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Genome‑wide epigenetic 
modifications in sports horses 
during training as an adaptation 
phenomenon
Katia Cappelli 1,2, Samanta Mecocci 1,2*, Andrea Porceddu 3, Emidio Albertini 4, 
Andrea Giontella 1,2, Arianna Miglio 1,2, Maurizio Silvestrelli 1,2, Andrea Verini Supplizi 1,2, 
Gianpiero Marconi 4,5 & Stefano Capomaccio 1,2,5

With his bicentennial breeding history based on athletic performance, the Thoroughbred horse can 
be considered the equine sport breed. Although genomic and transcriptomic tools and knowledge 
are at the state of the art in equine species, the epigenome and its modifications in response to 
environmental stimuli, such as training, are less studied. One of the major epigenetic modifications is 
cytosine methylation at 5′ of DNA molecules. This crucial biochemical modification directly mediates 
biological processes and, to some extent, determines the organisms’ phenotypic plasticity. Exercise 
indeed affects the epigenomic state, both in humans and in horses. In this study, we highlight, with a 
genome‑wide analysis of methylation, how the adaptation to training in the Thoroughbred can modify 
the methylation pattern throughout the genome. Twenty untrained horses, kept under the same 
environmental conditions and sprint training regimen, were recruited, collecting peripheral blood at 
the start of the training and after 30 and 90 days. Extracted leukocyte DNA was analyzed with the 
methylation content sensitive enzyme ddRAD (MCSeEd) technique for the first time applied to animal 
cells. Approximately one thousand differently methylated genomic regions (DMRs) and nearby genes 
were called, revealing that methylation changes can be found in a large part of the genome and, 
therefore, referable to the physiological adaptation to training. Functional analysis via GO enrichment 
was also performed. We observed significant differences in methylation patterns throughout the 
training stages: we hypothesize that the methylation profile of some genes can be affected early by 
training, while others require a more persistent stimulus.

The horse is an extraordinary athlete, shaped by evolution and human selection, with a marked aptitude for speed 
and endurance. Being prey, the horse needed to run at remarkable speed for considerable distances to escape 
predators. The horse’s anatomy is, therefore, adapted to speed and stamina. Man has exacerbated these innate 
athletic skills through the selection that introduced dramatic phenotypic differences to Thoroughbred or Arab 
 breeds1,2. For example, the race-oriented selection had a strong footprint on Thoroughbred, enhancing high-
performance  characteristics3 such as Type IIA muscle fiber percentage up to 80–90% and boosting mitochondrial 
density with the intense activity of oxidative  enzymes4,5.

Genetics is just one piece of the puzzle, especially in sports: the full potential is reached only after proper 
athletic preparation.

The Thoroughbred is an early, fast-growing breed, and training usually begins at 15 months of age. One 
tangible aim in race-oriented training is to enhance the horse’s ability to reach the highest speed before reach-
ing  VO2 max. In untrained Thoroughbreds, this limit is approximately 50 km/h, but it can be pushed up to 
60 km/h after proper and intense  training6. Training must be carefully planned since, while  VO2 max and aerobic 
capacity should be achieved early in training sessions, skeletal muscle improvement can only be observed after 
4–6 months. This physiological gap often causes long bone and soft tissue problems, especially in young  subjects7.
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The study of the modifications induced by the environment (i.e., by training) challenges the scientific commu-
nity to consider another determination layer of complex traits: epigenetic changes. Only a few studies have been 
done in sport horse exercise epigenetics. Still, there is no doubt that, due to its influence on gene transcription, 
DNA methylation will necessarily modify an individual’s response to an exercise  stimulus8,9.

Epigenetic changes due to exercise can be transient, for example, after a single session of high-intensity 
aerobic exercise or  stable10. Skeletal muscle cells can retain DNA methylations caused by stress (inflammatory 
state) during early childhood and adulthood. Moreover, studies assume that such modifications can be vertically 
 inherited11. In addition, skeletal muscles can modify their epigenetic fingerprint even with short-term environ-
mental stimuli, allowing future adaptations to the same stimuli; this can be referred to as muscle epi-memory12,13. 
Indeed, it has shown that 60 min of high-intensity training (75%  VO2 max/maximum aerobic capacity) leads 
to induced acetylation of H3 histone in human skeletal  muscle12; in addition, satellite cells can proliferate, self-
renewing, and potentially transmitting epigenetic changes to the  daughters11.

Methylation profiles change in response to physical activity in a dose-dependent, gene-specific, and tissue-
specific manner. In skeletal muscle, long-term exercise (6 weeks of resistance training) leads to an increase in 
the number of differentially methylated  regions14; at the same time, there is a decrease in methylation levels of 
metabolic  genes15. It is also known that, after an initial resistance training program and subsequent detraining, 
a second period of resistance training is characterized by a higher frequency of de-methylated sites compared 
to the first workout, suggesting the potential for an "epigenetic memory" of hypertrophy in skeletal  muscle12,16.

A few studies concerning the impact of exercise on DNA methylation have also been carried out in the horse, 
particularly in the  Thoroughbred8, which show how this epigenetic modification has great relevance during 
exercise adaptation in terms of de-methylation and methylation of different genes. Increased transcription of 
key regulatory, metabolic, and myogenic genes appears to be an early response to exercise in humans and horses, 
important for mediating subsequent adaptations in skeletal  muscle8,17.

In the innovative field of epigenetics, different methods are available to determine the methylation status 
of DNA samples. Methylation is considered a relatively stable marker, easily available, and with non-invasive 
 sampling18.

Several techniques have been developed with different strategies, each with advantages and limitations; 
all technologies available today still have major limitations, such as sensitivity, specificity, accuracy, and data 
 interpretation19,20.

Recently, methylation content sensitive enzyme double-digest restriction-site-associated DNA (ddRAD) 
technique (MCSeEd) has been  developed21, a reduced-representation, reference-free, cost-effective approach 
for characterizing whole genome methylation patterns across different methylation contexts.

Therefore, the study aims to deepen the knowledge of the epigenetic response to exercise in Thoroughbred 
horses, monitoring their first three-month training period immediately after taming. The MCSeEd (Methylation-
context-sensitive-enzyme-ddRAD) method, which is an evolution of the ddRADseq (double-digest-restriction-
site-associated-sequencing)  method22, was applied to compare white blood cell DNA methylation profiles of 
two-year-old horses at different stages of training (T0 = start of intense training; T30 = after one month of training; 
T90 = after three months of training). This allowed us to obtain, for the first time, indications of the epigenetic 
modifications occurring in the Thoroughbred under training.

Results
The genomic DNA from the buffy coat of twenty (20) Thoroughbreds (gathered in bulks of 4) was used to assess 
the DNA methylation changes during the first training season, monitoring the horses for three months after a 
month of acclimatization. To this purpose, the MCSeEd technique was applied, sequencing the fragments gener-
ated by a coupled enzymatic digestion using methylation-sensitive and non-sensitive enzymes.

Sequencing, mapping, and DMPs identification
Single-end reads were produced from the fifteen (15) libraries, and after demultiplexing and cleaning procedures 
as previously described, a total of 131,296,618 sequences were used for the MCSeEd bioinformatic pipeline. On 
average, 8.7 million reads per sample were produced (details in Table 1).

Uniquely mapped reads on EquCab3 were in the proportion—on average between samples—of 83.2% of the 
input sequences. Virtually all of them were then reassigned to the experiment-wise annotation. After robust 
filtering and normalization, 94,957 loci were input to methylKit for downstream analysis. This number was fur-
ther reduced considering only those covered by at least ten reads and statistically different throughout the time 
points (DMPs, differently methylated positions) with a false discovery rate (FDR) < 0.05, resulting in 30,773 loci 
used for DMRs (differently methylated regions) discovery.

To verify filtering and experimental design soundness, a principal component analysis (PCA) was carried 
out (Fig. 1), obtaining a separate clustering of the bulks belonging to the same time (T0, T30, and T90) with the 
first two dimensions absorbing more than 40% of the total variance. The correct separation of libraries can be 
appraised also in the dendrogram shown in Supplementary Fig. S1.

DMR analyses
The DMRs were identified starting from the DMPs of pairwise comparisons between the three-time points 
through the iterative procedure previously described. Results are reported in Supplementary Tables S1, S2, and S3.

From the DMP clustering, the optimal width of the window in terms of bp used for DMR detection was 
700 bp, 1100 bp, and 1300 bp, containing 126, 624, and 353 DMRs for T30-T0, T90-T0, and T90-T30 compari-
sons, respectively (Table 2).
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The genomic coordinates of the DMRs were intersected with the Ensembl annotation, obtaining a total of 733 
genes involved. Table 3 gives each comparison’s number of genes and the methylation state. In Supplementary 
Table S4, this information is available for single genes comprising the DMR site within the gene (gene body or 
regulatory region).

Using all comparisons, we tried to isolate a group of genes, hereafter named “early response”, that could be 
influenced by training already at T30 (early stages of training); “mid response”, conversely, are those genes that are 
not affected at T30, but in the following stages. A Venn diagram clarifying the rationale behind this diversification 

Table 1.  Sequencing and mapping statistics per sample.

Sample Input RAW Uniquely mapped % Uniquely mapped Counted in annotation % counted in annotation

T0_1 4,804,767 3,975,751 82.75 3,975,444 99.99

T0_2 7,739,825 6,474,930 83.66 6,474,330 99.99

T0_3 7,178,851 5,934,569 82.67 5,934,111 99.99

T0_4 9,500,000 7,948,323 83.67 7,947,652 99.99

T0_5 8,851,915 7,356,630 83.11 7,355,924 99.99

T30_1 10,861,335 8,974,483 82.63 8,973,573 99.99

T30_2 9,364,504 7,849,062 83.82 7,848,317 99.99

T30_3 6,016,412 4,970,863 82.62 4,970,318 99.99

T30_4 9,357,060 7,839,397 83.78 7,838,874 99.99

T30_5 7,352,074 6,116,479 83.19 6,115,909 99.99

T90_1 12,164,051 10,077,752 82.85 10,076,735 99.99

T90_2 12,470,936 10,477,653 84.02 10,476,511 99.99

T90_3 7,928,217 6,572,276 82.90 6,571,669 99.99

T90_4 9,993,804 8,357,337 83.63 8,356,319 99.99

T90_5 7,712,867 6,410,731 83.12 6,409,842 99.99

T0_1

T0_2

T0_3

T0_4

T0_5

T30_1

T30_2

T30_3

T30_4 T30_5

T90_1
T90_2

T90_3
T90_4

T90_5

−100

−50

0

50

100

−100 0 100
Dim1 (36.1%)

D
im

2 
(1

0.
7%

) Sample Group
T0

T30

T90

Individuals PCA based on DMPs

Figure 1.  Plot of components 1 and 2 identified by the PCA analysis. Clear clustering of samples in 
homogeneous groups for time points is evident. Sample groups are indicated in the legend. Correct library 
separation can also be appraised in the dendrogram shown in Supplementary Fig. S1.
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is reported in Supplementary Figure S2. The genes present in the T90–T0 comparison, which are neither found 
in mid response nor early response, can be considered the ones whose modification in methylation is present 
continuously throughout the whole period, increasing or decreasing progressively.

Functional analyses and gene ontology
To highlight biological processes, molecular functions, and cellular compartments mainly involved in the 
response to exercise and training during the different stages, a Gene Ontology (GO) enrichment analysis was 
carried out. The complete results of the functional analysis for differentially methylated genes from all the com-
parisons (T30 vs. T0, T90 vs. T0, T90 vs. T30, early and mid response) are reported in Supplementary Table S5. 
Table 4 lists the first fifteen most significant (lower corrected p-value) terms. While the most represented terms 
for early response modulated genes were related to protein regulation and cell signaling, mid response genes were 
mainly involved in cell communication, synaptic transmission, and regulation of transmembrane transporter 
activity. The genes that were differentially methylated in the whole training time frame showed enrichment in 
categories related to blood circulation, cardiac functions, and immune regulation.

Gene expression
To validate the MCSeEd results, 10% of the highest differentially methylated genes among time points were 
checked for expression in silico in peripheral blood mononuclear cells (PBMC) racehorse transcriptomes and 
in a human PBMC atlas. The results obtained are reported in Supplementary Table S6. Moreover, some of these 
genes, which were particularly interesting from the functional analysis, were tested for their gene expression 
through RT-qPCR (Fig. 2). All the tested genes were expressed in PBMCs. Low expression levels were found for 
GRID1 and LHX1, which, indeed, were not modulated during training.

Moreover, the agreement between the methylation results and gene expression analysis was checked (Table 5), 
and results were completely in line when both tests were statistically significant. Indeed, the lack of agreement 
exclusively occurred when one of the two tests did not reach statistical significance.

AP5Z1 was de-methylated in T90 compared to T0 and T30, and its expression increased in the same com-
parisons. This gene was also down-regulated in T30 with respect to T0, although no differences in methylation 
levels were found, indicating a possible post-transcriptional regulation mechanism. ARFGAP2 was de-methylated 
in T90 compared to T30 and T0, but the reduction in gene expression was significant only in T90 vs. T30. Also, 
in this case, a downregulation in gene expression was detected in T30 compared to T0, while no modulation in 
methylation was statistically significant. For EVI5, the de-methylation in T90 compared to T0 and T30 did not 
result in significant gene expression modifications, nor did the methylation in T90 vs. T0 for RADIL. Moreover, 
the expression of RADIL was lower in T30 compared to T0, although without differences in methylation, while 
the de-methylation in T90 vs. T30 matched with the gene expression increase. The RGS19 and ATP2A3 methyla-
tion in T30 compared to T0 generated a decrease in gene expression, as expected, while the up-regulation of the 
same genes in T90 vs. T30 was probably not induced by a de-methylation which was not statistically supported, 
as well as for TTC7A down-regulation in T30 vs. T0. Moreover, TTC7A was up-regulated in T90 compared to 
T30 and de-methylated in the same comparison, concordantly. As expected, the de-methylation of SCAND1 in 
T90 (either vs. T0 or T30) resulted in an increased expression in T90 (compared to T0). For the low-expressed 
genes LHX1 and GRID1, the modulations in methylation observed were not followed by differences in gene 
expression, probably for the low basal expression due to other regulatory mechanisms.

Table 2.  Number of DMPs and DMRs in the three comparisons with relative modulation.

Comparison DMPs
Number of de-methylated 
DMPs Number of methylated DMPs DMRs

Number of de-methylated 
DMRs

Number of methylated 
DMRs

T30 vs. T0 256 46 210 126 23 103

T90 vs. T0 1275 444 831 624 218 406

T90 vs. T30 718 356 362 353 174 179

Total 2249 846 1403 1103 415 688

Table 3.  Number of differentially methylated genes among the three comparisons, with relative quantities of 
de-methylated and methylated genes.

Comparison Number of genes Number of de-methylated Number of methylated

All 733 275 458

T30 vs. T0 86 10 76

T90 vs. T0 424 138 286

T90 vs. T30 223 127 96

Early response 70 6 64

Mid response 207 116 91
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Discussion
Adaptation to exercise and training triggers various responses mediated by several molecular signaling events 
with complex spatial and temporal interactions involving the genome at different levels based on the stimulus’s 
intensity, duration, and frequency. One aspect of this fine machinery is the epigenetic regulation, known to 
modulate gene expression with no sequence variation and to some extent  heritable23.

Emerging evidence shows that physical activity influences DNA methylation in  humans24 and that trainabil-
ity depends not only on the genetic code but also on epigenetic signals such as DNA methylation and histone 

Table 4.  The first fifteen enriched GO terms (lowest adjusted p-value by Bonferroni correction) resulted 
from the ClueGO algorithm for differentially methylated genes during early response, mid response, and whole 
period.

Time frame ClueGO enriched term Corrected p-value Nr. genes

Early response

Protein maturation 0.00047 7

Positive regulation of cysteine-type endopeptidase activity involved in apoptotic process 0.00828 3

Neutral lipid metabolic process 0.00828 3

Intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress 0.01183 3

Acylglycerol metabolic process 0.01626 3

Negative regulation of binding 0.01718 4

Negative regulation of binding 0.01718 4

Specification of symmetry 0.02349 3

Negative regulation of transmembrane receptor protein serine/threonine kinase signaling pathway 0.02349 3

Cargo receptor activity 0.02544 3

Amyloid fibril formation 0.02884 3

Camera-type eye morphogenesis 0.02906 3

Regulation of BMP signaling pathway 0.02971 3

Activation of cysteine-type endopeptidase activity involved in apoptotic process 0.02999 3

Maintenance of protein location 0.02999 3

Mid response

Regulation of cation transmembrane transport 0.00394 13

Lytic vacuole membrane 0.00519 13

Lysosomal membrane 0.00519 13

Regulation of ion transmembrane transport 0.01568 14

Vacuolar membrane 0.01767 13

Regulation of ion transmembrane transporter activity 0.02176 10

Regulation of transmembrane transporter activity 0.03096 10

Anterograde trans-synaptic signaling 0.03113 17

Chemical synaptic transmission 0.03113 17

Trans-synaptic signaling 0.03600 17

Extrinsic component of cytoplasmic side of plasma membrane 0.04077 6

Dendritic spine 0.04541 8

Synaptic signaling 0.04750 17

Regulation of transporter activity 0.04772 10

Regulation of ion transport 0.04875 16

Whole period

Regulation of blood circulation 0.00004 22

Regulation of heart contraction 0.00006 19

Cardiac conduction 0.00008 14

Neuron projection guidance 0.00009 21

Wnt signaling pathway 0.00035 28

Lysosomal membrane 0.00042 23

Modulation of chemical synaptic transmission 0.00054 24

Vacuolar membrane 0.00058 24

Epithelial cell migration 0.00058 19

Regulation of epithelial cell migration 0.00062 16

Transmembrane transporter complex 0.00086 19

Regulation of cation transmembrane transport 0.00101 21

Synapse organization 0.00102 23

Dendritic spine 0.00103 14

Calcium channel complex 0.00115 8
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modifications. The most accessible tissue where epigenetic modifications (especially global methylation profile) 
can be investigated is the blood. However, many challenges must be faced because patterns change rapidly 
depending on the intensity and duration of the  exercise25. Investigating methylation changes during a long 
training period, especially in never-trained athletes, could give more consistent results than comparing subjects 
of different ages and training.

Considering these assumptions, our study evaluated methylation changes in the white blood cell DNA of 
Thoroughbred horses at their first 90 days of training, identifying differentially methylated regions (DMRs) 
from differentially methylated positions (DMPs) through the iterative procedure described (Table 2). A list of 
Ensembl-annotated genes that matched at least one DMR was produced (Supplementary Table S4). Then, the 
10% of top methylated and de-methylated genes in each comparison were identified and used for Gene Ontol-
ogy (GO) categories enrichment analysis. For these genes, the expression in the same cells in which methylation 
was assessed was investigated through RT-qPCR. Results showed that all chosen genes were expressed in blood, 
and their modulation mostly agrees with methylation status, confirming that MCSeEd is a valid approach to 
exploring genome-wide epigenomic changes (Table 5).

Differentially methylated genes
Studies in humans and animal species (rat and horse)8,26 report that most genes involved in this regulation are 
mainly ascribed to muscle growth and differentiation, innervation, and synaptic-related functions. In contrast, 
metabolic regulation is engaged to a lesser extent.

In our system, the GO enrichment analysis (Table 4, Supplementary Table S5) of the differently methylated 
genes showed cell signaling proteins, ion channels, innervation and synaptic transmission, heart conduction, 
and contraction as the most represented terms.
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Figure 2.  Bar plot with relative normalized gene expression of tested genes among the three-time points. 
Different letters within each box indicate statistical significance (p < 0.05).
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It is worth noting that muscle growth does not depend only on the development and differentiation of muscle 
cells, which is necessary for hypertrophic and/or reparative processes induced by exercise, but also requires the 
innervation of motor neurons and the proliferation of blood  vessels8.

“Early response” to exercise
The first training comparison (T30 vs. T0) (Table 2) revealed a prevalence of methylated regions (103 DMRs 
methylated vs. 23 de-methylated) that, once crossed with the Ensembl annotation pinpointed, respectively, 76 and 
10 genes (Supplementary Tables S4 and S6). Considering the early response gene subset, thus excluding those in 
common with T90–T0 comparison (Supplementary Fig. S2), the prevalence of methylation is even more evident 
(64 methylated vs. 6 de-methylated genes).

This is in agreement with what observed in humans: exercise and training initially lead to increased methyla-
tion of specific genes, especially those related to transcriptional activity, while if the training exceeds eight weeks, 
a general de-methylation is observed, especially for those genes related to metabolic and actin-cytoskeleton 
 pathways27.

Functional analyses
Concerning the GO enrichment analyses of the early response genes, GO terms related to protein regulation and 
cell signaling were found (e.g., “protein maturation”, “maintenance of protein location growth and development 
and cell signaling”, “negative regulation of binding”, “negative regulation of transmembrane receptor protein 
serine/threonine kinase signaling pathway”; Table 4, Supplementary Table S5).

If we take into account the whole gene set in T30–T0 comparison, additional GO terms, such as “regulation 
of blood circulation”, “cardiac conduction”, “regulation of heart contraction”, and “immunological synapse”, were 

Table 5.  Agreement between MCSeEd and qRT-PCR results. Statistical significance of modulated methylation 
(de-methylated–methylated) or gene expression (up-regulated–down-regulated) is reported among the 
comparisons (T30 vs. T0, T90 vs. T0 and T90 vs. T30). N.S.: not statistically supported. The “Agreement” 
column was compiled only when both analysis outcomes were statistically supported.

Gene Comparison MCSeEd outcome RT-qPCR outcome Agreement

AP5Z1

T30 vs. T0 N.S. Down-regulation

T90 vs. T0 De-methylation Up-regulation Yes

T90 vs. T30 De-methylation Up-regulation Yes

ARFGAP2

T30 vs. T0 N.S. Down-regulation

T90 vs. T0 De-methylation N.S.

T90 vs. T30 De-methylation Up-regulation Yes

EVI5

T30 vs. T0 N.S. N.S.

T90 vs. T0 De-methylation N.S.

T90 vs. T30 De-methylation N.S.

GRID1

T30 vs. T0 Methylation N.S.

T90 vs. T0 De-methylation N.S.

T90 vs. T30 N.S. N.S.

LHX1

T30 vs. T0 Methylation N.S.

T90 vs. T0 N.S. N.S.

T90 vs. T30 N.S. N.S.

RADIL

T30 vs. T0 N.S. Down-regulation

T90 vs. T0 De-methylation N.S.

T90 vs. T30 De-methylation Up-regulation Yes

ATP2A3

T30 vs. T0 Methylation Down-regulation Yes

T90 vs. T0 Methylation N.S.

T90 vs. T30 N.S. Up-regulation

RGS19

T30 vs. T0 Methylation Down-regulation Yes

T90 vs. T0 N.S. N.S.

T90 vs. T30 N.S. Up-regulation

SCAND1

T30 vs. T0 N.S. N.S.

T90 vs. T0 De-methylation Up-regulation Yes

T90 vs. T30 De-methylation N.S.

TTC7A

T30 vs. T0 N.S. Down-regulation

T90 vs. T0 N.S. N.S.

T90 vs. T30 De-methylation Up-regulation Yes
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statistically significant. Genes described by these categories are typically ascribed to other organs, but they can 
be expressed in blood cells and possibly with specific functions related to exercise.

Gene‑expression analyses
Most early response differentially methylated genes were also differentially expressed in RT-qPCR experiments 
and related to exercise-activated pathways.

In detail, for example, a gene also known to be methylated as a function of insulin and glucose levels in human 
 athlete28, calcium pump ATP2A3, was found in several enriched categories and among methylated genes (Sup-
plementary Tables S4 and S6). Moreover, as seen in RT-qPCR, the ATP2A3 methylation in T30-T0 generated a 
gene expression reduction (Fig. 2, Table 5).

Another gene enriched in several GO categories and methylated in the T30-T0 comparison is the regulator 
of G protein signaling (RGS). The members of the RGS family are molecules acting on the G protein-mediated 
signal as negative regulators. This gene is also expressed in blood cells and regulated by hormones, cytokines, and 
 Ca2+  oscillations29. This G protein is crucial for bone cell growth and differentiation, and this gene is frequently 
expressed in cardiac hypertrophy and heart  attack30. This could mean that the stimulation of the musculoskeletal 
system and immune cells given by training could be driven by epigenetic mechanisms such as the methylation 
status modulation of key pathway genes for different target tissues.

Human data reveal no expression for the RGS family in PBMCs (Supplementary Table S6); in horses, it is 
expressed both at rest and immediately after the race. Moreover, in this experiment, the RGS19 gene, identified 
among the most methylated ones, is expressed in leukocytes and is down-regulated in T30 compared to T0, in 
agreement with its epigenetic regulation (Supplementary Table S4, Fig. 2).

Again, GRID1 is an interesting gene among the most methylated in early response, encoding a subunit of glu-
tamate receptor channels. These channels mediate most of the fast excitatory synaptic transmission in the central 
nervous system and play key roles in the synaptic  plasticity31. Modulation of glutaminergic synapses at the level 
of postsynaptic density by voluntary exercise was also highlighted in mice. Therefore the glutamatergic system 
could be a target of modulation through regular physical  activity32. This finding is unexpected as no expression 
was found in the human or horse atlas; however, it is always expressed in our system but not modulated.

Since its function is strongly related to exercise, we can speculate that its methylation change may have a 
biological meaning (Supplementary Tables S4 and S6).

The LIM homeobox 1 gene (LHX1), an early response one, is involved in the locomotor apparatus regulat-
ing the differentiation of Purkinje cells which are responsible for fine control of  movements33; it is required for 
temperature resistance of the nervous system  clockworks34, and it was recently found as a novel pancreatic islet 
regulator contributing to normal glucose homeostasis and glucagon-like peptide 1(Glp1)35. Intriguingly, in a 
study by Pereira et al.36, this gene was associated with race performance in racing Quarter Horse. Also, in this 
case, LHX1 does not appear to be expressed in humans or horse PBMCs, while from RT-qPCR experiments, it 
is expressed but not modulated across sampling time points.

“Mid response” to exercise
Focusing on the late phase after 90 days of training is also interesting. Indeed, in human athletes studies, it is 
shown that DNA methylation changes in response to exercise are a dynamic process activated in the early phase 
of gene expression; residual DNA methylation changes are retained after the training stimulus is gone, indicating 
that these modifications are accumulated over multiple exercise  sessions37.

In our study, the comparison T90–T0 pinpointed 424 genes from 624 DMRs (Table 2) with 138 de-methylated 
genes vs. 286 methylated, resulting in an increase of the de-methylated genes with respect to the first part of train-
ing. In this comparison, all the modulated genes are considered from the beginning to the end of the training.

Of these, 205 (91 are methylated and 114 de-methylated) were classified as mid response genes (Supplemen-
tary Fig. S2). There seems to be a preference for de-methylation as training progresses, as this subset includes 
91 out of 138 de-methylated genes (66%) and only 114 out of 286 methylated genes (40%). This is coherent with 
human athlete study findings, where a higher number of de-methylated sites was associated with hypertrophy in 
the muscle following a repeated stimulus of 7  weeks13. This indicates that changes in DNA methylation could be 
related to exercise training and that, as the time of training increases and optimal athletic condition approaches, 
de-methylation of some specific genes also increases.

Functional analyses
From the enrichment analysis on the mid response gene set, the most represented terms were “cell communica-
tion”, “signal transmission”, “synaptic transmission” (BinGo analyses) and “synaptic signaling”, “regulation of 
transmembrane transporter activity” (ClueGo analyses) (Supplementary Table S5).

Gene-expression analyses
Also, among the mid response genes, some of the most de-methylated genes were RT-qPCR tested (SCAND1, 
RADIL, EVI5, AP5Z, TTC7A, ARFGAP2) (Supplementary Table S4). These genes encode for transcription fac-
tors, small GTPases-related genes for membrane transport processes, or other signal mediators, which fall into 
the GO-enriched categories for this comparison.

The SCAND1 gene, encoding for a transcription factor with DNA-binding activity, is one of the most de-
methylated in mid response. It has been detected as a co-expressed gene in a network analysis from muscle and 
neutrophil tissues: this suggests the preservation of robust gene expression profiles among a blood leukocyte 
subpopulation and the skeletal muscle in response to physiological  stresses38.
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This supports the idea that neutrophil gene networks may help track physiological and pathological changes 
in the muscle tissue, especially for genes that are functionally related to post-translational signaling mechanisms 
such as  acetylation38. SCAND1 is expressed in human and horse PBMCs and our system with concordance 
between the methylation change and the relative gene expression.

RADIL gene that encodes for Ras-associated and dilutes domain-containing protein with a GTPase binding 
activity and is involved in the regulation of cell–cell adhesion in endothelial  cells39, also matched its de-methyl-
ation in T90–T30 with the gene expression increase in RT-qPCR.

Also, EVI5, a product of the EVI5 gene, acts as a GTPase Activating Protein (GAP) for the Rab family GTPases 
that regulate membrane traffic. Moreover, the ARFGAP2 gene encoded for Arf proteins, small GTPases that are 
key elements of downstream signaling pathways regulating multiple effector proteins and functional responses of 
cells. Arf protein regulates polymorphonuclear neutrophil functions such as superoxide production, degranula-
tion, and  chemotaxis40 in blood. Both genes are expressed in human and horse PBMCs, and in the horse buffy 
coat analyzed in our study. T90–T30 de-methylation of ARFGAP2 corresponded to an increased expression in 
RT-qPCR, while T90–T30 de-methylation of EVI5 did not correspond to a significant gene expression modula-
tion; however, the regulation of transcription does not depend only on the state of DNA methylation.

The expression of the AP5Z1 gene, encoding a crucial protein for intracellular cell trafficking by controlling 
features such as cell development, signal transduction, apoptosis, and proliferation  pathways41, is instead modu-
lated accordingly with its methylation state in different libraries. Like the TTC7A gene (up-regulated in leukocytes 
of the T90 library compared to T30 and de-methylated in the same comparison) that encodes a scaffolding pro-
tein, facilitating the synthesis of PI4-phosphate (PI4P) essential for promoting transport of secretory  proteins42.

In conclusion, in this study, we applied, for the first time, the methylation content sensitive enzyme ddRAD 
(MCSeEd) technique to animal blood cells and observed substantial and significant differences in methylation 
patterns during early training stages with insights also in mid and late training stages where more persistent 
stimuli are required.

The methylation changes observed are dramatically high and largely a consequence of the incrementing 
training, although we cannot completely rule out other environmental stressors, such as weather conditions. 
Some authors report, although with not so compelling results, that seasonality and mean temperature during 
short-, medium-, and long-term exposures can mildly modify the methylation status of a  genome43–45. In our 
case, the THI (temperature humidity index) was monitored to evaluate its changes throughout the time span 
of the  experiment46. The minimum THI for all the days was lower than 70, which is the critically recognized 
threshold in farm animals to pinpoint heat  stress47. To limit the possible changes induced by high environmental 
temperature, both blood sampling and training were carried out early in the morning (6:30 AM), a time which 
is not associated with acute heat stress (48.1 < THI < 64, Table 2  in46); in the hottest hours, animals were kept 
under indoor-temperature-controlled stables. The methylation changes associated with temperature previously 
observed in literature were on a different scale compared to those we found, both in terms of methylation levels 
and the number of implicated genes that were different and also on other functional categories; only 4 out of 446 
(0.9%) genes here differentially methylated have already been associated with  temperature44,45. Moreover, even 
though a change does exist, spring and summer—our monitored time frame—appear to exert similar  outcomes43.

All considered, the environmental footprint on methylation due to temperature and humidity is very likely 
masked by the more impactful effect induced by training.

Our results indicate that the genome-wide approach is mandatory to fully understand and characterize a 
complex phenomenon, such as the response to training.

We have confirmed that genes belonging to GO categories, typically linked to other organs, can be expressed 
in blood cells with specific functions also related to exercise.

Indeed, we have highlighted that genes—and therefore relative functions and GO categories—are far from 
fully characterized, especially those expressed in blood tissue that mimics the systemic response.

The results of this research could be prodromal to the characterization of the epigenetic response induced by 
exercise in the horse athlete, to enhance training schedules, improve performances, and better respect animal 
health and welfare.

Methods
Animals enrolled
For this study, 20 Thoroughbreds (8 males and 12 females) with a mean age of two years (Supplementary 
Table S7), clinically healthy, and never trained for flat racing were recruited. For sampling, an aliquot from the 
blood sampled for routine controls to assess the health of the animals during the training season, allowed by the 
Italian Horse Racing Board and performed by the authorized veterinary practitioner, was  taken48. All animals 
were enrolled in the study after the owners’ and trainers’ written informed consent in compliance with the Italian 
Regulation D.L. 116/1992. Anyway, the animal care procedures were compliant with the European recommenda-
tions (Directive 2010/63/EU) for the protection of animals used for scientific purposes, and the study is reported 
in accordance with the ARRIVE guidelines.

All the horses were managed in the same stable with individual housing with natural temperature and pho-
toperiod. The training program is summarized in Table 6 and was performed for each horse from Monday to 
Saturday. The two months before the training start (T0) were used to acclimate the animals.

At the end of the experimental period, all subjects participated in one or more competitions; none showed 
a poor performance syndrome during the study or competition period. Weather conditions (temperature and 
relative humidity) were monitored during the whole period of training, collecting data at a weather station 6.6 km 
away from the training center at noon and calculating the temperature humidity index (THI) as reported in our 
previous  study46 where samples of the same cohort were used.
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Sampling
The sampling activity was carried out once a month, from March 2018 to July 2018, at 6:30 AM before training 
and feeding, while at T90, the collection was carried out before the race. The experimental period was divided 
into five times, thirty days apart (T-30, T0, T30, T60, and T90). March (T-30) was considered to be the month 
in which the animals started the light gallop; April (T0) was the first month of training with racing simulation 
(gallop). From April to July, the training was incremental (see details in Table 6). Blood samples were collected 
from the jugular vein in Vacutainer tubes (10 ml; Terumo Corporation, BD; Tokyo, Japan) with EDTA. Samples 
at times T0, T30, and T90 were used to evaluate DNA methylation changes.

DNA purification, library construction, and sequencing
The genomic DNA was extracted from the buffy coat with GenElute ™ Mammalian Genomic DNA Miniprep kit 
(Sigma-Aldrich, St. Louis, Missouri, USA) and subsequently quantified with a NanoDrop2000 spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA) and Qubit fluorometer (Thermo Fisher Scientific, Waltham, 
MA, USA). Successively samples were grouped into pools of 4 subjects at each time point of sampling, obtaining 
five different bulks (Fig. 3, Supplementary Table S8). We proceeded with bulks to mitigate individual genetic 
variation and reduce costs.

The library set-up protocol was performed according to Marconi et al.21 with some modifications, as described 
below. Before digestion, five methylation enzymes were evaluated for the best restriction profile for CG methyla-
tion context: AciI, AclI, AgeI, BsrFI, and BstBI, with MseI as a companion enzyme. To define the expected restric-
tion pattern of an enzyme combination, the genome was scanned in silico, calculating the size distribution of 
the restriction fragments with the optimal length range (200–700 bp) effectively captured by MCSeEd genomic 
libraries. AciI was chosen since it presented the highest number of suitable fragments (Supplementary Table S9).

For each library, 150 ng of DNA were double-digested with a combination of the two enzymes (5U of AciI 
and 5 U of MseI restriction enzymes, New England BioLabs, Ipswich, US), in the presence of 2 μM of unique 
barcoded adapter, 2 μM of unique common Y adapter, 1 U of T4 DNA ligase (Thermo Fisher), 0.2 mM ATP and 
1 × RL buffer (5 × CutSmart Buffer, New England Biolabs, 25 mM DTT, Invitrogen) for a final volume of 50 μL.

The libraries were then pooled, as reported in the sequencing experimental design (Supplementary Table S8, 
purified using magnetic beads (Agencourt AMPure XP; Beckman Coulter, MA, USA), size selected by gel elec-
trophoresis and purified using QIAquick Gel Extraction kits (Qiagen, Aarhus, DK) for fragments in the range 

Table 6.  Standard daily training program completed by each horse involved in the study.

Acclimation T -30 T0 T30 T60 T90

15’ Walk
10’ Trot
Rest
10’ Trot
Walk

15’ Walk
10’ Trot
3’ Canter

15’ Walk
10’ Trot
6’ Canter
Tuesday:
1’ Gallop

15’ Walk
10’ Trot
6’ Canter
Tuesday:
2’ Gallop

15’ Walk
10’ Trot
6’ Canter
Tuesday:
3’ Gallop

15’ Walk
10’ Trot
6’ Canter
Tuesday:
4’ Gallop

DNA extraction

Bulk 1 Bulk 2 Bulk 3 Bulk 4 Bulk 5

Library 
preparation

Training Start

Sampling
[20 horses] Time

30 days-30 days 60 days 90 days

TIME POINT

T-30

TIME POINT

T0

TIME POINT

T30

TIME POINT

T60

TIME POINT

T90

Illumina 
IndexBarcode

Bulk ID Methylation state site Library ID

Unknown DNA, mapping referenceSequencing

MCSeEd typical fragment

Companion enzyme site

Figure 3.  Scheme of the experimental design from sampling to obtain bulks and respective libraries, 
sequencing, and bioinformatics analysis.
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of 200 bp to 700 bp. Size-selected libraries were quantified using a fluorometer (Qubit; Agilent Life Technolo-
gies, Santa Cruz. CA, USA), and a normalized DNA amount (15 ng) was amplified with a primer that introduced 
an Illumina Index (at the Y common adapter site) for demultiplexing. Following PCR with uniquely indexed 
primers, multiple samples were pooled. PCR enrichment was performed as previously  described21. Amplified 
libraries were purified with magnetic beads (AMPure; Beckman Coulter, Brea, CA, USA) and then quanti-
fied (Qubit and Bioanalyzer 2100: Agilent Life Technologies). The grouped libraries were pooled in equimolar 
amounts, and the final library was Illumina-sequenced using 150-bp single-end chemistry.

Bioinformatic analyses
Briefly, the MCSeEd pipeline follows this rationale. When a reference genome is  available49, sequences are 
mapped on it, and alignment coordinates are saved in an “experiment-wise annotation” that allows creating a 
count matrix where rows are methylation-affected loci and columns are samples. The count file is then filtered 
and processed to ultimately obtain the differentially methylated positions (DMPs), according to the following 
steps: (i) standardization of libraries; (ii) filtering based on the coverage with at least ten reads per locus; (iii) 
calculation of the relative levels of methylation in each locus; (iv) parsing of datasets for methylKit R package 
 usage50. In-depth details on the technical procedure are available in Marconi et al.21.

DMPs were therefore identified as sites that showed significant differences in the methylation levels between 
the treatments, using logistic regression as implemented in methylKit. The DMPs were called following the 
methylKit manual best practices. These positions were used to calculate the window within is possible the identi-
fication of a differentially methylated region (DMR) where at least two DMPs concordant (de-methylated, methyl-
ated) and statistically significant (FDR < 0.05) rely on. To achieve optimal DMR identifications, we maximized 
the number of DMRs in a series of adjacent sliding windows with an iterative procedure considering different 
window lengths (100 bp to 2000 bp with 100 bp pace).

The bioinformatics pipeline is available and maintained at https:// bitbu cket. org/ capem aster/ mcseed/ src/ 
master/.

Differentially methylated genes
To obtain a gene list with methylation level modulation during training, we produced a BED format file of our 
DMRs that served as input, together with the complete annotation of EquCab3, Ensembl 101, downloaded 
from Biomart (http:// www. ensem bl. org/ bioma rt/), to the bedtools utility (intersect function). Both the gene 
body and regulatory regions, 2.5 kb upstream of the transcription start sites (TSSs) for strand + genes and 2.5 kb 
downstream of the transcription termination site (TTS) for strand—genes, were considered for the intersection.

Enrichment analyses
The gene list from the previous step was the base information for an enrichment analysis using Gene Ontology 
(GO) categories via  BinGO51 and  ClueGO52, both implemented in the Cytoscape  suite53. These two pieces of 
software use different algorithms to reveal the enrichment of the GO terms, and we decided to pursue a con-
servative approach with a “consensus analysis”; only GO terms belonging to the categories "biological processes", 
"molecular functions", and "cellular compartments" statistically significant (FDR < 0.05) in both analyses were 
considered and discussed.

Gene expression assessment
To validate methylation status/effects, the most modulated genes found with the highest differences in methyla-
tion among time points were selected (10% most methylated and 10% most de-methylated within each compari-
son). The expression levels of these genes were checked in our RNA-seq data of peripheral blood mononuclear 
cells (PBMCs) of racehorses at rest and after gallop  race54 and, to further consolidate our findings, in a human 
PBMC gene expression atlas (EMBL-EBI Expression Atlas).

The expression levels are reported as mean transcript per million (TPM) of the five horses (Bio-Pro-
ject PRJNA605934, with name sequences and accession numbers from S10B-SAMN14082184 to S9G-
SAMN14082193) and the four human PBMC cell lines (HPSI0813er-fpdj, HPSI0813er-fpdl, HPSI0813er-fpdm, 
and HPSI0813er-fpdr).

Moreover, the relative gene expression of some of these genes (see list in Supplementary Table S10) was 
assessed through RT-qPCR. Total RNA was extracted from the buffy coat of the 20 horses for T0, T30, and T90, 
using Invitrogen™ TRIzol™ Plus RNA Purification Kit (Thermo Fisher Scientific, Waltham, MA, USA), follow-
ing the manufacturer’s instructions. RNA extraction was assessed using a NanoDrop2000 Spectrophotometer 
(Thermo Fisher Scientific, Waltham, MA, USA). As for methylation assessment, samples were pooled into five 
bulks, each containing the RNA of the same four horses mixed for DNA.

The same amount of RNA for each bulk (1 µg) was reverse-transcribed using the SuperScript® VILO IV TM 
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), following the manufacturer’s guidelines. The cDNA 
was diluted in nuclease-free water 1:10, and the amplification was performed on CFX96™ Real-Time System (Bio-
Rad, Milan, Italy) following a protocol developed in previous  studies55. The succinate dehydrogenase complex 
flavoprotein subunit A (SDHA) and hypoxanthine phosphoribosyltransferase 1 (HPRT) are optimal reference 
genes for blood cells in horses and were used to normalize target gene expression  levels56,57. Target gene primers 
were designed through the Primer3 online platform (https:// prime r3. ut. ee, accessed on 30th October 2023) and 
placed in different exons or at exon-exon junctions to avoid biases due to genomic DNA amplification. Sup-
plementary Table S10 reports primer pair sequences for tested genes: SCAN domain containing 1 (SCAND1), 
glutamate ionotropic receptor delta type subunit 1 (GRID1), LIM homeobox 1 (LHX1), regulator of G protein 
signaling 19 (RGS19), rap associating with DIL domain (RADIL), ecotropic viral integration site 5 (EVI5), adaptor 

https://bitbucket.org/capemaster/mcseed/src/master/
https://bitbucket.org/capemaster/mcseed/src/master/
http://www.ensembl.org/biomart/
https://primer3.ut.ee
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related protein complex five subunit zeta 1 (AP5Z1), tetratricopeptide repeat domain 7A (TTC7A) and ADP 
ribosylation factor GTPase activating protein 2 (ARFGAP2). The relative normalized expression was calculated 
through the  2−∆∆Ct method, and statistical significance for differential gene expression was assessed in the R 
environment fitting a linear model with the nmle (https:// cran.r- proje ct. org/ web/ packa ges/ nlme/) function set-
ting bulks as random  effect58. After normal distribution checking by the Shapiro–Wilk test, one-way ANOVA 
was applied, and the “emmeans” package (https:// CRAN.R- proje ct. org/ packa ge= emmea ns) was used as post-
hoc for pairwise comparisons between the three-time points, using compact letter displays (CLD) to highlight 
significance (p < 0.05).

Data availability
The data related to this article can be obtained in the Supplementary materials; contact the corresponding author 
dr. Samanta Mecocci (e-mail: samanta.mecocci@unipg.it) for other requirements.

Received: 6 July 2023; Accepted: 26 October 2023

References
 1. Sharman, P. & Wilson, A. J. Genetic improvement of speed across distance categories in Thoroughbred racehorses in Great Britain. 

Heredity 131, 79–85 (2023).
 2. Ropka-Molik, K., Stefaniuk-Szmukier, M., Musiał, A. D. & Velie, B. D. The genetics of racing performance in Arabian horses. Int. 

J. Genomics 2019, 1–8 (2019).
 3. Clayton, H. M. & Back, W. Equine locomotion (2001). J. Equine Vet. Sci. 21, A1 (2001).
 4. Wesolowski, L. T., Guy, C. P., Simons, J. L., Pagan, J. D. & White-Springer, S. H. 25 Race training improves skeletal muscle mito-

chondrial volume density, function, and capacity in Thoroughbreds. J. Equine Vet. Sci. 100, 103488 (2021).
 5. Yoon, S. H. et al. Origin and spread of Thoroughbred racehorses inferred from complete mitochondrial genome sequences: Phy-

logenomic and Bayesian coalescent perspectives. PLoS ONE https:// doi. org/ 10. 1371/ journ al. pone. 02039 17 (2018).
 6. Hinchcliff, K. W. & Geor, R. J. The horse as an athlete: A physiological overview. In Equine Exercise Physiology (eds Hinchcliff, K. 

W. et al.) 2–11 (W.B. Saunders, 2008). https:// doi. org/ 10. 1016/ B978- 07020 2857-1. 50003-2.
 7. Rivero, J. L. L. et al. Effects of intensity and duration of exercise on muscular responses to training of Thoroughbred racehorses. J. 

Appl. Physiol. 102, 1871–1882 (2007).
 8. Gim, J. A. et al. Genome-wide analysis of DNA methylation before- and after exercise in the Thoroughbred horse with MeDIP-seq. 

Mol. Cells 38, 210–220 (2015).
 9. Denham, J., McCluskey, M., Denham, M. M., Sellami, M. & Davie, A. J. Epigenetic control of exercise adaptations in the equine 

athlete: Current evidence and future directions. Equine Vet. J. 53, 13320. https:// doi. org/ 10. 1111/ evj. 13320 (2020).
 10. Widmann, M., Nieß, A. M. & Munz, B. Physical exercise and epigenetic modifications in skeletal muscle. Sports Med. 49, 509–523 

(2019).
 11. Sharples, A. P., Al-Shanti, N., Lewis, M. P. & Stewart, C. E. Reduction of myoblast differentiation following multiple population 

doublings in mouse C 2C 12 cells: A model to investigate ageing?. J. Cell. Biochem. 112, 3773–3785 (2011).
 12. McGee, S. L., Fairlie, E., Garnham, A. P. & Hargreaves, M. Exercise-induced histone modifications in human skeletal muscle. J. 

Physiol. 587, 5951–5958 (2009).
 13. Seaborne, R. A. et al. Human skeletal muscle possesses an epigenetic memory of hypertrophy. Sci. Rep. 8, 1898 (2018).
 14. Fabre, O. et al. Exercise training alters the genomic response to acute exercise in human adipose tissue. Epigenomics 10, 1033–1050 

(2018).
 15. Lindholm, M. E. et al. An integrative analysis reveals coordinated reprogramming of the epigenome and the transcriptome in 

human skeletal muscle after training. Epigenetics 9, 1557–1569 (2014).
 16. Seaborne, R. A. et al. Human skeletal muscle possesses an epigenetic memory of hypertrophy. Sci. Rep. 8, 1–17 (2018).
 17. McGee, S. L. & Hargreaves, M. Epigenetics and exercise. Trends Endocrinol. Metab. 30, 636–645. https:// doi. org/ 10. 1016/j. tem. 

2019. 06. 002 (2019).
 18. Kim, M. & Costello, J. DNA methylation: an epigenetic mark of cellular memory. Exp. Mol. Med. 49, e322–e322 (2017).
 19. Mikeska, T., Candiloro, I. L. & Dobrovic, A. The implications of heterogeneous DNA methylation for the accurate quantification 

of methylation. Epigenomics 2, 561–573. https:// doi. org/ 10. 2217/ epi. 10. 32 (2010).
 20. Ito, S. et al. Tet proteins can convert 5-methylcytosine to 5-formylcytosine and 5-carboxylcytosine. Science 333, 1300–1303 (2011).
 21. Marconi, G. et al. Methylation content sensitive enzyme ddRAD (MCSeEd): A reference-free, whole genome profiling system to 

address cytosine/adenine methylation changes. Sci. Rep. 9, 1–10 (2019).
 22. Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S. & Hoekstra, H. E. Double digest RADseq: An inexpensive method for de novo 

SNP discovery and genotyping in model and non-model species. PLoS ONE 7, e37135 (2012).
 23. Soci, U. P. R. et al. Exercise training and epigenetic regulation: Multilevel modification and regulation of gene expression. In Exercise 

for Cardiovascular Disease Prevention and Treatment Vol. 1000 (ed. Xiao, J.) 281–322 (Springer, 2017).
 24. Voisin, S., Eynon, N., Yan, X. & Bishop, D. J. Exercise training and DNA methylation in humans. Acta Physiol. 213, 39–59 (2015).
 25. Światowy, W. J. et al. Physical activity and DNA methylation in humans. Int. J. Mol. Sci. 22, 12989 (2021).
 26. Kanzleiter, T. et al. Exercise training alters DNA methylation patterns in genes related to muscle growth and differentiation in 

mice. Am. J. Physiol. Endocrinol. Metab. 308, E912–E920 (2015).
 27. Garcia, L. A. et al. Can exercise training alter human skeletal muscle DNA methylation?. Metabolites 12, 222 (2022).
 28. Mudry, J. M. et al. Insulin and glucose alter death-associated protein kinase 3 (DAPK3) DNA methylation in human skeletal 

muscle. Diabetes 66, 651–662 (2017).
 29. Landmark4232.pdf.
 30. Liu, Y. et al. Regulator of G protein signaling 3 protects against cardiac hypertrophy in mice. J. Cell. Biochem. 115, 977–986 (2014).
 31. Herbrechter, R., Hube, N., Buchholz, R. & Reiner, A. Splicing and editing of ionotropic glutamate receptors: A comprehensive 

analysis based on human RNA-Seq data. Cell. Mol. Life Sci. 78, 5605–5630 (2021).
 32. Dietrich, M. O. et al. Exercise affects glutamate receptors in postsynaptic densities from cortical mice brain. Brain Res. 1065, 20–25 

(2005).
 33. Zhao, Y. et al. LIM-homeodomain proteins Lhx1 and Lhx5, and their cofactor Ldb1, control Purkinje cell differentiation in the 

developing cerebellum. Proc. Natl. Acad. Sci. 104, 13182–13186 (2007).
 34. Bedont, J. L. et al. An LHX1-regulated transcriptional network controls sleep/wake coupling and thermal resistance of the central 

circadian clockworks. Curr. Biol. 27, 128–136 (2017).
 35. Bethea, M. et al. The islet-expressed Lhx1 transcription factor interacts with Islet-1 and contributes to glucose homeostasis. Am. 

J. Physiol. Endocrinol. Metab. 316, E397–E409 (2019).

https://cran.r-project.org/web/packages/nlme/
https://CRAN.R-project.org/package=emmeans
https://doi.org/10.1371/journal.pone.0203917
https://doi.org/10.1016/B978-070202857-1.50003-2
https://doi.org/10.1111/evj.13320
https://doi.org/10.1016/j.tem.2019.06.002
https://doi.org/10.1016/j.tem.2019.06.002
https://doi.org/10.2217/epi.10.32


13

Vol.:(0123456789)

Scientific Reports |        (2023) 13:18786  | https://doi.org/10.1038/s41598-023-46043-w

www.nature.com/scientificreports/

 36. Pereira, G. L., Malheiros, J. M., Ospina, A. M. T., Chardulo, L. A. L. & Curi, R. A. Exome sequencing in genomic regions related 
to racing performance of Quarter horses. J. Appl. Genet. 60, 79–86 (2019).

 37. Jacques, M. et al. Epigenetic changes in healthy human skeletal muscle following exercise: A systematic review. Epigenetics 14, 
633–648 (2019).

 38. Broadbent, J. et al. Gene networks in skeletal muscle following endurance exercise are coexpressed in blood neutrophils and linked 
with blood inflammation markers. J. Appl. Physiol. 122, 752–766 (2017).

 39. Ramos, C. J. & Antonetti, D. A. The role of small GTPases and EPAC-Rap signaling in the regulation of the blood-brain and blood-
retinal barriers. Tissue Barriers 5, e1339768 (2017).

 40. Gamara, J., Chouinard, F., Davis, L., Aoudjit, F. & Bourgoin, S. G. Regulators and effectors of Arf GTPases in neutrophils. J. Immu-
nol. Res. 2015, 1–15 (2015).

 41. Shin, J., Nile, A. & Oh, J.-W. Role of adaptin protein complexes in intracellular trafficking and their impact on diseases. Bioengi-
neered 12, 8259–8278 (2021).

 42. Jardine, S., Dhingani, N. & Muise, A. M. TTC7A: Steward of intestinal health. Cell. Mol. Gastroenterol. Hepatol. 7, 555–570 (2019).
 43. Ricceri, F. et al. Seasonality modifies methylation profiles in healthy people. PLoS ONE 9, e106846 (2014).
 44. Xu, R. et al. Ambient temperature and genome-wide DNA methylation: A twin and family study in Australia. Environ. Pollut. 285, 

117700 (2021).
 45. Wu, Y. et al. Epigenome-wide association study of short-term temperature fluctuations based on within-sibship analyses in Aus-

tralian females. Environ. Int. 171, 107655 (2023).
 46. Cappelli, K. et al. Immune response in young Thoroughbred racehorses under training. Animals 10, 1–13 (2020).
 47. Vitali, A. et al. Seasonal pattern of mortality and relationships between mortality and temperature-humidity index in dairy cows. 

J. Dairy Sci. 92, 3781–3790 (2009).
 48. Miglio, A. et al. Effect of first long-term training on whole blood count and blood clotting parameters in Thoroughbreds. Animals 

11, 1–13 (2021).
 49. Kalbfleisch, T. S. et al. Improved reference genome for the domestic horse increases assembly contiguity and composition. Com-

mun. Biol. 1, 199 (2018).
 50. Akalin, A. et al. methylKit: A comprehensive R package for the analysis of genome-wide DNA methylation profiles. Genome Biol. 

13, R87 (2012).
 51. Maere, S., Heymans, K. & Kuiper, M. BiNGO: A cytoscape plugin to assess overrepresentation of gene ontology categories in 

Biological Networks. Bioinformatics 21, 3448–3449 (2005).
 52. Bindea, G. et al. ClueGO: A cytoscape plug-in to decipher functionally grouped gene ontology and pathway annotation networks. 

Bioinformatics 25, 1091–1093 (2009).
 53. Shannon, P. et al. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 

13, 2498–2504 (2003).
 54. Cappelli, K. et al. Gallop racing shifts mature mRNA towards introns: Does exercise-induced stress enhance genome plasticity?. 

Genes 11, 410 (2020).
 55. Cappelli, K. et al. Dietary supplementation of olive mill waste water polyphenols in rabbits: Evaluation of the potential effects on 

hepatic apoptosis, inflammation and metabolism through RT-qPCR approach. Anim. Open Access J. MDPI 11, 2932 (2021).
 56. Miglio, A. et al. Metabolic and biomolecular changes induced by incremental long-term training in young Thoroughbred racehorses 

during first workout season. Anim. Open Access J. MDPI 10, 317 (2020).
 57. Cappelli, K. et al. Effect of training status on immune defence related gene expression in Thoroughbred: Are genes ready for the 

sprint?. Vet. J. 195, 373–376 (2013).
 58. Vandesompele, J. et al. Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal 

control genes. Genome Biol. 3, 34 (2002).

Acknowledgements
The Authors would like to thank Mr. Gianluca Alunni for his valuable technical help.

Author contributions
S.C., G.M., and E.A. conceived the experiment(s) and methodology; K.C. drafted the original draft and con-
tributed to conceptualization; S.M. contributed to drafting the manuscript and conducted the experiment(s); 
A.V.S., A.G., M.S. and A.M. provided samples and materials, S.C., G.M., A.P., S.M., K.C. analyzed the results; 
S.C. gave the supervision and writing-review and editing; A.G., M.S. provided the funding. All authors reviewed 
the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 46043-w.

Correspondence and requests for materials should be addressed to S.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1038/s41598-023-46043-w
https://doi.org/10.1038/s41598-023-46043-w
www.nature.com/reprints


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:18786  | https://doi.org/10.1038/s41598-023-46043-w

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

http://creativecommons.org/licenses/by/4.0/

	Genome-wide epigenetic modifications in sports horses during training as an adaptation phenomenon
	Results
	Sequencing, mapping, and DMPs identification
	DMR analyses
	Functional analyses and gene ontology
	Gene expression

	Discussion
	Differentially methylated genes
	“Early response” to exercise
	Functional analyses

	Gene-expression analyses
	“Mid response” to exercise
	Functional analyses
	Gene-expression analyses


	Methods
	Animals enrolled
	Sampling
	DNA purification, library construction, and sequencing
	Bioinformatic analyses
	Differentially methylated genes
	Enrichment analyses
	Gene expression assessment

	References
	Acknowledgements


