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Abstract A pool of myoblasts available for myogenesis
is important for skeletal muscle size. The decreased num-
ber of skeletal muscle fibers could be due to the decreased
myoblast proliferation or cytotoxicity. Identification of
toxicants that regulate myoblast apoptosis is important in
skeletal muscle development or regeneration. Here, we
investigate the cytotoxic effect and its possible mecha-
nisms of arsenic trioxide (As,O3) on myoblasts. C2C12
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myoblasts underwent apoptosis in response to As,O3
(1-10 uM), accompanied by increased Bax/Bcl-2 ratio,
decreased mitochondria membrane potential, increased
cytochrome c release, increased caspase-3/-9 activity, and
increased poly (ADP-ribose) polymerase (PARP) cleavage.
Moreover, As,O; triggered the endoplasmic reticulum
(ER) stress indentified through several key molecules of
the unfolded protein response, including glucose-regulated
protein (GRP)-78, GRP-94, PERK, elF2x, ATF6, and
caspase-12. Pretreatment with antioxidant N-acetylcysteine
(NAC, 0.5 mM) dramatically suppressed the increases in
reactive oxygen species (ROS), lipid peroxidation, ER
stress, caspase cascade activity, and apoptosis in As,O;
(10 uM)-treated myoblasts. Furthermore, As,O5; (10 pM)
effectively decreased the phosphorylation of Akt, which
could be reversed by NAC. Over-expression of constitutive
activation of Akt (c.a. Akf) also significantly attenuated
As,03-induced myoblast apoptosis. Taken together, these
results suggest that As,O; may exert its cytotoxicity on
myoblasts by inducing apoptosis through a ROS-induced
mitochondrial dysfunction, ER stress, and Akt inactivation
signaling pathway.

Keywords Arsenic - Myoblasts - Apoptosis -
Reactive oxygen species

Introduction

In adults, repair of degenerated muscles relies on a small
population of skeletal muscle stem cells known as satellite
cells (Mauro 1961). Satellite cells, a popular of quiescent
muscle precursor cells that reside beneath the basal lamina,
provide the predominant source of additional myonuclei
for muscle growth (Mitchell and Pavlath 2001; Rosenblatt
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et al. 1994). Once activated, satellite cells give rise to
myoblasts that proliferate, differentiate, and fuse to form
new muscle fibers or to repair damaged muscle fibers
(Charge and Rudnicki 2004; Hawke and Garry 2001). A
pool of myoblasts available for myogenesis is important for
muscle size in vivo and in vitro (Miyake et al. 2011). The
decreased number of muscle fibers could be due to the
decreased myoblast proliferation or cytotoxicity. More-
over, in most cases, the apoptosis of myoblasts serves as a
physiological behavior to remove excess myoblasts during
myogenesis or muscle regeneration, while inappropriate
apoptosis will pathologically lead to degeneration that
associated with various muscular dystrophies and atrophies
(Tews and Goebel 1997; Tidball et al. 1995). Therefore,
identification of toxicants that regulate myoblast cell
cytotoxicity is important in understanding skeletal muscle
growth, disease, and regeneration.

Inorganic arsenic is an environmental toxicant and car-
cinogen. Humans can be exposed to arsenic primarily from
air, food, and water. Chronic exposure to arsenic via
drinking water has known to be associated with numerous
cancers (e.g., skin, lung, and bladder) and non-cancer
harmful health (e.g., skin lesions, peripheral vascular dis-
ease, cardiovascular disease, and diabetes mellitus)
(Navas-Acien et al. 2005; Yoshida et al. 2004). Previous
studies have demonstrated that low dose of inorganic
arsenic is capable of inhibiting myoblast differentiation
(Steffens et al. 2011). Arsenic trioxide is known to be used
to treat acute promyelocytic leukemia and can induce
apoptosis in various cancer and normal cell lines (Cai et al.
2010; Florea et al. 2007; Li et al. 2010; Lu et al. 2011;
Tang et al. 2009). Intracellular reactive oxygen species
(ROS) mediates multiple cellular responses, including
protein kinase activation (Torres and Forman 2003), cell
cycle progression (Boonstra and Post 2004), cell differen-
tiation (Yen et al. 2010), and apoptotic cell death (Orrenius
et al. 2007). ROS has been reported to regulate As,O3-
induced apoptosis (Chen et al. 1998). It has been observed
that As,Oj3 activates caspase cascade signaling and induces
various cell apoptosis by alteration in the mitochondria
membrane potential (MMP), mitochondria function protein
(Bcl-2, Bax, and cytochrome c¢), and caspase activity
resulting in oxidative stress (Chen et al. 1998; Lu et al.
2011). Moreover, arsenic-induced oxidative stress can
effectively induce cell apoptosis through activation of the
endoplasmic reticulum (ER) stress pathway (Lu et al. 2011;
Yen et al. 2011). The serine/threonine protein kinase Akt,
also known as protein kinase B, mediates effects of
extracellular signals on various cellular processes including
growth, differentiation, survival, and metabolism (Manning
and Cantley 2007). It has also been shown that As,O3
treatment leads cell apoptosis by inactivating the Akt-
related cell survival pathway in U937 cells (Choi et al.
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2002). However, the cytotoxic effect and mechanism of
arsenic on myoblasts still remain unclear. The aim of this
study is to test the potential cytotoxicity of As,Os; on
myoblasts and to evaluate the cellular mechanism involved
in the As,0O3-induced myoblast apoptosis.

Materials and methods
Cell culture

C2C12 myoblasts were obtained from American Type
Culture Collection (Manassas, VA, USA) and cultured
in growth medium consisting of Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10 % fetal
bovine serum (FBS) and antibiotics (100 U/ml penicillin,
100 pg/ml streptomycin) in 5 % carbon dioxide (CO,) at
37 °C.

Drugs

0.1 M As,0j3 (Sigma) was prepared in 1 N NaOH, diluted
to 107> M in PBS, and adjusted to pH 7.2 using HCI.
As,0O3 was diluted further with PBS, and the solutions were
kept at 4 °C.

Cell viability assay

Cell proliferation was determined by a colorimetric assay
using 3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl tetrazo-
lium bromide (MTT) (Sigma). Cell viability was conducted
in C2C12 cultures per well in 12-well dishes. C2C12
myoblast cultures were seeded at 2 x 10° cells per well.
After 16-h attachment period, arsenic test media
(0-30 uM) was added. Plates were then incubated in an
atmosphere of 37 °C, 5 % CO, for a further 24 h. This
assay measures the activity of living cells via mitochon-
drial dehydrogenase activity that reduces MTT to purple
formazan. The formazan was solubilized by DMSO, and its
absorbance at 570 nm was measured. Results were repre-
sentative of at least three independent experiments.

Measurement of mitochondria membrane potential
(MMP)

Measurement of mitochondria membrane potential was
determined as described earlier (Chen et al. 2006). Briefly,
C2C12 cells were treated with 10 uM As,O5 and incubated
for 6, 12, and 24 h. Cells were then incubated with 40 nM
of 3-3’-dihexyloxacarbo-cyanine (DiOCg) for 30 min at
37 °C and then pelleted by centrifugation at 1,000 rpm for
5 min. The pellets were resuspended and washed twice
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with PBS. The mitochondria membrane potential was
determined by a FACScan flow cytometer (Becton—
Dickinson).

Cytochrome c release from mitochondria

C2C12 myoblasts were washed once with ice-cold PBS. To
isolated mitochondria and cytosol fractions, the cells were
lysed in buffer containing 10 mM Tris—HCl pH 7.4,
10 mM NaCl and 12.5 mM EDTA, and the cell extract was
centrifuged at 600x g for 5 min to pellet the nuclei. The
supernatant was centrifuged at 16,000xg for 20 min to
pellet mitochondria fraction. The supernatant was as the
cytosol fraction.

Annexin V-FITC apoptosis detection

C2C12 cells (2 x 10°) were plated in 6-well plate. After
overnight incubation at 37 °C, cells were treated with
As,O3 (0, 1, 3, and 10 uM) for 24 h with or without
0.5 mM NAC (Sigma) pretreatment for 30 min, and then
apoptosis was assessed by using annexin V-FITC apoptosis
detection kit (Becton—Dickinson) in accordance with the
manufacture’s instructions. In brief, cells were dissociated
using 0.05 % trypsin/EDTA for 1 min (keeping floating
cells) then centrifuged, re-suspended in 100 pl binding
buffer, transferred in a 5 ml FACS tube, combined with
5 ul Annexin V-FITC (conjugated with fluorescein isothi-
ocyanate), and 10 pl propidium iodide. After incubation
for 30 min at RT in dark, 400 pul of binding buffer was
added to each tube and the samples were immediately
analyzed using a FACS flow cytometer.

Protein extraction and immunoblotting

Whole-cell lysates were prepared from C2C12 myoblast cells
by incubation in RIPA buffer [10 mM Tris (pH 7.4), 150 mM
NaCl, 1 mM ethylene glycol tetraacetic acid, 0.1 % sodium
dodecyl sulfate, w I mM NaF, 1 mM sodium orthovanadate,
1 mM phenylmethylsulfonyl fluoride (PMSF), 1 pg/mL
aprotinin, and 1 pg/mL leupeptin]. The cell suspension was
left on ice for 20 min and then centrifuged at 10,000x g for
20 min at4 °C. We used the supernatant for the experiments.
An equal amount of protein was separated by 8-12 % SDS-
PAGE and electrotransferred onto polyvinylidene difluoride
membrane (0.2 um) using transfer buffer (192 mM glycine,
25 mM Tris, 20 % methanol, pH 8.3) followed by blocking in
TBST (Tris-buffered saline/Tween-20) buffer (20 mM Tris,
150 mM NaCl,0.01 % Tween-20, pH7.5) supplemented with
5 % non-fat powdered milk. The membranes were then pro-
bed with the primary antibodies for Bcl-2, Bax, cytochrome c,
caspase-3, caspase-9, caspase-12, glucose-regulated protein
(GRP)-78, GRP-94, C/EBP homologous protein (CHOP),

poly(ADP-ribose) polymerase (PARP), Akt, f-actin, and
o-tubulin (Santa Cruz Biotechnology, Santa Cruz, CA, USA);
phospho-PKR  (double-stranded RNA-activated protein
kinase)-like ER kinase (PERK) and phospho-eukaryotic
translation initiation factor o (elF2o) (cell Signaling Tech-
nology, Danvers, MA, USA); activating transcription factor
(ATF)-6 IMGENEX, San Diego, CA, USA); and phospho-
Akt (EPITOMICS, Burlingame, CA, USA) overnight at4 °C.
The blots were washed with TBST (three times for 10 min,
room temperature), incubated with the secondary goat anti-
rabbit or anti-mouse antibodies conjugated with horseradish
peroxidase (1:7,500 dilution in TBST for 1 h at room tem-
perature), and then washed again in TBST (three times for
10 min, room temperature). The blots were developed using
an enhanced chemiluminescence reagent and exposed to
X-ray film. Densitometric analysis was carried out using
Molecular Analyst software (version 1.3; BioRad, Hercules,
CA, USA).

Measurement of intracellular ROS formation

The generation of intracellular ROS was determined using a
fluorescein-labeled dye, 2',7'-dichlorofluorescin diacetate
(DCFH-DA). The non-fluorescent dye permeated cells eas-
ily and was hydrolyzed to 2',7'-dichlorofluorescin (DCF)
upon interaction with intracellular ROS. After treatment,
cells were incubated with 20 uM DCFH-DA foe 30 min at
37 °C. Then, cells were washed twice with ice-cold PBS and
harvested by trypsin. Then, the cells were immediately
analyzed by a FACScan flow cytometer (Becton—Dickinson)
to determine the ROS generation. Each group collected
10,000 individual cells.

Lipid peroxidation (LPO) assay

Malondiadehyde (MDA) concentrations were determined
using the TBARS Assay Kit (Cayman Chemical) according
to the manufacturer‘s recommendations for colorimetric
measurement of MDA. In brief, cells were sonicated on iced
lysis buffer. Samples were then centrifuged at 1,600x g for
10 min at 4 °C, and the supernatant was preserved for
analysis, To 100 pl of each sample and standard curve
solutions, 100 pl of provided SDS solution was added fol-
lowed by 4 ml of color reagent. Samples and standard curve
solutions were boiled for 1 h, and the reaction was termi-
nated by incubation on ice for 10 min followed by centri-
fugation at 1,600xg for 10 min at 4 °C. Then, 150 pl of
samples and standard curve solutions were loaded in dupli-
cate onto a 96-well plate, and absorbance was read at 540 nm
in a Powerwave HT (BioTek Instruments, Winooski, VT,
USA) spectrophotometer. The protein concentration was
determined using the BCA kit (Pierce, Rockford, IL, USA)
with an absorption band of 570. LPO levels was expressed as
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nanomoles (nmol) MDA per milligram protein and estimated
from the standard curve.

Transient transfection of c.a. Akt

A control pcDNA 3.1 empty vector and a constitutively
active form of Akt [myristoylated (myr) Akf] were gift
from Dr. M.L. Kuo (Kuo et al. 2001). C2C12 cells were
transfected with myr-Akt or pcDNA3.1 using Lipofect-
amine 2000 reagent (Invitrogen) and preformed as previ-
ously described (Yen et al. 2010).

Statistics

Data are expressed as mean & SE. We assessed the sig-
nificant difference from the respective controls for each
experimental test condition using analysis of variance and
the ¢ test, with p < 0.05 considered significant.

Results

Effects of As,O; on cell viability and apoptosis
in C2C12 myoblasts

We first examined the effect of As,O; on the viability of
C2C12 by MTT assay. As shown in Fig. la, As;O3
(1-30 pM) significantly reduced C2C12 viability after 24-h

Fig. 1 As,0; decreases cell

viability and induces apoptosis
in myoblasts. C2C12 myoblasts
were cultured in the presence or

exposure in a concentration-dependent manner (p < 0.05).
To examine whether As,0O; causes cell apoptosis, myoblasts
were stained with Annexin V-PI and analyzed by flow
cytometry. As shownin Fig. 1b, treatment with As,O5 (3 and
10 uM) for 24 h showed a significantly higher apoptosis rate
(3 UM, 21 £+ 0.7 %; 10 uM, 47 £ 6.6 %) over the untreated
C2C12 cells (p < 0.05). However, low concentration of
As,O5 (1 uM) did not stimulate significant cell apoptosis.
Because 10 pM As,0j5 led to greater apoptosis, this con-
centration was used in the subsequent experiments.

Caspase-3 plays an essential role as executor in apop-
tosis (Porter and Janicke 1999). In addition, the cleavage of
PARP by caspases provides one of the most recognizable
markers in apoptosis (Lazebnik et al. 1994). We assessed
the cleavages of PARP and caspase-3 proteins in myoblasts
after exposure to As,Oj3 for various time intervals. Western
blot analysis showed that the cleaved forms of caspase-3
(17 kDa fragments) and PARP (89 kDa fragments) were
markedly increased after 8 h of treatment with 10 pM
As,0O3 and maintained to 24 h (Fig. 2a). Moreover, pro-
caspase 9 was also markedly decreased in As,Os-treated
myoblasts (Fig. 2b).

As,0j triggers apoptosis through the caspase-dependent
intrinsic mitochondrial pathway

The proteins of Bcl-2 family play a major role in regulation
of apoptosis by functioning as promoters (e.g., Bax) or

absence of As,O3 (0.5-30 uM)
for 24 h. A C2C12 myoblast
viability was determined by
MTT assay. B Myoblast
apoptosis was determined by
annexin V/PI and analyzed by
flow cytometry. The cells in the
bottom right quadrant (FITC+
and PI—) and the upper right
quadrant (FITC+ and PI4) 0
represent early apoptotic and As,O;(uM) 0 0.5 1
late apoptotic cells, respectively

(a). The percentage of annexin

V-positive cells was measured

(b). All data are presented as

mean * SE of three

independent experiments.

*p < 0.05 as compared with

control

80
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Fig. 2 As,Oj; triggers caspases activation, mitochondrial dysfunc-
tion, and PARP cleavage in myoblasts. C2C12 cells were treated with
As,03 (10 puM) for 0.5-24 h. The cleavages of caspase-9/3 and PARP
(A) and the expressions of Bax and Bcl-2 (B) in cell lysates were
detected by Western blotting. o-tubulin was used as an internal
control. Representative images of three independent experiments are
shown. C Flow cytograms of MMP in C2C12 myoblasts exposure to
As,03. The cells were treated with 10 uM As,Oj3 for 0, 6, 12, and

inhibitors (Bcl-2 or Bcl-xl) of cell death (Chao and
Korsmeyer 1998; Hockenbery et al. 1990; Reed 1995). To
explore the involvement of Bcl-2 family members in
apoptosis induced by As,O;, the expression levels of both
Bcl-2 and Bax were analyzed by Western blotting. We
found that treatment of C2C12 with As,O3 for 24 h
resulted in a reduction in the expression of anti-apoptotic
protein Bcl-2 and an increase in the expression of pro-
apoptotic protein Bax in a time-dependent manner (Fig. 2b).
A key step in the intrinsic apoptotic pathway is the damage
of mitochondria and release of cytochrome ¢, which in
terns on the caspase cascade (Garrido et al. 2006). To
determine whether As,Os-induced apoptosis in myoblasts
was through a mitochondria pathway, we examined whe-
ther As,O3 could modulate MMP and cytochrome c. As
shown in Fig. 2c, treatment with As,O; for 6, 12, and 24 h
induced the decrease of the MMP in a time-dependent
manner. Western blot analysis also revealed that treatment
with 10 uM As,O3 to C2C12 cells effectively increased
the release of cytochrome ¢ from mitochondria into the
cytosol fraction (Fig. 2d). These results indicate that the
mitochondria pathway plays an important role in As,O3-
induced apoptosis.

As,0j3 induces the ER stress response of C2C12
myoblasts

ER stress has been shown to be involved in inorganic
arsenic-induced cell apoptosis of cultured osteoblasts and
pancreatic f-cells (Lu et al. 2011; Tang et al. 2009). To test

8 12 24

Caspase 9 (55 kDa) m

L) ———

DiOC6 Fluorescence
(% of control)

o

Time(h) 0 4 8 12 24

Bt
. 1

24 h, then stained with DiOC6, and analyzed by flow cytometry. Data
are presented as mean £ SE of three independent experiments.
*p < 0.05 as compared with control. D The release of cytochrome
¢ from mitochondria to cytosol in C2C12 cells after exposure to
As,03 was determined by Western blotting. f-actin was used as an
internal control. Representative images of three independent exper-
iments are shown

Time() 0 05 1 2 4 8 12 24
prevc [l -
ek b St B
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p-elF-2a

GRPS94

Cleaved ATFE

CHOP —!--...

Caspase 12 (55 kDa)

Cleaved caspase 12 (42 kDa)

p-actin

Fig. 3 As,0j; induces the expressions of ER stress-related molecules
in myoblasts. C2C12 cells were treated with 10 pM As,O5 for
indicated time courses. The expressions of p-PERK, pelF2o, GRP78,
GRPY4, cleaved ATF6, CHOP, caspase 12, and f-actin were analyzed
by Western blotting. Results shown are representative of at last three
independent experiments

whether As,O; induces ER stress in myoblast, we exam-
ined the ER stress markers expression after treatment with
As;O3 in C2C12 myoblasts. As shown in Fig. 3, As;O3
(10 pM) effectively triggered the expressions of ER stress-
related molecules including phosphorylated PERK, phos-
phorylated eIF2a, GRP-78, GRP-94, CHOP, cleaved
ATF6, and cleaved caspase 12 in myoblasts in a time-
dependent manner. These results indicate that As,Os5 is
capable of inducing the ER stress in C2C12 myoblasts.
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As,053 induces the intracellular ROS production
in C2C12 cells

Next, we tested whether intracellular ROS is associated
with As,O3-induced apoptosis in myoblasts. As shown in
Fig. 4a, the intracellular ROS levels were increased at
30 min and significantly increased as early as 1 h follow-
ing exposure to 10 uM As,03, and peak production of ROS
was after 4 h (p < 0.05). As expected, pretreatment with
antioxidant NAC (0.5 mM) significantly reduced the
intracellular ROS level induced by As,O3 (Fig. 4a). As,O3
also significantly increased the lipid peroxidation product
MDA levels in myoblasts, which could be reversed by
NAC (Fig. 4b). We further examined whether NAC could
rescue the As,Osz-induced ER stress and apoptosis. As
shown in Fig. 4c and d, pretreatment with NAC could
effectively decrease the increased expression of CHOP,
cleavages of caspase-12, caspase-9, caspase-3, and PARP,
and release of cytochrome ¢ from mitochondria in As,O3-

DCF Fluorescence
(% of control)

005 1 2 4 4
10 pMAs, 0, - + + + + +
0.5 mM NAC - - - EEEETI.
B —~ 12
c
2 10 .
2
a 3
o
E 61 #
=
= 4
a 2
(]
= 0

As,0, (M) 0 0 10 10
NAC{mM} ©0O ©05 0 05

C As,0,(uM) 0 O 10 10
NAC(mM) 0 05 0 05

-
————

Fig. 4 The role of ROS in As,0s-induced apoptosis and ER stress in
myoblasts. C2C12 cells were treated with 10 uM As,O; for various
time courses in the presence or absence of 0.5 mM NAC. A The
levels of ROS were measured by flow cytometry using a fluorescein-
labeled dye (2/,7'-dichlorofluorescein diacetate). B MDA production
was determined by a commercial assay as described in “Materials and
methods”. Data are presented as mean + SE of three independent

CHOP
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Time(h)

treated myoblasts. Moreover, NAC also significantly
attenuated the increased cell apoptosis (Fig. 5a) and
decreased cell survival in As,Oj-treated myoblasts
(Fig. 5b). These results indicate that ROS play an impor-
tant role in As,Os-induced myoblast apoptosis.

Akt pathway plays a role in regulating As,Os-induced
myoblast apoptosis

It has been reported that the activation of Akt is critical for
cell survival (Manning and Cantley 2007). We next
investigated the effect of As,O5; on the phosphorylation of
Akt protein by Western blotting analysis. As shown in
Fig. 6a, As,O5; (10 uM) effectively decreased the phos-
phorylation of Akt in myoblasts in a time-dependent
manner. Furthermore, we evaluated the relationship
between As,Oj-induced apoptosis and Akt signaling. A
myr-Akt plasmid coding for an active form of Akt was
transiently transfected into C2C12 myoblasts. A significant

As,O,(tM) 0 0 10 10
NAC(mM) 0 05 0 05

cytochromec

B-actin

S —

Caspase 12 (55 kDa)

Cleaved caspase 12 (42 kDa) =

Pactin  GHED e > —
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Pactin | —
Caspase 3 (33 kDa) “
Cleaved caspase 3 (19 kDa)
Cleaved caspase 3 (17 kDa) — i D ——
Ctubulin S ——
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Cleaved PARP (89 kDA)
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experiments. *p < 0.05 as compared with control. *p < 0.05 as
compared with As;O3 alone. In C and D, the expressions of CHOP,
cytochrome ¢, caspase-12, caspase-9, caspase-3, and PARP in
myoblasts were determined by Western blot analysis. C2C12 cells
were treated with 10 pM As,0; for 4 h (C) or 24 h (D) in the present
or absence of 0.5 mM NAC. Representative images of three
independent experiments are shown
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reduction in the As,Os-enhanced cleaved PARP expression
was shown in the myr-Akt-transfected myoblasts as com-
pared with control pcDNA-transfected cells (Fig. 6b). In
addition, pretreatment with NAC markedly prevented the
inhibition of Akt phosphorylation in As,Os-treated myo-
blasts (Fig. 6¢). These results indicate that ROS may
contribute to the suppression of Akt phosphorylation and
then lead to the myoblast apoptosis induced by As,Os;.

Discussion

Myoblasts dictate skeletal muscle size, with adequate
numbers of myoblasts being required for precise muscle
regeneration (Deponti et al. 2007; Jansen and Pavlath
2008). It has been shown that lower concentrations of
inorganic arsenic (0.02-0.5 pM) inhibit the myoblast dif-
ferentiation (Steffens et al. 2011; Yen et al. 2010). Li et al.
(2010) reported that higher concentrations of As,O;
(4-32 uM) obviously reduced smooth muscle cell viability
in a concentration-dependent manner (Li et al. 2010).
As;03 (3-10 uM) could also induce apoptosis in cultured
bone marrow mesenchymal stem cells (Cai et al. 2010;
Yadav et al. 2010). Treatment with high concentrations of
As,053 (30, 60, and 90 uM) for various periods (24, 48, and
72 h) caused primary cardiomyocyte apoptosis in a dose-
and time-dependent manner (Raghu and Cherian 2009).

A previous clinic study has indicated that the plasma levels
of arsenic are 5.54-7.30 uM in the patients of acute pro-
myelocytic leukemia treated with As,O3 (Shen et al. 1997).
In the present study, we found that treatment with As,O3
(3-10 uM) in C2C12 myoblasts significantly decreases cell
viability and increases cell apoptosis in a dose-dependent
manner.

The cytotoxic effects of As,O3 on various cell types are
apparently mediated by apoptosis. Mitochondria play a
crucial role in regulating apoptotic cell death (Green and
Reed 1998). The mitochondria function is regulated by
Bcl-2 family proteins, which can be subdivided into anti-
apoptotic and pro-apoptotic members (Adams and Cory
2007). It has been reported that high ratio of Bax to Bcl-2
can cause a loss of MMP, resulting in the release of
cytochrome c¢ from the intermembrane space of mito-
chondria to the cytosol (Tophkhane et al. 2007). Then, the
released cytochrome c triggers the formation of apopto-
some-containing apoptotic protease activating factor 1
(Apaf-1) and caspase-9. Caspase-9 activates the effector
procaspases, including procaspase-3, to carry out the pro-
cess of apoptosis (Zou et al. 2003). In this study, a sig-
nificant increase in Bax and a decrease in Bcl-2 expressions
were observed in As,Oj-treated myoblasts. We also found
that As,0O3 induces a decrease in MMP, an increase in
cytochrome c release, and an increase in caspases (caspase-
3/-9) activation and subsequently causes the PARP cleavage
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Fig. 6 Akt activation is involved in As,03-induced apoptosis. C2C12
myoblasts were treated with 10 pM As,Oj; for indicated time courses.
A As,0O3 down-regulated the phosphorylation of Akt in a time-
dependent manner. B Control pcDNA and c.a. Akt were transfected
into cells for 24 h. Over-expression of myr-Akt reduced As,Os-
induced PARP cleavage. Data are presented as mean & SE of three

and apoptosis in myoblasts. These results suggest that a
mitochondria-dependent pathway is involved in As,Os-
induced apoptosis in myoblasts.

ER is the site of synthesis and folding of secretory
proteins. The protein folding in the ER is impaired under
various physiology and pathology conditions, collectively
called ER stress (Kaufman 1999). In general, ER stress
triggers three major branches of unfolded protein response
(UPR) including the PERK/elF2a, ATF6, and inositol-
requiring enzyme (IRE)-1, which serve as proximal sensors
of protein folding status in the ER (Ron and Walter 2007;
Todd et al. 2008). Under ER stress, ER-localized chaperons
are induced (GRP78 and GRP94), protein synthesis is
slowed, and a protein degrading system is initiated (Sze-
gezdi et al. 2003). However, when the ER functions are
impaired beyond restoration, apoptosis occurs to protect
the organism by eliminating damaged cells (Oyadomari
and Mori 2004). CHOP plays a role in ER-induced apop-
tosis (Szegezdi et al. 2006). During ER stress, three arms of
UPR induce the transcription of CHOP (Ma et al. 2002;
Wang et al. 1998; Yoshida et al. 2000). CHOP is a proa-
poptotic transcription factor and can down-regulation of
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independent experiments. *p < 0.05 as compared with control.
#p < 0.05 as compared with As,O; alone. C C2CI12 cells were
treated with 10 pM As,O;5 in the presence or absence of 0.5 mM
NAC. The phosphorylation of Akt was determined by Western blot
analysis. D Schematic diagram of the signaling pathways involved in
As,0;5-induced cell apoptosis in cultured C2C12 myoblasts

Bcl-2 protein and translocation of Bax protein from cytosol
to mitochondria (Oyadomari and Mori 2004). Caspase-12
is an ER-resident caspase that is activated under ER stress
conditions and can mediate apoptosis (Nakagawa and
Yuan 2000). Once activated, caspase-12 causes cytochrome
c-independent caspase-9 activation, followed by caspase-3
activation (Morishima et al. 2002). Recent studies have
shown that the ER stress is involved in As,Os-induced
apoptosis in human lens epithelial cells (Zhang et al. 2007),
MC3T3-El osteoblasts (Tang et al. 2009), pancreatic
p-cell-derived RIN-m5F cells (Lu et al. 2011). In the
present study, the Western blot analysis revealed that
exposed As,Oj3 in C2C12 myoblasts increases the expres-
sions of p-PERK, p-elF2a, GRP-78, GRP-94, and CHOP
and the cleavages of ATF6 and caspase-12 proteins. These
results indicate that ER stress participates in the As,O3-
induced C2C12 myoblast apoptosis.

The generation of ROS is also one of the common
responses to cellular injury and apoptotic cell death (Jimi
et al. 2004). Previous studies demonstrated that treatment
with hydrogen peroxide can induce C2C12 myoblast
apoptosis, at least in part, through a mechanism involving
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the intrinsic mitochondrial cell death pathway (Jiang et al.
2005a, b). The accumulation of ROS is associated with the
collapse of MMP and the subsequent oxidative damage to
the mitochondrial membranes that impairs the membrane
integrity, leading to disruption of MMP, cytochrome ¢
release, caspase-9/-3 activation, and apoptosis (Antonsson
2001). A recent report has shown that As,O3; causes ER
stress in pancreatic f-cell through the generation of
excess ROS (Lu et al. 2011). In the present work, a sig-
nificant increase in the levels of intracellular ROS was
quantitatively recognized in C2C12 myoblasts after
exposure to As,O;. Moreover, we also found that NAC,
an antioxidant, significantly suppresses As,Os-induced
ER stress and apoptotic events (CHOP expression,
depolarization of MMP, release of cytochrome c, casp-
ases-12/-9/-3 activation, and PARP cleavage). These
results suggest that the generation of ROS is an early
event that initiates and activates the ER stress- and
mitochondria-related apoptotic pathways in C2C12 myo-
blasts exposed to As,Os3.

Akt is an important mediator of growth factors and
involved in cell growth and survival (Manning and Cantley
2007). Over-expression of Akt has been found to prevent
apoptosis in many cell types and resulting in a resistance to
or delay cell death (Fresno Vara et al. 2004). It has been
reported that Akt regulates the apoptotic mechanism by
phosphorylating and inactivating the Bcl-2 family member
BAD, which controls the release of cytochrome ¢ from
mitochondria (Datta et al. 1997; Osaki et al. 2004). A
modulating role of PI3k/Akt signaling in the expression of
Bim, a Bcl-2 interacting mediator of cell death, has been
demonstrated. LY294002, a PI3K inhibitor, could increase
the Bim expression in cells concomitant with an increase in
cell death (Qi et al. 2006). Furthermore, Akt mediated the
cell survival through the inactivation of caspase-9 and
FKHRLI1, a member of the Forkhead family of transcrip-
tion factors (Brunet et al. 1999). H,O, induction of ROS
has also been shown to inhibit the phosphorylation of Akt
and phosphoinositide-dependent kinase 1 (PDKI1) in neu-
ronal cells (Chen et al. 2010). In the present study, we
observed that As,O; markedly decreases the phosphoryla-
tion of Akt in C2C12 myoblasts without changes in total Akt
proteins. Pretreatment with NAC dramatically prevented the
As,Os-inhibited Akt phosphorylation. We also found that
over-expression of c.a. Akt significantly suppressed As,Os-
promoted apoptotic cleavage of PARP. These results indi-
cate that Akt may be as a protective (anti-apoptotic) role in
As,03-induced C2C12 myoblast apoptosis.

In conclusion, we demonstrated that apoptosis is
involved in As,;03-induced myoblast cytotoxicity that is
associated with intracellular ROS-regulated mitochondrial
dysfunction, ER stress response, or Akt inactivation
(Fig. 6d). In addition, pretreatment with NAC inhibited

As,03-induced myoblast apoptosis. These findings suggest
that As,O3 may be an important environmental risk factor
for skeletal muscle cell development/growth.
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