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We reported previously that endogenous reactive oxy-
gen species (ROS) function as myogenic signaling mol-
ecules. It has also been determined that excess ROS
induce electrophile-response element (EpRE)-driven
gene expression via activation of nuclear factor ery-
throid 2-related factor 2 (Nrf2). Nonetheless, the rela-
tionship between the metabolism of ROS (eg, H2O2)
through glutathione (GSH) up-regulation, GSH-depen-
dent reduction of H2O2, and Nrf2-dependent gene reg-
ulation is not well established. Therefore, we attempted
to determine whether H2O2 controls the intracellular
GSH redox state via the Nrf2-glutamate-cysteine ligase
(GCL)/glutathione reductase (GR)-GSH signaling path-
way. In our experiments, enhanced H2O2 generation
was accompanied by an increase in both total GSH lev-
els and the GSH/GSSG ratio during muscle differentia-
tion. Both GCL and GR transcriptional expression levels
were markedly increased during muscle differentiation
but reduced by catalase treatment. Nrf2 protein expres-
sion and nuclear translocation increased during myo-
genesis. The inhibition of GCL, GR, and Nrf2 both by
inhibitors and by RNA interference blocked muscle differ-
entiation. Phosphatidylinositol 3-kinase regulated the ex-

pression of the GCL C (a catalytic subunit) and GR genes
via the induction of Nrf2 nuclear translocation and expres-
sion. In conclusion, endogenous H2O2 generated during
muscle differentiation not only functions as a signaling
molecule, but also regulates the GSH redox state via acti-
vation of the Nrf2-GCL/GR-GSH signaling pathway down-
stream of phosphatidylinositol 3-kinase. (Am J Pathol

2008, 172:1529–1541; DOI: 10.2353/ajpath.2008.070429)

Muscle wasting (cachexia or atrophy) is a frequently
observed syndrome in many chronic diseases, such as
chronic obstructive pulmonary disease, chronic heart fail-
ure, renal failure, AIDS, and cancer.1 Therefore, investi-
gations into the mechanisms of muscle regeneration and
myogenesis are critical in the design of such chronic
disorder therapies. To initiate the process of muscle dif-
ferentiation, proliferating myoblasts irreversibly arrest
from the cell cycle, followed by fusion with each other,
resulting in the formation of multinucleated myotubes.2

Phosphatidylinositol (PI) 3-kinase is one of the essential
signaling molecules for muscle differentiation.3 It stimu-
lates myogenesis via the activation of downstream sig-
naling molecules including Akt/protein kinase B,4,5 Rac,6

p70 S6-kinase,7 PLC-�1,8,9 mTOR,5 and p38 mitogen-
activated protein kinase (MAPK).4,10 In contrast, the Raf/
MEK/Erk pathway has been shown to stimulate cell pro-
liferation rather than muscle differentiation.11

The reduced form of glutathione (GSH) is the most
abundant of the intracellular low molecular weight thiols.
The accumulation of oxidized glutathione (GSSG) and the
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depletion of intracellular GSH have been shown to mark-
edly impair protein function.12 Therefore, the GSH/GSSG
ratio has been identified as an important component in
the regulation of the protein thiol-disulfide redox status in
cells.13 There are two major pathways of GSH supply by
which the GSH/GSSG balance can be maintained: one is
glutamate-cysteine ligase (GCL) composed of GCLC (a
catalytic subunit) and GCLM (a modifier subunit), which
is the rate-limiting enzyme in GSH synthesis14; and the
other is glutathione reductase (GR), which catalyzes the
reduction of GSSG to GSH using NADPH.15

Nuclear factor erythroid 2-related factor 2 (Nrf2), a
redox-sensitive transcription factor, binds to the electro-
phile-response element (EpRE) and regulates the tran-
scriptional activation of EpRE-harboring genes.16–18 The
GCLC and GCLM of humans and mice, but not rats, were
determined to harbor EpRE regulatory elements.19 It has
been recently reported that the level of Nrf2 protein can
be increased by the induction or stabilization of the Nrf2
protein,17,20 and several signaling molecules, including
PI 3-kinase,21 p38 MAPK,22 and ERK1/2,23 have been
shown to participate in the translocation and stabilization
of Nrf2 in response to a variety of phase 2 gene inducers.

Whereas reactive oxygen species (ROS), which con-
sist principally of superoxide, hydroxyl radicals, and hy-
drogen peroxide, transmit signals downstream via in-
duced alterations in protein redox status,24,25 H2O2 is the
only one that could actually function directly as a second
messenger in a physiologically relevant manner.12 We
demonstrated previously that ROS are essential media-
tors of muscle differentiation.6 In addition, GSH has also
been shown to regulate muscle differentiation.26 The un-
derlying mechanism by which the GSH redox system is
regulated in response to ROS generation during muscle
differentiation, however, was not assessed further. In this
study, we provide evidence that H2O2 generated during
muscle differentiation contributes to the formation of myo-
tubes from myoblasts via the activation of the Nrf2-GCL/
GR-GSH redox signaling pathway.

Materials and Methods

Materials

Dulbecco’s modified Eagle’s medium (DMEM), DMEM/F-
12, fetal bovine serum, donor calf serum, and G418 were
purchased from Invitrogen Life Technologies (Grand Is-
land, NY). Buthionine-sulfoximine (BSO), 1,3-bis-(2-chlo-
roethyl)-1-nitrosourea (BCNU), catalase, 2�,7�-dichlo-
rofluorescein diacetate (DCF-DA), diethyl maleate (DEM),
H2O2, Hoechst 33342, 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT), metaphosphoric acid
(MPA), and actinomycin D were acquired from Sigma (St.
Louis, MO). LY294002, LY303511, SB203580, and
PD98059 were obtained from Tocris Cookson, Ltd. (Bris-
tol, UK). The oligonucleotide probe of EpRE, which was
used for the electrophoretic mobility shift assay (EMSA),
was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). [�-32P]ATP was purchased from Amersham
Biosciences (Buckinghamshire, UK). Anti-GCLC anti-

body was donated by Dr. Henry Jay Forman (University
of California at Merced, Atwater, CA). Anti-GR antibody
was obtained from Lab Frontier (Seoul, Korea). Antibod-
ies specific to Nrf2, myosin heavy chain (MHC), myoge-
nin, actin, Akt, and lamin B protein were purchased from
Santa Cruz Biotechnology. Antibody specific to phospho-
Akt (S473) was acquired from Cell Signaling Technology
(Beverly, MA).

Cell Culture

H9c2 rat cardiac and C2C12 mouse skeletal myoblasts
were grown in 10-cm-diameter dishes in DMEM/F-12
containing 10% (v/v) donor calf serum and DMEM sup-
plemented with 10% fetal bovine serum (growth medium,
GM), respectively. Cell differentiation was induced by
placing them in DMEM/F-12 containing 1% (v/v) horse
serum or DMEM containing 1% (v/v) fetal bovine serum
(differentiation medium, DM). Full differentiation was
achieved 6 days after the induction of differentiation.
Differentiation was evaluated by three ways: the expres-
sion levels of differentiation markers, including myogenin
and MHC 24 and 72 hours, respectively; the morpholog-
ical changes in myotube formation 6 days; and muscle
creatine kinase (MCK)-dependent luciferase assay 48
hours after the induction of differentiation. Unless speci-
fied otherwise, the culture media were replaced daily with
fresh media. In an attempt to observe the effects of
catalase or inhibitors on muscle differentiation or target
molecules, they were dissolved in DM and administered
to the differentiating cells for the indicated time periods.

Expression Vectors and Stable Transfection

Stable transfectants with the dominant-negative PI 3-ki-
nase (�p85) construct were previously described.10

Cells transfected with empty pcDNA3.0 (mock) were
used as experimental controls.

RNA Interference

The small interfering RNAs (siRNAs) either specific to
Nrf2 (Nrf2-siRNA) or consisting of a scrambled sequence
(scrambled-siRNA) were prepared by Intron Biotechnol-
ogy (Kyungki, Korea). Nrf2-siRNA target sequences were
as follows: sense, 5�-CCACCUUGAACACAGAUUUdT-
dT-3�; antisense, 5�-AA AUCUGUGUUCAAGGUGG-
dTdT-3�. The siRNAs either specific to GR (GR-siRNA) or
FLIP (FLIP-siRNA), or consisting of a scrambled se-
quence (scrambled-siRNA) were purchased from Santa
Cruz. The scrambled-siRNAs were used as negative con-
trols. The short hairpin RNAs (shRNAs) specific to GCLC
or GFP were purchased from OriGene Technologies, Inc.
(Rockville, MD). GFP-shRNA with a vector harboring a
noneffective shRNA cassette against GFP was used as a
specific negative control for the down-regulation of the
gene. The efficiency of siRNA- and shRNA-based inter-
ference of Nrf2, GCLC, and GR was monitored via West-
ern blotting analysis. siRNA (40 nmol/L) and shRNA (0.5
�g/ml) were transfected into cells using GenePORTER
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transfection reagent (Gene Therapy Systems, Inc., San
Diego, CA).

GSH Determination

Aliquots of each medium sample were obtained for the
determination of extracellular GSH. The cells were
washed in phosphate-buffered saline (PBS) and har-
vested by scraping in 5% MPA for the determination of
intracellular GSH levels. After homogenization, the ho-
mogenates were incubated for 30 minutes on ice and
centrifuged for 20 minutes at 18,000 � g to discard the
precipitated proteins, and the GSH and GSSG contents
were assessed via high performance liquid chromatog-
raphy.27 The levels of GSH and GSSG were determined
via comparison with the standards and normalized to the
protein contents.

Luciferase Assay

H9c2 cells were transfected with 0.5-�g amounts of the
pGL3 enhancer vector, GCLC-Luc construct, pGL2 vec-
tor, or MCK-Luc construct, coupled with the internal con-
trol plasmid, pSV-�-gal (Promega, Madison, WI). The
pGL3 and (�1758/�2) GCLC-Luc plasmids were ob-
tained from Dr. Shelly C. Lu (University of California–Los
Angeles, Los Angeles, CA). The MCK-Luc vector was
generously donated by Dr. KY. Lee (Chungbuk National
University, Chungbuk, Korea). Cells incubated in GM or
DM for the indicated time periods were harvested in 150
�l of lysis buffer (1% Triton X-100, 25 mmol/L of Gly-Gly,
15 mmol/L of MgSO4, and 2 mmol/L of EGTA, pH 8.0).
Luciferase and �-gal activities (data not shown) were
measured with a microplate reader (Bio-Rad, Richmond,
CA) using 20 �l of each cell lysate, and the luciferase
activity was normalized on the basis of �-gal activity.

Analysis of Cellular ROS Levels

Cellular ROS levels were estimated via DCF fluorescence
as an indicator in the following two different methods.28

Confocal Microscopy

Cells with the same cell number were seeded on cover
glasses in a 12-well microplate. After being compelled to
differentiate for the indicated time periods, the cells were
incubated for 15 minutes with 10 �mol/L DCF-DA and 10
�mol/L Hoechst 33342, and washed with PBS. Fluores-
cence was evaluated with a confocal laser microscope
(META 510; Zeiss, Thornwood, NY). The excitation and
emission wavelengths for the DCF-DA were 488 nm and
525 nm. The nuclei were stained with Hoechst 33342. The
detector gains used on the confocal microscope for both
dyes were selected to allow for the discrimination of
signals proportional to activity. These gain levels re-
mained unaltered throughout the course of the
experiments.

Flow Cytometry

The cells were loaded for 30 minutes with 10 �mol/L of
DCF-DA at 37°C and resuspended in 0.5 ml of PBS.
Fluorescence was assessed via flow cytometry (FACS
Calibur; Becton-Dickinson, Franklin Lakes, NJ). The
mean DCF fluorescence intensity was assessed with an
excitation wavelength of 488 nm and an emission wave-
length of 525 nm. The untreated cells were used as a
reference for the ROS levels.

Preparation of Total and Nuclear Extracts

Cells were washed three times with PBS and harvested in
500 �l of lysis buffer (20 mmol/L Tris-HCl, pH 7.5, 137
mmol/L NaCl, 1 mmol/L EGTA, pH 8.0, 1% Triton X-100,
10% glycerol, 1.5 mmol/L MgCl2, 10mmol/L NaF, 1
mmol/L phenylmethyl sulfonyl fluoride, 1 mmol/L Na3VO4,
150 nmol/L aprotinin, 1 �mol/L leupeptin hemisulfate).
Cellular debris was removed via 15 minutes of centrifu-
gation at 22,000 � g. Whole cell extracts were snap-
frozen in liquid nitrogen or stored at �80°C until use. For
Western blotting and EMSA analysis, the nuclear extracts
were prepared as previously described.6

EMSA

A synthetic double-strand oligonucleotide probe for the
EpRE (5�-TGGGGAACCTGTGCTGGTCACTGGAG-3�)
was labeled with [�-32P] ATP. The nuclear extracts were
incubated with radiolabeled oligonucleotide probes for
the EpRE and analyzed via autoradiography of polyacryl-
amide gels as previously described.6

RNA Extraction and Semiquantitative Reverse
Transcriptase-Polymerase Chain Reaction
(RT-PCR)

Total RNA was extracted with Trizol reagent (Invitrogen,
San Diego, CA). RT-PCR was conducted as described
previously.6 In brief, the PCR products were amplified
using specific primers as follows: GCLC forward, 5�-
ATGTGCCAATATTCAAGGAC-3�; GCLC reverse, 5�-CT-
CTTCAAAAAGGGTCAGTG-3�; GR forward, 5�-GCTT-
TCAAAACTGCAAGAGT-3�; GR reverse, 5�-ACTGTGAG-
AACCTCAACACC-3�; Nrf2 forward, 5�-AGTGTCAAACA-
GAATGGACCTAAAG-3�; Nrf2 reverse, 5�-CTG AGT-
AGTTTTTCTCTCTCGTCTT-3�; GAPDH forward, 5�-ACT-
CAGAAGACTGTGGATGG-3�; GAPDH reverse, 5�-GT-
CATCATACTTGGCAGGTT-3�. The PCR reactions were
conducted for 5 minutes at 95°C, followed by 27 cycles of
94°C for 1 minute, 55°C for 1 minute, and 72°C for 1
minute. The amplified products were visualized on 1%
agarose gel. GAPDH was used as a loading control.

Real-Time Quantitative RT-PCR

Expression of mRNA for Nrf2, �-actin, and GAPDH was
measured via a TaqMan-based real-time RT-PCR assay.
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The primer and probe sequences designed by Sigma-
Proligo (Sigma, The Woodlands, TX) were as follows: Nrf2
forward, 5�-TTCCCAGCCACGTTGAGAGC-3�; Nrf2 re-
verse, 5�-CTGTAACTCGGGAATGGAAAATAGC-3�; Nrf2
probe, 5�-(6-Fam) AACTTGCTCCATGTCCTGCTGTAT-
GCTGC-(Tamra)-3�; �-actin forward, 5�-GGTATGGGT-
CAGAAGGACTCC-3�; �-actin reverse, 5�-TGACAATGC-
CGTGTTCAATGG-3�; �-actin probe, 5�-(6-Fam) ACTTC-
AGGGTCAGGATGCCTCTCTTGCTC-(Tamra)-3�; GAPDH
forward, 5�-TACCCACGGCAAGTTCAACG-3�; GAPDH re-
verse, 5�-GTGGTGAAGACGCCAGTAGAC-3�; GAPDH
probe, 5�-(6-Fam) CCACGACATACTCAGCACCAG-
CATCACC-(Tamra)-3�. Real-time PCR amplification
was conducted in a 96-well optical tray with a final
reaction volume of 20 �l containing 10 �l of TaqMan
Universal Mastermix (PE Applied Biosystems, Branch-
burg, NJ), 0.2 �l of forward (20 pmol) and reverse
primers (20 pmol), and 1 �l of probe (1 �mol/L), and 20
ng of reverse-transcribed total RNA. It was conducted
in an ABI Prism 7300 (PE Applied Biosystems). The
relative expression of Nrf2 was normalized to two ref-
erence genes, �-actin and GAPDH.

MTT Assay

Cell viability was assessed using the MTT conversion
assay in a 12-well plate. The culture medium was re-
placed by 1 ml of medium containing 0.5 mg/ml of MTT
and incubated for 60 minutes at 37°C. The blue-colored
tetrazolium crystals resulting from mitochondrial enzy-
matic activity on MTT substrate were solubilized with 200
�l of dimethyl sulfoxide. The optical density was read at
595 nm in a microplate reader (Bio-Rad). Cell survival
was expressed as the percentage of absorbance relative
to that of the untreated or untransfected cells.

Western Blotting Analysis

Cell lysates (20 �g protein) were separated via sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and
electroblotted onto nitrocellulose paper for 1 hour at 100
V at 4°C. The membranes were blocked with 3% bovine
serum albumin in TBST (20 mmol/L Tris-HCl, pH 7.5, 50
mmol/L NaCl, 0.1% Tween 20). After blocking, the mem-
branes were incubated for 1 hour with primary antibodies
diluted to 1:1000 in TBST. After washing, the membranes
were incubated for 1 hour with horseradish peroxidase-
labeled secondary antibody diluted to 1:2000 in TBST,
and the labeled proteins were detected with chemilumi-
nescence reagents, as described by the manufacturer
(Santa Cruz Biotechnology). Unless specified, actin was
immunoblotted to standardize the quantity of sample pro-
teins for all Western blotting analyses.

Densitometry and Statistical Analysis

The density of bands in the Western blotting or semiquan-
titative RT-PCR analysis was determined via densitome-
try, using Quantity One software (Bio-Rad). The results

were expressed as the means � SE from at least three
independent experiments. Statistical analyses were con-
ducted via Student’s t-test. Unless otherwise indicated, a
P value of �0.05 was significant.

Results

ROS Generation and Intracellular GSH Redox
Changes during Muscle Differentiation

Previously, on a semiquantitative basis, we demonstrated
the enhanced ROS generation in differentiating myo-
blasts.6 Because ROS measurement in myotube-forming
cells by flow cytometry analysis was not possible be-
cause of technical limitations, we first measured ROS
generation in the myotube-forming cells via confocal mi-
croscopy using green fluorescent DCF-DA. The Hoechst
staining of the same cells revealed the localization of the
nuclei. As compared with the proliferation stage, the en-
hanced ROS generation began to be observed 1 hour
after the induction of differentiation, and then was main-
tained throughout the 6-day period (Figure 1A).

Because ROS were expected to alter the redox status
of cells, we next determined the intracellular levels of total
GSH, GSSG, and the GSH/GSSG ratio during myogen-
esis. The levels of total GSH increased from 12 hours,
achieving a maximum of �2.5-fold at 24 to 48 hours and
then decreased gradually from 72 hours after the switch
to DM (Figure 1B). The levels of GSSG decreased grad-
ually, and the GSH/GSSG ratio increased significantly as
differentiation progressed (Figure 1, C and D). Identical
results were observed during the C2C12 differentiation
process (data not shown) as observed in the H9c2 cells.

Inhibition of Glutamate-Cysteine Ligase and GR
Impairs Myogenesis

To determine whether GSH depletion impairs muscle
differentiation, the cells were initially pretreated for 20
minutes with the thiol alkylating agent, DEM, at a concen-
tration of 50 �mol/L. Furthermore, to prevent GSH syn-
thesis and demonstrate the roles of GCL, we inhibited
GCL activity in the myoblasts during the differentiation
process, by cultivating the cells in DM with BSO (GCL
inhibitor) for 24 hours. DEM treatment alone effected a
mild reduction in the intracellular total GSH levels, but
BSO treatment for 24 hours in DM dose dependently
reduced GSH levels as compared with DM alone (Figure
2A). In addition, to assess the functions of GR in muscle
differentiation, we initially inhibited GR activity in myo-
blasts during the differentiation process by cultivating the
cells for 24 hours in DM with BCNU (GR inhibitor). Be-
cause the half-life of BCNU in cells was reported to be
quite short (�40 minutes),29 we exchanged the DM with
BCNU every 6 hours. BCNU treatment for 24 hours in DM
did not detectably reduce the levels of intracellular total
GSH even at a relatively high concentration (20 �mol/L)
(Figure 3A), but elevated GSSG levels (Figure 3B) and
reduced the GSH/GSSG ratio (Figure 3C) in a dose-
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dependent manner when compared with DM alone. To
ascertain whether these results were because of toxic
effects of the inhibitors or not, we monitored cell survival
24 hours after BSO or BCNU treatment, using an MTT
assay. As shown in Figures 2B and 3D, DEM, BSO, and
BCNU at the concentration we used in DM did not sig-
nificantly affect cell survival, compared with DM alone.
The addition of 100 �mol/L H2O2 in DM was used as a
positive control, which induced cell damage and abol-
ished the reduction of MTT (Figures 2B and 3D).

Treatment with BSO and BCNU in DM dose dependently
suppressed the expression of both myogenin and MHC
(Figures 2C and 3E) and morphological changes in myo-
tube formation (Figures 2D and 3F), as compared with what
was observed with DM alone, suggesting that excessive
oxidative stress may impair myogenesis. However, consis-
tent with the results of the previous report,26 the mild deple-

tion of intracellular GSH by treating cells only with DEM in
DM induced a slight increase in the expression of both
myogenin and MHC and morphological changes in myo-
tube formation, thereby indicating that physiological level of
H2O2 indeed accelerates, rather than impairs, myogenesis
(Figure 2, A, C, and D).

Next, we suppressed the expression of GCLC and GR by
transfecting the cells with shRNA and siRNA specific to
them. The cells transfected with GCLC-shRNA and GR-
siRNA evidenced an almost complete suppression of
GCLC and GR expression during the experiment (Figure 4,
A and B). We then assessed their effects on muscle differ-
entiation after myogenic stimulation. As is shown in Figure 4,
C and D, the suppression of their expressions resulted in a
complete blockage of the expression of both myogenin and
MHC and morphological alterations in myotube formation.

Figure 1. ROS generation and intracellular GSH redox changes during muscle differentiation. H9c2 cells were grown in GM or further incubated in DM for the
indicated time periods. A: DCF-DA and Hoechst 33342 were added to each group of cells, and ROS generation was observed via confocal microscopy. Nuclei were
stained with Hoechst 33342. B–D: Samples were prepared from cells incubated in GM or DM for the indicated time periods, and the intracellular total GSH (B)
and GSSG levels (C) and the GSH/GSSG ratio (D) were determined. The data are expressed as the means � SE of at least three independent experiments. *P �
0.05, versus cells in GM. h and d are hours and days after the induction of differentiation. Scale bars 	 20 �m. Original magnifications, �40.
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H2O2 Contributes to the Induction of GCLC
Subunit and GR during the Myogenic Process

To determine whether GCLC and GR are induced during
the myogenic process, we assessed the levels of GCLC
and GR protein via Western blotting analysis (Figure 5A)
and mRNA levels by semiquantitative RT-PCR analysis
(Figure 5B). Rat normal kidney lysates were used as a
positive control, because this organ reportedly ex-
pressed high levels of GCLC and GR.30 Compared with
the proliferation stage in GM, the expression of GCLC
protein was shown to have increased markedly during
the differentiation process from 12 hours, achieving a
maximum level at 24 to 48 hours, and decreasing grad-
ually from 72 to 96 hours. The expression of GR protein
apparently increased in a time-dependent manner up to
96 hours after induction of differentiation (Figure 5A).
During the normal differentiation process, myogenin and
MHC expressions markedly increased (Figure 5A). The
mRNA levels of GCLC also increased during differentia-
tion from 12 hours, achieving a peak at 24 to 48 hours,
and decreasing gradually from 72 to 96 hours. In con-
trast, the GR mRNA levels increased gradually in a time-
dependent manner up to 96 hours after the induction of
differentiation (Figure 5B). Also, we observed identical
results during the process of differentiation of C2C12
myoblasts (data not shown), as observed with H9c2.

We assumed that the increase in the expression of
GCLC and GR genes may occur at the transcriptional
level by increasing the transcriptional rate, or at the post-
transcriptional level via mRNA stabilization. To exclude
the possibility of stabilizing mRNA, we used actinomycin
D to inhibit de novo mRNA synthesis. In an effort to
determine whether GCLC and GR mRNA inductions were
inhibited by actinomycin D, we first treated the differen-
tiating cells with 5 �g/ml of actinomycin D for the indi-
cated times, and then assessed their mRNA levels. The
results revealed that GCLC and GR mRNA inductions
were inhibited completely at 8 hours and 24 hours, re-
spectively, after actinomycin D treatment, which sug-
gested that the half-life of GR might be longer than that of
GCLC (Figure 5C, top). We further assessed the decay
rates of their mRNAs via treatment with actinomycin D in
GM or DM for up to 24 hours after the induction of their
mRNAs in DM for 24 hours. As is shown in Figure 5C,
bottom, the decay rates of the GCLC and GR mRNAs
were shown to be similar in both GM and DM, thereby
demonstrating that transcriptional activation induces
GCLC and GR during myogenesis.

We also assessed the effects of catalase on the induc-
tion of GCLC and GR during myogenesis. As shown, the

Figure 2. GCL inhibition impairs myogenesis. Cells in DM were treated with
50 �mol/L DEM for 20 minutes followed by the indicated doses of BSO. The
intracellular total GSH levels (A) and MTT activity (B) were assessed as
described in the Materials and Methods section. The addition of 100 �mol/L
H2O2 in DM was used as a positive control. Differentiation was evaluated via
the expression of differentiation markers by Western blotting (C, left) and
densitometric (C, right) analysis, and morphological changes with photomi-
crographs (D) after incubation in DM in the absence or presence of DEM and
BSO. Actin was used as a loading control. The data are expressed as the
means � SE of at least three independent experiments. *P � 0.05, versus
untreated cells in DM. Original magnifications, �20.

Figure 3. Inhibition of GR impairs myogenesis. Cells in DM were treated
with the indicated doses of BCNU to inhibit GR activity. The intracellular total
GSH levels (A), GSSG levels (B), GSH/GSSG ratio (C), and MTT activity
assays (D) were assessed. H2O2 in DM was used as a positive control.
Differentiation was evaluated via the expression of differentiation markers by
Western blotting (E, left) and densitometric (E, right) analysis, and mor-
phological changes with photomicrographs (F) after incubation in DM in the
absence or presence of BCNU. Actin was used as a loading control. The data
are expressed as the means � SE of at least three independent experiments.
*P � 0.05, versus untreated cells in DM. Original magnifications, �20.
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expressions of GCLC, GR, and myogenin were deter-
mined to be reduced 24 hours, and MHC expression was
shown to be suppressed 72 hours after the treatment of
the cells with catalase in DM, thereby indicating that
H2O2 is an essential molecule for muscle differentiation
(Figure 5D). In addition, the protein (Figure 5E) and
mRNA (Figure 5F) expression levels of MnSOD were
up-regulated gradually in a time-dependent manner up to
96 hours after the induction of differentiation, thereby
suggesting that increased MnSOD expression may con-
tribute, in part, to the generation of H2O2.

Nrf2 Is Transcriptionally Up-Regulated and
Translocated to the Nucleus during Myogenesis

Recently, it was reported that enhanced Nrf2 protein level
and its nuclear translocation can be provoked by many
inducers, including the phenolic antioxidant tBHQ, and a
variety of ROS-producing agents including DEM, sulfora-
phane, and menadione.31,32 Therefore, we initially as-
sessed whether Nrf2 protein and mRNA expressions are

induced during myogenesis via Western blotting (Figure
6A), semiquantitative RT-PCR (Figure 6B, top), and real-
time quantitative RT-PCR (Figure 6C, top) analysis. Both
Nrf2 protein and mRNA expression levels increased after
2 hours, reached a peak at 8 hours, and then began to
decrease from 12 hours until 24 hours after the induction
of differentiation. To rule out the possibility of mRNA
stabilization, we again treated the cells with actinomycin
D, as was done for GCLC and GR. The results of semi-
quantitative (Figure 6B, middle and bottom) and real-time
quantitative (Figure 6C, middle and bottom) RT-PCR
analysis indicated that the induction of Nrf2 mRNA was
inhibited almost completely after 4 hours (Figure 6, B and
C; middle), and the decay rates of Nrf2 mRNA, which was
induced for 8 hours in DM, were determined to be similar
in both GM and DM (Figure 6, B and C; bottom), thereby
indicating that transcriptional activation is the principal
cause of the induction of Nrf2 during myogenesis.

We then determined whether Nrf2 translocates to the
nucleus during myogenesis by Western blotting analysis
(Figure 6D), EMSA (Figure 6E), and GCLC promoter assay
(Figure 6F). Similarly to what was observed with Nrf2 induc-
tion, Nrf2 nuclear accumulation, EpRE binding activity, and
GCLC promoter activity increased as early in the experi-
ment as 2 hours, achieved a peak level at 8 hours, and
began to decrease slightly from 12 hours after the induction
of differentiation. The rat GCLC promoter does not contain
EpRE. However, Nrf2 was shown to regulate the rat GCLC
promoter via the modulation of the expression and trans-
activating activity of key nuclear factor (NF)-�B and AP-1
family members.33 Also, NF-�B activation has been sug-
gested to stimulate the process of myogenesis.6,34 There-
fore, we suggest that Nrf2 may regulate the transcription of
the rat GCLC subunit indirectly via NF-�B during muscle
differentiation. To discern whether this result of the lucif-
erase assay was attributable to a toxic effect of the trans-
fection of different constructs, we monitored the survival of
the transfected cells after cultivation in GM or DM within 24
hours. As shown, the survival of the differentiating myo-
blasts was similar, regardless of the transfection of different
constructs (Figure 6G).

Role of Nrf2 in the Induction of the
Glutamate-Cysteine Ligase Catalytic
Subunit and GR during Myogenesis

It was previously reported that Nrf2 transcriptionally reg-
ulates GCL subunits and GR, even though putative EpRE
sequences have not yet to be identified in the GR pro-
moter.35,36 The cells that were transfected with Nrf2-
siRNA evidenced an almost complete suppression of
Nrf2 expression after 24 hours of cultivation in GM (Figure
7A, left) or in DM (Figure 7A, right). GCLC and GR ex-
pressions in those cells were also reduced markedly.
However, no alterations in the levels of phosphorylated
Akt (p-Akt) and total Akt in DM (Figure 7A, right) were
observed, thereby indicating that PI 3-kinase activity is
not affected by Nrf2 knockdown.

We then attempted to determine whether Nrf2 sup-
pression blocks myogenesis. The knockdown of Nrf2 by

Figure 4. Knockdown of GCLC and GR impairs myogenesis. Cells trans-
fected with shRNA or siRNA specific to GCLC or GR were induced to
differentiate in DM. The expression levels of GCLC and GR were determined
via Western blotting (A and B, left) and densitometric (A and B, right)
analysis. Differentiation was evaluated by the expression of differentiation
markers by Western blotting (C, left) and densitometric (C, right) analysis as
well as morphological changes with photomicrographs (D) after switching to
DM. GFP-shRNA and scrambled-siRNA were used as negative controls for
these knockdown experiments. Actin was used as a loading control. The data
are expressed as the means � SE of at least three independent experiments.
*P � 0.05, versus cells transfected with GFP-shRNA or scrambled-siRNA in
DM. Original magnifications, �20.
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siRNA transfection blocked the expression of myogenin
and MHC (Figure 7B), as well as morphological changes
in myotube formation (Figure 7C). We also verified these
results via MCK-dependent luciferase assay using the
MCK-responsive luciferase reporter plasmid, MCK-Luc.
The knockdown of Nrf2 reduced MCK promoter activity,
when measured 48 hours after the induction of differen-
tiation (Figure 7D).

We further observed the effects of Nrf2 on intracellular
total GSH content and ROS generation during the pro-
cesses of proliferation and differentiation 24 hours after the
induction of differentiation. Nrf2 knockdown induced a
marked reduction in the intracellular total GSH content dur-
ing both the proliferation and differentiation processes (Fig-
ure 7E). Also, Nrf2 knockdown increased DCF fluorescence
only in differentiating, but not in proliferating, cells (Figure
7F). Although the reasons for this discrepancy remain un-
clear, it is possible that even though the intracellular total
GSH content is inhibited by the down-regulation of Nrf2 in
proliferating cells, the ROS levels of those cells may not
increase so apparently as to become detectable by flow
cytometry analysis, as is the case in differentiating cells. To
rule out the possibility that the decreased viability of the
Nrf2-siRNA transfected cells would affect the results, we
assessed relative cell survival via MTT assay. As shown in

this assay, the survival of the siRNA-transfected cells was
similar regardless of Nrf2 knockdown (Figure 7G). Because
it has been well documented that the down-regulation of
FLIP by chemicals or siRNA sensitizes cells to death recep-
tor-mediated apoptosis,37 we transfected FLIP-siRNA as a
positive control in this MTT assay.

Involvement of PI 3-Kinase in the Nrf2 Pathway
during Muscle Differentiation

PI 3-kinase has been shown to transmit signals for muscle
differentiation.3–10 Therefore, we focused on characterizing
the activation of Nrf2, GCLC, and GR downstream of PI
3-kinase. For this purpose, we inhibited PI 3-kinase by
LY294002 or via the overexpression of �p85. To provide
further evidence in this regard, we investigated LY303511, a
negative analogue of LY294002, which evidences a high
degree of structural similarity with LY294002 but completely
lacks the ability to inhibit PI 3-kinase. In an effort to assess
the effectiveness and specificity of LY294002 treatment, we
monitored the phosphorylation of Akt, which was activated
by PI 3-kinase during myogenesis. The inhibition of PI 3-ki-
nase by LY294002 for 8 hours after induction of differentia-
tion induced a dose-dependent suppression of Nrf2 nuclear

Figure 5. Induction of GCLC and GR during muscle differentiation. A and B: Proliferating cells in GM were induced to differentiate for the indicated time periods
in DM. The expression patterns of GCLC and GR were determined via Western blotting (A, top), semiquantitative RT-PCR (B, top), and densitometric (A and B,
bottom) analysis. Differentiation was evaluated by measuring the expression of myogenin and MHC. The protein sample from rat kidney tissue (3 �g) was loaded
as a size marker of GCLC and GR (Con). C: Confluent cells were incubated in GM or further exposed to DM with actinomycin D (5 �g/ml) for the indicated time
periods, and semiquantitative RT-PCR analysis was conducted (C, top). Cells incubated in DM for 24 hours were again exposed to GM or DM with actinomycin
D, and the mRNA levels of GCLC and GR were determined via semiquantitative RT-PCR analysis (C, bottom). D: Confluent cells were incubated in DM in the
absence or presence of catalase and Western blotting analysis was conducted. E and F: Proliferating cells in GM were induced to differentiate for the indicated
time periods in DM. The patterns of Mn-SOD expression were determined via Western blotting (E, top), semiquantitative RT-PCR (F, top), and densitometric (E
and F, bottom) analysis. Actin and GAPDH were used as loading controls. The data are representative of at least three different experiments and are expressed
as the means � SE. *P � 0.05, versus cells in GM.
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translocation (Figure 8A). In addition, the inhibition of PI
3-kinase by LY294002 for 24 or 72 hours during the differ-
entiation process induced a dose-dependent suppression
not only of the expression of phosphorylated Akt, Nrf2,
GCLC, GR, and myogenin (24 hours), but also of MHC
expression (72 hours) (Figure 8B). Overexpression of �p85
exerted the same effect on both Nrf2 translocation (Figure
8C) and expression levels of Nrf2, GCLC, and GR (Figure
8D) as LY294002 treatment. Consistent with GCLC sup-
pression, the intracellular total GSH content was reduced by
LY294002 treatment for 24 hours in DM in a dose-depen-
dent manner (Figure 8E). To rule out the possibility that the
loss of intracellular total GSH is attributable to the increased
efflux in the presence of LY294002, we measured the ex-
tracellular total GSH content. In parallel with the suppres-
sion of GCLC expression and the intracellular total GSH,
LY294002 treatment for 24 hours in DM induced a dose-
dependent reduction in the extracellular total GSH (Figure

8F), thereby indicating that the intracellular GSH was abro-
gated principally because LY294002 inhibits GSH synthesis
via the suppression of the Nrf2-GCLC pathway downstream
of PI 3-kinase. As expected, LY303511 did not show any
effects that were demonstrated by LY294002. Although
both p38 MAPK and ERK1/2 signaling cascades have been
reported to contribute to the activation and stabilization of
Nrf2,22,23 we found that SB203580 (inhibitor of p38 MAPK)
and PD98059 (inhibitor of ERK1/2) in DM did not suppress
the increased nuclear translocation of Nrf2 (Figure 8G, top)
and the induction of Nrf2, GCLC, and GR genes (Figure 8G,
bottom) during the process of differentiation, thereby indi-
cating that different upstream signaling molecules are in-
volved in the mediation of Nrf2 activation, depending on the
cell types and the nature of the stimuli. In addition, as
expected, SB203580 in DM inhibited and PD98059 in DM
enhanced the expression of myogenin and MHC (Figure
8G, bottom).

Figure 6. Nrf2 is transcriptionally up-regulated and translocated to the nucleus during myogenesis. A–C: Cells were cultured in GM or DM for the indicated time
periods. Expression patterns of total Nrf2 protein were determined via Western blotting (A, top) and densitometric (A, bottom) analysis, and those of Nrf2 mRNA
were determined via semiquantitative (B, top) and real-time quantitative (C, top) RT-PCR analysis. In addition, confluent cells were incubated in GM or further
exposed to DM with actinomycin D (5 �g/ml) for the indicated time periods, and semiquantitative (B, middle) and real-time quantitative (C, middle) RT-PCR
analysis was conducted. Furthermore, cells exposed to DM for 8 hours were incubated in GM or DM with actinomycin D, and the levels of Nrf2 mRNA were
determined via semiquantitative (B, bottom) and real-time quantitative (C, bottom) RT-PCR analysis. D: Nuclear extracts were assessed via Western blotting (D,
top) and densitometric (D, bottom) analysis. Lamin B was identified as a nuclear protein marker. E: Nuclear fractions were prepared from each sample and EMSA
analysis was conducted using the EpRE consensus sequence. The first lane represents competition with 100� unlabeled probe. F and G: Cells were transiently
transfected with the pGL3 enhancer vector (pGL3) or the GCLC promoter-luciferase construct (GCLC-Luc) and further incubated in GM or DM for the indicated
time periods. The data are expressed in terms of luciferase activity (F) and MTT activity (G), as compared with those of pGL-3 enhancer vector-transfected cells
in GM. G: The addition of 100 �mol/L H2O2 in DM was used as a positive control. The data are representative of at least three different experiments and are
expressed as the means � SE. *P � 0.05 versus cells in GM. #P � 0.05 versus untreated cells in GM or DM.
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Discussion

In this study, we first noted that H2O2 generated during
muscle differentiation performs dual functions as a signal
messenger molecule for muscle differentiation, and as a
mediator for antioxidant GSH synthesis via Nrf2 activa-
tion, followed by the increased expression of GCLC and
GR. We also noted that PI 3-kinase activity is required to
increase Nrf2 nuclear translocation and expression.

H2O2 has also been implicated as an essential signal-
ing mediator in the fields of the differentiation process as
well as cellular proliferation and apoptosis. For example,
the elevation of H2O2 generation performs a crucial func-
tion in cardiomyogenesis in the embryoid bodies,38 NGF-
induced neuronal cell differentiation in PC 12 cells,39 and
smooth muscle cell differentiation.40 Also, NADPH oxi-
dase (Nox) 4-derived ROS have been demonstrated to
drive cardiac differentiation.41 Furthermore, we previ-
ously reported that a rise in ROS generation by Nox 2 is
crucial to muscle differentiation.6,42 In the present study,
we have again confirmed the enhanced ROS generation
from the very early stage to the fully differentiated myo-
tube formation stage via confocal microscopy, as com-
pared with the proliferation stage. We also observed that
catalase blocks muscle differentiation. In addition, the
protein and mRNA levels of MnSOD and mitochondrial
ROS (data not shown) were increased markedly during

the myogenic process. Therefore, we suggest that al-
though it is not easy to determine which specific compo-
nent of ROS increased in the DCF experiment, H2O2 may
be a major signaling mediator for muscle differentiation. It
seems that the superoxide generated by Nox 2 and mi-
tochondria would be a precursor for H2O2 and would be
pulled rapidly forward to H2O2 by SOD. However, the
possibility cannot be dismissed that other ROS members
function as signaling molecules by influencing the redox
state in the cells. Interestingly, there have been many
contrary reports that ROS generated by TNF-� or exog-
enous H2O2 inhibits muscle differentiation,43–45 and ROS
released from the cardiac myocyte are linked to the pro-
gression of heart failure.46 This probably reflects differ-
ences in the site of H2O2 production and/or the quantity
of H2O2.

Exogenous H2O2 has been demonstrated to induce
Nrf2 activation and regulate the expression of protective
genes in response to oxidative stress.18 In contrast, en-
dogenous H2O2, functioning as a signaling molecule,
acts locally and does not exist with a sufficiently high
quantity to affect Nrf2 activation and total GSH levels.
Interestingly, our results conclusively demonstrated that
H2O2 generated during muscle differentiation not only
stimulates the process of muscle differentiation, but also
increases the levels of intracellular total GSH and the

Figure 7. Role of Nrf2 in GCLC and
GR induction during muscle differ-
entiation. Cells transfected with
siRNA specific to Nrf2 were incu-
bated for 24 hours in GM (A, left) or
DM (A, right). A: Total cell lysates
were assessed via Western blotting
analysis. Differentiation was evalu-
ated by the expression of differenti-
ation markers with Western blotting
analysis (B), morphological changes
with photomicrographs (C), and an
MCK-dependent luciferase assay
(D). The intracellular total GSH (E)
and ROS (F) levels, as well as the
MTT assay (G) were assessed after
Nrf2 knockdown. Scrambled-siRNA
was used as a negative control for
knockdown and FLIP knockdown
was used as a positive control for
MTT assay. Data represent the
means � SE of at least three inde-
pendent experiments. *P � 0.05 ver-
sus cells transfected with scrambled-
siRNA in GM. #P � 0.05 versus cells
transfected with scrambled-siRNA in
DM. Original magnifications, �20.
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GSH/GSSG ratio via the activation of the Nrf2-GCL/GR
pathway. Our conclusion is based on the following find-
ings. First, the levels of intracellular total GSH and the
GSH/GSSG ratio increased during differentiation, as
compared with proliferating myoblasts, in both H9c2 and
C2C12 (data not shown) cells. Second, the differentiating
myoblasts increased GCLC and GR expressions at the
transcriptional level. Third, catalase suppressed the in-
duction of the GCLC and GR genes. Fourth, Nrf2 was
induced by transcriptional activation to express higher
amounts of protein. Also, Nrf2 was translocated to the
nucleus from the cytoplasm to regulate the gene expres-
sions of GCLC and GR during muscle differentiation. Finally,
the pharmacological interventions of GCLC and GR using
BSO and BCNU, or the specific knockdown of Nrf2, GCLC,
or GR by target-specific RNA interference blocked muscle
differentiation by affecting the cellular redox state. Consis-
tent with our results, GSH depletion was reported to sup-
press muscle differentiation.26

The increased protein and mRNA levels of GCLC
peaked at 24 to 48 hours and then decreased slightly
from 72 hours to 96 hours after the induction of differen-

tiation. In contrast, the protein and mRNA levels of GR
increased steadily up to 96 hours after the initiation of
differentiation (Figure 5, A and B). Consistently, the levels
of intracellular total GSH achieved a maximum value at 24
to 48 hours and then decreased gradually after 72 hours
in DM, whereas the GSH/GSSG ratio increased continu-
ously until 96 hours during myogenesis (Figure 1D). Con-
sidering that the level of Nrf2 gene expression reached a
maximum level at 8 hours and its maximal translocation to
the nucleus from the cytoplasm occurred 8 hours after the
induction of differentiation, the continuous increase in the
protein and mRNA levels of GR suggests that additional
factors may be involved. Although the mechanisms remain
to be explored, we speculate that the greater mRNA stability
of GR (as compared to GCLC) may be involved. In fact, our
results demonstrated that GR mRNA was sustained for a
longer time than was GCLC mRNA after actinomycin D
treatment (Figure 5C). Further studies will also be required
to explain how Nrf2 gene induction or nuclear translocation
does not persist even though ROS generation is persistent
during muscle differentiation.

Figure 8. PI 3-kinase is involved in the Nrf2 pathway during muscle differentiation. A: After 8 hours of treatment with LY294002 or LY303511 in DM, the nuclear
extracts were assessed via Western blotting (A, top) and densitometric (A, bottom) analysis. B: After treatment with the indicated doses of LY294002 or LY303511
in DM, the total extracts were assessed via Western blotting analysis. Actin was used as a loading control. C and D: In the two clones (1 and 2) of mock and �p85
transfectants, nuclear extracts were analyzed via Western blotting analysis to observe Nrf2 translocation in GM or in DM for 8 hours (C). After mock and �p85
transfectants were cultivated in GM or DM for 24 hours, Western blotting analysis was conducted (D). Mock transfectants were used as negative controls. E and
F: Cells were treated for 24 hours with LY294002 or LY303511 in DM and the intracellular (E) and extracellular (F) total GSH content was measured. The data are
expressed as the means � SE of at least three independent experiments. *P � 0.05, versus untreated cells. G: After treatment with 20 �mol/L of SB203580 or
PD98059 for 8 (top) or 24 (bottom) hours in DM, the nuclear or total extracts were assessed via Western blotting analysis.
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PI 3-kinase is an essential molecule for muscle differ-
entiation.3–10 It was also shown to be pivotal for cellular
redox homeostasis via the synthesis of GSH in myo-
cytes.47 PI 3-kinase inhibitor LY294002 inhibited the nu-
clear translocation of Nrf2 and EpRE-mediated transac-
tivation.36,48 Furthermore, Nrf2 has been shown to
autoregulate its own expression via EpRE-like cis-ele-
ments in the promoter.20 Therefore, we thought that inhi-
bition of PI 3-kinase may suppress Nrf2 expression via
blocking its nuclear translocation and subsequent auto-
regulation. Consistent with this hypothesis, our results
also indicated that LY294002 and the dominant-negative
form of PI 3-kinase, �p85, reduced Nrf2 nuclear translo-
cation as well as its induction, followed by reduced ex-
pression of both the GCLC and GR genes. Therefore, we
concluded that the PI 3-kinase-dependent signaling
pathway performs a key function in the induction of GCLC
and GR via Nrf2 during muscle differentiation.

In conclusion, we demonstrated that H2O2 functions as
a stimulator of GSH synthesis during muscle differentia-
tion. We also demonstrated that the Nrf2-GCLC/GR path-
way downstream of PI 3-kinase is a principal regulating
system for cellular redox homeostasis during muscle dif-
ferentiation. Our findings will provide some critical in-
sights into the mechanisms inherent to muscle regener-
ation and myogenesis, which will prove valuable for the
design of therapeutic modalities for chronic muscle dis-
orders, including muscle wasting.
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