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Critical limb ischemia causes severe damage to the skeletal muscle. This study develops a reproducible model of myotube
ischemia by simulating, in vitro, the critical parameters that occur in skeletal muscle ischemia. Monolayers of C2C12
myoblasts were differentiated into mature myotubes and exposed to nutrition depletion, hypoxia and hypercapnia for
variable time periods. A range of culture media and gas mixture combinations were used to obtain an optimum ischemic
environment. Nuclear staining, cleaved caspase-3 and lactate dehydrogenase (LDH) release assay were used to assess
apoptosis and myotube survival. HIF-1a concentration of cell lysates, pH of conditioned media as well as partial pressures
of oxygen (PO2) and carbon dioxide (PCO2) in the media were used to confirm ischemic simulation. Culturing myotubes in
depleted media, in a gas mixture containing 20% CO2þ 80% N2 for 6–12 h increased the PCO2 and decreased the
pH and PO2 of culture media. This attempts to mimic the in vivo ischemic state of skeletal muscle. These conditions were
used to study the potential tissue-protective effects of erythropoietin (EPO) in C2C12 myotubes exposed to ischemia.
EPO (60 ng/ml) suppressed LDH release, decreased cleaved caspase-3 and reduced the number of apoptotic nuclei,
suggesting significantly decreased ischemia-induced apoptosis in myotubes (Po0.01) and a potential role in tissue
protection. Additional therapeutic agents designed for tissue protection can also be evaluated using this model.
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Critical limb ischemia (CLI), a severe form of peripheral
arterial disease, causes severe morbidity and mortality.
It affects between 500 and 1000 individuals per million
per year.1 One-year amputation and mortality rates in this
subgroup are 30 and 25%, respectively,2 and current phar-
macotherapy options are limited.3 Therefore, there is
potential to develop better therapeutic agents for treatment
of CLI.

CLI causes apoptosis of skeletal muscle that forms the bulk
of the lower extremity.4,5 Some other important changes seen
in skeletal muscle ischemia in vivo are listed in Table 1.
Here, we characterize and simulate conditions in vitro that
may bear resemblance to CLI.

In vitro models are useful for the initial assessment of new
formulations of existing compounds as well as novel agents.
Although simulated ischemia models have been widely used
for cardiomyocytes6,7 and neurons,8,9 an efficient reprodu-
cible model has not been optimized for skeletal muscle
ischemia. Such a model would help in the investigation
of compounds aimed at tissue protection and to identify
important regulatory signaling and transcription pathways.

Skeletal muscle tissue contains various cell types including
adipocytes, fibroblasts, nerve cells and stromal vascular
components. However, myotubes predominantly influence
the local milieu.10,11 Therefore, a model based on myotubes
was developed using differentiated C2C12 myoblasts.12

This skeletal muscle-like cell line is well characterized,12

commercially available, easy to culture and has been used as a
myogenesis model in unrelated studies.13–15

Erythropoietin (EPO) has been traditionally used to treat
anemia resulting from chronic renal failure.16 However, it is
now well known that it has tissue-protective properties.17–20

Furthermore, the authors have recently reported that EPO
receptors (EpoR) are upregulated in human skeletal muscle
obtained from patients with CLI,21 suggesting the potential
of EPO and its derivatives in treating CLI. The possible effect
of EPO on preventing apoptosis in skeletal muscle and
the pathways involved, however, are unknown and can be
assessed using this model.

The hypotheses of the study are: first, exposure of mature
C2C12 myotubes to nutrition depletion, hypoxia and hyper-
capnia for a specific time period can simulate aspects of
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skeletal muscle ischemia, including pH, partial pressure of
oxygen and carbon dioxide, as well as apoptosis of skeletal
myotubes. Second, EPO decreases ischemia-induced apop-
tosis in a monolayer of myotubes.

METHODS
Cell Culture and Incubation Procedure
The C2C12 mouse myoblast cell line was obtained from the
European Collection of Cell Cultures (ECACC no. 91031101,
passage no. 13, Salisbury, UK). The myoblasts were grown in
Dulbecco’s modified Eagle’s medium (DMEM; 1� , liquid,
high glucose, catalog number (cat. no.) 31966-021;
Invitrogen, Paisley, UK). The culture medium was supple-
mented with 10% fetal calf serum (GIBCOs, Paisley, UK),
100U/ml penicillin and 100 g/ml streptomycin. The incu-
bation was performed in humidified atmosphere of 21% O2,
74% N2 and 5% CO2 at 371C. The myoblasts were grown
in a T75 cell culture flask (BD Falcont, Franklin Lakes, NJ,
USA) containing 25ml of culture medium. The media were
changed every 48 h. Myoblasts were cultured to a maximum
of 50% confluence at this stage, to avoid contact inhibition
of mitosis. Cells between 3 and 12 passages were used.
After trypsinization and re-suspension of adherent cells, cell
density was assessed by a hemocytometer. A seeding
density between 10 000 and 50 000 cells per ml of culture
media was used for plating the culture dish for experiments.
A variety of culture dishes were used to enable staining
and microscopy as well as with collection of cell lysates for
analyses. The volume of culture media used in each was as
follows:

� 12-well culture plate (BD Falcont, cat. no. 351143)¼ 2ml
per well.

� 35� 10mm2, Easy-Gript Cell Culture Dish (BD Falcont,
cat. no. 353001)¼ 2.5ml per well.

� 4-well culture slide (BD Falcont, cat. no. 354104)¼ 1ml
per well.

Myoblasts were then cultured to 80% confluence, after
which fetal calf serum was replaced with 2% heat-inactivated
horse serum to prevent myoblasts from dividing further and
to ensure maturation into myotubes. The culture media
were changed daily until the myotubes appeared to be fully
mature, which usually took 1 week. Compounds being tested
were added to the culture dish 24 h before subjecting cells to
simulated ischemia.

Simulated Ischemia
Ischemia constitutes metabolic waste accumulation and
nutrition depletion in addition to hypoxia.22 Therefore, to
simulate nutrient depletion and waste accumulation, the
culture media were either left unchanged (stagnant culture
media) or replaced with serum-deprived low glucose
(Invitrogen, cat. no. 21885108) and glucose-free DMEM
(Invitrogen, cat. no. 11966-025) to determine if better
ischemic simulation was achieved with stagnant culture
media in comparison to depleted fresh medium. The cells (in
open dishes) were then exposed to gas mixture-1 (20%
CO2þ 80% N2) or gas mixture-2 (5% CO2þ 94% N2þ 1%
O2) obtained from pre-mixed gas tanks (British Oxygen,
Luton, UK) in hypoxic chambers (Modular Incubator
Chamber, MIC-101; Billups-Rothenberg, Del Mar, CA, USA).
The chamber was flushed with gas at 10 l/min for 20min and
then sealed. The apparatus was placed in an incubator at
371C for 4, 6, 8 and 12 h. Control myotubes were maintained
under normoxic conditions (21% O2þ 5% CO2) for
equivalent periods of time with standard culture media
changes. Gas analysis of 1ml of conditioned media was
performed immediately at release of the gas chamber after 4,
6, 8 and 12 h using an automated blood-gas analyzer
(Rapidlab 800 series; Bayers Healthcare LLC, East Walpole,
MA, USA). These allowed partial pressures of O2 and CO2

along with pH of the various conditioned media to be
obtained after different periods of hypoxia and that from
control myotubes to be compared. The remaining 1ml of

Table 1 Biochemical changes that take place in vivo in CLI

In vivo biochemical changes in CLI Model of study Change in the parameter Reference

k pH in systemic and femoral

venous blood

In vivo—clinical study Decrease from 7.4 to 7.2 Ihnken et al50

k Local pH In vivo—rabbit hindlimb ischemia Decrease from 7.00±0.03 to 6.60±0.05 Hagberg51

k Transcutaneous PO2 In vivo—clinical study Decrease from 60 to 40mmHg Cina et al52

m Transcutaneous PCO2 In vivo—clinical study Increase from 53 to 43mmHg D’Eri et al53

m Creatinine kinase In vivo—clinical study Increase from 7440 to 17 472U/L Ihnken et al;50 Brow et al54

m TNF-a in venous blood In vivo—rat hindlimb ischemia

model

15-fold increase in TNF-a levels in

venous effluent

Sternbergh et al55

k Carnitine levels in muscle lysates In vivo—human skeletal muscle biopsy 20.9±5.2 to 11.6±6.2 nmol/mg Hiatt;56 Brivetti et al57

Abbreviations: CLI, critical limb ischemia; PO2, partial pressure of oxygen; PCO2, partial pressure of carbon dioxide; TNF-a, tumour necrosis factor a.
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medium was collected and clarified by centrifuging at 1600 g
for 5min at 41C and stored at �801C for the analysis of
lactate dehydrogenase (LDH) release.

Cell Morphology and Viability
Cell viability was assessed both qualitatively and quantita-
tively. Myotube monolayers incubated under normal condi-
tions and those exposed to simulated ischemia were stained
with hematoxylin and eosin and examined under light
microscopy for morphological changes associated with
apoptosis. In addition, fluorescent nuclear staining to detect
the number of apoptotic nuclei was performed as
follows: VECTASHIELDs mounting medium containing 40,
6-diamidino-2-phenylindole (DAPI) was used to stain the
nuclei of myotubes pre-fixed with 4% formalin solution.
The morphology of cell nuclei was observed using a fluor-
escence microscope (Axioscop 2; Carl Zeiss Micro-imaging
GmbH, Jena, Germany) at an excitation wavelength of
350 nm. Features of apoptotic cells included brightly stained
nuclei with condensed chromatin drawn together at the
fringes of the nuclear membrane or an entirely fragmented
nucleus. Two blinded observers counted a minimum of three
randomly chosen fields, of at least three independent
experiments, per experimental condition. At least 250
individual nuclei were counted at one time. Data were
expressed as the percentage of apoptotic cells and was sta-
tistically analyzed for significant difference between nor-
moxia and ischemia as well as between different time periods
of ischemia.

Immunofluorescence
After removal of chamber slides from the hypoxic chamber,
the myotube monolayer was washed three times with phos-
phate-buffered saline (PBS) and fixed in 4% formaldehyde
for 5min. Serum block was performed with 10% goat
serum for 20min. Cleaved caspase-3 (Asp175) antibody (Cell
Signaling Technology, Danvers, MA, USA), in a dilution of
1:50 and EpoR M-20 antibody (sc-697; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) in a dilution of 1:100
were used to probe the expression of cleaved caspase-3 en-
zyme and EpoR, respectively. After incubation with primary
antibody or its IgG isotype control for 1 h at room tem-
perature, the slides were washed with PBS and treated with
Texas Reds-X goat anti-mouse IgG antibody (Invitrogen), in
1:1000 dilution for 60min in the dark at room temperature.
The slides were washed with PBS and coverslips were
mounted using VECTASHIELDs mounting medium con-
taining DAPI. The images were viewed using a fluorescence
microscope (Axioscop 2; Carl Zeiss Micro-imaging).

Western Blotting
The myotube monolayer was harvested on ice, thoroughly
washed with cold PBS and lysed in 75 ml RIPA buffer
1� solution (150mM NaCl, 1.0% IGEPALs CA-630, 0.5%
sodium deoxycholate, 0.1% SDS, and 50mM Tris, pH 8.0;

product number R0278; Sigma Aldrich, St Louis, MO, USA).
Following this, 75 ml of Laemmli buffer was added to each
well of the 12-well culture plate. The monolayer was scrapped
with a cell scrapper and collected into a 1.5ml Eppendorf
tube using a syringe with a 23G needle. A total of 5ml (2–5%)
of 2-mercaptoethanol was added to the cell extract, which was
then heated at 951C for 5min to denature the proteins. Ex-
tracts were then centrifuged at 1600 g for 5min at 41C. The
supernatant was collected in clean Eppendorf tubes and stored
at �801C for subsequent use in western blot analysis.

A total of 12 ml of sample was loaded onto each well of a
12% Tris-glycine gel (Invitrogen) and run with a broad-
range protein marker. After transfer onto a nitrocellulose
membrane (Hybond-C extra; GE Healthcare Life Sciences,
Buckinghamshire, UK), nonspecific proteins on the mem-
brane were blocked with PBS-Tween containing 5% milk for
2 h. The membranes were incubated overnight at 41C with
the following specific antibodies (dilution of 1:1000): cleaved
caspase-3 (Asp175) antibody (Cell Signaling Technology);
HIF-1a antibody (AF1935, R&D Systems, Minneapolis,
MN, USA); myogenin antibody (sc-52903; Santa Cruz
Biotechnology); EpoR (M-20) antibody (sc-697; Santa Cruz
Biotechnology); and a-tubulin antibody—loading control
(ab4074; Abcam, Cambridge, MA, USA). The membranes
were then washed and incubated with horseradish peroxi-
dase-linked corresponding secondary antibody at room
temperature. The membrane was developed using chemilu-
minescent substrate (Amersham ECL Plust Western Blotting
Detection Reagent; GE Healthcare Life Sciences) and the
blots were developed against photographic film (Amersham
Hyperfilm ECL, GE Healthcare Life Sciences). Band
intensities were determined by densitometry using Biospec-
trums AC imaging system (UVP, Upland, CA, USA).

LDH Assay
The LDH assay was performed according to the manu-
facturer’s protocol. Fully automated ‘Cytotoxicity detection
kit (LDH)’ (Roche/Hitachi 917-11876961 216, Mannheim,
FR, Germany) was used to measure LDH release in units
per liter (U/l) in culture media obtained from myotubes
subjected to simulated ischemia for 4, 6, 8 and 12 h.
The release of LDH into the culture medium was assayed by
incubating the clarified culture medium with sodium pyr-
uvate in the presence of NADH. Pyruvic acid is catalyzed into
lactic acid by free LDH along with a simultaneous oxidation
of NADH to NADþ . The rate of oxidation of NADH to
NAD� was measured spectrophotometrically at 340 nm.

Pretreatment with EPO
Firstly, the expression of EpoR in C2C12 myotubes was shown
by immunohistochemistry and western blot as described in the
previous sections. Then, the simulated ischemia model was
used to investigate the effect of EPO on myotubes exposed to
ischemia. Differentiated C2C12 myotubes were cultured in
culture dishes, as described in the previous section. They were
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treated with varying doses (1 ng/ml to 1mg/ml) of re-
combinant human EPO (rhEPO, hBA-165: sc-4620; Santa
Cruz Biotechnology), 24 h before exposure of the cells to si-
mulated ischemia. The rationale for pre-treating the myotubes
24 h before they are subjected to ischemia is to allow activation
of multiple antiapoptotic signaling pathways that mediate
tissue protection. Compounds with rapid onsets of action may
be added to the culture medium immediately before the onset
of simulated ischemia. After pretreatment with rhEPO (with
negative and positive controls), nuclear staining, LDH release
assay and cleaved caspase-3 assay were performed to assess
degrees of apoptosis (Supplementary Table online).

Statistics
All experiments were performed in triplicate and repeated at
least three times. For quantitative variables, comparison was
made between the mean±standard deviation of triplicate
samples from the same experiment and from combined
independent experiments, when inter-experiment variation
allowed reliable combination of raw data. One-tailed

Student’s t-test was used to compare parametric data
from two sets of independent samples and one-way ANOVA/
Tukey’s HSD test was used to compare parametric data from
more than two sets of independent samples. Inter-observer
variability was measured using linear correlation by calcu-
lating the Pearson’s product–moment correlation coefficient
(r). P-valueso0.05 were considered significant. The data were
analyzed using open-access online statistical computation
software (http://faculty.vassar.edu/lowry/VassarStats.html).

RESULTS
Differentiation of C2C12 Myoblasts into Myotubes
Myoblasts differentiated into elongated, thickened and
multinucleated myotubes after serum content of the culture
media were reduced (Figure 1a–c). In addition to changes in
morphology, quantifying the expression of myogenin
protein provided further confirmation of differentiation,
as myogenin is expressed preferentially in differentiated
skeletal myotubes as opposed to myoblasts.23 Myogenin was

Figure 1 Cell culture showing differentiation of myoblasts into myotubes. Hematoxylin and eosin (H&E) staining of C2C12 myoblasts (a) and myotubes

(b). A magnified view of multinucleated myotubes (c). Representative western blot analysis of cell lysates obtained from monolayer of myoblasts and

myotubes (day 7) shows a significant upregulation in the levels of myogenin in the myotubes (d). Data are represented by mean±s.d., n¼ 9. Po0.001,

one-tailed t-test for independent samples.
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significantly upregulated in myotubes as determined by
western blotting in Figure 1d (Po0.0001).

Hypoxia is Sustained During the Experiment
HIF-1a was significantly upregulated in the cell lysates
obtained from myotubes subjected to simulated ischemia in
gas mixture-1 for 8 h as determined by western blotting
(P¼ 0.01) shown in Figure 2. However, there was no
significant difference in HIF-1a expression between gas
mixture-1 and gas mixture-2 or between 6, 8 and 12 h of
hypoxic exposure (data not shown).

The partial pressure of carbon dioxide (PCO2) (Figure 3a)
was significantly increased in the conditioned media obtained
after incubation in gas mixture-1 (Po0.01), but not in gas
mixture-2 (P40.05). However, the partial pressure of oxygen
(PO2) (Figure 3b) was significantly lower in the conditioned
media after incubation in both gas mixtures (Po0.01), with
no significant difference between the PO2 of the conditioned
media from gas mixture-1 and gas mixture-2 (P40.05).
In addition, there was no significant difference in the levels of
PO2 and PCO2 at 4, 6, 8 and 12 h (data not shown). Figure 3
shows the data for PO2 and PCO2 of conditioned media
obtained after 8 h of simulated ischemia.

Simulated Ischemia Leads to a Fall in the pH of
Culture Media
The mean pH for 0, 4, 6, 8 and 12 h of simulated ischemia
was 7.43, 7.40, 7.28, 7.12 and 7.09, respectively. There was a
significant fall in pH of the conditioned media (using gas
mixture-1) between 6 and 12 h of ischemia. No significant fall
in pH occurred when gas mixture-2 was used instead

(P40.05; Figure 3c). Hence, gas mixture-1 was more effec-
tive in reducing the pH of conditioned media.

Expression of EpoR
The expression of EpoR in C2C12 myotubes was confirmed
before investigating the potential effects of EPO on ischemic
C2C12 myotubes. A clear expression of the extracellular
domain of EpoR in the myotube monolayer was noted on
immunofluorescence (Figure 4a). The IgG isotype (negative
control) showed no expression (Figure 4b). The expression
was also shown on western blot (Figure 4c). There was an
equal expression of EpoR and its positive control (K-562 cell
lysate) while EpoR blocking peptide and Laemmli buffer in

Figure 2 Simulating hypoxia. Representative western blot analysis of

hypoxia-inducible factor 1a (HIF-1a) in cell lysates obtained after

exposure to simulated ischemia for 8 h. There was an upregulation of

HIF-1a in ischemic cells in comparison to the ones incubated under

normoxic conditions. Data are represented by mean±s.d., n¼ 9. P¼ 0.01,

one-tailed t-test for independent samples.

Figure 3 Effect of simulated ischemia on partial pressure of oxygen (PO2),

carbon dioxide (PCO2) and pH. There is a significant rise in the PCO2

(a), a significant fall in the PO2 (b) and a significant fall in the pH (c) in the

conditioned media obtained after simulated ischemia. Gas mixture-1

containing 70% N2 and 30% CO2 was more effective than gas mixture-2

containing 94% N2, 4% CO2 and 1% O2. Data are represented by

mean±s.d., n¼ 9. One-way analysis of variance (ANOVA)/Tukey’s HSD

(honestly significant difference) test was used.
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Figure 4 The expression of erythropoietin receptor (EpoR) in skeletal myotubes and myoblasts. Immunofluorescence image using Texas-Red dye

(Alexa Fluor 594) shows the expression of EpoR in differentiated myotubes (a). The corresponding immunoglobulin G (IgG) isotype control shows

negligible staining (b). The western blot shows the comparative expression of EpoR in C2C12 myotubes and myoblasts (c); K-562 whole-cell lysate

(sc-2203) was used as positive control and EpoR blocking peptide (sc-697-p) and a lane with no cell lysates as negative controls. There was no

significant difference in the expression of EpoR between C2C12 myotubes and myoblasts. Data are represented by mean±s.d., n¼ 9. One-way

analysis of variance (ANOVA)/Tukey’s HSD test was used.
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Figure 5 Morphological changes in the myotubes and nuclei of myotubes subjected to simulated ischemia. The myotubes appear shrunken after

ischemic exposure (a), as compared with normal controls (b). There was an apparent increase in the number of fragmented and brightly stained nuclei as

shown in (c) as compared with control myotubes in (d). The quantification of apoptosis is shown in (e). There were significant differences in the

percentage of apoptotic nuclei at 0, 4, 6, 8 and 12 h of simulated ischemia (e). Data are represented by mean±s.d., n¼ 9. One-way analysis of variance

(ANOVA)/Tukey’s HSD test was used.
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the absence of cell lysate showed no expression. There was no
significant difference in the expression of EpoR between
myotubes and myoblasts (P40.05).

Simulated Ischemia Leads to Morphological Changes in
Myotubes and Condensation of Nuclear Chromatin
Simulated ischemia caused shrinking of myotubes after 6–8 h
(Figure 5a and b). There was an apparent increase in the
number of fragmented and brightly stained nuclei as shown
in Figure 5c as compared with control myotubes in Figure 5d.
The quantification of apoptosis is shown in Figure 5e.

There was a significant time-dependent increase in the
number of apoptotic cells when myotubes were exposed to
simulated ischemia using stagnant culture media (Po0.01;
Figure 5e). The myotubes that were maintained in optimal
normoxic conditions had less than 10% apoptotic cells as
compared with 88% in the myotubes that were exposed to
simulated ischemia for 12 h.

There was no inter-observer variability noted between
the observations for the number of apoptotic cells made by
two independent observers (Pearson’s product–moment
correlation coefficient, r¼ þ 0.997, n¼ 45). When the data
were plotted on a scatter chart, a strong positive correlation
was shown.

It was also observed that for equivalent time periods,
stagnant culture media were more effective in inducing apop-
tosis in myotubes than fresh DMEM containing low glucose
(Po0.01) or fresh glucose-free DMEM (Po0.01). The data
shown here is for 8 h using gas mixture-1 (Figure 6a).
Approximately 8 h of simulated ischemia using gas mixture-1
and stagnant culture media provides adequate number of
apoptotic cells for assay development and assessing the effects
of compounds being tested in reducing apoptosis.

Pretreatment with 60 ng of EPO per ml of culture medium
for 24 h significantly reduced the number of apoptotic nuclei
in myotubes exposed to simulated ischemia (Po0.01).
The data shown is for 8 h of simulated ischemia using gas
mixture-1 (Figure 6b). Similar results were achieved with
ischemia exposure for 6 and 12 h (data not shown).
The optimum dose of EPO (60 ng/ml of culture media) was
determined through a dose–response curve, with doses
ranging from 1 ng/ml to 1 mg/ml of the culture medium
(data not shown).

Simulated Ischemia Led to Increased Expression of
Cleaved Caspase-3 Enzyme
Immunofluorescence showed increased expression of the
cleaved caspase-3 in myotubes that were exposed to simu-
lated ischemia (Figure 7a). In addition, western blot analysis
of cell lysates confirmed a significant upregulation (Po0.01)
in the levels of cleaved caspase-3 enzyme in ischemic
myotubes (Figure 8b). Pretreatment with EPO (60 ng/ml of
culture media) caused a significant decrease in the levels
of cleaved caspase-3 as shown in Figure 7a and b. The data

presented in Figure 7 is from 8 h of simulated ischemia
exposure.

Simulated Ischemia Resulted in Increased LDH
Release by Myotubes
LDH release, which is a marker of cell death, increased
steadily and significantly with the duration of ischemic
exposure (Po0.01). It was minimal in the culture media of
myotubes maintained in optimal normoxic conditions (mean
of 7.33U/l) and maximum in those exposed to ischemia for
12 h (mean of 39.55U/l) as shown in Figure 8a. It was also
observed that EPO (60 ng/ml of culture media) significantly
decreased LDH release in myotubes exposed to simulated
ischemia (mean of 19.11U/l; Po0.01). The data shown
in Figure 8b is for 8 h of simulated ischemia using gas
mixture-1. Significant reductions in LDH release were also
noted at 4, 6 and 12 h.

DISCUSSION
This study has developed an in vitro model of myotube
ischemia. It has shown that exposure of mature C2C12
myotube monolayers to nutrition depletion, hypoxia and
hypercapnia for 6–12 h can simulate certain characteristics of
skeletal muscle ischemia, which include a significant increase

Figure 6 The effect of different culture medium and erythropoietin

(EPO) on apoptosis. Stagnant culture media caused more profound

apoptosis in combination with hypoxia for 8 h than Dulbecco’s modified

Eagle’s medium (DMEM) low glucose or DMEM glucose-free culture

medium (a). Pretreatment with EPO (60 ng/ml) caused a significant

reduction in the percentage of apoptotic cells in comparison to the

untreated myotubes exposed to simulated ischemia for 8 h (b). Data are

represented by mean±s.d., n¼ 9. One-way analysis of variance

(ANOVA)/Tukey’s HSD test was used to analyze the data in a and b.
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in PCO2 and decreases in PO2 and pH of the extracellular
fluid. The overall effect of these changes is a significant time-
dependent increase in the percentage of apoptotic cells, which
is a feature of skeletal muscle ischemia.4,5 The results also
show that the most favorable duration for simulated ischemia
in this model is between 6 and 12 h as it causes a relatively
low pH (7.31–7.12) and high percentage of apoptotic cells
(50.6–87.2%). This allows an adequate window for assay
development and demonstration of the potential effects of
experimental compounds.

The technique of simulated ischemia developed in this
study differs from that used in previously published studies
in several ways. The culture media we used to incubate the
cells in the hypoxic chambers was left unchanged for 24 h
(stagnant medium). This was based on the fact that the
greatest depletion of nutrients including that of amino acids
occurs in the first 24 h of cell culture.24,25

In contrast to the two-dimensional model in this study, a
three-dimensional model of simulated ischemia of myotubes
has also been developed.26,27 However, it may be difficult to
test the tissue-protective effects of compounds in the latter
model as the surface area of the myotubes exposed to the

culture media and the compounds dissolved in the culture
media are limited.

A gas mixture containing 80% N2 and 20% CO2

(gas mixture-1) was used to induce ischemia, instead of a gas
mixture containing 95% N2, 4% CO2 and 1% O2 (gas mix-
ture-2), which has been used in most other hypoxic
models.28–30 This was based on the rationale that hyper-
capnia in addition to hypoxia is also an essential element of
ischemia.22 It has also been shown that an increase in CO2

concentration produces a fall in the pH of culture media,31

which is essential for ischemic simulation (Table 1).
As it is not possible to eliminate all of the oxygen from
the system,32 gas mixture-1 (despite not having any added
oxygen) still provides a hypoxic rather than an anoxic
environment.

The model developed uses a hypoxic chamber (Billups-
Rothenberg), which is similar to that used by other groups in
previous studies.28–30 It enables a hypoxic external micro-
environment to be established by altering the partial pressure
of gases in the culture media. Other techniques that may
be used to generate hypoxia do not offer any advantage over
the hypoxic chamber when using C2C12 myotubes.33–38

Figure 7 Cleaved caspase-3 assay. The cleaved caspase-3 protein was expressed in the myotubes subjected to simulated ischemia for 8 h as shown in

the immunofluorescent expression of Texas-Red dye (a) and a distinct band on western blot (b). EPO pretreatment caused a significant reduction in the

expression of cleaved caspase-3 in comparison to untreated myotubes subjected to simulated ischemia (b). Data are represented by mean±s.d., n¼ 9.

One-way analysis of variance (ANOVA)/Tukey’s HSD test was used to analyze the data.
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CLI is a severe form of chronic ischemia distinct from
acute ischemia.1,39 This model aims to replicate the im-
portant aspects of CLI such as apoptosis as opposed to those
of acute ischemia, which consists predominantly of
necrosis.40,41 Chronic ischemia is difficult to replicate in vitro
as cells will invariably undergo both apoptosis and necrosis.40

The two-dimensional model used in this study resulted in a
larger proportion of cells undergoing ischemia-induced
apoptosis, rather than necrosis as compared to a three-
dimensional model of myotube ischemia.26,27 This may be
due to the fact that in a three-dimensional model, cells on the
outside of the construct form a dense layer, which acts
as a barrier to diffusion.40 As a result, adequate oxygen and
nutrients are not delivered to the center of the construct
where cells become more susceptible to necrosis. As the
emphasis of this study was the demonstration of apoptosis
and its prevention, the proportion of apoptosis and necrosis
was not specifically studied.

In addition to the treatment of anemia, other non-
erythropoietic roles of EPO have come to light following
discovery of the expression of EpoR in extra-hemopoietic
tissues.42,43 It has also been shown that a distinct tissue

protective hetero-receptor complex mediates the tissue-
protective function of EPO.44 We have recently reported the
expression of the tissue-protective receptor complex of EPO
in human skeletal muscle.21 On the basis of this finding, the
in vitro model of myotube ischemia was used to show the
ability of rhEPO to decrease ischemia-induced apoptosis.

This is the first study showing the expression of EpoR in
differentiated C2C12 myotubes. However, Figure 4a shows
that some of the myotubes, especially those at the periphery,
do not appear to express EpoR. These may be myotubes,
which were non-viable at the time of fixation or may
represent the limitation of the detecting system or indeed of
the model itself. Ogilvie et al45 had previously shown that
EpoR is expressed by C2C12 myoblasts. They also showed
that EPO stimulates their proliferation and suppresses
differentiation into myotubes. The results from this study
indicate that EPO also protects differentiated myotubes from
ischemic insult.

Lately, it has also become apparent that the use of EPO in
clinical settings may be limited by thrombogenic side
effects.20 However, non-erythropoietic derivatives of EPO
including carbamylated EPO have now been developed and
tested in pre-clinical studies.46–49 It may be possible to assess
these EPO derivatives in this model and investigate their
potential tissue-protective properties.

In conclusion, a model system for simulated ischemia of
myotubes is proposed using monolayers of C2C12 myotubes.
The system is easy to use and considers important parameters
of chronic ischemia, including apoptosis, PO2, PCO2 and pH.
It has also been used to show that EPO decreases ischemia-
induced apoptosis in C2C12 myotubes. Additional thera-
peutic agents designed for tissue protection in skeletal muscle
ischemia can also be evaluated using this model.

Supplementary Information accompanies the paper on the Laboratory

Investigation website (http://www.laboratoryinvestigation.org)
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