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Abstract
In this study, it was found that undifferentiated myoblasts were more vulnerable to menadione-induced oxidative stress than
differentiated myotubes. Cell death occurred with a relatively low concentration of menadione in myoblasts compared to
myotubes. With the same concentration of menadione, the Bcl-2/Bax ratio decreased and nuclei containing condensed
chromatin were observed in myoblasts to a greater extent than in myotubes. However, myotubes became increasingly
susceptible to menadione when phosphoinositide 3-kinase (PI3-K) was blocked by pre-incubation with LY294002, a PI3-K
inhibitor. Actually, PI3-K activity was reduced by menadione in myoblasts but not in myotubes. In addition, the
phosphorylation of Akt, a downstream effector of PI3-K, was inhibited in myoblasts by menadione but increased in
myotubes. Both LY294002 and API-2, an Akt inhibitor, decreased the Bcl-2/Bax ratio in menadione-exposed myotubes.
These results suggest that the differential activity of PI3-K/Akt signalling is responsible for the differential susceptibility of
myoblasts and myotubes to menadione-induced oxidative stress.
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Introduction

Myoblasts, the myogenic precursors of skeletal mus-

cle, proliferate, differentiate into multinucleated

myotubes and form new muscle fibres [1]. In the

course of myoblast differentiation, various signalling

pathways related to the regulation of myogenesis are

activated, such as the p38 mitogen-activated protein

kinase (p38 MAPK), nuclear factor-kB (NF-kB) and

phosphoinositide 3-kinase (PI3-K)/Akt pathways

[2,3]. In addition, the expression and accumulation

of muscle-specific proteins increase with differentia-

tion [4]. Thus, differentiated myotubes have many

biochemical and morphological characteristics that

differ from those of undifferentiated myoblasts.

With high concentrations of myoglobin and rapid

changes in oxygen flux, skeletal muscles are extremely

susceptible to reactive oxygen species (ROS)-induced

oxidative stress [5,6]. Menadione (2-methyl-1,4-

naphthoquinone, vitamin K3) is a quinone that

generates free radicals intracellularly by undergoing

redox cycles [7] and has previously been shown to

induce oxidative stress in muscle cells by producing

superoxide and hydrogen peroxide [8]. However, the

intracellular signalling pathway(s) leading to mena-

dione-induced death in muscle cells has not been

identified. The regulation of oxidation within the cell

plays a critical role in cell survival by modulating key

signalling pathways [9]. Indeed, oxidative stress has

been shown to stimulate cell survival signalling path-

ways in addition to causing cell death. The PI3-K/Akt

pathway is one such pathway regulated by ROS

through activation of this signalling cascade, which
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is critical for cell survival [10]. Akt, also known as

protein kinase B, is a serine/threonine kinase that is

activated in response to signals that are transmitted

through PI3-K [11]. Akt is an important survival

signal that suppresses cell death [12] and is activated

in response to oxidant injury [13]. Akt is phosphory-

lated by phosphoinositide-dependent protein kinases

(PDKs) on Thr308 or Ser473 [14].

Although activation of the PI3-K/Akt pathway by

various stresses has been studied in a variety of cell

types, its role against oxidative stress in skeletal

muscle cells has not been well-studied. Specifically,

the activity of PI3-K/Akt signalling under mena-

dione-induced oxidative stress in skeletal muscle cells

has not been reported. The present study examined

the differential response of myoblasts and myotubes

in the cultured rat L6 skeletal muscle cell lines to

menadione-induced oxidative stress. It was found

that undifferentiated myoblasts were more vulnerable

to the stress than differentiated myotubes. This study

demonstrates that the PI3-K/Akt signalling pathway

is responsible for the differential susceptibility.

Materials and methods

Materials

Anti-Bcl-2, anti-Bax and anti-actin antibodies were

purchased from Santa Cruz Biotechnology (Santa

Cruz, CA). Anti-p85 antibody was from Upstate

Biotechnology (Lake Placid, NY). Anti-Akt, anti-

phospho-Akt (Ser473) and anti-poly (ADP-ribose)

polymerase (PARP) antibodies were from Cell Signal-

ing Technology (Beverly, MA). SB203580, NF-kB

activation inhibitor (6-amino-4-[4-phenoxypheny-

lethylamino] quinazoline) and Akt/PKB signalling

inhibitor-2 (API-2) were from Calbiochem (La Jolla,

CA). DAPI (4?,6-diamidino-2-phenylindole) was from

Molecular Probes-Invitrogen (Carlsbad, CA). The

silica gel 60 thin-layer chromatography (TLC) plates

were from Merck (Darmstadt, Germany). [g-32P]ATP

was from DuPont NEN (Boston, MA). Other materi-

als were obtained from Sigma (St. Louis, MO).

Cell culture and oxidative stress

Undifferentiated myoblasts and differentiated myo-

tubes of L6 cells were prepared as previously de-

scribed [15]. Briefly, cells cultured in Dulbecco’s

Modified Eagle’s Medium (DMEM) containing 10%

foetal bovine serum for 3 days were termed myo-

blasts. Confluent myoblasts were induced to differ-

entiate by transferring them into medium containing

5% horse serum and culturing them for 7 days. The

fused multinucleated cells were called myotubes. To

induce oxidative stress, myoblasts and myotubes were

pre-incubated in serum-free DMEM for 1 h and then

exposed to either menadione or 0.05% DMSO as a

vehicle.

Cell viability assay

The cells were grown in 96-well plates under the

indicated culture conditions and the MTT (3-[4,5-

dimethylthiazol-2-yl]-2,5-di-phenyltetrazolium bro-

mide) reagent was added to each well and incubated

for 4 h at 378C. The dark blue formazan crystals were

solubilized in DMSO and the absorbance was mea-

sured at a wavelength of 570 nm with background

subtraction at 655 nm on the ELISA plate reader.

Immunoblotting

Cells were disrupted by ultra-sonication in lysis buffer

(50 mM Tris-HCl, pH 7.5 containing 5 mM MgCl2, 1

mM DTT, 0.5 mM EDTA, 10% glycerol, 1 mM

PMSF, 1 mM Na3VO4, 50 mM NaF and 0.1%

protease inhibitor cocktail). Cell extracts were subse-

quently centrifuged at 15 000�g to remove debris.

The proteins were separated by SDS-PAGE and

subjected to immunoblotting as previously described

[15]. The density of the immunoreactive bands was

quantified using Scion Image.

PI3-K activity assay

PI3-K activity was determined as previously de-

scribed [15]. In brief, p85 was immunoprecipitated

with anti-p85 antibody and the precipitated enzymes

were incubated with 2.5 mg of phosphatidylinositol

(PI) and 5 mCi of [g-32P] ATP for 10 min at room

temperature. The phospholipids were separated by

TLC and the radiolabelled PI3P products were

identified as previously described [16].

DAPI staining

Cells were grown on coverslips and treated with either

menadione or DMSO. The cells were fixed with 3.7%

formaldehyde for 10 min and then stained with 5 mg/

ml DAPI. The cells were then observed by fluores-

cence microscopy.

Statistical analysis

All averaged data are expressed as mean9SEM. The

significance of the difference from the respective

control for each experiment was assayed using

Student’s t-test. A p-value ofB0.005 was considered

significant.

Results

Undifferentiated myoblasts are more vulnerable to

menadione-induced oxidative stress than differentiated

myotubes

During the differentiation of skeletal muscle cells,

proliferating myoblasts withdraw from the cell cycle

and form multinucleated myotubes by spontaneous

membrane fusion. Oxidative stress is one of the most
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dangerous stresses to skeletal muscle cells. Because

many biochemical changes occur during the morpho-

logical differentiation of myoblasts, it was hypothe-

sized that the cellular response to oxidative stress may

change during the course of myogenesis. To test this

hypothesis, undifferentiated myoblasts and differen-

tiated myotubes of rat L6 skeletal muscle cells were

prepared and the response of cells under menadione-

induced oxidative stress was examined. At relatively

low concentrations of menadione (lower than 5 mM),

no cytotoxic effects were evident and there were no

differences in the responses of myoblasts and myo-

tubes to menadione (Figure 1A). However, myoblasts

were greatly damaged when the concentration of

menadione increased to �10 mM. Thereafter, the

relative viability sharply decreased with further in-

creases in menadione concentration. In contrast,

multinucleated myotubes were more resistant to the

same concentration of menadione than myoblasts.

Myotubes were also damaged at higher doses, but the

relative viability declined gently compared to that of

myoblasts. Several experiments revealed that promi-

nent differences in viability between myoblasts and

myotubes occurred between 10�20 mM menadione

and 2�3 h of exposure; these concentrations and

exposure periods were used in subsequent experi-

ments. Differential susceptibility in myoblasts and

myotubes was also observed according to incubation

times. At 10 mM menadione, the relative viability of

myoblasts was less than 50% following 1 h incuba-

tion, whereas there were no significant changes in

myotubes during the 24 h incubation (Figure 1B).

The damaged myoblasts became rounded and de-

tached from the substrate, which resulted in increased

vacant areas in the culture dish (Figure 1C). In

contrast, the morphology of myotubes did not change

with the same concentration of menadione.

We next examined whether the menadione-induced

death of myoblasts occurred via an apoptotic pathway

by assaying of the expression of Bcl-2 and Bax, DAPI

staining and cleavage of PARP. Because menadione-

exposed myoblasts detached from the dish bottom, all

the cells were harvested in the culture dishes including

detached cells. Bcl-2, an anti-apoptotic protein,

neutralizes pro-apoptotic effects by forming hetero-

dimers with Bax, a pro-apoptotic protein. Thus, any

agent that decreases the Bcl-2/Bax ratio may promote

apoptosis [17]. As shown in Figure 2A, expression of

Bcl-2 was greatly decreased (0.44) and that of Bax was

slightly increased (1.14) by 20 mM menadione in

myoblasts. The ratio of Bcl-2 to Bax (0.39) indicated

that menadione induced apoptosis in myoblasts. In

contrast, neither Bcl-2 nor Bax expression was sig-

nificantly changed by menadione in myotubes. The

ratio of Bcl-2/Bax (1.03) indicated that 20 mM

menadione did not induce apoptosis in myotubes.

The immunoblotting data are representatives for

three independent experiments and the values of the

Figure 1. Effect of menadione on the cell survival of L6 myoblasts

and myotubes. (A) Myoblasts and myotubes were prepared as

described in Materials and methods. They were exposed to

increasing doses of menadione and cultured for 24 h. (B)

Myoblasts and myotubes were incubated with 10 mM menadione

and cultured for the indicated times. Cell viability was assayed by

MTT method. Relative viability was expressed as a ratio of viability

of each treatment to that of DMSO treatment, a vehicle. Values are

mean9SEM of three separate experiments. The asterisks indicate

significant differences from myoblasts (*pB0.005). (C) Both

myoblasts and myotubes were exposed to 20 mM menadione for 3

h and observed under a phase-contrast microscope. Arrow heads in

the menadione-exposed myoblasts indicate damaged and unde-

tached myoblasts.
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graph show the mean of Bcl-2/Bax ratio of the

experiments (Figure 2A). On the other hand, the

expressions of both Bax and Bcl-2 increased in

myotubes even without stress. The level of Bcl-2

indicated 1.55 and that of Bax 2.73 in myotubes

compared to myoblasts; therefore, the Bcl-2/Bax ratio

in myotubes decreased. These results are consistent

with the previous report that apoptosis occurs in the

progress of myogenesis and that the expression of both

Bcl-2 and Bax increases during differentiation [18].

This study next observed the nuclei of the treated cells

by DAPI staining. Chromatin condensation in the

nuclei was observed in menadione-treated myoblasts,

but not in myotubes (Figure 2B). It has been reported

that activation of caspase-3 is required for menadione-

induced apoptosis in C2C12 muscle cells [19]. To

confirm apoptosis by menadione, the cleavage of

PARP, known as endogenous substrate for caspase-3

and a marker for apoptosis [20], was assayed. Cleaved

PARP was detected in the menadione-exposed myo-

blasts after 1 h exposure (Figure 2C). These results

clearly show that myoblasts are more vulnerable to

menadione-induced oxidative stress than myotubes

and that the cell death of myoblasts is related to an

activated pro-apoptotic pathway.

PI3-K/Akt signalling is involved in the differential

susceptibility of myoblasts and myotubes to

menadione-induced oxidative stress

It was hypothesized that the differential susceptibility

of myoblasts and myotubes to menadione is related to

the differential activity of signalling pathway(s) during

the stress. Therefore, this study examined the activity

of several signalling pathways that are known to be

related to differentiation of myoblasts and to anti-

oxidation activity, such as PI3-K, NF-kB and p38

MAPK pathways [2,21,22]. This study did not

investigate the activity of C-Jun N-terminal kinase

(JNK), one of the stress signalling molecules, because

JNK is not activated in the differentiation of L6

myoblasts [2] and the influence of JNK activation on

cell survival following oxidative stress is complex and

still highly controversial [10]. For these assays, the

signalling pathways in myoblasts and myotubes were

blocked by pre-incubation with specific inhibitors and

then cells were exposed to menadione. The inhibitors

used were LY294002, a PI3-K inhibitor, NF-kB

activation inhibitor [23,24] and SB203580, a p38

MAPK inhibitor. The effective concentrations of the

inhibitors were tested by modification of the manu-

facturer’s recommendation. The inhibitor tests were

performed with 10 mM menadione, when myoblasts

were damaged but myotubes were not significantly

damaged (black bars in Figure 3A and B). When

myoblasts were pre-incubated with these inhibitors,

there were no significant changes in cell viability

between inhibitor-treated cells and non-treated cells

Figure 2. Activation of apoptotic pathway under menadione-

induced oxidative stress. (A) Both myoblasts and myotubes were

exposed to DMSO (�) or 20 mM menadione (�) for 3 h. The

expression levels of Bcl-2 and Bax were determined by immuno-

blotting with the corresponding antibodies. The band density of

DMSO-treated myoblasts and myotubes was defined as 1.00 and

the relative intensities of the bands were expressed as folds. Actin

was used as a loading control. Relative ratio of Bcl-2/Bax expression

of three independent experiments was calculated and shown by

graph. Values represent mean9SEM. The asterisk indicates

significant difference from DMSO-treated myoblasts (*pB0.005).

(B) Both myoblasts and myotubes were exposed to DMSO or 20

mM menadione for 2 h. Cells were stained with DAPI and observed

under a fluorescent microscope. Arrow heads indicate condensed

nuclei of apoptotic cells in the menadione-exposed myoblasts. (C)

Myoblasts were exposed to 20 mM menadione and cultured for the

indicated periods. Cleavage of PARP was assayed by immunoblot-

ting with the anti-PARP antibody. Actin was used as a loading

control.

Phosphoinositide 3-kinase/Akt signalling 801
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under menadione-induced oxidative stress. In myo-

tubes, however, a prominent change in cell survival

was observed in LY294002-treated cells. The relative

viability of myotubes pre-incubated with LY294002

was greatly reduced with menadione compared to

inhibitor-untreated myotubes. Neither NF-kB activa-

tion inhibitor nor SB203580 produced differential

effects on cell survival at the tested doses (Figure 3B);

menadione-induced damage occurred in myoblasts,

but to a lesser extent than in myotubes, regardless of

the inhibitors.

To further examine the role of PI3-K in mena-

dione-induced oxidative stress, it was determined

whether menadione affected PI3-K activity. Myo-

blasts and myotubes were exposed to 10 mM mena-

dione and were assayed for phosphorylation of

exogenous PI. As shown in Figure 4A, the activity

of PI3-K increased �2-fold in differentiated myo-

tubes compared to that in undifferentiated myoblasts

at the almost same concentration of p85, the reg-

ulatory subunit of PI3-K. Of interest was the finding

that its activity was greatly inhibited by menadione in

myoblasts (0.26). Under the same stress, however,

PI3-K in myotubes remained active to phosphorylate

exogenous PI. This study next examined the phos-

phorylation of Akt, a downstream effector of PI3-K.

The phosphorylation of Akt on Ser473 was detected

both in myoblasts and myotubes even without mena-

dione (0 h). However, it decreased significantly from

1 h after menadione exposure in myoblasts. In

contrast, the phosphorylation in myotubes increased

from the early time after menadione exposure (30

min). The protein level of Akt did not significantly

change both in myoblasts and myotubes regardless of

menadione. Therefore, the ratio of phospho-Akt/Akt

decreased with increasing exposure periods in myo-

blasts, whereas it increased in myotubes (Figure 4B).

These results show that the PI3-K/Akt pathway is

inhibited in myoblasts by menadione-induced oxida-

tive stress, whereas it is rather activated in myotubes.

Inhibition of PI3-K/Akt signalling results in decrease of

Bcl-2/Bax ratio in menadione-exposed myotubes

To further assess the involvement of PI3-K/Akt

signalling in menadione-induced oxidative stress, it

was examined whether LY294002 and API-2, an Akt

inhibitor, influence the expression of Bcl-2 and/or

Bax in myotubes. Myotubes were incubated with

LY294002 or API-2 for 1 h before menadione

exposure. The cells were then exposed to 20 mM

menadione and were assayed for Bcl-2 and Bax

expression. As shown in Figure 5A, the expression

of Bcl-2 greatly decreased and that of Bax increased

when myotubes were pre-incubated with LY294002

and then exposed to menadione. Therefore, the ratio

of Bcl-2/Bax (0.36) was significantly decreased by

menadione in LY294002-pretreated myotubes. Simi-

larly, the expression of Bcl-2 was significantly de-

creased by API-2 and the ratio of Bcl-2/Bax (0.37)

was also decreased (Figure 5B). The immunoblotting

data are representatives for four independent experi-

ments and the values of graphs show the mean of Bcl-

2/Bax ratio of the experiments. These results show

that inhibition of PI3-K/Akt signalling in myotubes

results in activation of the apoptotic pathway during

menadione-induced oxidative stress.

Discussion

This study investigated the differential susceptibility

of cultured undifferentiated myoblasts and differen-

tiated myotubes to menadione-induced oxidative

stress. Undifferentiated myoblasts were more vulner-

able than differentiated myotubes. Under the stress,

the ratio of Bcl-2/Bax was significantly down-regu-

lated in myoblasts, but not in myotubes, which

Figure 3. Effect of signalling pathway inhibitors on the cell

survival under menadione-induced oxidative stress. Myoblasts

(A) and myotubes (B) were pre-incubated with 50 mM

LY294002, 50 nM NF-kB activation inhibitor or 20 mM

SB203580 for 1 h. Cells were then exposed to 10 mM menadione

or not and cultured for the next 24 h. Cell survival was assayed by

MTT method. Results represent the average value of three

independent experiments. The asterisk indicates a significant

decrease from LY294002-non-treated myotubes (*pB0.005).
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indicates that apoptosis occurred in myoblasts. PI3-

K/Akt signalling was stimulated in myotubes, but

inhibited in myoblasts under the same stress. Here it

is demonstrated that the differential activity of PI3-K/

Akt signalling is responsible for the differential

susceptibility of myoblasts and myotubes to mena-

dione-induced oxidative stress by providing evidence.

First, myotubes showed increased susceptibility to

menadione when PI3-K was blocked by LY294002

(see Figure 3B). Second, PI3-K activity in myoblasts,

but not in myotubes, was significantly blocked by

menadione when myoblasts were damaged but myo-

tubes were not (see Figure 4A). Third, with the same

concentration of menadione, phosphorylation of Akt

decreased shortly after exposure in myoblasts, while it

increased in myotubes (see Figure 4B). Finally,

LY294002 and API-2 significantly reduced the ratio

of Bcl-2/Bax in menadione-exposed myotubes (see

Figure 5).

Due to various properties of skeletal muscle cells,

these cells are continuously exposed to ROS and they

have the capacity to withstand oxidative stress [25].

Several endogenous enzymatic (e.g. superoxide dis-

mutase (SOD), catalase and glutathione peroxidase)

and non-enzymatic (e.g. glutathione, vitamins A,

C and E and flavonoids) antioxidants constitute

well-defined defense systems in muscle cells [10].

The antioxidant abilities of muscle cells appear to

vary with cell types, differentiation stages, pro-oxi-

dant molecules and activation level of antioxidant

systems. Transcription and activity levels of several

antioxidant enzymes, such as catalase and glutathione

peroxidase, decreased with differentiation of C2C12

cell lines, which resulted in increased susceptibility to

paraquat-induced oxidative stress [25]. In contrast,

L6C5 myotubes acquired an apoptosis-resistant phe-

notype with progress of differentiation, accompanied

by drastic increases in NF-kB and activating protein 1

(AP-1) [26]. In the same report, C2C12 cells were

found to be more resistant than L6C5 rat skeletal

muscle cells to H2O2-induced oxidative stress. This

study also examined whether menadione influenced

the expression of the antioxidant enzymes such as

catalase, MnSOD and CuZnSOD in L6 cells. How-

ever, the results showed that the expressions of those

enzymes were not altered by the treatment of

menadione both in myoblasts and myotubes (data

not shown).

Although extensive studies on oxidative stress in

muscle cells have been completed, the signalling

mechanism that leads to activation of antioxidant

systems are not fully established and the activities of

some signalling pathways remain controversial. It was

hypothesized that the differential response of myo-

blasts and myotubes to the oxidative stress is related

to the differential activity of signalling pathway(s) in

the course of myoblast differentiation. Previous

studies on PI3-K signalling in muscle cells have

largely focused on its function in the regulation of

myoblast differentiation; several findings have shown

that PI3-K/Akt signalling plays an important role in

myogenesis. Interfering with PI3-K activity with

inhibitors such as LY294002 or wortmannin or using

a dominant-negative mutant of p85 blocks myoblast

fusion and the expression of muscle-specific proteins

[27,28]. In addition, it has been reported that various

environmental stresses including oxidative stress are

capable of inducing apoptosis leading to the down-

regulation of PI3-K/Akt signalling [29,30]. ROS elicit

a wide spectrum of responses depending on the cell

Figure 4. Activity of PI3-K/Akt signalling under menadione-induced oxidative stress. (A) Myoblasts and myotubes were exposed to

DMSO (�) or 10 mM menadione (�) for 3 h. Cells were then assayed for PI3-K activity as described in Materials and methods. The

intensity of radio-labelled PI3P in DMSO-treated myoblasts and myotubes was defined as 1.00 and the relative intensities of the PI3P were

expressed as folds. (B) Myoblasts and myotubes were exposed to 20 mM menadione for the indicated times. Expression and phosphorylation

of Akt were assayed by immunoblotting with anti-Akt and anti-phospho-Akt antibodies (Ser473), respectively. Relative intensities of

phospho-Akt/Akt ratio were calculated and expressed as folds. Actin was used as a loading control.

Phosphoinositide 3-kinase/Akt signalling 803
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type, the magnitude of the dose and duration of the

exposure via activation of numerous signalling path-

ways [10]. For instance, NF-kB and p38 MAPK

pathways are activated by H2O2 in C2 myoblasts at

specific doses and exposure periods [22]. However,

involvement of those pathways in differentiated

myotubes was not assayed. Because this study fo-

cused on the differential response of myoblasts and

myotubes to the menadione-induced oxidative stress,

the effect of menadione was assayed at the doses in

which myoblasts were damaged but myotubes were

not. Under the conditions, differential activity of the

PI3-K/Akt signalling pathway is involved in the

differential susceptibility between myoblasts and

myotubes. Therefore, one cannot fully exclude the

involvement of other pathways under the oxidative

stress; menadione may modulate activities of those

pathways under certain conditions.

It is reported that age-related down-regulation of

PI3-K/Akt is responsible for the increased suscept-

ibility to menadione-induced oxidative stress in the

rat kidney [31]. Then how does menadione influence

the PI3-K/Akt pathway? This study suggests a

possibility that ROS produced by menadione in

muscle cells modulate the pathway. Menadione

produces ROS including superoxide, H2O2 and

others in muscle cells [8]. Activation of PI3-K/Akt

pathway by superoxide and H2O2 is reported in

C2C12 muscle cells [32] and in vascular smooth

muscle cells [33]. Activation of Akt depends on its

phosphorylation on Ser473 and Thr308 [11]. Akt

activity is critical for cell survival. There are multiple

downstream effectors of Akt in the survival effect. Akt

has been shown to phosphorylate the pro-apoptotic

protein Bad, thereby inhibiting its pro-apoptotic

function [11,34,35]. Activation of Akt alters the

expression of Bcl-2 and Bax, which results in inhibi-

tion of nitric oxide-induced apoptosis in the hippo-

campal neurons [36]. Even not examined in this

study, the promoter region of Bcl-2 contains a cAMP-

response element (CRE) site and the transcription

factor CRE-binding protein (CREB) has been iden-

tified as a positive regulator of Bcl-2 expression

[37,38]. Taken together, these results suggest that a

survival signalling in myotubes under the menadione-

induced oxidative is modulated via PI3-K-Akt-Bcl-2.

Menadione-induced death in several cancers is

called autoschizis [39]. During this process, both

apoptotic and necrotic morphologies are observed.

The effect of menadione on C2C12 mouse skeletal

muscle cells differs by dose: low concentrations

induce apoptosis, while higher concentrations result

in both apoptosis and necrosis [19]. Here, it is shown

that relatively low doses of menadione induce apop-

tosis in L6 myoblasts. Menadione is used as an anti-

cancer drug; the treatment of malignant cells in

culture with menadione inhibits the cell cycle at the

G1/S and S/G2 phases [40]. Both in vivo and in vitro

Figure 5. Effect of PI3-K/Akt signalling inhibitors on the expres-

sion of Bcl-2 and Bax in the menadione-exposed myotubes.

Myotubes were pre-incubated with 50 mM LY294002 (A) or 1

mM API-2 (B) for 1 h and then exposed to 20 mM menadione or not

for 3 h. The expression levels of Bcl-2 and Bax were determined by

immunoblotting with the corresponding antibodies. Relative ratio

of Bcl-2/Bax expression of four independent experiments was

calculated and shown by graph. Values represent mean9SEM.

The asterisks indicate significant differences (*pB0.005, **pB

0.005).
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studies have shown a synergistic effect when mena-

dione is combined with conventional chemothera-

peutic agents [40]. Recently, non-selective PI3-K

inhibitors, like wortmannin and LY294002, have

also been proposed as anti-cancer drugs [41]. This

study has shown that non-proliferating myotubes, as

well as the actively proliferating myoblasts, can be

damaged by menadione if the PI3-K/Akt pathway is

also inhibited. These results suggest that the

combined use of menadione and LY294002 could

unexpectedly damage even non-malignant and non-

proliferating cells.

In summary, these results of differential suscept-

ibility in myoblasts and myotubes suggest a signalling

mechanism for menadione-induced oxidative stress in

cultured skeletal muscle cells. Differential activity of

PI3-K/Akt against menadione-induced oxidative

stress is responsible for the differential susceptibility

in undifferentiated myoblasts and differentiated myo-

tubes. The resistance of PI3-K/Akt activity to mena-

dione sustained the expression ratio of Bcl-2/Bax,

which resulted in increased survival in myotubes

compared to myoblasts.

Declaration of interest: The authors report no
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