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Abstract—We aimed to investigate the effect of 8 weeks of moderate endurance training without considerable
mechanical stress on the activation of extracellular matrix (ECM) gene expression in human skeletal muscles.
Mechanical stress activates ECM biogenesis in the skeletal muscles, therefore aerobic exercise on a cycling
ergometer with concentric muscle contractions only was used in the study. Skeletal muscle samples from
m. vastus lateralis were taken from seven young untrained men before and after 8 weeks of aerobic training.
Changes in the transcriptome (RNA sequencing) and proteome (shotgun quantitative proteomics analysis)
were assessed in the samples; ECM-associated proteins (or matrisome) were determined using the Matri-
some DB database. After the training period, a change (mainly an increase) in the content of 14 ECM pro-
teins and 134 mRNAs of ECM proteins was found. The largest increase in protein content was found for col-
lagens type 1 and 3 (1.7 and 2.2 times, respectively), the main proteins of the human skeletal muscle’s ECM,
which was consistent with an increase in the corresponding mRNA by 10–20 times. In addition, an increase
in the expression of more than a hundred mRNAs of collagens, glycoproteins, proteoglycans, and enzymatic
regulators of ECM was found, which occurs simultaneously with an increase in the expression of genes of
growth factors (IGF1, PDGFs, TGFB1, MDK, etc.), which play a main role in ECM biogenesis regulation. In
conclusion, 8-week aerobic exercise training without considerable mechanical stress is a powerful stimulus
for the activation of ECM biogenesis in skeletal muscle.
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INTRODUCTION
One of the most common categories of injury to the

musculoskeletal system is damage to skeletal muscles,
tendons and ligaments of varying severity. The risk of
such injuries is high in middle-aged and elderly people
during daily physical activity, as well as in people with
reduced functional capabilities of the musculoskeletal
system (reduced strength and performance capabili-
ties, as well as strength and elasticity of ligaments and
tendons). A decrease in the functionality and toler-
ance of skeletal muscles to daily physical activity, as
well as an increase in their damage, is observed after a
few days of immobilization of the limb, bedrest, or
exposure to microgravity [1–3]. This is due to a num-
ber of changes, including a decrease in the rate of syn-
thesis of muscle proteins and muscle mass, mitochon-
drial density and oxidative capacity of muscles, an
increase in inflammation, edema, the appearance of
pain, as well as a violation of the biogenesis of intra-

muscular connective tissue structures, including the
extracellular matrix (ECM) [1, 4–8]. The ECM plays
a key role in transferring force from contracting mus-
cle fibers to tendons, preventing damage to muscle
membranes during exercise, delivering and retaining
various biomolecules (including enzymes and growth
factors), and during recovery from muscle injury. The
ECM is responsible for orienting muscle fibers [9–13].
Therefore, the development of approaches to the acti-
vation of ECM biogenesis is relevant not only for pre-
venting muscle injuries with reduced functionality, but
also for rehabilitation after injuries of the musculo-
skeletal system.

Regular strength training (short, high-intensity
exercise) is effective in increasing muscle mass and
strength and in activating ECM biogenesis [14–17].
However, these exercises in most cases are of little use
in rehabilitation after injuries and/or after prolonged
physical inactivity due to high trauma. Regular aerobic
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exercise (low-intensity and prolonged physical activ-
ity) increases aerobic performance (endurance) but
has little effect on muscle mass and strength. At the
same time, such training reduces the damage to mus-
cle membranes in response to a single load/exercise
[18–20], which is presumably associated with the acti-
vation of ECM biogenesis. However, the molecular
mechanisms responsible for the activation of ECM
biogenesis during aerobic training have been studied
fragmentarily [21, 22].

Objective—To investigate the effect of 8 weeks of
moderate-intensity, non-impact aerobic training on
the activation of ECM gene expression in exercised
skeletal muscle (m. vastus lateralis). Eccentric muscle
contractions (such as running) may be a trigger for
activation of ECM biogenesis [23]. To exclude such
effects in our study, we used aerobic exercise on a bicy-
cle ergometer, including only concentric muscle con-
tractions. ECM includes about 300 different proteins
divided into functional groups: collagens (fibrillar gly-
coproteins, which are most represented in the ECM of
all human tissues and play a key role in the formation
of the connective tissue structure), structural glyco-
proteins and proteoglycans (form the main substance
of the ECM), as well as hundre of ECM-associated
proteins: enzymatic regulators (enzymes directly
involved in ECM remodeling) and secreted factors
(proteins secreted by various muscle tissue cells during
ECM remodeling, including growth factors). All of
the above functional groups of proteins are united by a
common term, the matrisome. In view of the large
number of matrisome proteins, the use of omics
approaches (RNA sequencing and mass spectrometric
proteomics) seems to be a logical approach to assess
changes in the expression of almost all mRNAs of
ECM-related proteins and changes in the content of
highly abundant proteins (such as collagens). The
physiological effects of this training program and the
results of transcriptomic and proteomic analyses have
been presented and discussed previously [24, 25]. In
the present study, we conducted an in-depth analysis
of the effect of training on the gene expression of all
ECM-related proteins. The list of these genes was
taken from the database MatrisomeDB, containing
comprehensive information about the various func-
tional groups of proteins associated with ECM [26–
29].

METHODOLOGY
Seven untrained young men (age, 21–24 years,

body weight, 72–79 kg, body mass index, 22–
25 kg/m2) took part in the experiment. Volunteers
performed aerobic exercises on an electromagnetic
bicycle ergometer (Ergoselect 200, Ergoline, Ger-
many) for 8 weeks: 5 times a week, 1 h a day, as
described by us earlier [25]. Briefly, before the training
period and every 2 weeks, the volunteers performed an
incremental test on a bicycle ergometer (15 W/min).
During the test, capillary blood samples were taken
every 2 min to assess lactate concentration; the anaer-
obic threshold (a marker of the organism’s aerobic
capacity) was assessed as power at a lactate level at
4 mM (LT4) [30]. During the training period, the vol-
unteers alternately performed exercises with a constant
(60 min, 70% LT4) and variable (3 min 50% LT4 +
2 min 85% LT4) × 12) power. Samples from m. vastus
lateralis were taken before and after the training period
in the baseline state (48 h after the last exercise) using
a needle biopsy under local anesthesia (2 mL of 2%
lidocaine), as described by us previously [25].

Shotgun proteomics. Sample preparation and pro-
teomic analysis have been described by us previously
[24]. Briefly, a fragment of frozen tissue (~15 mg) was
homogenized in buffer (4% sodium dodecyl sulfate in
0.1 M Tris-HCl, pH 7.6, 0.1 M dithiothreitol), incu-
bated for 5 min at 95°C, sonicated (2 times for 10 s at
100 W) and centrifuged (5 min, 16000 g). Alkylation
and trypsinolysis of proteins (12 h, trypsin 1 : 100
(Tripsin Gold, Promega, United States) in 40 μL of
0.1 M triethylammonium bicarbonate) was carried out
on a YM-30 filter (Millipore, Ireland) using the filter
aided sample preparation (FASP) method. The pep-
tides were washed off the filter by centrifugation
(10 min, 14000 g) and labeled with an isobaric iTRAQ
8-plex label (Sciex, United States). The mixture of
labeled peptides was concentrated and fractionated
using XBridge C18 columns (250 × 4.6 mm, particle
size 5 μm, Waters, Ireland) on an Agilent 1200 Series
chromatograph (Agilent, United States). The resulting
fractions (30 pcs) were concentrated and combined
into 10 mixed fractions. Each fraction was separated
three times on an Ultimate 3000 RSLCnano chro-
matograph (pre-column Acclaim (0.5 × 3 mm, parti-
cle size 5 μm) and Acclaim Pepmap C18 column
(75 μm × 150 mm, particle size 2 μm); everybody was
then put in a gradient elution mode (90 min) and ana-
lyzed on a Q Exactive HF mass spectrometer (Thermo
Scientific, United States).

The search and identification of reporter ions was
carried out using the MaxQuant platform (1.5.7.4)
with default settings for false discovery rate (FDR) of
1%. The data was processed on the Perseus platform
(1.6.1.2): after filtration, for each protein, the ratio of
reporter ion intensities was calculated (intensity
“after” training to intensity “before” training); then,
changes in the intensities of reporter ions (protein
content) were evaluated using the Wilcoxon signed
rank test at padj < 0.05 (Benjamini–Hochberg multiple
comparison correction).

RNA sequencing. Sample preparation and analysis
was described by us previously [25]. Briefly, frozen tis-
sue samples (~20 mg) were homogenized, RNA was
extracted using RNeasy Mini Kit columns (Qiagen,
Germany). RNA concentration was measured on a
Qubit 3.0 f luorimeter (Thermo Scientific, United
States), RNA integrity was assessed by capillary elec-
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Table 1. The number of detected and mRNA and proteins that changed content (padj < 0.01, respectively) and (padj < 0.05)
in the vastus lateralis muscle after 8 weeks of aerobic training

Matrisome 
protein category

Number 
of proteins 

in Matrisome

mRNA 
detected

Proteins 
detected

mRNA 
that increased 

content

mRNA 
that reduced 

content

Proteins 
that increased 

content

Proteins 
that 

reduced content

Collagens 44 34 9 16 0 8 0
Regulators 238 137 8 46 3 1 0
Secreted factors 344 169 3 24 2 1 0
Glycoproteins 195 139 5 42 2 1 0
Proteoglycans 35 22 7 6 1 3 0
Others 
(not matrix)

12778 763 1516 587 236 2

Total 13279 795 1650 595 250 2
trophoresis (Bioanalyzer 2100, Agilent, United
States). Libraries were prepared from 300 ng of RNA
using the NEB Next Ultra II RNA kit (New England
Biolabs, United States) according to the manufac-
turer’s protocol. The concentration of libraries was
measured on a Qubit 3.0 f luorimeter, the length distri-
bution of library fragments was estimated using a Bio-
analyzer 2100. The effective concentration of the
libraries was assessed by real-time PCR. Libraries
sequenced on NextSeq 500 instrument (Illumina,
United States) in the single-ended read mode. The
average number of reads per sample was 47 million.

Data quality was assessed using FASTQC (v0.11.4);
adapter sequences and low-quality reads were
removed with Timmomatic (v0.36). The scans were
mapped to the human GRCh38 genome. Protein-
coding genes were isolated and the change in their
expression was analyzed using the DESeq2 R package
(paired sample analysis) with cut-off criteria padj <
0.05 (Benjamini–Hochberg correction) and
|log2(Fold Change)| > log2 (1.25).

Analysis of functional enrichment. To search for
genes/proteins belonging to various functional groups
of ECM, all genes/proteins detected by us were com-
pared with the database MatrisomeDB containing
information about ECM proteins: 44 collagens,
195 glycoproteins, and 35 proteoglycans, and about
ECM-associated proteins: 238 enzymatic regulators,
171 ECM-affiliated proteins, and 344 secreted factors.
To identify functional groups enriched in genes that
changed their expression after 8 weeks of aerobic
training, the χ2 (chi-square) with Bonferroni correc-
tion at p < 0.05 was used.

RESEARCH RESULTS

As previously described by us [31], 8 weeks of train-
ing led to a marked increase in aerobic capacity of the
organism: power at the anaerobic threshold increased
by 35% (p < 0.01).
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In muscle tissue samples taken before and after the
training period, 13279 mRNAs of protein-coding
genes and 795 proteins were detected. Among them,
we identified 501 mRNAs and 32 matrisome-related
proteins. After 8 weeks of training, a change (mainly
an increase) in the content of 1650 mRNA and
250 proteins was found (Table 1). Of these, 9 detected
proteins and 34 mRNA belonged to the collagen
group, 7 and 22, respectively, to proteoglycans, 5 and
139, to glycoproteins, 8 and 137, to enzymatic regula-
tors, and 3 and 169, to secreted factors (Table 1).

A significant increase (padj < 0.05) in protein con-
tent was found mainly for the collagen group (8 pro-
teins), as well as for 3 proteoglycan proteins and 1 pro-
tein in each of the groups of glycoproteins, secreted
factors and, ECM regulators (Table 1). Among colla-
gens, the largest increase in protein content was found
for COL1A1/2 (1.7 times), and COL3A1 (2.2 times)
(Fig. 1), the main ECM proteins of human skeletal
muscle [32], which was consistent with an increase in
the corresponding mRNAs of 19.7 for COL1A1,
2.9 times for COL1A2, and 9.8 times for COL3A1. In
addition, the increase (padj < 0.01) in mRNA content
was shown for 14 other collagen genes, the protein
products of which were not detected (Fig. 1).

Unlike shotgun proteomics, RNA sequencing
makes it possible to evaluate the expression of almost
all expressed genes, including those related to the
matrisome. This made it possible to isolate the
enriched functional groups of the matrisome, i.e.,
groups in which the proportion of genes that increased
expression after a period of training, in relation to all
genes that increased expression, is significantly greater
than the proportion of genes belonging to the same
functional group in relation to all detected protein-
coding genes. Significant enrichment (p < 0.05) was
found for the groups of collagens, enzymatic regula-
tors, and glycoproteins (Fig. 2).

When considering each functional group, some of
them (enzymatic regulators, secreted factors) could be
divided into subgroups of genes with different func-
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Fig. 1. Collagen mRNA and proteins that increased (padj < 0.01 and 0.05, respectively) content in the vastus lateralis muscle after
8 weeks of aerobic training. Changes in the content of mRNA and proteins are presented as log2.
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Fig. 2. Enrichment analysis of various functional groups of matrisome genes. The number of genes that changed the content of
mRNA in each group is shown, as well as –log10 (p-value).
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tions. Thus, among the enzymatic regulators
(46 genes) that have changed mRNA expression, there
are subgroups of metalloproteinases, regulators of the
collagen network, and regulators of the IGF1 signal-
ing cascade and regeneration of muscle fibers (Fig. 3).

Among the secreted factors (24 genes) that
increased mRNA expression, there are subgroups of
growth factors and bone metabolism regulators; the
remaining secreted factors include several cytokines
(CCL2, CCL18, CXCL9 and IL34) (Fig. 4).

mRNAs that increased expression (padj < 0.01) in
the groups of glycoproteins and proteoglycans are pre-
sented in Fig. 5. It should be noted that in the group of
glycoproteins, the gene ELN, encodes elastin, the
fourth most abundant protein in the ECM of skeletal
muscle [32].
RESULTS AND DISCUSSION

Collagens make up two-thirds of all ECM proteins,
with type 1 and 3 collagens accounting for more than
50% of the mass of ECM proteins in human skeletal
muscle [32]. Previously, in experiments on animals
and with the volunteers, it was shown that regular
high-intensity short-term physical activity, leading to
an increase in muscle mass (strength exercise), causes
an increase in the expression of collagen-coding genes
and activates ECM biogenesis. Thus, 12-week
strength training in rats (climbing stairs with weights)
led to an increase in the expression of mRNA of colla-
gen types 1 and 3 in skeletal muscle [14], and expres-
sion and activity of metalloproteinases (MMP 2 and 9)
in skeletal muscle and blood [14, 15]. Strength training
of the lower extremities (3 times a week, 11 weeks) of
young (27 years old) untrained men led to a significant
HUMAN PHYSIOLOGY  Vol. 49  No. 2  2023
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Fig. 3. mRNA of enzymatic regulators that changed the content (padj < 0.01). Changes in mRNA content are presented as log2.
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Fig. 4. mRNA of secreted factors that changed the content (padj < 0.01). Changes in mRNA content are presented as log2.
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increase in gene expression in m. vastus lateralis, in
particular, the content of mRNA increased by 5.2
times for COL1A1 [16]. In another study, 10 weeks of
strength training (leg press) in young (26 year old)
untrained men resulted in a significant increase in the
expression of ECM-related genes [17]. These data are
consistent with the fact that in human skeletal muscle,
genes that increase expression after regular strength
training associated with ECM-related terms (meta-
analysis of transcriptome data) [33].
HUMAN PHYSIOLOGY  Vol. 49  No. 2  2023
In our study, it was shown that training without the
use of high-intensity and eccentric contraction,
namely, moderate-intensity aerobic training on a
bicycle ergometer, is a sufficient stimulus for a pro-
nounced activation of ECM biogenesis, an increase in
the content of the main ECM proteins of collagen
types 1 and 3 (2–3 times), as well as other collagens
that perform mainly structural and regulatory func-
tions (collagen types 4 and 6 and types 11, 14, and 15,
respectively; 1.2–1.7 times). These changes occurred
against the background of an increase in the expres-
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Fig. 5. mRNA of glycoproteins and proteoglycans that changed the content (padj < 0.01). Changes in mRNA content are pre-
sented as log2.
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sion of the corresponding mRNAs, as well as mRNAs
of other collagens, the protein products of which were
not detected by us, and about a hundred mRNAs
encoding glycoproteins, proteoglycans, and enzymatic
regulators of ECM biogenesis. In addition, similar
changes in the transcriptome were observed in various
studies with volunteers. Thus, 12-week (5 times a
week, 60 min a day) exercise on a bicycle ergometer by
young (19–32 years old) untrained men led to an
increase in the expression of ECM genes, in particular,
type 1 collagen [34].

It is interesting to note that similar effects were
observed for older people (64 years): 6-week aerobic
training on a bicycle ergometer (5 times a week, 60 min
per day, moderate aerobic exercise) led to a pro-
nounced increase in mRNA expression, including
collagen types 3 and 4 [35]. Twelve weeks of aerobic
exercise on a bicycle ergometer (3 times a week, 45 min
per day) of elderly volunteers (68 years old) led to
changes in the expression of 397 genes, among which
the expression of collagen mRNA was also increased
COL3A1 and COL6A3 and secreted factors TNFSF10
and CRLF3, a decreased expression of glycoprotein
mRNA IGFBP6 and DPT, enzymatic regulators F10
and ADAMTS5, and secreted factors S100A6 and
CXCL14 [36].

We have shown (Figs. 3 and 4) that, in addition to
activating collagen expression, regular aerobic physi-
cal activity causes a large-scale and pronounced
increase in the expression of genes for metalloprotein-
ases and other enzymes involved in ECM remodeling,
mainly due to the degradation of old collagen bonds
and molecules (especially types 1, 3, and 4) [37–41].
In addition, we found an increase in the expression of
a large number of glycoproteins (including elastin, the
third most abundant protein in human skeletal mus-
cles) that perform various structural and regulatory
functions. This is in complete agreement with the
results of a meta-analysis that studied transcriptomic
responses to regular aerobic training and showed that
in human skeletal muscles, the set of genes that
increased expression after regular aerobic training is
associated with ECM-related terms [42], however
these data are not consistent with other meta-
analysis [33].

Despite the absence of significant enrichment in
the genes of secreted factors in our study (Fig. 3), we
found an increase (~2 times) in the expression of indi-
vidual genes of growth factors (Fig. 5). Model studies
with altered gene expression have shown that these
factors play an important role in the regulation of
ECM biogenesis both in skeletal muscles: IGF1, MDK
[43, 44], PDGFB, PDGFD [45], and TGFB1 [46, 47],
and in other tissues: HGF [48, 49], INHBB [50], and
PGF [51]. These data are consistent with the results of
studies on rodents with tenotomy of synergistic mus-
cles (a model of chronic increase in muscle load),
which showed an increase in the concentration of
ECM proteins and expression Igf1 and Tgf in plantar
muscle [52–54].

CONCLUSIONS

Our results show that, despite low intensity, regular
non-impact aerobic exercise is a powerful stimulus for
the activation of ECM biogenesis. In particular, a pro-
nounced increase in the content of the main ECM
proteins, collagen types 1 and 3, was found, as well as
HUMAN PHYSIOLOGY  Vol. 49  No. 2  2023
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an increase in the expression of more than a hundred
mRNAs of collagens, glycoproteins, proteoglycans,
and enzymatic regulators of the ECM, occurring
against the background of an increase in the expres-
sion of the genes of the main growth factors that regu-
late ECM biogenesis (IGF1, PDGFs, TGFB1, MDK,
etc.). Thanks to the use of omics technics, it was pos-
sible for the first time to evaluate the effect of long-
term aerobic training on the expression of all ECM
genes, as well as on the content of key ECM proteins.
Non-impact aerobic exercise, as opposed to strength
training and exercise with an impact and eccentric
contraction (such as running), is applicable to a larger
contingent of people who need to restore skeletal mus-
cle (and possibly tendons and ligaments) function,
people with reduced functional opportunities, patients
after injuries and/or a long period of physical inactiv-
ity, cosmonauts in the recovery period after a f light,
etc. Therefore, the use of aerobic exercises can be
promising both for optimizing existing approaches to
recovery after injuries of the musculoskeletal system,
and for preventing injuries with reduced functionality.
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