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Physical exercise shapes the mouse brain
epigenome
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ABSTRACT

Objective: To analyze the genome-wide epigenomic and transcriptomic changes induced by long term resistance or endurance training in the
hippocampus of wild-type mice.
Methods: We performed whole-genome bisulfite sequencing (WGBS) and RNA sequencing (RNA-seq) of mice hippocampus after 4 weeks of
specific training. In addition, we used a novel object recognition test before and after the intervention to determine whether the exercise led to an
improvement in cognitive function.
Results: Although the majority of DNA methylation changes identified in this study were training-model specific, most were associated with
hypomethylation and were enriched in similar histone marks, chromatin states, and transcription factor biding sites. It is worth highlighting the
significant association found between the loss of DNA methylation in Tet1 binding sites and gene expression changes, indicating the importance
of these epigenomic changes in transcriptional regulation. However, endurance and resistance training activate different gene pathways, those
being associated with neuroplasticity in the case of endurance exercise, and interferon response pathways in the case of resistance exercise,
which also appears to be associated with improved learning and memory functions.
Conclusions: Our results help both understand the molecular mechanisms by which different exercise models exert beneficial effects for brain
health and provide new potential therapeutic targets for future research.

� 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. INTRODUCTION

The beneficial effects of exercise on human health have been known
for a long time [1e3]. Exercise is well established as a healthy
strategy that contributes to the prevention and delay in the onset of
cardiovascular and metabolic diseases, as well as some types of
cancers [4e8]. Moreover, exercise has been proven as an effective
tool for brain health, having a protective role in both psychiatric dis-
orders and neurodegenerative diseases (reviewed in [9]). In this re-
gard, the impact of exercise on the brain has been extensively studied
in the hippocampus, a region involved in learning and memory. In fact,
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hippocampal volume is reduced by 1e2% annually in older adults
without dementia, increasing their risk of developing cognitive
impairment [10]. This atrophy precedes and leads to memory
impairment in later stages of aging. The hippocampus is particularly
vulnerable to the harmful effects of the most prevalent chronic dis-
eases [11,12] that have been associated with increased risk of
developing Alzheimer’s disease [13], the most common form of
dementia.
However, several studies have shown that endurance (aerobic) exer-
cise increases hippocampal volume in elderly people following in-
terventions of between 3 and 12 months, indicating that hippocampal
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size is modifiable and recoverable at these ages [10,14]. The less
explored area of resistance exercise has also been demonstrated to
have beneficial effects that delay cognitive decline (reviewed in [15]).
To this end, both models of exercise, although presenting significant
differences at the physiological, metabolic, and molecular level [16],
have demonstrated an ability to maintain brain health. In fact, by
means of mouse models, it is possible to analyze the underlying
molecular mechanisms associated with exercise. For instance, adult
neurogenesis in the dentate gyrus of the hippocampus is one of the
most studied brain responses to exercise in murine models. Recently,
we have shown that the induction of neurogenesis is independent of
the exercise model (endurance or resistance) [17].
Much remains to be explored to better understand the molecular
mechanisms by which exercise is beneficial. Epigenetics is indeed a
good molecular link to explain the effects of the environment,
including exercise, on genes [18]. Several studies have shown that
there are epigenetic changes in DNA and post-translational histone
marks associated with appropriate hippocampus functioning
[19e25], and some epigenetic alterations have also even been
identified in neurodegenerative disorders such as Alzheimer’s dis-
ease [26,27].
In this work, we performed whole-genome bisulfite sequencing
(WGBS) and RNA sequencing (RNA-seq) of the hippocampus of wild-
type mice subjected to long-term resistance or endurance training.
We further analyzed and integrated the epigenomic and transcriptomic
data from both models of exercise to identify common and specific
changes for each type of training, and to better understand the
mechanisms by which exercise has beneficial effects on this structure,
which is involved in learning and memory processes.

2. METHODS

2.1. Animals and experimental design
A total of 63 C57BL/6N male mice (8 weeks old) were randomly divided
into three different groups: sedentary control (CTL, n¼ 24), resistance
training (RES, n ¼ 20), and endurance training (END, n ¼ 20)
(Figure S1). Mice were maintained on a 12-h light/dark cycle (onset
8:00 AM) and under controlled temperature (22 � 2 �C) at the Animal
Facilities of the University of Oviedo, Spain (authorized facility No.
ES330440003591). All procedures were conducted early in light
portion of the cycle and performed in accordance with the institutional
guidelines approved by The Research Ethics Committee of the Uni-
versity of Oviedo, Spain (PROAE 10/2016). Mice were fed a pellet
rodent diet (Teklad Irradiated Global 18% Protein Rodent Diet, Envigo,
Spain) and water ad libitum. Food intake and animal weight were
measured weekly.

2.2. Training devices
Endurance training was performed on a four-lane commercial treadmill
(TSE Systems, Germany), with adjustable speed and slope and without
any aversive stimuli. Resistance training was carried out using an in-
house-manufactured ladder [17] consisting of 25 steel wire steps of
1.5 mm of diameter separated by 15 mm. A resting area of
20 � 20 cm was placed on top of the ladder. The slope of the ladder
was modifiable, ranging between 90� and 80� with the horizontal
plane.

2.3. Training protocols
The same researcher handled and trained the animals during each of
the stages of training: acclimation period, physical performance tests
(pre- and post-training), and training protocols.
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2.4. Acclimation period
All mice were acclimatized to the training devices for 3 weeks, training
for 15 min per device per day, 5 days/week [28]. Training load was
kept to a minimum, avoiding adaptations that could interfere with pre-
training maximal performance tests [28].
During the first week, mice were placed on the stopped treadmill and
on the resting area at the top of the ladder. In the second and third
weeks, mice walked on the moving treadmill belt (10 cm/s) and they
were trained how to climb the ladder, from the 5th top step to the
resting area, the number of rungs climbed gradually increasing to 10.
The use of aversive stimuli to encourage treadmill running or ladder
climbing were avoided for the whole period [28e31]. To facilitate
adaptation to endurance training, a static brush was used at the back
end of the treadmill, to keep the animals running. In the case of
resistance training, since different weights were to be attached to their
tails with adhesive tape, a piece of tape was attached to their tails
while climbing the ladder. After a few days, a light load (5 g) was
attached to the mice’s tails with tape. Mice were handled in groups of
four, all of them sharing the same cage, to reduce anxiety.
This acclimation protocol allowed us to train all the animals without
refusals [30].

2.5. Maximal performance tests
Forty-eight hours after the end of the acclimation period, mice were
randomly distributed in the above-mentioned groups. Mice in the CTL
group performed maximal tests for endurance and resistance capac-
ities, while the mice in the RES and END groups only underwent the
tests corresponding to the quality they were going to be trained for.
Maximal endurance capacity was determined by an incremental test
on the treadmill, adapted from other studies [32,33]. In short, after a
10-min warm-up at 15 cm/s with 10� slope, the incremental test
started at 20 cm/s. Every 3 min, speed was increased by 5 cm/s, until
exhaustion. Maximum speed (cm/s) and total time (min) were recor-
ded. Total time was used as a measurement of maximal endurance
capacity.
Maximal resistance capacity was tested using the vertical ladder,
following a protocol adapted from previous studies [34]. Mice per-
formed a warm-up consisting of 3 series of 10 repetitions, 10 steps/
repetition, at 90� slope, with no external load. The animals rested for
60 s between series. Then, the slope was set at 85� and the animals
performed successive series of 10 steps with increasing external loads
until exhaustion. The initial external load was 10 g, increasing by 5 g in
each series. The mice rested for 120 s in the resting area after each
series. If the animals failed to climb 10 steps with a certain weight
load, they were allowed to try again with the same load after 120 s of
rest. If they failed again, the weight load of the last complete series
was recorded as their maximal weight load. The maximal resistance
capacity was then expressed as the maximal weight load relative to
body weight.
Both tests were repeated at the end of the training period, following the
same protocols.

2.6. Training protocols
All END and RES mice trained for 4 weeks, 5 days/week (Monday to
Friday). Training protocols were adapted from previous works [17,28]
in terms of the intensity and duration of sessions.
Endurance training sessions started with an identical warm-up as for
the maximal endurance performance test. All sessions of continuous
running had a mean duration of 60 min and the distance covered every
day was 1000 m, as a fixed exercise volume. The intensity in terms of
maximal speed, number of stages, as well as the speed and duration of
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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each stage, varied throughout the week according to the following
structure: 2 days at high intensity (Tuesday and Friday), 2 days at
moderate intensity (Monday and Thursday), and 1 day at low intensity
(Wednesday). Speed ranged from 40 to 80% of the mean maximal
speed at the pre-training test [35]. The duration of each stage varied
inversely with speed, between 15 and 5 min [35]. The slope was fixed
at 10�. Maximal intensity increased throughout the training period,
although the weekly schedule was maintained, as were the duration
and the distance covered in training sessions.
Resistance training sessions also started with the same warm-up as
for the maximal resistance performance test. All sessions were
designed to achieve the same exercise volume by means of a com-
bination of number of steps climbed (or distance against gravity) and
weight load [36]. Considering the combination of these parameters,
accumulated work of 260 mJ (g$m2/s2) was achieved daily. The
number of steps per training session varied between 400 and 2000
depending on the maximal weight load, which ranged between 25%
and 65% of the maximal weight load at the pre-training test. We
selected these maximum weight ranges because it has been reported
that below 75% of 1 repetition maximum there is no velocity loss,
which is important for standardizing the intensity of submaximal efforts
[37]. The weekly schedule was: 2 days with high weight load and low
number of steps (Tuesday and Friday), 2 days of intermediate weight
load and number of steps (Monday and Thursday), and 1 day without
weight load but a high number of steps (Wednesday). The number of
steps and the maximum weight loads increased throughout the
training period, whilst maintaining the weekly schedule, accumulated
work, and percentages of maximal weight load.
Control mice remained in a cage in the same room as where END and
RES animals were training.

2.7. Novel object recognition test
Mice performed a novel object recognition test (NOR) in the first week
of the acclimation period (pre-training) and in the last week of the 4-
week training period (post-training). NOR is a learning and memory test
based on the natural disposition of mice to explore new environments
[38]. The test was performed as previously described [17]. Briefly,
mice (12 CTL, 12 RES, and 11 END) were placed in the center of a
rectangular arena cage and left free to explore for 5 min as a habit-
uation phase. Twenty-four hours later, a training phase was carried out
whereby the mice were placed in the same area, where two identical
objects were positioned opposite each other (objects A and A1) and
given freedom of movement for 5 min. Ninety minutes later, object A1
was replaced by a new object, B, to determine the short-term memory
(STM) capacity of the mice. Twenty-four hours after the STM phase, a
second new object (C) replaced object B in order for long-term memory
(LTM) to be analyzed. The arena was cleaned with 70% alcohol after
each mouse. The whole process was recorded using a zenithal camera
connected to a computer. Two researchers, blind as to the intervention
group of the mouse involved, independently analyzed the videos from
each of the phases and determined the number of times the mouse
interacted with objects A, B and C. STM and LTM was calculated using
the formula ((N-A)/(Aþ N) * 100, where N is B for STM and C for LTM.

2.8. Tissue collection
Twenty-four hours after the final training session, mice were deeply
anaesthetized with ketamine (80 mg/kg) and xylazine (5 mg/kg) in
saline solution. Each mouse was perfused with phosphate buffer
saline (PBS) via the abdominal vena cava and the brain was removed
and sagittally dissected. The hippocampus was extracted from the
right hemisphere, then rapidly frozen and stored at �80 �C until
MOLECULAR METABOLISM 54 (2021) 101398 � 2021 The Authors. Published by Elsevier GmbH. This is
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use. The left hemisphere was fixed with 4% paraformaldehyde in
Sorensen’s phosphate buffer overnight at 4 �C for histology
processing.

2.9. Phospho-histone H3 immunostaining
Fixed left hemispheres were washed in PBS and immersed in 30%
sucrose in PBS for 48 h for cryoprotection. Samples were then frozen
in OCT (Optimal Cutting Temperature, Tissue-Tek) and stored
at�80 �C until use. Sagittal sections (30 mm) were cut on an HM 350S
microtome (Thermo Fisher Scientific In.) and stored in a solution
containing 30% glycerol and 30% ethylene glycol in 0.02 M monobasic
phosphate buffer of pH 7.2 at �20 �C.
For immunofluorescence, at least three non-consecutive sections for
each mouse (3 CTL, 4 RES, and 4 END) were preincubated in 0.1 M
PBS at room temperature. Sections were then washed with PBS and
incubated with 1% Triton X-100 and 2% bovine serum albumin (BSA).
For phospho-histone H3 (pH3) staining, samples were incubated with
rabbit anti-pH3 (Ser10) antibody (Milipore; 1:500) under gentle shaking
at 4 �C for 3 days, followed by incubation with 488 Alexa-coupled
fluorescent anti-rabbit antibody (Invitrogen; 1:1000), under gentle
shaking at 4 �C for 24 h. To reduce autofluorescence, sections were
mounted on slides (Epredia� SuperFrost Plus� Adhesion slides,
Thermo Scientific) and incubated with 0.3% Sudan Black in 70%
ethanol. Finally, counterstaining was performed with DAPI (Mounting
Medium with DAPI - Aqueous, Fluoroshield; Abcam). Slides were
stored at 4 �C and protected from light.
Images corresponding to the subgranular zone (SGZ) of the hippo-
campal dentate gyrus were obtained with a Leica TCS-SP8X confocal
microscope (oil immersion, 20� objective). Positive pH3 cells/area of
the dentate gyrus (mm2) were counted in each section in at least three
mice per group, and the mean of at least three sections/mouse was
calculated.

2.10. Whole genome bisulfite (WGB) and RNA sequencing
DNA from 15 mice (5 CTL, 5 RES, and 5 END) was isolated using
DNeasy Blood & Tissue Kit (Qiagen Inc., Ref: 69504) following the
manufacturer’s instructions. Proteinase K and RNase A treatments
were included during the processing. Quality and quantity of DNA were
assessed using Nanodrop and Qubit dsDNA HS Assay Kit (Life Tech-
nologies, Carlsbad, CA, USA).
Total RNA from the same 15 mice (5 CTL, 5 RES, and 5 END) was
isolated using RNeasy Mini Kit (Qiagen Inc., Ref: 74104) according to
the manufacturer’s protocol and included DNase treatment.
Details for WGB and RNA sequencing preparation and analyses are
provided in Supplementary methods and supplementary Tables.

2.11. Data availability
Paired WGB and RNA sequencing data generated for this study are
available at the ENA repository (PRJEB46686 and PRJEB46807
respectively). Supplementary Tables (S1eS12) are available in the
Zenodo public repository, https://doi.org/10.5281/zenodo.5513419.

3. RESULTS

3.1. Response to the physical training interventions
To evaluate the effects of long-term resistance or endurance training
on the hippocampal epigenome and transcriptome, we used wild-type
mice randomly distributed into three groups: control, resistance, and
endurance (Figure 1A, Figure S1A, and Table S1). Exercise intervention
lasted for four weeks, after which hippocampi were resected for
downstream WGBS and RNAseq analyses (Figure 1A, and Figure S1A).
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 3
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To determine whether the interventions were effective in terms of
improvement in their respective physical capacities the mice were
tested before and after the intervention. Both resistance capacity and
maximal endurance capacity tests showed an enhancement in phys-
ical performance following the two training interventions (Figure 1B,
Wilcoxon signed-rank test, pval < 0.05) compared with controls
(Figure S1B). A more detailed analysis of each mouse separately
revealed that, although significant differences were found between
initial and final performance in both models of training, resistance
exercise showed more interindividual variability in terms of percentage
performance gain than endurance exercise (Figure 1C), something that
has been described previously [39].
To determine whether the exercise intervention led to an improvement
in cognitive function, the mice performed a novel object recognition
test before and after the intervention. Figure S1C shows that mice from
the resistance group presented an improvement in short-term memory
(Wilcoxon signed-rank test, pval < 0.05), while no changes were
observed in control and endurance groups, and no improvement in any
group was observed with respect to long-term memory (Figure S1D).
At the histological level, we found that the neurogenesis marker
phosphohistone 3 (pH3) is at higher levels in trained mice, especially in
the case of resistance training (Figure S1E, two-sided welch’s t-test,
p < 0.05).
These results show a specific improvement in the capacity trained.
Both exercise interventions influenced the hippocampus, at both the
functional and histological level, which was greater in those mice
exposed to resistance training. In light of these results, we decided to
Figure 1: Performance of resistance and endurance exercise in mice. A) Schema dep
study. A total of 5 mice were used per training condition. After 4 weeks of training, the mi
sample was split in order to perform paired RNAseq and WGB sequencing analyses. (See a
of resistance training (blue, graph on left) endurance training (yellow, graph on right). Dots
relative to body weight (resistance) and running time (endurance, in seconds) was calcula
percentage) for the different mice in each condition.
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explore whether these effects are also observed at the transcriptomic
and epigenomic levels, as potential underlying mechanisms involved in
the hippocampal adaptive response to training.

3.2. Physical exercise alters the DNA methylation landscape of
mouse hippocampus
To investigate the potential implications of training on the molecular
remodeling of mouse hippocampi, we initially performed WGBS ex-
periments to carry out an in-depth characterization of the DNA
methylation landscape upon physical exercise (Table S2). The mean
coverage was 15.24� (13.36x-19.53�), and the mean coverage per
cytosine was 10.68� (9.5x-12.98�). We observed a small but sig-
nificant decrease in the overall DNA methylation status of CpG sites in
the context of resistance and endurance training as compared to the
control animals (Figure 2A). These changes were evenly distributed
along the genome (Figure 2B) and were of sufficient magnitude to
segregate the two models of exercise and the control animals into
separate clusters based on a Principal Component Analysis (Figure 2C).
To further explore the similarities and the differences between each
training condition, we performed a differential methylation analysis by
comparing the genome-wide DNA methylation status of either resis-
tance or endurance training and the control animals. This approach
revealed a total of 4,428 differentially methylated regions (DMRs) in the
context of resistance and 526 DMRs for endurance training (Figure 2D)
(Table S3). The number of hypomethylated loci outweighed the number
of hypermethylated DMRs, as expected by the global demethylation
status observed at the whole genome level. Significant examples of
icting the different training conditions (control, resistance, endurance) performed in this
ce were sacrificed and their hippocampi resected for downstream NGS purposes. Each
lso Figure S1). B) Boxplots indicating the initial and the final performance in the context
denote individual mouse. The statistical significance of initial- versus final weight lifted
ted using a Wilcoxon signed-rank test. C) Bar plot illustrating the performance gain (in

mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


Figure 2: The DNA methylation landscape of exercise stimuli in mouse hippocampus. A) Violin plots showing the global DNA methylation levels of CpG sites in mouse
hippocampus subjected to different training conditions. The graph represents the percentage distribution of CpG methylation of the genome segmented in 10-Kbp genomic
windows, as obtained by WGBS. The statistical significance of differences between control and either the resistance or endurance condition was calculated by means of a two-
sided Wilcoxon rank sum test (*** ¼ p < 0.001). B) Circos-plot illustrating DNA methylation levels along the mm10 genome. CpG methylation was averaged in 10-Mbp genomic
windows and the average DNA methylation value for each training condition is represented as a heatmap track. Inner bars represent overall DNA methylation changes between
either the resistance (blue) or endurance (yellow) condition and the control. Scale denotes the direction and the magnitude of the change (in percentage). C) Principal component
analysis for 2 � 106 most variable CpG sites across all samples included in the DNA methylation study. The proportion of variance explained for the PC1 (Dim1) and PC2 (Dim2)
components is indicated. Dotted dots represent the cluster centroids D) Venn diagram depicting the total number of hyper- or hypomethylated DMRs observed in the context of
resistance versus control (blue) or endurance versus control (yellow) conditions. The number of overlapping DMRs observed in both types of training is highlighted in green. E) Line
plots indicating the DNA methylation profile for different DMRs and training conditions. CpG context and CpG site location are mapped to the corresponding genomic coordinates.
Dots indicate the percentage of DNA methylation of individually measured CpG sites. Other statistics and DMR width are indicated at the top of the figure. Shaded areas represent
locations with significantly differential methylation between exercise and control conditions as obtained by DMRseq (FDR < 0.05).
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these epigenetic alterations are shown in Figure 2E, including the global
hypomethylation of the Sema7a gene following resistance exercise and
the hypomethylation of the Tyro3 gene after endurance exercise.

3.3. Epigenetic rewiring upon exercise involves Tet1 binding
elements, pluripotency transcription factors (TFs) and is associated
with DNA enhancers and repressed polycomb binding sites
To obtain more insights into the functional consequences of such
epigenetic rewiring after exercise, we used a compendium of
enrichment analyses at multiple levels. For a fairer statistical com-
parison versus a common background scenario, we first deconvoluted
the DMRs into their individual CpG counterparts (dmCpGs, Figure 3A
and Table S4) and performed classic CpG context and CpG location
enrichment analyses. This strategy indicated that most of these CpG
sites adopt the same directional change as their former DMRs
(Figure S2) and that they represent a better alternative than DMRs for
enrichment analysis at the genomic scale. We observed significant
differences between resistance and endurance training, especially at
the level of hypermethylated CpG sites (Figure 3B,C). DNA hyper-
methylation was particularly enriched at shelf and shore elements in
the context of resistance and diminished at open sea locations
(Figure 3B, Fisher’s Exact Test pval < 0.001). Hypermethylated
dmCpGs were more enriched at introns in the context of resistance as
compared to endurance exercise and the background distribution of
the WGBS experiment (Figure 3C, Fisher’s Exact Test pval< 0.001). In
contrast, DNA hypomethylation displayed similar distributions for both
types of physical exercise and was particularly associated with intronic
elements (Fisher’s Exact Test p < 0.001) as compared to the back-
ground genome, suggesting that there are both common and specific
alterations in the different training scenarios.
We next performed a comprehensive region set enrichment analysis by
using 6 publicly available histone datasets (H3K4me1, H3K4me3,
H3K27ac, H3K27me3, H3K36me3, H3K9me3) from mouse ENCODE
[40], comprising a total of 3 reference mouse brain tissues and one
classical embryonic stem cell dataset. A significant enrichment of
dmCpGs at more or less the same active and repressive marks was
observed in both models of exercise (Figure 3D, Table S5). However, as
histone marks per se do not provide the full information with respect to
the final functional consequences of a given modification, we also
performed an enrichment analysis based on chromatin segmentation
data to explore the potential functional impact of these histone asso-
ciations. We used chromHMM [41] to integrate the histone mark in-
formation from the tissues and fractionated the genome into
functionally-related chromatin states as in Perez and colleagues
[42]. We observed an overall enrichment of both hyper- and hypo-
methylated CpGs flanking transcription start sites, enhancer elements
and repressed polycomb sites in the context of resistance dependent
dmCpGs (Figure 3E, Table S6). On the other hand, endurance training
revealed the significant enrichment of enhancer elements at hyper-
and hypomethylated sites (Figure 3E).
With the aim of predicting the involvement of potential transcription
factors (TFs) involved in the exercise mediated rewiring of the hippo-
campus epigenome, we performed a transcription factor binding site
(TFBS) enrichment analysis using the Gene Transcription Regulation
Database (GTRD), a comprehensive resource that includes an updated
collection of uniformly processed mouse TF ChIP-seq data [43]. This
analysis revealed multiple similarities between resistance and
endurance training (Figure 3F and Table S7), such as a strong asso-
ciation between DNA hypermethylated sites and the binding sites of
Jarid2, a cofactor of the Polycomb repressive complex 2 [44], which is
related to cell differentiation toward neuronal lineages [45], and
6 MOLECULAR METABOLISM 54 (2021) 101398 � 2021 The Authors. Published by Elsevier G
Onecut2, a transcription factor involved in chromatin accessibility and
the induction of neural-like morphology [46]. On the other hand, the
significant enrichment of Tet1 binding sites was observed at hypo-
methylated dmCpGs (Figure 3F) and this association was independent
of the model of exercise regime employed, suggesting that the global
DNA hypomethylation observed may be in part mediated by this
epigenetic remodelling factor. The DNA hypomethylation scenario was
strongly enriched at the putative binding sites of well-known pluripo-
tency markers (Figure 3F), such as Nanog and Utf1 [47,48]. We
confirmed these observations using an orthogonal HOMER enrichment
approach (Figure S3 and Table S8). Oct and Sox pluripotency markers
were enriched at DNA hypomethylated sites using the HOMER known
motif database (Figure S3A). De novo prediction of putative binding
motifs revealed a TFBS landscape dominated by Sox genes in the
context of resistance exercise, while endurance training led to
particular enrichment at Mef2 genes (Figure S3B). These differences at
Mef2 associated DNA hypomethylated sites are also recapitulated in
the enrichment analyses using the GTRD database (Figure 3F), indi-
cating that despite both models of exercise displaying similar epige-
netic associations, there are subtle differences that can be determinant
in terms of the specific molecular rewiring that is triggered because of
a given training stimuli.

3.4. Common and distinct gene expression programs observed in
hippocampus following resistance or endurance training
To identify the functional implications that physical exercise may exert
with respect to the molecular rewiring of mouse hippocampus, we
performed an in-depth transcriptional characterization on the different
training intervention (Table S2). The mean number of paired reads was
48.8 M (26.8e76.4 M), and the mean percentage of mapped reads was
90.5% (84.8%e92.6%). As in the case of the DNA methylation anal-
ysis, a Principal Component Analysis using RNAseq data from paired
specimens revealed the clear segregation of the exercise models from
the sedentary conditions (Figure 4A). We then performed a differential
gene expression analysis comparing the gene expression patterns of
either resistance or endurance conditions versus the control mouse
group (Table S9) (see Methods). A total of 59 differentially expressed
genes (DEGs) were identified with resistance training, while endurance
training revealed a total of 264 DEGs (Figure 4B). Most of the genes that
were downregulated in resistance training were also downregulated in
endurance exercise (Figure 4C), although the gene expression scenario
was slightly different in the context of upregulated genes.
To explore the functional associations of these observed transcriptional
alterations, we performed a knowledge-based approach using a Gene
Set Enrichment Analysis (GSEA) [49]. We initially explored the asso-
ciation of the exercise conditions with particular mouse brain struc-
tures characterized by the LEIN markers dataset [50]. We observed
that gene alterations in the hippocampus mediated by both resistance
and endurance exercise were described as enriched at astrocyte and
distal dendrites and were diminished at cerebellum and midbrain
markers (Figure 4D). We found different enrichment patterns for
resistance and for endurance stimuli at choroid plexus markers, which
might be a consequence of the different physiological impact of each
training condition. We performed a thorough GSEA analysis using the
complete MSigDB collection (17,987 gene sets) [49,51] and found a
total of 126 common significant gene sets from separate analyses for
both models of exercise. (Table S10). According to their normalized
enrichment scores in resistance and in endurance conditions, these
gene sets were classified into three well differentiated clusters
(Figure 4E). Cluster 1 comprised gene sets that were significantly
diminished in both training modelsdmainly associated with midbrain,
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 3: Enrichment of exercise-induced hippocampal DMRs in the context of genomic location, histone marks and chromatin states. A) Graph reflecting the cor-
respondence between DMRs and their total content of CpG sites. Values represent the total number of hyper- and hypomethylated CpGs as indicated in the figure legend. Only CpG
sites with detectable DNA methylation levels in all individuals were included for downstream purposes. B and C) Stacked barplots illustrating the relative frequency of significant
hyper- or hypomethylated CpGs observed in mouse hippocampus following resistance or endurance training in relation to their CpG context (B) or CpG location (C). The background
distribution of all the CpGs identified in any condition of the WGBS experiment (w18 � 106) is also indicated. D) Heatmaps showing histone mark enrichment analyses of hyper-
and hypomethylated CpGs specific for resistance of endurance training as compared with the control condition. Color scales represent the magnitude of enrichment (odds ratio) of
significant dmCpGs across six common histone modifications from ENCODE compared with the background distribution of all the CpGs identified in the WGBS experiment. Left
legend depicts the type of mouse dataset (ENCODE) used for comparisons. E) Heatmaps illustrating chromatin state enrichment analyses of hyper- and hypomethylated CpGs in the
context of resistance (top) or endurance (bottom). Color scales indicate the odds ratio of the significant dmCpGs observed across 18 chromatin states (mm10) generated from data
obtained from the ENCODE consortium (see STAR methods). F) Bubble plots of enrichment of TFBS in the context of resistance or endurance conditions as determined by the
information obtained from the GTRD database (mm10). Bubble color represents the statistical significance (-Log2 adjusted p-value) of TFBS enrichment in hyper- and hypo-
methylated CpGs respectively, as calculated using the LOLA algorithm. Dot size reflects the Log2 Odds Ratio enrichment of dmCpGs in a given TFBS dataset as compared to the
background CpG distribution of the WGBS experiment. See also Figure S3.
pons, and medulla markersdas well as gene ontologies related to
ligand gated ion channels (Figure 4E,F). Cluster 3 contained gene sets
significantly enriched in both exercise models, which was associated
with vascular endothelial growth factor and the immune response.
Cluster 2 was composed of gene sets with statistically significant
opposing associations in resistance and in endurance exercise. This
MOLECULAR METABOLISM 54 (2021) 101398 � 2021 The Authors. Published by Elsevier GmbH. This is
www.molecularmetabolism.com
particular cluster was mainly associated with the interferon response
and was significantly enriched in the context of resistance exercise
(Figure 4F).
These observations were further expanded using an alternative,
orthogonal modular approach. Using the genes whose variation in
expression between training conditions was greatest, we were able to
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Figure 4: Common and specific gene expression signatures of resistance and endurance stimuli. A) Principal component analysis for the 500 most variably expressed
genes across all samples included in the RNA seq study. The proportion of variance explained by the PC1 (Dim1) and PC2 (Dim2) components is highlighted on the x- and y-axes
respectively. Dotted dots represent the cluster centroids. B) Volcano plots illustrating the significance and the fold change of the up- or downregulated genes (colored dots) in the
context of resistance (left) or endurance (right) training as compared to the control condition. C) Venn diagrams showing the total number of up- or downregulated genes observed in
resistance versus control (blue) or endurance versus control (yellow) conditions. The number of overlapping DEGs observed in both types of training is highlighted in green. D)
Heatmap depicting the GSEA enrichment of different exercise stimuli towards delimited brain regions denoted by the MSigDB LEIN markers datasets. Color scale indicates the
calculated normalized enrichment scores (NES) for each condition as obtained from GSEA. E) Scatter plot indicating a back-to-back comparison of NES obtained from GSEA
analyses of the resistance and the endurance dataset as compared to the control condition. Red dashed line indicates correlation trend between all significant GSEA datasets used
for the comparison (adj P val < 0.1 in both datasets, n ¼ 110). The three main emerging clusters are highlighted by black dashed boxes. F) Barplots reflecting the NES of the
topmost significant gene sets included in the aforementioned clusters. Blue bars correspond to resistance data while yellow bars indicate NES observed for endurance exercise. See
also Figure S4 and S5.
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identify two well-differentiated gene expression modules (Figure S4A).
Genes from module 1 were mainly associated with endurance stimuli,
while module 2 genes were strongly positively associated with resis-
tance exercise and diminished in the endurance condition. Ontology
analyses using either classical gene ontologies or canonical pathways
and Hallmark gene sets from the MSigDB collection identified distinct
functional enrichments between resistance and endurance training
(Figure S4B and S5). As in the case of the classical GSEA analysis,
enriched canonical pathways of module 1 (endurance) displayed
strong enrichment in choroid plexus markers, while module 2 was
mainly characterized by significant associations with the interferon
response (Figure S4B, top and S4C). Gene ontology analyses revealed
the significant enrichment of synaptic signalling, dendritic spine
development and glutamatergic neurons in genes from module 1, with
genes from module 2 being more likely associated with the interferon
response (Figure S4B, middle). At the level of hallmark gene sets,
interferon was amongst the most significantly enriched pathways in
the module 2 category, while module 1 displayed features found in
epithelial to mesenchymal transition (Figure S4B, bottom), confirming
the notion of a different functional regulatory scenario resulting from
stimulation with different physical exercise regimes.

3.5. Integration of DNA methylation and gene expression data
identifies robust molecular alterations in resistance or endurance
mediated exercise
Integration of multiple -omic datasets often reveals molecular clues
which are tightly controlled in the context of a given gene regulation
program. To be able to focus on those molecular candidates displaying
the most robust regulation after physical exercise, we performed a
multi-level integrative analysis of DNA methylation and gene expres-
sion data. We used an enhancer linking by methylation/expression
relationship (ELMER) approach using paired DNA methylation and gene
expression data, as initially described by Yao and colleagues [52], see
Methods). Instead of classical correlation analyses, ELMER assisted
correlations were performed using the average DNA methylation value
of the DMRs identified in resistance or endurance exercise versus the
sedentary condition (Figure 5A) and the expression scores of their n
neighboring expressed genes (5 upstream and 5 downstream of a
given DMR). These analyses revealed a total of 96 and 23 robust
correlations between DNA methylation and gene expression in the
context of resistance and endurance conditions, respectively
(Figure 5B and Table S11). Significant correlations obtained from DNA
hypomethylation were associated with increased expression of
neighbor target genes, while DNA hypermethylation was generally
associated with gene repression (Figure 5C). We observed a little
overlap between those highly correlated candidates in each exercise
model. For instance, increased expression of the Krt80 gene displayed
a strong correlation with the decreased methylation of a neighbouring
DMR in the context of resistance, but not endurance training
(Figure 5D, top). In contrast, the Ppp1r3g gene showed a strong
inverse-correlation between DNA methylation and gene expression in
endurance, but not in resistance (Figure 5D, bottom).
To determine the contribution of potential TFs interacting with DMRs
correlated with gene-expression, we disentangled the corresponding
DMRs into their individual CpG sites and we performed a TFBS
enrichment analysis using the GTRD database (Figure 5E and
Table S12). Tet1 was amongst the most significantly enriched TFBS in
both training conditions, consistent with our previous observations using
all DMR associations (Figure 3F). On the other hand, significant en-
richments of Olig2 putative binding sites were observed in resistance
but not endurance exercise, while, in contrast, binding sites of Kmt2b
MOLECULAR METABOLISM 54 (2021) 101398 � 2021 The Authors. Published by Elsevier GmbH. This is
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and Mef2 factors were associated with endurance but not resistance
conditions, suggesting that different molecular TF networks govern the
rewiring of mouse hippocampus in the two different exercise conditions.

3.6. Interleukin-1 beta (Il-1b) expression is stimulated in resistance
exercise
One of the most striking differences observed between the two ex-
ercise models relies on the activation of the interferon pathway upon
resistance exercise. We thus decided to focus on significant DMRs that
are potentially involved in certain gene regulation programs. We found
an exercise dependent DMR locus strongly associated with Il1b
expression (Figure 6A). This region coincided with a developmentally
activated enhancer with putative Tet1 binding sites as well as other
pluripotency factors in the vicinity of this DMR (Figure 6A, right). Our
integrative results indicate that Il1b cytokine is epigenetically activated,
and its expression was significantly enhanced in the context of
resistance but not endurance exercise (Figure 6B,C). To delve deeper
into the potential consequences of Il1b activation in mouse hippo-
campus, we performed a computational search of potential mouse co-
expressed genes in related brain and inflammation gene expression
datasets using GeneMania [53]. Il1b expression interacted with mul-
tiple cytokine factors (Figure 6D), indicating a potential association
between Il1b stimulation and the coordination of a complex cytokine
response. We explored the overall gene expression changes in resis-
tance exercise using the aforementioned GSEA approach and a curated
Interferon signaling pathway dataset from Reactome (Figure 6E). As
expected, we observed a strong significant association between this
training condition and the gene targets in the Interferon Signaling
dataset (Figure 6E). Resistance exercise displayed a higher interferon
signature score compared to the endurance or sedentary condition,
and Il1b expression displayed a positive significant correlation with the
Interferon signature score (Figure 6F). This data suggests that inter-
feron signaling enhancement is mediated by the epigenetic activation
of Il1b and that this activation is solely dependent on resistance, not
endurance, training conditions.

4. DISCUSSION

The benefits of physical exercise on brain and cognitive function are
well-known [22,54], highlighting the importance of maintaining a
healthy lifestyle not only for physical fitness, but also for correct brain
functioning throughout life. To unravel the mechanisms that provide
the protective effect of exercise on one of the most relevant and
vulnerable brain areas, the hippocampus, we have used two murine
models of long-term training: the better-known endurance training and
the less explored resistance training. In this way, we have been able to
analyze, for the first time, the genome-wide epigenomic and tran-
scriptomic changes induced by either resistance or endurance training
in the hippocampi of wild-type mice, allowing us to integrate these two
“-omic” layers of information. This approach enabled us to determine
not only those changes in hippocampus induced by exercise, but also
those that are specific to the exercise model.
Our long-term resistance and endurance training protocols have been
shown to be effective in terms of specific improvements in the physical
capacity trained. In addition, they have also induced neurogenesis and
even improved short-term memory, specifically in the case of resis-
tance training, as we have previously described [17]. Having confirmed
that both training models were able to improve these aspects of brain
health, our first approach was through a genome-wide DNA methyl-
ation analysis of hippocampus samples, since epigenetics is consid-
ered the molecular link between external factors and genes [18].
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Figure 5: Integrative analysis of DNA methylation and gene expression data reveals common and specific features of resistance and endurance training. A) Schema
reflecting the number of mice (5 per group), the number of DMRs and the total number of expressed genes used for the correlations between paired DNA methylation and gene
expression data. Only significant DMRs were considered for downstream purposes. B) Number of DNA methylation/gene expression correlations observed for the resistance and
endurance comparisons. The graph provides separate information for hyper- or hypomethylated DMRs. C) Violin plots illustrating the Log2 fold change distribution of genes
correlated with hyper- or hypomethylated DMRs in the context of resistance or endurance exercise. D) Scatterplots indicating the DNA methylation/gene expression correlation for a
significantly hypomethylated DMR in resistance exercise (top) or a significantly hypomethylated DMR in the context of endurance (bottom) and their associated genes. The legend
shows the Pearson’s correlation score using either resistance (blue) or endurance (yellow) results versus control (gray) condition. E) Bars on the left show the correspondence
between DEG-correlated DMRs and their total content of CpG sites. Values represent the total number of CpGs in these regions. These CpGs were used to reconstruct a word cloud
graph with data from the TFBS enrichment analyses using the GTRD database. Word size is directly proportional to the level of enrichment in binding sites of a given transcription
factor in the context of resistance (top) or endurance (bottom) exercise.

Original Article
Although there are several authors that have analyzed the changes in
DNA methylation in the brain that are associated with exercise, these
works have focused on the most studied exercise model, endurance,
and on target genes [20,22,23]. Our whole genome bisulfite
sequencing at single-base resolution allowed us to determine that both
exercise models cause specific changes in the epigenome, mainly
towards the loss of DNA methylation. A decrease in the expression
pattern of several DNA methyltransferases Dnmts, the enzymes
responsible for DNA methylation, was found in a study that analyzed
10 MOLECULAR METABOLISM 54 (2021) 101398 � 2021 The Authors. Published by Elsevier G
the hippocampus of mice subjected to short-term endurance training
[23], which indicates that this loss of DNA methylation might already
have taken place, or started to occur, in the first week of training. On
the other hand, although our results indicate that exercise is prefer-
entially related to DNA hypomethylation regardless of the training
model, we found that resistance is associated with a greater number of
changes (i.e., more DMRs), which could be explained by the fact that
this specific model of training actually causes more epigenetic
changes in the hippocampus, or because it presents, in terms of
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Figure 6: Association of Il1b expression in resistance versus endurance exercise. A) Graph indicating the genomic location (mm10 coordinates) and the link between the Il1b
gene and its distal associated DMR site as calculated by the ELMER algorithm. Colored tracks show the genomic location of the CpG islands and the indicated transcription factor
binding sites from the GTRD database. On the right, zoom of the DMR region, including the detailed location of GTRD TFBS, the signal of the chromatin-marks H3K27ac, H3K4me3
and H3K4me1 in forebrain at different developmental timepoints, and the WGBS DNA methylation status of this region in the context of resistance or endurance exercise is also
indicated. B) Boxplot depicting the gene expression differences of Il1b in mouse hippocampus between control, resistance and endurance conditions. C) Scatter plot showing the
correlation between DNA methylation and gene expression of the Il1b gene. Pearson’s correlation score of resistance (blue) or endurance (yellow) training versus control (grey)
condition is also indicated. D) GeneMania network displaying the curated interactions between Il1b and several factors identified in the interferon signaling gene set. E) Gene set
enrichment analysis showing significant links between the reactome interferon signaling gene set and the genes expressed following resistance training. F) Scatter plot indicating
the correlation between the interferon related signature (x-axis) and the gene expression levels of the Il1b gene (y-axis) in the samples used in this study. The signature is strongly
associated with the molecular rewiring that occurs upon resistance exercise.
performance, more interindividual variability than endurance exercise
[39], or, indeed, it could simply be due to stochastic reasons. Future
studies involving a larger number of individuals will clarify this issue.
Despite most DMRs being specific to one particular model of exercise,
we did observe that differentially methylated CpGs in both conditions
are associated with very similar histone marks and functionally related
MOLECULAR METABOLISM 54 (2021) 101398 � 2021 The Authors. Published by Elsevier GmbH. This is
www.molecularmetabolism.com
chromatin states. To study the potential functional role of DNA
methylation changes, we analyzed those that occurred at the binding
sites of transcription factors for which information was available in
public repositories. As in the case of specific histone marks and
chromatin functional states, we found many similarities between the
two exercise models. It should be noted that in both cases there was a
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significant enrichment of CpGs with a loss of DNA methylation at
binding sites of the demethylase Tet1, suggesting that the global DNA
hypomethylation observed may be at least in part mediated by this
epigenetic transcription factor. The DNA methylation changes in the
Tet1 binding sites were those most significantly correlated with
expression changes in each exercise model, suggesting that in addi-
tion to global DNA hypomethylation, this epigenetic transcription factor
could be mediating the expression of several target genes. Although no
possible molecular mechanism was found, the critical role of Tet1 in
cognitive function had previously been identified through the study of
the hippocampus of Tet1KO mice [55]. Our observations reaffirm the
important role of this key epigenetic enzyme in the molecular rewiring
of mouse hippocampus after exercise training. We also found some
significant differences between exercise models with respect to
hypomethylation. In fact, loss of methylation is enriched in the binding
sites of pluripotency markers such as Oct and Sox in the context of
resistance exercise, while in the case of endurance they were enriched
in TFBS of Mef2 genes, which have been shown to be related to
hippocampal learning and memory processes [56]. Globally, these
results show that although both models of exercise induced a DNA
hypomethylation state, exercise-associated epigenetic programs might
be different in endurance and in resistance training.
At this point, certain limitations in this study should be pointed out.
Despite the differences observed between resistance and endurance
training, these should be considered with caution as some of them
might arise from the statistical thresholds imposed by the differing
number of DMRs in the initial differential methylation analysis. And
secondly, consideration should be given to the potential confounding
factor of the effect of specific training/learning on hippocampal gene
DNA methylation and expression changes. It may be that the training/
learning stimuli are stronger in the resistance training protocol than in
the endurance training protocol, since the mice must be trained how to
climb the ladder. These mice showed higher levels of neurogenesis.
Contrary to the results for DNA methylation, the greatest number of
expression changes (i.e., DEGs) was associated with endurance ex-
ercise. When we compared the two types of exercise, we found the
greatest differences in the context of upregulation, which has classi-
cally been associated with DNA hypomethylation [57e59]. The results
of the integration analysis in the present work showed that most of the
statistically significant correlations between DNA methylation and gene
expression were in this sense (i.e., upregulation-hypomethylation) in
both exercise models. Nevertheless, we identify potentially exercise-
modified gene pathways that are specific to each exercise model. In
the endurance model, gene pathways related to the regulation of
synaptic transmission and plasticity, glutamatergic synapse, and the
regulation of dendritic spine development are activated, all of which
are compatible with adaptive neuroplasticity in the healthy brain
(reviewed in [60]). We found that resistant exercise is more strongly
associated with interferon response pathways. We identified that the
activation of these pathways was associated with the epigenetic
activation of Il1b through DNA methylation changes in a develop-
mentally activated enhancer with putative Tet1 binding sites.
Interleukin-1 beta is a pro-inflammatory cytokine that is produced by
microglia in the aging brain, thus constituting a first line of defense in
the maintenance of brain homeostasis. Although its chronic activation
may favor neuroinflammation [61,62], interleukin-1 beta over-
expression in hippocampus activates glial cells and ameliorates plaque
pathology in Alzheimer’s disease [63]. Although Interleukin-1 beta may
be increased in certain pathophysiological conditions, it seems like this
12 MOLECULAR METABOLISM 54 (2021) 101398 � 2021 The Authors. Published by Elsevier G
cytokine may also have beneficial effects on hippocampal synaptic
plasticity, learning and memory in a concentration- and age-dependent
manner [64e68]. In this sense, a recent study using a prediabetic rat
model identified a significant increase in the levels of this cytokine in
the hippocampus of animals subjected to both intermittent and regular
exercise training, and as in our resistance exercise model, this was
also associated with improved learning, memory and general cognitive
function [69]. Although that work was carried out with rats and using
different training procedures than those in our work [69], it reinforces
the fact that exercise can have beneficial effects on memory through
interferon related pathways. Future studies will determine whether the
benefits of resistance training on the brain associated with interferon
response pathways are due to the appropriate activation of microglia,
which contributes to the maintenance of brain health.

5. CONCLUSION

Our results show that exercise favors DNA hypomethylation in the
hippocampus, irrespective of the exercise model employed, and the
status of Tet1 binding sites play an important role in transcriptional
regulation. However, endurance and resistance training may activate
different gene pathways, associated with neuroplasticity in the case
of the former and interferon response pathways in the latter. In
either case, maintaining these aspects in the brain may help to
increase its resilience during aging, decreasing the negative con-
sequences associated with this process. These genome-wide epi-
genomic and transcriptomic data analyzed in two different exercise
models help to understand the molecular mechanisms by which
exercise is a suitable preventive therapeutic strategy for brain health.
Knowledge of the molecular pathways that are modulated by exer-
cise in the brain may provide new potential therapeutic targets for
future research.
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