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ABSTRACT

Physical exercise has been shown to induce epigenetic modifications with various health implications, directly affect DNA meth-
ylation (DNAm), as well as reverse the epigenetic age. Hence, we aimed to identify differential methylation changes and assess
the epigenetic age in the saliva of 7-9-year-old school children following a 3-month integrated neuromuscular training (INT),
as well as to explore if any of the methylation changes are in core genes. Core genes are defined as genes of high relevance and
essential importance within the human genome. Forty children (17 boys and 23 girls) were recruited from schools in Girona,
Spain, and allocated into control (N=20) or INT (N =20) group. The INT group performed a 3-month INT as a warm-up during
the physical education (PE) classes, encompassing strength, coordination, dynamic stabilization, plyometrics, speed, and agility
exercises, whereas the control group performed traditional warm-up activities, encompassing aerobic exercises that will pre-
pare the cardiovascular system and increase the joint mobility for the upcoming effort during the class. Genome-wide DNAm
analysis was performed with the Illumina 900K microarray. Core genes were recognized based on the accomplishment of a
rigorous and widely accepted 3-point criteria: participation in the enriched pathways, high connectivity (> 10), and target genes
of key transcription factors. There were 1200 differentially methylated positions (DMPs) in the control group and 414 DMPs in
the INT group (FDR <0.05, p<0.05, A <10.1l), suggesting a non-significant trend of epigenetic age acceleration in the control
group (1.18 months, p>0.05) and a non-significant 1-month decrease of the epigenetic age in the INT group (p > 0.05). The genes
with DMPs in the control group showed low similarity between enriched pathways and low interconnectivity, encompassing
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distinct pathways, mostly development and growth-related. Additionally, no core genes were identified in the control group.
Interestingly, the genes with DMPs in the INT group showed high similarity between enriched pathways and high interconnec-
tivity, encompassing related pathways involving signaling mechanisms, as well as hormone and protein metabolism pathways.

Moreover, 17 DMPs in the children from the INT group were in core genes. The main findings of the present study are suggesting

an integrated response to the training stimulus in 7-9-year-old school children that performed a 3-month INT, including epige-

netic modifications in 17 genes considered as core genes.

Trial Registration: The study protocol was registered in the ISRCTN registry (ISRCTN16744821)

1 | Introduction

Integrated neuromuscular training (INT) is a specific exercise
program with progressive load that improves fundamental
motor skills, physical fitness, and overall health [1-5]. It encom-
passes a combination of efficient cognitive processing, correct
movement patterns, and muscle force production, providing a
solid context for expanding the motor learning experience and
promoting health, especially when applied to the pediatric pop-
ulation [2].

Epigenetics is defined as the study of heritable changes in gene
expression that are not caused by alterations in the DNA se-
quence [6]. These changes include histone modification, miRNA
expression, and DNA methylation (DNAm) [6]. One of the most
commonly studied epigenetic modifications with an extensive
potential to impact health and disease is DNAm [7]. DNAm is
defined as an addition of a methyl group on the 5th carbon posi-
tion within the cytosine base of the DNA strand, directly affect-
ing gene expression [7, 8]. It predominantly occurs at cytosines
within CG dinucleotides (“CpG” sites) in mammalian genomes,
and when close to gene promoter regions, it represses transcrip-
tion, leading to gene silencing [7-9]. Gene silencing is particu-
larly important for genes whose overexpression is related to the
development and/or progression of certain diseases [10]. The
assessment of DNAm across the entire genome is possible with
the application of genome-wide approaches such as Illumina
microarrays [11]. Genome-wide DNAm studies provide insights
into DNAm levels simultaneously at millions of CpG sites within
the genome [11].

Among the lifestyle habits that have been shown to directly af-
fect DNAm is physical exercise [12]. Regular exercise training
prevented age-related alterations in DNAm, as well as reversed
aged skeletal muscle methylome profiles, that is, the epigenetic
age toward patterns observed in younger profiles [13-17]. The
epigenetic age is defined as an estimation of the biological age
based on DNAm patterns across the genome [13, 15]. Reliable
tools for assessing the epigenetic age are the epigenetic clocks
[14]. While initially epigenetic clocks were developed for adult
aging, nowadays pediatric epigenetic clocks are an important
tool to monitor dynamic changes in DNAm that occur during
childhood as a result of growth, development, and, more impor-
tantly, environmental influences [18].

Previous studies assessing DNAm after training interventions,
including endurance and resistance training, reported both hy-
permethylation and hypomethylation changes in blood, sperm,
adipose tissue, and skeletal muscle [19-30]. When hypermeth-
ylation occurs close to gene promoter regions, that is, near the

transcription start site (TSS), transcription is repressed and the
gene is silenced [31]. However, when hypomethylation occurs
under the same conditions, transcription is activated and the
gene is expressed [32]. In summary, genes that were differen-
tially methylated in blood, sperm, adipose tissue, and skeletal
muscle after physical exercise (including both endurance and re-
sistance training) are mainly related to signaling mechanisms,
inflammatory and immune pathways, glucose metabolism,
oxidative and fatty acid metabolism, protein metabolism, car-
diovascular and muscle physiology, contractile properties, hy-
pertrophy, neurogenesis, and neuronal differentiation [20-30,
33, 34]. Moreover, training interventions have been shown to in-
duce health-beneficial changes in the DNAm of disease-related
genes [20, 23, 35, 36]. For instance, a 6-month endurance train-
ing modified the DNAm of genes related to obesity and type 2
diabetes mellitus in the adipose tissue of healthy adults [20]. A 3-
month sprint training induced changes in the DNAm of genes re-
lated to neurodegenerative and cardio-metabolic diseases in the
sperm of healthy young men [23]. Exercise interventions have
also induced DNAm changes in tumor-related genes in prostate
tumor tissue of rats, as well as in genes related to breast cancer
in the blood of adult women [35, 36]. Aerobic exercise training
reversed altered DNAm in the skeletal muscle of female breast
cancer survivors [37]. Moreover, a recent systematic review that
assessed DNAm changes after physical exercise in blood, sperm,
adipose tissue, and skeletal muscle of healthy adults reported
that training interventions (including endurance and resistance
training) modified some core genes whose altered expression is
disease-related [38].

Core genes are defined as genes of high relevance and essential
importance within the human genome, playing a crucial role in
the fundamental processes of a living organism [39]. Systematic
methodologies for core gene screening, which are widely and
commonly accepted in the bioinformatics field, are typically
based on rigorous and stringent bioinformatics analyses, includ-
ing enrichment analysis, gene—gene interaction analysis, and
transcription factor target analysis [38, 40-43]. In this line, in
order to recognize and consider a certain gene as a core gene,
this gene must participate in the enriched pathways, must ex-
hibit a high degree of connectivity (> 10 connections), and must
be a target gene of a key transcription factor, or in other words,
this gene must accomplish these 3-point criteria.

Existing evidence assessing the effects of physical exercise
on genome-wide DNAm has been focused on adults [20, 21,
23-26, 29, 30, 36, 44], older individulas [13, 27], and animal
models [35, 45-47], while genome-wide DNAm studies in
children are scarce. A plausible explanation for this gap could
be the invasiveness of the sampling techniques, which so far
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have included blood collection [24, 29, 36] or even biopsy sam-
pling (e.g., skeletal muscle, adipose tissue, etc.) [20, 21, 25-27,
30]. However, in the last decades the use of saliva has become
widely accepted in clinical settings [48, 49], opening new hori-
zons for research, especially in pediatric populations, mainly
because saliva collection is a practical and non-invasive pro-
cedure [48, 49]. Recent studies have shown that the genome-
wide DNAm profile of saliva is more than 90% similar to blood
[50, 51]. Indeed, there is less than a 20% difference in methyla-
tion patterns of more than 96% of the CpGs between saliva and
blood in children [50].

Because previous evidence suggests that physical exercise af-
fects DNAm in various human biospecimens (blood, sperm,
adipose tissue, and skeletal muscle) in the adult population
[12, 20, 21, 23-30], we hypothesized that a 3-month INT ap-
plied in schools will also induce DNAm changes detectable in
cells present in the saliva of healthy children. Furthermore,
we also hypothesized that the 3-month INT may modify some
core genes in these children. This hypothesis is based on a re-
cent systematic review where we showed that physical exercise
interventions epigenetically modified 19 core genes in healthy
adults [38].

Taking into consideration previous findings and the litera-
ture gap, we aimed to assess the effects of a 3-month INT on
genome-wide DNAm in the saliva of healthy 7-9-year-old school
children. More precisely, our objectives were: 1) to identify dif-
ferential methylation changes and assess the epigenetic age in
saliva of 7-9-year-old school children following a 3-month INT;
and 2) to explore if any of the methylation changes are in core
genes. An additional goal was to identify the genomic location
of the methylation changes in those genes in relation to the TSS
and the CpG site.

2 | Methods
2.1.1 | Sample Size Estimation

The GRANMO 7.12 program was used to identify the sample
size for inclusion based on a previous study including genome-
wide DNAm analysis [52]. Accepting an alpha risk of 0.05 and a
beta risk of 0.2 in a two-sided test, the estimated sample size for
the present study was 34 participants in total or 17 participants
in each group.

2.1.2 | Population and Ethics

A total of 40 apparently healthy children (17 boys and 23 girls)
were recruited from schools in Cassa de la Selva and Salt (Girona,
Northeastern Spain). Due to ethical reasons, randomization of
children within the same school and during the same physical
education (PE) class was not possible; thus, the schools were
randomly assigned to control or INT, with a total of 20 children
being included in each school. However, following the comple-
tion of the study, the INT was also offered to the control school
to ensure that all children who participated in the study were
treated fairly and equally, as well as to prevent any perception

of discrimination due to the randomization process. Inclusion
criteria were: 1) no evidence of chronic or acute illness in the
month preceding potential enrollment; and 2) age between 7
and 9years. Exclusion criteria were: 1) major congenital abnor-
malities; 2) illness or chronic use of medication; 3) musculoskel-
etal or neurological disorder and/or a medication therapy that
could alter postural stability and cardiorespiratory function; and
4) attending fewer than 80% of the PE classes. The research was
approved by the Institutional Review Board of Dr. Josep Trueta
Hospital, Girona, Spain (CEIm:2016.134), and the study proto-
col was registered in the ISRCTN registry (ISRCTN16744821).
The study was conducted in accordance with the Declaration of
Helsinki regulations, and signed informed consent was obtained
from parents of all participating children. Anthropometric mea-
surements and sample collection were conducted on the same
day. Both schools participating in the study were located in the
same province and country, ensuring homogeneity of the curric-
ular content for the PE classes. Prior to the study, the PE teacher
at the intervention school was trained to conduct the interven-
tion sessions together with the researcher-expert in INT [3].

2.1.3 | Intervention

A 3-month INT intervention was applied to children during PE
classes by the researcher-expert in INT and the PE teacher [3].
The PE classes in both groups (control and INT) were conducted
twice weekly (60 min each) and were structured into an intro-
ductory segment (20min), a main segment (30-35min), and a
concluding segment (5-10min). While the main and the con-
cluding segments were the same across both groups, the intro-
ductory segment was different.

The main difference between the introductory segments in the
control and the INT groups is the type of the exercises performed
(Supplementary Figure S1). While the introductory segment in
the control group consisted of aerobic activities, the children
from the INT group performed the INT, which consisted of both
aerobic and anaerobic activities. More precisely, the introductory
segment for the control group consisted of traditional warm-up
activities, that is, exercises designed to prepare the cardiovas-
cular system and increase the joint mobility for the upcoming
physical effort during the class (Supplementary Figure S1A)
[53]. On the other hand, the INT group during the introductory
segment of the PE classes engaged in INT sessions as warm-up
activities for 3 months, that is, 24 sessions of progressively struc-
tured exercises focusing on strength, coordination, dynamic sta-
bilization, plyometrics, speed, and agility, organized in circuits
and games (Supplementary Figure S1B) [3]. Another important
difference between the introductory segment in the control and
the INT group is the diversity of movement patterns and motor
experiences that is provided with the INT, as well as the progres-
sion in terms of complexity of movement patterns.

Following the 20-min warm-up during the introductory seg-
ment, the children from both groups proceeded to the main
segment of the PE class. The main segment of the PE classes
covered specific curricular content outlined in the national PE
curricula, which was didactically delivered by the PE teacher:
1) aerobic activities (running, jumping a rope) and activities
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that include solving motor tasks in environmental conditions
(outdoor circuits and polygons, orienteering activities); 2) ac-
tivities that will induce development of fundamental motor
skills, motor abilities and motor competence (motor chal-
lenges that contain elements from individual sports: athletics,
gymnastics, tennis); 3) activities that will induce development
of interaction skills and team-work (cooperative motor chal-
lenges that contain elements from sport games: football, bas-
ketball, handball, volleyball); 4) traditional and contemporary
dances; and 5) outdoor activities in the natural environment
(hiking, cycling, rollerblading, skating).

Finally, the concluding segment of the PE classes in both
groups covered a short period with less dynamic activities that
allowed children to cool down gradually and also provided
an opportunity for reflection of the acquired skills during
the class.

2.1.4 | Anthropometric Measurements

Anthropometric measurements were performed at the schools
in the morning hours (between 8.00 and 10.00 AM). Body
mass was measured with a calibrated digital scale (Portable
TANITA, 240MA, Amsterdam, Netherlands) while partic-
ipants were barefoot and wearing light clothes. Height was
measured with a wall-mounted stadiometer (SECA SE206,
Hamburg, Germany). BMI was calculated as body mass in kg
divided by the square of height in m. Age- and sex-adjusted
standard deviation scores (SDS) for body mass, height, and
BMI were calculated using regional normative data [54]. All
measurements were performed twice, at baseline and after
3months.

2.1.5 | Biological Samples Collection

Saliva samples were collected in a fasting state with Oragene
Discover (OGR-500; DNA Genotek, USA) in the morning be-
tween 8.00 and 10.00 AM, and stored according to the manu-
facturer's protocol. Participants were instructed to discharge
1-2mL of saliva into the collection funnel, which allowed the
saliva to flow easily into the collection tube pre-filled with
a stabilizing solution. Once participants filled the collection
tube, the researcher in charge inverted each tube several times
to mix the saliva with the stabilizing solution in the tube, en-
suring the preservation of DNA integrity during transporta-
tion and storage. Note that children were not allowed to drink
water before collection (per manufacturer's protocol). The
same procedure was performed twice, at baseline and after
3months.

2.1.6 | DNAm Assessment and Epigenetic
Clock Analysis

First, genomic DNA was extracted from saliva using the prep-
IT-L2P reagent (PT-L2P-5; DNA Genotek, USA) and 500 1L of
Oragene samples, according to the manufacturer's instructions.
The quantity of the extracted DNA was assessed with a Qubit 2.0
fluorometer (Invitrogen—Thermo Fisher Scientific, USA), and

DNA sample integrity was checked by electrophoresis. Finally,
DNA was bisulfite-converted using an EZ-96 DNAm kit (D5003;
Zymo, USA) following the manufacturer's instructions.

Genome-wide DNAm analysis was performed at the Genomics
Unit of the Josep Carreras Leukemia Research Institute
(Barcelona, Spain) with the Illumina 900K (EPIC v2) microar-
ray [55]. The raw data files generated from the microarray were
processed with the software Genome Studio 2011.1 developed by
Illumina. This included quality assessment and normalization.
Then, DNAm f3 values were obtained for each CpG probe. 8 val-
ues range from 0 to 1. A S value of 0 indicates that the correspond-
ing CpG probe is 0% methylated, and a 3 value of 1 indicates that
the corresponding CpG probe is 100% methylated. Following
this, several quality and control steps were implemented to re-
move low-quality probes, masked probes, and sex-chromosome
probes, with the aim of minimizing errors and ensuring the
accuracy of the further DNAm analysis. Subsequently, 8 value
imputation with the media was performed in probes that have
failed (detection p <0.01) in 10% of the samples.

Thereafter, the CpG probes underwent differential methyla-
tion analysis. The differential methylation analysis was per-
formed by applying linear regression models for microarray
data (limma package v3.48.3 in R studio) adjusting for age, sex,
BMI, and technical batch effects (time of experiment). The FDR
applied to consider a CpG probe as a differentially methylated
position (DMP) was FDR < 0.05, and the significance level was
set at p<0.05. Note that the differential methylation analysis
was performed comparing the post values versus pre values in
each group in order to understand which pathways are being
changed in the control group during the 3-month period and
which pathways are being changed in the INT group during the
3-month INT. This approach allowed a more rigorous and less
biased analysis considering both time points (pre and post) and
both conditions (control and experimental).

Finally, the epigenetic clock analysis was performed with the
Methylclock R package [56]. More precisely, DNAm age was es-
timated with the saliva-based epigenetic clock specifically de-
signed for individuals aged 0-20years [18]. The epigenetic age
acceleration or the deviation between epigenetic age and chrono-
logical age was calculated based on the residuals obtained from
regressing DNAm age against chronological age.

2.1.7 | Core Genes Analysis

After obtaining the differentially methylated probes following
the 3-month period in both groups, we proceeded with core gene
analysis. We applied this approach to comprehensively under-
stand the methylation changes we observed, as well as to avoid
overestimation of significant observations through applying a
meticulous filter consisting of further bioinformatics analyses.
Moreover, the core gene analysis allowed us to identify which
of the DMPs after the 3-month period are in core genes, that is,
genes of high relevance and essential importance within the
human genome. The methodological approach used to recog-
nize core genes consisted of the accomplishment of the follow-
ing 3 criteria: 1) participation in the enriched pathways; 2) a high
degree of connectivity (> 10 connections); and 3) target genes
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of key transcription factors [38, 40-43]. The accomplishment
of these 3 criteria was verified through enrichment analysis,
gene-gene interaction analysis, and transcription factor target
analysis.

2.2 | Enrichment Analysis

Enrichment analysis of DMPs after the 3-month period in the
children from both groups was performed with the bioinformat-
ics software Metascape [57]. To verify if the DMPs fulfill the first
criterion, that is, participation in the enriched pathways, we first
inputted the corresponding lists in the Metascape platform. All
statistically enriched terms (which can be Gene Ontology and/
or Kyoto Encyclopedia of Genes and Genomes terms, canon-
ical pathways, hallmark gene sets, etc., based on the default
choices of the bioinformatics software Metascape) were then
identified. Subsequently, accumulative hypergeometric p-values
and enrichment factors were calculated and used for filtering.
Remaining significant terms were hierarchically clustered into
a tree based on Kappa-statistical similarities among their gene
memberships. A kappa score of 0.3 was applied as a threshold
to cast the tree into term clusters. Finally, the representative
terms from the full cluster were converted into a network lay-
out. Terms with a similarity score greater than 0.3 are connected
by an edge whose thickness represents the strength of the sim-
ilarity score. Thicker edges indicate higher similarity between
terms. The enriched term clusters are visualized with Cytoscape
[58]. This analysis allowed us to comprehensively understand
which pathways are being changed in the control group and
which pathways are being changed in the INT group during the
3-month period. Also, it gives us information on the similarity
between the pathways that are being changed.

2.3 | Gene-Gene Interaction Analysis

To verify the accomplishment of the second criterion, that is, a
high degree of connectivity (> 10 connections), and obtain the
gene—-gene interactions, we used the bioinformatics software
Metascape [57]. We first inputted the corresponding lists in the
Metascape platform. Subsequently, based on known interac-
tions between the genes, Metascape constructed the gene—gene
interactions. Note that to construct gene-gene interactions,
Metascape uses only physical interactions with a physical score
higher than 0.132. The gene-gene interaction network was then
visualized with the bioinformatics software Cytoscape [58]. The
resultant network contains the subset of genes that form physi-
cal interactions with at least one other member in the list. In case
the network contained between 3 and 500 genes, the Molecular
Complex Detection algorithm has been applied to identify the
most densely connected network components [59]. Finally, we
exported the Cytoscape output in an Excel spreadsheet and
identified the genes with > 10 connections. This analysis al-
lowed us to understand if the observed methylation changes
are potentially a response to a single stimulus (e.g., a training
intervention) or if they involve temporal variations. In case the
interconnectivity is high, and the physical interaction scores are
higher than 0.132, it is considered that these changes could be a
response to a certain stimulus because the input genes act in a
collaborative manner, aiming to provide an integrated response

[57, 58, 60]. Otherwise, low interconnectivity and physical in-
teraction scores lower than 0.132 are considered physiologically
irrelevant [57].

2.4 | Transcription Factor Target Analysis

To identify if some of the potential candidate DMPs (DMPs that
fulfilled the above-mentioned 2 criteria) are in target genes of
key transcription factors, that is, fulfill the third criterion, we
used the ENCODE dataset of transcription factor targets as a
reference [61]. This analysis allowed us to identify which of the
DMPs are in genes that are targets of important transcription
factors. This is especially relevant because these transcription
factors play a crucial role in regulating gene expression and
are mainly related to signaling pathways, metabolic pathways,
as well as immune response [62]. So, the input genes that are
targets of key transcription factors are considered to have a
crucial role in the fundamental biological processes of a living
organism.

2.5 | Genomic Location of the Methylation
Changes

The genomic location of methylation changes in the core genes
was identified in relation to the TSS and the CpG site. In rela-
tion to the TSS, the methylation changes in core genes were
annotated to the following locations: TSS1500 (1500 bases up-
stream of the TSS), TSS200 (200 bases upstream of the TSS),
5UTR—S5 prime, First Exon, Body, 3UTR—3 prime, and
Intergenic. Subsequently, 2 groups were created: 1) close to the
TSS (TSS1500, TSS200, 5UTR, and First Exon) and 2) distant
from the TSS (Body, 3’UTR, and Intergenic). In relation to the
CpG site, the methylation changes in core genes were annotated
as follows: CpG island, N and S shores (< 2000 bases from the
CpG island), N and S shelves (2000 to 4000 bases from the CpG
island), and open sea (> 4000 bases from the CpG island).

3 | Results

Demographic characteristics of the studied children at baseline
and after 3months are presented in Table 1. It is worthy to note
that the control and the INT group were comparable because
there were no statistically significant differences in DNAm
between them at baseline (p>0.05). However, the number of
DMPs (FDR <0.05, p<0.05) after the 3-month period in the
control and the INT group are presented in Table 2. Details are
presented in the Supporting Information (in Supplementary
File 1), and all DNAm data (including raw data files) are pub-
licly available in GEO (Accession: GSE279803). There were
1200 DMPs (of which 677 were hypomethylated and 523 were
hypermethylated) after the 3-month period in the control group.
On the other hand, we observed 414 DMPs (of which 263 were
hypomethylated and 151 were hypermethylated) after the 3-
month INT in the children that performed the INT (Table 2
and Supplementary File 1). Note that the observed methylation
changes were not sufficient enough to exhibit biological rele-
vance (Af <10.11; Supplementary File 1), as well as they did not
remain when applying an FDR <0.005 (Table 2).
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TABLE 1 | Demographic characteristics and comparison between
the control and the INT group at baseline and after 3 months.

TABLE 2 | Differential methylation analysis (post versus pre) in the
control and the INT groups.

Demographic Control

characteristics group INT group

at baseline (N=20) (N=20) P

Age (years) 7.71£0.38 7.48 £0.27 >0.05

Sex (m/f) 10/10 7/13 >0.05

Body mass (kg) 27.01£2.99 26.63+542  >0.05

Body mass SDS —-0.13 —-0.37 >0.05
(—0.43-0.13)  (=0.73-0.26)

Height (cm) 129.78 £5.19 127.06 £5.73 >0.05

Height SDS 0.35 0.40 >0.05
(-0.12-0.78)  (—0.56-0.80)

BMI (kg/m?) 16.10+£1.46  16.37+£2.20 >0.05

BMI SDS —-0.43 —0.55 >0.05
(—0.80-0.04)  (—0.82-0.04)

Demographic Control

characteristics group INT group

after 3months (N=20) (N=20) P

Age (years) 7.95+0.39 7.73£0.25 >0.05

Sex (m/f) 10/10 7/13 >0.05

Body mass (kg) 27.61+3.53 26.36+4.36 >0.05

Body mass SDS 0.05 —0.42 >0.05
(=0.42-0.21)  (—0.56-0.17)

Height (cm) 131.09+5.45 128.15+£5.63 >0.05

Height SDS 0.50 0.68 >0.05

(0.01-1.07)  (-0.17-1.24)

BMI (kg/m?) 16.05+1.64  1597+1.78  >0.05

BMI SDS —-0.41 —0.60 >0.05
(-0.87-0.11)  (—0.87-0.16)

Note: Data for Gaussian variables are presented as mean + standard deviation.
Data for non-Gaussian variables are presented as median and interquartile
range. The p-value for Gaussian variables is from the t-test. The p-value for
non-Gaussian variables is from the Mann-Whitney U test. The p-value for

categorical variables is from the chi-squared test. The significance level is set at
p<0.05. BMI: body mass index; INT: integrated neuromuscular training; SDS:
standard deviation score.

The epigenetic clock analysis (Figure 1) indicates an interesting,
even though statistically non-significant, trend. We observed a
non-significant epigenetic age acceleration of 1.18 months in the
control group after the 3-month period, whereas we observed a
non-significant decrease of 1 month in the epigenetic age of the
children from the INT group after the 3-month INT (p>0.05).

The enrichment analysis of DMPs (post versus pre) in the con-
trol and the INT group is presented in Figure 2. The DMPs after
the 3-month period in the children from the control group were
mainly related to children's development, cell cycle, hematopoi-
esis, and growth (Figure 2A). The DMPs in the children that
performed the 3-month INT were related to disease pathways
(including cancer pathways), signaling mechanisms, hormone
metabolism, protein metabolism, phosphorylation, and stress

Differential methylation Control group

analysis (post versus pre) (N=20) 4
Hypomethylated positions 677 <0.05
N)

Hypermethylated positions 523 <0.05
N)

Total DMPs (N) 1200 <0.05
Differential methylation INT group

analysis (post versus pre) (N=20) p
Hypomethylated positions (N) 263 <0.05
Hypermethylated positions (N) 151 <0.05
Total DMPs (N) 414 <0.05

Note: The differential methylation analysis was performed with linear regression
models for microarray data (limma package v3.48.3 in R studio) adjusting

for age, sex, BMI, and technical batch effects (time of experiment). The FDR
applied to consider a CpG probe as a DMP was FDR <0.05 and the significance
level was set at p <0.05 (marked in bold). Note that the DMPs did not remain
when applying an FDR <0.005. DMP: differentially methylated position; INT:
integrated neuromuscular training.

response (Figure 2B). Interestingly, the similarity between the
enriched term clusters in the INT group is higher as compared to
the control group (Figure 2). This indicates a more focused and
targeted response encompassing similar and related pathways
in the children from the INT group. On the other hand, in the
children from the control group, we observed distinct and less
related pathways.

Furthermore, a gene-gene interaction network from the genes
with a DMP in the INT group is presented in Figure 3. Note that
a gene-gene interaction network in the control group was not
constructed because Metascape uses only the subset of genes
that form physical interactions with at least one other member in
the list, exhibiting a physical score higher than 0.132. More pre-
cisely, if the gene-gene interactions do not meet this threshold,
the interaction network is considered irrelevant. These results
suggest that the genes with a DMP in the control group interact
less with each other and/or the physical interaction scores are
lower as compared to the INT group. Conversely, the genes with
a DMP in the INT group were highly interconnected, exhibit-
ing interactions with higher physical scores as compared to the
control group. The higher interconnectivity and the stronger in-
teractions between the genes with a DMP in the INT group may
potentially indicate that these genes act in a collaborative man-
ner rather than in isolation, probably being part of common and/
or cooperative biological processes, resulting in an integrated,
more synchronized, and coordinated response in the children
from the INT group.

The results from the core gene screening procedure are pre-
sented in Supplementary Table S1. Based on this table, the first
criterion, that is, participation in the enriched pathways, was
fulfilled by 1038 genes with a DMP in the control group and 410
genes with a DMP in the INT group. Interestingly, none of the
1038 potential candidate genes in the control group fulfilled the
second criterion, that is, high degree of connectivity (>10). On
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FIGURE 1 | Box plots representing the epigenetic age of the chil-
dren at baseline and after the 3-month period. The DNAm age was
estimated with the saliva-based epigenetic clock specifically designed
for individuals aged 0-20years, and the analysis was performed with
the Methylclock R package. The deviation between epigenetic age and
chronological age was calculated based on the residuals obtained from
regressing DNAm age against chronological age. (A) Box plots repre-
senting the epigenetic age of the children from the control group at base-
line and after 3months. The box plots are showing a non-significant
trend of epigenetic age acceleration in the children from the control
group. (B) Box plots representing the epigenetic age of the children from
the INT group at baseline and after the 3-month INT. The box plots show
anon-significant 1-month decrease in the epigenetic age of the children
from the INT group. DNAm: DNA methylation; INT: Integrated neuro-
muscular training; Mean diff: Mean difference.

the other hand, 17 genes out of 410 potential candidate genes
fulfilled the second criterion in the INT group. Finally, all can-
didate genes identified in the INT group fulfilled the third crite-
rion, that is, target gene of key transcription factors.

The number of connections for each candidate gene, as well
as the corresponding transcription factor of which the gene is
a target, are presented in Supplementary Table S2. The candi-
date genes' connections vary from 10 to 32, and the transcription
factors of which candidate genes are targets are mainly NF-xB,
ARID3A, BHLHE40, and ATF2.

Finally, we did not identify any core genes in the control group
because potential candidates did not fulfill the second crite-
rion, that is, a high degree of interconnectivity (Supplementary
Table S1). Interestingly, we identified 17 core genes with a DMP
(11 hypomethylated and 6 hypermethylated positions) after the
3-month INT in 7-9-year-old school children (logFC=10.61I to
logFC=11.56l, A (%)=<1%, p<0.05; Table 3). Even though the
observed methylation changes were not sufficient enough to

exhibit biological relevance and did not remain when applying
an FDR <0.005, it is worth considering that the DMPs after the
3-month INT were in core genes, that is, genes considered to
have high relevance within the human genome. In brief, all these
genes—BIRC3, CLTC, CSNK2B, CTSL, DCTN2, DDBI, FASN,
FBXWI11, FGFRI1, GNAI2, HSPA2, MTOR, NDC80, PRPF1I9,
PRPFS, RPL13A, and SUPT16H—were related to inflammation,
fat metabolism, protein metabolism, ATP binding, and growth
(details are presented in Table 3). Moreover, their altered expres-
sion appears to be related to metabolic (FASN, FGFR1, GNAI2),
cardiovascular (CTSL, GNAI2, PRPF19, and RPL13A), neurode-
generative diseases (CLTC, CSNK2B, CTSL, DCTN2, FBXW11,
PRPF8, and SUPTI6H), musculoskeletal disorders (DCTN2Z,
DDBI, and FGFR1), cancer (BIRC3, CLTC, CTSL, FASN, FGFR1,
GNAI2, HSPA2, MTOR, and NDC80), and various syndromes:
Noonan syndrome, Poirier-Bienvenu syndrome, respiratory
syndrome, Perry syndrome, White-Kernohan syndrome, and
Muenke syndrome (CLTC, CSNK2B, DCTN2, DDBI1, and FGFRI;
details are presented in Table 3).

The genomic location of methylation changes in the core genes
in relation to the TSS and the CpG site is presented in Figure 4.
Remarkably, 88% of the methylation changes were close to the
TSS, while only 12% were distant from the TSS (Figure 4A).
According to the location in CpG sites, 59% were in CpG islands,
41% were in shores, whereas no methylation changes were ob-
served in shelves and open sea sites (Figure 4B).

4 | Discussion

There were 1200 DMPs in the children from the control group
after the 3-month period, and 414 DMPs in the children from
the INT group after the 3-month INT. Interestingly, we observed
a statistically non-significant trend of epigenetic age accelera-
tion (1.18 months) in the control group, whereas we observed
a non-significant decrease of 1 month in the epigenetic age of
the children from the INT group. Moreover, the enrichment and
gene-gene interaction analyses revealed distinct and less related
pathways with lower interconnectivity among the genes with a
DMP in the control group, in contrast to the higher similarity
of enriched pathways and higher interconnectivity among the
genes with a DMP in the INT group. These results may indicate
a chaotic response in the children from the control group, en-
compassing mainly development and growth-related pathways,
versus the integrated and coordinated response to the training
stimulus observed in the children from the INT group, encom-
passing signaling pathways, as well as hormone and protein
metabolism pathways. Even though the observed methylation
changes were not sufficient enough to exhibit biological rele-
vance in both groups, and the DMPs did not remain when ap-
plying an FDR <0.005, it is worth considering that some of the
epigenetic modifications in the children that performed the 3-
month INT in the school were in genes considered as core genes.
Moreover, 88% of the methylation changes in the core genes
were close to the TSS (near to the promoter regions), and 59%
were in CpG islands.

The present findings allow us to accept the first hypothesis, ac-
cording to which we expected to find DNAm changes in the sa-
liva of healthy children after a 3-month INT. A previous study
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FIGURE 2 | Enrichment analysis of DMPs. All statistically enriched terms (which can be Gene Ontology and/or Kyoto Encyclopedia of Genes
and Genomes terms, canonical pathways, hallmark gene sets, etc., based on the default choices of the bioinformatics software Metascape) were first
identified. Then, accumulative hypergeometric p-values and enrichment factors were calculated and used for filtering. Remaining significant terms
were hierarchically clustered into a tree based on Kappa-statistical similarities among their gene memberships. A kappa score of 0.3 was applied as
a threshold to cast the tree into term clusters. Finally, the representative terms from the full cluster were converted into a network layout that was
visualized with the bioinformatics software Cytoscape. The network layout represents sets of genes with their respective biological functions. More
precisely, the circle nodes represent the enriched term (set of genes), and the size of the circle node is proportional to the number of genes that fall
under that term. The color of the circle node represents the identity of the cluster (i.e., biological function), and the circle nodes with the same color
represent sets of genes with the same biological function. The edges between the circle nodes represent the similarity score between the sets of genes,
while thicker edges indicate higher similarity. (A) Enrichment analysis of DMPs in the children from the control group. There are multiple distinct
pathways and low similarity (thin connector edges) between enriched term clusters in the children from the control group. This is indicating a chaotic
response encompassing distinct and less related pathways. (B) Enrichment analysis of DMPs in the children from the INT group. There are multi-
ple connector edges (most of them thick) forming a unique network indicating a high similarity between the enriched term clusters in the children
from the INT group. This similarity between pathways is suggestive of a targeted response to a certain stimulus, such as in this case the INT. DMPs:

Differentially methylated positions; INT: Integrated neuromuscular training.

that employed an exercise intervention with the same frequency
(twice per week) and the same duration (3 months) as the INT
applied in the present study reported similar DNAm changes
in the sperm of healthy young men [23]. More precisely, the
authors of the previous work reported DNAm changes rang-
ing from 0.7% to 3% in genes related to cardio-metabolic dis-
eases, Alzheimer's disease, Tourette's syndrome, and obsessive
compulsive disorder [23]. In addition, slightly higher DNAm
changes (<5%) were observed in genes related to development,
morphogenesis, schizophrenia, Parkinson's disease, leukemia,
and cancer [23]. On the other hand, exercise intervention with
a longer duration (6 months) induced higher DNAm changes (<
11%) in the adipose tissue of healthy adults [20]. Furthermore,
it has been reported that lifelong physical activity induces con-
siderably more pronounced changes in DNAm in human skele-
tal muscle [27]. Indeed, the difference between DNAm levels of
genes involved in metabolism, myogenesis, and oxidative stress
resistance between active and inactive individuals was at least
30% [27]. Physical activity has also been accepted as an effec-
tive strategy to prevent age-related epigenetic changes, while
regular exercise training has been shown to partially reverse
aging-induced alterations in the skeletal muscle methylome [13],
therefore leading to remarkable shifts of the epigenetic clock to-
ward a younger profile [16, 17]. In this line, in the present study
we observed an interesting, but statistically non-significant
trend of a 1-month decrease in the salivary epigenetic age of the
children from the INT group. On the other hand, the children
from the control group showed non-significant epigenetic age
acceleration (1.18 months). These statistically non-significant
results may be indicative of the onset of adverse epigenetic pro-
gramming in the children from the control group, which appears
diminished in the children from the INT group, suggesting a po-
tential, still non-significant reversing or protective effect of the
3-month INT. Given that studies assessing the epigenetic age
in saliva of children after a training intervention are scarce, we
encourage further research in the pediatric population because
previous studies assessing the epigenetic age in skeletal muscle
of adults, older individuals, and even female breast cancer survi-
vors reported remarkable reversing effects induced by physical
exercise [13, 16, 17, 37]. Taking into consideration the present
and previous findings, we believe that interventions with lon-
ger duration may induce higher changes in DNAm as compared
to interventions with shorter duration, while practicing lifelong

physical activity may induce even greater impact on DNAm
and potentially reverse the epigenetic clock toward a younger
profile [17, 20, 23, 27]. Therefore, we suggest fostering physical
activity from pediatric age and implementing exercise interven-
tions with longer duration.

The genes with a DMP in the control group showed low similar-
ity between the enriched pathways, weak interactions, and low
interconnectivity, indicating a chaotic response encompassing
distinct pathways (mostly development and growth-related). On
the other hand, the genes with a DMP in the children from the
INT group showed high similarity between the enriched path-
ways, strong interactions, and high interconnectivity, suggesting
an integrated and coordinated response to the training stimulus.
More precisely, the high interconnectivity and the dense interac-
tion network observed in the INT group indicate that these genes
act in a collaborative manner rather than in isolation, probably
being part of common and/or cooperative biological processes
[57, 58, 60]. In addition, the enrichment analysis in the children
from the INT group revealed pathways such as signaling mecha-
nisms, stress response, protein, and hormone metabolism. Even
though studies assessing the genome-wide DNAm changes in
saliva following an INT in children are missing, previous stud-
ies assessing exercise-induced methylation changes in various
biospecimens (e.g., skeletal muscle, adipose tissue, sperm, and
blood) in adults [20, 21, 23-26, 29, 30, 36, 44, 63], older indi-
viduals [13, 27], and animal models [35, 45-47], have reported
similar findings. In human skeletal muscle, endurance exercise
and high-intensity interval training induced DNAm changes in
genes related to MAPK signaling, insulin pathways, and oxida-
tive and fatty acid metabolism [21, 22, 64, 65], whereas single
resistance exercise bout and resistance training induced DNAm
changes in genes related to signaling pathways, focal adhesion,
axon guidance, actin structure, remodeling, and hypertrophy-
related pathways [25, 63]. Interestingly, it has been suggested
that exercise-induced DNAm changes are tissue- and type-
specific, and that the enriched pathways depend on the type
of the exercise stimulus [25, 30, 38]. For instance, the enriched
pathways of genes differentially methylated after high-load,
short-duration exercise, in comparison to low-load, continuous
exercise, were diverse [21, 25, 63-65]. In this line, in skeletal
muscle of young adults, a single resistance exercise bout and re-
sistance training (including detraining and retraining periods)
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FIGURE 3 | Gene-gene interaction network in the children from the INT group. The gene-gene interaction network represents the interactions
between the genes. The “circle nodes” represent sets of genes with diverse biological functions that belong to densely connected neighborhoods, and
the connector edges between the circle nodes represent the interactions with a physical score higher than 0.132. The gene-gene interactions were
constructed based on known interactions among the genes in the list, with the bioinformatics software Metascape, and the network was visualized
with the bioinformatics software Cytoscape. Each color represents the biological function of the set of genes in the densely connected neighborhoods.
To annotate the biological functions, Metascape retains the top three best p-values for the enriched terms in the densely connected neighborhoods.
The genes with a DMP in the INT group exhibit strong interactions and high interconnectivity, suggesting an integrated and coordinated response
to the training stimulus. This high interconnectivity indicates that these genes act in a collaborative manner rather than in isolation, probably being
part of common and/or cooperative biological processes. On the other hand, note that the interaction network in the control group was not construct-
ed. The genes with a DMP in the control group exhibit low interconnectivity and interactions with a physical score lower than 0.132, not meeting the
threshold for constructing an interaction network established by Metascape (physical score higher than 0.132). cAMP: Cyclic adenosine monophos-
phate; DMP: Differentially methylated position; ER: Endoplasmic reticulum; INT: Integrated neuromuscular training.

primarily induced hypomethylation changes in hypertrophy-
related genes [21, 25, 30, 63, 66]. In human skeletal muscle again,
acute incremental cycling exercise on a cycle ergometer induced
dose-dependent hypomethylation in promoters of exercise-
responsive genes such as PGC-la, PDK4, and PPAR-§ [67],
whereas high-intensity interval training induced hypomethyla-
tion changes in genes related to lactate transport and calcium
signaling (SLC16A3, INPP5a, and CAPN2) [68]. In adipose tissue
of healthy adults, endurance training induced hypomethylation

of genes involved in lipolysis regulation and adipogenesis, as
well as hypermethylation of obesity and type 2 diabetes mellitus
genes [20, 28]. Furthermore, in sperm of healthy adults, sprint
training induced hypomethylation of genes related to insulin
receptor signaling pathways and cardiac muscle contraction
[23]. In the blood of healthy adults, sprint training induced hy-
pomethylation of genes related to angiogenesis, blood vessel cell
migration, and cardiovascular function, as well as hypermeth-
ylation of cardiovascular disease-related genes [29]. In plasma
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FIGURE 4 | Genomic location of methylation changes in the core genes. (A) In relation to the transcription start site (TSS): 1) close to the TSS
(TSS1500, TSS200, 5’UTR, and First Exon) and 2) distant from the TSS (Body, 3’UTR, and Intergenic). (B) In relation to the CpG site: CpG island,
N and S shores (< 2000 bases from the CpG island), N and S shelves (2000 to 4000 bases from the CpG island), and open sea (> 4000 bases from the

CpG island).

of hypertensive rats, treadmill running induced hypermethyl-
ation of genes related to arterial function [19], while in blood,
trotting exercise in horses induced hypermethylation of genes
associated with cell division, signaling, adhesion, and transport
[69]. Supporting previous scientific evidence, the present study
also showed some differences, that is, diverse enriched pathways
between groups, given that the INT is a short training interven-
tion with a mixed type exercise modality, combining aerobic and
anaerobic activities, whereas the traditional warm-up protocol in
the control group included only aerobic activities.

No core genes were identified in the control group following the
implementation of the core gene analysis on the genes with a
DMP after the 3-month period. Remarkably, aligning with the
second hypothesis, according to which we expected to find
DNAm changes in some core genes in children that performed
the 3-month INT, we identified 17 core genes with a DMP, which
were targets of key transcription factors that are regulating in-
flammation, immune response, cell differentiation, and tumor
mechanisms. For instance, the transcription factor NF-xB plays
a crucial role in regulating inflammation, immune response,
cell proliferation, differentiation, and cell survival [62]. Indeed,
targeting the NF-xB pathway has been proposed as a potential
therapy for various chronic diseases [70, 71]. The transcription
factor AIRD3A has diverse regulatory roles in immune re-
sponse, hematopoiesis, DNA damage repair, and tumor and can-
cer suppression mechanisms [72, 73]. Furthermore, BHLHE40
is a transcription factor regulating various biological processes
such as cell differentiation, inflammation modulation, immune
response, and anti-tumor mechanisms [74, 75]. ATF2 is a tran-
scription factor that has a role in stress response, DNA damage
repair, immune response, and regulation of cell growth [76]. In
addition, we consider that it is important to highlight that the
DMPs in the children who performed the 3-month INT were
in core genes related to inflammation, fat metabolism, protein
metabolism, ATP binding, and growth pathways, involved in
the regulation of metabolic, cardiovascular, neurodegenerative
diseases, musculoskeletal disorders, cancer, and various syn-
dromes [77]. Indeed, it is widely known that a potential cause
for the development or progression of a certain disease can be

the altered expression of genes associated with that disease, me-
diated by abnormal DNAm [38]. However, previous research has
indicated that physical exercise may partially reverse aberrant
methylation patterns [78]. In this line, 88% of the methylation
changes in the core genes in the present study were close to the
TSS (near a promoter region), and 59% were in CpG islands,
therefore potentially regulating gene expression by inducing
transcriptional silencing or activation [7-9, 79, 80]. Nevertheless,
we must note that in this study, we did not assess the transcrip-
tome or the proteome; thus, we are uncertain to which extent the
observed methylation changes may be reflected in gene expres-
sion as previously described or on a protein concentration level
[7-9, 79, 80]. However, previous studies integrating the meth-
ylome and the transcriptome in human skeletal muscle found
similar alterations at both the DNAm and gene expression levels
[21, 25, 30, 63]. For instance, after a single resistance exercise
bout, as well as after resistance training, cancer-related genes
were affected at both the methylome and transcriptome levels
[30]. Furthermore, in middle-aged adults with morbid obesity
and type 2 diabetes mellitus, differential DNAm and gene ex-
pression changes were found in response to endurance training
in genes related to functional metabolic and microvascular plas-
ticity, which are crucial for diabetes rehabilitation [21]. A single
resistance exercise bout in untrained men induced differential
methylation changes and altered gene expression in genes re-
lated to MAPK signaling, axon guidance, focal adhesion, and
actin cytoskeleton [25]. Differential methylation changes and
altered gene expression were also found in hypertrophy-related
genes after resistance training intervention [25]. In addition,
genes significantly altered at the mRNA level (upregulated or
downregulated) 6h following resistance exercise in trained
college-aged men showed significantly inversed DNAm pat-
terns across one or more CpG sites 3h following exercise [63].
Indeed, a bioinformatics overlay analysis of DNAm and mRNA
expression data showed that affected genes were related to sig-
naling mechanisms (MAPK and PI3K-Akt signaling) and focal
adhesion [63]. With regard to methylome and proteome integra-
tion studies, in mice skeletal muscle, changes at the methylome
level were associated with changes at the proteome level in pro-
teins related to mitochondrial translation after a progressive
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weighted wheel running exercise [47]. Moreover, several tran-
scription factors, including MYC, were proposed as regulators
of the exercise-induced methylome-proteome landscape [47].
In skeletal muscle of trained men, a methylome-proteome in-
tegrative analysis showed a bidirectional relationship between
methylome and proteome changes after 3 months of high-
intensity interval training, mainly in genes and proteins related
to mitochondrial and metabolic pathways [81]. Considering the
previous and current findings, and also given that numerous
studies have proposed physical exercise interventions for health
promotion and disease prevention, or in addition to the tradi-
tional therapy for a more effective treatment for various diseases
[82, 83], we believe that the present study should encourage
future research integrating the salivary methylome, transcrip-
tome, and proteome after an INT in children. These studies can
reinforce and expand the present findings, and further explore
the potential implications of an INT for health promotion and
disease prevention in children.

4.1 | Limitations and Future Research

This is the first study assessing the effects of physical exercise,
specifically INT, on the genome-wide DNAm in saliva from 7
to 9-year-old children, and the present findings should be inter-
preted considering the following limitations:

First, we have to note that skeletal muscle is the most affected
tissue during exercise, not saliva [38, 84]. This means that one
would potentially expect more prominent DNAm changes in
skeletal muscle, thus considering it as a more suitable tissue
for DNAm assessment in the context of exercise-induced ef-
fects. However, since the assessment of genome-wide DNAm
in skeletal muscle requires biopsy, this kind of DNAm analysis
in children is not possible due to ethical reasons. Although
DNAm is tissue-specific [38], it is worthwhile to note that
recent studies showed similar methylation profiles between
saliva, blood, and various tissues, highlighting the utility of
saliva as a non-invasive alternative for DNAm assessment
[51, 85-87]. Indeed, salivary DNA has been shown to origi-
nate mainly from the polymorphonucleated leukocytes, thus
apparently offering a homogeneous source of DNA for the
methylation analysis [51]. However, the cellular composition
of saliva is predominantly made up of polymorphonucleated
leukocytes and epithelial cells, thus the extent to which DNA
coming from these different cell types may impact the DNAm
results should be further explored. Additionally, we also be-
lieve that future studies in adult populations should compare
the genome-wide DNAm in skeletal muscle and saliva induced
by the same exercise intervention and reinforce the idea of the
potential utility of saliva in the assessment of exercise-induced
DNAm changes.

Another limitation of the present study is the lack of transcrip-
tome and proteome data. We think that it is really important
to investigate if the observed methylation changes are sub-
sequently reflected in gene expression, as well as on a protein
concentration level. Thus, we suggest further research trying to
integrate the methylome, the transcriptome, and even the pro-
teome, aiming to obtain a more comprehensive understanding
on the effects induced by INT interventions.

Furthermore, the absence of a control group that does not have
structured exercise sessions should also be considered as a study
limitation. Given that we targeted school children in the present
study, the inclusion of such a control group was not possible be-
cause all children in schools have regular PE classes as part of
the national curricula. However, we believe that it is necessary
to design a further study involving pre-school children and in-
clude a control group with no structured exercise to overcome
the current limitation.

The lack of continuous heart rate monitoring during the inter-
vention or the absence of GPS measures can also be considered
as a limitation of the present study. Thus, we propose future
studies to overcome this limitation by introducing monitoring
devices that will collect data during the training sessions in
order to provide a better understanding on the effects of the INT.

Finally, the major limitations of this study are the short dura-
tion of the INT intervention and the sample size, consequently
affecting the study's statistical power. Even though we tried to
apply rigorous and stringent statistical and bioinformatics anal-
yses (including a core genes analysis approach based on enrich-
ment analysis, gene—gene interaction analysis, and transcription
factor target analysis) that may help in overcoming the limita-
tion related to the study's sample size, we still believe that fu-
ture studies involving higher sample sizes should be designed
to assure higher statistical power and further generalization of
the study's findings. We also suggest future studies to implement
INT interventions with longer duration in order to examine if
more eminent changes in DNAm may be obtained after longer
training interventions.

4.2 | Perspectives

Besides the previously mentioned limitations, the present find-
ings observed in the saliva of 7-9-year-old children are in line
with previous scientific reports from blood, sperm, adipose tis-
sue, and skeletal muscle in adults, older individuals, and animal
models, thus we believe that they should serve as a starting point
for future research. The present study may encourage further
studies on the methylome in saliva, especially in the pediatric
population, where skeletal muscle tissue is not available and
genome-wide DNAm studies are scarce. We believe that genome-
wide DNAm studies in saliva after exercise training in children
are important to bridge the current gap in scientific literature.

Also, it is worth considering that these findings seem to offer
a plausible explanation for some of the epigenetic mechanisms
that may underlie the health benefits induced by INT in chil-
dren; thus, further research integrating the methylome, tran-
scriptome, and proteome will be crucial to explore if these
methylation changes are subsequently reflected in gene expres-
sion, as well as on a protein concentration level.

5 | Conclusion
Differential methylation changes after the 3-month period were

observed in both the control and the INT groups, with a non-
significant trend of epigenetic age acceleration in the control
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group and a non-significant 1-month decrease in the epigene-
tic age of the children from the INT group. Interestingly, the 3-
month INT applied twice weekly during PE classes at schools
induced an integrated and coordinated response to the training
stimulus in children, encompassing methylation changes in
similar and related pathways, exhibiting strong interactions and
high interconnectivity. On the other hand, the response in the
children from the control group was more chaotic, encompass-
ing distinct and less related pathways (most of them develop-
ment and growth-related), exhibiting weak interactions and low
interconnectivity. Remarkably, 17 out of 414 DMPs after the 3-
month INT were in core genes that were target genes of key tran-
scription factors. All these core genes were involved in disease
regulation and related to inflammation, fat metabolism, protein
metabolism, ATP binding, and growth. Eighty-eight percent of
the methylation changes in the core genes were close to the TSS
(near a promoter region), and 59% were in CpG islands.
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