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ABSTRACT. To elucidate the mechanisms of ischemia-mediated myopathy using in vitro model, changes of purine nucleotides, membrane
lipid peroxidation(TBARS), intracellular calcium ([Ca2+]i)levels, generation of free radicals, and deoxyribonucleic acid (DNA) fragmen-
tation were examined in mouse-derived C2C12 myotubes under the condition with an inhibition of glycolytic and oxidative metabolism
as the ischemic condition.  In purine nucleotides, intracellular adenosine triphosphate (ATP) and guanosine triphosphate (GTP) concen-
trations rapidly and  significantly decreased after the treatment with ischemia.  No remarkable differences were observed in other purine
nucleotides, with the exception of inosine monophosphate (IMP) and extracellular hypoxanthine levels, both of which increased signif-
icantly during the ischemia.  The lactate dehydrogenase activity in culture supernatant of C2C12 myotubes increased significantly from
2 to 4 hr after the ischemia.  On the generation of free radicals, no spectrum was detected in supernatants throughout the observation
period, whereas supernatant TBARS concentration increased rapidly and significantly after the ischemia.  The relative intensity of [Ca2+]i
significantly increased after the  ischemia.  On the fragmented deoxyribonucleic acid(DNA), no TUNEL positive cells was detected in
C2C12 myotubes after 1 hr of the ischemia, however the positive cell percentage  subsequently increased.  From these results, it was sug-
gested that the ischemic condition induced changes of membrane permeability and increase of [Ca2+]i, both of which lead to cell mem-
brane damage, although a free radical generation was not detected.  The ischemic condition also induced the release of substrate
hypoxanthine for free radical generation and might initiate the apoptotic pathway in C2C12 myotubes.
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It is well known that soreness and stiffness develop on the
days following severe exercise in horses.  This delayed
onset muscle soreness is considered to relate with a relative
ischemia, in which an imbalance between energetic utiliza-
tion and generation is induced in the working skeletal mus-
cle [1, 9].  During the ischemia, major events in the skeletal
muscle are reported to develop a decrease of energy charge,
a broke down of high-energy phosphates, and an accumula-
tion of those products, such as inosine-5�-monophosphate
(IMP), inosine, hypoxanthine, and xanthine [13, 27].  The
decrease of energy charge also induces inadequate ion gra-
dients across the cell membranes, especially calcium ion,
which activates certain proteases and converts xanthine
dehydrogenase to xanthine oxidase [17].

On the other hand, oxygen free radicals are generated by
multiple sources, when O2 may still be present during the
ischemia [5, 14, 29], such as the mitochondrial electron
transport chain [5, 7] and hypoxanthine-xanthine-uric acid
pathway.  Oxygen free radicals lead to loss of membrane
integrity and cellular functions by the lipid peroxidation of
polyunsaturated lipids [1, 19], followed by the inactivation

of enzymes and increase of intracellular calcium ([Ca2+]i)
level, both of which in turn could activate various degrada-
tive pathways in the working muscle cells [16].  Cytotoxic
effects of free radicals were usually enhanced in the reperfu-
sion condition, however some researchers reported that oxi-
dative injury was observed in cardiac tissue during the
ischemia without reperfusion [2,6].  The activation of apop-
totic pathway was considered to be one of the candidates to
induce ischemia and/or reperfusion injury [21, 23, 24, 26,
28].  However, there is little information on the exact mech-
anism of ischemia-induced injury, probably because every
step could not be investigated on time in in vivo study.

In this study, to elucidate the mechanisms of ischemia-
mediated injury in myocytes using mouse-derived C2C12
myotubes, changes of purine nucleotides, membrane lipid
peroxidation, [Ca2+]i, generation of free radicals, and deoxy-
ribonucleic acid (DNA) fragmentation were examined
under the condition with an inhibition of glycolytic and oxi-
dative metabolism as the ischemic condition.

MATERIALS AND METHODS

Chemicals: All chemicals used were of analytical grade
obtained from Wako Pure Chemical (Osaka, Japan) unless
otherwise indicated.  All standard compounds for high per-
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formance liquid chromatographic (HPLC) analysis were
purchased from Sigma (St. Louis, MO, U.S.A.).  The dye of
Fluo-3 AM ester and propidium iodide (PI), indicating
[Ca2+]i and cell death, respectively, were obtained from
Molecular Proves (Eugene, OR, U.S.A.).  Dulbecco�s mod-
ified Eagle medium (D-MEM) was obtained from GIBCO
(Gland Island, NY, U.S.A.) and fetal calf serum (FCS) was
purchased from JRH (Lenexa, KS, U.S.A.).

Cell culture: Mouse-derived C2C12 myoblasts [30] (pas-
sage number 31 to 45) were maintained in D-MEM supple-
mented with 10% FCS at 37°C under an atmosphere of 5%
CO2 and 95% air.  C2C12 myotubes were prepared by cultur-
ing confluent myoblast in D-MEM with 2% FCS.  Myotubes
between 7- to 9-day old were used for all experiments.  The
nuclei number was 1.00 ± 0.04 × 106 (mean ± SD, n=21) per
a strip and over 95% of nuclei were in the myotubes.  No
xanthine oxidase activity was detected in C2C12 myotubes
by the method of Corte and Stirpe [8] with modifications.

Condition of ischemia: C2C12 myotubes cultured on 25
mm-diameter plastic strips(Nunc, Naperville, Illinois,
U.S.A.) were washed 3 times with Hank�s balanced saline
solution (HBSS; 1.3 mM CaCl2, 5.0 mM KCl, 0.3 mM
KH2PO4, 0.8 mM MgSO4, 138 mM NaCl, 4.0 mM NaHCO3,
0.3 mM Na2HPO4 and 5.6 mM D-glucose) supplemented
with 10 mM N- [2-hydroxyethyl] piperazine-N�- [2-ethane-
sulfonic acid] (HEPES, Sigma) at pH 7.4, and pre-incubated
for 3 hr in 2.0 ml of the same buffer at 37°C under 5% CO2/
95% air.  The metabolic inhibition, called as a chemical
ischemia, to myotubes was achieved by the incubation in 2.5
ml of HEPES-HBSS containing 20 mM unutilizable 2-
deoxyglucose under humid argon gas up to 4 hr at 37°C. 

Evaluation of cell injury: Lactate dehydrogenase (LDH)
activities in supernatants were analysed for evaluating the
cell membrane injury by a model 736�20 automatic analyser
(Hitachi, Tokyo, Japan) with a commercial assay reagents
(Wako Pure Chemical, Osaka, Japan).

Analysis of purine nucleotides: Purine metabolites were
extracted from myotubes by the method of Lazzarino et al.
[15].  Treated plastic strips were inserted into 2-ml screw
capped test tubes.  C2C12 myotubes were deproteinized by
the adding 0.5 ml of ice-cold 0.6 mM HClO4 and the vigor-
ous mixing for 1 min.  Extracts were neutralized with 0.15
ml ice-cold 2.0 M K2CO3 and centrifuged (4°C, 15,000 × g,
2 min).  The supernatant was filtrated by a 0.22 µm syringe
filter (ADVANTEC, Tokyo, Japan) and stored at �80°C
until high performance liquid chromatographic (HPLC)
assay.  The intra-cellular concentrations of adenosine triph-
osphate (ATP), adenosine diphosphate (ADP), adenosine
monophosphate (AMP), guanosine triphosphate (GTP),
guanosine diphosphate (GDP), and inosine monophosphate
(IMP) were measured with an HPLC system (JASCO,
Tokyo, Japan).  The system consisted of two model PU-980
pump, an AS-950 sampler, a CO-965 column oven, an UV-
970 detector, and an LCSS-905 integrator.  The chromato-
graphic analysis was performed at a flow rate of 1.2 ml/min
on a 250 × 4.6 mm Pegasil ODS column (Senshu, Tokyo,
Japan) maintained at 40°C.  The mobile phase consisted of

10 mM tetrabutylammonium hydroxide, 25 mM KH2PO4,
and 1.0% methanol at pH 6.5 (solvent A), and 5 mM tetrabu-
tylammonium hydroxide, 100 mM KH2PO4, and 30% meth-
anol at pH 4.5 (solvent B).  A linear gradient from 0 to 100%
of buffer B was formed between 10 and 50 min.  A 50 µl of
sample aliquot was injected and the eluant was monitored at
266 nm and 0.64 AUFS.  Total procedure time was 50 min.
The initial conditions were restored after over 20 min of
washing with buffer A.  Calibration curves for the quantita-
tive measurements of the biological samples were prepared
by analysing standard solutions with different known con-
centrations.

Analysis of free radicals by spin-trapping method: For the
spin-trapping method, an electron spin resonance (ESR) sig-
nals were measured in C2C12 myotubes preincubated in the
presence of 40 mM 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO).  Then, the cells were cultured under the ischemic
condition for 1, 2 and 3 hr, as described above.  The culture
supernatant was withdrawn into a flat quartz cell (60 × 10 ×
0.3 mm inner size) and place in the stage of a JEOL Model
JES-FA 100 ESR spectrometer (JEOL, Tokyo, Japan).  All
ESR spectra were recorded at room temperature and the
spectrometer settings were: magnetic field 336.5 ± 5 mT,
sweep time 2.0 min, modulation frequency 100 kHz, modu-
lation amplitude 0.1 mT, receiver gain 2.5 × 103, time con-
stant 0.1s, microwave frequency 9.415 GHz, and
microwave power 14 mW.

Assay for supernatant thiobarbituric acid reactive sub-
stances: Thiobarbituric acid reactive substances (TBARS)
released into the supernatant were measured by a thiobarbi-
turic acid (TBA) method as described by Schmedes and
Hølmer [25].  The TBA reagent was prepared by dissolving
1% (w/v) TBA (Merck, Darmstadt, B.R.D.) in 5% trichloro-
acetic acid (Wako Pure Chemical, Osaka, Japan) solution.
The 1.0 ml of the extracts (the Bligh-Dyer aqueous phase)
was mixed with 1.0 ml of the TBA reagent in a screw-
capped test tube.  The tightly capped test tube was heated in
a water bath at 95°C for 30 min, cooled in tap water, and
centrifuged at 1,500 × g to assure a clear solution.  The flu-
orescent intensity was measured by a model 650-10S fluo-
rescence spectrophotometer (Hitachi, Tokyo, Japan) at Ex
515 nm and Em 553 nm.

Analysis for intracellular calcium ([Ca2+]i) level: C2C12
myotubes were incubated on a glass cover slip with 10 µM
of fluo-3/AM in HEPES-HBSS at 37°C for 30 min during
pre-incubation time.  After washing 3 times with HEPES-
HBSS, the cells cultured were exposed to the ischemic con-
dition on the cover slip and kept at 37°C for 1, 2 and 3 hr.
As an indicator of the cell death, 10 µM of propidium iodide
(PI), which entered cells due to the loss of membrane integ-
rity and stained the nucleus, was used.  The cells were
imaged using the InSIGTH PLUSTM laser scanning confo-
cal microscope system (Meridiam, Okemos, MI, U.S.A.).
The two dyes were simultaneously excited at 488 nm argon
laser line, and emissioned at 530/30 nm for fluo-3 and at
605/LP nm for PI, respectively.

Fluorescence intensities were recorded every 60 sec for
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30 min and analysed with InSIGHT-IQ analysis software.
The changes of [Ca2+]i were represented in each single cell.

Detection of fragmented DNA: DNA fragmentation was
examined on C2C12 myotubes cultured on the cover slip by
the modified TUNEL method proposed by Gavrieli et al.
[12], using a commercial apoptosis detection kit (Apop Tag,
Oncor, Gaithersburg, MD).  The ratio of TUNEL-positive
cells to all the cells was calculated on the 3 cells cultured on
a cover slip slides under light microscope, and then the
mean ± SD of 3 slides was expressed as a percentage at 1, 2
and 3 hr after the ischemia.

Statistical analysis: All statistical analyses were per-
formed using Student�s t-tests for unpaired data.

RESULTS

Purine nucleotides: ATP and GTP concentrations in
C2C12 myotubes rapidly and significantly decreased
(p<0.001 and p<0.05, respectively) at 1 hr after the treat-
ment with ischemia, maintaining low levels during the fol-
lowing 3 hr.  No remarkable differences were observed in
other purine nucleotides, with the exception of IMP and
extracellular hypoxanthine levels, both of which increased
significantly (p<0.05) during the ischemia  (Fig. 1).

Cell viability: The supernatant LDH level of C2C12 myo-
tubes increased significantly (p<0.05) from 2 to 4 hr after
the treatment with ischemia  (Fig. 2). 

Generation of free radicals: Figure 3 shows typical ESR
spectra of culture supernatants during the ischemia by the
spin-trapping method.  No spectrum was detected in super-
natants throughout the observation period.

Lipid peroxidation: Lipid peroxidation was determined as
the changes of the supernatant TBARS levels.  Supernatant
TBARS concentration increased rapidly and significantly
(p<0.001) after 1 hr of the ischemia (Fig. 4).

Intracellular calcium ([Ca2+]i): During the ischemia,
C2C12 myotubes showed an increase of [Ca2+]i as indicated
by fluo-3 fluorescence, whereas the cell death indicated by
PI was not detected.  After 1 hr of the ischemia, the relative
intensity of [Ca2+]i increased by 47%, being more increase
of it after 2 and 3 hr (78% and 71%, respectively) of the
ischemia  (Fig. 5). 

Fragmented DNA: Typical patterns of TUNEL positive
cells during ischemia are shown in Fig. 6.  After 1 hr of the
ischemia, no TUNEL positive cells was detected in C2C12
myotubes, however the positive cell percentage increased to
1.33% at 2 hr of the ischemia and subsequently increased
(4.33%) after 3 hr.

DISCUSSION

In the skeletal muscle during the ischemia, energetic
impairments, free radical-mediated lipid peroxidation,
[Ca2+]i increase, and membrane injury were common events
[1, 19], however, the relationship among them has not been
completely elucidated.  In the present study, we attempted to
prepare the ischemic condition for in vitro C2C12 myotubes

by the inhibition of glycolytic- and oxidative-metabolism.
Results of this experiment clearly showed that high-energy
phosphates, especially ATP and GTP, rapidly and signifi-
cantly decreased by the first hour of the ischemia, and the
reduction of high-energy phosphates was maintained for
subsequent 3 hr.  These data supported previous in vivo and
in vitro studies, reporting that the major event was the ATP

Fig. 1. Changes of intracellular purine nucleotides (a) (ATP ,
GTP , ADP , GDP , AMP , IMP ) and  supernatant
hypoxanthine levels (b) in C2C12 myotubes during the ischemia. 

����� ���� ����

Fig. 2. Changes of LDH release (control: � �, ischemia: � �)
from C2C12 myotubes during the ischemia. 



F. M. BOFFI ET AL.486

loss during the ischemia [13, 27].  The end product of ATP
degradation is hypoxanthine, which increased in the extra-
cellular space during the ischemia in this study, although the
level of hypoxanthine produced was unexpectedly low and
was not equivalent to the decrease of intracellular high-
energy nucleotides.  Uric acid and allantoin, both of which
were the final products of purine degradation in mammalian

cells during the ischemia, were not detected throughout the
experimental period in this culture system, since C2C12 myo-
tubes had no xanthine oxidase activity, which converted
hypoxanthine to xanthine and uric acid.

During the ischemia, the supernatant LDH values
increased significantly.  This data was well agreed with the
previous in vivo and in vitro studies, in which increase of
LDH value during the ischemia was due to the changes of
membrane permeability and/or cell death by lipid peroxida-

Fig. 3. Typical ESR spectra in supernatants of C2C12 myotubes
during the ischemia. Each spectrum was recorded by single
scan with the constant analytical condition as described in
Materials and Methods. 

Fig. 4. Changes of supernatant TBARS release (control: � �,
ischemia: � �) from C2C12 myotubes during the ischemia. 

a) b)

Fig. 5. Changes of the intracellular calcium level  (control: � �, ischemia: � �) during the ischemia (a) and typical patterns of Fuo-3
fluorescence after 3 hr of the ischemia (b). Data were represented as a relative fluorescence of Fluo-3.
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tion [31].  The cell membrane is well known as the major
target of free radicals, because it contains large amount of
polyunsaturated fatty acids.  In this study, it was notable that
TBARS concentration increased in the extracellular space
during the ischemia.  This finding suggested that the lipid
peroxidation was induced during the ischemia, however no
ESR spectra was detected by the spin trapping method.
Therefore, TBARS level increased in supernatant was not
related to the free radical-induced lipid peroxidation, but to
the release of peroxidized lipid from the cell membrane,
probably by the acidosis [3, 4, 20] and/or activation of phos-
pholipase pathway during the ischemia [11].

In this study, [Ca2+]i significantly increased in C2C12
myotubes during the ischemia.  The major cause of this was
considered to be the changes of permeability of the sarco-
lemma [22], resulted in abnormal distribution of [Ca2+]i in
the cells [11, 18].  The reduction of ATP concentration also
induced [Ca2+]i increase by the inactivation of the Ca2+-
ATPase located in the vicinity of the sarcolemma [10].  The
increased [Ca2+]i in C2C12 myotubes during the ischemia
might activate phospholipase, by which release of TBARS
was developed.  However, it was not enough to produce the
cell death, indicating by the no increase of PI fluorescence
in C2C12 myotubes during the ischemia.

To examine the DNA fragmentation, the TUNEL method
was performed on C2C12 myotubes.  The number of positive
cells increased during the ischemia, reaching at 4.33% after
3 hr of the ischemia.  Some chromosomal DNA damage was
induced in C2C12 myotubes during the ischemia, although no
DNA fragmentation was detected by the gel electrophoresis

(data not shown).
In conclusion, it was suggested that the ischemic condi-

tion induced changes of membrane permeability and itracel-
lular calcium ion increase, both of which lead to cell
membrane damage, although a free radical generation was
not detected.  The ischemic condition also induced the
release of substrate hypoxanthine for free radical generation
and initiated the apoptotic pathway in C2C12 myotubes.
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