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                             HOX-1 and COX-2: Two differentially regulated key mediators 
of skeletal myoblast tolerance under oxidative stress       
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Abstract
 The exact physiological role of oxidative stress as a primary cause for skeletal muscle pathological conditions involving 
muscle degeneration remains elusive. Therefore, the present study was performed so as to decipher the signalling pathways 
orchestrating the potential cytoprotective role of heme oxygenase 1 (HOX-1) as well as cyclooxygenase 2 (COX-2) in skel-
etal myoblasts exposed to H 2 O 2 . Cell treatment with H 2 O 2  (0.5 mM) resulted in a time- and dose-dependent response of 
HOX-1 and COX-2 mRNA and protein levels, with ERK1/2, p38-MAPK and MSK1 found to mediate these effects. Fur-
thermore, Src and JNKs blockade attenuated COX-2 response. Collectively, these novel fi ndings highlight for the fi rst time 
HOX-1 and COX-2 fundamental contribution to skeletal myoblast tolerance under oxidative stress, since their inhibition 
signifi cantly attenuated viability of skeletal myoblasts. The data also delineate the various effectors regulating HOX-1 and 
COX-2 expression, probably alleviating muscle degeneration in related disorders.  

  Keywords:   HOX-1  ,   COX-2  ,   protein kinases  ,   survival  ,   skeletal myoblast  ,   hydrogen peroxide  
    Abbreviations: AP1  ,   Activator protein 1; BSA  ,   Bovine serum albumin; COX-2  ,   Cyclooxygenase 2; DMSO  ,   Dimethyl-
sulphoxide; EMSA  ,   Electrophoretic mobility shift assay; ERK1/2  ,   Extracellular signal-regulated kinases; GAPDH  ,  
 Glyceraldehyde-3-phosphate dehydrogenase; HOX-1  ,   Heme oxygenase 1; JNKs  ,   cJun-N-terminal kinases; MAPKs  ,   Mitogen-
activated protein kinases; MSK1  ,   Mitogen and stress activated kinase; PCR  ,   polymerase chain reaction; PGE 2   ,   Prostaglandin 
E2; SDS-PAGE  ,   Sodium dodecyl sulphate-polyacrylamide gel electrophoresis; ZnPP  ,   zinc protoporphyrin   
  Introduction 

 Stressful conditions trigger a complex network 
of compensatory cellular responses that ensure pres-
ervation of cell homeostasis or induce apoptosis. 
Reactive oxygen species (ROS) have been found to 
act as signalling molecules modulating diverse bio-
logical processes exerting either benefi cial or detri-
mental effects [1]. Thus, elevated levels of ROS may 
cause injury, resulting in severe pathological states 
including skeletal muscle disorders, i.e. sarcopenia, 
Duchenne and Becker muscular dystrophies [2,3]. 
Given that differentiated skeletal muscle cells have 
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lost the ability to proliferate and that regeneration can 
mainly be achieved through myoblasts [4], it is of 
high importance to unravel the signal transduction 
pathways involved in their response to oxidative stress. 
The C2 cell line, which originated from crush injured 
mouse muscular myogenic cells, constitutes a widely 
used model closely resembling satellite cells in adult 
skeletal muscle [5]. Therefore, these cells comprise 
an ideal experimental setting for studying and eluci-
dating the biochemical cascades responsible for 
compensation of oxidative stress, ensuring skeletal 
muscle function. 
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 C2 skeletal myoblasts exquisite tolerance to high 
ROS levels, previously established by our group [6], 
comprises a unique feature of these cells compared to 
other cell types. Therefore, the denomination of the 
principal  ‘ mediators ’  of this feature is intriguing. H 2 O 2  
being more stable than other ROS and diffusing 
freely through membranes [7], we made an effort to 
investigate the H 2 O 2 -triggered C2 skeletal myoblast 
responses and examine their respective regulatory 
signal transduction mechanisms. 

 Excessive levels of free radicals are counteracted 
via upregulation of endogenous enzymatic or non-
enzymatic systems (i.e. thioredoxin, glutathione per-
oxidase, catalase) [8] as well as other redox-related 
proteins such as heme oxygenase 1 (HOX-1) [9]. 
HOX-1, in particular, exhibits its antioxidant activity 
by acting as the rate-limiting enzyme in heme catabo-
lism, yielding biliverdin, carbon monoxide (CO) and 
free iron (Fe 2  � ) [10]. Interestingly, there is ample 
evidence demonstrating that HOX-1 is induced by a 
plethora of stimuli including heavy metals, UV radia-
tion, heat shock, infl ammatory cytokines, prostaglan-
dins and oxidative stress [11,12] and exerts a 
cytoprotective role. Therefore, it appeared intriguing 
to probe into its potential role in the present study. 
Furthermore, an effort was undertaken in order to 
explore cyclooxygenase-2 (COX-2) possible involve-
ment in the H 2 O 2 -triggered response in skeletal 
myoblasts, since H 2 O 2  is known to stimulate prosta-
glandin (PG) production  in vivo  [13] and COX is 
responsible for the generation of PGH 2 , the main pre-
cursor molecule of all prostanoids, including PGE 2  
[14]. Among the isoforms of COX identifi ed so far, 
COX-1 is constitutively expressed, while COX-2 has 
a more limited distribution pattern and is transiently 
induced by various stimuli including cytokines, mito-
gens, cell injury and hyperosmolarity [15,16]. Several 
studies have also implicated COX-2 in skeletal myo-
blasts stretch-induced proliferation [3], as well as in 
the early stages of skeletal muscle regeneration [17]. 

 Various reports have focused on the intermediacy 
of mitogen-activated protein kinases (MAPKs) in 
both HOX-1 and COX-2 regulation, depending on 
the experimental model and the stimulus examined 
[18,19]. MAPKs consist of three major and exten-
sively characterized sub-families: the extracellular 
signal-regulated kinases 1 and 2 (ERK1/2), c-Jun 
N-terminal kinases (JNKs) and p38-MAPK [20]. 
These Ser/Thr kinases can be activated by growth 
factors, mitogens and various types of environmental 
stress. Upon activation, MAPKs interact with their 
target-substrates that include other protein kinases 
(MAPKAPK2, MSK1), cytoskeletal proteins (i.e. 
tau) as well as transcription factors (Elk-1, ATF-2, 
c-Jun, NF- κ B) located both in the cytoplasm and the 
nucleus [20]. The above-mentioned MAPK sub-fam-
ilies have all been shown to be activated by oxidative 
stress, leading to the stimulation of apoptotic or cell 
survival mechanisms depending on the type, strength 
and the duration of the stimulus, as well as the cell 
type studied [6,21]. Among the redox-sensitive tran-
scription factors that modulate gene expression under 
oxidative stress conditions, a pivotal role has been 
attributed to nuclear factor  κ B (NF- κ B) and activator 
protein 1 (AP1) [22]. What is more, the mitogen- and 
stress-activated kinase 1 (MSK1), another MAPKs 
substrate, has been shown to participate in the activa-
tion of these transcription factors via phosphorylation 
of the p65 sub-unit of NF- κ Β [23] and of AP1 com-
ponents: cJun and ATF2 [18]. 

 Overall, the present study was designed to address 
HOX-1 and COX-2 potential contribution to skeletal 
myoblast tolerance to oxidative stress as well as the 
signalling pathways involved in the regulation of their 
expression. Furthermore, our fi ndings also offer for 
the fi rst time a better understanding of COX-2 
pro-survival role in oxidative stress-exposed skeletal 
myoblasts.   

 Materials and methods  

 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 Amersham International (Uppsala, 
Sweden). Bradford protein assay reagent was from 
Bio-Rad (Hercules, CA). Nitrocellulose (0.45  μ m) 
was obtained from Schleicher  &  Schuell (Keene, 
NH). The selective inhibitors SB203580 (#559389), 
PD98059 (#513000), SP600125 (#4201119) and 
PP2 (#529573) were obtained from Calbiochem-
Novabiochem (La Jolla, CA). The inhibitor H89 
(#Β1427) was from Sigma-Aldrich Chemie GmbH 
(Steinheim, Germany). COX-2 inhibitor: sc236 
(#10004219) and PGE 2  immunoassay kit (#514010) 
were obtained from Cayman Chemical Company 
(Michigan). [ γ - 32 P] ATP was from Hartmann Ana-
lytic GmbH (Braunschweig, Germany). The activator 
protein 1 (AP1) consensus oligonucleotide (#E3202), 
T4 polynucleotide kinase (M4101) and T4 polynu-
cleotide kinase buffer (C1313) were obtained from 
Promega (Madison, WI). ZnPP (#282820) and poly 
dI-dC (P4929) were from Sigma-Aldrich Chemie 
GmbH. Antibodies specifi c for the phosphorylated 
forms of MSK1 (#9595), p65 NF- κ B (#3037), c-Jun 
(#9261), ATF-2 (#9221) as well as antibodies 
specifi c for total c-Jun (#3037) and ATF-2 (#9222) 
were obtained from Cell Signaling Technology (Bev-
erly, MA). The anti-actin was from Sigma-Aldrich (St. 
Louis, MO) while anti-histone-1 was from Neomarkers 
(Fremont, CA). Pre-stained molecular mass markers 
(#P7708) were from New England Biolabs (Beverly, 
MA). HRP-conjugated anti-rabbit (#P0448) and 
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anti-mouse (#P0447) antibodies were from DAKO 
A/S (DK-2600 Glostrup, Denmark). Fluorescent 
dye-labelled anti-rabbit IgG Alexa Fluor ®  488 (#A-
11008) and Alexa Fluor ®  594 (#A-11012) were from 
Invitrogen-Molecular Probes (Eugene, OR). Super 
RX fi lm (24  �  18 cm) was purchased from FujiFilm 
Europe GmbH (Dusseldorf, Germany). TRIzol ®  
reagent (#15596-026) and Reverse Tanscriptase 
M-MLV (#28025-013) were obtained from Invitro-
gen Life Technologies (California). Taq polymerase 
(#101025) was from Bioron GmbH (Ludwigshafen, 
Germany). Cell culture reagents including foetal 
bovine serum (FBS #A15-043), Dulbecco ’ s Modifi ed 
Eagle ’ s Medium (DMEM #E15-843), antibiotics 
(penicillin, streptomycin #P11-010) and Trypsin/
EDTA were purchased from PAA Laboratories 
GmbH (Pasching, Austria). GelRed TM  10,000X solu-
tion in water (#41003) was obtained from Biotium 
Inc. (Hayward, CA).   

 Cell cultures and treatments 

 In all experiments, C2 murine myoblasts were used. 
This cell line was kindly provided by Dr Yaffe [5]. 
Cells were grown in a humidifi ed 95% air – 5% CO 2  
atmosphere, in DMEM supplemented with 15% 
(v/v) heat inactivated foetal bovine serum (FBS), 
100 U/ml penicillin and 100  μ g/ml streptomycin. 
Experiments were carried out at a 70% confl uence 
and after at least 3 h of serum deprivation. Exoge-
nous H 2 O 2  was used as the oxidant agent at the 
concentrations and for the times indicated. When 
pharmacological inhibitors were used they were dis-
solved in DMSO and added to the medium 30 min 
prior to treatment with H 2 O 2 , with the exception of 
sc236, which was dissolved in ethanol and was 
added to the medium 60 min prior to treatments. 
Control experiments with DMSO or ethanol alone 
were also performed for the same duration (data not 
shown).   

 Protein extraction 

 Cells were extracted in buffer G (20 mM Hepes, pH 
7.5, 20 mM  β -glycerophosphate, 20 mM NaF, 2 mM 
EDTA, 0.2 mM Na 3 VO 4 , 5 mM dithiothreitol (DTT), 
10 mM benzamidine, 200  μ M leupeptin, 10  μ M 
trans-epoxy succinyl-L-leucylamido-(4-guanidino)
butane, 300  μ M phenyl methyl sulphonyl fl uoride 
(PMSF), 0.5%(v/v) Triton X-100) and incubated 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 (4X) (0.33 
M Tris/HCl, pH 6.8, 10% (w/v) SDS, 13% (v/v) 
glycerol, 20% (v/v) 2-mercaptoethanol, 0.2% (w/v) 
bromophenol blue). Protein concentrations were 
determined using the BioRad Bradford assay.   
 Preparation of nuclear extracts 

 Cells were harvested in Buffer A (10 mM Hepes pH 
7.9, 10 mM KCl, 0.1 mM EGTA, 0.1 mM EDTA, 
1.5 mM MgCl 2 , 10 mM NaF, 1 mM Na 3 VO 4 , 20 mM 
 β -glycerophosphate, 2  μ g/mL leupeptin, 1 mM DDT, 
0.5 mM PMSF, 4  μ g/mL aprotinin) and incubated 
on ice for 15 min. Samples were centrifuged (1400  g , 
5 min, 4 ° C) and the supernatants discarded. Pellets 
were washed with Buffer A containing 0.1% (v/v) 
Nonidet P40 and centrifuged (1400  g , 5 min, 4 ° C). 
Subsequently, pellets were re-suspended in Buffer B 
(20 mM Hepes pH 7.9, 0.4 M NaCl, 1 mM EGTA, 
0.1 mM EDTA, 1.5 mM MgCl 2 , 10 mM NaF, 1 mM 
Na 3 VO 4 , 20 mM  β -glycerophosphate, 2  μ g/mL leu-
peptin, 0.2 mM DDT, 0.5 mM PMSF, 4  μ g/mL 
aprotinin) and incubated under rotation, for 1 h at 
4 ° C. After centrifugation (11 000  g , 10 min, 4 ° C), 
protein concentrations in the supernatants (contain-
ing the nuclear protein) were determined using the 
BioRad Bradford assay and samples were either stored 
at  � 80 ° C for use in the electrophoretic mobility 
shift assays (EMSAs) or boiled with 0.33 volumes 
of SDS/PAGE sample buffer (4X) for Western blot 
analysis.   

 Western blot 

 Proteins (20  μ g) were separated by SDS-PAGE on 
10% (w/v) acrylamide, 0.275% (w/v) bisacrylamide 
slab gels and transferred electrophoretically onto 
nitrocellulose membranes (0.45  μ m). Membranes 
were then incubated in TBS-T (20 mM Tris-HCl, pH 
7.5, 137 mM NaCl, 0.05% (v/v) Tween 20) contain-
ing 5% (w/v) non-fat milk powder for 30 min at room 
temperature (R T ). Subsequently, membranes were 
incubated overnight with the appropriate antibody, 
according to the manufacturer ’ s instructions. After 
washing in TBS-T (3  �  10 min) blots were incubated 
with 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, R T ). 
After washing in TBS-T (3  �  10 min) bands were 
detected using enhanced chemiluminescence and 
quantifi ed by scanning densitometry (Gel Analyser 
v.1.0)   

 Electrophoretic mobility shift assay (EMSA) 

 The assay was performed as previously described 
[18]. Briefl y, after labelling of the oligonucleotide 
containing consensus AP1 sequence (3.5 pmol) with 
[ γ - 32 P] ATP, unincorporated [ γ - 32 P] ATP was removed 
using a Sephadex G50 column in TE buffer (10 mM 
Tris – HCl pH 8.0, 1 mM EDTA). Nuclear extracts 
(10  μ g) were incubated (10 min, R T ) in binding buf-
fer (50 mM Tris – HCl pH 7.5, 250 mM NaCl, 5 mM 
EDTA, 25% (v/v) glycerol, 1 mM DTT, 1  μ g poly 



682   I.-K. Aggeli et al.   

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

5/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.
dI – dC) in a fi nal volume of 20  μ l. Subsequently, 
0.5 ng of radiolabelled oligonucleotide was added (20 
min, R T ). DNA – protein complexes were resolved 
on a 5% (w/v) non-denaturing polyacrylamide gel 
(120 V, 1 h). Gels were dried and exposed to Super 
RX photo fi lm for 24 h at  � 80 ° C using an intensify-
ing screen. For competition experiments, unlabelled 
cAP1 oligonucleotide (4 – 40 ng) was added prior to 
the addition of radiolabelled cAP1 (data not 
shown).   

 RNA extraction, cDNA synthesis and ratiometric 
reverse transcription PCR (RT-PCR) 

 Expression of endogenous HOX-1 and COX-2 
mRNA levels was determined by ratiometric reverse 
transcription of total RNA followed by PCR analysis, 
as previously described [18]. Briefl y, total RNA was 
extracted from cells using Trizol (Invitrogen Life 
Technologies) and, after cDNA synthesis, reverse 
transcription was performed with M-MLV Reverse 
Transcriptase (Invitrogen Life Technologies), fi rst 
strand buffer (Promega, Madison, WI), dithiothreitol 
(Promega) and deoxy-nucleotide triphosphates 
(dNTPs) (Promega). PCR for HOX-1 was performed 
using 1.5 Units Taq (Bioron GmbH, Ludwigshafen, 
Germany) with the following primers: HOX-1 for-
ward: 5′  - TTG TTC GTC TTG GGT CAG AT -3 ′  
and HOX-1 reverse: 5 ′ - CCT TCT GTG CAA TCT 
TCT TC -3′  ; glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) forward: 5 ′ - ACC ACA GTC CAT 
GCC ATC AC -3 ′  and GAPDH reverse: 5 ′ - TCC 
ACC ACC CTG TTG CTG TA -3 ′ ; COX-2 forward: 
5 ′ - CCT GCT GCC CGA CAC CTT CA -3′   and 
COX-2 reverse: 5′  - CAG ATG AGA GAC TGA ATT 
GAG GCA G -3 ′  based on the sequence of mouse 
HOX-1 and COX-2 (Genbank accession no 
NM010442 and NM011198, respectively). After a 
5 s denaturation at 94 ° C, PCR was carried out as 
follows: 94 ° C for 30 s, 58 ° C for 30 s and 72 ° C for 
30 s (26 cycles) for HOX-1; 94 ° C for 30 s, 59 ° C for 
30 s and 72 ° C for 30 s (27 cycles) for COX-2 and 
94 ° C for 30 s, 59 ° C for 30 s and 72 ° C for 30 s (25 cycles) 
for GAPDH with a fi nal extension done at 72 ° C for 
4 min. (GAPDH Genbank accession no. X02231). 
cDNA samples derived from  ‘ control ’  (non-treated) 
and treated cells were always amplifi ed simultane-
ously. PCR products were separated on a 2% (w/v) 
agarose gel and subsequently incubated for 20 min 
with GelRed TM , which is an ultra sensitive, extremely 
stable and environmentally safe fl uorescent nucleic 
acid dye. After densitometric analysis of PCR product 
bands using an appropriate image analysis programme 
(Gel Analyser v. 1.0), values were normalized for the 
respective values of GAPDH. Estimation of fragment 
band size (HOX-1 259bp, COX-2 540bp, GAPDH 
452bp) was performed by comparison with GeneRuler 
100-bp DNA ladder (Fermentas Life Sciences Inc., 
Hanover, NH).   

 Immunofl uorescence staining 

 Cells were grown on 10 mm diameter coverslips in 
plating medium and were treated after serum had 
been withdrawn for at least 3 h. After washing in 
cold PBS, cells were fi xed in methanol ( � 20 ° C) for 
10 min. Cells were then washed (2  �  5 min) with 
TBS-T and incubated with 5% (w/v) BSA in TBS-T 
for 45 min (R T ) and subsequently with the appro-
priate primary antibody solution overnight (4 ° C). 
After washing in TBS-T (2  �  15 min) coverslips 
were incubated in the dark with either Alexa Fluor 
488-conjugated anti-rabbit secondary antibody 
(1:250) (green fl uorescense) or with Alexa Fluor(R) 
594 (1:250) (red fl uorescence) for 1 h (R T ). Fol-
lowing mounting, slides were visualized under a 
laser scanning confocal Zeiss Axiovert BioRad 
Radience 2100 microscope.   

 Cell viability assay 

 Cell viability was estimated using the MTT assay 
[24]. Cells were seeded in 96-well culture plates 
and treated with the oxidant for 24 h after serum 
had been withdrawn for at least 3 h. Four hours 
prior to the end of treatment, 50  μ g MTT 
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide) were added to each well. Subse-
quently, cells were lysed in 0.1 M HCl/isopropanol 
and optical density was measured in an ELISA 
microplate reader (DENLEY, West Sussex, UK) 
using a 540 nm fi lter.   

 Measurement of PGE 2  levels 

 Culture media were collected at the end of the 
interventions examined and prostaglandin E 2  (PGE 2 ) 
levels were measured with a commercial immunoas-
say kit according to the manufacturer ’ s instructions 
(Cayman).   

 Statistical evaluations 

 Western blot, EMSA, RT-PCR and confocal images 
shown are representative of at least three indepen-
dent experiments. All data are expressed as 
mean  �  SE. Differences between two groups were 
evaluated by Student ’ s  t -test. Data from more than 
two groups were evaluated by one-way analysis of 
variance (ANOVA) followed by Tukey multiple 
comparison test (Graph Pad Prism Software, 
San Diego, CA). A value of at least  p   �  0.05 was 
considered to be statistically signifi cant.    
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 Results  

 H 2 O 2  stimulates a time- and dose-dependent increase 
in HOX-1 and COX-2 mRNA and protein levels 

 Heme oxygenase 1 (HOX-1) and cyclooxygenase 2 
(COX-2) have been previously reported to favour cell 
survival under adverse redox conditions [16,25]. 
Therefore, as the fi rst step in the present study, we 
examined the effect of H 2 O 2  on their time- and dose-
dependent response pattern in C2 skeletal myoblasts. 
Based on our previous fi ndings [6], the effect of 0.5 
mM of H 2 O 2  was investigated and found to signifi -
cantly induce HOX-1 transcript levels after 2 h of 
treatment. The response was maximized after 4 h 
(4.91  �  0.12-fold, relative to control), decreasing 
thereafter but remaining statistically signifi cant even 
after 24 h (Figures 1A and B, top left panels). Increas-
ing H 2 O 2  concentrations were found to induce a 
concomitant increase in HOX-1 mRNA levels, as evi-
denced in Figures 1A and B, top right panels. As an 
internal control, the mRNA levels of GAPDH were 
also examined in identical samples and found to 
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remain constant (Figure 1, bottom panels). HOX-1 
protein levels were observed to be maximally induced 
after 6 h of treatment with 0.5 mM H 2 O 2  (3.75  �  
0.25-fold, relative to control) and remained statisti-
cally signifi cant compared to control even after 24 h 
(Figures 2A and B, top left panels). Coinciding with 
the RT-PCR results, increasing H 2 O 2  concentrations 
resulted in respectively upregulated HOX-1 protein 
levels, as shown in Figures 2A and B, top right panels. 
Equal protein loading was verifi ed by reprobing the 
membranes with an anti-actin antibody (Figure 2, 
bottom panels). 

 As far as COX-2 response pattern is concerned, 
COX-2 transcript levels were found to be markedly 
induced by 0.5 mM of H 2 O 2  after 2 h of treatment, 
attaining maximal values after 4 h (2.84  �  0.22-fold, 
relative to control), decreasing thereafter (Figures 1A 
and B, middle left), while high concentrations of the 
oxidant led to a sustained increase of COX-2 mRNA 
levels (Figures 1A and B, middle right panels). COX-2 
protein levels also exhibited a time- and dose-depen-
dent profi le after treatment with H 2 O 2 . In particular, 
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Figure 1.     Time- and dose-dependent profi le of HOX-1 and COX-2 mRNA up-regulation by H 2 O 2 . C2 skeletal myoblasts were left 
untreated (Ctr) or treated with 0.5 mΜ H 2 O 2  for the times indicated (A, left panels) or with increasing concentrations of H 2 O 2  for 4 h 
(A, right panels). Expression of HOX-1 (A, top panels), COX-2 (A, middle panels) as well as GAPDH (A, bottom panels) mRNA was 
analysed by ratiometric RT-PCR. PCR products band size is indicated on the left of the panels. After densitometric analysis of the PCR 
products, results were normalized for GAPDH and the data is presented as fold stimulation (B). Results are means  �  SE for at least three 
independent experiments.  ∗  ∗  p   �  0.05,  †  p   �  0.001 compared to control values (one-way ANOVA with Tukey post-test).  
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maximal COX-2 protein levels were attained 
after 4 h (0.5 mM H 2 O 2 ) by 3.71  �  0.31-fold, 
relative to control (Figures 2A and B, middle left 
panels). Furthermore, increasing H 2 O 2  concentra-
tions were shown to signifi cantly upregulate COX-2 
protein levels (Figures 2A and B, middle right 
panels).   

 Diverse signalling pathways mediate HOX-1 and 
COX-2 expression by H 2 O 2  

 In an attempt to decipher the signalling pathways 
involved in the regulation of the above responses, 
multiple selective pharmacological inhibitors were 
used. As shown in Figures 3A (top panel) and B: 
SB203580, PD98059 as well as H89 all partially 
attenuated H 2 O 2 -induced HOX-1 mRNA levels. This 
fi nding indicates that oxidative stress induces an up-
regulation of HOX-1 transcripts via a mechanism 
involving p38-MAPK, MEK1/2 and MSK1, respec-
tively. Similar results were observed while examin-
ing these inhibitors effect on H 2 O 2 -induced HOX-1 
protein levels (Figures 3C and D). The inhibitors 
alone were confi rmed to have no signifi cant effect 
on HOX-1 mRNA or protein (Figures 3A and C). 
No inhibitory effect on H 2 O 2 -induced HOX-1 tran-
scription or protein expression was observed when 
SP600125 (JNKs inhibitor) or PP2 (non-receptor 
Src tyrosine kinase inhibitor) were tested (data not 
shown). 

 On the contrary, our experiments using selective 
inhibitors revealed that ERK1/2, p38-MAPK 
and MSK1 along with JNKs and the non-
receptor Src tyrosine kinase pathways are 
involved in H 2 O 2 -induced up-regulation of COX-2 
mRNA and protein levels (Figure 4). DMSO or the 
inhibitors alone did not exhibit any signifi cant 
effect on COX-2 mRNA or protein levels (data not 
shown).   
Figure 2.     Time- and dose-dependent profi le of HOX-1 and COX-2 protein up-regulation by H 2 O 2 . C2 skeletal myoblasts were left 
untreated (Ctr) or treated with 0.5 mΜ H 2 O 2  for the times indicated (A, left panels) or with increasing concentrations of H 2 O 2  for 4 h 
(A, right panels). Whole cell extracts (20  μ g) were subjected to SDS-PAGE and immunoblotted with antibodies for total HOX-1 (A, top 
panels), COX-2 (A, middle panels) and actin (A, bottom panels) levels. Respective protein band size is indicated on the left of the panels. 
Bands were quantifi ed by laser scanning densitometry (B). Blots and results shown are representative of at least three independent 
experiments. Results are means  �  SE for at least three independent experiments.  ∗∗    p   �  0.01 compared to control values (one-way ANOVA 
with Tukey post-test).  
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 ERK1/2 and p38-MAPK are involved in H 2 O 2 -induced 
phosphorylation of MSK1 which is located in the 
nucleus, mediating NF- κ B phosphorylation 

 Given the observed involvement of certain kinases in 
the regulation of both HOX-1 and COX-2 expression 
under oxidative stress conditions, an effort was next 
made to decipher the sub-cellular localization of the 
mediators transducing the oxidative signal in this 
particular experimental setting. Our results revealed 
H 2 O 2 -induced phospho-MSK1 immunoreactivity 
to be located exclusively in the nucleus (Figure 5A, 
H 2 O 2 ), being diminished in the simultaneous presence 
Figure 3.     HOX-1 up-regulation by H 2 O 2  is ERK1/2, p38-MAPK and MSK1-dependent. Cells were left untreated (Ctr) or pre-incubated 
with 10  μ Μ SB203580 ( � SB), 25  μ Μ PD98059 ( � PD) and 10  μ Μ H89 ( � H89) for 30 min and subsequently exposed to 0.5 mΜ H 2 O 2  
for 4 h. (A) Expression of HOX-1 (top panel) and GAPDH (bottom panel) mRNA was analysed by ratiometric RT-PCR and after 
densitometric analysis the data is presented as fold stimulation (B). (C) Whole cell extracts (20  μ g) were subjected to SDS-PAGE and 
immunoblotted with antibodies for total HOX-1 (top panels) and actin (bottom panels) levels. Bands were quantifi ed by laser scanning 
densitometry (D). The effect of the inhibitors alone is also shown. Results are means  �  SE for at least three independent experiments. 
 ∗∗    p   �  0.01 compared to control values (one-way ANOVA with Tukey post-test) and  ∗  p   �  0.05,  †  p   �  0.001 compared to identically treated 
cells in the absence of the respective inhibitor (two-tailed Student ’ s  t -test).  
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of PD98059 and SB203580. This result confi rms 
MEK1/2 and p38-MAPK to be involved in MSK1 
H 2 O 2 -induced phosphorylation (Figure 5A, H 2 O 2   �  
PD  �  SB). 

 MSK1 has been previously established to mediate 
phosphorylation of the p65 sub-unit of NF- κ B at 
Ser276 [6,23] and NF- κ B has been shown to be 
transactivated under oxidative stress in this experi-
mental model [6]. Thus, we set out to verify the sub-
cellular localization of the latter. Our results clearly 
showed that H 2 O 2 -treatment enhanced the nuclear 
localization of phosphorylated p65 (Ser276) (Figure 
5B, H 2 O 2 ). Combined pre-treatment of cells with 
PD98059 and SB203580 (Figure 5B, H 2 O 2   �  PD  �  
SB) as well as with the MSK1 selective inhibitor H89 
(Figure 5B, H 2 O 2   �  H89), considerably attenuated 
this effect. This fi nding is indicative of ERK1/2 and 
p38-MAPK pathways participation in H 2 O 2 -induced 
phosphorylation of p65 at Ser276, possibly via the 
downstream mediation of MSK1.   

 H 2 O 2  stimulates c-Jun and ATF2 phosphorylation 
as well as AP1 binding activity 

 With c-Jun and ATF2 constituting well established 
downstream MAPKs substrates and AP1 components 
[26 – 28], an effort was subsequently made to examine 
the time profi le of their phosphorylation (hence acti-
vation), under the conditions investigated, in nuclear 
extracts. Both, c-Jun (at Ser63) and ATF2 (at Thr71) 
exhibited a similar time-dependent phosphorylation 
profi le with maximal increase of their phosphoryla-
tion levels detected after treatment with H 2 O 2  for 30 
min (5.95  �  0.34 and 3.65  �  0.40-fold, relative to 
control, respectively) as shown in Figures 6A and B, 
top panels and respective graphs. Neither phosphory-
lated c-Jun nor phospho-ATF2 were detected in the 
respective cytoplasmic fractions (data not shown). 
Total c-Jun (Figure 6A, bottom panel) and ATF2 
(Figure 6B, middle panel) levels were also detected 
in the respective samples without exhibiting any sig-
nifi cant fl uctuations. The presence of histone 1 immu-
noreactivity was detected in the nuclear extracts 
(Figure 6B, bottom panel). 

 We next probed into AP1 potential role in the 
response of skeletal myoblasts to H 2 O 2  treatment. To 
this end, we monitored AP1 time- and dose-depen-
dent DNA binding activity using EMSA. H 2 O 2  (0.5 
mΜ) was found to induce a relatively rapid increase 
in AP1 binding activity with maximal values attained 
within 30 min (7.768  �  0.633-fold, relative to con-
trol) and maintained over 2 h of treatment (Figure 
7A, top and bottom panels). Regarding the dose 
profi le of H 2 O 2 -induced AP1 DNA binding activity, 
 Figure 4.     Multiple pathways are involved in COX-2 induction by H 2 O 2 . Cells were left untreated (Ctr) or pre-incubated with 10  μ Μ 
SB203580 ( � SB), 25  μ Μ PD98059 ( � PD), 10  μ Μ H89 ( � H89), 10  μ Μ SP600125 or 10  μ Μ PP2 for 30 min and then exposed to 0.5 
mΜ H 2 O 2  for 4 h. (A) Expression of COX-2 (1 st  panel) and GAPDH (2 nd  panel) mRNA was analysed by ratiometric RT-PCR. After 
densitometric analysis the data is presented as fold stimulation (B). (A) Whole cell extracts (20  μ g) were subjected to SDS-PAGE and 
immunoblotted with antibodies for total COX-2 (3 rd  panel) and actin (4 th  panel) levels. Bands were quantifi ed by laser scanning densitometry 
(C). Results are means  �  SE for at least three independent experiments.  ∗  ∗  p   �  0.01 compared to control values (one-way ANOVA with 
Tukey post-test) and  †  p   �  0.001 compared to identically treated cells in the absence of the respective inhibitor (two-tailed Student ’ s 
 t -test).  
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  Table I. Table presenting (%) cell viability assessment by MTT 
assay. C2 skeletal myoblasts were left untreated (Ctr) or treated 
with H 2 O 2  (1 mM) in the presence or absence of either 5  μ Μ or 
10  μ Μ of ZnPP or sc236 for 24 h. Values are means  �  SE for at 
least four independent experiments.  

Conditions
% Cell viability 

( M   �  SE)

Ctr 100
5  μ Μ ZnPP 91.2  �  4.0
10  μΜ  ZnPP 91.5  �  4.5
1 mM H 2 O 2 81.5  �  1.5 ∗ 
5  μ Μ ZnPP  �  1 mM H 2 O 2 63.0  �  1.0 ⊥ 
10  μ Μ ZnPP  �  1 mM H 2 O 2 58.0  �  2.0 ⊥ 
Ctr 100
5  μ Μ sc236 99.0  �  5.8
10  μ Μ sc236 94.6  �  6.50
1 mM H 2 O 2 79.5  �  6.5 ∗ 
5  μ Μ sc236  �  1 mM H 2 O 2 60.0  �  3.2 ⊥ 
10  μ Μ sc236  �  1 mM H 2 O 2 56.0  �  3.5 ⊥ 

  ∗  p   �  0.01 compared to control values and  ⊥   p   �  0.001 compared 
to identically treated cells in the absence of the inhibitor (two-tailed 
Student ’ s  t -test).   
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maximal values were observed at 0.5 – 0.75 mM of the 
oxidant (Figure 7B, top and bottom panels). In the pres-
ence of 10-fold excess of non-radiolabelled AP-1 oligo-
nucleotide, the detected H 2 O 2 -induced band of the 
autoradiograph was diminished (data not shown) con-
fi rming that it represents an AP-1 binding complex. 

 Further experiments revealed that selective inhibi-
tors of JNKs (SP600125) and Src kinase (PP2) abol-
ished the H 2 O 2 -induced up-regulation of AP1 DNA 
binding activity (Figure 7C, top and bottom panels). 
This fi nding indicates that JNKs and Src play a fun-
damental role in the response examined.   

 HOX-1 and COX-2 cytoprotective role during the 
oxidative challenge 

 In our previous study [6] we observed that C2 
skeletal myoblasts viability was affected by H 2 O 2  
treatment only when high doses were used (at least 1 
mM) decreasing to  ∼  80% compared to control values 
(100%). This result, combined with HOX-1 and 
COX-2 observed up-regulation by H 2 O 2 , led us to 
probe into their potential contribution to C2 myo-
blasts tolerance under oxidative stress. Thus, using 
ZnPP, an established heme oxygenase activity inhibi-
tor [29], we found C2 myoblasts survival rates to be 
further suppressed after treatment with 1 mM H 2 O 2  
in the presence of 5  μ M ZnPP by  ∼  20.5  �  1.2% 
and by  ∼  26.6  �  2.2% at 10  μ Μ ZnPP, respectively 
(Table I). ZnPP was not detected to have any toxic 
effect under normal conditions. 

 The potential cytoprotective function of COX-2 
under oxidative stress was next assessed. In particular, 
the simultaneous presence of COX-2 selective inhib-
itor sc236 [30], along with 1 mM H 2 O 2 , was found 
to further suppress cell viability at both concentra-
tions tested, which are routinely used in literature, by 
 ∼  24.5  �  2.2% at 5  μ Μ and  ∼  29.6  �  3.2% at 10  μ Μ, 
respectively (Table I). The inhibitor alone did not 
cause any toxic effect under normal conditions. In an 
effort to clarify the mechanism via which COX-2 
exerts its benefi cial role, we next assessed the levels 
of PGE 2 , a marker of COX-2 activity. As shown in 
Figure 8, PGE 2  levels were considerably stimulated 
within 4 h of treatment with increasing concentrations 
of H 2 O 2 , peaking up at 1 mM of H 2 O 2  (46.54  �  2.56 
pg/ml vs 14.55  �  1.45 pg/ml in control), verifying 
COX-2 activation under the interventions studied. 
Suppressing COX-2 activity by pre-treatment with 
sc236 (at 5 and 10  μ M) abrogated the observed 
effects. This fi nding implicates PGE 2  biosynthesis and 
release in the mechanism regulating COX-2 contribu-
tion to skeletal myoblasts exhibited tolerance, during 
an oxidative challenge.    
  Figure 5.     Distribution profi le of phosphorylated MSK1 and NF- κ B 
p65 sub-unit in C2 skeletal myoblasts left untreated (Ctr) or 
exposed to 0.5 mΜ H 2 O 2  for 30 min (H 2 O 2 ). Cells were subjected 
to immunocytochemical analysis with specifi c antibodies directed 
against phosphorylated MSK1 (A), NF- κ B p65 sub-unit (B) (green 
fl uorescence). Representative images are shown, indicative of at 
least three independent experiments. As indicated, myoblasts were 
pre-treated with PD98069 ( � PD), SB203580 ( � SB) or H89 
( � H89) and subsequently exposed to H 2 O 2 . Slides were visualized 
by confocal microscopy. Scale bar: 80  μ m.  
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 Discussion 

 The multiple adverse conditions that cells face trigger 
responses which ultimately determine their fate. 
Redox equilibrium disturbances in particular, consti-
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tute a routine particularly in tissues characterized by 
a high rated oxidative metabolism (e.g. heart, brain, 
skeletal muscle fi bres). Although reactive oxygen spe-
cies (ROS) generated under a variety of physiological 
Figure 6.     Time course of H 2 O 2 -induced c-Jun (A) and ATF2 (B) phosphorylation in C2 skeletal myoblasts. Cells were left untreated (Ctr) 
or incubated with 0.5 mΜ H 2 O 2  for the times indicated. Nuclear extracts (30  μ g) were subjected to SDS-PAGE and immunoblotted with 
an antibody for phosphorylated c-Jun (Ser63), ATF2 (Thr71) (A and B top panels, respectively) or against total levels of c-Jun (A, bottom 
panel), ATF2 (B, middle panel) and histone 1 (B, bottom panel). Respective protein band size is indicated on the left of the panels. Bands 
were quantifi ed by laser scanning densitometry (C and D). Blots and results shown are representative of at least three independent 
experiments. Results are means  �  SE for at least three independent experiments.  †  p   �  0.001 compared to control values (one-way ANOVA 
with Tukey post-test).  
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Figure 7.     Transcription factor binding to a cAP-1 sequence is stimulated by H 2 O 2 . (A) C2 skeletal myoblasts were exposed to 0.5 mΜ H 2 O 2  
for the times indicated. Nuclear extracts were analysed by EMSA. (B): Dose-dependent pattern of AP-1 binding activity after exposure of 
cells to diverse H 2 O 2  concentrations for 30 min. Cells were left untreated (Ctr) or incubated with H 2 O 2 . Representative autoradiographs 
are presented from at least three independent experiments with similar results. Graphs: Densitometric analysis of autoradiographs represented 
in the respective panels A and B. Results are means  �  SE for at least three independent experiments.  ∗  ∗  p   �  0.05,  †  p   �  0.001 compared to 
control values (one-way ANOVA with Tukey post-test). (C) JNKs and Src potentially contribute to H 2 O 2 -induced AP-1 binding activity. 
C2 skeletal myoblasts were left untreated (Ctr) or pre-incubated with 10  μ M SP600125 ( � SP) or 10  μ M PP2 ( � PP2) for 30 min and then 
exposed to 0.5 mΜ H 2 O 2  for 30 min, in the absence or presence of the inhibitors. A representative autoradiograph is presented from at 
least three independent experiments with similar results. Results are means  �  SE for at least three independent experiments.  †  p   �  0.001 
compared to identically treated cells in the absence of the respective inhibitor (two-tailed Student ’ s  t -test).  
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conditions have been reported to function as signal-
ling molecules at low levels, their increase above a 
critical threshold leads to detrimental effects and has 
been implicated in the pathogenesis of several dis-
eases [31,32]. Compared to other cell types, skeletal 
muscle cells are capable of adapting to intense redox 
N

AP1

SrcPP2

cytoplasm

nucleus
SP600125

COX-2

JNKs

CELL
SC236

+P

cJun ATF2
imbalances, exhibiting a remarkable tolerance. This 
feature can be attributed to the cytoprotective anti-
oxidative mechanisms activated under these condi-
tions, eliciting their salutary effects via i.e. up-regulation 
of enzymatic or non-enzymatic effectors [8]. Despite 
the plethora of studies investigating ROS imbalances –
 stimulated injury or the triggered compensatory 
adaptations as muscle regeneration or growth, princi-
pally elicited by myoblasts, the molecular mechanisms 
involved remain elusive. To this end, we made an 
effort to delineate the signal transduction pathways 
coordinating the response of skeletal myoblasts to 
H 2 O 2 , along with the potentially benefi cial physiolog-
ical role of HOX-1 and COX-2, which have been 
previously reported to contribute to cytoprotection 
under adverse redox conditions in various experimen-
tal models [25,33]. 

 As far as HOX-1 is concerned, mounting evidence 
has underlined its key role in physiology and disease, 
via the effects of heme degradation products. Among 
the three known HOX isoforms (HOX-1, -2 and -3) 
that have been identifi ed in mammals, HOX-1 is 
highly inducible by oxidative stress, hypoxia and 
ultraviolet irradiation [12,34]. HOX-1 has emerged 
as a major survival protein, restoring and preserving 
homeostasis via its anti-apoptotic, anti-infl ammatory 
and anti-oxidant activities [35]. Particularly in skel-
etal muscle, it has been shown to be induced during 
ischemia, exercise or in the case of certain muscular 
  Figure 8.     Dose-dependent H 2 O 2 -induced PGE 2  biosynthesis and 
the inhibitory effect of sc236. C2 skeletal myoblasts were left 
untreated (Ctr), exposed to increasing concentrations of H 2 O 2  for 
4 h or pre-incubated with 5  μ M or 10  μ M sc236 for 30 min and 
then exposed to 0.5 mΜ H 2 O 2  for 4 h, in the presence of the 
inhibitor. The condition media were collected and PGE 2  levels 
were assessed using an EIA kit. Data are expressed as means  �  SE 
for at least three independent experiments.  ∗  ∗  p   �  0.05 compared 
to control values (one-way ANOVA with Tukey post-test) and 
 †  p   �  0.001 compared to identically treated cells in the absence of 
the inhibitor (two-tailed Student ’ s  t -test).  
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Figure 9.     Schematic representation of a hypothetical model describing the signalling pathways involved in HOX-1 and COX-2 transcriptional 
regulation in response to H 2 O 2  treatment, mediating C2 skeletal myoblast survival.  →  activation, —| inhibition.  
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diseases involving ROS [36,37]. Accordingly, in the 
present study, we have demonstrated HOX-1 expres-
sion to be stimulated with a rapid and prolonged pro-
fi le after exposure to H 2 O 2 , (Figures 1 and 2, top), a 
fi nding that could indicate HOX-1 potential benefi cial 
role under such adverse conditions. 

 As far as COX-2 pathway is concerned, it has been 
reported to play a fundamental role in the early stages 
of skeletal muscle regeneration after injury or disease 
[17]. Furthermore, Otis et al. [3] have denoted that 
COX-2 is crucial for stretch-induced primary myo-
blast proliferation via synthesis of prostaglandins: 
PGE 2  and PGF 2a . We therefore next investigated 
COX-2 potential contribution to C2 skeletal myo-
blasts response under oxidative stress. Indeed, we 
found COX-2 mRNA as well as protein levels to be 
signifi cantly induced by H 2 O 2  (Figures 1 and 2, mid-
dle), a result that correlates well with previous reports 
in rat mesangial cells [38] or keratinocytes [39]. 

 Subsequently, we probed into the diverse signalling 
mechanisms involved in HOX-1 and COX-2 up-reg-
ulation under oxidative stress. Thus, while ERK1/2, 
p38-MAPK and MSK1 appear to participate in both 
HOX-1 and COX-2 response, the latter also consti-
tutes a downstream target for JNKs and Src kinase 
(Figures 3 and 4). The potential cross-talk and inter-
action between these effectors appears to coordinate 
HOX-1 and COX-2 response during the oxidative 
challenge, ensuring exertion of their physiological 
role. ERK1/2 pathway has been previously reported 
to mediate HOX-1 gene expression [19,40,41], 
with various reports also marking p38-MAPK involve-
ment in HOX-1 regulation under various conditions 
[42 – 44]. MSK1 has also been previously established 
to act as a mediator of HOX-1 induction in H9c2 
cardiac myoblasts exposed to oxidative stress [18]. 
However, contradicting JNKs involvement in HOX-1 
up-regulation by H 2 O 2  in H9c2 cells or by ferric 
protoporphyrin and cobalt protoporphyrin in glio-
blastoma C6 cells [45], no involvement of JNKs was 
detected in the responses triggered in the present 
study. As far as COX-2 regulation is concerned, our 
fi ndings are in line with several previous studies 
demonstrating ERK1/2, p38-MAPK, MSK1, JNKs and 
Src kinase involvement in COX-2 response to a plethora 
of stimuli in various cell types [16,46 – 49]. However, 
there are also reports marking no ERK1/2 or Src involve-
ment in COX-2 regulation, i.e. after exposure of intes-
tinal epithelial cells to collagen [50]. Evidently, our 
experimental data supports that the involvement of 
MAPKs in the regulation of both HOX-1 and COX-2 
is cell type- and stimulus-specifi c. 

 In light of the results implicating MAPKs and 
MSK1 in the mechanisms regulating H 2 O 2 -induced 
HOX-1 and COX-2 responses, we next assessed their 
sub-cellular distribution, indicative of their role. Our 
results reveal that the nuclear compartment functions 
as a convergence locus for the accumulation of MAPKs 
(data not shown) and MSK1 activities (Figure 5A). 
This is in accordance with H 2 O 2 -induced activation 
of ERK1/2, JNKs and p38-MAPK in various cell 
types [21], as well as with the reported nuclear local-
ization signal (NLS) in the C-terminal domain of 
MSK1 [51]. Another effector shown to be located in 
the nucleus (Figure 5B), previously observed to be 
transactivated in skeletal myoblasts exposed to oxida-
tive stress by our group [6], is NF- κ B. ERK1/2, 
p38-MAPK and MSK1 were found to mediate the 
phosphorylation of the nucleus localized p65 sub-
unit of NF- κ B at Ser276 (Figure 5B), denoting that 
the latter is another MAPK downstream substrate, 
potentially implicated in the observed responses. 
Indeed, several reports have marked NF- κ B 
fundamental role in COX-2 [3,52] as well as HOX-1 
regulation [53 – 55]. 

 Given the active consensus sites for both NF- κ B 
and AP1 sites in HOX-1 as well as COX-2 reported 
promoter regions [49,53], we next sought to deter-
mine the possible role of AP1, another redox-sensitive 
transcription factor, under these interventions. We 
initially examined the time profi le of c-Jun and ATF2 
phosphorylation (Figure 6) and observed that it cor-
related well with the time-dependent profi le of AP1 
DNA binding activity (Figure 7A). These results are 
indicative of AP1 potential participation in the signal-
ling pathways triggered in the present study, in 
agreement with existing reports highlighting AP1 
involvement in COX-2 regulation [52,56]. Further-
more, H 2 O 2 -induced AP1 DNA binding activity was 
demonstrated to be JNK- and Src-dependent, in 
accordance with a study by Harada et al. [57] report-
ing the Src kinase/JNKs/c-Jun/AP1 pathway to medi-
ate arsenite-induced HOX-1 up-regulation in murine 
embryonic fi broblasts. 

 Taking into consideration the aforementioned 
results, one may deduce that the signalling pathways 
contributing to skeletal myoblasts tolerance under 
oxidative stress comprise of the following sequentially 
activated mediators: p38-MAPK and ERK1/2  →  
MSK1  →  NF- κ B  →  potentially regulating both 
HOX-1 and COX-2 and Src  →  JNKs →  AP1 regulat-
ing the COX-2 response. 

 Unlike the impressive body of evidence that has 
established HOX-1 as a cell survival mediator in 
diverse  in vitro  and  in vivo  models of oxidant-induced 
cellular and tissue injury [58], controversy surrounds 
the role of COX-2. Thus, although a pro-survival role 
of COX-2 has been shown in various experimental 
models as diverse as human lung, renal and cardiac 
cells [16,32,59 – 62], COX-2 activity has also been 
associated with acute ischemia-induced myocardial 
damage [63] and traumatic brain injury [64]. There-
fore, we subsequently set out to assess the precise phys-
iological role of these two effectors, in the experimental 
setting examined. Concomitant with the established 
notion of HOX-1 benefi cial effects, hindering HOX-1 
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activity by using zinc protoporphyrin (ZnPP), resulted 
in further deterioration of C2 myoblasts survival rates 
after treatment with H 2 O 2  (Table I). Accordingly, in 
the presence of sc236, which is known to inhibit 
COX-2 activity, C2 myoblasts survival was also further 
repressed after treatment with the oxidant (Table I). 
This result substantiates COX-2 salutary effects and 
establishes its contribution to the tolerance exhibited 
by skeletal myoblasts during an oxidative insult, com-
prising one of the principal fi ndings of the present 
study. In an attempt to decipher the mechanism via 
which COX-2 exerts its observed benefi cial role, we 
next assayed PGE 2  levels released in the culture 
medium of H 2 O 2 -treated cells, which are indicative of 
COX-2 activation and were found to be upregulated 
(Figure 8); in the presence of sc236, a profound 
reduction in PGE 2  levels was observed (Figure 8). 
This fi nding is in agreement with a study by Otis 
et al. [3] noting PGE 2  biosynthesis to be crucial for 
COX-2 contribution to stretch-induced primary 
myoblasts proliferation, as well as with the detected 
prostaglandin up-regulation by H 2 O 2  [13]. 

 Collectively, our results provide evidence regarding 
the molecular mechanisms contributing to skeletal 
myoblasts exquisite tolerance under oxidative stress. 
This novel data articulate the key salutary role of both 
HOX-1 and COX-2 and also decipher the signal 
transduction pathways involved in their regulation 
(summarized in Figure 9). Depending on their tem-
poral, spatial and quantitative activation profi les and 
via their interaction, these mediators orchestrate the 
observed cellular responses, ensuring preservation of 
homeostasis. Gaining insight in these molecular 
mechanisms is of extreme importance and could con-
tribute to the development of new therapeutic inter-
ventions and strategies  ‘ against ’  skeletal muscle 
disorders triggered by oxidative imbalances.  
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