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in NF-κB transactivation during oxidative stress in skeletal myoblasts
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Abstract

Skeletal muscle is highly adapted to respond to oxidative imbalances, since it is continuously subjected to an increased production of reactive
oxygen species (ROS) during exercise. Oxidative stress, however, has been associated with skeletal muscle atrophy and damage in many diseases.
In this study, we examined whether MAPK and NF-κB pathways participate in the response of skeletal myoblasts to oxidative stress, and whether
there is a cross talk between these pathways. H2O2 induced a strong activation of ERKs, JNKs and p38-MAPK in a time- and dose-dependent
profile. ERK and JNK activation by H2O2, but not that of p38-MAPK, was mediated by Src kinase and, at least in part, by EGFR. H2O2 also
stimulated a mild translocation of NF-κB to the nucleus, as well as a moderate phosphorylation of its endogenous cytoplasmic inhibitor IκB (at
Ser32/36), without any significant decrease in IκB total levels. Moreover, oxidative stress induced a strong phosphorylation of NF-κB p65 subunit
at Ser536 and Ser276. Inhibition of MAPK pathways by selective inhibitors did not appear to affect H2O2-induced nuclear translocation of NF-κB
or the phosphorylation of IκB. In contrast, phosphorylation of p65 at Ser276 was found to be mediated by MSK1, a substrate of both ERKs and
p38-MAPK. In conclusion, it seems that, during oxidative stress, NF-κB translocation to the nucleus is most likely not related with the MAPK
activation, while p65 phosphorylations are in part mediated by MAPKs pathways, probably modifying signal specificity.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Skeletal muscle is normally subjected to oxidative stress du-
ring exercise, since intense contractile activity is associated with
an increase in free radical production [1–3]. Thus, skeletal muscle
is highly adapted to respond, in vivo, to reduction–oxidation
(redox) imbalances. Reactive oxygen species (ROS), however,
may also contribute to muscle degeneration in many diseases,
such as exercise-induced muscle injuries [4], as well as muscular
dystrophies [5] and atrophies [6,7]. All these pathological con-
ditions have been associated with increased markers of oxidative
stress, including lipid and protein oxidation and increases in
antioxidant levels [5,6,8]. Therefore, the investigation of skeletal
myocytes responses to oxidative stress is of highly importance, in
order to understand the physiological adaptations and to delineate
the origin of muscle disorders.
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In order to respond to oxidative stress, cells display adaptive
mechanisms involved in increasing their antioxidant defenses.
Elevated levels of ROS appear to be detected by redox sensitive
regulatory molecules in the cell that can trigger various signal
transduction cascades [9,10]. Among the major pathways acti-
vated during ROS accumulation, the mitogen-activated protein
kinases (MAPKs) and the nuclear factor-κB (NF-κB) ones are
included [11,12]. These pathways regulate the function of cyto-
plasmic components and the expression of a variety of genes
involved either in survival and proliferation or in the induction of
cell death, depending on the strength and the kind of the stimulus,
as well as the cell-type examined [13–15].

MAPKs include four subfamilies, the best characterised of
which are the ERKs, JNKs and p38-MAPK, and can be activated
by a variety of stimuli. Every MAPK subfamily is composed of a
three sequentially acting kinase module, MEKK, MEK and
MAPK, each one activating the next via phosphorylation. Their
substrates, located in the cytoplasm as well as in the nucleus,
include other kinases, transcription factors, phospholipases and
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cytoskeletal proteins [14,16,17]. In general, ERKs are mainly
involved in anabolic processes, such as cell division, growth and
differentiation, whereas JNKs and p38-MAPK are mostly asso-
ciated with cellular responses to diverse stresses, such as UV irra-
diation and osmotic shock [13,14].

Although MAPK activation during oxidative stress has been
extensively studied, the exact triggering signal of these pathways
remains obscure. In previous studies, the oxidative stress-in-
duced MAPK activation had been associated with kinases of the
Src family [18,19] and various growth factor receptors such as
epidermal growth factor receptor (EGFR) [20–22]. Other stu-
dies, however, implicate thioredoxin (Trx) and apoptosis signal-
regulating kinase 1 (ASK1) proteins inMAPK activation [23,24].
In particular, it is known that ROS induce the dimerization of Trx
and its subsequent dissociation from ASK1, resulting in the
activation of the latter. Activated ASK1 can phosphorylate and
activate MEK3/6 and MEK4/7, leading to the activation of p38-
MAPK and JNKs, respectively [25,26]. Another important me-
chanism involved in the increased MAPK phosphorylation is the
possible oxidative inhibition of specific protein phosphatases that
regulate their function [27].

The first eukaryotic transcription factor shown to respond
directly to oxidative stress was NF-κB [28]. Initial studies had
proposed that an increase in ROS levels was essential for the
NF-κB activation. Recent experimental data though, indicate
that redox-induced activation of NF-κB is highly cell-type-
dependent [29]. According to the classical pathway, activation
of NF-κB, especially the most common form, p50-p65 dimer,
depends on the phosphorylation of its endogenous inhibitor,
IκB, mainly by IκB kinases (IKKs). This leads to ubiquitination
and subsequent proteosomal degradation of IκB, while the
liberated NF-κB dimer translocates to the nucleus, where it
activates specific target genes [30,31].

A growing body of recent data, however, indicates that post-
translational modifications of NF-κB, particularly phosphoryla-
tion and acetylation, play additional significant roles in the acti-
vation of the transcription factor [32–34]. Four different serine
residues of p65 (RelA) subunit can be phosphorylated. Among
them, Ser276 and Ser536may be phosphorylated by the mitogen-
and stress-activated kinase 1 (MSK1) [35] or the ribosomal S6
kinase 1 (RSK1) [36], respectively. Since members of the MAPK
family activate these kinases, they represent a potential interaction
point between these two pathways.

Although there is evidence available concerning a positive
regulation of NF-κB by ERKs and p38-MAPK by the tumor
necrosis factor-α (TNF-α) in various cell types [37,38] or during
myoblast differentiation [39], very little is known on a possible
linkage between these pathways under oxidative stress in the
skeletal muscle.

In the present study, we demonstrate that oxidative stress
induces the activation of both, MAPK and NF-κB pathways in
C2 skeletal myoblasts. C2 myoblasts resemble the resident in
adult muscle satellite cells. Since differentiated muscle cells are
unable to proliferate, myoblasts are responsible for any muscle
growth or regeneration [40]; therefore, their response to oxi-
dative stress-induced muscle degeneration is crucial. Further-
more, our studies show for the first time a cross talk between the
ERKs/MSK1, p38-MAPK/MSK1 and the NF-κB signalling path-
ways in skeletal myoblasts.

2. Materials and methods

2.1. Materials

All chemicals were of the highest grade available and purchased from Sigma-
Aldrich Chemie GmbH (89552 Steinheim, Germany) and Merck (Darmstadt
64293, Germany). The enhanced chemiluminescence (ECL) kit was from Amer-
sham International (Uppsala 751 84, Sweden). Bradford protein assay reagent was
from Bio-Rad (Hercules, California 94547, USA). Nitrocellulose (0.45 μm) was
obtained from Schleicher and Schuell (Keene N.H. 03431, USA). The selective
inhibitors SB203580 (#559389), PD98059 (#513000), SP600125 (#4201119),
AG1478 (#658552) and PP2 (#529573) were obtained from Calbiochem-Nova-
biochem (La Jolla, CA, USA) and the inhibitor GW5074 (#G6416) was purchased
from Sigma-Aldrich Chemie GmbH. [γ-32P]ATP was from Hartmann Analytic
GmbH (Braunschweig, Germany). The NF-κB consensus oligonucleotide
(E3292), T4 polynucleotide kinase (M4101) and T4 polynucleotide kinase buffer
(C1313) were obtained from Promega (Madison, USA). Poly dI-dC (P4929) was
from Sigma-Aldrich Chemie GmbH.

Antibodies specific for the phosphorylated forms of p38-MAPK (#9211), ERKs
(#9101), JNKs (#9251), p65-Ser536 (#3031), p65-Ser276 (#3037), IκB (#9246),
MSK1 (#9595), as well as for the total p38-MAPK (#9212), ERKs (#9102), JNKs
(#9252) and for activated caspase-3 (#9665) were obtained from Cell Signalling
Technology (Beverly, MA 01915, USA). Antibodies specific for the total p65
(#sc109) and IκB (#sc371) were from Santa Cruz Biotechnology Inc. (California
95060,USA). The antibody against actin (#A2103)was fromSigma-AldrichChemie
GmbH. Prestained molecular mass markers (#P7708) were from New England
Biolabs (Beverly, MA 01915, USA). Biotinylated anti-rabbit (#P0448) and anti-
mouse (#P0447) antibodies were from DAKO A/S (DK-2600 Glostrup, Denmark).
X-OMATAR film (13×18 cm)was purchased fromEastmanKodakCompany (New
York 14650, USA).

Cell culture supplies including fetal bovine serum (FBS #A15-043), Dul-
becco's Modified Eagle's Medium (DMEM #E15-843), antibiotics (penicillin,
streptomycin #P11-010) and trypsin/EDTA were purchased from PAA Laborato-
ries GmbH, Pasching, Austria.

2.2. Cell cultures and treatments

In all experiments, C2 murine myoblasts were used. This cell line was a kind
gift from Dr. Yaffe [41]. Cells were grown in a humidified 95% air–5% CO2

atmosphere, in DMEM supplemented with 15% (v/v) heat-inactivated fetal bovine
serum (FBS), 100 U/ml penicillin and 100 μg/ml streptomycin. Experiments were
carried out at a 70% confluence and after at least 3 h of serum deprivation.
Exogenous H2O2 was used as the oxidant at the concentrations and for the times
indicated. When pharmacological inhibitors were used, they were dissolved in
DMSO and added to the medium 30 min prior to treatment with H2O2.

2.3. Protein extraction

Cells were washed twice in ice-cold Ca2+–Mg2+-free phosphate buffer saline
(PBS) and extracted in buffer G [20 mM Hepes, pH 7.5, 20 mM β-glyceropho-
sphate, 20 mM NaF, 2 mM EDTA, 0.2 mM Na3VO4, 5 mM dithiothreitol (DTT),
10 mM benzamidine, 200 μM leupeptin, 10 μM trans-epoxy succinyl-L-leucy-
lamido-(4-guanidino)butane, 300 μM phenyl methyl sulfonyl fluoride (PMSF),
0.5% (v/v) Triton X-100] on ice, for 30 min. Samples were centrifuged (10,000×g,
5 min, 4 °C) and the supernatants were boiled with 0.33 volumes of SDS/PAGE
sample buffer (4×) [0.33M Tris/HCl, pH 6.8, 10% (w/v) SDS, 13% (v/v) glycerol,
20% (v/v) 2-mercaptoethanol, 0.2% (w/v) bromophenol blue].

For the detection of caspase-3 active fragment, cells were lysed with chaps buffer
[50 mMHEPES/KOH pH 6.5, 2 mMEDTA, 0.1% (w/v) chaps, 20 μg/ml leupeptin,
5 mMDDT, 1 mMPMSF, 10 μg/ml aprotinin and 10 μg/ml pepstatin A] by freezing
and thawing at −80 °C (×3). Lysates were then centrifuged (11,000×g, 4 °C, 20 min)
and the supernatants were boiled with 0.33 volumes of SDS/PAGE sample buffer.
Protein concentrations were determined using the BioRad Bradford assay.
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2.4. Sub-cellular fractionation

Cytosolic and nuclear extracts were prepared as previously described [42] with
slight modifications. Briefly, cells were harvested in Buffer A (10 mM HEPES,
10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 1.5 mMMgCl2, 10 mM NaF, 1 mM
Na3VO4, 20 mM β-glycerophosphate, 2 μg/ml leupeptin, 1 mM DDT, 0.5 mM
PMSF, 4μg/ml aprotinin) and incubated on ice for 15min. Samples were centrifuged
(1400×g, 5 min, 4 °C) and the supernatants, containing the cytosolic fraction, were
boiled with 0.33 volumes of SDS/PAGE sample buffer. Pellets were washed with
BufferA containing 0.6% (v/v)Nonidet P40 and centrifuged (1400×g, 5min, 4 °C) to
obtain pellets. Pellets were re-suspended in Buffer B (20 mM HEPES, 0.4 M NaCl,
1mMEGTA, 0.1mMEDTA, 1.5 mMMgCl2, 10mMNaF, 1mMNa3VO4, 20mM
β-glycerophosphate, 2 μg/ml leupeptin, 0.2 mM DDT, 0.5 mM PMSF, 4 μg/ml
aprotinin) and incubated under rotation, for 1 h, at 4 °C. After centrifugation
(11,000×g, 10 min, 4 °C), the supernatants containing the nuclear protein were either
stored at −80 °C for use in electrophoretic mobility shift assays (EMSAs) or boiled
with 0.33 volumes of SDS/PAGE sample buffer for use in Western blotting assays.
Protein concentrations were determined using the BioRad Bradford assay.

2.5. SDS-PAGE and immunoblot analysis

Proteins were separated by SDS-PAGE on 10% (w/v) acrylamide, 0.275% (w/v)
bisacrylamide slab gels and transferred electrophoretically onto nitrocellulose mem-
branes (0.45 μm).Membranes were then incubated in TBS-T [20 mMTris–HCl, pH
7.5, 137mMNaCl, 0.05% (v/v) Tween 20] containing 5% (w/v) non-fatmilk powder
for 30 min at room temperature. Subsequently, the membranes were incubated with
the appropriate antibody according to the manufacturer's instructions. After washing
inTBS-T (3×10min), blotswere incubatedwith horse-radish peroxidase-linked anti-
rabbit or anti-mouse IgG antibodies [1:5000 dilution in TBS-T containing 1% (w/v)
non-fat milk powder, 1 h, room temperature]. After washing again in TBS-T
(3×10 min), bands were detected using enhance chemiluminescence and quantified
by scanning densitometry (Gel Analyzer v.1.0).

2.6. Electrophoretic mobility shift assays (EMSA)

The assay was performed as described by Markou et al. [43] with slight
modifications. Briefly, oligonucleotides corresponding to the binding consensus
sequences of NF-κB were annealed and 5′ end-labelled with [γ-32P]ATP using
T4 polynucleotide kinase. Unincorporated [γ-32P]ATP was removed using α
Sephadex G50 column. Nuclear extracts (10 μg) were incubated (15 min, 4 °C)
in binding buffer (5 mM MgCl2, 34 mM KCl and 0.15 μg/μl poly dI-dC).
Subsequently, samples were incubated for 30 min at 4 °C with 100,000 cpm of
labelled oligonucleotides. In supershift experiments, antibody against the NF-
κB p65 subunit was added to nuclear extracts prior to binding (1 h, 4 °C). DNA-
protein complexes were resolved in 4% polyacrylamide (29:1 acrylamide/bis-
acrylamide) gels, in 0.5× TBE buffer (890 mM Tris–HCl pH 8.0, 890 mM boric
acid, 20 mM EDTA). Gels were dried and exposed to Super RX photo film at
−80 °C for 24 h using an intensifying screen.

2.7. MTT assay

Cell viability was estimated using the MTT assay [44]. Cells were seeded in
96-well culture plates and treated with the oxidant for 24 h. Four hours prior to
the end of treatment, 50 μg MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylte-
trazolium bromide) were added to each well. Finally, cells were lysed in 0.1 M
HCl in isopropanol and optical density was measured in an ELISA microplate
reader (DENLEY, West Sussex, UK) using a 540 nm filter.

2.8. DNA ladder detection

Detection of DNA ladder was performed according to the method described
by Nguyen et al. [45] with minor modifications. Cells were centrifuged (600×g,
Fig. 1. Effect of H2O2 onMAPKs activation in skeletal myoblasts. C2 myoblasts were lef
and J) or with various H2O2 concentrations for 15 min (G, H, K and L) or for 5 min (C and
phospho-p38-MAPK (B andD top panels), p38-MAPK (B andD bottom panels), phospho
and L top panels) and JNK1/2 (J and L bottom panels). Phospho-MAPK bands were quan
control values (A, C, E, G, I and K). *P<0.05, **P<0.01, †P<0.001 vs. control value.
10 min) and washed with PBS. The cell pellet was re-suspended in suspension
buffer (100mMTris–HCl, pH 8, 200mMNaCl, 10 mMEDTA) and lysed by the
addition of an equal volume of digestion buffer (100 mM Tris–HCl, pH 8,
200 mM NaCl, 10 mM EDTA, 0.4% SDS and 200 μg proteinase K). After an
overnight incubation at 55 °C, DNA was extracted twice with a phenol–
chloroform solution [1:1 (v/v)] and the aqueous phase was treated with RNase
(20 μg/ml) for 30 min. DNAwas precipitated with ice-cold ethanol and resolved
in water. 5 μg DNA of each sample was subjected to electrophoresis on a 1%
(w/v) agarose gel and visualised under ultraviolet light after 15 min incubation in
ethidium bromide.

2.9. Statistical evaluations

Western blots and EMSAs shown are representative of at least three inde-
pendent experiments. All data are presented as means±S.E.M. Comparisons
between control and treatments were performed using Student's unpaired t-test.
A value of at least P<0.05 was considered to be statistically significant.
3. Results

3.1. ERKs, JNKs and p38-MAPKs subfamilies are activated by
H2O2 treatment

As the first step in the present study, the activation of MAPK
subfamilies by H2O2 using specific antibodies against the dually
phosphorylated (hence, activated) forms of the kinases was
examined. The results revealed that all three MAPK subfamilies
examined are rapidly and strongly activated by H2O2 treatment,
following a time- and dose-dependent pattern. In particular, p38-
MAPK activation displayed a rapid onset within 5 min of treat-
ment (5.70±0.94 fold relative to controls, P<0.001), followed
by a progressive decline, returning to basal levels within 30 min,
while a second peak was observed (3.01±0.63-fold, relative to
control values, P<0.05) at 120 min of treatment (Fig. 1A and B
top panel). The minimal concentration of H2O2 inducing a
significant p38-MAPK activation was 0.3 mM (2.42±0.22-fold
relative to controls, P<0.05). Increasing H2O2 concentration led
to increased p38-MAPK phosphorylation (7.47±1.1-fold rela-
tive to controls at 3 mM of H2O2, P<0.05) (Fig. 1C and D top
panel).

Activation of ERKs by H2O2 was intense, reaching maximum
values within 15 min of treatment (13.71±0.94-fold relative to
control values for p44 and 11.30±2.03-fold for p42, P<0.001),
decreasing thereafter and reaching control levels at 60 min
(Fig. 1E and F top panel). ERKs activation was induced by lower
H2O2 concentration (0.1 mM) than that of p38 (2.80±0.28-fold
relative to control for p44 and 2.24±0.23-fold for p42, P<0.05)
and maximal activation of the kinases was induced by 3 mM of
the oxidant (20.12±1.51-fold for p44 and 16.70±1.01-fold for
p42, P<0.01, respectively, above basal values) (Fig. 1G and H
top panel).

Activation of JNKs was also observed at 5 min of H2O2

treatment (9.26±1.3-fold, relative to control values for p54 and
5.66±0.99-fold for p46, P<0.05), reaching maximal levels at
t untreated (Ctr) or were treated with 1 mMH2O2 for the indicated times (A, B, E, F, I
D). The kinases were detected by immunoblotting, using specific antibodies against
-ERK1/2 (F andH top panels), ERK1/2 (F andH bottom panels), phospho-JNK1/2 (J
tified by laser scanning densitometry and the results are presented as fold-relative to
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Fig. 2. Effect of pharmacological inhibitors onMAPKs pathways. Cells were treated with 1 mMof H2O2 for 15min (A and B top and middle panels; C and D) or for 5 min
(AandBbottompanels), in the absence or presence of the following inhibitors: PP2 (1 and 10μM),AG1478 (30 and 300 nM),GW5074 (2.5μM) or PD98059 (25μM).The
kinases were detected by immunoblotting, using specific antibodies against phospho-ERKs (A, B, C and D top panels), phospho-JNKs (A and B middle panels), phospho-
p38-MAPK (A and B bottom panels) and ERKs (C and D bottom panels). Phospho-MAPK bands were quantified by laser scanning densitometry and the results are
presented as percentage of phosphorylation compared to the phosphorylation induced by H2O2 (positive control), which is set to 100 (E and F). *P<0.05, **P<0.01,
†P<0.001 vs. positive control value.
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15 min (13.22±1.57-fold relative to controls for p54 and 11.78±
1.31-fold for p46, P<0.01) with a progressive decrease thereafter
(Fig. 1I and J top panel). JNKs activation followed a H2O2 dose-
dependent activation pattern (Fig. 1K and L top panel). Sta-
tistically significant activation was observed at 0.3 mM H2O2 for
p46 (3.67±0.43-fold relative to controls, P<0.05) and at 1 mM
H2O2 for p54 (13.22±1.57-fold relative to control, P<0.01).
Their activation during treatment with 3 mM H2O2 was 17.49±
2.19-fold relative to controls (P<0.05) for p54 and 19.76±1.15-
fold (P<0.01) for p46.

The above results indicate that H2O2 induces a differential
activation of the three well-established MAPK subfamilies, in
relation to both time of exposure and dose of the oxidant. Bottom
panels in Fig. 1 show that there were no changes in the total
cellular pools of all MAPKs examined and, therefore, provide a
control for equal protein loading under these conditions.
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3.2. Src and, partially, EGFR mediate the phosphorylation of
ERKs and JNKs, but not that of p38-MAPK

Although MAPK activation during oxidative stress has been
studied in detail in diverse cell types, the signalling pathways
Fig. 3. MSK1 activation by H2O2. Cells were left untreated (Ctr) or treated with 0.75 m
30min (B). Phosphorylation ofMSK1was examined by immunoblotting, using a specif
phosphorylation aswell as the respective representative immunoblots are shown. (C,D)C
following inhibitors: PD98059 (25 μM), SB203580 (10 μM)H89 (10 μM), PP2 (10 μM
phospho-MSK1. (E) Densitometric analysis of MSK1 phosphorylation in the presence o
phosphorylation induced byH2O2 (positive control), which is set to 100. Actin is used as
and B) or vs. positive control (E) value.
leading to their phosphorylation under such conditions are not yet
clarified. To date, there is no evidence about the mechanisms of
oxidative stress-induced MAPK activation in skeletal muscle
cells. In order to study these pathways, pharmacological inhibitors
of various kinases were used, based on literature data. The results
M of H2O2 for various time periods (A) or with various concentrations of H2O2 for
ic antibody against the phosphorylated form of the kinase. Densitometric analysis of
ells were treated for 30minwith 0.75mMofH2O2 in the absence or presence of the
) or AG1478 (300 nM). Immunoblotting was performed using an antibody against
f various inhibitors is presented as percentage of phosphorylation compared to the
a loading control (C bottom panel). *P<0.05, **P<0.01, †P<0.001 vs. control (A
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of these experiments showed that 10 μMPP2 (a specific inhibitor
of Src kinases) abolishes the activation of ERKs (Fig. 2A top
panel and E) and JNKs (Fig. 2A middle panel and E) induced by
1 mM H2O2, whereas this inhibitor had no effect on p38-MAPK
activation (Fig. 2A bottom panel and E). Moreover, 300 nM
AG1478 (a specific EGFR inhibitor) resulted in a partial inhi-
bition of ERKs (41.99% reduction for p44 and 45.76% for p42,
P<0.05) (Fig. 2B top panel and E), whereas it had not any sig-
nificant inhibitory effect on JNKs activation by H2O2 (Fig. 2B
middle panel and E). Once more, p38-MAPK phosphorylation
was not affected by this inhibitor (Fig. 2B bottom panel and E). To
investigate whether the signalling pathway leading to ERK and
JNK activation was Ras-Raf-mediated, GW5074 (a specific
inhibitor of cRaf1) was used. 2.5 μM of GW5074 diminished the
activation of ERKs induced by H2O2 (Fig. 2C top panel and F),
while it had no effect on the activation of JNKs induced by 1 mM
H2O2 (data not shown). Finally, 25 μM of PD98059 (a selective
MEK1/2 inhibitor) significantly reduced, as it was expected, the
activation of ERKs byH2O2 (Fig. 2D top panel and F). The above
results demonstrate that the activation mechanisms of ERKs and
JNKs by H2O2 comprise common components, such as the Src
kinase. On the contrary, the activation pathway of p38-MAPK by
H2O2 seems to be Src kinase-independent.

3.3. ERKs and p38-MAPKmediate the phosphorylation of MSK1
by H2O2

MSK1 is a substrate of ERKs and p38-MAPK and it was found
to phosphorylate the p65 subunit of NF-κB at Ser276 during
TNF-α stimulation [35]. Therefore, phosphorylation ofMSK1 (at
Thr581) was investigated during H2O2 treatment of C2 myo-
blasts. As shown in Fig. 3A, the kinase was phosphorylated ra-
pidly, within 5 min (6.11±0.99-fold relative to control values,
P<0.05), reaching maximal phosphorylation levels after 30 min
of treatment (9.98±1.03-fold relative to controls, P<0.001). This
Fig. 4. Effect of H2O2 on NF-κB binding activity in skeletal myoblasts. (A) Nuclear
H2O2 for 1 h and subjected to EMSA. Extracts from cells treated for 30 min with 10
nuclear extracts, following the TNF-α treatment, with an anti-p65 antibody, resulted
myoblasts after treatment with 1 mM H2O2 for increasing time periods (Ctr: contro
phosphorylation declined thereafter, but remained considerably
above basal levels for at least 2 h of treatment. A concentration of
0.25 mM of H2O2 was sufficient to induce MSK1 phosphory-
lation (2.56±0.14-fold relative to control values, P<0.01), which
was maximized at 3 mM of H2O2 (24.94±5.14-fold relative to
controls, P<0.05) (Fig. 3B). It appears, therefore, that the phos-
phorylation pattern of MSK1 resembles that of MAPKs.

The inhibitor ofMEK1/2, and consequently of ERKs, PD98059
and the inhibitor of p38-MAPK, SB203580, resulted in a signi-
ficant decrease in H2O2-mediated phosphorylation of MSK1
(54.52±5.38% reduction with PD98059 and 54.5±5.49% reduc-
tion with SB203580, P<0.01) (Fig. 3C top panel and E). Interest-
ingly, simultaneous use of both inhibitors of ERKs and p38-MAPK
did not result in a significant additive effect (Fig. 3C top panel and
E). Furthermore, we examined the effect of the inhibitors of ERK1/
2 upstreamactivators, Src andEGFR, onMSK1phosphorylation.A
considerable decrease in H2O2-induced phosphorylation of MSK1
by 10 μM PP2 (45.23±7.25% reduction, P<0.05) or 300 nM
AG1478 (59.44±4.83% reduction,P<0.01)was observed (Fig. 3D
and E). It has been shown that the inhibitor of MSK1, H89, affects
only the activity of the kinase but not its phosphorylation levels [46].
In accordance with this finding, H89 had no effect on the H2O2-
induced MSK1 phosphorylation (Fig. 3C top panel and E). The
results of these experiments indicate that MSK1 is strongly
phosphorylated by ERKs and p38-MAPK during H2O2 treatment
and may play a role in myoblast response to oxidative stress.

3.4. NF-κB is activated by H2O2 in skeletal myoblasts

We next studied the activation pattern of NF-κB by H2O2. To
this end, cells were treatedwith increasing concentrations ofH2O2

for 2 h, or with 1 mM H2O2 for various time periods. Nuclear
extracts were prepared and subjected to EMSA, to test the DNA
binding activity of the nuclear factor. 0.25 mM H2O2 induced a
moderate activation of NF-κB, which increased in a dose-
extracts were prepared from myoblasts treated with increasing concentrations of
00 U/ml TNF-α were used as positive controls (lane: TNF-α). Pre-incubation of
to a super-shifted band of NF-κB (last lane). (B) EMSA of nuclear extracts of

l, NS: non specific binding).



Fig. 5. Effect of H2O2 on IκB phosphorylation and degradation. Cells were treated with 1 mM H2O2 for various time intervals (B) or with increasing concentrations of
H2O2 for 1 h (D) or with 1000 U/ml TNF-α for 30 min (E). IκB phosphorylation was assessed by immunoblotting using a specific anti-phospho (Ser32/36)-IκB-α
antibody (B, D and E top panels) and total IκB levels were measured using an antibody against total IκB-α (B, D and E bottom panels). Densitometric analysis of the
phosphorylated IκB bands during H2O2 treatments is also presented (A and C). *P<0.05, **P<0.01, †P<0.001 vs. control value.
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dependent manner (Fig. 4A). H2O2-induced NF-κB activation
was also time-dependent, displaying an onset within 15 min,
reaching maximal values within 1 h and remaining considerably
above basal levels for at least 2 h of treatment (Fig. 4B). Nuclear
extracts prepared from cells treated with TNF-α (1000 U/ml) for
Fig. 6. Effect of MAPK inhibition on NF-κB DNA binding activity and IκB phosphor
the following inhibitors: PD98059 (25 μM), SB203580 (10 μM), SP600125 (10 μM
subjected to EMSA. (B) Immunoblotting was performed using an antibody against
30 min were used as positive controls (Fig. 4A). To confirm
binding specificity, we used an antibody against the p65 subunit
of NF-κB. Pre-incubation of nuclear extracts with the antibody
led to a shift of the band to high molecular mass (Fig. 4A). These
results reveal that NF-κB is activated by H2O2 and translocates
ylation. Cells were treated with 1 mM H2O2 for 1 h in the absence or presence of
), PP2 (10 μM) or AG1478 (300 nM). (A) Nuclear extracts were prepared and
the phosphorylated form of IκB.
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into the nucleus. This activation, however, is weaker compared to
the one observed during treatment with its potent inducer, TNF-α.

3.5. H2O2 induces phosphorylation, but not degradation, of IκB-α

Phosphorylation and subsequent degradation of IκB is required
for NF-κB activation, according to the classical activation pathway.
Therefore, IκB phosphorylation was examined, using a specific
antibody against the phosphorylated (Ser 32/36) formof IκB-α.We
found that IκB was phosphorylated during H2O2 treatment, in a
time- and dose-dependent profile. This phosphorylation was rapid,
within 5 min of treatment (1.91±0.05-fold relative to controls,
P<0.01), reached maximal values within 30 min (3.88±0.19-fold
relative to controls, P<0.01) and remained at maximum levels for
at least 2 h (Fig. 5A and B top panel). Phosphorylation of IκB
could be detected when concentration of H2O2 used was 0.5 mM
or higher. Increasing H2O2 concentration induced increasing IκB
phosphorylation (reaching 7.39±0.27-fold relative to controls,
P<0.01, at 3 mM H2O2) (Fig. 5C and D top panel). Thus, we
Fig. 7. H2O2 mediates the phosphorylation of p65. Cells were left untreated (Ctr) or tr
various oxidant concentrations for 30 min (B and D top panel). Phosphorylation o
phospho-Ser536-p65 (A and B) and phospho-Ser276-p65 (C and D). Densitometric a
are shown. Actin is used as a loading control (C and D bottom panels). *P<0.05, *
observed that the phosphorylation pattern of IκB complies with
H2O2-induced DNA binding activity of NF-κB.

However, when total IκB levels were examined, using a
specific antibody, there was not any apparent decrease at all time
points (Fig. 5B bottom panel) and H2O2 concentrations (Fig. 5D
bottom panel) tested. This result suggests that there is not any
significant degradation of IκB during H2O2 treatment. As a
positive control for IκB degradation, cells treated with TNF-α
were used. A slightly stronger phosphorylation of IκB was de-
tected, compared to that induced by H2O2, as well as a con-
siderable decrease in IκB total levels (Fig. 5E). It seems, therefore,
that there are differences in the activation mechanism of NF-κB
by H2O2 compared to that induced by TNF-α.

3.6. MAPKs are not implicated in nuclear translocation of NF-κB

To investigate the possible cross talk between NF-κB and
MAPKs pathways, we initially examined the effect of MAPK
selective inhibitors on DNA binding activity of NF-κB during
eated with 0.75 mM of H2O2 for various time periods (A and C top panel) or with
f p65 was examined by immunoblotting, using two specific antibodies against
nalysis of phosphorylation as well as the respective representative immunoblots
*P<0.01, †P<0.001 vs. control value.



Fig. 8. Effect of MAPKs inhibitors on Ser536-p65 phosphorylation. Cells were
treated with 0.75 mM of H2O2 for 30 min in the absence or presence of the
following inhibitors: PD98059 (25 μM), SB203580 (10 μM), SP600125 (10 μM),
PP2 (10 μM) or AG1478 (300 nM). The phosphorylation of Ser536-p65 was
detected by immunoblotting, using a specific antibody (A top panel and B). Actin
is used as a loading control (A bottom panel). (C) Densitometric analysis of
Ser536 phosphorylation in the presence of various inhibitors is presented, as
percentage of phosphorylation compared to the phosphorylation induced by H2O2

(positive control), which is set to 100. **P<0.01 vs. positive control value.
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H2O2 treatment. There was not any significant alteration of the
H2O2-induced activation of NF-κBwhen the cells were pretreated
with the inhibitors of ERKs, JNKs, p38-MAPK, Src and EGFR
(Fig. 6A). Moreover, none of the above inhibitors affected IκB
phosphorylation (Fig. 6B). These results suggest that MAPKs
pathways are not involved in the nuclear translocation of the
transcription factor during H2O2 stimulation.

3.7. NF-κB p65 subunit is phosphorylated at Ser536 and Ser276
during stimulation with H2O2

Activation of NF-κB involves not only dissociation from IκB
but also transactivation through post-translational modifications of
its p65 subunit. Thus, to further investigate the activation of NF-κB
and the possible interactions with MAPKs, the phosphorylation
status of two main p65 phosphorylation sites, Ser276 and Ser536,
was examined. These residues were chosen since there are reports
suggesting that they are substrates of MSK1 and RSK1, respect-
ively, kinases downstream of MAPK pathways [35,36]. We found
that H2O2 induced a time- and dose-dependent phosphorylation of
both residues, but with quite different profiles. Phosphorylation at
Ser536 was rapid, within 5 min of treatment (2.09±0.14-fold re-
lative to controls, P<0.05). Maximal phosphorylation of this re-
sidue was observed 30 min (4.05±0.39-fold relative to control
values,P<0.01) after the onset of the treatment, remaining at these
maximum levels for at least 2 h (Fig. 7A). The concentration of
H2O2 inducing maximal Ser536 phosphorylation was 0.75 mM
(4.05±0.39-fold relative to controls, P<0.01), while further in-
crease of its concentration resulted in a progressive decrease of this
phosphorylation, remaining, though, above basal levels (Fig. 7B).

Significant phosphorylation of p65 at Ser276 was induced at a
later time point (30min), but was stronger (8.18±0.45-fold relative
to controls,P<0.001), compared to the phosphorylation at Ser536.
A decrease of Ser276 phosphorylation was observed thereafter,
although it remained above control levels, even after 2 h of treat-
ment (Fig. 7C). Phosphorylation of Ser276 during treatment with
increasing H2O2 concentrations displayed a maximum at 0.75 mM
and remained at maximal levels during further increase of H2O2

concentration (Fig. 7D). These results demonstrate that p65 subunit
of NF-κB is phosphorylated at least at two different serine residues
during H2O2 treatment. The phosphorylation pattern of these resi-
dues is different and, it seems that, the one of Ser276, but not that of
Ser536, is comparable with the activation profile of MAPKs.

3.8. p65 phosphorylation at Ser536 is Src-dependent

To investigate whether there are interactions between NF-κB
and MAPKs pathways at the transactivation level, we used in-
hibitors of MAPKs cascades and examined their effect on H2O2-
induced p65 phosphorylations. Concerning Ser536 phosphoryla-
tion, we observed that inhibition of ERKs, JNKs and p38-MAPK,
using their selective inhibitors PD98059, SP600125 and
SB203580, respectively, had no effect on H2O2-induced phos-
phorylation of this residue (Fig. 8A top panel and C). On the
contrary, Src inhibitor, PP2, considerably reduced H2O2-induced
phosphorylation of Ser536 (44.99±1.62% reduction, P<0.01),
whereas EGFR inhibitor, AG1478, did not cause any significant
decrease of Ser536 phosphorylation (Fig. 8B andC). These results
imply that this residue is not a direct or indirect substrate of any
MAPK subfamily, although there are common upstream activators
(such as Src) of p65 (Ser536), ERKs and JNKs.

3.9. Phosphorylation of p65 at Ser276 is MSK1-mediated

We further examined the effect of MAPK pathways inhibitors
on H2O2-induced phosphorylation of p65 at the second amino acid
residue (Ser276).While JNK inhibitor SP600125 did not affect this
phosphorylation (data not shown), inhibition of ERKs and p38-
MAPK, by PD98059 and SB203580, respectively, resulted in a
significant reduction of Ser276 phosphorylation (67.5±4.25% re-
duction by PD98059 and 63.4±6.05% reduction by SB203580,
P<0.01) (Fig. 9A top panel and C). The use of both inhibitors
simultaneously, however, did not exhibit any additive effect
(Fig. 9A top panel and C). Furthermore, the effect of Src and
EGFR inhibitors, PP2 and AG1478, respectively, on Ser276 phos-
phorylation was examined. In both cases, the H2O2-induced phos-
phorylation of this residue was decreased (68.42±4.19% reduction
by PP2, P<0.01, and 44.15±9.42% reduction by AG1478, P<
0.05) (Fig. 9B and C). Finally, the effect of the potent MSK1
inhibitor H89 was studied. This inhibitor diminished the phos-
phorylation of Ser276 by H2O2 (82.67±3.1% reduction, P<0.01)
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(Fig. 9A top panel and C). As it is suggested by these results, ERK
and p38-MAPK are implicated in H2O2-induced phosphorylation
of p65 at Ser276 and probably this phosphorylation is MSK1-
mediated. Consequently, although there is not any interaction
between NF-κB andMAPKs at the level of NF-κB translocation to
the nucleus, it seems that there is a cross talk between these
pathways at the NF-κB transactivation level.

3.10. H2O2-induced cell death of myoblasts is probably not related
to apoptotic events

To estimate the effect of H2O2 onmyoblast viability, cells were
treated with the oxidant for 24 h and subjected toMTTassay. Cell
viability was not affected by H2O2 treatment, except when high
doses (at least 1 mM) were used (Fig. 10A). To investigate whe-
ther apoptotic mechanisms are implicated, we examined the ac-
tivation of caspase-3 using an antibody against its active peptide
and additionally, we performed the DNA fragmentation assay.
Caspase-3was not activated byH2O2 (Fig. 10B) andDNAdid not
display the characteristic apoptotic laddering pattern (Fig. 10C).
The above results, taken together, suggest that high H2O2 con-
Fig. 10. Effect of H2O2 on C2 myoblast viability. Cells were treated with various
concentrations of H2O2 for 24 h. (A) A MTT assay was performed and the
results are presented as percentage over controls (untreated cells). (B) Activated
caspase-3 was detected using an antibody against its active fragment. (C) DNA
was extracted and electrophoresed on a 1% agarose gel for the detection of DNA
ladder. *P<0.05, †P<0.001 vs. control value.

Fig. 9. Effect of MAPKs inhibitors on Ser276-p65 phosphorylation. Cells were
treated with 0.75 mM of H2O2 for 30 min in the absence or presence of the
following inhibitors: PD98059 (25 μM), SB203580 (10 μM), H89 (10 μM), PP2
(10 μM) or AG1478 (300 nM). The phosphorylation of Ser276-p65 was
detected by immunoblotting, using a specific antibody (A top panel and B).
Actin is used as a loading control (A bottom panel). (C) Densitometric analysis
of Ser276 phosphorylation in the presence of various inhibitors is presented, as
percentage of phosphorylation compared to the phosphorylation induced by
H2O2 (positive control), which is set to 100. *P<0.05, **P<0.01 vs. positive
control value.
centrations (i.e. 3 mM) induce necrosis of skeletal myoblasts
rather than apoptosis.

4. Discussion

Skeletal muscle cells are capable of adapting to intense redox
imbalances [3] and, therefore, they represent an ideal experimen-
tal system in studying the mechanisms during oxidative stress. As
it has been shown in various studies, exogenously added oxidative
compounds display a moderate effect on these cells' viability,
even at quite high concentrations [47,48], a result revealing their
“tolerance” during acute accumulation of ROS. However, the
mechanisms implicated in this response are not well defined and,
thus, the investigation of the pathways regulating the cellular
function during oxidative stress is very important. For this pur-
pose, we studied the effect of H2O2 on two major pathways,
MAPK and NF-κB, respectively, in C2 skeletal myoblasts.

We observed that treatment of C2 myoblasts with H2O2

strongly activated the three well-established MAPK subfamilies
examined, in a dose- and time-dependent manner (Fig. 1). In-
creasing concentrations of H2O2 resulted in increased MAPK
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activation. However, the time-course of this activation differed
among the MAPK subfamilies. Activation of ERKs and JNKs
was transient, maximized at 15 min, declining thereafter. On the
other hand, p38-MAPK activation was more rapid, maximizing
within 5min and displaying a biphasic pattern, with a second peak
obtained at 2 h of treatment. This p38-MAPK re-activation could
be attributed to a feedback mechanism, mediated by its either
upstream activators or downstream targets, a phenomenon that
has been previously reported (p38 is also known as reactivating
kinase—RK) [14,49,50].

A question remaining unanswered is whether different cell
types share similar activation mechanisms of MAPKs pathways.
EGFR and Src kinases have been shown tomediate ROS-induced
MAPK activation in vascular endothelial cells [20], renal epithe-
lial cells [21], cardiomyocytes and heart fibroblasts [22]. Our
results point as well to a Src-dependent activation of ERKs and
JNKs by H2O2 in skeletal myoblasts (Fig. 2). Whether, in our
experimental system, Src and EGFR lie in the same pathway
leading to MAPK activation is under investigation. In agreement
with Purdom and Chen [22], we observed that PP2 (a Src kinase
inhibitor) displayed much higher efficiency inhibiting MAPK
activation than AG1478 (an EGFR inhibitor) (Fig. 2). Src kinase
is a well-known downstream target of EGFR tyrosine kinase [51].
Conversely, it has been shown that Src kinase can phosphorylate
EGFR at Tyr845, stabilizing the activated state of the kinase
domain, leading, consequently, to the activation of the MAPK
cascade [20,52]. Therefore, in the case of a ligand-independent
activation of EGFR, the sequential relationship between Src ki-
nase and EGFR is not yet clarified.

H2O2-induced p38-MAPK phosphorylation was not affected
by the above inhibitors, implying the existence of a completely
different activation mechanism for this kinase. It is possible that
Fig. 11. A schematic model summarizing the resu
activation of p38-MAPK is regulated by Trx and ASK1 proteins
[23], although this hypothesis remains to be elucidated.

Our results also indicate thatMSK1 is strongly phosphorylated
by H2O2 treatment and that this phosphorylation is mediated by
both, ERKs and p38-MAPK (Fig. 3). MSK1 phosphorylation by
H2O2 was significantly reduced by ERK and p38-MAPK inhi-
bitors as well as by inhibition of ERK upstream molecules, Src
kinase and EGFR. The phosphorylation pattern of MSK1 fol-
lowed closely the activation pattern of MAPKs. When both ERK
and p38-MAPK were inhibited, we did not observe further in-
hibition of MSK1 phosphorylation. This may seem inconsistent,
but we should take into consideration that it is unclear how the
kinetics of ERK and p38-MAPK phosphorylation interact and
coordinate MSK1 activation and that SB203580 can inhibit only
the alpha and beta isoforms of p38-MAPK [53], while in skeletal
muscle p38 gamma is largely expressed and may contribute to
MSK1 phosphorylation as well. MSK1 phosphorylation by oxi-
dative stress has been also reported in other cell types [54,55],
although in those cases MSK1 activation was mediated only by
p38-MAPK, and not by ERK. The activation of the kinase in the
above studies was correlated with the subsequent activation of
transcription factors (CREB and AP1, respectively).

As the transcription factor NF-κB is subjected to a
complicated redox regulation in a cell-type specific manner
[29], we examined its activation during oxidative stress in
skeletal myoblasts. We found a mild time- and dose-dependent
activation of NF-κB, as it was demonstrated by the increase in
its DNA-binding activity, assessed by EMSA (Fig. 4). We also
observed an increase in IκB phosphorylation (Ser32/36) by
H2O2, exhibiting a similar profile with the DNA-binding
activity of NF-κB (Fig. 5). However, we did not observe any
decrease in IκB total levels, a result indicating that there is not
lts of this study. → induction, ⊣ inhibition.
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any apparent degradation of IκB during oxidative stimulus. This
result implies that there is an alternative activation mechanism
of the transcription factor during this treatment. It has been
reported that certain agents, including H2O2, activate NF-κB not
through serine but through tyrosine phosphorylation of IκB and
this may not lead to IκB degradation [56]. Thus, IκB remains
bound to the dimer in the cytosol and only a small fraction of the
transcription factor translocates into the nucleus. In other
studies, another mechanism of NF-κB activation has been
proposed, without the implication of IκB degradation, nor its
tyrosine phosphorylation. This mechanism is based on reduced
binding of NF-κB to IκB due to increased phosphorylation of
p65 subunit of NF-κB [36]. These theories could explain the
mild activation of NF-κB by H2O2, compared to the strong one
observed during treatment with its potent inducer, TNF-α.
Activation of NF-κB by oxidative stress has been previously
reported in skeletal myotubes [57,58], correlated with their
resistance to oxidative injury. The precise mechanism of NF-κB
activation, however, was not examined in these studies. Zhou et
al. [57] used a mutant IκB-α to inhibit NF-κB activation. This
mutation involves the phosphorylation site of IκB. Thus, we
may assume that the phosphorylation of IκB is important for
NF-κB activation, even if it does not lead to IκB degradation.

A growing body of evidence supports that post-translational
modifications play particularly important roles in the activation of
NF-κB. Both phosphorylation and acetylation of p65 subunit of
the transcription factor seem to be critical for the effective regu-
lation of gene transcription by NF-κB. These modifications alter
the ability of NF-κB dimers to bind DNA, recruit co-activators
and bind IκB [33,59]. Recently, the transactivation of NF-κB has
been linked with the MAPK substrates RSK1 and MSK1 that
were shown to phosphorylate p65 subunit at serine 276 and serine
536, respectively [35,36]. To further investigate oxidative stress-
mediated activation of NF-κB, we examined the phosphorylation
status of these two residues, duringH2O2 treatment. As it is shown
in Fig. 7, these two sites are phosphorylated by H2O2, in a time-
and dose-dependent manner. The phosphorylation pattern of
Ser276 is similar with that of MAPK andMSK1. On the contrary,
the phosphorylation pattern of Ser536 is completely different
compared to that of MAPK. Overall, it seems that the translo-
cation of NF-κB dimer to the nucleus (as shown by EMSA) is
accompanied with its phosphorylation at both aminoacid residues
examined.

We further investigated whether MAPK pathways are im-
plicated in any level of NF-κB activation. Using specific inhi-
bitors of the kinases, we found that none of the MAPK pathways
examined had an effect onH2O2-inducedDNAbinding activity of
NF-κB or on Ser32/36 phosphorylation of IκB (Fig. 6). These
results suggest that MAPKs are not involved in the processes
leading to dissociation of NF-κB dimer from IκB and to nuclear
translocation of the transcription factor.

Phosphorylation of p65 residue Ser536 was shown to be
dependent on the Src kinase, while MAPKs were not implicated
in this phosphorylation (Fig. 8). A kinase that has often been
implicated in this phosphorylation is IKK, as has been shown
during TNF-α treatment [59,60]. It is not known whether this is
also the case during oxidative stimulus. An interesting point,
according to our data, is that Src kinase seems to mediate the
activation of multiple, diverse signalling pathways during H2O2

treatment.
On the other hand, our experiments showed that the phos-

horylation of the other residue (Ser276) examined was mediated
by MAPKs. In particular, we found that the inhibitors of p38-
MAPK and ERKs, as well as the inhibitors of molecules upstream
of ERKs (Src kinase and EGFR) reduced the H2O2-mediated
phosphorylation of p65 at Ser276 (Fig. 9). Moreover, the potent
inhibitor of MSK1, H89, diminished this phosphorylation. These
results suggest that Ser276 of p65 could be a target for MSK1
during oxidative stimulus. This specific site is also phosphory-
lated by protein kinase A (PKA), during LPS (lipopolysacharide)
treatment [61] and H89 inhibits PKA as well. However, the fact
that Ser276 phosphorylation is attenuated by inhibition of ERK
and p38-MAPK, two kinases that have been shown to activate
MSK1, further enhances the idea that this specific phosphoryla-
tion is mediated by MSK1. Still, whether MSK1 is the only
Ser276-p65 kinase is uncertain.

5. Conclusions

Taken together, our results (summarized in Fig. 11) demon-
strate that both MAPK and NF-κB pathways are activated during
oxidative stress in skeletal myoblasts, providing evidence on their
activationmechanisms.We show for the first time thatMAPKs, in
particular ERKs and p38-MAPK, are implicated in NF-κB trans-
activation by oxidative stimulus, and that this action is probably
mediated by MSK1.

Overall, the regulation mechanisms involved in NF-κB acti-
vation are complicated; integrated signals arising from diverse
pathways are required for its translocation and/or transactiva-
tion, reflecting the differential cell-type-dependent responses
observed under oxidative stress.
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