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The serum level of the transforming growth factor-betal (TGF-PB1) is elevated after acute bouts of exercise and
prolonged training, as well as after myocardial infarction. However, the source of this increase remains unclear.
Contracting skeletal muscles are known to be the source of many cytokines. To determine whether skeletal or heart
muscles produce TGF-B1 during exercise, we investigated the effect of a single bout of acute exercise on TGF-f1
generation in skeletal and heart muscles in untrained rats (UT, n=30) and in rats subjected to prolonged (6-week)
endurance training (T, n=29). The UT and T (a day after final training) groups were subjected to an acute bout of exercise
with the same work load. Rats from both groups were sacrificed and skeletal and heart muscle samples were collected
before (pre), immediately after (0 h), or 3 hours (3 h) after acute exercise. TGF-B1 mRNA was quantified by RT-PCR
in these samples, and basal TGF-f1 protein levels were determined in skeletal muscle in the UTpre and Tpre subgroups
by ELISA. Acute exercise caused a non-significant increase in TGF-f1 mRNA in skeletal muscle in UTOh rats, in
compare to UTpre rats. There was a significant decrease of TGF-f1 mRNA in the TOh group (p=0.0013) in compare to
Tpre rats. Prolonged training caused a significant increase in TGF-f1 mRNA (p=0.02); however, the TGF-f1 protein
level decreased (p=0.02). In heart muscle, there was a significant decrease of TGF-1 mRNA in UTOh (p=0.01) and
UT3h (p=0.04) compared to UTpre rats. TGF-f1 mRNA levels were unchanged in TOh and T3h compared to Tpre; basal
TGF-B1 mRNA expression after training was also unchanged (UTpre vs. Tpre). We conclude that physical exercise is a
potent stimulus for inducing TGF-B1 gene expression in skeletal muscle, but does not increase the protein level. Thus,
skeletal and heart muscle do not contribute to increased serum levels of TGF-f1 after physical exercise.
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INTRODUCTION

We previously found that acute bouts of exercise increase the
serum level of TGF-B1 in humans (1). Similarly, Hering et al.
reported changes in serum TGF-f during 4 weeks of physical
training: a significant increase was observed after the second
week, followed by a decline to basal levels in the third and fourth
weeks (2). However, the source of the increase in serum TGF-3
after mechanical load remains unclear.

During physical exercise, skeletal muscle tissue is
influenced by mechanical load. Contracting skeletal muscle acts
as an immunogenic organ and is the source of many cytokines,
termed myokines; these include interleukin-6, -8, -4, -13, and -
15, which exert their effects both locally and in an endocrine
manner (3-6). This raises the question of whether contracting
muscle produces TGF-B1 as well - this production would
contribute to the increased level of this growth factor in serum
and could contribute to adaptive changes in muscles as well.

The protective and therapeutic effects of physical exercise on
cardiac disease are well known (7). Growth factors, including
TGF-B1, are also elevated in serum after myocardial infarction

(MI) (8) and it is thought that they play a role in cardiac muscle
regeneration and remodeling. TGF-f1 stimulates the
differentiation of bone marrow stem cells into immature
cardiomyocytes, and also enhances the differentiation of fibroblast
into myofibroblasts, which produce collagen to aid scar formation
after MI (9, 10). On the other hand, overproduction of TGF-B1
plays a fundamental role in tissue fibrosis, and after MI
contributes to pathogenic cardiac remodeling and cardiac failure
(11-13). This raises the question of whether physical exercise
elicits TGF-B1 production in heart muscle, thus influencing TGF-
B1 serum levels and cardiac muscle morphology and function.
The goal of the present study was to investigate the influence
of a single bout of acute exercise on TGF-f1 production in
skeletal and heart muscle tissue in rats that were untrained
(control) or subjected to 6 weeks of prolonged physical training.

MATERIALS AND METHODS

This study used 59 male Wistar rats that were allowed to
drink ad libitum, were fed Labofeed B, and were maintained on
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a 12h/12h light/dark cycle. All procedures in the study were
approved by the Ethical Committee of the Medical University in
Warsaw and were performed according to EU regulations
governing the treatment of laboratory animals.

At the start of the experiment, all animals were adapted to
exercise, which consisted of running 10 min/day on a treadmill at
a speed of 900 m/h for 5 successive days. Rats were then randomly
assigned into two groups: trained rats (T, n=29), who underwent
physical training for 6 weeks, and untrained rats (UT, n=30), who
performed no exercise. The mean body mass of the rats on the day
the experiment started was 127+13.87 mg. Training for T group
consisted of treadmill running 5 days a week as follows. On the
first day of the first week, the rats exercised on a treadmill for 10
min/day at a speed of 1200 m/h, with the exercise time increasing
by 10 min/day. In the second week, the rats exercised for
60 min/day at a speed of 1500 m/h, and in weeks 3-6, the exercise
time remained constant at 60 min/day, and the speed was increased
to 1700 m/h. The UT group remained at rest during the training
period. Twenty-four hours after the last training session, rats from
both groups (UT and T) were each randomly divided into 3
subgroups. In two subgroups, UTpre (n=10) and Tpre (n=9),
samples of skeletal and heart muscle were collected under
anesthesia (intraperitoneal chloral hydrate, 1 ml/100 g body mass)
and stored at -80°C for subsequent analysis. The animals in all
other subgroups performed an acute bout of exercise, comprising
60 min on the treadmill running at a speed of 1700 m/h. Samples
of skeletal and heart muscle were collected from two additional
subgroups, UTOh (n=10) and TOh (n=10), immediately after the
exercise session. Samples were taken from the last two subgroups,
UT3h (n=10) and T3h (n=10) 3 hours post-exercise. The mean
body mass of the rats on the day the experiment ended was
379.75+51.63 mg. All animals died as a consequence of sample
collection. Basal TGF-1 protein levels were measured in skeletal
muscle tissue in UTpre and Tpre groups.

mRNA isolation

Approximately 50 mg of skeletal or heart muscle tissue
were homogenized in a TissueLyser bead mixer (Qiagen,
Germany). Total mRNA isolation was performed using the
EZ1 RNA Universal Tissue Kit and Biorobot EZ1 (Qiagen,
Germany) according to the manufacturer's instructions. Total
mRNA concentration was measured by spectroscopy at 260
nm using the NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, USA). Samples were than frozen
and stored at -80°C for further analysis.

Reverse transcription

Reverse transcription of total mRNA into cDNA was
performed using the Thermomixer Comfort (Eppendorf,

Germany) with the SuperScript III First-Strand Synthesis
System for RT-PCR (Invitrogen, USA) according to the
manufacturer's instructions.

Real-time PCR to quantify TGF-1 mRNA

Detection of mRNA was performed using an ABI-Prism 7700
Sequence Detection System (Applied Biosystems, USA). PCR
was performed using reverse-transcribed mRNA. The reaction
mixture also included TagMan Universal PCR Master Mix
(polymerase and dNTPs), primers for the genes for TGF-1and
nuclease-free water (Applied Biosystems, USA) in a total volume
of 20 pl. PCR amplification consisted of an initial step of 2 min at
50°C, followed by 20 min at 95°C, followed by 40 cycles of 15 s
at 95°C and 1 min at 60°C. PCR for the reference gene,
glyceraldehydes-3-phosphate dehydrogenase (GAPDH) was
performed for each sample, and a 'no template control' (NTC) was
performed for genes for TGF-B1 and for GADPH as a reference
(normalizing) gene. According to Perez et al., GAPDH is the
optimal gene to use for this purpose in heart muscle (14).

The data were analyzed using the comparative cycle
threshold (Cy) method. The C; of each sample was normalized
using GAPDH gene expression, and the results were reported as
ACr. The relative level of mRNA for TGF-1 was calculated by
subtracting the normalized C; values for genes in the
experimental rat groups (exp) relative to medium control (ctr):
AACt = ACrexp - ACctr; the relative changes in mRNA levels
(expressed as 'fold changes') were calculated as 2-44CT (15).

Protein quantitation

Each sample of skeletal muscle was homogenized in a
TissueLyser bead mixer (Qiagen,USA) and centrifuged at 3000
rpm for 10 min. The supernatant was collected and frozen at -80°C
until analysis. Total protein concentration was measured by
spectroscopy at 562 nm on a Bio-Tek Power Wave XS
spectrophotometer (Bio-Tek Instruments, USA) using
bicinchoninic acid (BCA) Protein Assay Reagent (Pierce,
Holland), according to the manufacturer's instructions. Activation
of latent TGF-3 was performed by incubation of the protein with
1 N HCI at room temperature for 10 min followed by
neutralization with 1.2 N NaOH/0.5 M HEPES. Tissue TGF-31
protein concentration was measured immediately after activation
and neutralization using the Quantikine Human TGF-f1
Immunoassay (R&D Systems, USA). This assay recognizes both
human and rat TGF-f1.

Statistical analyses

Differences in mRNA levels between groups were analyzed
using Kruskal-Wallis non-parametric ANOVA followed by post

Table 1. The expression of TGF-1 mRNA shown as AC+SD, calculated after the normalization of C; to GAPDH gene expression in
skeletal (soleus) and heart muscle after an acute bout of exercise in rats that were untrained (UT, n=30) or subjected to training (T, n=29).
Samples were collected and TGF-f1 mRNA was estimated before the acute bout of exercise (UTpre, n=10 and Tpre, n=9 ), just after
exercise cessation (UTOh, n=10 and TOh, n=10), and 3 hours post-exercise (UT3h, n=10 and T3h, n=10).

TGF-$1
mRNA
ACT £

Untrained rats (UT)

Rats subjected to training (T)

SD UTpre UTOh UT3h

Tpre TOh T3h

Skeletal
muscle
(soleus)

6.58+1.09 | 6.05+1.11

7.27+1.19

496+ 158 | 7.11+£1.12 | 597 £ 1.06

Heart

5.22+0.97
muscle

6.00+1.13

6.01 +£0.95

527+1.20|5.43+0.89 | 5.39+£0.92




hoc Duncan's Test. AC values were used for statistics. Pre- and
post-training values of proteins in skeletal muscle tissue were
compared using the Student's ¢ test for independent samples.
p<0.05 was considered to be statistically significant.

RESULTS

TGF-f1 mRNA levels were determined in skeletal and
heart muscle samples from UT and T rats before an acute bout
of exercise (UTpre, Tpre), immediately post-exercise (UTOh,
TOh), and 3 hours post-exercise (UT3h, T3h). The mRNA
levels were expressed as ACy £SD (Table I). The relative
changes in TGF-B1 mRNA in skeletal muscle (soleus) after an
acute bout of exercise in UT and T rats are shown in Fig. ]
(panel A and B). In UT rats, there was a non-significant
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increase in TGF-f1 mRNA in subgroup UTOh, and a
significant decrease in TGF-f1 mRNA expression in UT3h
(p=0.03) compared to UTOh. In T rats, there was a significant
decrease in TGF-B1 mRNA in subgroup TOh (p=0.001) and a
non-significant increase towards pre-exercise values in
subgroup T3h. The relative changes of TGF-B1 mRNA in TOh
and T3h in compare to UTpre are shown in panel C.

The relative changes in TGF-B1 mRNA and protein levels in
skeletal muscle (soleus) in UT versus T rats are shown in Fig. 2.
There was a significant increase in TGF-f1 mRNA in Tpre rats,
who were trained for 6 weeks, compared to UTpre rats, who did
not train (p=0.02); however, the TGF-1 protein level decreased
significantly from 0.044+0.02 pg/ug total protein (UTpre) to
0.025+0.01 pg/ng total protein (Tpre) (p=0.02).

The relative changes in TGF-31 mRNA in heart muscle after
an acute bout of exercise in UT and T rats are shown in Fig. 3.

Fig. 1. The relative changes in TGF-$1
mRNA in skeletal muscle (soleus) after
an acute bout of exercise in rats that were
3 A : B ; c untrained (UT, n=30) (A) or subjected to
2,8 1 i ! training (T, n=29) (B). Samples were
2,6 - : : [ untrained | | collected and TGF-B1 mRNA was
2,4 E E [] trained estimated before the acute bout of
22 i ! exercise (UTpre, n=10 and Tpre, n=9),
5 . i E * just after exercise cessation (UTOh, n=10
s [ : : and TOh, n=10) and 3 hours post-
% 181 E - ! [ exercise (UT3h, n=10 and T3h, n=10).
2 1,6 1 E [— E In untrained rats, there was a non-
O L4+ i ! l significant tendency towards increased
2 1,21 ' [ : TGF-B1 mRNA in UTOh rats, and there
e 14 E E was a significant decrease in TGF-$1
0.8 1 E l ! mRNA expression in UT3h rats (*p =
: ; 0.03) compared to UTOh rats. In rats
0.6 1 ; I i subjected to training, a significant
0.4 1 E + ! decrease in TGF-f1 mRNA was
0,2 - i T E observed in group TOh (**- p=0.001). A
0 " " non-significant tendency to return to pre-
UTpre UTOh UT3h Tpre TOh T3h UTpre TOh  T3h exercise values was observed in group
T3h. The relative changes of TGF-f1
mRNA in TOh and T3h in compare to
UTpre are shown in panel C.
7 , % 0,07
A i B —
6,5 - !
6 E - untrained 0.06
5.5 i |:| trained
5 4 r—*\ E 0,05 a2
< 45 2
% 4 | 004
L 35 5 :
O ' =
5 3 - 003 2 | o .
2 ' & Fig. 2. Relative changes of TGF-f1
5 254 ; 5 | mRNA (A) and protein (B) in skeletal
2 ' 002 = | muscle (soleus) in rats that were
1.5 E untrained (UTpre, n= 10) or subjected
E to training (Tpre, n=9). There was a
i i 0.01 significant increase in TGF-B1 mRNA
0,5 - E (*p = 0.02) after 6 weeks of training
0 4 E 0,00 (Tpre vs. UTpre); however, the TGF-31
UTpre Tpre UTpre Tpre protein level decreased significantly
(*p=0.02).
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2 Ll
A ; B
1.8 1 E [ untrained ) .
i . Fig. 3. The relative changes in TGF-B1
1,6 4 ' |:| trained X
. : mRNA in heart muscle after an acute
1.4 -, : bout of exercise in rats that were
< ) E untrained (UT, n=30) (A) or subjected
% 1,2 ; [ to training (T, n=29) (B). Samples were
= i collected and TGF-f1 mRNA was
g' 1 E T [ estimated before the acute bout of
P 08 E l l l exercise (UTpre, n=10 and Tpre, n=9),
5 ] E just after exercise cessation (UTOh,
e 0.6 - E n=10 and TOh, n=10), and 3 hours post-
! exercise (UT3h, n=10 and T3h, n=10).
0,4 E There was a significant decrease in
: TGF-B1 mRNA in UTOh (*- p=0.01)
0,2 4 | and in UT3h (*- p=0.04) compared to
E UTpre. There were no changes in TGF-
0- ' B1 mRNA levels in the TOh or T3h
UTpre  UTOh  UT3h Tpre T0h T3h subgroups in compare to Tpre.
2
184 [ untrained
1,6 4 [] trained
& 14
£
é 1,2 1 }V
o
o
S 03 l
z El
=
5 06
0,4 4
Fig. 4. The relative changes in TGF-B1
0,2 4 mRNA in heart muscle after physical
training (UTpre, n=10 vs. Tpre, n=9).
0 A T Training did not change TGF-fB1
UTpre Tpre mRNA levels in heart muscle.

In UT rats, there was a significant decrease in TGF-f1 mRNA in
UTOh (p=0.01) and in UT3h (p=0.04) compared to UTpre. There
were no changes in TGF-f1 mRNA generation in heart muscle
either after an acute bout of exercise in T rats or after 6 weeks of
training (UTpre vs. Tpre) (Fig. 4).

DISCUSSION

There is very limited data concerning the influence of
physical exercise on TGF-B1 generation in tissues, including
skeletal muscle. Animal studies suggest that different types of
short training sessions increase TGF-B1 mRNA expression in
skeletal muscle, both daily and after the series of training
sessions are completed (16, 17). These results are in line with
those in our study: we also observed an increase in TGF-$1
mRNA after 6 weeks of training. Unlike the present study, the
earlier studies did not measure TGF-$1 protein levels.

The signal for upregulation of TGF-f1 mRNA in skeletal
muscle is unclear. Recent studies suggest that the triggering
mechanism could be oxidative stress, which accompanies physical

exercise (18, 19). In animal studies, Zhao ef al. demonstrated that
oxidative stress, as indicated by upregulated NADPH oxidase
expression and suppressed superoxide dismutase expression,
upregulates TGF-f1 expression in cardiac muscle and in kidney.
Co-treatment with antioxidants led to significantly attenuated
TGF-B1 gene expression. Hypoxia inducible factor-1 (HIF-1)
increases TGF-P1 gene expression as well. HIF-1 itself is elicited
by tissue hypoxia, but also increases in response to other factors,
including cytokines and cell stretching (20, 21).

It is possible that right after a bout of acute exercise in UT rats,
there are many signaling events, each of which causes a small
increase in TGF-B1 mRNA; together, these small increases could
add up to a significant increase in T rats. However, 6 weeks of
training (which may increase antioxidant potency) and adaptation
to physical exercise could result in diminished TGF-f1 mRNA
expression after an acute bout of exercise in T rats compared to
UT rats (22).

The most interesting finding in the present study was the
discrepancy between TGF-B1 mRNA expression and protein
expression in skeletal muscle samples. The level of protein
expression depends not only on transcription, but also on



posttranscriptional and posttranslational control mechanisms.
Their role in controlling protein expression has been confirmed by
data indicating that only 20-40% of protein concentration is due to
variations in mRNA levels (23). Translation is activated by several
eukaryotic initiation factors, i.e. elFs, which are affected by many
types of stimuli, among them stress, starvation, amino-acid
availability, hypoxia, energy status of the cell and oxidative burst.
All mentioned stimuli accompany physical exercise. Thus,
environmental changes could diminish translation of most
mRNAs by inactivation of various elFs (24). These mechanisms
are all involved in 'global regulation' ie. they affect protein
biosynthesis in general. Translation of some defined groups of
mRNA can also be controlled by sequence-specific RNA-binding
proteins that interfere with elF binding and by microRNAs.
Regulation of the translation of specific mRNAs makes sense in
terms of the cell responding to changes in environment. Yet
another mechanism involved in translation regulation is the
specific transport of a subset of mRNAs to particular regions of
the cell where they decay. Decay programs depend on cellular and
environmental conditions, and play important roles in processes
such as inflammation and hypoxia (25). The decrease of protein
level could be also the effect of posttranslational regulation, such
as proteolysis, changing of protein activity and transport of protein
off the tissue. In this study, our data did not allow us to determine
the particular mechanism responsible for the observed decreases
in TGF-B1 protein level despite the increase in TGF-B1 mRNA,
however the problem deserves further research.

The observed decrease in the TGF-B1 protein was especially
interesting in the context of its role in regulation of myogenesis
and promotion of fibrosis. Physical exercise elicits many
changes in muscle composition and metabolism, collectively
known as muscle plasticity (26, 27). Since TGF-B1 influences
myogenesis, regeneration, and healing after mechanical strain,
its role in muscle plasticity could not be excluded (28).

Myogenesis is controlled by muscle regulatory factors,
including MyoD and myogenin. They are the key to successful
differentiation towards the myogenic lineage. TGF-B1 increases
MyoD degradation and decreases myogenin expression in satellite
cells; it also suppresses expression of miR-24, a factor that
promotes myogenesis. TGF-1 also controls myogenesis through
upregulation of myostatin, predominantly in the course of terminal
differentiation. In this way, TGF-B1 inhibits muscle growth (29-
32). During muscle adaptation to physical exercise, the opposite
effect is observed: an increase in muscle mass is dependent on the
intensity and the type of physical training in terms of muscle fiber
hypertrophy and hyperplasia (27). In this context, we suggest the
following explanation for our observations. Physical exercise
elicits a signal for increasing TGF-1 mRNA expression. TGF-B1
is very potent stimulator of collagen synthesis as well as an
inhibitor of muscle cell differentiation. Overproduction of the
TGF-B1 protein could stimulate skeletal muscle fibrosis and
inhibiting skeletal muscle growth. The TGF-f1 protein could thus
be harmful to the skeletal muscle. Because of the response of the
cell to altered environmental conditions to meet the changing
needs of the tissue, the level of TGF-B1 protein is therefore down
regulated (despite the increase in TGF-B1 mRNA) by complex
posttranscriptional regulatory mechanisms.

The role of TGF-B1 in cardiomyocyte differentiation is not
the same as in skeletal muscle differentiation. TGF-f induces
cardiac differentiation of embryonic stem cells and regulates the
progression of differentiation towards the cardiac lineage (32).
TGF-B1 is also a potent stimulator of extracellular matrix
turnover and of collagen synthesis and angiogenesis.
Upregulation of TGF-f in the myocardium has been
demonstrated in several animal models of cardiac hypertrophy,
suggesting that this growth factor could play a critical role in
cardiac remodeling (33).
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In this study, an acute bout of exercise caused a decrease in
TGF-B1 mRNA in heart muscle. As noted, oxidative stress may
be one of the triggering mechanism for TGF-f1 mRNA
generation. It has been shown that after acute bouts of exercise,
uncoupling-protein-2 (UCP-2) is upregulated in heart muscle in
untrained rats (34). UCP-2 serves as an important defense
mechanism against oxidative bursts and ROS production in heart
muscle during early stages of exercise, when other defense
mechanism are still latent. It is possible, that this mechanism, via
removing of ROS, influences the expression of TGF-f1 mRNA
in heart muscle. Prolonged training attenuates UCP-2
upregulation in response to acute exercise, because other
mechanisms responsible for ROS removal are enhanced
meanwhile. This could explain why subjecting rats to physical
training and to acute bout of exercise after it in our experiment
did not cause any changes in TGF-f1 mRNA expression in heart
muscle compared to UT rats.

Our observations conflict with the results of Calderone et al.,
who reported an increase in TGF-B1 mRNA in the left ventricular
muscles of female Sprague-Dawley rats after 3- and 6-week
voluntary running (35). They also observed a correlation between
TGF-B1 mRNA and the magnitude of cardiac hypertrophy. This
discrepancy in results could be due to differences in exercise
intensity. In our experiment, the rats ran a total of 44.5 km over 6
weeks (1 h of intensive run/day); in the experiment conducted by
Calderone et al., the rats ran 508+29 km (12 h intensive run/day).
We designed the intensity and duration of the individual training
sessions, as well as the overall training regimen as a whole, to
mimic the exercise recommendations for humans for preventing
cardiac disease and for rehabilitation after MI. In contrast, the
other study involved physical exertion that was longer and more
intense than that recommended for humans. Thus, different
exercise intensities could induce different responses in cardiac
cells. This clearly shows the necessity to establish not only
recommended "doses" of exercise, but also to establish how
much exercise represents an "overdose."

In conclusion, neither skeletal nor heart muscle tissue
contribute to the increased level of serum TGF-B1 after acute
exercise or prolonged physical training. Although physical
exercise is a potent stimulus for inducing expression of the TGF-
B1 gene in skeletal muscle, despite TGF-f1 mRNA increase,
TGF-B1 protein decreases.
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