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Our previous study has demonstrated that instead of neuromuscular blockage cartap, an organonitrogen insecticide, co
marked irreversible Ca2+-dependent contracture in both isolated mouse and rabbit phrenic nerve-diaphragms. We further e
the potential of direct myocytotoxicity of cartap and the possible roles of calcium ion and oxidative stress on cartap-induce
cell injury using the mouse myoblast cell line, C2C12. Cartap exerted a dose- and time-dependent cytotoxic effect in C2C12 cells
measured by MTT colorimetric assay and trypan blue dye exclusion. The extracellular activities of both creatine kinase
lactate dehydrogenase (LDH) were elevated in the cartap-treated groups at or greater than 100�M. The isoenzymatic profile
showed that the elevations were mainly due to CK-3, LDH-3, and LDH-4. Following the addition of 0.5–2.5 mM EGTA,2+

chelator, or 30–100�M verapamil, an L-type Ca2+ channel blocker, the cartap-induced reduction in MTT metabolic rate of C2C12

cells was significantly restored in a dose-dependent manner in both EGTA and verapamil-treated cells. Furthermore, EG
significantly reduce the cartap-induced elevation in the levels of total extracellular CK and LDH activities. Additionally
significantly increased the level of endogenous reactive oxygen species (ROS) in C2C12 cells in a dose- and time-dependent man
The cartap-induced ROS generation could be significantly inhibited by antioxidants, including Vitamins C and E, cata
superoxide dismutase, with catalase the most effective. EGTA could significantly inhibit cartap-induced ROS generation
dependent manner. The results suggested that cartap could induce ROS generation in C2C12 cells via a Ca2+-dependent mechanis
resulting in subsequent cytotoxicity, at least partially, to C2C12 cells. It is speculated that both Ca2+ and Ca2+-induced ROS may als
play the central role on the myogenic contracture and myofiber injury of the diaphragm leading to respiratory failure and su
death in rabbits exposed ocularly to cartap.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Cartap, an organonitrogen insecticide, has long been
recognized as an analogue of nereistoxin and catego-
rized as a safe compound since it was first synthesized
and used in Japan in 1964 (Chiba et al., 1967; Ray, 1991;
Tomlin, 2000). However, our previous study has shown
that cartap could induce acute intoxication with subse-
quent death in rabbits and quails via ocular exposure
(Liao et al., 1998). Among the toxic signs, severe muscu-
lar fasciculation, tremor, and convulsion were the most
consistent findings. By using isolated mouse (Liao et
al., 2000) or rabbit (Liao et al., 2003) phrenic nerve-
diaphragms, we have demonstrated that cartap could
cause marked contracture in either stimulated or quies-
cent diaphragms; the contracture was not nerve-evoked
but myogenic and was possibly related to the alterations
in Ca2+ flow.

Muscle necrosis, such as diaphragm and intercostal
muscle, has been reported in insecticide intoxications
such as organophosphate (Karanth et al., 2004; Santos
et al., 2002) and carbamate (Milatovic et al., 2005).
Reactive oxygen species (ROS)-induced cellular injury
has been implicated in the development of many forms
of muscle dysfunction (Supinski et al., 1997, 1999). It
has been further demonstrated that the propensity of a
muscle to generate ROS is Ca2+-dependent (Supinski
et al., 1999). Our previous study has shown that cartap
could induce the influx of extracellular Ca2+ and release
of internal Ca2+ from the sarcoplasmic reticulum with
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Industrial Ltd. in Taiwan (Yunlin, Taiwan, ROC). Its purity was
double-checked as described previously (Liao et al., 2000). The
reagents and materials used for the measurement of the activ-
ities of creatine kinase (CK), lactate dehydrogenase (LDH),
and their isoenzymes were obtained from Chiron Diagnos-
tics Corp. (Oberlin, OH, USA) and REP Corp. (Helena Lab.,
TX, USA), respectively. The 2′,7′-dichlorofluorescin diacetate
(DCFH.DA) was purchased from Fluka Chemie (AG, Buchs,
Switzerland). Other chemicals used, including 3-(4, 5-diemthyl
thiazol-2-yl)-2, 2-diphenyl-tetrazolium bromide (MTT), Vita-
min (Vit.) C and E, 1,3-dimethyl-2-thiourea (DMTU), cata-
lase, superoxide dismutase (SOD), ethylene glycol-bis (�-
aminoehtyl ether)-N,N,N′,N′-tetraacetic acid (EGTA), vera-
pamil, FeSO4, and NaH2PO4, were all analytical grade and
purchased from Sigma Chemicals (St. Louis, MO, USA).

2.2. C2C12 cell preparation

The C2C12 cells (ATCC #CRL1722) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM) (Sigma Chem-
icals) supplemented with 10% heat-inactivated fetal bovine
serum (Gibco, Grand Island, NY, USA), 2 mMl-glutamine,
100 U/ml of penicillin, and 100�g/ml of streptomycin (all
from Sigma Chemicals) (DMEM-C) and incubated at 37◦C
in 5% CO2. The C2C12 cells usually formed monolayers after
3–5 days of culture in 75-T flasks (Corning-Costar, Corn-
ing, NY, USA). Before each experiment, the monolayers were
digested with 0.25% trypsin for 3–5 min followed by DMEM
wash twice. The cell viability was determined by trypan blue
dye exclusion and adjusted to 5× 104 or 5× 105 cells/ml in
DMEM-C as needed. The overall cell viability was always
greater than 98%. The cell suspension at 5× 104 cells/ml was
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lated mouse phrenic nerve-diaphragm (Liao et al., 2000).
To our knowledge, there has been no report indica
the involvement of ROS generation in organonitro
insecticide-treated animals, tissues, or cells. The C2C12
myoblast cell line has been used widely to study ch
ical and drug-induced skeletal muscle toxicities and
associated mechanisms (Matsuki et al., 1999; Wakayam
and Sobue, 1977). The objective of the present study w
to use mouse myoblast C2C12 cells as a model to eval
ate the myocytotoxicity of cartap and the possible r
of Ca2+ and ROS on the toxic effects.

2. Materials and methods

2.1. Chemicals

Cartap, S,S′-(2-dimethylaminotrimethylene)-bis (thioc
bamate) (C7H15N3O2S2, MW = 237, CAS 15263-53-3), an
its hydrochloride salt (C7H16Cl, N3O2S2, MW = 273.8, CAS
22042-59-7) are normally used in formulation (Tomlin, 2000).
Technical grade of cartap hydrochloride (98% purity in p
der) was kindly provided by Lihnung Agricultural Chemi
then seeded onto 24 or 96-well culture plates (Corning-Co
at 0.5 ml or 100�l/well, respectively; or 12-well culture plat
containing sterile glass coverslips (0.5 cm in diameter) (A
tant, Deckglaser, Germany) at 1 ml/well. Following incuba
at 37◦C in 5% CO2 for 3–4 days to form monolayers, t
non-adherent cells were removed by gentle wash with
DMEM-C. The plates or plates containing coverslips cove
with monolayers were then used for various assays.

2.3. Cell morphological examination

Cartap at 10–1000�M or an equal volume of DMEM-C
was placed into 12-well culture plates containing monola
covered coverslips and incubated at 37◦C in 5% CO2 for
24 h. Morphological alterations of C2C12 cells were then eva
uated by scanning electron microscopy. Briefly, cartap-tre
or medium control coverslip preparations were rinsed
PBS, fixed in 2.5% glutaraldehyde (Electron Microscopy
ences, Washington, PA, USA) for 30 min, post-fixed in
osmium tetroxide (Electron Microscopy Sciences, Wash
ton, PA, USA), dehydrated in graded ethanol solutions (35
70, 85, 90, 95, and 100%), and immersed in isoamyl ac
for 30 min. The coverslips were then affixed to aluminum s
with silver conducting paint. After dried in a critical po
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drying apparatus (Tousimis Research, Rockville, MD, USA),
the cells were coated with gold–palladium in a sputter coater
(SPI Supplies, West Chester, PA, USA) and examined with a
JEOL® JSM-5410 electron microscope (Jeol, Tokyo, Japan) at
5–20 kV.

2.4. Trypan blue dye exclusion assay

To evaluate the direct cytotocidal effect of cartap on C2C12

cells, cartap at the final concentration of 0, 10, 30, 100, 300,
and 1000�M or an equal volume of DMEM-C was placed
into 12-well culture plates containing monolayer-covered cov-
erslips and incubated at 37◦C in 5% CO2 for 24 h. Following
the removal of the culture supernatant and staining with 0.2%
trypan blue dye in phosphate-buffered saline, the coverslips
were then mounted on slides the rates of positivity were calcu-
lated in 200 cells out of 10 randomly selected fields at 400×
by light microscopy.

2.5. MTT assay

To measure the direct cytotoxic effect of cartap, C2C12

monolayers prepared on 96-well culture plates were incubated
with cartap at the final concentration of 0, 10, 30, 100, 300,
and 1000�M or an equal volume of DMEM-C at 37◦C in
5% CO2 for 24 h. The cell activity was then analyzed by the
MTT colorimetric assay (Mosmann, 1983). Briefly, an MTT
solution at 2 mg/ml in PBS was added to the 96-well culture
plates at 50�l/well on each time point. Following another 3 h
of incubation, 100�l of DMSO (Merck, Darmstadt, Germany)
were added in each well and mixed thoroughly to dissolve
the dark blue formazen crystals. Thereafter, the plates were
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lyzer. The isoenzymes of CK, including CK-1 (CK-BB), CK-2
(CK-MB), and CK-3 (CK-MM) and the isoenzymes of LDH,
including LDH-1, LDH-2, LDH-3, LDH-4, and LDH-5, were
separated by electrophoresis, and the activity of each isoen-
zyme was quantified according to the manufacture’s instruc-
tions (REP, Helena Lab, Beaumont, TX, USA) using the Rapid
Electrophoresis Analyzer and densitometer. The activities of
total extracellular CK and LDH, and their isoenzymes (ACK

and ALDH) were expressed as IU/l and a percentage of total
activity (�ACK or �ALDH) for each isoenzyme was further cal-
culated, where�ACK or �ALDH = [(ACK or ALDH value of a
particular group)/(totalACK or ALDH value of the correspond-
ing group)]× 100.

2.7. Effect of cartap on intracellular ROS generation in
C2C12 cells

To measure the effect of cartap on the generation of ROS in
C2C12 cells, a DCFH.DA oxidization-based fluorescence test
was used (Lebel et al., 1992). DCFH.DA is a stable molecule
that is readily to cross cell membrane and oxidized to highly
fluorescent DCF in the presence of intracellular ROS. A 50�M
working solution of DCFH.DA was freshly prepared by mix-
ing 250�l of 1 mM DCFH.DA in methanol with 1 ml of 0.01 N
NaOH at room temperature for 30 min followed by neutraliza-
tion with the addition of 25 mM NaH2PO4 at pH 7.4 to a final
volume of 5 ml. This DCFH.DA working solution was then
kept on ice in the dark until use. For ROS measurement, the
reaction was performed with monolayers of C2C12 cells pre-
pared on 24-well culture plates in 0.1 mM Tris–buffer at pH
7.4 in a total volume of 1 ml, either containing cartap at vari-
ous concentrations, 2.5�M DCFH.DA, and 0.5 mM FeSO4,
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ead on an ELISA reader (MRX, Dynatech Medical Produ
uernsey, Channel Island, Great Britain) at the waveleng
40 nm using absorbance (A) at 630 nm as a reference. D
ere expressed as a percentage of control (�A) = [(A value of
artap-treated group)/(A value of medium control)]× 100. The
edian lethal concentration (LC50) was further calculate
escribed byMosmann (1983).

.6. Activity measurement for extracellular creatine
inase (CK) and lactate dehydrogenase (LDH) and their
soenzymes

The activities of total extracellular CK and LDH and th
soenzymes were measured according to the methods re
yGupta et al. (1994), andHarauchi and Hirata (1993). Mono-

ayers of C2C12 cells prepared on 24-well culture plates w
ncubated with cartap at the final concentration of 0, 10
00, 300, and 1000�M or an equal volume of DMEM-C
t 37◦C in 5% CO2 for 24 h. At the end of incubation, th
ulture supernatants were collected for extracellular enz
ctivity measurement. The total extracellular activities of
nd LDH were determined according to the spectropho
try of Chiron Diagnostics Corporation (Oberlin, OH, US
sing the Express Plus Automatic Clinical Chemistry A
at 37◦C for 20 min on a shaker at 200 rpm, or contain
1000�M cartap, 2.5�M DCFH.DA, and 0.5 mM FeSO4, at
37◦C for 0–120 min on a shaker at 200 rpm. After placin
−20◦C freezer for 20 min to terminate the reaction, the reac
mixture was then transferred to a cuvette and the fluores
intensity (FI) of DCF was determined by a HITACHI F-40
Fluorescence Spectrophotometer (HITACHI, Tokyo, Japa
the excitation wavelength of 488 nm (bandwidth 3 nm)
emission wavelength of 525 nm (bandwidth 20 nm). Data
expressed as the differences in the fluorescence intensity�FI)
between the cartap-treated or medium control group an
corresponding cartap-treated or medium control group w
out the presence of C2C12 cells, where�FI = (FI value of
cartap-treated or medium control group)− (FI value of eac
corresponding group without the presence of C2C12 cells). A
percentage of control was further calculated as [(�FI value of
a particular cartap-treated group)/(�FI value of the medium
control group)]× 100.

2.8. Effect of antioxidant on cartap-induced changes in
MTT metabolic rate and ROS generation in C2C12 cells

To evaluate the effect of various antioxidants on car
induced changes in MTT metabolic rate and ROS genera
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monolayers of C2C12 cells prepared on 24-well culture plates
were treated with 50�M Vit. C or Vit. E (Barrett et al., 1999;
Chow et al., 1999); 300 U/ml catalase (a H2O2 scavenger)
(Hsieh et al., 1998); 0.1 mM DMTU (a OH• scavenger) (Hsieh
et al., 1998); or 36.85 U/ml superoxide dismutase (SOD, a
O2

− scavenger) (Lebel et al., 1992) for 30 min. Following
the addition of 1000�M cartap for another 24 h, the MTT
metabolic rate was then measured as described above. For ROS
generation, 1000�M cartap, 2.5�M DCFH-DA, and 0.5 mM
FeSO4 were then added and the reactions were performed in
0.1 mM Tris–buffer at pH 7.4 in a total volume of 1 ml at 37◦C
for 20 min on a shaker at 200 rpm. Changes in the fluores-
cence intensity of DCF were then determined as described
above.

2.9. Effects of Ca2+ antagonist on cartap-induced ROS
production in C2C12 cells

To determine the effect of Ca2+ on cartap-induced ROS
production, monolayers of C2C12 cells prepared on 24-well
culture plates were incubated with 0–2.5 mM EGTA for 30 min
prior to the addition of 1000�M cartap, 2.5�M DCFH-DA,
and 0.5 mM FeSO4. All of the reactions were performed in
0.1 mM Tris–buffer at pH 7.4 in a total volume of 1 ml at
37◦C for 20 min on a shaker at 200 rpm. Changes in the fluo-
rescence intensity of DCF were then determined as described
above.

2.10. Effect of Ca2+ antagonist on cartap-induced
cytotoxicity and enzymatic leakage in C2C12 cells

The role of Ca2+ on cartap-induced cytotoxicity was eval-
on
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3. Results

3.1. Effects of cartap on C2C12 cell morphology,
MTT metabolic rate, and viability

Following 24 h of incubation, the C2C12 cells of the
10�M cartap-treated group remained their normal mor-
phology as that of the medium control group, character-
ized by ruffled membrane surface with many long, radiat-
ing, finger-like pseudopodia. However, when the cartap
concentration reached 30�M, some of the cells were
lysed and many of the remaining cells became swollen
and/or rounded with formation of surface blebs and cyto-
plasmic vacuoles. The number of cells undergoing lysis
increased as the concentration of cartap increased. When
measured by the MTT colorimetric assay, an apparent
dose-dependent reduction in the metabolic rate was seen
in the cartap-treated group (Fig. 1). When compared
with the medium control, the average MTT metabolic
rate of C2C12 cells in the cartap-treated group following
24 h of incubation reduced from 89.6± 4.1% of con-
trol at 10�M to 63.9± 5.6%, 38.7± 6.4%, 28.2± 3.0%,
and 8.0± 0.4% at 30, 100, 300, and 1000�M, respec-
tively. Statistically significant difference appeared in
cartap-treated group at 30�M or higher. The corre-
sponding dose of cartap to induce 50% inhibition in
MTT metabolic rate was 52.8�M. When stained with
trypan blue, there were only scattered positive cells in
the medium control and 10�M cartap-treated groups; a
20–25% positive rate occurred in 30�M cartap-treated
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uated by the incubation of C2C12 monolayers prepared
96-well culture plates with 0.5–2.5 mM EGTA, a Ca2+ chela-
tor (Fleckenstein, 1983), or 0.01–0.1�M verapamil, an L-typ
Ca2+ channel blocker (Fleckenstein, 1983), for 30 min prior
to the addition of various concentrations of cartap followe
incubation for another 24 h. Changes in the MTT metabolic
were then analyzed as described above. To measure the
of Ca2+ on cartap-induced CK and LDH leakage, C2C12 mono-
layers prepared on 24-well culture plates were incubated
various concentrations of cartap in the presence or abse
2.5 mM EGTA for 24 h. Changes in extracellular activities
CK and LDH were then analyzed as described above.

2.11. Statistical analysis

Values, expressed as mean± S.D., presented in figures a
tables and used in statistical analyzes represent at leas
independent trials with 4–8 replicates each per main ex
ment run concurrently. The data were analyzed by one
analysis of variance (ANOVA) followed by Duncan’s multip
range test. Statistical analyzes were carried out by Stati
Analysis System procedures (Statistical Analysis System;
for windows 6.12; SAS Institute Inc., Cary, NC, USA). The
ference was considered statistically significant whenp < 0.05.
group; however, nearly 60–70% positive rate was s
in the cartap-treated group at 100�M or a higher con
centration (data not shown).

Fig. 1. Effect of cartap on the MTT metabolic rate of C2C12 cells.
C2C12 cells were incubated with cartap at various concentration
24 h. The MTT metabolic rate of each group was determined ac
ing to the procedure outlined in Section2. The data were expressed
percentage of control and are presented as the mean± S.D. of three
different experiments with eight replicates each. Asterisks ind
significant differences (p < 0.05) between cartap-treated and med
control groups. The linear correlation between cartap concentr
and MTT metabolic rate of C2C12 cells was calculated and shown
the up right hand corner.
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Table 1
Changes in the levels of total extracellular activities of creatine kinase (CK) and its isoenzymes in C2C12 cells following incubation with various
concentrations of cartap for 24 h

Cartap (�M) CK (IU/l) Isoenzymes (IU/l)

CK-1 CK-2 CK-3

0 2.0± 0.2 – – –
10 1.8± 0.5 – – –
30 2.0± 0.5 – – –

100 3.5± 0.7* – 0.2± 0.1a,* (6.2± 0.1)b 3.0± 0.7* (93.8± 0.1)
300 3.5± 0.3* – 0.1± 0.0* (1.4± 0.6) 3.5± 0.3* (98.6± 0.6)

1000 4.0± 0.7* – 0.1± 0.0* (2.5± 0.2) 3.9± 0.7* (97.5± 0.2)

–: Not detectable.
a Data are expressed as mean± S.D. of three independent experiments and each experiment was done in quadruplicates.
b Data in the parentheses represent the percent activity of CK of each isoenzyme in a particular group.
* Significantly different from the control group atp < 0.05.

3.2. Effects of cartap on the activities of total
extracellular CK and LDH and their isoenzymatic
profiles in C2C12 cells

In the medium control, the level of total extracel-
lular activity of CK was significantly lower than that
of LDH. The average total extracellular CK activity of
the medium control was 2.0± 0.2 IU/l and there was
no detectable activity for all CK isoenzymes based on
the method used in the present study (Tables 1 and 2).
As for the cartap-treated group, the levels of the total
extracellular CK activity at 10 and 30�M cartap were
about the same as those of the medium control group,
but it increased significantly as the dose of cartap
reaching 100�M or higher, ranging from 3.5± 0.3 to
4.0± 0.7 IU/l (Table 1). Similar to the medium control
group, there was no detectable activity of CK isoen-
zymes in the cartap-treated group at lower doses. The
elevated total extracellular CK activity in the cartap-
treated group at 100�M or higher was contributed to
the increase in CK-2 and CK-3 activities with CK-3 pre-
dominant (Table 1).

The average total extracellular LDH activity in the
medium control was 50.8± 0.3 IU/l; the percentage
activity in each isoenzyme was LDH-1 35.4%, LDH-2
21.6%, LDH-3 16.4%, LDH-4 18.9%, and LDH-5 7.7%.
In cartap-treated group, the levels of total extracellu-
lar activities of LDH and its five isoenzymes at 10 and
30�M cartap were all about the same as those of the
medium control group. When the cartap concentration
r se-
d DH
a
( the
i es,
a the

level of LDH-5 activity and decrease in the levels of
LDH-1 and LDH-2 activities (Table 2).

3.3. Effects of antioxidant and Ca2+ antagonist on
cartap-induced cytotoxicity in C2C12 cells

When incubated with cartap alone for 24 h, the MTT
metabolic rate of C2C12 cells dropped markedly in a
dose-dependent manner from 90% to 8% of the medium
control group as the dose of cartap increased from 10
to 1000�M, respectively. The cartap-induced cytotoxi-
city to C2C12 cells could be effectively protected by the
pretreatment of the cells with various antioxidants. Inter-
estingly, antioxidant-pretreatment in 10–30�M cartap-
treated groups could promote the MTT metabolic
rate significantly from 64–90% up to 102–126% of
the medium control group; however, following simi-
lar antioxidant-pretreatment the MTT metabolic rate
remained around 100–102% in the medium control
group. Among the five tested antioxidants, it is shown
that C2C12cells pretreated with Vit. E, catalase, and SOD
at the selected doses could constantly maintain a signifi-
cantly higher MTT metabolic rate than the cartap-alone
group at the doses of 10–1000�M (Fig. 2A); in con-
trast to the rather low MTT metabolic rates, 28% and
8% of the medium control group, in cartap-alone groups
at the higher doses of 300 and 1000�M, respectively,
the MTT metabolic rates of the two groups receiving the
two higher doses of cartap following the pre-treatment
with these three antioxidants raised to 59–62% and

. As
tap
rtap-
1%
rtap
n

eached 100�M or higher, there was a significant do
ependent increase in the level of total extracellular L
ctivity, ranging from 78.3± 8.3 to 157.8± 5.7 IU/l
Table 2). The elevation was mainly resulted from
ncrease in the levels of LDH-3 and LDH-4 activiti
lthough there was a concomitant slight increase in
40–50% of the medium control group, respectively
for the less effective Vit. C- and DMTU-treated car
groups, instead of continuous decline as seen in ca
alone group the MTT metabolic rate retained 26–3
and 34–42%, respectively, when the doses of ca
reaching 100–1000�M; significant difference betwee
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antioxidant-treated and cartap-alone groups was also
seen at 1000�M cartap.

As for the two Ca2+ chelators, EGTA and ver-
apmil, they both also possessed statistically signifi-
cant protective effect on cartap-induced cytotoxicity to
C2C12 cells (Fig. 2B and C). Similar to antioxidants,
EGTA at 0.5–2.5 mM and verapmil at 0.03–0.1 mM
could promote the cartap-reduced MTT metabolic rate
from 64–90% up to 106–125% of the medium con-
trol group in a dose-dependent manner. Statistically
significant elevation in MTT metabolic rate was con-
stantly seen in all 10–1000 and 10–300�M cartap-
treated groups pre-incubated with 1.25 or 2.5 mM EGTA
and 0.5 mM EGTA, respectively; and also in 10–300 and
10–100�M cartap-treated groups pre-incubated with 0.1
and 0.03 mM verapmil, respectively.

3.4. Effect of cartap on intracellular ROS
generation in C2C12 cells

The level of intracellular ROS generation in the
medium control group, as expressed by the fluores-
cence intensity (FI) of DCF, was 440.9± 23.4. A dose-
dependent elevation in DCF formation was seen in
the cartap-treated group, ranging from 536.1± 50.1
at 10�M to 735.1± 14.8 at 1000�M; when the val-
ues were expressed as percentage of control, it was
122.0± 13.9% at 10�M and reached 167.0± 6.0% at
1000�M (Fig. 3A). The level of cartap-induced intra-
cellular ROS generation was also time-dependent. When

re

roup
een

ced
C,
ted
f
ed
The

ion
C2C12 cells were incubated with 1000�M cartap for
0–120 min, the FI value was 418.8± 28.8 at 0 min
and it gradually increased from 623.3± 37.3 at 10 min
to 1768.4± 212.3 by 120 min; when the values we
expressed as percentage of 0 min, it was 149.1± 8.1% at
10 min and reached 424.0± 56.3% at 120 min (Fig. 3B).
The differences either between the cartap-treated g
at all tested doses and medium control group or betw
all tested incubation periods and 0 min at 1000�M car-
tap were all statistically significant.

3.5. Effects of antioxidant on cartap-induced
intracellular ROS generation in C2C12 cells

To further evaluate the role of ROS on cartap-indu
cell injury, various ROS scavengers, including Vit.
Vit. E, DMTU, catalase, and SOD, at each selec
dosage were added in C2C12 cells prior to the addition o
1000�M of cartap. The value of FI was then monitor
after the reaction mixture was incubated for 20 min.
results of various treatments are shown inFig. 3C. Cata-
lase at 300 U/ml was the most effective in the inhibit
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Fig. 2. Effects of antioxidant and Ca2+ antagonist on cartap-induced cytotoxicity measured by MTT metabolic rate in C2C12 cells. Under each tested
condition, the MTT metabolic rate of each group was determined according to the procedure outlined in Section2. Changes in MTT metabolic
rate in C2C12 cells by incubation with (A) various antioxidants, including Vit. C (50�M), Vit. E (50�M), catalase (300 U/ml), 1,3-dimethyl-
2-thiourea (DMTU) (100�M), and superoxide dismutase (SOD) (36.85 U/ml); (B) various concentrations of ethylene glycol-bis (�-aminoehtyl
ether)-N,N,N′,N′-tetraacetic acid (EGTA) (a Ca2+ chelator); or (C) various concentrations of verapmil (an L-type Ca2+ channel blocker) for 30 min
prior to the addition of various concentrations of cartap for another 24 h. The data were expressed as percentage of control and are presented as the
mean± S.D. of three different experiments with eight replicates each. Asterisks indicate significant differences (p < 0.05) between cartap-alone and
antioxidant- or Ca2+ antagonist-treated groups.

of cartap-induced intracellular ROS generation among
the antioxidants tested with a reduction rate close to
79% when compared with the group of cartap-alone. A
less prominent but statistically significant reduction in
cartap-induced ROS generation was also seen in Vit. C-,
Vit. E-, and SOD-treated groups at the doses of 50,
50�M, and 36.85 U/ml, respectively. The efficacy of
inhibition in DFC generation was in a gradual reduc-
tion fashion as Vit. C > Vit. E > SOD, ranging from
50% to 31%. However, there was only 8% reduction in
cartap-induced ROS generation by the OH• scavenger,
DMTU at 0.1 mM, and the reduction was not statistically
significant.

3.6. Effects of Ca2+ antagonist on cartap-induced
changes in extracellular enzymatic profiles and
intracellular ROS generation in C2C12 cells

To further explore the role of Ca2+ on cartap-induced
changes in extracellular enzymatic profiles and intracel-
lular ROS generation, C2C12 cells were incubated with
cartap in the presence or absence of 2.5 or 0.5–2.5 mM
EGTA, respectively. The addition of 2.5 mM EGTA

could significantly reduce the levels of cartap-induced
CK and LDH leakage in C2C12 cells, especially in the
groups treated with 100–1000�M cartap (Fig. 4); when
the values were expressed as percentage of medium con-
trol group, it reduced from 264–393% to 160–192% for
CK and from 169–377% to 99–163% for LDH in cartap-
treated groups at 100–1000�M (Fig. 4). As for the effect
of EGTA on the generation of intracellular ROS in C2C12
cells, the result showed that the removal of Ca2+ by the
addition of EGTA could markedly reduce the level of
FI in a dose-dependent manner with 55% reduction at
0.5 mM EGTA, 94% at 1.25 mM EGTA, and up to 99% at
2.5 mM EGTA when compared with cartap-alone group
(Fig. 3D).

4. Discussion

Cartap is a nereistoxin analogue pesticide and com-
monly considered acting like nereistoxin to evoke its
acute toxicity by neuromuscular blockage via the inhi-
bition of postsynaptic nicotinic acetylcholine receptor
ion channel leading to respiratory failure and subse-
quent death (Ray, 1991). However, our recent studies
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Fig. 3. Effects of antioxidant and Ca2+ chelator on cartap-induced reactive oxygen species (ROS) production in C2C12 cells. Under each tested
condition, the total intracellular ROS production was measured by the DCFH.DA oxidization-based fluorescence test as fluorescence intensity and
expressed as percentage of control as outlined in Section2. (A) Changes in ROS production in C2C12 cells treated with various concentrations
of cartap for 20 min. (B) Changes in ROS production in C2C12 cells treated with 1000�M cartap for various time periods. (C) Changes in ROS
production in C2C12 cells by incubation with various antioxidants, including Vit. C (50�M), Vit. E (50�M), 1,3-dimethyl-2-thiourea (DMTU)
(100�M), catalase (300 U/ml), and superoxide dismutase (SOD) (36.85 U/ml), for 30 min prior to the addition of 1000�M cartap for another 20 min.
(D) Changes in ROS production in C2C12 cells by incubation with various concentrations of the Ca2+ chelator, ethylene glycol-bis (�-aminoehtyl
ether)-N,N,N′,N′-tetraacetic acid (EGTA), for 30 min prior to the addition of 1000�M cartap for another 20 min. Data are presented as mean± S.D.
of three experiments with five replicates each. Asterisks indicate significantly different from the medium control or cartap-alone group atp < 0.05.

Fig. 4. Effect of calcium chelator on cartap-induced enzyme leakage
in C2C12 cells. C2C12 cells were incubated with various concentra-
tions of cartap in the presence (EGTA + Cartap) or absence (Cartap
alone) of 2.5 mM ethylene glycol-bis (�-aminoehtyl ether)-N,N,N′,N′-
tetraacetic acid (EGTA) for 24 h. The total extracellular activities of
creatine kinase (CK) and lactate dehydrogenase (LDH) in the super-
natant were determined according to the procedure outlined in Section
2. Data are presented as the mean± S.D. of three different experi-
ments with quadruplicate each. Asterisks indicate significantly differ-
ent from the corresponding medium control within each Cartap alone
or EGTA + Cartap group. (a and b) Within the same enzyme group,
values with different labels at the same cartap concentration differ sig-
nificantly (p < 0.05).

have demonstrated that rather than neuromuscular block-
age cartap induces a Ca2+-dependent severe irreversible
contracture in isolated mouse and rabbit phrenic-nerve
diaphragms (Liao et al., 2000, 2003); and it is speculated
that the cartap-induced contracture is due to the influx
of extracellular Ca2+ and release of internal Ca2+ from
the sarcoplasmic reticulum (Liao et al., 2000). Rabbits
dying acutely from ocular instillation of cartap displayed
prominent hypercontraction bands, fragmentation, and
rupture of the myofibers in diaphragm but not in heart and
thigh (Liao et al., 2003). In the present study, attempts
were made to evaluate the myocytotoxicity of cartap and
its related mechanism of action using the mouse skeletal
muscle myoblast cell line, C2C12, to mimic diaphrag-
matic muscle cells. Reduction of the tetrazolium salt
MTT in cells and tissues is regarded as an indicator
of “cell redox ability”, attributed to both mitochondria
and non-mitochondria (Bernas and Dobrucki, 2002).
Because MTT is reduced to the colored formazan only
by metabolically active cells, it is generally accepted that
the assay detects viable cells exclusively (Kwok et al.,
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2004; Satoh et al., 1996). Thus, the data of trypan blue
dye exclusion and MTT assay shown in the present study
clearly indicate that cartap not only has a cytotoxic effect
but also has a direct cytocidal effect on C2C12 cells and
these effects were dose and time-dependent.

Skeletal muscle is rich in CK and LDH and extracellu-
lar release of these enzymes and their isoenzymes is con-
sidered to be a sensitive indicator of myocyte injury and
frequently used for monitoring damage of muscle cells
(Angulo and Lomonate, 2003; Gupta et al., 1994; Gupta
and Goad, 2000). The evident extracellular leakage of
both CK and LDH further supported the cartap-induced
cytotoxic effect on C2C12 cells. When the concentration
of cartap reached 100�M or higher, significant changes
were consistently present in the MTT metabolic rate,
extracellular leakage of CK and LDH, and trypan blue
dye exclusion; however, only MTT metabolic rate dis-
played statistically significant change at 30�M cartap.
The results suggest that the MTT colorimetric assay is
more sensitive than enzyme leakage or dye exclusion to
measure cartap-induced cytotoxic effect in C2C12 cells.

Within cartap-induced enzyme leakage in C2C12
cells, it appears that the leakage of LDH is slightly more
sensitive than CK. Although no significant change was
seen in the mean value of the total extracellular CK and
LDH activities in the 30�M cartap-treated group, signif-
icantly increased LDH-3 activity started to appear at this
dose. However, no significant change was noted in CK
or its isoenzymes at the same dose. The release of CK is
generally considered as the single most important indi-
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by subsequent significant release of both CK and LDH
as the dose reached 100�M or higher. Significant reduc-
tion in the ability to exclude trypan blue also became
apparent when the dose of cartap reached 100�M. The
morphological changes, enzyme leakage, and reduced
trypan blue dye exclusion are all indicative of membrane
injury (Fornelli et al., 2004; Katirji and Al-Jaberi, 2001;
Trump and Berezesky, 1995). This suggests that cartap
could cause damage to the membrane integrity of C2C12
cells and lead to cell death.

Calcium has been shown to be an important factor in
cell injury resulting from a variety of pathophysiologi-
cal stresses in various tissues, including skeletal muscle
(Jackson et al., 1984; Matucci et al., 1997; Supinski et
al., 1999). Our previous studies also showed that Ca2+

seems to play an essential role in cartap-induced mus-
cular contracture in isolated mouse and rabbit phrenic
nerve-diaphragms, which may be the cause for the acute
death of rabbits due to respiratory failure after ocu-
lar exposure to cartap (Liao et al., 2000, 2003). The
involvement of Ca2+ on cartap-induced muscular injury
is further proved in the present study at cellular level.
Lowering the intracellular level of Ca2+ by adding either
the Ca2+ chelator, EGTA, or the L-type Ca2+ channel
blocker, verapamil, could effectively, although not com-
pletely, restore the cartap-induced decline in the MTT
metabolic rate of C2C12 cells in a dose-dependent man-
ner. Aside from the influx of extracellular Ca2+, our
previous study has also demonstrated that the release
of internal Ca2+ from the sarcoplasmic reticulum via a
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Katirji and Al-Jaberi, 2001). Although LDH is presen
n most cells and its release is non-specific to any or
ts leakage to the culture supernatant is also frequ
sed in vitro to evaluate the myotoxic activity of va
us compounds (Angulo and Lomonate, 2003). Similar

o the present in vitro study, elevation in the activi
f CK, LDH, and their isoenzymes was also obser

n the sera of rabbits exposed to a lethal dose of c
t 12.5 mg/kg by eye instillation (Liao et al., 2003). The

ncreased isoenzymes were mainly CK-2, CK-3, LDH
nd LDH-4 in C2C12 cells, and CK-1, CK-2, and CK-

n rabbits. The cause for the differences in the isoenz
rofiles between cartap-treated C2C12 cells and rabbit

s not known, although the differences due to an
pecies and/or source of tissue/organ should be co
red (Katirji and Al-Jaberi, 2001).

Microscopically, cartap-induced cell surface bl
ing was observed initially at the dose of 30�M fol-

owed by cell rounding and swelling when the dose
ncreased. This was in good correlation with the in
ignificant enzyme leakage of LDH-3 at 30�M followed
remain to be clarified mechanism of interaction with
ryanodine receptor channel also plays an importan
in the cartap-induced contracture in the isolated m
phrenic nerve-diaphragm (Liao et al., 2000). Thus, car
tap may exert its effect by promotion of the extracell
Ca2+ influx and the induction of internal release C2+

although the underlying mechanism for the change
Ca2+ flow remains unclear.

A sustained increase of cytosolic Ca2+ concentratio
is capable of activating a number of potentially harm
processes in the cell. Some of these involve the ac
tion of hydrolytic enzymes such as phospholipase2,
phospholipase C, Ca2+-activated proteases, and Ca2+-
activated endonucleases, whereas others include li
activated kinases and intracellular messengers, e.g
cADRP, and nitric oxide (Supinski et al., 1999; Trum
and Berezesky, 1995). The increased cytosolic Ca2+ con-
centration exerts adverse effects on the cytoskel
including loss of F actin fibers, loss of the integrity
actin-plasmalemmal attachments, and destabilizati
microtubules resulting in the important prelethal re
tion to injury, formation of cytoplasmic blebs as s
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in cartap-treated C2C12 cells (Bennet and Weeds, 1993;
Trump and Berezesky, 1995).

Reactive oxygen species (ROS), although are
required for certain physiological responses, when pro-
duced in excess amounts are known to be important tis-
sue damage causing agents, especially concomitant with
elevated cytosolic Ca2+ (Gordeeva et al., 2003; Suzuki
et al., 2003). A significant dose and time-dependent
increase in the amount of total intracellular ROS was
seen in cartap-treated C2C12 cells. Based on the reduc-
tion level of fluorescence intensity of DCF in cartap-
treated cells by the addition of various antioxidants, it
seems that H2O2 was produced at the highest level fol-
lowed by O2

− with OH• at the lowest level, although
the exact ROS species and their relative ratio gener-
ated in cartap-treated C2C12 cells remain to be clarified.
The significance of the increased ROS production on
cartap-induced cytotoxicity in C2C12 cells was further
proved by the result of the protective assay of antiox-
idants. Similar to reducing intracellular level of Ca2+

by EGTA or verapmil, the addition of various antioxi-
dants could also effectively restore the cartap-induced
decline in the MTT metabolic rate of C2C12 cells. At
the selected doses of all tested antioxidants, it appears
that at the lower doses of cartap, 10 and 30�M, these
antioxidants not only completely abolished the cartap-
induced adverse effect on the MTT metabolic rate but
also further slightly enhanced its metabolic activity in
C2C12 cells. At the higher doses of cartap, it seems that
Vit. E, catalase and SOD were more effective than Vit.
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of ROS generation is through the activation of cer-
tain Ca2+-dependent ROS-generating enzymes such as
NADPH-oxidase and phospholipaseA2 (Gordeeva et al.,
2003; Supinski et al., 1999). Accumulated evidence has
also shown that ROS may increase the intrcellular Ca2+

via activating various plasmalemmal and/or sarcoplas-
mic reticular calcium channels (Kourie, 1998; Gordeeva
et al., 2003). If the cross-talking phenomenon between
Ca2+ and ROS in living cells, as suggested byGordeeva
et al. (2003), also occurs in cartap-treated C2C12 cells,
it is reasonable to speculate that this interaction may
lead those cartap-treated cells having suffered from ini-
tial reversible changes eventually towards the no return
death.

Various studies have shown that ROS may play
an important, if not central, role in the development
of many forms of muscle dysfunction, including that
resulting from strenuous muscle contractions (Nethery
et al., 1999; Supinski et al., 1997). It has also been
demonstrated that ROS generation by the contracting
diaphragm is strongly dependent on the level of extracel-
lular Ca2+ (Supinski et al., 1999). Our previous studies
have demonstrated that cartap induces a Ca2+-dependent
severe irreversible contracture in isolated mouse and rab-
bit phrenic-nerve diaphragms, which is possibly due to
the influx of extracellular Ca2+ and release of internal
Ca2+ from the sarcoplasmic reticulum (Liao et al., 2000,
2003). Thus, it is reasonable to speculate that there will
be a concomitant increase in the generation of ROS not
only in the cartap-treated phrenic nerve-diaphragm but
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C and DMTU on the protection of C2C12 cells from
cartap-induced decline in MTT metabolic rate. Vitam
E scavenges ROS formed in redox reactions to term
ROS-generated lipid peroxidation chain reactions,
ticularly in cellular and subcellular membranes. Cata
and SOD are ROS scavengers selective for H2O2 and
O2

−, respectively. Based on these findings, it is sp
lated that H2O2 may play a relatively more important ro
than other ROS on cartap-induced cytotoxicity in C2C12
cells. This speculation requires further elucidation.

The cartap-evoked generation of ROS in C2C12 cells
is believed to be Ca2+-dependent. This is because th
was a drastic dose-dependent reduction in the
of intracellular ROS and the concomitant restora
of cartap-induced decline in MTT metabolic rate
elevation in extracellular release of CK and LDH
cartap-treated C2C12 cells by Ca2+ removal with EGTA
Accumulated evidence has shown that there is a
relation between stress-induced cytosolic and/or m
chondrial Ca2+ influx and ROS production (Goldman e
al., 1999; Gordeeva et al., 2003; Supinski et al., 1
Tan et al., 1998; Zhang et al., 2000). The stimulation
also in the diaphragm of a rabbit receiving ocular in
lation of cartap due to the increased cytosolic Ca2+ with
further damage to the diaphragmatic muscle.

In summary, we demonstrated in this study that mo
skeletal muscle myoblast cell line, C2C12, is a suitable
in vitro model for studying the myocytotoxicity of ca
tap. Cartap may exert its cytotoxicity, at least partia
to C2C12 cells by inducing ROS generation via a Ca2+-
dependent mechanism. It is speculated that both2+

and Ca2+-induced ROS may play the central role
the myogenic contracture and myofiber injury of
diaphragm leading to respiratory failure and death in
bits exposed to cartap ocularly.
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