were mainly mapped into the GP metabolism, and there were four dif-
ferential neurotransmitters from the tryptophan pathway in hippocampus samples.
Conclusion: Together, our findings could provide novel insights into the role of ‘‘microbiota-gut-brain”
(MGB) axis in depression, and indicate that the gut microbiota might have a vital role in the onset of
DLB by affecting the peripheral/central GP metabolism and tryptophan pathway. The ‘‘Firmicutes-
SCFAs-GP metabolism-Tryptophan pathway” might be a possible way to link the gut and brain in
depressed mice.
� 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Depression is a common mental disease that causes heavy eco-
nomic burdens to individuals and society [1]. Although many
researchers have done intensive investigation on depression
[2-4], its pathophysiological mechanisms still remain mostly
obscure, and an objectively diagnostic method is also unavailable.
Currently, most of relevant researches mainly emphasize the role
of molecular brain dysfunction in depression [4]. However, based
on these theories, no definitive biomarkers for depression have
been found so far; and only half of depression patients show a good
response to medication treatment [5,6]. Thus, more researches are
necessary for a comprehensive understanding in the pathogenesis
of depression.

Gut microbiota is important to the maintenance of host home-
ostasis. It has been extensively investigated for its effect on the
host’s behaviors and brain function through ‘‘microbiota-gut-brai
n” (MGB) axis [7,8]. For example, it plays a role in the onset of
depressive states by interacting with external environmental sig-
nals and internal systems [9]; and there is evidence that the dis-
ruption of gut microbiota is associated with the pathophysiology
of depression [10]. Comprehensive literature analyses showed that
compared to healthy subjects, depression patients had the signifi-
cant differences in gut microbiota composition [11,12]. In our pre-
vious studies, the disturbance of gut microbiota was found in
depression patients [13-15], and these changes were different to
the differential gut microbiota compositions in both schizophrenia
and bipolar disorder patients [14,15]. Moreover, after being trans-
planted with gut microbiota from depressed individuals, the germ-
free mice present depressive- and anxiety-like behaviors [14,18].
These findings suggest a causal role of gut microbiota in the onset
of depression [7].

Nonetheless, some crucial questions have not been clearly
demonstrated yet. There are knowledge gaps between the disor-
dered gut microbiota and the onset of depression. Previous studies
suggested that gut microbiota might be involved in the onset of
depression through activating immune system and vagus nerve
[19], or by producing metabolites and compounds with neuroac-
tive properties [20]. Lipids make up > 50% of the brain’s dry weight,
and lipid metabolism is very important to brain functions [21]. As a
key regulator of lipid metabolism, gut microbiota could signifi-
cantly affect the peripheral and central lipid metabolism of the
host [22]. Our previous findings showed that it could affect the
lipid metabolism of brain tissues (hippocampus, prefrontal cortex)
in mice [23,24]. Meanwhile, we also identified some differential
molecules closely related to lipid metabolism in the blood and
urine of depression patients [25,26]. Therefore, alterations in lipid
metabolism may explain the link between microbiota alteration
and depression.

To further explore the possible functions of lipid metabolism in
the onset of depression, 16S rRNA gene sequencing analysis was
firstly used here to identify the differential gut microbiota in
depressed mice (DM). Then, the whole-genome shotgun metage-
nomics analysis was conducted to find out the potential functions
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of the differential gut microbiota. Fecal metabolome is viewed as
the functional readout of the gut microbiota [27]. Thus, the lipido-
mics analysis of fecal samples was conducted here using liquid
chromatography-mass spectrometry (LC-MS). In addition, central
and peripheral lipids play an important role in depression. Hence,
the lipidomics analysis of serum and hippocampus was also per-
formed using LC-MS. Since neurotransmitters have an important
role in depression, we analyzed the changes of neurotransmitters
in the hippocampus of DM. Integrating these multi-omics data,
we sought to find out how the gut microbiota was involved in
the onset of depression, and identify the potential way to link
the gut and brain in DM.

Methods and materials

Ethics statement

All experiments involving mice were performed in accordance
with the ethical policies and procedures approved by the Animal
Care Welfare Committee of Guizhou Medical University (No.
2001159).

Experimental animal

Guizhou Medical University offered the male adult C57 black 6
(C57BL/6) mice (age, 8–12 weeks). The mice were isolated and
housed under the standard conditions. As the food is one of the
main drivers of gut microbiome changes; thus, all the mice
received the same food (laboratory mice diet) to rule out the
potential effects of food type on the gut microbiota. We used the
chronic restraint stress (CRS) model of depression in this study.
The mice were randomly assigned to the control group or experi-
mental group. The procedure of CRS was conducted according to
our previous studies [28-30]: in the control group, the mice
(n = 10) could freely access to food and water. In the experimental
group, the mice (n = 10) were exposed to CRS for four hours per day
by placing them in 50 ml-plastic tubes with several holes on the
tubes to keep air flow. They were under food and water deprivation
during the restraint time. The total process continued for 28 con-
secutive days.

Behavioral tests

All behavioral tests were conducted according to our previous
studies [28-30]. Depressive-like behaviors (DLB) were evaluated.
Briefly, we calculated the total distance, center distance (CD), cen-
ter time (CT) and number of rearing (RN) in the open field test
(OFT), the immobility time (IT) in the forced swim test (FST), the
sucrose preference (SPF) in the sucrose preference test (SPT). Both
OFT and FST continued for six minutes, and data from the last five
minutes was collected. In SPT, the test continued for 24 h. At the
endpoint of model building, the fecal samples of the two groups
were collected and immediately stored at �80 �C under sterile
conditions.
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16S rRNA gene sequence and metagenomic analysis

The 16S rRNA gene sequence analysis is conducted according to
our previous studies [14,28]. The alpha diversity is assessed using
four parameters (simpson, phylogenetic diversity, shannon, and
chao), and the beta diversity is assessed using principal coordinate
analysis (PCoA). The microbial communities’ diversity and the dif-
ference of bacterial communities between the control mice (CM)
and DM are assessed using alpha diversity and beta diversity,
respectively. The linear discriminant analysis Effective Size (LEfSe)
is conducted to identify the statistically and significantly different
genus. Meanwhile, the metagenomic analysis is also conducted
according to our previous studies [14,16]. Briefly, we used the
Bayesing model averaging to remove the reads belonging to the
mice’s reference genome. The metagenomic genes are aligned into
Kyoto Encyclopedia of Genes and Genomes (KEGG) genes using
BLASTP (expectation value, 1e�5), and then KEGG is used to anno-
tate the function of nonredundant genes.

Lipid metabolites identification and neurotransmitters detection

The lipid metabolites in three kinds of biological samples (fecal,
serum and hippocampus) are detected. The detailed information of
metabolites detections is described in Supplementary File 1. The
orthogonal partial least-squares discriminant analysis (OPLS-DA)
is conducted here to find the differential lipid metabolites between
CM and DM. According to the number of samples used to build the
model, the metabolites with the absolute value of regression
coefficient > 0.632 (equivalent to a p-value < 0.05) are identified
as the key differential metabolites responsible for the discrimina-
tion between CM and DM. Meanwhile, 15 neurotransmitters in
the tryptophan pathway in hippocampus samples are detected:
5-hydroxytryptophan, Tryptophan, 5-hydroxyindoleacetic acid, 3-
hydroxyanthranilic acid, Tryptamine, Tryptopholle, Kynurenine,
Kynurenic acid, N-acetyl serotonin, Homovanillic acid, 5-
hydroxytryptamine (5-HT), Indole-3-carboxaldehyde, Indolelactic
acid, Melatonine and Histamine. The detailed information of neu-
rotransmitters detections is described in Supplementary File 1.

Statistical analysis

The SPSS version 20 and R software 3.6 are used to do all the
statistical analyses. The regularized canonical correlation analysis
(rCCA) is conducted here to find the ‘‘metabolite type-bacterial
taxa” correlation pairs. To identify key DLB-related metabolic mod-
ules, the weighted correlation network analysis (WGCNA) is con-
ducted here. The Benjamini and Hochberg False Discovery
method is conducted here to adjust the p-value in the multiple sta-
tistical tests. The adjusted p-value < 0.05 is considered as statisti-
cally significant. The investigators are blinded to the group
allocations and outcomes assessments.
Results

Behavioral characteristics in depressed mice

During the period of model building, the food consumption was
not significantly different between the two groups (p = 0.57),
although the depressed mice had the lower food consumption. In
the OFT, we found that the total distances between the two groups
were similar, but there were significant differences in CD
(p = 0.0101, Fig. 1A), CT (p = 0.0018, Fig. 1B) and RN (p = 0.0174,
Fig. 1C) between the two groups. The results of FST showed that
compared to CM, DM had a significantly increased IT (p = 0.0044,
Fig. 1D). At baseline, both SPF and body weight (BW) were similar
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between the two groups; but in the end, both SPF (p = 0.0219,
Fig. 1E) and BW (p = 0.0195, Fig. 1F) were significantly lower in
DM than in CM. These phenomenon were consistent with our pre-
vious findings [28-30], confirming the effectiveness of CRS in
building the model of depression.

Differential gut microbiota compositions

Firstly, the alpha diversity was assessed using four parameters,
and no significant difference was observed between DM and CM
(Supplementary Fig. 1).However, the PCoA found that thegutmicro-
bial community compositions were significantly different between
DM and CM (p = 0.0030) (Fig. 2A). The relative abundance on the
Family level was described in Fig. 2B. There were three significantly
increased bacteria taxa (Ruminococcaceae, p = 0.0004; Atopobi-
aceae, p = 0.011; Bacillaceae, p = 0.025) and seven significantly
decreased bacteria taxa (Butyricicoccaceae, p = 0.006; Veillonel-
laceae, p = 0.006; Bifidobacteriaceae, p = 0.022; f_norank_o_
Rhodospirillales, p = 0.006; Sutterellaceae, p = 0.026; Akkermansi-
aceae, p = 0.043; Mitochondria, p = 0.030) on Family level in DM.
The four of 10 differential bacteria taxa on the Family level belonged
to phylum Firmicutes. As shown in Fig. 2C, the dominant bacteria
taxa on Family level in CM were Muribaculaceae (19.46%), Lach-
nospiraceae (19.16%), Lactobacillaceae (17.73%), Bacillaceae
(8.28%), Akkermansiaceae (5.42%), and Helicobacteraceae (5.17%);
the dominant bacteria taxa on Family level in DM were Lactobacil-
laceae (23.76%), Lachnospiraceae (7.57%), Bacillaceae (17.20%),
Muribaculaceae (14.07%), Ruminococcaceae (13.62%) and Atopobi-
aceae (5.14%). The differences of gutmicrobiota on other levelswere
displayed in Supplementary Fig. 2.

Differential lipid-related metagenomic genes

12 fecal samples (n = 6 from DM, n = 6 from CM, randomly)
were used for metagenomic analysis. In total, we identified 350 dif-
ferential lipid-related metagenomic genes: 187 down-regulated
genes and 163 up-regulated genes in DM. Among these genes,
there were 118 FA-related genes, 61 GL-related genes, 92 GP-
related genes, 50 SP-related genes, 10 ST-related genes and 19
other lipid-related genes. The correlation analyses between differ-
ential genes and DLB showed that there were 112, 111, 41, 126,
148 and 48 differential genes significantly correlated with CD, CT,
RN, SPF, IT and BW, respectively. Functional analysis suggested
that these DLB-related genes mainly clustered on GP metabolism,
FA metabolism, SP metabolism and GL metabolism (Fig. 3).

Differential fecal lipid metabolites

The discrimination model built with fecal metabolites showed a
clear separation between CM and DM (Fig. 4A). According to the
coefficient loading plot of the built model, 240 differential metabo-
lites with absolute value of regression coefficient > 0.632 were
identified. These differential metabolites belonged to Glycerophos-
pholipids (GP) (n = 66, 27.5%), Fatty acids (FA) (n = 66, 27.5%), Pre-
nol lipids (PR) (n = 36, 15%) and Glycerolipids (GL) (n = 30, 12.5%),
Steroids and steroid derivatives (ST) (n = 19, 7.92%), Carboxylic
acids and derivatives (CA) (n = 13, 5.42%), Sphingolipids (SP)
(n = 6, 2.5%), Indoles and derivatives (ID) (n = 4, 1.67%). Heat
map of these differential metabolites showed a clear distinction
between CM and DM (Fig. 4B). The detailed information of these
differential metabolites was described in Supplementary Table 3.

Correlations between differential genera and DLB

20 genera responsible for discriminating CM and DM using
LEfSe (Fig. 3 and Supplementary Table 1) were identified. Com-



Fig. 1. DLB in chronic restraint stress-induced depressed mice. A-C) DM showed the significantly decreased CD (%) (A), CT (%) (B) and RN (C) in OFT; D) the IT in FST was
significantly higher in DM than in CM; E) the SPF in SPT was significantly decreased in DM than in CM; F) the body weight at 4 week was significantly lower in DM than in CM.
DM, depressed mice; CM, control mice; CD, center distance; CT, center time; RN, the number of rearing; IT, immobility time; SPF, sucrose preference; OFT, open field test; FST,
forced swimming test; SPT sucrose preference test.
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pared with CM, DM were characterized by 5 increased genera
(unclassified_f_Erysipelatoclostridiaceae, norank_f_Ruminococ-
caceae, Coriobacteriaceae_UCG-002, Bacillus, unclassified_k_nor
ank_d_Bacteria), and 15 decreased genera (Akkermansia, Blautia,
Parasutterella, norank_f_Lachnospiraceae, GCA-900066575, Veil-
lonella, Butyricicoccus, Bilophila, Alloprevotella, norank_f_nor
ank_o_Rhodospirillales, Faecalibaculum, Peptococcus, Bifidobac-
terium, Negativibacillus, norank_f_Mitochondria) (LDA > 2.0 and
p-value < 0.05). Interestingly, 55% of the genera (11/20) belonged
to the phylum Firmicutes. Among the significantly changed genera,
there were 13 genera significantly linked with DLB, especially BW,
SPF, RN and CT (Fig. 5). The 7 of 13 genera that significantly corre-
lated with at least one behavioral phenotype belonged to phylum
Firmicutes. In addition, 80 differential OTUs (11 increased OTUs
and 69 decreased OTUs in DM) between the two groups were iden-
tified, and the majority of the OTUs (50/80, 62.5%) also belonged to
the phylum Firmicutes (Supplementary Table 2).
‘‘Metabolite type-bacterial taxa” correlation pairs

The rCCA results found that the contributions to the overall cor-
relations between these differential fecal lipid metabolites and dif-
ferential genera were mainly from the FA, GP and five differential
genera. These five differential genera significantly correlated with
most differential metabolites were Bifidobacterium, Akkermansia,
GCA-900066575, Negativibacillus and Butyricicoccus (Fig. 6). The
genus GCA-900066575, Negativibacillus and Butyricicoccus were
under phylum Firmicutes. In total, 37 differential FA and 35 differ-
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ential GP were significantly correlated with genera under phylum
Firmicutes. In addition, 27 differential FA and 21 differential GP
were significantly correlated with Akkermansia; 28 differential FA
and 16 differential GP were significantly correlated with Bifidobac-
terium. Considering the biological significance and variable
abundance, ‘‘FA/GP-Firmicutes”, ‘‘FA/GP-Akkermansia”, and
‘‘FA/GP-Bifidobacterium” were viewed as the key ”metabolite
type-bacterial taxa” correlated pairs.
Perturbed lipid metabolic modules in DM

LC-MS was used here to identify differential lipid metabolites in
serum and hippocampus. We found that the metabolic signatures
in these samples were also significantly different between CM
and DM (Supplementary Fig. 3), and the identified differential lipid
metabolites in both serum and hippocampus samples mainly
belonged to GP (Supplementary Table 3). To explore the possible
DLB-related metabolic modules of the MGB axis, we used all iden-
tified differential lipid metabolites from fecal, serum and hip-
pocampus samples to conduct WGCNA analysis. This method
clustered these differential metabolites into five different modules
(Fig. 7A), in which three modules (yellowmodule, blue module and
turquoise module, Fig. 7B-D) were significantly correlated with at
least one kind of DLB. The turquoise module, the largest one, was
significantly associated with five DLB; the lipid metabolites that
comprised this module mainly belonged to peripheral and central
FA and GP metabolism. For the other modules, the primary lipid
metabolites also mainly belonged to those metabolic pathways.



Fig. 2. Disordered gut microbiota in depressed mice. A) The principal coordinate analysis showed the obvious differences in the gut microbial compositions between CM
and DM; B) the relative abundance on Family level between CM and DM; C) the dominant bacteria taxa on Family level in the two groups. DM, depressed mice; CM, control
mice.
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Correlations between differential neurotransmitters, genera and
behaviors

Neurotransmitters in brain could provide valuable information
concerning the pathogenesis of depression. In this study, we found
that four neurotransmitters in the Tryptophan pathway were
significantly decreased in the hippocampus of DM: Tryptophan,
5-hydroxyindoleacetic acid, 5-HT, and Indolelactic acid. The
Fig. 3. Correlations between differential genera and DLB. DM, depressed mice; CM, c
center time; BW, body weight; RN, rearing number.
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correlations between differential neurotransmitters, genera and
DLB were described in Fig. 8. The results showed that the Trypto-
phan was significantly correlated with five differential genera
(Parasutterella, Butyricicoccus, Negativibacillus, Bifidobacterium,
norank_f_Lachnospiraceae) and RN; 5-hydroxyindoleacetic acid
was significantly correlated with three differential genera (Akker-
mansia, Bifidobacterium, unclassified_f_Erysipelatoclostridiaceae);
5-HT was significantly correlated with five differential genera
ontrol mice; CD, center distance; IT, immobility time; SPF, sucrose preference; CT,



Fig. 4. Disturbance of fecal lipid metabolism in DM. A) The orthogonal partial least-squares discriminant analysis showed the divergent metabolic phenotypes between CM
and DM; B) heatmap of the identified differential lipid metabolites. DM, depressed mice; CM, control mice; GP, Glycerophospholipids; ID, Indoles and derivatives; GL,
Glycerolipids; ST, Steroids and steroid derivatives; FA, Fatty acids; CA, Carboxylic acids and derivatives; SP, Sphingolipids; PR, Prenol lipids.
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(GCA-900066575, Butyricicoccus, Negativibacillus, Bifidobac-
terium, Akkermansia) and five kinds of DLB (CD, IT, SPF, BW, CT);
Indolelactic acid was significantly correlated with Butyricicoccus
and two kinds of DLB (CD, RN).

Possible ways connecting gut and brain in depressed mice

The short-chain fatty acids (SCFAs) might act as a bridge
between gut and brain. Three SCFAs (acetic acid, propionic acid
and butyric acid) were found here to be significantly changed in
depressed mice. To identify potential ways connecting gut and
Fig. 5. Differential lipid-related metagenomic genes correlated with DLB. CD, center
weight; RN, rearing number; GP, Glycerophospholipids; FA, Fatty acids; GL, Glycerolipid
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brain in depressed mice, we performed an integrated analysis
using these multi-omics data. As shown in Fig. 9, 11 of 20 differen-
tial genera were significantly correlated with those differential
SCFAs, and these SCFAs were mainly correlated with differential
GP metabolites in serum. The differential serum metabolites that
significantly correlated with those SCFAs were mainly correlated
with differential GP metabolites in hippocampus, and the differen-
tial hippocampus metabolites that significantly correlated with
differential serum metabolites were significantly correlated with
these differential neurotransmitters in Tryptophan pathway. Based
on these results, we concluded that ‘‘Firmicutes-SCFAs-GP
distance; IT, immobility time; SPF, sucrose preference; CT, center time; BW, body
s; SP, Sphingolipids.



Fig. 6. ‘‘Metabolite type-bacterial taxa” correlation pairs. GP, Glycerophospholipids; ID, Indoles and derivatives; GL, Glycerolipids; ST, Steroids and steroid derivatives; CA,
Carboxylic acids and derivatives; FA, Fatty acids; SP, Sphingolipids; PR, Prenol lipids.

Fig. 7. Metabolomic correlations with DLB. A) Heatmap of the correlation coefficients between DLB and metabolomic modules. Green and red squares indicated positive
and negative correlation, respectively; B-D) the number of metabolites in each module that was significantly correlated with at least one kind of DLB. CD, center distance; IT,
immobility time; SPF, sucrose preference; CT, center time; BW, body weight; RN, rearing number. GP, Glycerophospholipids; ID, Indoles and derivatives; GL, Glycerolipids; ST,
Steroids and steroid derivatives; FA, Fatty acids; CA, Carboxylic acids and derivatives; SP, Sphingolipids; PR, Prenol lipids; SL, Saccharolipids.
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Fig. 8. Correlations between differetial neurotransmitters, genera and behaviors. CD, center distance; IT, immobility time; SPF, sucrose preference; CT, center time; BW,
body weight; RN, rearing number.
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metabolism-Tryptophan pathway” might a possible way to link gut
and brain in depressed mice.
Discussion

More and more evidence suggests that the disturbed gut micro-
biota has a close relationship with the depression pathology, but
the specific mechanisms are still not identified. In this study, we
observed the obvious DLB in DM, and DM was characterized by
the alternations of gut microbiota compositions, metabolic prod-
ucts, and neurotransmitters in the MGB axis. Our findings outlined
the landscapes and interactions networks of differential gut micro-
biota, fecal lipid metabolites, peripheral/central lipid metabolism
Fig. 9. Possible ways connecting gu
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and neurotransmitters in DM. These results would be useful in
exploring the role of gut microbiota on the onset of depression.

Loss of appetite is one of the most common symptoms of
depression. In our previous findings, although receiving the same
food type, the depressed mice had significantly lower weight com-
pared to the control mice, along with non-significantly lower food
consumption [14,28,29]. Other studies exploring the relationships
between depression and gut microbiota also reported the similar
results [31-33]. Nowadays, we tend to think that depression is
the cause of loss of appetite, but no causal connection between
food consumption and depression has yet been proven. The food
consumption makes some effects on the gut microbiota, but the
contribution of the lower food consumption to the gut micriobiota
alterations is still unclear. Madison et al. reported that gut micro-
biota could modulate the host’s mood and food cravings, and the
t and brain in depressed mice.
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diet and stress could also jointly or independently shape the gut
microbiota [34]. Here, we found that compared to the control mice,
the depressed mice had the significantly lower weight and non-
significantly lower food consumption. Accordingly, we inferred
that the disordered gut microbiota could cause depression, and
then the depression caused the loss of appetite of host. Meanwhile,
the loss of appetite might further cause the dysbiosis of the gut
microbiota.

Gut homeostasis has a significant role in maintaining the host’s
health. In this study, we found that four of 10 differential bacteria
taxa on Family level (Bacillaceae, Ruminococcaceae, Butyricicoc-
caceae and Veillonellaceae) belonged to phylum Firmicutes.
Ruminococcaceae and Veillonellaceae were found to be closely
related to gut health [35]; thus, the significantly changed
Ruminococcaceae and Veillonellaceae indicated the abnormal
microbial status in DM. Interestingly, we found that the majority
of the differential genera (55%) and differential OTUs (62.5%)
belonged to phylum Firmicutes. Consistent with these findings,
our previous study found that 76.7% of differential OTUs in patients
with depression also belonged to phylum Firmicutes [14]. Mean-
while, Jiang et al. reported that the phylum Firmicutes was
decreased in depressed patients [36]. Therefore, these results high-
lighted the importance of phylum Firmicutes gut population as a
possible hallmark of depression.

Chronic stress has a close relationship with the onset and devel-
opment of depression. The continual stress could result in func-
tional and structural alterations in some brain regions [37]. A
systematic review reported that the childhood maltreatment expe-
riences could increase the risk of adult depression and anxiety [38].
Consistent with clinical findings, Zheng et al. found that normal
monkeys imposed continual stress on depressed monkeys, which
finally resulted in the differential microbial compositions of
depressed monkeys [35]. Moreover, researchers found distur-
bances of the gut microbiota in stress-induced depressed rats
[39]. Here, using CRS-induced depression model, we also observed
the significantly different gut microbiota compositions in DM.
These findings suggested that stress might take a part in the onset
of depression by affecting gut microbiota.

A change in diet is the visualized representation from stress to
disordered gut microbiota. Even the mild stressors can change the
dietary habit, in most cases, change to the unhealthy eating (usu-
ally referred to the emotional eaters’ hedonic, taste-based eating).
The unhealthy eating will cause the disturbance of gut microbiota,
and finally result in depression. Matison et al. reported that the
Western diet and fruit/vegetable intakes were associated with an
increased and decreased, respectively, risk of depression [40].
Kazemi et al. found a significant relation between red meat con-
sumption and depression in normal-weight male participants
[41]. Meanwhile, depression can influence food choices. Previous
study reported that the unpleasant or unhappy emotions could
increase the taste-based eating [42]. Another study reported that
stress could slow the host’s response to food cues and result in
the bias to comfort foods [43]. Therefore, considering the effects
of stress on both dietary habits and gut microbiota, there might
be synergistic effects between diet changes and the disordered
gut microbiota in causing depression.

Previous studies reported that the disorder of lipid composi-
tions in the brain might be closely related to the onset of neuropsy-
chiatric diseases, such as depression and autism [44,45]. Many
studies, including our work, have found that the peripheral and
central lipid metabolism in depressed patients was significantly
disordered [46,47]. However, the possible roles of lipid metabolism
in depression are still unclear. In this study, the disordered meta-
bolic modules involving in GP and FA metabolism were found to
be significantly correlated with DLB. The DLB-related metagenomic
genes also mainly clustered on GP metabolism and FA metabo-
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lisms. Consistent with our results, Zhang et al. reported that the
chronic unpredictable mild stress could cause the disturbance of
lipid metabolism in the hippocampus of depressed rats [48]. Mean-
while, our previous findings showed that gut microbiota could sig-
nificantly affect the lipid metabolism, especially GP metabolism in
the brain tissues of mice [23,24]. Considering the differential lipid
metabolites in serum and hippocampus in this study mainly
belonged to GP, we concluded that the disturbances of gut micro-
biota might be a root factor in the onset of DLB through shaping
peripheral and central GP metabolism in DM.

SCFAs, as the main gut microbiota-derived metabolites, could
serve as signaling molecules between other organs and gut micro-
biota. Recent evidence suggested that the changes in gut micro-
biota compositions and SCFAs might directly or indirectly be
involved in the onset of depression [49,50]. Evans et al. reported
that the secretion of 5-HT was partly regulated by SCFAs [51].
Our previous animal study also found that gut microbiota, SCFAs
and neurotransmitters had close relationships in depressed mice
[28]. However, the precise mechanism of how gut microbiota
derived SCFAs play a role in the onset of depression is still unclear.
In this study, we found that the disordered gut microbiota (especial
differential genera from phylum Firmicutes) could alter the levels
of acetic acid, propionic acid and butyric acid, which could caused
the disturbance of peripheral and central GP metabolism. As a
result, Tryptophan, 5-hydroxyindoleacetic acid, 5-HT, and
Indolelactic acid were decreased. Our findings provided possible
ways connecting gut and brain in DM, and they were worthy of fur-
ther explorations.

The 5-HT, as a neurotransmitter, plays an important role in the
MGB axis. There is a close relationship between 5-HT and depres-
sion, and 5-HT is widely accepted as target by selective serotonin
reuptake inhibitors. About 90% of 5-HT is produced in the gut,
and the metabolic pathway leading to 5-HT from Tryptophan is
under the control of gut microbiota [52]. Meanwhile, gut
microbial-derived metabolites, such as SCFAs, have a close rela-
tionship with the production of 5-HT. Our previous study found
that the disordered gut microbiota could result in the decreased
level of 5-HT in the hypothalamus of depressed mice [28]. Rao
et al. reported that the level of 5-HT in the depressed mice was sig-
nificantly increased after improving the disturbance of gut micro-
biota [53]. In this study, we found that the decreased level of 5-
HT in the hippocampus of depressed mice was significantly posi-
tively correlated with five differential genera with decreased abun-
dance levels. These results showed that 5-HT might be an agent of
gut microbiota, especially Firmicutes, in modulating the brain
functions.

Combination analysis of metagenomic and metabolic data is a
good method to explore how gut microbiota influences the host’s
health [16,17]. In this study, we used this two-level strategy to
reduce the data complexity and identify the principal
‘‘metabolite-bacterium ‘‘correlation pairs. Finally, we obtained
three key” metabolite type-bacterial taxa” correlated pairs. How-
ever, this strategy may ignore the ‘‘metabolite-bacterium” correla-
tion pairs with high biological meaning, which did not reach
statistical significance. These pairs included ‘‘GL/PL-Akkermansia”,
‘‘GL/PL-Bifidobacterium”, ‘‘GL/PL-GCA-900066575”, ‘‘GL-Butyricicoc-
cus”, and ‘‘FA-Bilophila”. The combined performances of these bac-
teria and metabolite types did not reaching statistical significance,
but these bacteria and metabolites might have important roles in
the communications of brain and gut microbiota [54,55]. There-
fore, those pairs might also provide novel insights on the interac-
tions between gut microbiota and brain, and were worthy of
further investigations.

Small limitations of our studies should be mentioned here: i)
only one emotion-related brain area (hippocampus) was used
here; thus, future studies should take other brain areas into consid-
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eration to identify more novel clues on the interactions between
gut microbiota and depression; ii) only the neurotransmitters in
Tryptophan pathway was analyzed in this study. Further studies
are needed to find out whether or not the gut microbiota could
influence other neurotransmitters systems, such as GABAergic or
Catecholaminergic pathway; and iii) the level of calories consumed
in the two groups was not accurately calculated, although the food
consumption was similar between the two groups during the
whole process of model building; thus, future studies should fur-
ther explore the potential effects of the different level of calories
consumed on gut microbiota in the depressed mice.

In conclusion, integrating these multi-omics findings, we char-
acterized the landscapes of altered gut microbiota, lipid metabo-
lites in fecal, serum and hippocampus and neurotransmitters in
the tryptophan pathway, and discovered how these disturbed sig-
natures were involved in the onset of depression. Finally, we found
that the gut microbiota might contribute to the onset of DLB by
affecting the peripheral/central GP metabolism and tryptophan
pathway. The ‘‘Firmicutes-SCFAs-GP metabolism-Tryptophan
pathway” might a potential way to link the gut and brain in DM.
Our findings would advance our understanding of the relationship
between gut microbiota and depression.
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