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Abstract

Regular physical exercise is central to a healthy lifestyle. However, exercise-related muscle
contraction can induce reactive oxygen species and reactive nitrogen species (ROS/RNS)
production in skeletal muscle. The nuclear factor-E2-related factor-2 (Nrf2) transcription fac-
toris a cellular sensor for oxidative stress. Regulation of nuclear Nrf2 signaling regulates
antioxidant responses and protects organ structure and function. However, the role of Nrf2
in exercise- or contraction-induced ROS/RNS production in skeletal muscle is not clear. In
this study, using differentiated C2C12 cells and electrical pulse stimulation (EPS) of muscle
contraction, we explored whether Nrf2 plays a role in the skeletal muscle response to mus-
cle contraction-induced ROS/RNS. We found that EPS (40 V, 1 Hz, 2 ms) stimulated ROS/
RNS accumulation and Nrf2 activation. We also showed that expression of NQO1, HO-1
and GCLM increased after EPS-induced muscle contraction and was remarkably sup-
pressed in cells with Nrf2 knockdown. We also found that the antioxidant N-acetylcysteine
(NAC) significantly attenuated Nrf2 activation after EPS, whereas the nitric oxide synthe-
tase inhibitor Nw-nitro-L-arginine methyl ester (L-NAME) did not. Furthermore, Nrf2 knock-
down after EPS markedly decreased ROS/RNS redox potential and cell viability and
increased expression of the apoptosis marker Annexin V in C2C12 myotubes. These results
indicate that Nrf2 activation and expression of Nrf2 regulated-genes protected muscle
against the increased ROS caused by EPS-induced muscle contraction. Thus, our findings
suggest that Nrf2 may be a key factor for preservation of muscle function during muscle
contraction.

Introduction

The transcription factor nuclear factor-E2-related factor-2 (Nrf2) serves as a cellular sensor for
oxidative stress [1]. Nrf2 is sequestered in the cytosol by Kelch-like Ech-associated protein
(Keap1) [2]. During an oxidative challenge, modification of Keap1 sulthydryl groups results in
the stabilization and nuclear translocation of Nrf2 [2,3]. Nrf2 plays a crucial role in regulating
induction of antioxidant and other oxidative stress response genes by the antioxidant
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responsive element/electrophile-responsive element (ARE/EpRE) [3]. Activation of these genes
serves to decrease the oxidative burden of a cell [1]. Regulation of Nrf2 nuclear signaling, there-
fore, preserves redox homeostasis and protects organ structure and function [1].

Regular physical exercise has many health benefits, including reduced risk of cardiovascular
disease, cancer and diabetes [4,5]. However, exercise-related muscle contraction is also known
to induce reactive oxygen species and reactive nitrogen species (ROS/RNS) in skeletal muscle
[6]. It is clear from various reports that contracting skeletal muscles generate ROS/RNS and
intense exercise can result in oxidative damage to cellular constituents [7,8]. Skeletal muscle
generated ROS/RNS at rest, and these levels increased during contractile activity [7-10]. Pro-
duction of ROS/RNS stimulated redox-sensitive signaling pathways that modify the cellular
content of cytoprotective regulatory proteins such as superoxide dismutases (SODs) and cata-
lase, and prevented oxidative damage to tissues [11]. In addition, exercise training and contin-
ued muscle contraction improved the antioxidant capacity of skeletal muscle, as evidenced by
increased activity of glutathione peroxidase (GPx), SOD1 and SOD2 in muscle after training
[11]. These previous studies suggested that antioxidant responses to oxidative stress are key
factors to maintain muscle function during normal exercise and for muscle adaptation during
intense exercise. However, the molecular mechanisms of muscle responses to oxidative stress
during exercise remain poorly understood.

We hypothesized that ROS/RNS production during muscle contraction would induce Nrf2
activation and, thereby, activate Nrf2-mediated responses to oxidative stress, increasing the
antioxidant capacity of skeletal muscle. However, previous studies have not identified a func-
tion for Nrf2 in exercise- or contraction-induced ROS/RNS in skeletal muscle. Therefore, using
differentiated C2C12 skeletal muscle cells (myotubes) and electrical pulse stimulation (EPS),
we investigated Nrf2 involvement in the adaptive response to oxidative stress occurring in skel-
etal muscle cells after EPS-induced contractile activity.

Materials and Methods
Reagents and Cell Culture

C2C12 skeletal muscle cells were obtained from the Cell Bank Institute, RIKEN BioResource
Center (Ibaraki, Japan). The cells were cultured in growth medium (Dulbecco’s modified
Eagle’s medium (DMEM)) containing 10% fetal bovine serum (FBS) and 1% penicillin and
streptomycin solution in a humidified incubator at 37°C with 5% CO,. When C2C12 myoblast
cultures reached confluence, they were switched to DMEM containing 2% heat-inactivated
horse serum supplement (differentiation medium) for five days, and the C2C12 skeletal muscle
cells differentiated into myotubes.

Electrical pulse Stimulation Protocol

C2C12 cells were grown in 6-well plates. After differentiation, myotubes were stimulated using
an electrical pulse stimulator (C-Pace EP; IonOptix, MA, USA). The EPS stimulation pulse was
set at 2 ms with 14, 20, and 40 V and a frequency of 1 Hz. The electrical stimulation apparatus
was modified from a previous design [12]. In all experiments, EPS treatment was performed
for 1, 3 or 6 hours and cell extracts obtained from each dish were prepared immediately after
EPS.

Measurement of ROS/RNS

Intracellular ROS/RNS production was measured using 2',7'-dichlorofluorescein diacetate
(DCFH-DA). First, 2 uM DCFH-DA was added to the medium of EPS-treated or untreated
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myotubes. The samples were then incubated for 15 min in the dark at room temperature. Sub-
sequently, cells were washed three times with culture medium. The DCFH-DA treated cells
were evaluated under light microscopy, and microphotographs were taken with a digital cam-
era (Olympus IX71; Olympus, Tokyo, Japan) attached to a microscope (Olympus DP71; Olym-
pus). The digitally captured images were processed and analyzed using image analysis software
(Image J; National Institutes of Health, MD, USA). Using Image J, DCFH-DA intensity was
measured in 20 high-power fields (HPF) from 5 sections prepared from a cell cultured dish for
each group.

siRNA transfection

The siRNA target sequence for Nrf2 was 5' ~GCA UGU UAC GUG AUG AGG AUG GAAA-3".
siRNA (80 nM) was transfected into C2C12 with Lipofectamine RNAiMAX Transfection
Reagent (Invitrogen, CA, USA) according to the manufacturer’s instructions. Differentiation
medium was replaced with Opti-MEM containing a mixture of siRNA and lipofectamine. The
differentiated cells were cultured for another 24 hours and then used for experiments. Addi-
tionally, an siRNA negative control (mock; 80 nM) (Invitrogen) was transfected. There was
almost no visible damage due to the transfection procedure.

Chemical treatment

N-acetylcysteine (NAC) was from Wako (Wako, Tokyo, Japan), and Nw-nitro-L-arginine
methyl ester hydrochloride (L-NAME) was from Sigma (Sigma-Aldrich, St. Louis, MO, USA).
NAC and L-NAME were dissolved separately in phosphate-buffered saline just before use. For
NAC treatment, culture medium was replaced with fresh culture medium containing 5 mM
NAC and the cells were incubated overnight for approximately 15 h before EPS. For L-NAME
treatment, the culture medium was replaced with fresh culture medium containing 2 mM
L-NAME and cells incubated for 1 h before EPS.

Quantitative reverse transcription polymerase chain reaction (QRT-PCR)

Total RNA including the mRNA fraction was isolated via lysis in 1 mL of Sepasol-RNA
(Nakarai Tesque, Kyoto, Japan). One microgram of total RNA was reverse-transcribed using
the PrimeScript RT Reagent Kit (TAKARA, Tokyo, Japan). Quantitative PCR was performed
using the Fast SYBR Green Master Mix (Life Technology, Tokyo, Japan), 20 ng of cDNA, spe-
cific primers, and the qPCR System (CFX384 Touch; Bio-Rad, CA, USA) according to the
manufacturer’s instructions.

The primer sequences are as follows. Nqol; 5 ' ~GGGTCGTCTTGGCAACCA-3"' (Forward),
5'-CAGATGTTGAGGGAGGATCGTAA-3" (Reverse), Ho-1; 5'-CCTCACTGGCAGGAAATCA
TC-3" (Forward), 5'-CCTCGTGGAGACGCTTTACATA-3" (Reverse), GPx; 5'-CCTC
AAGTACGTCCGACCTG-3" (Forward), 5'—-CAATGTCGTTGCGGCACACC-3" (Reverse),
G6pdx; 5'-ATGCAGGCCAACCGTCTATTCTA-3"' (Forward), 5' -TCTCCACGAT GATG
CGGTTC-3" (Reverse), Gclm; 5' -AGTTGGAGCAGCTGTATCAGTGG-3 "' (Forward), 5' -
TTTAGCAAAGGCAGTCAAATCTGG-3" (Reverse), Sodl; 5'-ATGGGTTCCACGTCCATCA
GTA-3"' (Forward), 5'-CATTGCCCAGGTCTCCAACA-3" (Reverse), Sod2; 5' -GAGAAT
CTCAGTGCTCACTCGTGTC-3"' (Forward), 5'-GGAACCCTAAATGCTGCCAGTC-3"'
(Reverse), Gele; 5' -ATCTGCAAAGGCGGCAAC-3" (Forward), 5'-ACTCCTCTGCAGCTG
GCTC-3"' (Reverse), Catalase; 5 ' ~-CGAGGGTCACGAACTGTGTCA-3" (Forward), 5'-GGT
CACCCACGATATCACCAGATAC-3"' (Reverse), CyClOphﬂin; 5'-TGGAGAGCACCAAGACAGA
CA-3" (Forward), 5' -TGCCGGAGTCGACAATGAT-3" (Reverse).
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The expression of the target mRNAs was normalized to cyclophilin mRNA. Relative quanti-
fication of gene expression was calculated based on the comparative CT (threshold cycle value)
method (e) method (an), 20 Japan), 20cyclophilin gene). A comparison of gene expression in
different samples was performed based on the differences in the ACT values for individual sam-
ples (AACT).

Measurement of apoptosis via Annexin V/ Propidium lodide (PI) analysis

EPS treated cells were maintained in a CO, incubator for 2 hours after EPS. EPS-treated or
untreated myotube cells were washed twice with PBS. After washing, binding buffer (1000 ul)
containing FITC-Annexin-V (5 ul) and propidium iodide (PI; 10 ul) was added to the 3.5 cm
dish according to the protocol for the Annexin V-FITC/PI kit (EBL Life Science, Tokyo,
Japan). The samples were then incubated for 15 min in the dark at room temperature. After
washing with PBS, the Annexin V-FITC/PI treated cells were evaluated under an epifluores-
cence microscope. Annexin V and PI-positive cells were counted in 20 HPF (high-power fields)
from 3 sections prepared from cell cultured dishes for each group.

Cell viability assessment using the MTT assay

C2C12 myotubes were grown in 6-well plates. After EPS treatment, 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide stock (MTT; 50 ug/100 pL) was added to cells in each
well for 4 h at 37°C. The MTT-containing medium was aspirated and 1000 uL. DMSO was
added to each well to dissolve the resulting formazan. These samples were then diluted
100-fold in DMSO and absorbance at 570 nm was read in a microplate reader (Bio-Rad Labo-
ratories, Hercules, CA, USA).

Statistical analysis

The data are presented as the mean + the standard error of the mean (SEM). Differences were
analyzed by Student’s t-test, p < 0.05 was considered statistically significant.

Results
ROS production and subsequent Nrf2 expression in C2C12 myotubes

To accurately quantify ROS/RNS production, we loaded cells with the fluorescent probe 2',7’-
dichlorofluorescein diacetate (DCFH-DA) after EPS and subsequently measured fluorescence
intensity values using an epifluorescence microscope and camera-based imaging analysis.
DCFH-DA is converted to DCFH inside the cell, and when exposed to ROS/RNS, DCFH is oxi-
dized to the fluorescent product 2',7'-dichlorofluorescein (DCF). Fig 1 shows ROS/RNS gener-
ation after EPS in C2C12 myotubes. An EPS of 40 V for 3 h significantly increased DCF
intensity in the myotubes, compared with in nonstimulated (NS) controls (40 V: 8.1 + 0.39,
NS: 6.5 + 0.23, Fig 1a and 1b). However, an EPS for 14 V or 20 V did not induce ROS/RNS pro-
duction in C2C12 myotubes (Fig 1a and 1b). In addition, Nrf2 protein levels were significantly
increased by EPS for 40 V at 3 h (Fig 1¢). In contrast, a shorter (1 h) EPS treatment (40 V) did
not induce ROS/RNS production or increase Nrf2 protein levels (Fig 1d and 1e). However, EPS
treatment for 3 h or more induced ROS/RNS production and increased Nrf2 protein levels (Fig
1d and le). These results suggest that higher intensity and chronic exposure of C2C12 myo-
tubes to EPS was necessary to induce ROS/RNS production and increase Nrf2 protein
expression.
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Fig 1. ROS production and Nrf2 expression induced in C2C12 myotubes by EPS. (a) Images show ROS/RNS production in C2C12 myotubes. EPS-
treated C2C12 cells were loaded with DCFH-DA (20 pM) for 15 min. The static cells were then stimulated with EPS or left untreated for 3 h. Cells were
washed with culture medium 3 times and live cells were imaged on an inverted fluorescence microscope. Scale bar = 100 pm. (b, d) Graph shows the
fluorescence intensity of DCF/HPF in C2C12 myotubes. Fluorescence intensity of DCF was measured by fluorescence microscopy imaging (n = 3). (c, e)
Protein expression levels assessed by western blotting are shown here. a-Tubulin was used as an internal standard for protein loading. *p < 0.05.

doi:10.1371/journal.pone.0144835.g001
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doi:10.1371/journal.pone.0144835.9002

Nrf2 was essential for antioxidant and cytoprotective gene induction by
EPS

Nrf2 is a master transcriptional regulator of several antioxidant and cytoprotective genes [1].
To evaluate molecular pathways induced by EPS in C2C12 myotubes, we analyzed transcript
levels of Nrf2-dependent antioxidant genes. Furthermore, to determine whether EPS induced
Nrf2-dependent antioxidant genes via the Nrf2-Keapl pathway, we developed an Nrf2 gene
knockdown model in C2C12 cells using siRNA transfection. Interestingly, Nrf2 activation (Fig
2a) and mRNA levels of Nqol, HO-1 and GCLM antioxidant genes were significantly upregu-
lated in cells after EPS, compared with in NS controls (Nqo1: 3.4 + 0.34-fold, HO-1:

5.4 +0.23-fold, GCLM: 2.8 £ 0.18-fold, Fig 2b). As shown in Fig 2, Nrf2 protein levels were
markedly decreased following siRNA transfection (Fig 2a). Transfection with Nrf2-siRNA
nearly abolished the induced levels of Nrf2 expression. Expression of Nqo-1, HO-1, GCLM,
GCLG, catalase, GPx, G6pdx and SOD-2 were also substantially decreased (Fig 2b). Basal levels
of Nqol, HO-1 and GCLM mRNAs, as well as the levels of these genes induced by EPS, were

reduced (Fig 2b).
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Our results suggest that Nrf2 was essential for reduction of EPS-induced ROS/RNS. There-
fore, we measured ROS/RNS in mock- or siNrf2-transfected C2C12 myotubes after EPS.
Mock-transfected C2C12 myotubes showed significantly increased ROS/RNS production (NS:
3.2 £ 0.084, EPS post-0 h: 3.6 £ 0.12) but these soon decreased (after 1 h EPS: 3.0 + 0.054, after
3 h EPS: 3.0 £ 0.069, Fig 3). However, siNrf2-transfected C2C12 myotubes showed a markedly
delayed decrease in ROS/RNS levels after stimulation of contraction, compared with the mock-
transfected controls (NS: 3.2 £ 0.12, EPS post-0 h: 3.8 £ 0.10 after 1 h EPS: 3.4 £ 0.11, after 3h
EPS: 3.4 £ 0.065, Fig 3).

Nrf2 protein and activated Nrf2-regulated gene induction were
suppressed by antioxidants

To further investigate the mechanisms by which Nrf2 was activated by EPS, we examined
effects of the antioxidant N-acetylcysteine (NAC) on EPS-induced Nrf2 protein levels and
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doi:10.1371/journal.pone.0144835.9004

activation, as indicated by expression of Nrf2-regulated genes. EPS induced increases in Nrf2
protein were completely diminished by treatment with 5 mM NAC (Fig 4a) and induction of
Nrf2-regulated genes, such as NQO-1, HO-1 and GCLM, was also significantly suppressed (Fig
4b). These findings suggested that Nrf2 activation involved production of ROS/RNS elicited by
EPS. C2C12 cells treated with NAC had significantly lower ROS/RNS levels (NS-Control:

11.9 £ 0.081, NS-NAC: 8.8 + 0.028, EPS-Control: 13.5 + 0.49, EPS-NAC: 9.3 + 0.043, Fig 4c).
We also investigated effects of the nitric oxide synthase (NOS) inhibitor L-NAME on expres-
sion of Nrf2-regulated genes induced by EPS and found that inhibition of NO production did
not affect gene expression (Fig 5a and 5b). Furthermore, L-NAME treatment in C2C12 cells
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did not inhibit production of ROS/RNS, as detected by fluorescence of DCF, the broadly spe-
cific indicator (NS-Control: 4.5 + 0.12, NS-L-NAME: 4.5 + 0.067 EPS-Control: 5.7 + 0.19
EPS-L-NAME: 5.2 £ 0.17, Fig 5¢). These results confirmed that, in response to EPS, ROS, not
RNS, mediates Nrf2 activation.

Nrf2 activation inhibits EPS-related myotubes wasting

Increased ROS levels after muscle contraction induced apoptosis in muscle tissue [11]. There-
fore, we examined ROS-related apoptosis in EPS-treated C2C12 myotubes (Fig 6). EPS signifi-
cantly increased expression of the apoptosis marker Annexin V in EPS-treated C2C12 cells
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(NS-mock: 0.085 £ 0.037, EPS-mock: 0.49 + 0.10, Fig 6a and 6b). Furthermore, knockdown of
Nrf2 with siRNA treatment markedly increased Annexin V expression, compared with mock
transfection (NS-siNrf2: 0.10 + 0.049, EPS-siNrf2: 1.00 + 0.18, Fig 6a and 6b). Based on the
MTT assay results, knockdown of Nrf2 with siRNA transfection significantly decreased cell
viability after EPS stimulation, compared with mock transfection (Fig 6¢).
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Discussion

In this study, we showed that electrical stimulation increased ROS and caused increased levels
of Nrf2 protein. Our results also demonstrated that muscle contraction by EPS induced gene
expression in C2C12 myotubes via the Nrf2-Keap1l pathway. We showed that mRNA expres-
sion of the Nrf2-induced genes NQO1, HO-1 and GCLM was increased by EPS-induced mus-
cle contraction and significantly suppressed by Nrf2 knockdown. Next, using an NOS inhibitor
and an antioxidant we found that the antioxidant NAC significantly attenuated Nrf2 activation
by EPS-induced muscle contraction, implicating oxidative stress in this response; in contrast,
NO production did not affect Nrf2 activation in our system. We further demonstrated that
abrogation of Nrf2 in combination with EPS-induced oxidative stress induced apoptosis in
C2C12 myotubes.

Pan et al. demonstrated ROS release after EPS (45 V, 5 Hz) stimulation in vitro [12]. This is
consistent with our observation that C2C12 myotubes exhibited a large increase in ROS pro-
duction during longer exposure to comparable intensities of EPS (Fig 1). These results sug-
gested that EPS-induced contraction generated ROS/RNS in C2C12 cells and that ROS/RNS
production depended on the intensity and time of muscle contraction. Previous studies dem-
onstrated that high intensity exercise induced ROS production [13,14]. Our findings suggest
that EPS at a high-voltage intensity may have similar effects to those of high intensity exercise.
Fig 1 also showed increased Nrf2 protein expression in response to EPS. Under basal condi-
tions, Nrf2 is primarily localized in a complex with Keapl and is degraded by the ubiquitin
proteasome pathway. However, Nrf2 liberated from Keapl under conditions of oxidative stress
is stabilized and can accumulate in the cell. Thus, the data in Fig 1, including the higher protein
levels, suggested that Nrf2 was activated by muscle contraction induced by EPS. These findings
suggest that NRF2 is relevant to endurance or to high-intensity exercise. Fig 2 showed that
EPS-induced ROS/RNS production drove Nrf2 activation and increased expression of Nrf2
regulated genes (Fig 2). Furthermore, we clearly demonstrated that Nrf2 activation was essen-
tial to reducing ROS/RNS production after EPS (Fig 3). Thus, our results suggest that Nrf2 is
an important factor for a system of protection against oxidative stress during muscle contrac-
tion. Regulation of Nrf2 signaling is believed to preserve redox homeostasis and protect the
structure and function of cells [1]. Excessive production of ROS/RNS causes oxidative stress, a
key signal for the onset of several musculoskeletal diseases [15-17]. Some studies have reported
that increased oxidative stress decreased skeletal muscle performance during exercise [7,10].
Therefore, Nrf2 activation may be considered a potential positive regulator of muscle function
during exercise. Furthermore, exercise-induced ROS production in skeletal muscle was shown
to be an important factor for muscle adaptation during exercise training [18-20]. Such studies
suggested that responses to oxidative stress are involved in adaptation during intense exercise.
Thus, our findings suggest that Nrf2 signaling is also an important factor for exercise adapta-
tion in skeletal muscle.

The effects of NAC treatment showed that Nrf2 activation was induced by the increased
ROS/RNS production during EPS (Fig 4). Most previous reports have assumed that skeletal
muscle serves as the major source of free radicals and ROS generation during muscle contrac-
tion [5,6]. However, Jackson et al. discussed several other potential production sites for NO, as
well as ROS, in muscle following damage [7,11]. Therefore, we investigated effects of NO pro-
duction on Nrf2 activation and Nrf2-regulated gene expression. We found that Nrf2 activation
was an NO-independent response to EPS-induced muscle contraction. These results indicated
that ROS, for example superoxide, and not NO, was involved in the EPS-induced activation of
Nrf2 (Fig 5).
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Superoxide dismutases (SOD) are enzymes that catalyze the dismutation of the superoxide
(O;") radical into either molecular oxygen (O,) or hydrogen peroxide (H,0,) [21-23]. SOD1
requires copper and zinc as cofactors and is primarily located in the cytosol and the mitochon-
drial intermembrane space. SOD2 uses manganese as a cofactor and is located in the mitochon-
drial matrix. These enzymes are known to be important components of the antioxidant
response in muscle during exercise. However, we showed that expression of SOD1 and SOD2
mRNA was not affected by EPS (Fig 3). In addition, expression of neither protein was affected
by EPS (data not shown). Thus, these findings suggest that the response to oxidative stress after
EPS was not dependent on SOD expression.

Several studies have reported that oxidative stress and other pathological conditions are
strongly correlated with protein degradation and increased cell death [11,24-27]. As shown in
Figs 1 and 3, EPS induced excessive ROS production in contracting C2C12 myotubes. There-
fore, we analyzed apoptotic pathways under basal and EPS-stressed conditions in wild type and
Nrf2-knockdown (siNrf2) C2C12 myotubes. We demonstrated that Nrf2 knockdown
markedly increased apoptosis in EPS-treated C2C12 myotubes (Fig 6). We suggested that
metabolism of ROS resulting from Nrf2 activation protected the myotubes from EPS-induced
apoptosis. Furthermore, cell viability in siNrf2 myotubes after EPS was significantly lower than
that in the mock transfected myotubes (Fig 6). Thus, these results indicated that Nrf2 signaling
might prevent muscle wasting after excessive contraction.

In conclusion, our findings suggest that Nrf2 is a key player promoting cytoprotection in
skeletal muscle against ROS produced during muscle contraction.
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