Journal of Advanced Research 30 (2021) 27-38

Contents lists available at ScienceDirect

Journal of Advanced Research

journal homepage: www.elsevier.com/locate/jare

Comprehensive analysis of the lysine acetylome and succinylome in the
hippocampus of gut microbiota-dysbiosis mice

Check for
updates

Lanxiang Liu*“%! Haiyang Wang”“', Xuechen Rao “*', Ying Yu ¢, Wenxia Li€, Peng Zheng ““, Libo Zhao?,
Chanjuan Zhou ¢, Juncai Pu“‘, Deyu Yang?, Liang Fang?, Ping Ji"", Jinlin Song "', Hong Wei "
Peng Xie *>¢d*

2 Department of Neurology, Yongchuan Hospital of Chongqing Medical University, Chongqing 402160, China

b College of Stomatology and Affiliated Stomatological Hospital of Chonggqing Medical University, 401147, China

€NHC Key Laboratory of Diagnosis and Treatment on Brain Functional Diseases, The First Affiliated Hospital of Chongqing Medical University, Chongging 400016, China
4 Department of Neurology, The First Affiliated Hospital of Chongqing Medical University, Chongqing 400016, China

€ College of Biomedical Engineering, Chongqing Medical University, Chongging 400016, China

fChongqing Key Laboratory for Oral Diseases and Biomedical Sciences, Chongqing 401147, China

& Department of Laboratory Animal Science, College of Basic Medical Sciences, Third Military Medical University, Chongqing 400038, China

GRAPHICAL ABSTRACT

T
Fecal microbiota "
transplantation

(FMT)

Depression and anxiety
phenotypes

Germ-free

73

=T @tion alter@
A ——
Gut microbiota Hippocampus Brain
ARTICLE INFO ABSTRACT
Article history: Introduction: Major depressive disorder is caused by gene-environment interactions, and the host micro-
Received 8 September 2020 biome has been recognized as an important environmental factor. However, the underlying mechanisms
Revised 12 November 2020 of the host-microbiota interactions that lead to depression are complex and remain poorly understood.

Accepted 3 December 2020

Available online 7 December 2020 Objectives: The present study aimed to explore the possible mechanisms underlying gut microbiota

dysbiosis-induced depressive-like behaviors.
Methods: We used high-performance liquid chromatography-tandem mass spectrometry to analyze
alterations in the hippocampal lysine acetylome and succinylome in male mice that had received gut

Keywords:
Posttranslational modifications

Peer review under responsibility of Cairo University.
* Corresponding authors at: NHC Key Laboratory of Diagnosis and Treatment on Brain Functional Diseases, The First Affiliated Hospital of Chongqing Medical University, 1
Youyi Road, Yuzhong District, Chongqing 400016, China (P. Xie).
E-mail addresses: weihong63528@163.com (H. Wei), xiepeng@cqmu.edu.cn (P. Xie).
! These authors contributed equally to this work.

https://doi.org/10.1016/j.jare.2020.12.002
2090-1232/© 2020 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/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jare.2020.12.002&domain=pdf
https://doi.org/10.1016/j.jare.2020.12.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:weihong63528@163.com
mailto:xiepeng@cqmu.edu.cn
https://doi.org/10.1016/j.jare.2020.12.002
http://www.sciencedirect.com/science/journal/20901232
http://www.elsevier.com/locate/jare

L. Liu, H. Wang, X. Rao et al.

Acetylation
Succinylation
Gut microbiota
Depression
Hippocampus

Journal of Advanced Research 30 (2021) 27-38

microbiota from fecal samples of either patients with major depressive disorder or healthy controls. This
was followed by bioinformatic analyses.

Results: A total of 315 acetylation sites on 223 proteins and 624 succinylation sites on 494 proteins were
differentially expressed in the gut microbiota-dysbiosis mice. The significantly acetylated proteins were
primarily associated with carbon metabolism disruption and gene transcription suppression, while the

synaptic vesicle cycle and protein translation were the most significantly altered functions for succiny-

lated proteins. Additionally, our findings suggest that gut microbiota dysbiosis disturbs mitochondria-

mediated biological processes and the MAPK signaling pathway through crosstalk between acetylation

and succinylation on relevant proteins.

Conclusions: This is the first study to demonstrate modifications in acetylation and succinylation in gut

microbiota-dysbiosis mice. Our findings provide new avenues for exploring the pathogenesis of gut

microbiota dysbiosis-related depression, and highlight potential targets for depression treatment.

© 2020 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

Human diseases are caused by gene-environment interactions,
and the human microbiome has been recognized as an important
environmental factor in disease [1]. The Human Microbiome Pro-
ject (HMP) [2,3] has generated abundant evidence that promotes
our understanding of microbiota characterization and how the
microbiome influences human health and disease. Findings from
multi-omics studies of the microbiome, including the HMP, have
elucidated the mechanisms of host-microbiota interactions during
pregnancy and in preterm birth [4], type 2 diabetes [5], and inflam-
matory bowel disease [6]. They have also demonstrated the effects
of the gut-brain axis [7] on brain function and behavior in psychi-
atric disorders, such as schizophrenia, anxiety, and depression.

Previously, we found significant alterations in the gut micro-
biomes of patients with major depressive disorder (MDD) [8,9],
and showed that there are sex-specific differences in these changes
[10]. When fecal samples were transplanted from individuals with
MDD to germ-free (GF) mice, the gut microbiome-remodeled mice
exhibited significant depressive- and anxiety-like behaviors
[9,11,12], which suggests a causal role of gut microbiota dysbiosis
in the development of depression. To further understand the mech-
anisms of host-microbiota interactions that occur during depres-
sion, we have previously used -omics techniques to detect
molecular alterations in gut microbiota-dysbiosis mice at the gene,
protein, and metabolite levels. We found that these biological
changes are associated with various cellular processes, including
metabolism, axon guidance, glucocorticoid receptor pathway sig-
naling, and PKC-CREB signaling [9,11-16]. However, the underly-
ing mechanisms of the effects of gut microbiota on host function
and behavior remain incompletely understood.

Proteins carry out most activities that are essential for life, and
their functions are regulated by a variety of posttranslational mod-
ifications (PTMs), which play a pivotal role in regulating biological
processes [17]. In recent decades, advances in high-throughput
mass spectrometry have enabled us to identify thousands of PTM
sites. Particularly, lysine (Lys) residues are a target of many PTMs,
and acetylation is one of the most abundant and evolutionarily
conserved PTMs [18]. Histone acetylation may represent the mech-
anism by which the gut microbiota induces depressive-like behav-
iors [19]. Acetylation also modifies thousands of non-histone
proteins located in various cellular compartments [20]| and regu-
lates a range of biological processes related to gene regulation, sig-
nal transduction, and metabolism [21,22]. Moreover, it has been
reported that acetyl-lysine reader bromodomain-containing pro-
teins can occur acetylation crosstalk with other PTMs, such as suc-
cinylation [23]. Thus, Lys acylation may be a functional
modification that impacts host-microbiota interactions.
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In the present study, we generated a comprehensive map of
Lys-acetylation (Kac) and Lys-succinylation (Ksucc) dynamics in
the hippocampus in response to gut microbiota dysbiosis. We also
analyzed the correlated pathophysiological changes of gut micro-
biota dysbiosis-induced depressive-like behaviors, using pro-
teomic analyses of Kac- and Ksucc-modified proteins in
hippocampal tissue from mice that received either ‘depression
microbiota’ (microbiota from fecal samples of MDD patients) or
‘healthy microbiota’ (microbiota from fecal samples of healthy
controls). For this analysis, we used tandem-mass-tag (TMT) label-
ing, and high-performance liquid chromatography-tandem mass
spectrometry (HPLC-MS/MS) analysis.

Materials and methods
Fecal microbiota transplantation (FMT)

The FMT procedure was performed as described previously [9].
Briefly, fecal samples derived from either patients with MDD or
healthy controls were colonized to adult GF Kunming mice to gen-
erate ‘depression microbiota’ and ‘healthy microbiota’ recipient
mice, respectively. Prior to the fecal sample collection, written
informed consent was obtained from all MDD patients and healthy
controls. This research was approved by the Ethics Committee of
Chongqing Medical University (Chongqing, China; 2017013) and
was performed in accordance with the National Institutes of Health
Guidelines. More details are given in the Supplemental
Information.

Behavioral tests

Behavioral tests were carried out 2 weeks after the FMT, which
is typically used as the benchmark time point for assessing
disease-related phenotypes [24,25]. Depressive-like behavior was
assessed by quantifying immobility time during the last 5 min of
a forced swimming test (FST), as previously described [9]. Addi-
tionally, anxiety-like behavior was assessed by measuring the dis-
tance traveled within the central 25% of an experimental field
during the last 5 min of an open-field test (OFT). The results were
analyzed with the Mann-Whitney U nonparametric test using SPSS
v21.0 (IBM Corp., Armonk, NY, USA).

Sample collection and preparation

After the behavioral tests were performed, the hippocampus—
the key brain area for the generation and regulation of emotion
[26]—was obtained from the six ‘depression microbiota’ recipient
mice with the most significant behavioral phenotypes, as well as


http://creativecommons.org/licenses/by-nc-nd/4.0/

L. Liu, H. Wang, X. Rao et al.

from six randomly selected ‘healthy microbiota’ recipient mice. A
2-D Quant Kit (GE Healthcare, Chicago, IL, USA) was used to deter-
mine the total protein concentration of the pooled samples, fol-
lowed by trypsin digestion. Peptides were reconstituted and
labelled with a 6-plex TMT kit (ThermoFisher Scientific, Waltham,
MA, USA). More details are given in the Supplemental Information.

HPLC fractionation and Kac/Ksucc peptide enrichment

Each sample was fractionated using a high-pH reverse-phase
HPLC system within an Agilent 300Extend C18 column (Agilent,
Folsom, CA, USA). The Kac/Ksucc peptides were enriched by incu-
bating the fractions with pre-washed antibody beads (PTM Biolabs,
Hangzhou, China). More details are given in the Supplemental
Information.

Liquid chromatography-mass spectrometry identification

Peptides were then dissolved using 0.1% formic acid and loaded
to a reverse-phase pre-column inserted into an EASY-nLC 1000
UPLC system (Thermo Fisher Scientific). The resulting peptides
were then analyzed using a Q Exactive™ Plus Hybrid Quadrupole-
Orbitrap Mass Spectrometer (Thermo Fisher Scientific) in triplicate,
and the MS/MS data were processed by using MaxQuant software.
The false discovery rate (FDR) thresholds were set at 1% for pro-
teins, peptides, and modification sites. The probability of site local-
ization was set at > 0.75. More details are given in the
Supplemental Information.

Conserved sequence and PTM correlation analysis

Conserved sequences, constituted by amino acid residues in
specific positions of modifier 21-mers, were explored using
motif-X [27]. Lys was set as the central residue, with a window
width of 21. The minimal occurrence was set to 20, and signifi-
cance was set to 0.000001. Additionally, to perform the PTM corre-
lation analysis, the present data were compared with known PTMs
in the PhosphoSitePlus public database [28] and with phosphoryla-
tion sites [29] that we had previously identified in hippocampal
tissue from gut microbiome-remodeled mice.

Secondary structure prediction

To predict the local secondary structures of proteins from pri-
mary sequences, we analyzed the secondary structures surround-
ing the acetylated and succinylated Lys, as well as those
surrounding all Lys, using NetSurfP v1.0 software [30] with default
parameters. The Wilcoxon test was used to calculate p-values, and
significance was set at p < 0.05.

Cellular localization of Kac and Ksucc proteomes

The subcellular localizations of Kac and Ksucc proteins were
predicted based on the annotations in Wolfpsort software [31],
Ingenuity Pathway Analysis (IPA) software, and the public UniProt
database [32]. Additionally, we compared our data with the mito-
chondrial proteome, as annotated in the MitoCarta database [33].

Functional annotation analysis

Gene Ontology (GO) annotations and Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment pathways were analyzed
using the OmicsBean system (http://www.omicsbean.cn). The p-
values were calculated using Fisher’s exact test with a hypergeo-
metric algorithm, and significance was set as p < 0.05. Additionally,
functional protein domains were analyzed based on the PFAM
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database [34], and terms with FDR < 0.05 were considered
significant.

Protein-protein interaction (PPI) network analysis

PPI analysis was performed using the STRING database (https://
string-db.org/), and an interaction with a confidence score > 0.7
was selected. The PPI networks were visualized in Cytoscape
[35], and the MCODE plug-in was used to identify highly connected
clusters [36].

Protein complex analysis

We used the annotated CORUM database [37] for protein com-
plex enrichment analysis. Overrepresented complexes were identi-
fied using Fisher's exact test, and p < 0.05 was considered
significant.

Results

Depressive- and anxiety-like behaviors in gut microbiome-remodeled
mice

Eleven ‘depression microbiota’ recipient mice and 10 ‘healthy
microbiota’ recipient mice were initially used for the behavioral
tests. Using the concepts of stress susceptibility and resiliency
[38], the ‘depression microbiota’ recipient mice were divided into
susceptible and resilient subgroups based on their behavioral
results. As a result, only six susceptible ‘depression microbiota’
recipient mice and six randomly selected ‘healthy microbiota’
recipient mice were used for further analysis. There was an
increase in immobility during the FST (Fig. 1A) and a decrease in
the center distance proportion during the OFT (Fig. 1B) in the sus-
ceptible ‘depression microbiota’ recipient mice compared with
‘healthy microbiota’ recipient mice, indicating increased
depressive- and anxiety-like behaviors in gut microbiota-
dysbiosis mice.

Microbial regulation of Kac and Ksucc proteomes in the hippocampus

To identify global changes in Kac and Ksucc in response to gut
microbiota dysbiosis, we assessed Kac and Ksucc in hippocampal
samples from ‘depression microbiota’ and ‘healthy microbiota’
recipient mice using HPLC-MS/MS (Fig. 1C). The mass error distri-
bution was near zero, and most of them were < 5 parts per million
(PPM) (Fig. 1D and E). The length of most of the peptides ranged
from 7 to 19 amino acids (Fig. 1F), which indicates that the sample
preparation reached the standards. Altogether, 1211 Kac sites on
665 proteins and 1945 Ksucc sites on 1194 proteins were identi-
fied, with an FDR < 1% at the protein, peptide, and site levels. Dif-
ferent numbers of Kac and Ksucc sites existed in the proteins, from
1 to 29 (Fig. 1G). Gut microbiota dysbiosis induced high levels of
acylation in some proteins, including SPTAN1 with 17 Kac sites
and 29 Ksucc sites, SPTBN1 with 14 Ksucc sites, and GLUD1 with
13 Kac sites. To investigate the overlaps (and the extent of such
overlaps) between the Kac and Ksucc sites, we compared all iden-
tified Kac and Ksucc sites in the hippocampus samples, and
revealed that 215 sites were both acetylated and succinylated
(Fig. 1H). Concurrently, both acetylation and succinylation
occurred in 317 proteins (Fig. 11). Taken together, these results sug-
gest that gut microbiota dysbiosis can result in global changes in
Kac and Ksucc.
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Fig. 1. Profiling the Lys acetylation and succinylation proteome in hippocampal samples from gut microbiome-remodeled mice. (A) There was a significant increase in
immobility time in the forced swimming test (FST) in ‘depression microbiota’ recipient mice (n = 6) compared with ‘healthy microbiota’ recipient mice (n = 6), indicating
significant depressive-like behavior. *p < 0.05. (B) There was a decrease in the center distance proportion in the open field test (OFT) in ‘depression microbiota’ recipient mice
(n = 6) compared with ‘healthy microbiota’ recipient mice (n = 6), indicating significant anxiety-like behavior. *p < 0.05. (C) Workflow for the identification and quantification
of lysine acetylation and succinylation in hippocampal tissue from gut microbiome-remodeled mice. (D, E) Distribution of mass error of all identified acetylated and
succinylated peptides, respectively. (F) Distribution of peptide length of all identified acetylated and succinylated peptides. (G) The number of acetylation and succinylation
sites within each modified protein. (H) Venn diagram showing the overlapped results between identified Lys acetylation and succinylation sites in hippocampal tissue from
gut microbiome-remodeled mice. (I) Venn diagram showing the overlapped results between identified acetylated and succinylated proteins in hippocampal tissue from gut

microbiome-remodeled mice.

Conserved sequence and PTM correlation analysis

To obtain a more detailed understanding of the Kac and Ksucc
sites that were influenced by gut microbiota dysbiosis, we evalu-
ated the conserved sequences surrounding the identified Kac and
Ksucc sites. The results suggested a preference for Lys at the +1
or +2 position and Arg at the +1 position relative to the Kac sites
(Fig. 2A), while there was a preference for Asp at the +1 or +2 posi-
tion and Glu at the —3 to +2 position relative to the Ksucc sites
(Fig. 2B). Accordingly, motif analysis identified K*K and K*“““*E
motifs as the most conserved sequences for Kac and Ksucc sites,
respectively (Table S1). These results demonstrate that Kac sites
that are influenced by gut microbiota dysbiosis tend to be near
basic amino acids, while Ksucc sites tend to be near acidic amino
acids. In addition, PTM correlation analysis indicated that 238 of
the Kac sites that we identified had been reported previously
(Table S2), and that 347 Kac sites and 485 Ksucc sites overlapped
with ubiquitylation (Table S3). Furthermore, we identified 133
Kac sites and 197 Ksucc sites located within six residues
upstream or downstream of a range of known PTMs,
including monomethylation, dimethylation, N-glycosylation, O-
linked B-N-acetylglucosamine, and ubiquitylation sites (Table S4).
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In hippocampal tissue from the gut microbiota-dysbiosis mice,
72% and 65% of the Kac and Ksucc sites, respectively, that colocal-
ized with phosphorylation sites were located near phosphoserine
residues (Table S5).

Screening for Kac and Ksucc sites that were significantly modified in
response to gut microbiota dysbiosis

To select the significant molecules, we quantified all of the iden-
tified Kac and Ksucc sites in gut microbiome-remodeled mice. Of
these sites, 920 Kac sites on 512 proteins and 1455 Ksucc sites
on 937 proteins were quantified. Differential site modifications
were selected using the thresholds of p < 0.05 and fold-
change > 1.2 or < 0.83. In total, 177 Kac sites on 137 proteins were
up-regulated, and 138 Kac sites on 86 proteins were down-
regulated (Table S6) in ‘depression microbiota’ recipient mice com-
pared with ‘healthy microbiota’ recipient mice. Importantly, eight
Kac sites with > 10-fold change in abundance were identified,
one site was increased and seven sites were decreased. Addition-
ally, 380 Ksucc sites on 287 proteins were up-regulated, and 244
Ksucc sites on 207 proteins were down-regulated (Table S7). How-
ever, only three Ksucc sites with > 10-fold decrease in abundance
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Fig. 2. Properties of the acetylation and succinylation proteome. (A, B) Heat maps showing features of the flanking sequences for all Lys acetylation and succinylation sites,
respectively. Multiple hypothesis tests were performed for the p-values. (C) Venn diagram showing the overlapped results between significant Lys acetylation and
succinylation sites in hippocampal tissue from gut microbiota-dysbiosis mice. (D) Venn diagram showing the overlapped results between significant acetylated and
succinylated proteins in hippocampal tissue from gut microbiota-dysbiosis mice. (E) Secondary structure distribution and surface accessibility prediction of significantly
acetylated sites. (F) Secondary structure distribution and surface accessibility prediction of significantly succinylated sites.

were identified. In addition, only 13 acetyl-Lys sites were found to
be succinylated (Fig. 2C), and only 66 proteins were both acety-
lated and succinylated (Fig. 2D and Table S8).

Prediction of the secondary structures of significant Kac and Ksucc
proteins

To determine how gut microbiota dysbiosis affects protein
structure and function, we predicted the secondary structures of
proteins that exhibited significant changes in Kac and Ksucc.
Approximately 41.98% of the Kac sites were located in ordered
regions—36.51% in o-helices and 5.47% in B-strands—and the
remaining 58.01% were located in disordered regions (Fig. 2E and
Table S9). Most of the Ksucc sites were located in coils (63.04%),
followed by a-helices (30.76%) and B-strands (6.18%) (Fig. 2F and
Table S10). These results indicate that gut microbiota dysbiosis
may influence protein function via Kac and Ksucc. Next, we evalu-
ated the surface accessibility of Kac and Ksucc sites, and found that
36.53% of Kac sites and 33.76% of Ksucc sites were surface-exposed,
compared with 38.22% and 37.87% of non-modified Lys residues,
respectively. Therefore, Kac and Ksucc induced by gut microbiota
dysbiosis can affect the surface properties of proteins.

Cellular localization of significant Kac and Ksucc proteins

To determine whether gut microbiota dysbiosis regulates Kac
and Ksucc of proteins in various cellular compartments, we pre-
dicted the cellular localization of all significantly acetylated and
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succinylated proteins. As expected, the Kac modification was abun-
dant on nuclear proteins, while 36% of cytoplasmic acetylated pro-
teins were localized partially or exclusively to the mitochondria
(Fig. 3A). These results indicate that the gut microbiota may regu-
late intra-nuclear processes and mitochondrial protein functions
through the acetylation of relevant proteins. Moreover, a compara-
ble number of succinylated proteins were annotated as mitochon-
drial, while only 19 Ksucc proteins were localized exclusively to
the nucleus (Fig. 3B). Approximately half of the succinylated pro-
teins were cytoplasmic, which suggests that Ksucc has a critical
role in regulating extensive cytosolic processes. To determine the
likelihood of mitochondrial localization, we compared our MS/MS
data with the MitoCarta database and found that 5% of mitochon-
drial proteins underwent Kac changes, whereas 5.6% of mitochon-
drial proteins exhibited Ksucc changes (Table S11).

Functional annotation of significant Kac and Ksucc proteins

To further reveal the biological functions of the acetylated and
succinylated proteins, we assigned GO annotations to these signif-
icantly altered proteins (Fig. S1 and Fig. S2). Acetylated proteins
were primarily annotated in the mitochondria in the cellular com-
ponent category (Fig. 3C), whereas succinylated proteins were
annotated in the cytoplasm (Fig. 3D). Additionally, carboxylic acid
metabolism and protein complex subunit organization were signif-
icantly enriched in Kac and Ksucc proteins, respectively, in the bio-
logical process category. Poly(A) RNA binding was significantly
annotated for both acetylated and succinylated proteins in molec-
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Fig. 3. Annotations of the acetylation and succinylation proteome. (A, B) Venn diagrams showing the cellular localization of significantly acetylated and succinylated proteins,
respectively. (C, D) Bar graphs showing the annotated cellular components enriched in significant acetylated and succinylated proteins, respectively. Max Level means the
maximal annotated level of this term in the GO graph (tree), and the number indicates the depth of the GO term level.

ular function category. Domain analysis revealed that acetylated
proteins were enriched for core histone H2A/H2B/H3/H4, 14-3-3
protein, and aldehyde dehydrogenase (Table S12), while succiny-
lated proteins were enriched for HSP70 protein and cation-
transporting ATPase (Table S13).

We also performed KEGG pathway enrichment analysis to
obtain a better understanding of the biological functions of the
acetylated and succinylated proteins that were regulated by gut
microbiota. In the gut microbiota-dysbiosis mice, carbon metabo-
lism was the most significantly altered function according to the
acetylated protein enrichment analysis (Fig. S3), while involve-
ment in the synaptic vesicle cycle was unique to succinylated pro-
teins (Fig. S4 and Fig. S5). However, 58 and 82 proteins in
metabolic pathways were acetylated and succinylated, respec-
tively. These results suggest that the gut microbiota may regulate
host functions through Kac and Ksucc, and that these two PTMs
have both unique and shared features. We therefore performed
an overlap analysis to identify common pathways that were signif-
icantly enriched (Benjamini-Hochberg-adjusted p < 0.01) in both
acetylated and succinylated proteins (Fig. 4). Notably, nearly all
of the overlapping pathways were partly or exclusively localized
to the mitochondria and involved with acetyl-CoA and succinyl-
CoA, including glycolysis/gluconeogenesis, the citrate cycle (TCA
cycle), biosynthesis of amino acids, pyruvate metabolism, and
oxidative phosphorylation. Most of the proteins in these pathways
were modified by both acetylation and succinylation. These results
indicate that gut microbiota dysbiosis may affect mitochondria-
mediated biological processes by altering the levels of acetylation
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and succinylation of relevant proteins, which then leads to the
development of depression.

PPI networks of significant Kac and Ksucc proteins

To obtain a further understanding of the complicated biological
processes regulated by gut microbiota dysbiosis, we created PPI
networks for the acetylated and succinylated proteins. Our data-
sets showed two networks with highly connected clusters of nodes
that extended out to form parts of pathways and protein com-
plexes (Fig. 5A and B). Using the MCODE plug-in, we identified
two highly interconnected clusters from the acetylated PPI net-
work as being related to systemic lupus erythematosus (Fig. 5C)
and the cell cycle (Fig. 5D). Three clusters were identified among
the succinylated proteins, including proteins related to the ribo-
some (Fig. 5E), endocytosis (Fig. 5F), and oxidative phosphorylation
(Fig. 5G). Taken together, the decreased acetylation of histone pro-
teins and succinylation of ribosomal proteins in gut microbiota-
dysbiosis mice suggest disturbances in transcription and
translation.

Protein complex analysis

Protein complex enrichment analysis was performed to identify
complexes that were regulated by Kac and Ksucc. Because proteins
within the same complex have similar functions, we analyzed the
up-regulated and down-regulated proteins separately. Further-
more, to uncover the degree of protein complex acylation, we
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Fig. 4. The Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways overlap between significantly acetylated and succinylated proteins in gut microbiota-dysbiosis mice.
Venn diagram displaying the number of common and unique proteins between both post-translational modifications. The blue area displays the common KEGG pathways
enriched in both succinylated and acetylated proteins, the green area shows the unique KEGG pathways enriched in succinylated proteins, and the red area shows the unique

KEGG pathways enriched in acetylated proteins.

divided the proteins that exhibited significant changes in Kac and
Ksucc into four quantiles (Q1-Q4) based on fold-change values
(Fig. 6A and B). Based on this analysis, we identified five protein
complexes enriched in Kac proteins (Fig. 6C) and 21 enriched in
Ksucc proteins (Fig. 6D). Four protein complexes were significantly
modified by both acetylation and succinylation, including the
unstimulated KSR1 complex (KSR1, MEK, 14-3-3), the B-KSR1-M
EK-MAPK-14-3-3 complex, the PDGF-treated KSR1-CK2-MEK-1
4-3-3 complex, and the EGF-stimulated KSR1 complex (KSR1,
MEK, 14-3-3, MAPK). This finding suggests that the gut microbiota
regulates the physiological functions of these protein complexes
through Lys acylation. These protein complexes are primarily
involved in the MAPK signaling pathway. Therefore, we speculate
that gut microbiota dysbiosis-induced depression is associated
with alterations in the acetylation and succinylation of relevant
proteins in the MAPK signaling pathway.

Discussion

PTMs can modify proteins at any time during their lifecycle, and
significantly increase the diversity and complexity of the proteome
by altering the activity, localization, and PPI of target proteins [39].
To date, more than 300 PTMs have been documented [40]. Kac is
among the most abundant and evolutionarily conserved PTMs,
and is involved in regulating various biological processes. A previ-
ous study has reported that hippocampal acetylation may improve
prenatal stress-induced depressive-like behaviors [41], and the
histone deacetylase inhibitor can also alleviate depressive-like
symptoms [42]. In addition, a significant decrease in the acetyla-
tion of membrane-associated tubulin has been reported in the
postmortem prefrontal cortex of MDD patients relative to controls
[43]. There is some crosstalk between Kac and other PTMs, such as
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succinylation. However, little is known about Kac and Ksucc in gut
microbiota dysbiosis-induced depression. Increasing evidence
indicates that both surface factors (e.g., polysaccharides, peptido-
glycans, and other antigens) on microbiota and gut microbial
metabolites (e.g., bacteriocins, neuromodulators, choline, bile
acids, and short-chain fatty acids) are important mediators that
modulate brain function [7]. This suggests, at least in part, that
these microbial factors may act as potential mediators that modu-
late the PMTs of hippocampal proteins through the microbiota-
gut-brain axis.

In the present study, Kac and Ksucc sites that were influenced
by gut microbiota dysbiosis tended to be near basic and acidic
amino acids, respectively. There was some correlation between
changes in these two PTMs and those of other modifications,
including monomethylation, dimethylation, N-glycosylation, O-
linked B-N-acetylglucosamine, and ubiquitylation. Moreover, the
limited overlap between Kac and Ksucc modifications suggests that
they participate in different regulatory mechanisms. Numerous
proteins carrying the Kac modification localized to the nucleus
and mitochondria. In certain cases, site-specific acetylation is suf-
ficient to alter nucleosome function and chromatin folding
[44,45], which causes changes in gene expression. Acetyl-Lys resi-
dues on histones can act as an “epitope” to recruit protein com-
plexes containing acetyl-Lys bromodomain domains, such as
histone acetyltransferase, methyltransferase, and transcription
activating factor [46]. Thus, we speculate that gut microbiota dys-
biosis may disrupt intra-nuclear processes by acetylating relevant
nucleoproteins. Additionally, mitochondria are key centers for
metabolism and energy production, and Kac is the main mecha-
nism that regulates mitochondrial function [47]. Altogether, 63%
of mitochondrial proteins are Lys acetylated [47], which indicates
that gut microbiota dysbiosis may cause mitochondrial dysfunc-
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tion through the acetylation of relevant proteins. However, consis-
tent with previous findings, Ksucc proteins in the gut microbiota-
dysbiosis mice were widely localized to the cytoplasm, mitochon-
dria, and nucleus [48,49]. Therefore, we infer that gut microbiota
dysbiosis may affect various cellular processes by altering the suc-
cinylation of relevant proteins.
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Proteins with altered Kac in gut microbiota-dysbiosis mice were
primarily involved in carbon metabolism, which can be divided
into one-carbon and central carbon metabolisms. Abundant Kac
and Ksucc sites on proteins related to carbon metabolism have
been identified in Aeromonas hydrophila [50]. Carbon metabolism
plays an important role in regulating health and disease [51-53].
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Previous studies have confirmed that perturbations in carbon
metabolism are involved in the pathogenesis of depression [54-
57], and that the absence of gut microbiota leads to similar changes
in GF mice [58]. Thus, we suggest that, in depression, gut micro-
biota dysbiosis may influence host brain function by altering the
acetylation levels of proteins related to carbon metabolism. Addi-
tionally, down-regulation of histone protein (e.g., H2AFZ,
HIST1H2BM, and H2AFV) acetylation was observed in gut
microbiota-dysbiosis mice, indicating a potential role for the gut
microbiota in regulating transcription.

Enrichment analysis of Ksucc proteins found disturbances in
various biological processes, especially the synaptic vesicle cycle.
Synaptic vesicles, located at axon terminals, are the core elements
in the physiology of presynaptic terminals and are primarily
involved in the secretion of neurotransmitters, such as glutamate
and y-aminobutyric acid (GABA). A number of preclinical studies
have reported that perturbances in glutamatergic, GABAergic,
and cholinergic neurotransmitters are related to the development
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of depression [59-61]. Previous findings also indicated that the
expression levels of proteins related to the synaptic vesicle cycle
and vesicle organization, such as synaptotagmins, synaptophysin,
Rab, and SNAP proteins, are altered by the absence of gut micro-
biota [62]. Compared with healthy controls, significant alterations
in the gut microbiome were found in fecal samples from patients
with MDD [8,9,63,64], with increased levels of Actinobacteria, Bac-
teroidetes, and Proteobacteria, but reduced levels of Firmicutes. The
gut microbiota has a potential role in regulating the expression of
postsynaptic GABA receptors [65] as well as N-methyl-p-aspartate
receptors [66]. Taken together, these findings suggest that gut
microbiota dysbiosis may affect host brain functions by disrupting
neurotransmitter release and function. Additionally, the gut micro-
biota may affect protein translation [67]. Consistent with this find-
ing, we detected a down-regulation of succinylation on many
ribosomal proteins, suggesting a potential role for translational
dysfunction in the pathogenesis of gut microbiota dysbiosis-
related depression.
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Overlap analysis suggested that the gut microbiota may regu-
late host functions by altering Kac and Ksucc; these two PTMs have
unique and shared features. Some pivotal metabolic pathways,
including glycolysis/gluconeogenesis, the citrate cycle, biosynthe-
sis of amino acids, pyruvate metabolism, and oxidative phosphory-
lation, were identified in both the Kac and Ksucc protein
enrichment analyses. Significantly, many key enzymes in these
pathways (e.g., PGM2, ALDOA, GOT2, MDH1, GLUD1, ABAT,
ALDH1B1, and DLAT) were regulated by both acetylation and suc-
cinylation. These common metabolic pathways are partly or exclu-
sively localized to mitochondria. We also found that many proteins
in the respiratory chain were regulated by both acetylation and
succinylation, such as NDUFA10, CYCS, SLC25A5, and ATP5C1. Pre-
vious studies have found that mitochondrial dysfunction is associ-
ated with depression [68,69], and that PTMs act as important
regulators of mitochondrial function [70]. Thus, gut microbiota
dysbiosis-induced depression may be associated with mitochon-
drial dysfunction, characterized by alterations in the levels of Kac
and Ksucc of relevant proteins. In addition, many protein com-
plexes involved in MAPK signaling were regulated by both acetyla-
tion and succinylation, such as the B-KSR1-MEK-MAPK-14-3-3
complex. Numerous studies have confirmed the potential role of
disrupted MAPK signaling in depression [71,72]. Therefore, we
speculate that gut microbiota dysbiosis-induced depression is
related to changes in the acetylation and succinylation of proteins
in the MAPK signaling pathway.

There were some limitations to the present study. First, only
hippocampal tissue from male mice was analyzed to characterize
the Lys acetylome and succinylome. Thus, other emotion-related
brain areas should be taken into consideration in further studies
to obtain a more comprehensive understanding of the underlying
mechanisms of host-microbiota interactions. Furthermore, sex dif-
ferences in FMT-based dysbiosis-induced mice, as well as sex-
specific alterations in PMT patterns, require further investigation.
Second, the main alterations identified in the present study were
not experimentally verified because of a lack of commercially
available antibodies for the specific Kac and Ksucc sites addressed
here; however, the mass spectrometry data were highly reliable,
with average peptide scores as high as 100, as determined by Mas-
cot software. We will also perform functional studies in our future
research in this field. Third, the fecal sample collection may also
have been a limitation, as previously described [9], because the
pooled fecal samples used in this study were from subjects
recruited from the same clinical site. Therefore, further studies
using individual fecal samples from ethnically diverse donors are
required, to identify the specific gut microbiota strains that con-
tribute to the onset of depression.

Conclusions

This study aimed to elucidate the underlying mechanisms by
which gut microbiota dysbiosis induces depressive-like behaviors,
by analyzing alterations in the hippocampal Lys acetylome and
succinylome in gut microbiota-dysbiosis mice. A total of 315 Kac
sites on 223 proteins and 624 Ksucc sites on 494 proteins were
identified as being significantly expressed in the gut microbiota-
dysbiosis mice. The significantly acetylated proteins were primar-
ily associated with carbon metabolism disruption and gene tran-
scription suppression, while the synaptic vesicle cycle and
protein translation were the most significantly altered functions
for the succinylated proteins. In addition, gut microbiota dysbiosis
may disturb mitochondria-mediated biological processes and the
MAPK signaling pathway through crosstalk between acetylation
and succinylation on relevant proteins. Our study provides new
avenues for exploring the pathogenesis of gut microbiota
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dysbiosis-related depression, and highlights potential targets for
treating depression.
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