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Physical exercise benefits hippocampal function through various molecular

mechanisms. Protein acetylation, a conserved and widespread post-

translational modification, is involved in the synaptic plasticity and memory.

However, whether exercise can change global acetylation and the role of

acetylated proteins in the hippocampus have remained largely unknown.

Herein, using healthy adult mice running for 6 weeks as exercise model and

sedentary mice as control, we analyzed the hippocampal lysine acetylome

and proteome by Liquid chromatography-tandem mass spectrometry. As a

result, we profiled the lysine acetylation landscape for the hippocampus and

identified 3,876 acetyl sites and 1,764 acetylated proteins. A total of 272

acetyl sites on 252 proteins were differentially regulated by chronic exercise,

among which 18.58% acetylated proteins were annotated in mitochondria.

These proteins were dominantly deacetylated and mainly associated with

carbon-related metabolism, the Hippo signaling pathway, ribosomes, and

protein processing. Meanwhile, 21 proteins were significantly expressed and

enriched in the pathway of complement and coagulation cascades. Our

findings provide a new avenue for understanding the molecular mechanisms

underlying the benefits of exercise for hippocampal function and can

contribute to the promotion of public health.

KEYWORDS

exercise, post-translational modification, acetylation, hippocampus, adult
neurogenesis

Introduction

Physical inactivity is increasing globally and increases the risk of cognitive decline,
whereas exercise benefits brain function (Duzel et al., 2016). Exercise not only boosts
memory performance of healthy individuals, but is also an effective strategy to delay
or prevent the onset of multiple neurodegenerative diseases, such as cerebrovascular
diseases and Alzheimer’s disease (Nay et al., 2021). As a striking example, aged adults
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participating in 1-year endurance exercise exhibited 2% increase
in hippocampal volume, which was accompanied by improved
memory function (Erickson et al., 2011). Moreover, evidence
from rodents indicates that increased gray matter volume
induced by exercise tends to occur in the hippocampus (Maass
et al., 2015; Duzel et al., 2016), prefrontal (Erickson et al.,
2014) and entorhinal cortex (Whiteman et al., 2016), but
not the thalamus or caudate nucleus (Erickson et al., 2011).
The hippocampus, an essential region involved in learning
and memory, is highly plastic to exercise and has, therefore,
been extensively studied. Abundant evidence demonstrates
that exercise remodels the structure and function of the
hippocampus by enhancing neurogenesis, accelerating new
neuron maturation and promoting angiogenesis (O’Callaghan
et al., 2009; Marlatt et al., 2012; Cooper et al., 2018). However, in-
depth knowledge into the molecular mechanisms underlying the
protective effects of exercise on hippocampal function remains
elusive.

Proteins are precisely controlled by numerous regulatory
processes. Reversible post-translational modifications (PTMs)
provide an elegant mechanism to dynamically regulate protein
function (Walsh et al., 2005; Salomon and Orth, 2013). Lysine
residues can covalently react with diverse substrates to produce
PTMs, such as methylation, acetylation, ubiquitination,
succinylation, and sumoylation (Sabari et al., 2017). Lysine
acetylation is a conserved and widespread PTM, whose
homeostasis is maintained by well-tuned balance of lysine
acetyltransferases (KATs) and lysine deacetylases (KDACs, also
known as HDACs). By regulating protein stability, enzyme
activity, subcellular localization and protein-protein/DNA
interactions, protein acetylation plays essential roles in
protein functions and various cellular processes (Narita et al.,
2019). Increased histone acetylation, which activates gene
transcription, is mostly thought to be associated with the
synaptic plasticity and memory. Regular swimming exercise
enhanced hippocampal H3K9, H4K5, and H4K12 acetylation
levels and ameliorated isoflurane-induced memory impairment
in mice (Zhong et al., 2016). Exercise modalities that improved
the memory of aged rats modified H3K9 acetylation at the
c-Fos promoter (de Meireles et al., 2019). Recently, the role of
non-histone acetylation has also been valued. It is reported that
reduction of tau acetylation ameliorated tau-induced memory
deficits (Min et al., 2015), and mutations preventing calmodulin
acetylation impaired hippocampal synaptic plasticity (Zhang
et al., 2021). Furthermore, in a mouse model of Alzheimer’s
disease, exercise markedly suppressed acetylation levels of 8-
oxoguanine DNA glycosylase and MnSOD, thereby increasing
mitochondrial DNA repair capacity and improving cognitive
function (Bo et al., 2014). However, Koltai et al. (2011) found
that 6 weeks of chronic exercise did not alter the total acetylation
level in the rat hippocampus. Therefore, whether exercise could
induce global acetylation changes and the roles of acetylated
proteins in the hippocampus have remained largely unknown.

In this study, using affinity enrichment and Liquid
chromatography-tandem mass spectrometry (LC-MS/MS)
analysis, we verified that chronic exercise could alter
the acetylation landscape in the hippocampus. We then
quantitatively analyzed the acetylome to clarify the roles
of acetylated proteins as a bridge between exercise and
hippocampus-dependent cognitive function. This study not
only enriches the multi-omic database (Sanford et al., 2020),
but also furthers our understanding of exercise physiology and
helps promote public health.

Materials and methods

Experimental animals

Male C57BL/6J mice aged 8 weeks (20–22 g) were purchased
from Charles River Laboratory. After a week of habituation to
the new environment, mice were randomly divided into two
groups: the chronic exercise (Ex) and the sedentary control
(Con). All mice were fed ad libitum in temperature- and
humidity-controlled condition (22 ± 2◦C) and maintained
on a 12/12-h light/dark cycle (light on at 6:00 am). Body
weight was measured biweekly. All animal procedures were
conducted during rodents’ nocturnal phase (6:00 p.m. to 12:00
p.m.). The experiments were in strict accordance with the
institutional ethical guidelines and approved by the Ethics
Committee on Animal Care and Use of the Capital Institute of
Pediatrics (DWLL2021015).

Chronic exercise protocol

As moderate-intensity aerobic exercise is supposed to
benefit the cognitive function both in physical and pathological
conditions (Prakash et al., 2015), we adopted an exercise
protocol of moderate-intensity (approximately 70% VO2max)
(Fernando et al., 1993). Animal handling was conducted by the
same researcher during every stage: acclimation and training
stages. Ex mice ran on a motorized treadmill with 5◦ incline
between 7:00 p.m. and 9:00 p.m. During the acclimation stage,
Ex mice adapted to a treadmill for 1 week by training for
10–15 min per day and 5 days/week. Mice started running
at 6 m/min and accelerated by 2 m/min every 2 min up to
the final speed in each day (Sato et al., 2022; Supplementary
Figure 1A). The training stage lasted for 6 weeks, 5 consecutive
days per week and 60 min per day. Each training session started
with warm-up (speed from 6 m/min increased to the assigned
speed as above) followed by running at the assigned speed. The
assigned speed was 12 m/min for the first 2 weeks and added
1 m/min biweekly (Figure 1A). Electrical stimuli of 0.6 mA
current were set to encourage mice to run at the back of each
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FIGURE 1

Experimental design and response to chronic exercise. (A) Schematic diagram of moderate-intensity chronic exercise model. After habitation to
the new environment, mice in Ex group received chronic exercise containing acclimation stage (1 week) and training stage (6 weeks), while the
Con mice remained in the same room without access to the treadmill. In a separate cohort, novel object recognition test (NORT) and Y-maze
test were performed in the fifth or sixth week of the training stage. BrdU was intraperitoneally injected for last 14 days before scarification.
(B) Physical response to chronic exercise. Chronic exercise significantly inhibited the growth-related gain of body weight (n = 13). ***p < 0.001,
****p < 0.0001 Ex vs. Con at each time point, two-way ANNOVA test. (C,D) Cognitive response to chronic exercise assessed by NORT and
Y-Maze test (n = 11–13). Compared with the control, chronic exercise significantly improved novel object recognition memory (p = 0.0458) and
spatial working memory in the Ex group (p = 0.009). Each dot represents one mouse. (E) Representative immunofluorescence images of NeuN,
BrdU, and DCX for hippocampal adult neurogenesis. Scale bar = 50 µm. (F) Quantitative analysis of NeuN, BrdU, and DCX cells in the
hippocampus. Compared with the Con (n = 6), Ex mice (n = 6) had more NeuN+ (p = 0.041), BrdU+ (p = 0.0092), and DCX+ cells (p = 0.0293) in
the dentate gyrus of the hippocampus. For panels (C,D,F), data are presented as mean ± SEM, *p < 0.05, **p < 0.01 Ex vs. Con were calculated
by unpaired Student’s t-test. Con, control; Ex, exercise; NeuN, neuronal nuclei; BrdU, 5-bromo-2′-deoxyuridine; DCX, doublecortin.
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panel. The running distance for each mouse covered 22 km
approximately in the training stage.

The Con mice remained in the same room without access to
the treadmills throughout the experiment.

Behavioral tests

Novel object recognition test (NORT) was used to assess
non-spatial memory and performed in the fifth week during
the training stage (Figure 1A). This experiment was conducted
in a 40 × 40 cm open field, with a video camera above to
record movements. On the first day, mice adapted to the open
field for 10 min. 24 h later, each mouse was allowed 5 min to
explore two identical objects (O1 and O2) that were positioned
10 cm away from the horizontal and vertical walls. 3 h later,
O1 was replaced by a new object with different shape and
color (N). The arena was cleaned with 45% alcohol after each
mouse. The time exploring each object (T) was monitored and
the preference index was calculated to quantify novel object
recognition memory: [TN/(TN + TO2)]× 100.

Y-maze test was used to assess short-term spatial memory
and performed in the last week (Figure 1A). Mouse was
placed in the end of one specific arm and allowed to freely
explore the three arms for 8 min. The sequences into each
arm were recorded. A spontaneous alternation was recorded
only when a mouse consecutively entered all the three
arms. Spontaneous alternation percentage was calculated by
the formula: [spontaneous alternations/(total number of arm
entries – 2)]× 100.

To avoid the potential influence of behavioral tests on
hippocampus, the behavioral tests were performed in a separate
cohort of Ex and Con mice (n = 13), and inactive mice during
the tests were excluded.

BrdU injection

Six mice from each group without undergoing behavioral
tests received intraperitoneal injection of 5-bromo-2′-
deoxyuridine (BrdU) (50 mg/kg body weight, Sigma-Aldrich,
MO, United States) once a day (1 h before running for Ex mice)
for last 14 days (Figure 1A).

Tissue collection

Twenty four hours after last running, mice were euthanized
and killed by cervical dislocation. Mice with BrdU injection
were perfused transcardially with 4% paraformaldehyde,
and the whole brain was isolated and immersed in 4%
paraformaldehyde. Other mice were perfused transcardially
with 0.9% saline solution. Hippocampal tissue was rapidly
dissected out on ice-cooled surface. We also collected bilateral
vastus lateralis and epidydimal fats from the mice that

underwent behavioral tests, as their relative mass represented
physical response to chronic exercise. All collected tissues
were flash-frozen in liquid nitrogen and then transferred
to−80◦C until use.

Multiplex immunofluorescence
staining

A triple immunofluorescence using rabbit antibodies was
performed (Toth and Mezey, 2007). Briefly, paraffin-embedded
brain tissues from mice with BrdU injection (n = 6) were
sectioned into 4 µm-thick slices followed by dewaxing and
hydrating. The sections were treated with 0.3% hydrogen
peroxide solution, underwent microwave treatment and were
blocked in 5% BSA. Subsequently, they were incubated with
the primary antibody NeuN (1:1000, Cell Signaling Technology,
Danvers, MA, United States) at 4◦C overnight and the
secondary antibody HRP-conjugated anti-rabbit IgG (ZSGB-
Bio, Beijing, China) at room temperature for 1 h. After
TSA reaction of AlexaFluor 488-Conjugated Streptavidin (1:50,
Invitrogen, Waltham, MA, United States), the sections were
treated with microwave for 15 min and cooled. Furtherly,
primary antibodies DCX (1:800, Cell Signaling Technology,
Danvers, MA, United States) and BrdU (1:500, Abcam,
United States) were performed successively on the same section,
then the corresponding secondary detections were performed
with AlexaFluor 594- and 633-Conjugated Streptavidin (1:50,
Invitrogen, United States), as described for NeuN. After the last
microwave treatment and rinsing, the sections were stained with
DAPI. Images were captured. Immunostained-positive BrdU
and NeuN cells were visually counted in each section by two
researchers blind to the intervention groups. Intensity of DCX
was analyzed by ImageJ.

Protein extraction, trypsin digestion,
and acetylated peptide enrichment

Considering the small volume of a mouse’s hippocampus,
we mixed bilateral hippocampus from every two mice as one
replicate and adopted three replicates in each group. Process
of peptide preparation was detailed elsewhere (Li et al., 2020;
Liu et al., 2021). For proteome, each sample was grinded with
liquid nitrogen and homogenized in four volumes of lysis
buffer (8 M urea and 1% Protease Inhibitor Cocktail). Then
they were sonicated three times on ice using a high intensity
ultrasonic processor (Scientz), followed by centrifugation at
12,000 g at 4◦C for 10 min. Finally, the supernatant was collected
and quantified for the protein concentration with a BCA kit
(Beyotime, Shanghai, China). For trypsin digestion, 100 ug
protein from each sample was reduced (5 mM dithiothreitol
for 30 min at 56◦C) and alkylated (11 mM iodoacetamide
for 15 min at room temperature in darkness). After that, the
resultant samples were fully digested with trypsin for two
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times (1:50 trypsin-to-protein mass ratio overnight and 1:100
trypsin-to-protein mass ratio for 4 h). The resulting peptides
were further desalted and vacuum-dried.

For acetylome, process of protein extraction and trypsin
digestion was similar to the above except that, additional
inhibitors (3 µM trichostatin and 50 mM nicotinamide) were
also added to the lysis buffer and 2.5 mg protein from each
sample was used for trypsin digestion. Acetylated peptides
enrichment was necessary. Tryptic peptides were dissolved in
NETN buffer (100 mM NaCl, 1 mM EDTA, 50 mM Tris–
HCl, 0.5% NP-40, pH 8.0) and incubated with anti-acetyllysine
antibody-conjugated agarose beads (PTM BIO, China) at 4◦C
overnight with gentle shaking. Then the beads were washed
four times with NETN buffer and twice with ddH2O. The
bound peptides were eluted three times from the beads with
0.1% trifluoroacetic acid (Sigma, United States). The eluted
peptides were then combined, vacuum-dried and desalted for
LC-MS/MS Analysis.

Liquid chromatography-tandem mass
spectrometry analysis

Liquid chromatography-tandem mass spectrometry was
performed at PTM Biolab (Hangzhou, China). Desalted peptides
were dissolved in 0.1% formic acid and loaded onto a reversed-
phase analytical column (25-cm length, 100 µm i.d.). Peptides
for proteome were separated with a gradient of solvent B (0.1%
formic acid in 100% acetonitrile) from 6 to 24% over 70 min,
increasing to 35% in 12 min and to 80% in 4 min, and then
holding at 80% for the last 4 min. Peptides for acetylome were
separated with a gradient of solvent B from 6 to 22% over
42 min, climbing to 30% in 12 min and to 80% in 4 min,
then holding at 80% for the last 4 min. The flow rate was
450 nL/min. Then the peptides were subjected to capillary
source (CaptiveSpray) followed by the timsTOF Pro (Bruker
Daltonics) mass spectrometry. The electrospray voltage was set
at 1.60 kV for proteome and 1.80 kV for acetylome. For both
omics, MS spectra with m/z range of 100–1,700 were analyzed.
The timsTOF Pro was operated in parallel accumulation serial
fragmentation mode. Precursors with charge states 0 to 5 were
selected for fragmentation, and 10 MS/MS scans/cycle were
acquired. The dynamic exclusion was set to 30 s.

The resulting MS/MS data were processed using MaxQuant
search engine (v.1.6.15.0). Tandem mass spectra were searched
against the Mus_musculus_10090_SP_20220107.fasta (17097
entries) concatenated with reverse decoy database. Trypsin/P
was specified as cleavage enzyme, missing cleavages were
allowed up to 2 for proteome and 4 for acetylome. The mass
tolerance for precursor ions was set as 20 ppm in first search and
5 ppm in main search. Carbamidomethyl on Cys was specified
as fixed modification, and acetylation on protein N-terminal and
oxidation on Met were specified as variable modifications. The

false discovery rate (FDR) for proteins, peptides, and acetyl sites
was adjusted to <1%.

Post-translational modification
correlation analysis

Post-translational modification correlations were achieved
by comparing our data with shared PTMs in the PLMD database
(Xu et al., 2017). Both newly identified acetyl sites and overlaps
with other types of PTMs were analyzed.

Characteristics of acetyl isoforms
analysis

We first performed principal components analysis1 to
characterize the signatures of Ex and Con groups. Using
Gaussian mixture model, we tried to categorize all the quantified
acetyl sites into three groups based on their response to
exercise. As the biochemical preference of some enzyme to
given substrates may be partially determined by neighboring
conserved sequences around the modified site, we paid attention
to the motifs of acetyl sites using iceLogo (Colaert et al., 2009).
Secondary structure distribution and surface accessibility were
also predicted by NetSurfP v1.0 software.

Subcellular distribution and protein
domain analysis

The subcellular distribution was predicted with Wolfpsort.2

Protein domains were analyzed with InterPro database.3

Functional enrichment analysis

Gene Ontology (GO) and Kyoto Encyclopedia of Genes
and Genomes (KEGG) database were used for functional
enrichment analysis.

Protein-protein interaction network

Protein-protein interaction (PPI) network was constructed
using STRING database (version 11.0). For differentially
acetylated proteins (DAPs), all interactions with high confidence
(confidence score > 0.7) were selected and visualized in R
package “networkD3.” Using the MCODE plug-in, we identified

1 https://biit.cs.ut.ee/clustvis/

2 https://wolfpsort.hgc.jp/

3 http://www.ebi.ac.uk/interpro/
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the three most highly interconnected clusters. We also analyzed
the interactions between DAPs and NeuN or DCX, the markers
of adult neurogenesis.

Statistical analysis

All graph values were expressed as mean ± SEM and
statistical significance was assessed by unpaired Student’s
t-test or two-way ANOVA analysis. For MS/MS data, log2

transformation of the relative quantitative value of proteins
or acetyl sites were first applied to make the data closely
following a normal distribution. Then unpaired Student’s t-test
was used to calculate statistical significance of difference
between the two groups. Finally, a two-way Fisher’s exact
test was used for domain, GO and KEGG enrichment
analysis as detailed elsewhere (Zhang et al., 2019). Statistical
significance for motif analysis was assessed using binomial test.
For secondary structure distribution and surface accessibility,
statistical significance was calculated using Wilcoxon rank sum
test. P-values < 0.05 were considered statistically significant
throughout the study.

Results

Physical and cognitive response to
chronic exercise

To assess the effect of moderate-intensity chronic exercise
on physical fitness, we first surveyed growth-related body weight
gain. After running for 2 weeks, the body weight of Ex mice was
significantly lower than that of the Con mice (Figure 1B). Six
weeks of moderate-intensity exercise also significantly raised the
vastus lateralis mass (Supplementary Figure 1B, p = 0.0004) and
suppressed epididymal fat gains (Supplementary Figure 1C,
p = 0.0282) in Ex group when compared with the control.
To determine whether chronic exercise improved hippocampal
function, we performed NORT and Y-maze test. Compared
with the Con, Ex mice showed preference for the novel object
(Figure 1C, p = 0.0458), indicating facilitated recognition of
a novel object. In the Y-Maze test, spatial working memory

was evaluated with spontaneous alternation, and Ex mice
outperformed their counterparts (Figure 1D, p = 0.009). In
addition, exercise significantly increased the numbers of BrdU+

(p = 0.0092), NeuN+ (p = 0.041), and DCX+ (p = 0.0293)
neurons in the dentate gyrus, indicating enhanced potential of
adult neurogenesis (Figures 1E,F). In summary, these results
indicate that 6 weeks of moderate-intensity chronic exercise
were beneficial to both physical fitness and cognitive function.

Identification of acetylation landscape
in the mouse hippocampus

To profile the lysine acetylation landscape of the
hippocampus in both sedentary and exercise mice, we
assessed acetylome using acetyllysine enrichment and LC-
MS/MS analysis (Figure 2A). Normalization to total protein
was performed to eliminate the effect of protein expression on
modification abundance. After evaluation of high-quality MS
data (Supplementary Figure 2) and high-degree reproducibility
(Figure 2B), we identified 3,876 acetyl sites on 1,764 proteins
(Figure 2C and Supplementary Table 1), which constituted
31% of the whole hippocampal proteome (Figure 2D). Up to
75% of the identified proteins harbored more than one acetyl
site (Figure 2E). The five proteins with the most acetyl sites were
SPTAN1 (32 sites), GOT2 (19 sites), ACO2 (18 sites), MDH2
(17 sites), and CNP (17 sites). In addition, 1,305 proteins with
2,769 acetyl sites were quantified (Figure 2C) and predicted
to distribute in virtually every subcellular compartment, with
cytoplasm and mitochondria the most dominant localizations
(Figure 2F).

Post-translational modification
correlation analysis for acetyl sites

Interactions of PTMs on the same or surrounding lysine
sites may affect protein structures and functions, vastly
expanding the functional diversity of mammalian proteome
(Aebersold et al., 2018). When compared with the PLMD
database of mouse lysine acetylation, 716 novel proteins
and 2,423 novel acetylation sites were identified in our data
(Supplementary Table 2). In addition, some other types of
PTMs were found at our identified lysine sites (Supplementary
Table 3), such as ubiquitination (962), succinylation (693), and
malonylation (540). As acetylation on a specific site influences
modifications on its surrounding lysine sites, we also analyzed
the known PTMs locating within six residues of our acetylated
lysine site (Supplementary Table 4). This PTM correlation
analysis mainly indicated acetylation (919), ubiquitination
(449), succinylation (399), and malonylation (249). Taking
Catalase as an example, the up-to-date data predicted that K449
could be modified by acetylation, ubiquitination, succinylation,
malonylation, and glutarylation; the surrounding sites
around K480 could be modified by acetylation, succinylation,
glutarylation, malonylation, and ubiquitination. These findings
have elevated PTMs as a widespread mechanism, among which
acetylation and ubiquitination might be the most prevalent.
The possibility of crosstalk among distinct types of PTMs on
the same or neighboring sites underscores its complexity and
physiological relevance in adaption.
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FIGURE 2

Profiling lysine acetylation proteome in hippocampus. (A) Mass spectrometry workflow for identification and quantitation of lysine acetylation in
the hippocampus. (B) Principal component analysis of acetylome data to distinguish the Ex from the Con. Three biological replicates (bilateral
hippocampus from every two mice as one replicate) were performed in each group. (C) Global view of acetylated proteins and acetyl sites.
Venn diagram showed the number of acetyl sites and the corresponding proteins in brackets. Acetyl sites with a fold change greater than 1.5 or
less than 0.667 and with p-values < 0.05 were considered as significantly upregulated or downregulated. (D) The relative ratio of acetylated
proteins identified in the acetylome to proteins identified in the proteome. (E) Distribution of the acetyl site occupancy per protein.
(F) Subcellular distribution predicted for all the quantified acetylated proteins. LC–MS/MS, liquid chromatography-tandem mass spectrometry;
PCA, principal component analysis.

Chronic exercise altered
characteristics of acetyl isoforms

To explore the overall trends of the quantified acetyl

sites upon exercise intervention, 13 clusters generated by a

probabilistic clustering algorithm were separated into three

groups: Group I sites that were upregulated by chronic exercise;

Group II sites that were decreased in response to exercise; and

Group III sites that were unchanged (Figure 3A). We performed

motif analysis for each group to obtain more insights into their

physical properties (Figure 3B) and observed that Group I sites

preferred Thr at the +1 position, while both Group II and III

sites preferred His and Asn at the +1 position. It seems that

acetyl sites in Group I tend to be near acidic amino acids while
those in Group II and III tend to be near basic amino acids.

In addition, to uncover the conformational tendencies of
differentially acetylated sites (DASs) changed by exercise, we
initially defined sites with fold changes (>1.5 or <0.667)
and p < 0.05 as DASs between Ex and Con groups. As a
result, 272 acetyl sites were significantly regulated, including
upregulated 19 sites and downregulated 253 sites (Figure 2C
and Supplementary Table 5). Compared with the non-modified
lysine residues, the DASs were significantly enriched in coil
(p = 9.8 × 10−13) and depleted in alpha-helical regions
(p = 1.26 × 10−11, Figure 3C). In parallel, DASs displayed no
difference in surface-exposed accessibility (Figure 3D). These
findings suggest that acetyl sites differentially modified by
exercise in the hippocampus possibly affect protein function
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FIGURE 3

Characteristics of acetyl isoforms in response to chronic exercise. (A) Three groups based on the trends of the quantified acetyl sites upon
chronic exercise. Group I sites were upregulated by chronic exercise; Group II sites were downregulated in response to exercise; and Group III
exhibited unchangeable. (B) Predicted amino acid motifs for each group. The motif showed significant (p < 0.05, binomial test) amino acid at
each site flanking the position 0 lysine. (C,D) The conformational tendencies of 272 differentially acetylated sites predicted by protein secondary
structures and surface accessibility. Compared with the non-modified lysine residues, the differentially acetylated sites were significantly
enriched in coil (p = 9.80 × 10−13) and depleted in alpha-helical regions (p = 1.26 × 10−11, Wilcoxon rank sum test), while showed no difference
in surface-exposed accessibility (Wilcoxon rank sum test). ∗∗∗p < 0.001.

by changing preferences for neighboring amino acids and
secondary structure but not surface accessibility.

Subcellular distribution and protein
domain analysis of significantly up and
downregulated acetylated proteins

To investigate acetylated proteins in the mouse
hippocampus altered by chronic exercise, we found 19 proteins
were significantly upregulated and that 233 proteins were
significantly downregulated, corresponding to 19 and 253 DASs,
respectively (Figure 2C). For the 252 DAPs, their predicted
annotation of subcellular distribution (Supplementary
Figure 3) was similar to that of the quantified acetylated
proteins (Figure 2F). However, there was subtle difference
in the subcellular location between up and downregulated
DAPs. As illustrated in Figure 4A, upregulated DAPs were
mainly annotated in mitochondria, while the downregulated

DAPs were most abundant in cytoplasm. Annotation of
molecular functions showed that up and downregulated DAPs
were significantly enriched in catalytic activity and binding,
respectively (Figure 4B). To further clarify DAPs, we divided
them into four categories (Q1–Q4) based on the fold-change
values (Figure 4C). Based on the domain enrichment analysis,
DAPs in Q1 were enriched in thioesterase superfamily members
and cation transporter/ATPases, DAPs in Q2 were enriched in
other domains, such as immunoglobulin and LIM domains.
However, domains were weakly enriched for upregulated
acetylated proteins, probably because of limited acetylated
proteins in Q3 and Q4 categories (Figure 4D).

Functional enrichment analysis for
differentially acetylated proteins

To identify the biological functions of DAPs, we
assigned GO annotations (Figures 5A–C). In the cellular
component category, acetylated proteins were significantly
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FIGURE 4

Subcellular location and protein domain analysis of significantly up and downregulated acetylated proteins. (A) Subcellular location analysis for
significantly up and downregulated acetylated proteins, respectively. (B) Molecular function annotation for significantly up and downregulated
acetylated proteins. (C) Degree of modification of differentially acetylated proteins. (D) Protein domain analysis for the Q1–Q4 quantiles in
panel (C).

enriched in cytoskeleton, myelin sheath and axons, which
were consistent with their subcellular distribution. Actin
cytoskeleton organization, regulation of protein polymerization
or depolymerization, and hexose/glucose metabolic process
were significantly enriched in the biological process category.
According to KEGG pathway analysis, the DAPs were connected
to central carbon metabolism, neurodegeneration diseases,
synapses, and various signaling pathways (Supplementary
Figure 4). Among them, significant alterations clearly
highlighted in carbon-related metabolism (carbohydrate
digestion and absorption, glycolysis/gluconeogenesis, fructose
and mannose metabolism, and pyruvate metabolism) and
Hippo signaling pathways (Figure 5D). The DAPs in the
pathway of glycolysis/gluconeogenesis included PFK1, ALDOC,
TPI, and GAPDH (Supplementary Figure 5A). Those in
the Hippo signaling pathway included 14-3-3 gamma and
subunits of serine/threonine-protein phosphatase (PPP2R1A,
PPP1C, PPP2C) (Supplementary Figure 5B). We noticed that
phototransduction, circadian rhythm, olfactory transduction
and salivary secretion were also featured by chronic exercise
(Figure 5D).

Among these DAPs, there were 18.58% (47) annotated
in mitochondria (Supplementary Figure 3), and 39 were
downregulated (Figure 3A). These mitochondrial DAPs
were predicted mainly binding with cofactor, coenzyme,
NAD, iron–sulfur cluster or exerting catalytic activity
(Figure 5E). Significant enrichment of major mitochondrial

processes included citrate cycle, butanoate metabolism,
fatty acid metabolism, amino acid catabolism, and oxidative
phosphorylation (Figure 5E). Noteworthily, acetyl-CoA
acetyltransferase (ACAT1), which plays a critical role in acetyl-
CoA metabolism as well as amino acid catabolism and ketone
body synthesis (Haapalainen et al., 2007) was subjected to
significantly downregulated acetylation.

Taken together, these results indicate that chronic moderate-
intensity exercise may regulate multiple biological functions
by modulating relevant protein acetylation levels, possibly
mediating the adaption of hippocampus to repeated single
exercise challenge and reshaping hippocampal function.

Analysis of protein-protein interaction
networks

Protein-protein interaction network for DAPs was
constructed from 187 proteins with high confidence
(Figure 6A). Using the MCODE plug-in, three highly connected
clusters were identified: metabolic pathways, ribosomes, and
protein processing in endoplasmic reticulum (Figure 6A).
The changed acetylation of metabolic and protein processing
implied higher demand for energy and translation in Ex mice.
Considering adult neurogenesis was positively related to the
hippocampal function, we also investigated the relationship
between NeuN or DCX and the DAPs. The results showed
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FIGURE 5

Functional enrichment analysis for differentially acetylated proteins. (A–D) Representative Gene Ontology (GO) enrichment analysis (molecular
function, cellular component, biological process) (A–C) and enrichment analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathways (D) of all differentially acetylated proteins. (E) Molecular function and KEGG pathways of 47 proteins that were differentially acetylated
in mitochondria.

that several DAPs connected with NeuN or DCX (Figure 6B),
suggesting that acetyl modification might play an important
role in neurogenesis during exercise.

Proteomic changes

In addition to serving as a background for quantifying
acetylation changes, the proteomic analysis also provided much
information concerning exercise physiology. Among 5,725
identified proteins, seven were downregulated and 14 were
upregulated using the same standards for DASs. Biological
pathway analysis pointed to the only pathway of complement
and coagulation cascades. The upregulation of Antithrombin-
III and the downregulation of Fibrinogen likely reflected

overall inhibition of the coagulation cascade by exercise
(Supplementary Table 6). This is in agreement with the plasma
proteome of voluntarily running mice (De Miguel et al., 2021).
Compared with the acetylome, small changes in the proteome
support the hypothesis that acetyl modification of proteins is
more sensitive to internal or external stimuli than the protein
per se, conferring on cells the ability to rapidly react and adapt
to environmental demands.

Chronic exercise shifted lysine acetylation toward
deacetylation, we therefore analyzed KATs and KDACs in
our MS data. Proteomic data covered several KDACs (HDAC
4-6, HDAC 11, SIRT3, SIRT5) and KATs (MORF4L1 and
NCOA1), but none was significantly altered. Though SIRT2 had
statistical difference, its expression level was equivalent between
Ex and Con (Supplementary Table 7).
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FIGURE 6

Protein–protein interaction network analysis. (A) Network for the differentially acetylated proteins and the three most highly connected
subnetworks (metabolic pathways, ribosome, and protein processing in endoplasmic reticulum). (B) The differentially acetylated proteins were
connected with the markers of adult neurogenesis (NeuN and DCX).

Discussion

Physical activity evokes profound response in multiple
systems, including improvement in cognitive vitality (Prakash
et al., 2015). With comprehensive guidelines on recommended
physical activity (Ding et al., 2020) and growing awareness
among people of the benefits of physical activity, better
understanding of molecular mechanisms underlying physical
activity could help improve public health. The Molecular
Transducers of Physical Activity Consortium was established
to build a molecular map of acute and chronic exercise by
means of omics (Sanford et al., 2020). Accordingly, longitudinal
multi-omic analyses of human blood components characterized
an orchestrated molecular choreography associated with acute
exercise (Contrepois et al., 2020). Genome-wide epigenomics
revealed DNA hypomethylation-dominant changes in the
hippocampus of wild-type mice with chronic exercise
(Urdinguio et al., 2021). Lysine acetylation is an evolutionarily
conserved PTM and exists across prokaryotes and eukaryotes
(Ouidir et al., 2016). Irrespective of its occurrence on histones
or non-histones, lysine acetylation is involved in diverse
cellular processes relevant to physiology and diseases, such
as gene transcription, metabolism, signal transduction, DNA
damage repair, and autophagy (Narita et al., 2019). Although
several studies have analyzed acetylation changes in the brain
associated with exercise, they have mostly focused on histones
or individual non-histone proteins (Koltai et al., 2011; Sarga
et al., 2013). Here we performed a global acetylome assessment
and investigated global acetylation changes in the hippocampus
of wild-type mice enduring moderate-intensity chronic exercise.
We identified 3,876 acetylated sites on 1,764 proteins, among
which 2,423 sites and 716 proteins had not been previously
retrieved. Among the quantified 2,769 sites and 1,305 proteins,

272 sites on 252 proteins were differentially regulated by
exercise (Figure 2C). These findings indicate that exercise is a
major regulator of protein acetylation in hippocampus.

In the present study, a large number of exercise-influenced
acetyl sites tended to be near basic amino acids, and likely
affected the secondary structure of proteins. Such features
of acetyl sites seem common as they have been observed
under other conditions, such as calorie restriction (Hebert
et al., 2013) and gut microbiota-dysbiosis (Liu et al., 2021).
We also noticed that the majority of proteins were multi-
acetylated (Figure 2E) and that various other PTMs were
located on the same or surrounding lysine sites, including
ubiquitination and succinylation (Supplementary Tables 3, 4).
Protein ubiquitylation is another major PTM that mediates
protein degradation via the proteasome complex. A survey of
ubiquitylation sites in human cells showed that about one-third
of acetyl sites were also subject to ubiquitylation (Wagner et al.,
2011). It is easy to imagine that a mixture of PTMs increases
chances for interaction. For example, acetylation of K50 in
14-3-3-ε reduced binding to targeted phosphopeptides, while
acetylation of K118 plus K123 severely impaired this binding,
and triple acetylation of the above sites completely abolished
phosphopeptide binding (Choudhary et al., 2009). Additionally,
methylation of p53 on K372 promoted the acetylation of K373,
resulting in subsequent transcription of p21 and cell cycle arrest
(Ivanov et al., 2007). Thus, intricate crosstalk of PTMs can vastly
expand the functional diversity of proteins and is worthy of
investigation to help understanding hippocampal function.

Acetylated proteins were predicted to distribute across
diverse subcellular compartments, not just be confined to
the nucleus (Figure 2F and Supplementary Figure 3).
This is consistent with previous findings (Choudhary et al.,
2009; Sun et al., 2021), indicating their essential roles on
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non-histone proteins. Focused studies indicate that protein
acetylation is a major mechanism in glucose homeostasis
(Wang et al., 2010; Yang et al., 2011; Lundby et al.,
2012). In a mouse model of gut microbiota dysbiosis-
induced depression, the significantly acetylated proteins in
hippocampus were primarily related to carbon metabolism
(Liu et al., 2021). In human brains, protein acetylation is
associated with metabolic pathways, the tricarboxylic acid cycle
and neurodegenerative disease (Sun et al., 2021). Similarly,
our enrichment analysis found several pathways of carbon-
related metabolism (carbohydrate digestion and absorption,
glycolysis/gluconeogenesis, fructose and mannose metabolism,
and pyruvate metabolism) (Figure 5D). And acetylation of four
enzymes responsible for catalysis from fructose-6-phosphate
to 1, 3-bisphosphoglycerate in glycolysis (PFK1, ALDOC, TPI,
and GAPDH) was downregulated by exercise. Consequently,
chronic exercise may influence the hippocampal function by
altering the acetylation levels of proteins related to carbon
metabolism.

It is common to know that mitochondria are central
mediators for energy production and metabolism, and appear
to harbor extensive acetylated proteins (Kim et al., 2006;
Choudhary et al., 2009). In the current study, 18.58% DAPs
were annotated in the mitochondria, functioning in multiple
pathways, especially of energy metabolism (Figure 5E; Wang
et al., 2010). Intriguingly, most of the mitochondrial DAPs
were downregulated. Although some reports indicate that
metabolic proteins can be activated upon acetylation (Li et al.,
2014), the majority of well-documented cases demonstrate that
activity of mitochondrial enzymes is inhibited by acetylation
(Lundby et al., 2012; Baeza et al., 2016; Nakayasu et al., 2017).
Besides, improper mitochondrial acetylation is detrimental
to numerous processes of oxidative and metabolism (Finley
et al., 2011; Hirschey et al., 2011). As mitochondria have a
central role in aging-related neurodegenerative diseases (Lin
and Beal, 2006), whereas exercise is known as a powerful
intervention against those partially by regulation mitochondrial
dynamic equilibrium (Ringholm et al., 2022), it’s tempting to
speculate that exercise-induced deacetylation favors regulation
of mitochondrial metabolic pathways toward more efficient fuel
utilization, providing evidence for the benefits of exercise on the
brain.

Besides metabolic pathways, DAPs were also significantly
enriched in the Hippo signaling pathway (Figure 5D) and
related with markers of adult neurogenesis (Figure 6B).
The Hippo pathway functions in regulating cell growth and
proliferation and controls organ size (Fu et al., 2017). Recently,
it has been shown to function in neuroinflammation, neuronal
cell differentiation, and neuronal death (Cheng et al., 2020).
Moreover, we detected acetylated 14-3-3 gamma in this
pathway. By regulating their targets, 14-3-3 proteins play a
role in neurogenesis, neuronal migration and differentiation,
synaptogenesis and dopamine synthesis (Antunes et al., 2022).
The biological relevance of acetylation has been investigated

in some 14-3-3 isoforms (Choudhary et al., 2009; Aghazadeh
et al., 2014; Frontini-Lopez et al., 2021); however, we identified
different acetylated site on 14-3-3 gamma. Therefore, the
function of acetylated 14-3-3 gamma in Hippo pathway as well
as other DAPs with hippocampal neurogenesis during exercise
remains to be elucidated.

We noticed that DAPs were also significantly enriched in
phototransduction, circadian rhythm, olfactory transduction
and salivary secretion (Figure 5D). Alterations in circadian
rhythm-related DAPs were unlikely attributed to the artificial
disturbance, because we tried our best to control the common
housing environment, light time, the fixed time of training
and the sampling time. It is reported that physical exercise
regulated the autonomic nervous system differentially (Kjaer
et al., 1987), reversed age-related vulnerability to retinal
damage (Chrysostomou et al., 2016). improved recovery of
olfactory function (Wang et al., 2022) and stimulated salivary
secretion (Sant’Anna et al., 2019). Hence a whole-body response
to exercise possibly occurred, and investigations into the
sophisticated and elegant crosstalk between tissues during
exercise are of interest for research.

Contrary to the acetylome, only 21 proteins were
significantly regulated by chronic exercise. Relatively little
change of proteins in brain have also been reported under
several other conditions, like C. neoformans infection (Li
et al., 2020) and epilepsy (Qian et al., 2022). Therefore, acetyl
modification of proteins is likely more sensitive to internal or
external stimuli than the protein per se, and might provide new
insights into exercise physiology.

Acetylation is regulated by KATs and KDACs. Under
pathological stress, chronic exercise can improve cognitive
function by activating SIRT1 or SIRT3, whereas Koltai et al.
(2011) reported no difference of SIRT1 expression between
young and old rats. We screened out several KATs and KDACs,
but there was no difference between Ex and Con groups
(Supplementary Table 7). SIRT3, the major deacetylase in
mitochondria, might increase during exercising as one of its
major targets ACAT1 was downregulated. Deacetylation might
have taken place during or shortly after each training session
because of fluctuations in acetyl-CoA and NAD+ levels as well
as temporary imbalance of KATs/KDACs. And 24 h lagging
behind last running allowed the body to recover its homeostasis,
including the KAT/KDAC balance in healthy wild-type mice.

There were several limitations in the present study. First,
three biological replicates with one model of exercise were
used to characterize acetylation map in hippocampus. Despite
bilateral hippocampus from every two mice were mixed as one
replicate to reduce the biological variation, it’s necessary to
verify the results with more samples. Likewise, other models
like resistance exercise or high-intensity interval training are
worth being explored to unmask common or model-specific
acetylation maps. Second, as subfields of the hippocampus
(area CA1, area CA3 and DG) may operate differently in
memory formation, sampling of whole hippocampus in our
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study likely sheltered some information. More accurate evidence
is appreciated to describe protein acetylation in each subfield of
hippocampus in response to exercise. Third, alterations of the
acetylated proteins identified in the present study could not be
experimentally verified due to a lack of commercially available
antibodies for the specific sites, and we also lack mechanism-
focused studies for key acetylated proteins like 14-3-3 gamma.
We will focus on functional studies in the future.

In conclusion, our study generated a molecular map of
acetylation in the hippocampus in response to moderate-
intensity chronic exercise, partially revealing the molecular
mechanisms underlying the benefits of exercise on hippocampal
function. Exercise significantly changed 272 acetyl sites on
252 proteins, with 18.58% acetylated proteins annotated in
mitochondria. These proteins were dominantly deacetylated
and closely related to carbon-related metabolism, the Hippo
signaling pathway, ribosomes and protein processing.
Meanwhile, 21 proteins were significantly expressed, which
were enriched in the pathway of complement and coagulation
cascades. Our study provides a new avenue to help understand
the molecular mechanisms underpinning the benefits of exercise
for brain health. Our current knowledge of lysine acetylation in
the life activity is just the tip of the iceberg, future research in
the field of exercise biology is required to clarify how acetylation
affects the critical nodes of certain pathways to and benefits the
brain and other systems under various situations.
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SUPPLEMENTARY FIGURE 1

Running protocol and physical response to chronic exercise, related to
Figure 1. (A) Running protocol in acclimation stage. (B,C) physical
response to chronic exercise (n = 11–12). Compared with the sedentary
control, chronic exercise significantly enhanced the relative mass of
vastus lateralis (4.28 ± 0.18 vs. 5.11 ± 0.10, p = 0.0004), and suppressed
epididymal fat gains (9.59 ± 0.68 vs. 7.71 ± 0.42, p = 0.0282). Data are
presented as mean ± SEM, *p < 0.05, ***p < 0.001 Ex vs. Con by
unpaired Student’s t-test. Con, control; Ex, exercise.

SUPPLEMENTARY FIGURE 2

Distribution of mass error for the identified acetylated peptides.

SUPPLEMENTARY FIGURE 3

Subcellular distribution predicted for the 252 differentially
acetylated proteins.

SUPPLEMENTARY FIGURE 4

Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis
for 252 differentially acetylated proteins.

SUPPLEMENTARY FIGURE 5

Acetylated proteins and sites in significantly enriched pathways of
glycolysis/gluconeogenesis (A) and Hippo signaling (B).
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