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Abstract Myokines are skeletal muscle-derived hor-
mones. In this study, using a C2C12 myotube contraction
system, we sought to determine whether the skeletal
muscle secreted thioredoxin (TRX) and related redox
proteins. Redox proteins such as TRXs, peroxiredoxins,
and glutaredoxins were detected in the C2C12 myotube
culture medium in the absence of any stimulation. The
amounts of TRXs, peroxiredoxins, and glutaredoxins
secreted by the C2C12 myotubes were not affected by the
contraction, unless the myotubes were injured. Because
TRX-1 was known to be a secreted protein that lacks a
signal peptide, we examined whether this protein was
secreted via exosome vesicles. The results indicated that
TRX-1 was not secreted via exosome vesicles. We con-
cluded that TRX-1 and related redox proteins are myokines
that are constitutively secreted by the skeletal muscle cells.
Although the mechanism of TRX-1 secretion remains
unclear, our findings suggest that the skeletal muscle is an
endocrine organ and the redox proteins that are constitu-
tively secreted from the skeletal muscle may exert anti-
oxidant and systemic health-promoting effects.
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Introduction

Myokines produced and released by the muscle fibers are
considered to exert either paracrine or endocrine effects,
thereby regulating metabolism [1]. In particular, interleu-
kin (IL)-6 has been extensively studied as a myokine [2].
Nedachi et al. [3] found that the contraction of C2C12
myotubes triggered the release of IL-6. However, the pre-
cise role of skeletal muscle-derived IL-6 is yet to be
ascertained. This is particularly because both positive
(increased glucose uptake in myocytes [4] and increased
insulin-stimulated glycogen synthesis in skeletal muscle
[5]) and negative (reduced insulin sensitivity in skeletal
muscle [6], adipocytes [7], and hepatocytes [8]) roles have
been reported. Irisin, a recently identified myokine, has
drawn considerable attention because of its potential to
increase the energy expenditure and improve insulin
resistance [9]. Although it is unclear whether the muscle
contraction triggers the secretion of irisin, recent studies
have found increased levels of plasma irisin in mice after
3 weeks of exercise and in human subjects after 10 weeks
of exercise [9]. To date, over 20 myokines have been
identified [10]. However, the mechanism of their secretion,
the sites of their action, and their physiological roles are
poorly understood.

We have reported that macrophage migration inhibitory
factor (MIF) is constitutively secreted by the skeletal
muscle [11]. We found that the contraction of the skeletal
muscle had an inhibitory effect on the secretion of MIF.
Because MIF inhibits an AMP-activated protein kinase
activator (AICAR)- or insulin-stimulated glucose transport
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in the skeletal muscle, reduced secretion of MIF in
response to muscle contraction might contribute to
enhanced glucose transport in the skeletal muscle [11].

MIF is a thioredoxin (TRX) family protein and contains
the conserved redox active sequence motif (-C-X-X-C-
motif) [12]. Both of the TRX isoforms, TRX-1 and TRX-2,
possess oxidoreductase activity and mainly regulate the
intracellular redox status. Recent studies have revealed that
TRX-1 is secreted by various cell types, including the
activated lymphocytes [13], neoplastic cells [14], liver cells
[15], gastric mucosal cells [16], and monocytes [17]. It is
believed that extracellular TRX-1 takes part in a variety of
processes, including cell proliferation [15], redox regula-
tion [18], cytokine-like activities [19], and apoptosis [20].

Physical exercise induces the production of reactive
oxygen species (ROS) in the skeletal muscle, causing
oxidative damages to many cells [21]. In contrast, ROS
generated as a result of physical exercise act as signaling
molecules that stimulate the expression of genes involved
in antioxidant and DNA repair pathways [22, 23]. It has
been reported that oxidative stress induced by exercise
augments TRX expression in peripheral blood mononu-
clear cells [24]. Considering that TRX-1 is a secreted
protein and exercise stimulates the antioxidant system, it is
likely that TRX-1 is secreted from the skeletal muscle.

In the present study, we investigated whether TRX-1
and related redox proteins are secreted by C2C12 myotu-
bes. Here we show that TRX-1 and related redox proteins
are constitutively secreted by myotubes. The amount of
TRX-1 secreted does not appear to be affected by the
muscle contraction evoked by electrical stimulation, unless
the myotubes are injured during the contraction.

Materials and methods
Cell culture

The mouse skeletal muscle-derived cells, C2C12 myoblasts
(American Type Culture Collection, Manassas, VA, USA),
were seeded in four-well rectangular plates (Thermo Scien-
tific, Waltham, MA, USA) at a density of 2 x 10° cells/well
in 3 ml of growth medium comprising Dulbecco’s modified
Eagle’s medium (DMEM, 25 mM glucose; Life Technolo-
gies, Carlsbad, CA, USA) supplemented with 10 % fetal
bovine serum (Bio West, Nuaillé, France) and 1 % penicillin-
streptomycin. The cultures were maintained in an incubator at
37 °C under an atmosphere of 5 % CO,. Upon reaching
confluence, the medium was switched to a differentiation
medium comprising a 1:1 mixture of Dulbecco’s modified
Eagle’s medium and nutrient F-12 1:1 mixture (DMEM/F-12;
Life Technologies) containing 1 % penicillin-streptomycin,
10 pg/ml insulin (Life technologies), and 1x L-glutamine
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(Life Technologies) (day 0). The medium was changed once
every 24 h. After 5 days of differentiation, the cells were used
for the experiments.

Cell contraction

Immediately before the experiments, the medium was
changed to 2 ml of fresh DMEM/F-12 (without any sup-
plement and phenol red). The four-well plates were con-
nected to an electrical stimulation apparatus, a four-well
C-Dish (Ion Optix Corp., Milton, MA, USA). The C2C12
myotubes were stimulated with or without electric pulses of
defined voltage at 1 Hz for 3 ms at intervals of 997 ms for a
desired period in an incubator maintained at 37 °C [25].
Subsequently, the culture media (supernatant) and the myo-
tubes were collected, and the volume of the recovered culture
medium (R1) was measured. Then, the medium was centri-
fuged at 2,000x g for 20 min, followed by a second centri-
fugation at 12,000xg for 35 min. The supernatant was
filtered through a Millex-GV Filter (0.22 um, low protein
binding, Millipore, Billerica, MA, USA). Following this,
1.2 ml of the filtered medium was concentrated using up to
an approximately five-fold amount of Vivaspin 20 (Sartorius,
Goettingen, Germany), and the volume of the concentrated
medium recovered (R2) was measured. Although the volume
of the filtered medium subjected to concentration was
maintained constant, the concentration rate varied. Therefore,
the expected recovery volume (R3) was calculated using the
following expression: (R3) = (R2) x (1.2 ml/R1). In
immunoblotting experiments, the expected recovered volume
was used for volume-corrected sample loading. The myotu-
bes were lysed with 300 pl of ice-cold lysis buffer containing
50 mM Tris-HCI (pH 7.5), 10 mM beta-glycerophosphate,
5 mM sodium pyrophosphate tetrabasic, 1 mM sodium
orthovanadate, 1 mM ethylenediaminetetraacetic acid (pH
8.0), 1 % Nonidet P-40, 150 mM sodium chloride, 10 mM
sodium fluoride, 10 mg/l leupeptin, 3 mM benzamidine,
5 pg/ml aprotinin, and 1 mM phenylmethylsulfonyl fluoride.
The lysate was sonicated and centrifuged at 13,000x g for
15 min at 4 °C, and the supernatant was used for immuno-
blotting. Protein concentration was determined by the
Bradford method.

For culture experiments involving the use of protease
inhibitors, a protease inhibitor cocktail (P1860, Sigma, St.
Louis, MO, USA) was added to the culture medium at a final
concentration of 0.75 %. For control cultures, a medium
containing DMSO at a final concentration of 0.75 % was used.

Immunoblotting
We used tricine-SDS PAGE for the detection of low-

molecular-weight proteins [26]. It was unclear whether the
electric stimulation increased or limited the amount of
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secreted proteins. A secreted housekeeping protein has not
been reported. Therefore, we used the volume ratio of the
recovered medium for the loading. The proteins present in
the cell lysate or in the concentrated recovered culture
medium were separated by SDS-PAGE (16 % polyacryl-
amide) and transferred onto a polyvinylidene difluoride
membrane. The membrane was then blocked for 1 h at
room temperature with Tris-buffered saline (10 mM Tris,
150 mM NaCl) containing 0.1 % Tween 20 (TBS-T, pH
7.8) and either 5 % nonfat dry milk or 5 % BSA. Following
this, the membranes were incubated in TBS-T containing
5 % nonfat dry milk and the desired antibody overnight at
4 °C. Membranes were then probed with HRP-conjugated
secondary antibodies (1:1,000) in TBS-T containing 5 %
nonfat dry milk for 1 h at room temperature, and the spe-
cific immunocomplexes were visualized using the
enhanced chemiluminescence system (PerkinElmer Life
Sciences, Boston, MA). Bands were scanned and quanti-
tated with Image J (http://rsbweb.nih.gov/ij/).

Fractionation of exosome

Exosomes were prepared according to reported methods
[27] with minor modifications (Fig. 5a). In brief, the cell
culture medium was centrifuged for 15 min at 2,000x g to
remove debris. Following this, the medium was centrifuged
at 12,000xg for 35 min. Both the supernatant and the
pellet were used for subsequent experiments. The super-
natant was filtered through a Millex-GV Filter (0.22 pm),
and the filtrate was ultra-centrifuged at 110,000xg for
70 min at 4 °C. The supernatant was concentrated with the
help of Vivaspin 20 by centrifuging at 3,000xg for
110 min. The pellet was washed with 600 pl PBS and
centrifuged at 110,000x g for 70 min at 4 °C. The pellet
was mixed with 50 pl of sample buffer for SDS-PAGE
followed by immunoblotting.

Lactate dehydrogenase activity assay

To determine the lactate dehydrogenase (LDH) activity,
the LDH released into the culture medium from the cytosol
of damaged cells was assayed using an LDH assay kit
(Roche, Basel, Switzerland) as per the manufacturer’s
instructions.

Reagents and antibodies

Anti-thioredoxin-1, Alix (3A9) mouse mAb, and anti-B-actin
antibodies were purchased from Cell Signaling Technology
(Boston, MA, USA). Anti-myoglobin was purchased from
epitomics (Abcam, Cambridge, MA, USA). Anti-glutare-
doxin-1 and anti-thioredoxin-2 antibodies were obtained
from R&D Systems (Minneapolis, MN, USA). The anti-

peroxiredoxin-1 antibody was obtained from Thermo Sci-
entific (Rochester, NY, USA). Anti-peroxiredoxin-3 antibody
was purchased from AbFrontier (Seoul, Korea). Anti-per-
oxiredoxin-6 was purchased from Sigma. Anti-glutaredoxin
2 antibody was obtained from the ProteinTech Group (Chi-
cago, IL, USA). Anti-glutaredoxin 3 was purchased from
Abnova (Taipei, Taiwan). The HRP-conjugated anti-mouse
secondary antibody was obtained from Thermo Scientific,
the HRP-conjugated anti-rabbit secondary antibody was
obtained from Cell Signaling Technology, and the HRP-
conjugated anti-goat antibody was purchased from Millipore
(Temecula, CA, USA). All other reagents used in this study
were purchased from Sigma or Wako Pure Chemical
Industries (Osaka, Japan).

Statistics

Data are shown as mean £ SEM. The unpaired Student’s
t test was performed to evaluate the statistical differences
between the two groups. Statistical significance among
multiple groups was determined by performing two-way
ANOVA, followed by Tukey’s test. P < 0.05 was consid-
ered statistically significant.

Results
TRX-1 in the cell culture medium

We first examined whether unstimulated C2C12 myotubes
secreted TRX-1 into the culture medium. TRX-1 was
detected in the culture medium after 1, 3, or 6 h of incu-
bation (Fig. 1). Furthermore, the amount of TRX-1 in the
culture medium increased in a time-dependent manner,
suggesting that TRX-1 is constitutively secreted by C2C12
myotubes (Fig. 1). We also examined the presence of other
redox proteins, including TRX-2, glutaredoxin-1 (GLRX, a
member of the thioredoxin family), GLRX-2, GLRX-3,
peroxiredoxin-1 (PRX, a member of the thiol-redox per-
oxidase family), PRX-3, and PRX-6. These proteins were
also detected in the cell culture medium and their abun-
dance increased in a time-dependent manner (Fig. 1),
suggesting that these redox proteins were also constitu-
tively secreted by C2C12 myotubes.

Secretion of TRX-1 is not regulated by myotube
contraction

It was reported that muscle contraction regulates the
secretion of some myokines [2]. We examined whether the
secretion of TRX-1 was regulated by muscle contraction. A
cultured myotube contraction system that mimicked the
in vivo skeletal muscle contraction was used for this
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Fig. 1 Immunoblotting of the TRX-1 and related redox proteins
present in the C2C12 myotube culture medium. C2C12 myotubes
were incubated in fresh serum-free medium for 1, 3, or 6 h. The
supernatant from the cultures were then concentrated as described in
the “Materials and methods” section and was used for immunoblot-
ting. Each sample was loaded according to the volume-corrected
method (Materials and methods). TRX-1 and -2; glutaredoxin-1, -2,
and -3; and peroxiredoxin-1, -3, and -6 were detected in the culture
medium in a time-dependent manner

purpose [25]. Because cultured C2C12 cells form a
monolayer of myotubes and are more vulnerable to phys-
ical stress (such as contraction or extension) compared to
muscle tissues isolated from mice or rats, LDH activity, a
marker of cell injury in the myotube culture medium was
also measured. The C2C12 myotubes were stimulated to
contract with the help of electric pulses of various strengths
for desired periods. The amount of TRX-1 secreted in
response to contraction induced by electric pulses of 10 V
for 1 h, 10 V for 3 h, 30 V for 3 h, and 12 V for 24 h was
similar to that of the controls (Fig. 2). By examination
under a microscope, we confirmed that the C2C12 myo-
tubes contracted in response to electric pulses of 10 and
30 V (Supplemental Video 1 and 2).

We noticed that under high voltage (50 V at 1 Hz for
3 ms at 997-ms intervals for 6 h), which induced severe
contraction, the amount of TRX-1 in the culture medium
was significantly greater (Fig. 3a). Further, the LDH
activity, a marker of cell injury, in the culture medium of
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Fig. 2 Immunoblotting of the TRX-1 present in the culture super-
natant and the LDH activity in unstimulated (basal) and contracted
C2C12 myotubes. The C2C12 myotubes were stimulated by electric
pulses of a 10 V for 1 h,b 10 V for 3 h,¢ 30 V for3 h,ord 12 V for
24 h at 1 Hz for 3 ms duration at intervals of 997 ms. The medium
collected was concentrated and was subjected to immunoblotting for
TRX-1, and the LDH activity was measured. Left column shows the
representative blots and calculated graph based on the intensity of the
bands. Values in the vertical axis are in arbitrary units (AU). Right
column shows LDH activity under various conditions of stimulation
(n=4and>5)

contracting myotubes was significantly higher than that in
the control medium (Fig. 3b). These observations sug-
gested that under conditions that induced extreme con-
traction, the amount of TRX-1 in the culture medium
increased, likely because of a leakage from the intracellular
sites of the injured C2C12 myotubes. Under these condi-
tions, the amount of other redox proteins examined also
increased in the medium (Fig. 3c). Thus, adequate regu-
lation of the strength of contraction (or level of electrical
stimulation) is necessary to avoid muscle injury and false
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Fig. 3 Immunoblotting of TRX-1-related proteins and LDH activity
in the culture medium of unstimulated (basal) and contracted C2C12
myotubes. The C2C12 myotubes were stimulated by electric pulses of
50 V at 1 Hz for 3 ms at intervals of 997-ms for 6 h. The media
collected were concentrated and subjected to immunoblotting and
LDH activity measurement. a Representative immunoblots (TRX-1)
and calculated graph based on the intensity of the bands. Values in the

results regarding the modulation of myokine secretion by
muscle contraction.

Effect of protease inhibition on TRX-1 secretion

It has been reported that cell types such as cancer cells
[28], mesenchymal stem cells [29], glial cells [30], and
cardiomyocytes [31] release proteases. To exclude the
possibility that the secreted TRX-1 is degraded by secreted
proteases, the C2C12 myotubes were stimulated with
electrical pulses of 50 V for 1 h to contract in the presence
or absence of protease inhibitors in the culture medium.
The amount of TRX-1 accumulated in the culture medium
treated with protease inhibitors was significantly higher
than that detected in the absence of the protease inhibitors,
suggesting that TRX-1 is cleaved by secreted proteases
present in the culture medium. In contrast, there was no
difference in the TRX-1 levels between the control and
contracting myotube cultures, suggesting that the secretion
of the proteases was not contraction dependent (Fig. 4).
This result further confirmed that muscle contraction does
not stimulate TRX-1 secretion from C2C12 myotubes.
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vertical axis are in arbitrary units (AU). The amount of TRX-1 was
significantly higher under this condition (**P < 0.01, n = 4). b LDH
activity in medium. LDH activity was significantly higher
(*P < 0.05, n = 4). ¢ Representative immunoblots showing perox-
iredoxin-1, -3, and -6; glutaredoxin-1, -2, and -3; and myoglobin.
Strenuous contraction augmented the abundance of all proteins
investigated

Exosome fractionation

Proteins secreted via the classical pathway possess an
N-terminal signal peptide, which is necessary for the entry
into the endoplasmic reticulum-Golgi system, where the
proteins are modified, folded, sorted, and transported to the
extracellular space [32]. Recently, a non-classical secretory
pathway, in which the secretion does not depend on the
signal peptide sequence, has been described [32]. This
pathway involves various protein secretion routes, includ-
ing protein translocation across the plasma membrane,
lysosome-dependent secretion, and exosome-mediated
secretion [32]. Although TRX-1 was categorized as a non-
classical secreted protein [14], the detailed mechanism of
its secretion is poorly understood. It has been reported that
the skeletal muscle secretes exosomes, which are micro-
vesicles originating from multivesicular endosomes [27]. It
has also been reported that TRX exists in exosomes [33].
Therefore, we examined whether TRX-1 was secreted via
exosome vesicles. We fractionated exosomes by ultracen-
trifugation as shown in Fig. 5a. Alix, a marker protein of
exosome, was used to verify the accuracy of fractionation.
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Fig. 4 Effect of protease inhibitor on the abundance of secreted
thioredoxin-1 (TRX-1) in the culture medium. a Immunoblotting of
TRX-1 present in the myotube culture medium produced in the
presence or absence of the protease inhibitor cocktail. C2C12
myotubes were stimulated by electric pulses of 50 V at 1 Hz for
3 ms for 1 h. Values in the vertical axis are in arbitrary units (AU).
The amount of secreted TRX-1 present in the myotube culture
medium was higher in the presence of protease inhibitor, but the
secretion was not regulated by the contraction (n = 9-11). Two-way
analysis showed a significant effect for the inhibitor. The amount of
TRX-1 in the culture medium treated with protease inhibitor was
significantly higher than that in the absence of the protease inhibitor
[two-way ANOVA, F(1, 29) = 6.715, P < 0.05]. b LDH activity in
C2C12 myotubes treated with protease inhibitor. Treatment with
protease inhibitor or that combined with electrical stimulation did not
result in an increase in the LDH activity in the medium (n = 9-11)

As shown in Fig. 5b, we were able to successfully isolate
the exosomes. TRX-1 was detected in the supernatant, but
not in the exosomal fraction. This result suggested that
TRX-1 is secreted via exosome-independent pathways. It
has been reported that methylamine inhibits the secretion
of interleukin-13, a protein without a signal peptide
sequence, in activated T cells via an unknown mechanism
[14]. We examined the effect of methylamine on the
secretion of TRX-1 and found that the constitutive secre-
tion of TRX-1 was not inhibited by methylamine (Fig. 5c).
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Fig. 5 Mechanism of secretion of TRX-1. a Flow chart of the
exosome fractionation of the C2CI12 myotube culture medium.
b Immunoblotting of the supernatant and exosome fraction. From
each fraction, a 50-pl sample was loaded. Alix was used as the
exosome marker. TRX-1 was detected in the supernatant. ¢ TRX-1
secreted in the presence of methylamine. The C2C12 myotubes were
treated with 1 mM methylamine for 1 h. Each sample was loaded
according to the volume-corrected method (Materials and methods).
Representative blots showing TRX-1 (C represents control; M repre-
sents methylamine treatment) and the calculated graph are presented.
Values in the vertical axis are in arbitrary units (AU). Secretion of
TRX-1 was unaffected by methylamine treatment (n = 4)

Discussion

The results of this study showed that redox proteins such as
TRX-1 are secreted by C2C12 myotubes. We found that in
the absence of any stimulation, these secreted proteins
accumulated in the culture medium in a time-dependent
manner, suggesting that these proteins were constitutively
secreted as myokines. Further, except when the myotubes
were injured, the TRX-1 secretion was found to be con-
traction independent. These results suggested that redox-
related proteins are not myokines secreted in response to
muscle contraction. Our results clearly show that myotube
injuries caused by severe contraction or electrical stimu-
lation may produce false results in the studies regarding the
secretion of myokines. Previous reports showed that a
12-week walking program increased plasma TRX-1 levels
in human subjects [34]. Although muscle contraction does
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not stimulate acute TRX-1 secretion, it might be possible
that sustained (or intermittent) exercise training increases
TRX-1 expression by de novo synthesis, which contributes
to enhanced constitutive secretion of this protein. A pre-
vious study found enhanced expression of TRX-1 protein
in the peripheral blood mononuclear cells of mice after 12
and 24 h of swimming [24]. Similarly, increased expres-
sion of TRX-1 was found in HeLa cells subjected to oxi-
dative stress for 24 or 48 h [35]. Taken together, enhanced
expression of TRX-1 in the skeletal muscle induced by
exercise may be accompanied by an increase in its con-
stitutive secretion.

TRX-1 is a secreted protein that lacks a signal peptide
sequence. Many proteins lacking a signal peptide sequence
are known to be secreted through exosome-mediated
pathways [32]. Therefore, to understand the mechanism of
secretion of TRX-1, we examined whether TRX-1 was
secreted through an exosome-mediated pathway. Contrary
to our expectations, we found that TRX-1 was present in
the supernatant fraction, but not in the exosome fraction.
Although an earlier study found that methylamine inhibited
the secretion of TRX-1 in activated T cells [14], such an
effect of methylamine on the secretion of TRX-1 from
myotubes was not observed in this study. Therefore, the
precise mechanism by which TRX-1 is secreted from the
skeletal muscle remains unknown. Similar to TRX-1, IL-
1B, a secretory protein, also lacks a signal peptide
sequence. Although a number of studies have attempted to
elucidate the mechanism of secretion of IL-1f, the pathway
remains unclear. A recent review discussed five potential
pathways of IL-1B secretion. These pathways include
secretory lysosomes, secretory autophagy, exosome,
microvesicle shedding, and/or membrane translocation
[36]. TRX-1 may be secreted via exosome-independent
mechanisms.

The role of the secreted TRX-1 remains unknown. One
possibility is that TRX-1 is involved in redox regulation.
Since TRX expression is induced by oxidative stress [35,
37], ROS generated as a result of muscle contraction could
induce TRX-1 expression. Further, it has been shown that
endurance training limits the oxidative damage in mice
[38], likely because of increased expression of antioxidant
genes and enzymes such as a manganese superoxide, dis-
mutase, and catalase [22, 39, 40]. Therefore, TRX-1
induced by exercise may contribute to reduce oxidative
stress as one of the defense mechanisms. Extracellular
TRX-1 plays a role as a redox regulator, a cell growth
regulator [41], and it has chemotactic effects [19]. Extra-
cellular TRX-1 is rapidly oxidized [42]. However, the
oxidized TRX-1 has an inhibitory effect on the expression
and secretion of IL-1p, an inflammatory cytokine in mac-
rophages [42]. MIF, a TRX family member, is a constitu-
tively secreted myokine that appears to regulate glucose

metabolism [11]. It has been reported that muscle con-
traction suppresses the secretion of MIF, which is thought
to enhance glucose transport in the skeletal muscle after
exercise [11]. Although these findings suggest the roles of
secreted TRX-1 in a variety of processes, the precise
effects of TRX-1 secreted from skeletal muscle remain to
be determined.

Increased levels of TRX-1 were found in the culture
medium under strenuous contraction that was accompanied
by an increase in LDH activity in the medium, an indicator
of cellular damage. The skeletal muscle was injured by
strenuous exercise, but was promptly repaired, and the
muscle mass increased via the process of regeneration. This
finding suggested that some of the proteins released from
the damaged skeletal muscle might act as myokines.
Studies have shown that fibroblast growth factor-2 is
released following injury and is involved in skeletal muscle
hypertrophy [43]. Whether this type of release of TRX-1
into the medium is included as one of the secretion
mechanisms remains controversial. However, the increased
TRX-1 release in response to strenuous contraction is more
likely a result of leakage and not secretion. We observed an
increase in IL-6 in the medium following the contraction of
intact C2C12 myotubes (unpublished data). Therefore, it is
likely that mechanisms exist that regulate contraction-
stimulated secretion in muscle cells.

In conclusion, our results showed that the secretion of
TRX-1 from C2C12 myotubes was not regulated by con-
traction. Thus, TRX-1 and other related redox proteins are
constitutively secreted from C2C12 myotubes in the
absence of any stimulation. The precise mechanism by
which TRX-1 is secreted from the skeletal muscle remains
unclear. These redox proteins that are constitutively
secreted from the skeletal muscle may exert antioxidant
and systemic health-promoting effects.
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