',\' frontiers

in Neuroscience

ORIGINAL RESEARCH
published: 19 July 2021
doi: 10.3389/fnins.2021.701355

OPEN ACCESS

Edited by:
Sahar EI-Aidy,
University of Groningen, Netherlands

Reviewed by:

Aurelijus Burokas,

Vilnius University, Lithuania
Juan C. Saez,

Pontificia Universidad Catdlica
de Chile, Chile

*Correspondence:
Peng Xie
Xiepeng@cgmu.edu.cn

Specialty section:

This article was submitted to
Neuroenergetics, Nutrition and Brain
Health,

a section of the journal

Frontiers in Neuroscience

Received: 27 April 2021
Accepted: 09 June 2021
Published: 19 July 2021

Citation:

Gong X, Huang C, Yang X,

Chen J, Pu J, He Y and Xie P (2021)
Altered Fecal Metabolites and Colonic
Glycerophospholipids Were
Associated With Abnormal
Composition of Gut Microbiota in a
Depression Model of Mice.

Front. Neurosci. 15:701355.

doi: 10.3389/fnins.2021.701355

Check for
updates

Altered Fecal Metabolites and
Colonic Glycerophospholipids Were
Associated With Abnormal
Composition of Gut Microbiota in a
Depression Model of Mice

Xue Gong'23, Cheng Huang*, Xun Yang'?, Jianjun Chen®, Juncai Pu’23, Yong He’2% and
Peng Xie'23*

"NHC Key Laboratory of Diagnosis and Treatment on Brain Functional Diseases, The First Affiliated Hospital of Chongqing
Medical University, Chongqing, China, 2 Department of Neurology, The First Affiliated Hospital of Chongqing Medical
University, Chongqing, China, ° Chongqing Key Laboratory of Neurobiology, Chonggqing, China, * Department of Neurology
and Stroke Center, The First Affiliated Hospital of Jinan University, Clinical Neuroscience Institute of Jinan University,
Guangzhou, China, ° Institute of Life Sciences, Chongqing Medical University, Chongqing, China

The microbiota—gut-brain axis has been considered to play an important role in
the development of depression, but the underlying mechanism remains unclear. The
gastrointestinal tract is home to trillions of microbiota and the colon is considered an
important site for the interaction between microbiota and host, but few studies have
been conducted to evaluate the alterations in the colon. Accordingly, in this study,
we established a chronic social defeated stress (CSDS) mice model of depression.
We applied 16S rBNA gene sequencing to assess the gut microbial composition
and gas and liquid chromatography—mass spectroscopy to identify fecal metabolites
and colonic lipids, respectively. Meanwhile, we used Spearman’s correlation analysis
method to evaluate the associations between the gut microbiota, fecal metabolites,
colonic lipids, and behavioral index. In total, there were 20 bacterial taxa and
18 bacterial taxa significantly increased and decreased, respectively, in the CSDS
mice. Further, microbial functional prediction demonstrated a disturbance of lipid,
carbohydrate, and amino acid metabolism in the CSDS mice. We also found 20
differential fecal metabolites and 36 differential colonic lipids (in the category of
glycerolipids, glycerophospholipids, and sphingolipids) in the CSDS mice. Moreover,
correlation analysis showed that fecal metabolomic signature was associated with the
alterations in the gut microbiota composition and colonic lipidomic profile. Of note,
three lipids [PC(16:0/20:4), PG(22:6/22:6), and PI(18:0/20:3), all in the category of
glycerophospholipids] were significantly associated with anxiety- and depression-like
phenotypes in mice. Taken together, our results indicated that the gut microbiota might
be involved in the pathogenesis of depression via influencing fecal metabolites and
colonic glycerophospholipid metabolism.

Keywords: microbiota-gut-brain axis, chronic social defeated stress, gut microbiota, fecal metabolome, colonic
lipids, glycerophospholipids
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INTRODUCTION

Depression is a debilitating mood disorder, characterized by
the core symptoms of low mood, loss of interest, and even
suicidal ideation (Cipriani et al., 2016). The lifetime prevalence
of depression is evaluated to be around 20% and has been on
the rise in recent decades, which has imposed not only a social
and economic burden but is predicted to be a leading cause
of global disability (Pu et al, 2020). Increasing studies have
demonstrated that depression is greatly influenced by genetic
and environmental factors (Li et al., 2016; Hiils et al., 2020).
Various theories, such as neurotransmission disorder (Boonstra
et al., 2015), endocrine imbalance (Liu S. et al, 2020) and
immune dysregulation (Wu et al., 2016; Makris et al., 2020), have
been proposed to explain the pathophysiology of this disease.
However, antidepressant therapies based on these prevailing
theories merely relieve clinical symptoms in about 40-50% of
depressive patients (Warden et al., 2007; Voineskos et al., 2020).
Thus, it is of great significance to find novel potential molecular
mechanisms underlying depression.

Recently, the concept of the microbiota-gut-brain (MGB)
axis has been proposed and garnered much attention with
suggestions it may contribute to breakthroughs in understanding
the etiology and pathophysiology of depression (Burokas et al.,
2017; Wu et al, 2020). Several human studies have found
disparities in gut microbiota composition between depressive
patients and healthy controls at various taxonomic levels (Jiang
et al,, 2015; Chen J.-J. et al, 2020). At the phylum level, the
relative abundances of Firmicutes, Bacteroidetes, Proteobacteria,
and Actinobacteria were observed to be significantly altered.
Similar changes were also observed in animal models of
depression (Yu et al,, 2017; Tillmann et al., 2019). Intriguingly,
our previous work in rodents demonstrated that fecal microbiota
transplantation from depressive patients to germ-free mice
could induce depression-like behaviors in mice (Zheng et al,
2016). Other preclinical studies showed that supplementation
with single- or multistrain probiotics, such as Bifidobacteria
(Akkasheh et al., 2016; Tian P. et al, 2019), Lactobacilli
(Akkasheh et al., 2016), and Clostridia (Tian T. et al., 2019),
could modify emotional behaviors. These preliminary results
revealed that gut microbiota plays a crucial role in the onset
and progression of depression. Moreover, emerging evidence
showed that gut microbiota may affect brain function via
factors such as the vagus nerve (Marcondes Avila et al,
2020), short-chain fatty acids (Stilling et al., 2016), and
proinflammatory cytokines (Li et al., 2019). Nevertheless, the
exact mechanism whereby gut microbiota influences the host
remains elusive.

The gastrointestinal (GI) tract is a complex ecosystem
inhabiting the majority of microorganisms in the human body
(Eckburg et al., 2005). In the GI tract, small molecule metabolites
produced by gut microbiota from undigested nutriment can be
absorbed by intestinal epithelial cells, and subsequently provide
energy and deliver external signals for the host (Macia et al.,
2015; Riviere et al., 2016). Large intestine sites such as the colon
show a higher diversity of microbiota (Gu et al., 2013), indicating
it is an important site to explore the relationship between gut

microbiota and the host. However, considerably less research is
available regarding colon tissues and the metabolic profile inside.

Mounting evidence showed that metabolism disorder
was involved in the MGB axis of depression, especially
lipid metabolism disorder. Our latest findings revealed that
microbiota dysbiosis was associated with disturbed hippocampal
glycerophospholipid metabolism in female cynomolgus macaque
who exhibited naturally occurring depression-like behaviors
(Zheng et al., 2020). Consistently, we also observed disturbed
lipid metabolism in the prefrontal cortex of germ-free mice
(Chen et al., 2019). Thus, we hypothesized that gut microbiota
might influence lipid metabolism in the colon as well, which
might be an important link in the gut-brain interaction.

Thus, in this study, we established a mouse model of
depression and applied multi-omics techniques (16S rRNA
gene sequencing, non-target metabolomics, and lipidomics) to
investigate the associations between the gut microbiota and GI
tract. Our preliminary findings may enrich our understanding of
the MGB axis in depression and provide useful information for
further targeted experiments.

MATERIALS AND METHODS

Animals and Ethics Statement

Male C57BL/6] mice (6-8 weeks of age, n = 20) were purchased
from the experimental animal facility of Chongqing Medical
University (Chongging, China). Since the social defeat model
of depression involves conflict stress (i.e., physical threat) from
a more dominant resident counterpart, we also purchased CD1
male breeders (8 weeks of age, n = 40) to be used as aggressors
for this investigation. Prior to defeat stress—exposure, CD1
aggressors were singly housed, while C57BL/6] mice were housed
in groups of five, in standard polypropylene cages containing
wood shavings. Mice were maintained in a standard condition
with a 12-h light/dark cycle (lights on at 7:00 am), temperature
of 22 + 1°C, relative humidity of 40-60%, and with access
to food and water ad [libitum. Experiments were conducted
in compliance with the National Institutes of Health’s Animal
Research Guide, and with approval of the Ethics Committee of
Chongqing Medical University. Efforts were made to use the
minimum number of animals.

Experimental Design and Behavioral
Tests

The flowchart of the entire experimental schedule is presented
in Figure 1A. Prior to the CSDS procedure, all CD1 mice were
screened as aggressor candidates (Wang et al., 2016). Meanwhile,
all C57BL/6] mice were acclimated in the experimental room for
a week and randomly divided into control and CSDS groups.
Then, the body weight (BW) of each C57BL/6] mouse was
measured as baseline. After that, C57BL/6] mice in the CSDS
group were subjected to social defeated stress for 10 consecutive
days (Wang et al., 2016). Subsequently, all C57BL/6] mice
underwent behavioral tests, including BW, a social interaction
test (SIT), sucrose preference test (SPT), open field test (OFT),
elevated plus maze (EPM), tail suspended test (TST), and forced
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swimming behavior test (FST). When behavioral tests were
completed, C57BL/6] mice were anesthetized and then sacrificed
by dislocation of the cervical vertebrae. Feces and colon tissues
were collected, rapidly frozen with liquid nitrogen, and stored
at —80°C until the assay. For the purpose of our study, CSDS-
treated mice with an SI ratio > 1 were considered stress-resilient
and were excluded from subsequent multi-omics experiments.
More details are presented in the Supplementary Materials.

16S Ribosomal RNA (16S rRNA) Gene
Sequencing
The total microbial DNA from fecal samples (n = 10/8,
control/CSDS) was extracted using the E.ZN.A.® soil DNA
Kit (Omega Bio-tek, Norcross, GA, United States) according
to the manufacturers instructions. After DNA concentration
determination, purification, and quality evaluation, the V3-V4
region of the 16S rRNA gene was amplified with primers 338F
and 806R (Zheng et al., 2019) by a thermocycler PCR system
(GeneAmp 9700, ABI, United States). The PCR products were
checked by 2% agarose gel electrophoresis, further purified by the
AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union
City, CA, United States), and quantified by QuantiFluor™-
ST (Promega, United States). Then high-throughput sequencing
was performed on an Illumina MiSeq platform (Illumina, San
Diego, CA, United States) according to the standard protocols
by Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).
After quality filtering the obtained raw gene sequences, the
remaining sequences with >97% similarity were classified into
the same operational taxonomic units (OTUs) using UPARSE
(version 7.1)', and chimeric sequences were identified and
removed using UCHIME. The taxonomy of each 16S rRNA
gene sequence was analyzed by RDP Classifier’ against the Silva
(SSU123) 16S rRNA database using a confidence threshold of
70%. More details are displayed in the Supplementary Materials.
The a-diversity was evaluated by the indexes: richness (Ace
and Chao), evenness (Shannon), and global diversity (Simpson).
The B-diversity was calculated based on weighted UniFrac
algorithms and presented according to principal coordinate
analysis (PCoA). Further, the differential bacterial taxa were
identified by the linear discriminant analysis (LDA) effect
size (LEfSe) method, and LDA scores ranked the dominant
bacterial taxa responsible for discrimination between the two
groups. The potential pathways of the altered gut microbiota
were predicted using Phylogenetic Investigation of Communities
by Reconstruction of Unobserved STates (PICRUSt) analysis
based on the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database.

Metabolome Analysis Based on Gas
Chromatography-Mass Spectrometry
(GC-MS)

This protocol was in accordance with the previous study (Yang
Y. et al, 2019), with minor modifications. First, fecal samples

Uhttp://drive5.com/uparse/
Zhttp://rdp.cme.msu.edu/

(n = 10/8, control/CSDS) were dehydrated in a SpeedVac
(Thermo SPD111V) for 3 h and weighed into 2 mL screw-cap
tubes, for extraction. Then, 600 |LL of the extraction solvent (80%
methanol) containing internal standard (10 mM of L-alanine-
2,3,3,3-d4) was added into each tube. Later, the stool-solvent
mix was homogenized for 5 min and further dissociated by
sonication. After centrifugation at 16,000 x g for 15 min, the
supernatant was individually isolated and dried. Finally, the dried
fecal extracts were derivatized based on a methyl chloroformate
(MCF) approach and prepared for GC-MS analysis. More
details about MCF and GC-MS protocols are displayed in the
Supplementary Materials.

The raw mass spectra data obtained from GC-MS were
processed by AMDIS software referring to the in-house
library (detailed in the Supplementary Materials). The relative
abundance of identified metabolites was adjusted to Gaussian
distribution via log transformation prior to data analysis. The
normalized data were introduced into SIMCA-P 14.1 software
(Umetrics, Umeaa, Sweden) and then subjected to partial
least-squares discriminant analysis (PLS-DA). Furthermore,
a permutation test (200-iteration) was performed to assess
whether there was a non-randomness of separation. By
analysis of PLS-DA loadings plot, the metabolites with variable
importance in projection (VIP) > 1.0 were considered key
metabolites contributing to discrimination between the two
groups. Meanwhile, Student’s t-test was used to calculate
the p-value of each metabolite. Only metabolites with a
p-value < 0.05 and VIP > 1.0 were considered to be significantly
differential metabolites for subsequent pathway analysis (Yang
L. N. et al, 2019). The predicted metabolic pathways were
determined by our Pathway Activity Profiling R package based
on the KEGG database (Han et al., 2019).

Lipidome Analysis Based on Liquid
Chromatography-Mass Spectrometry
(LC-MS)

This process was conducted as our previous study (Chen et al.,
2019). First, frozen colon tissues (n = 10/8, control/CSDS) were
thawed at 4°C and then transferred into 2 mL screw-cap tubes.
Secondly, 200 wL of pre-cooled ultrapure water, 240 pwL of
cold methanol, and 800 wL of MTBE were added to samples
individually and the resultant mixtures were vortexed for 15 s,
followed by sonication in an ice bath for 20 min, and rest at room
temperature for 20 min. Later, the mixtures were centrifuged
for 15 min at 8,000 x g at 10°C, and the upper organic
phase was extracted and dried with nitrogen. Fourthly, dried
samples were re-dissolved in 200 pL of isopropanol solution
and vortexed. After centrifugation for 15 min at 8,000 x g at
10°C, the supernatants were prepared for LC-MS/MS analysis.
More details about LC-MS/MS analysis are presented in the
Supplementary Materials.

Lipid species were identified using the LipidSearch software
version 4.1 (Thermo Scientific™) and processed for peak
alignment, retention time correction, and extraction peak area
using a 5-ppm mass tolerance. For the data obtained from
LipidSearch, molecules with RSD > 30% or missing values > 50%
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in the intra-group were removed. After normalization, data
were uploaded to SIMCA-P 14.1 software (Umetrics, Umeaa,
Sweden) for multidimensional analysis. Student’s ¢-test was used
to calculate the p-value. Lipids with p-value < 0.05and VIP > 1.0
were considered significant (Chen et al., 2019).

Statistical Analysis

Data analyses were conducted using SPSS 21.0 (SPSS, Chicago,
IL, United States) and plotted with GraphPad Prism 8.0 (La Jolla,
CA, United States). For continuous variables that conformed
to normal distribution, Student’s t-test was used to evaluate
the significance; for non-normally distributed variables, non-
parametric Mann-Whitney U test was applied. Spearman’s rank
correlation analysis was used to determine the relationships
among behaviors, microbiota composition, fecal metabolites, and
colonic lipids. p < 0.05 was considered significant.

RESULTS

CSDS Induces Social Interaction
Deficiency and Anxiety- and

Depression-Like Phenotypes

After exposure to 10 consecutive days of the CSDS procedure,
mice in the CSDS group showed a lower SI ratio of social time
in SIT (z = —2.206, p = 0.027; Figure 1B, indicating the social
interaction deficiency behavior in the CSDS mice. There were
two mice in the CSDS group with an SI ratio > 1, so they were
excluded from subsequent multi-omics experiments. However,
no significance was observed in BW between the two groups
at baseline or after stress (f = —0.062, p = 0.951; t = —0.325,
p =0.749; Figure 1C). Along with this, no difference was observed
in SPT (t = —0.134, p = 0.895; Figure 1D). In OFT, mice in
the CSDS group showed a dramatically reduced total distance
(t = 3.136, p = 0.006; Figure 1E), central distance (f = 5.095,
p < 0.001; Figure 1F), percentage of central distance (t = 4.240,
p < 0.001; Figure 1G), central time (z = —3.178, p = 0.001;
Figure 1H), and entry frequency to the central zone (¢ = 3.272,
p = 0.004; Figure 1I), suggesting anxiety-like behavior in the
CSDS mice. In EPM, no significant difference was observed in the
time traveling in open or closed arms between the control and
CSDS mice (z = 0, p = 1.000, Figure 1J; z = —0.227, p = 0.821;
Figure 1K). In FST, the stress resulted in a significant elevation
of immobile time (t = —3.549, p = 0.002; Figure 1L), suggesting
depression-like behavior in the CSDS mice. However, there was
no significant difference in the immobility of TST between the
control and CSDS mice (t = 0.877, p = 0.392; Figure 1M).
Collectively, these results indicated that the CSDS model of
depression was successful established.

CSDS Remodels the Composition of Gut

Microbiota in Mice

To explore whether CSDS could alter gut microbiota
composition, we employed 16S rRNA gene-sequencing.
A total of 813395 high-quality reads were identified in 18 fecal
samples with an average sequence length of 441.59. These reads
were clustered into 673 OTUs (Supplementary Table 1). No

significance was found in the a-diversity indexes including
richness, evenness, and global diversity (Supplementary
Figure 1), indicating that the within-sample diversity was not
changed after CSDS treatment. However, the 3D-PCoA plot
showed an obvious separation in gut microbiota composition
between the control and CSDS mice (Supplementary Figure 2).
To further identify the differential bacterial taxa contributing
to the separation, LEfSe analysis was conducted. As depicted in
the cladogram (Figure 2A), there were 38 differential bacterial
taxa between the two groups in all, namely, 18 enriched in
the control mice while there were 20 enriched in the CSDS
mice. At the phylum level, Actinobacteria was dominant in the
control mice while Bacteroidetes was dominant in the CSDS
mice. Although no significance was observed in Firmicutes
at the phylum level, 12 differential bacterial taxa belonged to
Firmicutes from the class to species levels. The relative abundance
of gut microbiota community on the genus level is illustrated in
the Supplementary Figure 3. On the other hand, LDA scores
computed by LEfSe analysis showed the individual contribution
of differential taxa to the separation of the control and CSDS
mice (Figure 2B and Table 1). The higher the LDA scores, the
greater the contribution. In general, order Erysipelotrichales,
class Erysipelotrichia, and family Erysipelotrichaceae were the top
three taxa in the control mice; while family Prevotellaceae, genus
Prevotellaceae UCG 001, and species uncultured Bacteroidales
bacterium Prevotellaceae UCG 001 were the top three taxa
in the CSDS mice.

Disturbed Gut Microbiota Composition
Predicts Metabolism Disorder in the
CSDS Mice

To determine whether the changes of gut microbiota composition
induced by CSDS could lead to functional activity alterations,
PICRUSt was used to predict the abundance of functional
categories based on the standardized OTU abundance and KEGG
database. In the first level of KEGG pathways, the microbial
gene functions related to ‘metabolism’ ranked the top, accounting
for 65% of the functional categories. Among the ‘metabolism’
category, ‘biosynthesis of other secondary metabolites, ‘lipid
metabolism, ‘carbohydrate metabolism, ‘amino acid metabolism,
‘metabolism of other amino acids; and ‘metabolism of cofactors
and vitamins’ were the top six metabolic pathways in the second
level of KEGG pathways, consisting of 13%, 11%, 9%, 7%, 7%, and
7%, respectively (Figure 2C). The third level of KEGG pathways
is illustrated in Figure 2D and Supplementary Figure 4. In the
category of ‘lipid metabolism, ‘fatty acid biosynthesis, and ‘fatty
acid metabolism’ were involved; in the category of ‘carbohydrate
metabolism, ‘starch and sucrose metabolism, ‘pentose and
glucuronate interconversions, and ‘propanoate metabolism’ were
involved; in the category of ‘amino acid metabolism, ‘tryptophan
metabolism’ was involved.

Fecal Metabolic Analysis Indicates
Metabolism Disorder in the CSDS Mice

As the functional analysis by PICRUSt revealed that the
metabolism functional category ranked the top, we accordingly
employed the GC-MS non-targeted metabolomic technique to
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FIGURE 1 | Experimental schedule and assessments of behavior indices. (A) Schedule of the CSDS procedure. During the first week, C57BL/6J mice were kept in
experimental cages for environmental adaptation, and meanwhile, CD1 mice underwent the screening process. After the adaptation, C57BL/6J mice in the CSDS
group were subjected to 10 consecutive days of CSDS exposure. After 4 days of behavioral tests (SI, BW, SPT, OFT, and FST), all C57BL/6J mice were sacrificed.
(B) SIT: Mice in the CSDS group showed a significantly lower Si ratio than those in the control group. (C) BW: No significant difference was observed at baseline or
after social defeated stress. (D) SPT: No significant difference was observed between the CSDS and control groups. (E-l) OFT: Mice in the CSDS group showed a

CON, mice in the control group; CSDS, mice in the CSDS group.

significantly reduced total distance, central distance, percentage of central distance, central time, and entry number to the central zone than those in the control
group. (J,K) EPM: No significant difference was observed in the time traveling in open or closed arms. (L) FST: Mice in the CSDS group showed a significantly
increased immobility time than the control group. (M) TST: No significant difference was observed between the two groups. When the data conformed to normal
distribution and homogeneity of variance, two-tail Student ¢-test was used and data are presented as mean 4+ SEM. Otherwise, the non-parametric Mann-Whitney
U test was required and data are presented as median =+ interquartile range (n = 10 mice in each group). *p < 0.05, *p < 0.01, **p < 0.001, ns, no significance.

assess the contributions of the fecal metabolome. After data
normalization, the PLS-DA model revealed a clear distinction
between the metabolites in the control and CSDS groups
(R?Y =0.722, Q* = 0.423; Supplementary Figure 5A). Moreover,
the permutation plot indicated that the original PLS-DA model
was valid and not over-fitted (R = 0. 553, Q> = —0.024;
Supplementary Figure 5B). A total of 20 differential metabolites
(p < 0.05 and VIP > 1.0), including 19 upregulated and one
(hydroxybenzoic acid) downregulated, were identified. Among

them, 11 metabolites (55%) were fatty acids (FAs, including
saturated and unsaturated FAs), and the rest were alkanes,
amino acids and derivatives, neurotransmitters, and organic
compounds. Notably, y-aminobutyric acid (GABA), as an
important inhibiting neurotransmitter, was observed to be
elevated in the CSDS mice (Figure 3A and Supplementary
Table 2). A further pathway analysis showed that 13 pathways
were significantly altered (Figure 3B), 4 (30.77%) were
assigned to the category ‘lipid metabolism, including ‘fatty
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FIGURE 2 | Comparison of the gut microbiota composition and functional predictions of the altered gut microbiota between the control and CSDS mice.

(A) Phylogenetic diagram of LEfSe analysis illustrated the differential gut microbiota composition between the control and CSDS mice from the phylum to species
levels. At the phylum level, Bacteroidetes were significantly enriched in the CSDS mice, whereas Actinobacteria and Firmicutes were enriched in the control mice.
(B) Histogram of LDA scores computed by LEfSe analysis revealed the most differentially abundant bacteria taxa in the control and CSDS mice belonged to order
Erysipelotrichales and family Prevotellaceae, respectively. (C) PICRUSE functional prediction of the altered gut microbiota indicated that the metabolism category
ranked the top, with a proportion of 65%. In the metabolism category, lipid metabolism, carbohydrate metabolism, and amino acid metabolism counted for 11%,
9%, and 7%, respectively. (D) Histogram of all the significantly dysregulated metabolic pathways in the metabolism category. Mann-Whitney U test, *p < 0.05,
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acid biosynthesis, ‘cutin, suberin, and wax biosynthesis,
‘biosynthesis of unsaturated fatty acids; and ‘linoleic acid
metabolism; which were all enhanced in the CSDS group.
Meanwhile, pathways related to ‘xenobiotics biodegradation
and metabolism’ were significantly changed, with ‘bisphenol
degradation” downregulated but ‘chloroalkane and chloroalkene
degradation’ upregulated in the CSDS group. Other pathways
were involved in ‘folate biosynthesis, ‘antifolate resistance, and
‘morphine addiction, etc. Furthermore, a Venn plot based on the
second level of KEGG pathways revealed that ‘lipid metabolism,
‘xenobiotics biodegradation and metabolism, and ‘metabolism
of cofactors and vitamins’ were the overlapping categories of

pathway analysis of gut microbiome and fecal metabolome.
As for the third level, “fatty acid biosynthesis” was the only
overlapping category (Supplementary Figure 6).

Colonic Lipidome Reveals Disturbance

of Glycerophospholipids, Glycerolipids,
and Sphingolipids in the CSDS Mice

All lipids identified were classified into 30 classes
(Supplementary Table 3). In the positive mode, the PLS-
DA plot showed that the CSDS mice could be obviously
separated from the control with no overlap (R’Y = 0.809,
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TABLE 1 | Differentially abundant taxonomy between the control and CSDS
groups analyzed by LEfSe (from phylum to species levels).

Taxon Enrichment LDA p-

in group score Value
o_Erysipelotrichales CON 4.7044 0.0034
c_Erysipelotrichia CON 4.7044 0.0034
f_Erysipelotrichaceae CON 4.7044 0.0034
g_Allobaculum CON 4.6789 0.0025
s_uncultured_bacterium_g_Allobaculum CON 4.6789 0.0025
s_Lactobacillus_intestinalis CON 3.8470 0.0209
s_Parabacteroides_merdae CON 3.7799 0.0245
s_unclassified_g_norank_f_ CON 3.6864 0.0113
Erysipelotrichaceae
g_Coriobacteriaceae_UCG_002 CON 3.5212 0.0321
s_uncultured_bacterium_g_ CON 3.5212 0.0321
Coriobacteriaceae_UCG_002
g_Ruminococcaceae_UCG_014 CON 3.4485 0.0263
s_unclassified_g_Ruminococcaceae_ CON 3.4300 0.0025
UCG_014
c_Actinobacteria CON 3.4179 0.0410
p_Actinobacteria CON 3.4179 0.0410
g_Bifidobacterium CON 3.3058 0.0087
f_Bifidobacteriaceae CON 3.3058 0.0087
o_Bifidobacteriales CON 3.3058 0.0087
s_Bifidobacterium_pseudolongum_PV8_2 CON 3.2994 0.0406
f_Prevotellaceae CSDS 4.9406 0.0410
g_Prevotellaceae_UCG_001 CSDS 4.9099 0.0209
s_uncultured_Bacteroidales_bacterium CSDS 4.9070 0.0209
_g_Prevotellaceae_UCG_001
p_Bacteroidetes CSDS 4.7297 0.0410
o_Bacteroidales CSDS 4.7297 0.0410
c_Bacteroidia CSDS 47297 0.0410
f_Bacteroidaceae CSDS 4.1655 0.0059
g_Bacteroides CSDs 4.1655 0.0059
s_Bacteroides_acidifaciens CSDSs 3.9261 0.0025
s_Helicobacter_bilis CSDS 3.8861 0.0104
s_unclassified_g_Prevotellaceae_UCG_001 CSDs 3.7407 0.0045
s_unclassified_g_Bacteroides CSDS 3.7289 0.0263
s_Rikenella_microfusus_DSM_15922 CSDS 3.6643 0.0390
g_Candidatus_Arthromitus CSDs 3.3425 0.0099
s_Candidatus_Arthromitus_sp_SFB CSDs 3.3425 0.0099
_mouse_Japan
s_uncultured_Bacteroidales_bacterium CSDS 3.2879 0.0462
_g_Alloprevotella
g_Alloprevotella CSDS 3.2854 0.0462
f_Clostridiaceae_1 CSDS 3.2430 0.0059
s_unclassified_g_Paraprevotella CSDS 3.2280 0.0430
g_Paraprevotella CSDS 3.2280 0.0430

CON, control; CSDS, chronic social defeated stress.

Q> = 0.412; Supplementary Figure 7A); meanwhile, the
permutation plot indicated that the original PLS-DA model was
valid and not over-fitted (R = 0. 649, Q* = 0.100; Supplementary
Figure 7C). After PLS-DA analysis and t-test, 19 differential
lipids were identified (Figure 4A). In the negative mode, the
PLS-DA plot also indicated a distinct separation between

the two groups (R*Y = 0.926, Q> = 0.479; Supplementary
Figure 7B); the permutation plot showed that the original
model was valid and not over-fitted (R = 0. 877, Q* = —0.008;
Supplementary Figure 7D). Using the same method, 17 lipids in
the negative mode were identified as significantly differentially
expressed (Figure 4B). The 36 differential lipids belonged
to glycerophospholipids, glycerolipids, and sphingolipids
(Figure 4C and Supplementary Table 4). As shown in Figure 4C,
when compared to the control mice, most glycerophospholipids
(25/31) were upregulated in the depressed group, while all
glycerolipids (2/2: DG, diglyceride; TG, triglyceride) were
downregulated. In the sphingolipids category, glucosylceramide
(CerG1) levels were increased in the CSDS mice, while the other
two kinds of sphingomyelin (SM) were decreased.

Correlations Between Differential
Bacterial Taxa, Fecal Metabolites,

Colonic Lipids, and Behaviors

In this study, we found that (Figure 5A, Supplementary
Figure 8): (i) the majority (13/16) of bacterial species were
significantly correlated with the 20 fecal metabolites to varying
degrees; (ii) there were 5 bacterial species significantly correlated
with 10 or more fecal metabolites: species Erysipelotrichaceae was
negatively correlated with 14 fecal metabolites; species Rikenella
microfusus was positively correlated with 12 metabolites; species
Bacteroides acidifaciens was negatively correlated with 11
metabolites while positively correlated with hydroxybenzoic
acid; species Allobaculum was negatively correlated with 10
metabolites; species Helicobacter bilis was positively correlated
with 10 metabolites; (iii) there were 3 fecal metabolites
significantly correlated with 10 or more bacterial species:
GABA was negatively correlated with five bacterial species,
and positively correlated with seven species; heptadecane
was negatively correlated with five species, and positively
correlated with six species; 2-hydroxyglutaramic acid was
negatively correlated with three species, and positively correlated
with seven species.

Intriguingly, we also found that (Figure 5B and
Supplementary Figure 9): (i) the majority (26/36) of
colonic lipids were significantly correlated with the 20 fecal
metabolites to varying degrees; (ii) there were 7 fecal metabolites
significantly correlated with 10 or more lipids: 3,5-Diiodo-L-
tyrosine (DIT) was positively correlated with 17 lipids while
negatively correlated with PE(16:0/18:1) and PC(16:0/16:0);
alkane metabolites heptadecane, tricosane, and dodecane were
correlated with 15, 14, and 10 lipids, respectively; unsaturated
FA 10-pentadecenoic acid was positively correlated with
seven lipids while negatively correlated with five lipids; 2-
hydroxyglutaramic acid was positively correlated with eight
lipids while negatively correlated with four lipids; GABA
was positively correlated with seven lipids while negatively
correlated with PE(16:0/18:1), PC(16:0/16:0), and PI(18:0/20:3);
(iii) there were four colonic lipids correlated with 10 or more
fecal metabolites: PI(18:0/20:3) was negatively correlated with
16 metabolites while positively correlated with hydroxybenzoic
acid; PC(16:0/24:0) and PC(18:1/18:1) were positively correlated
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FIGURE 3 | Identification and pathway analysis of differential fecal metabolites between the control and CSDS mice. (A) 20 fecal metabolites were identified to be
significantly changed in the CSDS mice. Compared to the control mice, only one metabolite (hydroxybenzoic acid) was significantly decreased, whereas the other 19
metabolites were increased in the CSDS mice. (B) Pathway analysis for fecal metabolites based on KEGG database revealed that 13 pathways were disturbed in the
CSDS mice, of which most (4/13) were involved in lipid metabolism. CON, mice in the control group; CSDS, mice in the CSDS group.
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with 16 and 12 metabolites, respectively; PG(22:6/22:6) was
positively correlated with 10 metabolites.

Further analysis revealed that the mentioned lipids
PC(16:0/20:4), PG(22:6/22:6), and PI(18:0/20:3) were
significantly correlated with mice behavioral index (Figures 5C-
N): (i) the relative abundance of PC(16:0/20:4) in mice colon
tissues was negatively and positively correlated with SI ratio

and immobile time in FST, respectively (Figures 5C,D); (ii)
PG(22:6/22:6) was significantly negatively correlated with central
distance/time/entry numbers in OFT, whereas it was positively
correlated with immobile time in FST (Figures 5E-H); (iii)
PI(18:0/20:3) was markedly positively correlated with SI ratio
and indices in OFT, whereas it was negatively correlated with
immobile time in FST (Figures 5I-N).
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FIGURE 4 | Differential lipids identified in the colon tissues between the control and CSDS mice. (A) Heatmaps of 19 differential lipids identified in the positive mode
and (B) 17 differential lipids identified in the negative mode. (C) These differential lipids belonged to glycerolipids, glycerophospholipids, and sphingolipids categories,
of which most (31/36) were glycerophospholipids. CON, mice in the control group; CSDS, mice in the CSDS group.

DISCUSSION

In the present study, in order to investigate the effects of
chronic stress on the gut microbiota and host metabolism
and further elucidate the role of MGB axis in depression, we
applied multi-omics techniques and conducted an integrated
analysis in a mouse CSDS model of depression. As one of the
most widely used models of depression, CSDS has different
paradigms with distinct periods of stress, such as 10 days and
21 days (Pan et al,, 2020; Lu et al., 2021). Compared to the
21-day paradigm, the 10-day paradigm has lower operation
costs and an easier stress operation procedure, but higher
resilience. In order to decrease the resilience to stress in our
study, efforts were made to ensure participation of skilled
and regular experimenters, successful screening of CD1 mice,
and good control of stress intensity during the whole process
(with a resilience ratio of 20%, 2 resilient mice in 10 defeated
mice). Herein, we found that CSDS altered gut microbiota
composition in mice. In total, there were 20 bacterial taxa

and 18 bacterial taxa significantly increased and decreased,
respectively, in the CSDS mice. Furtherly, microbial functional
prediction demonstrated a disturbance of lipid, carbohydrate,
and amino acid metabolism in the CSDS mice. We also found
20 differential fecal metabolites and 36 differential colonic
lipids (in the category of glycerolipids, glycerophospholipids,
and sphingolipids) in the CSDS mice. Moreover, Spearman’s
correlation analysis showed that fecal metabolomic signature
was associated with the alterations in the gut microbiota
composition and colonic lipidomic profile. Meanwhile, three
lipids [PC(16:0/20:4), PG(22:6/22:6), and P1(18:0/20:3), all in the
category of glycerophospholipids] were significantly associated
with anxiety- and depression-like phenotypes in mice. Our results
indicated that the gut microbiota might be involved in the
pathogenesis of depression via influencing fecal metabolites and
colonic glycerophospholipid metabolism.

Mounting evidence has implemented the important role of the
gut microbiota and MGB axis in the pathogenesis of depression,
but the underlying mechanism of the gut-brain interaction
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FIGURE 5 | Spearman’s correlations between the differential bacteria species, fecal metabolites, colonic lipids, and behavior indices. (A,B) The network maps
illustrated correlations between the differential bacteria species and fecal metabolites, and between the differential fecal metabolites and colonic lipids, respectively.
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between PC(16:0/20:4), PG(22:6/22:6), PI(18:0/20:3), and behavioral index, respectively.
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remains unclear. It has been reported that the microbiome
can affect a range of neurotransmitters, including GABA and
glutamatergic neurotransmitters, which may affect brain activity
directly (Duranti et al., 2020; Loniewski et al,, 2021). In the
present study, we found that GABA was increased in the feces
metabolome profile of the CSDS mice. Consistently, a recent

study also found that the level of GABA was upregulated in
the habenula of CUMS-susceptible rats (Tian et al., 2020).
Meanwhile, a previous study reported that GABA-related genes
were increased in the dorsolateral prefrontal cortex of patients
suffering from major depression (Zhao et al., 2018). Further,
antibiotics administration in specific pathogen-free mice caused
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altered GABA concentrations in blood (Mazzoli and Pessione,
2016; Strandwitz et al., 2019), indicating peripheral levels of
GABA could be modulated by gut microbiota. Except for GABA,
we also found that DIT, an endogenous halogenated derivative
of L-phenylalanine, was increased in the feces of the CSDS mice.
Similar to L-phenylalanine, DIT can significantly and reversibly
suppress excitatory glutamatergic synaptic transmission through
a series of presynaptic and postsynaptic mechanisms (Kagiyama
et al, 2004). Glutamate (Glu) is a common excitatory
neurotransmitter, and excessive Glu accumulation in the synaptic
cleft can cause excitatory neurotoxicity (Hu et al., 2018). The
serum level of Glu has been reported to be higher in patients
with major depression (Chen H. et al., 2020), and Glu has
been considered a novel target of pharmacological agents in
the current treatment of treatment-resistant depression, such
as Esketamine (Kasper et al., 2020). Accordingly, in the study,
an increased level of DIT in feces might be a neuroprotective
response to chronic stress. Given that the relative abundances
of several bacterial species were significantly associated with the
levels of GABA and DIT, these differential bacterial taxa might
be involved in the development of depression by influencing the
host neurotransmission system.

In the fecal metabolome profile, we also found that the levels of
11 FAs (including saturated and unsaturated FAs) in the feces of
the CSDS mice were all increased, as compared with the controls.
The findings were consistent with the results of microbial
functional prediction and metabolome pathway analysis, that
is, ‘fatty acid biosynthesis’ was enhanced whereas ‘fatty acid
metabolism’ was attenuated in the CSDS mice. Nonetheless,
previous findings of the differences in FAs in depressed patients
or animal models are inconsistent. In terms of saturated FAs,
it has been reported that stearic acid (C18:0) and myristic acid
(C14:0) were significantly elevated in depressed patients’ plasma
and post-stroke depressed patients’ urine, respectively (Liu X.
et al., 2016; Xie J. et al., 2020). However, other studies reported
that stearic acid (C18:0) was downregulated in the plasma and
prefrontal cortex of rats exposed to chronic unpredictable mild
stress (CUMS) (Li et al., 2010; Liu L. et al., 2016). In terms
of unsaturated FAs, Liu Y. et al. (2016) observed higher levels
of several unsaturated FAs, such as linoleic acid (C18:2), in
the plasma of melancholic depressed patients; whereas Paige
et al. (2007) found that linoleic acid (C18:2) was significantly
decreased in the plasma of older depressed patients. In spite
of these discrepancies, both the current study and previous
studies indicated that FAs metabolism disorder may contribute
to the development of depression. Studies have shown that
specific FAs are able to cross the blood-brain barrier and
participate in brain biochemical reactions (Ahmmed et al,
2020). Long-chain unsaturated FAs (C > 12) can activate G
protein-coupled receptor 40 in the brain, ultimately altering
emotional behavior and regulating the immune-inflammatory
process (Kimura et al, 2020). Additionally, among the four
unsaturated FAs identified in the study, 10-pentadecenoic acid
(C15:1n-5¢c) was closely associated with several bacterial taxa,
colonic glycerophospholipids, and SM (d40:1). These findings
suggested that FAs may help determine the interaction between
the gut microbiota and depression.

Numerous studies have observed significant microbiota
composition alterations in various chronic stress-induced animal
models of depression (Wu et al, 2020; Song et al., 2021).
It has been reported that stress might directly alter the gut
microbiota composition via enteric neuronal communication,
increased colonic permeability and epithelial secretion, and the
immune system (Westfall et al., 2017; Jiang et al, 2019). On
the whole, at the phylum level, disturbances of Firmicutes,
Bacteroidetes, and Actinobacteria were the hallmark in those
investigations (Zheng et al., 2016; Wei et al., 2019). This is
in line with our findings. In addition, we observed a lower
abundance of the species of genus Allobaculum in the CSDS
mice. A recent study also found that genus Allobaculum was
decreased in mice subjected to chronic restrained stress, and
its relative abundance was positively related to the fecal level
of propionic acid (Wu et al., 2020). Of note, propionate has
been reported to exert anti-depressant effects in rats exposed
to CUMS (Li et al, 2018). Furtherly, oral treatment with
probiotics Lactobacillus reuteri ameliorated mice depression-
like behaviors induced by CSDS, and improved the decrease
in abundance of Allobaculum (Xie R. et al., 2020). Moreover,
a previous study aiming to explore the effects of the degree
of lipid saturation on depression-like behavior showed that a
fish oil-based diet could improve depression-like behaviors in
mice and meanwhile elevate the abundance of Allobaculum
(Lee et al., 2019). These findings suggested that Allobaculum
restoration was closely associated with emotional improvement.
In the study, we also found that Allobaculum spp. was
significantly and negatively correlated with GABA, DIT, and
alkanes, suggesting the species might be a potentially key bacteria
that mediates the MGB axis.

Recent evidence has linked lipid metabolism disorder
to the pathophysiology of depression (Xu et al, 2012),
and showed that perturbation of lipids could increase
the risk of suicide events (Zheng et al., 2013). Here, 36
differential lipids were identified; they belonged to glycerolipids,
glycerophospholipids, and sphingolipids. More importantly,
glycerophospholipids accounted for the most with 86.11%;
among them, PC(16:0/20:4), PG(22:6/22:6), and PI(18:0/20:3)
had significant correlations with anxiety- and depression-
like behaviors to varying degrees. Glycerophospholipids,
one of phospholipids, are critical components of neuronal
membranes and myelin, and principal regulators of synaptic
function (Romme et al., 2017; Lee et al., 2018). In line
with the current findings, our previous study found that
absence of gut microbiota could affect the metabolism of
glycerophospholipids and sphingolipids in the prefrontal
cortex of mice, and colonization with microbiota from
specific pathogen-free mice to germ-free mice could restore
part of these lipids (Chen et al., 2019). Meanwhile, we
also found hippocampal glycerophospholipid metabolism
disorder in depressive macaques, which was highly correlated
with  depression-like behaviors and several microbial
genes, suggesting that gut microbiota may play a role in
depression via glycerophospholipid metabolism (Zheng
et al,, 2020). Additionally, Liu X. et al. (2016) reported that
phosphatidylcholine (PC), phosphatidylethanolamine (PE),
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FIGURE 6 | Brief summary of the study. CSDS induced gut microbiota remodeling and alterations of the fecal metabolome and colonic lipidome in C57BL/6J mice.
The interactions among differential bacteria taxa, fecal metabolites, and colonic lipids might contribute to the potential mechanism of the MGB axis in the
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phosphatidylinositol (PI), and sphingomyelin (SM) were
remarkably increased in the plasma of depressed patients.
Taken together, we speculated that glycerophospholipid
metabolism disorder in the colon might be involved in
depression, which might mediate the initial interactions between
the microbiota and the host.

It should be mentioned there are some limitations in the
present study: (i) Our study focused exclusively on lipidomic
changes in the colon but did not consider brain regions associated
with depression. Future research concerning key brain regions
(e.g., hippocampus) is needed to better understand the role
of the MGB axis; (ii) meanwhile, further research concerning
other representative regions of large intestines, such as cecum,
could extend our present study; (iii) due to limited resolution
of the 16S rRNA sequencing method, further research based
on shotgun metagenomics should be applied to identify certain
bacterial species and microbial functions linked with depression;
and (iv) the roles of fecal metabolites associated with differential
bacterial species and colonic lipids require further intervention
experiments to validate.

In summary, our findings revealed that CSDS induced gut
microbiota remodeling and alterations of the fecal metabolome
and colonic lipidome (Figure 6). Several significant correlations
between differential bacteria taxa, metabolites, and lipids
were identified. Intriguingly, certain fecal metabolites were
simultaneously associated with differential bacterial species
and colonic lipids. Therefore, we speculated that altered
colonic lipids, especially glycerophospholipids, might influence
fecal metabolism, which reciprocally influence gut microbiota
composition. Together, the interactions among microbiota,
metabolites, and lipids create a highly integrated molecular
communication network. These results highlighted the key role

and potential mechanism of the MGB axis in the pathogenesis
of depression and might provide useful information for
future research.
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