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In order to investigate whether calcium signals participate in paraoxon (POX)-induced apoptosis in EL4
cells, real-time laser scanning confocal microscopy (LSCM) was used to detect Ca2+ changes during the
POX application. Apoptotic rates of EL4 cells and caspase-12 expression were also evaluated. POX (1–
10 nM) increased intracellular calcium concentration ([Ca2+]i) in EL4 cells in a dose-dependent manner
at early stage (0–2 h) of POX application, and apoptotic rates of EL4 cells after treatment with POX for
16 h were also increased in a dose-dependent manner. Pre-treatment with EGTA, heparin or procaine
attenuated POX-induced [Ca2+]i elevation and apoptosis. Additionally, POX up-regulated caspase-12
expression in a dose-dependent manner, and pre-treatment with EGTA, heparin or procaine significantly
inhibited POX-induced increase of caspase-12 expression. Our results suggested that POX induced [Ca2+]i
elevation in EL4 cells at the early stage of POX-induced apoptosis, which might involve Ca2+ efflux from
the endoplasmic reticulum (ER) and Ca2+ influx from extracellular medium. Calcium signals and caspase-
12 were important upstream messengers in POX-induced apoptosis in EL4 cells. The ER-associated path-
way possibly operated in this apoptosis.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Organophosphorus compounds (OPCs) are frequently utilized in
agriculture, industry and medicine all over the world (Storm et al.,
2000). Some OPCs are widespread environmental pollutants and
potent toxic chemicals. To date, toxic effects and toxicological
mechanisms of OPCs have been studied by many researchers both
in vitro and in vivo. In recent years, more and more studies have
indicated that induction of apoptosis is a new toxic effect of OPCs,
and that apoptotic cell death may play an important role in OPC-
induced impairing effects (Akbarsha and Sivasamy, 1998; Roy
et al., 1998; Slotkin, 1999; Carlson et al., 2000; Bustos-Obregon
et al., 2001; Masoud et al., 2003; Greenlee et al., 2004; Baille
et al., 2005; Sharma et al., 2005; Wilczek, 2005; Oral et al., 2006;
Yu et al., 2008). Therefore, it is necessary to elucidate the molecular
mechanisms involved in OPC-induced apoptosis.

Apoptosis is an essential non-inflammatory mechanism for cell
clearance, which occurs in both physiological and pathological pro-
ll rights reserved.

tration; cyt c, cytochrome c;
istry; IP3 R, inositol 1,4,5,-
cal microscopy; OD, optical
, phosphate-buffered saline;
e receptor.
x: +86 0931 8912561.
cesses. Apoptosis contains two major phases: the commitment
phase (the early stage) and the execution phase (the late stage).
In the commitment phase, apoptotic signals are transduced and
no morphological changes are observed. In the execution phase,
selective degradation of intracellular substrates occurs, and mor-
phological changes such as cell collapse, formation of membrane
blebs, chromatin condensation and fragmentation can be observed
(Guo et al., 2005). The apoptotic process is tightly regulated by the
balance of pro-apoptotic and anti-apoptotic signals (de Thonel and
Eriksson, 2005). There are mainly three apoptotic signaling path-
ways that have been discovered: (1) the mitochondrial pathway
(intrinsic pathway) (Desagher and Martinou, 2000; Wang, 2001);
(2) the death receptor-associated pathway (extrinsic pathway)
(Sidoti-de Fraisse et al., 1998; Sun et al., 1999); (3) the endoplasmic
reticulum (ER)-associated pathway (Nakagawa et al., 2000; Szegez-
di et al., 2003). Cellular Ca2+ has been strongly implicated in the
induction and regulation of apoptosis. Although the work in this
direction is far from being complete, numerous links that couple
calcium to the extrinsic, intrinsic, and ER pathways of apoptosis
have been discovered (Ermak and Davies, 2001; Berridge, 2002;
Ferrari et al., 2002; Hajnóczky et al., 2003; Oakes et al., 2003; Pre-
varskaya et al., 2004; Guo et al., 2005; Sergeev, 2005; Hajnóczky
et al., 2006).

Some researchers have investigated signaling pathways in-
volved in OPC-induced apoptosis (Carlson et al., 2000; Masoud
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et al., 2003; Saleh et al., 2003a,b; Caughlan et al., 2004; Wu et al.,
2005; Chen et al., 2006; Nakadai et al., 2006; Li et al., 2007; Yu
et al., 2008). However, to data, no one has investigated whether
intracellular calcium signals operate at the early stage of OPC-in-
duced apoptosis, and whether the ER-associated pathway is in-
volved in this mechanism. Paraoxon (O,O-diethyl-O-4-
nitrophenylphosphate, POX) is one of the most toxic organophos-
phorus pesticides. Its wide use in agriculture has made it a major
cause of occupational and accidental intoxication (Stallones and
Beseler, 2002; Vatanparast et al., 2006a). Many studies have shown
that POX can influence intracellular Ca2+ signaling in several cul-
tured cell lines (Sun et al., 2000; Hong et al., 2003; Vatanparast
et al., 2006a,b, 2007; Qian et al., 2007). Saleh et al. (2003b) have
established an experimental model in which POX at non-choliner-
gic doses (1–10 nM) can induce apoptosis in murine EL4 T-lym-
phocytic leukemia cells. Therefore, in the present study, we used
the model established by Saleh et al. (2003b) to investigate
whether intracellular Ca2+ participated in POX-induced apoptosis
in EL4 cells as an upstream messenger, and whether the ER-associ-
ated pathway operated in this apoptosis, so that we could better
elucidate the molecular mechanisms of POX-induced apoptosis.

We examined whether POX-induced apoptosis was linked to
changes of intracellular Ca2+ homeostasis during the POX applica-
tion (0–2 h) using real-time laser scanning confocal microscopy
(LSCM). We also investigated apoptotic rates and morphological
changes of EL4 cells after treatment with POX for 16 h. In addition,
we evaluated expression of caspase-12, an initial caspase and a key
element in the ER-associated pathway (Nakagawa et al., 2000;
Szegezdi et al., 2003), by immunohistochemistry (IHC).

Major sources of intracellular Ca2+ are extracellular medium
and the ER. Ca2+ efflux from ERs is mediated mainly through IP3

receptor (IP3 R)-associated Ca2+ channels and ryanodine receptor
(Ry R)-associated Ca2+ channels (Mikoshiba, 1997; Ermak and Da-
vies, 2001; Sergeev, 2005), and these channels distribute widely in
all kinds of cells (Zhang et al., 2006). In the present research, EGTA
was used to chelate Ca2+ in extracellular medium (Wang and Cai,
2003; Guo et al., 2005; Xiu et al., 2005). Heparin and procaine were
used as specific antagonists to IP3 R and Ry R, respectively, to inhi-
bit Ca2+ efflux from the ER (Pu and Chang, 2001; Viets et al., 2001;
Wang and Cai, 2003; Zhang et al., 2006).
2. Materials and methods

2.1. Chemicals and reagents

POX (O,O-diethyl-O-4-nitrophenylphosphate) was obtained
from the Laboratories of Dr. Ehrenstorfer (Augsburg, Germany).
Stock solution of POX (100 mM) was prepared in DMSO and stored
at �80 �C. The working dilutions in phosphate-buffered saline
(PBS) were prepared just before use. RPMI-1640 medium was pur-
chased from Gibco Laboratories (Santa Clara, CA, USA). Fetal bovine
serum was obtained from Si-Ji-Qing Biotechnology Co. (Hangzhou,
Zhejiang, China). Fluo-3/AM and Hoechst 33258 were purchased
from Molecular Probes Co. (Eugene, OR, USA). EGTA and heparin
were purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Paraformaldehyde was obtained from Fluka Co., USA. Anti-cas-
pase-12 rabbit polyclonal antibody was obtained from BioVision
Co. (Mountain View, CA, USA). Anti-a-tubulin mouse monoclonal
antibody was obtained from Beyotime Institute of Biotechnology
(Haimen, Jiangsu, China). Normal goat serum working solution,
biotinylated anti-rabbit goat IgG (secondary antibody) working
solution, biotinylated anti-mouse goat IgG working solution and
horseradish peroxidase-conjugated streptavidin working solution
were purchased from Zhong-Shan Gold Bridge Biotechnology Co.
(Beijing, China). The DAB kit was purchased from Boster Biotech-
nology Ltd. (Wuhan, Hubei, China). All other reagents are of analyt-
ical grade, made in China.

2.2. Cell culture

Murine EL4 T-lymphocytic leukemia cell line was purchased
from the Cell Bank of Shanghai Institute of Cell Biology, Chinese
Academy of Sciences (Shanghai, China). EL4 cells were grown in
suspension in complete RPMI-1640 medium supplemented with
10% heat-inactivated fetal bovine serum, 100 units/ml penicillin,
and 100 lg/ml streptomycin, and were kept at 37 �C in a humidi-
fied atmosphere of 5%CO2/95% air in Yamato IP-41 CO2 incubator
(Japan). Cells were routinely passaged every other day. Prior to
treatment, EL4 cells were harvested and seeded on plastic six-well
culture plates at 5 � 105 cells/ml and allowed to grow for 24 h.
After that, cells at logarithmic phase were ready for treatment.

2.3. Morphological features of apoptosis and the apoptotic rate assay

EL4 cells were divided into seven groups. Three groups were ex-
posed to 1 nM, 5 nM, or 10 nM POX for 16 h. Three other groups
were pre-treated with 1 mM EGTA (Xiu et al., 2005), 20 mg/ml
heparin, or 1 mg/ml procaine (Zhang et al., 2006) for 2 h before
exposure to 10 nM POX for 16 h. The control group was treated
with the carrier solvent of POX (DMSO). Subsequently, cells were
harvested by centrifugation at 400g for 8 min, washed with PBS,
and fixed with 4% paraformaldehyde in PBS for 15 min. After fixa-
tion, cells were incubated in a 10 lg/ml Hoechst 33258 solution for
30 min at room temperature. The stained cells were spread on
glass slides to make temporary mounting (Kim and Chung, 2008).

These slides were observed and photographed under a Zeiss
LSM 510 META inverted laser scanning confocal microscope (Carl
Zeiss, Germany). Differential-interference contrast microscopy
and fluorescence microscopy were used to observe the morphology
of the cell surface and nuclei. Hoechst 33258 stained cells were
prepared for the evaluation of nuclear chromatin condensation
and fragmentation. Random fields were selected to observe and
count apoptotic cells. Nuclei displaying apoptotic characters were
counted and compared numerically to morphologically normal nu-
clei in the same field. At least 200 cells were counted in each
200 � field. The percentage of apoptotic nuclei was calculated by
the equation: (apoptotic nuclei/[apoptotic nuclei + normal
nuclei]) � 100 (Kim and Chung, 2008). Every experiment was re-
peated for ten times. Data were expressed as mean ± SD, and ana-
lyzed using a Student’s t-test. Significant differences compared to
control groups were indicated by *(p 6 0.05) or **(p 6 0.01).

2.4. Real-time LSCM to monitor intracellular calcium signals

Fluo-3/AM was used to monitor changes of the intracellular cal-
cium signaling in EL4 cells, during the application of POX or DMSO
(control group) lasting for 2 h. Fluo-3/AM was dissolved in DMSO
to make 1 mM stock solution, and stored at �80 �C.

Cells were divided into seven groups, and three of which were
pre-treated with 1 mM EGTA, 20 mg/ml heparin, or 1 mg/ml pro-
caine for 2 h. Subsequently, pre-treated and non-pre-treated cells
were harvested by centrifugation at 400g for 8 min, washed twice
with PBS, and incubated in 10 lM fluo-3/AM in RPMI-1640 med-
ium (without phenolsulfonphthalein and fetal bovine serum) for
30 min at 37 �C. And then, cells were harvested by centrifugation
at 400g for 8 min to remove the dye, washed twice with PBS, and
re-suspended in RPMI-1640 medium mentioned above in 35 mm
Petri dishes (Florea et al., 2007). Non-pre-treated groups were ex-
posed to 1 nM, 5 nM, 10 nM POX, or 10 nM DMSO (control group).
Pre-treated groups were exposed to 10 nM POX.



730 L. Li et al. / Toxicology in Vitro 24 (2010) 728–736
During the application of POX or DMSO (0–2 h), cells were mon-
itored under a Zeiss LSM 510 META inverted laser scanning confo-
cal microscope (Carl Zeiss, Germany) with an objective of 40�. The
excitation wavelength was 488 nm and fluorescence readings for
emission were at 525 nm for fluo-3. Fluorescence images were col-
lected at room temperature (25 �C) every 5 min. Full screen images
were taken to allow the analysis of the selected regions of interest
(ROIs) offline (Florea et al., 2005).

Changes of intracellular calcium concentration ([Ca2+]i) in se-
lected individual cells during the application of POX or DMSO were
illustrated by time courses, which were analyzed using the LSM
510 META software (Carl Zeiss). Two to four typical individual cells
were shown in each plot. Changes of [Ca2+]i in cell groups were also
illustrated by time courses. To display changes of [Ca2+]i in cell
groups more clearly, results were shown as relative values of the
fluorescence intensity from the control level (% of control). Each
data point was an average value calculated from 15 to 54 samples.
Data were expressed as mean ± SD. The maximal relative incre-
ment of calcium-sensitive dye fluorescence was calculated by the
equation: [(E/C � 1) � 100], where C is the control level before
treatment and E is the maximal exposure level during the applica-
tion of POX or DMSO (Florea et al., 2005).
Fig. 1. Morphological changes of EL4 cells after treatment with 10 nM POX for 16 h. Cells we
after paraformaldehyde fixation. (A) and (C) showed the surface morphology of cells o
nuclear morphology observed by fluorescence microscopy. (A) and (B) Control cells wi
accompanied with blebbing of cell membrane. (D) Cells treated with 10 nM POX for 16 h
late stage apoptotic cells, and red arrows indicate buds which would form apoptotic bo
2.5. Assessment of caspase-12 expression by IHC

Cells were divided into six groups, and three of which were ex-
posed to 1 nM, 5 nM or 10 nM POX for 0–16 h. Other groups were
pre-treated with 1 mM EGTA, 20 mg/ml heparin, or 1 mg/ml pro-
caine for 2 h, and all pre-treated groups were exposed to 10 nM
POX for 0–16 h.

Subsequently, cells were harvested by centrifugation at 400g for
8 min, washed twice with cold PBS (stored at 4 �C), smeared on
glass slides, air-dried and fixed with cold acetone (stored at 4 �C)
for 10 min in humidified atmosphere. Cells on glass slides were
washed twice with cold PBS and treated with 0.3%H2O2–methanol
for 30 min at 4 �C in humidified atmosphere to inactivate the
endogenous peroxidase. After two washes in cold PBS, cells on
slides were blocked with normal goat serum working solution for
15 min at 4 �C in humidified atmosphere, and then incubated with
anti-caspase-12 polyclonal antibody (dilution at 1:200) or anti-a-
tubulin monoclonal antibody (dilution at 1:500) overnight at 4 �C
in humidified atmosphere. A-tubulin was adopted as an internal
control. After that, cells on slides were washed twice with cold
PBS, incubated with biotinylated anti-rabbit goat IgG (secondary
antibody) working solution for 12 min at room temperature in
re incubated in a 10 lg/ml Hoechst 33258 solution for 30 min at room temperature
bserved by differential-interference contrast microscopy. (B) and (D) showed the
th normal morphology. (C) Cells treated with 10 nM POX for 16 h were shrunken
showed irregular chromatin condensation or fragmentation. White arrows indicate

dies. Original magnification: �200.
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humidified atmosphere, washed twice with cold PBS again, and
then incubated with horseradish peroxidase-conjugated streptavi-
din working solution for 10 min at room temperature in humidi-
fied atmosphere. Finally, the DAB kit was used to develop the
visual signal. Cells on slides were then dehydrated with ethanol,
cleared in xylene and mounted in resin.

These slides were observed and photographed under an Olym-
pus light microscope (Olympus, Japan) with an objective of 40�.
To assess the intensity of immunoreactivity, levels of staining were
quantified using Image Pro-Plus 6.0 software (Media Cybernetics
Inc., USA). Values of optical density (OD) in individual cells repre-
sented quantities of objective proteins, and were calculated by the
equation: [(

P
IOD)/(

P
Area)], in which IOD is the integral optical

density in a region of interest (ROI), and Area is the area of a ROI.
In this study, a ROI represents an individual cell.

P
Area is the total

area of all cells in the photograph, and
P

IOD is the sum of integral
optical density of all cells in the photograph (Xavier et al., 2005). To
display changes of protein expression more clearly, results were
shown as relative values of the protein expression from the control
level (% of control). Data were expressed as mean ± SD, and ana-
lyzed using a Student’s t-test. Significant differences compared to
control were indicated by *(p 6 0.05) or **(p 6 0.01). Every experi-
ment was repeated for nine times.
3. Results

3.1. The morphology assay and the apoptotic rate assay of POX-
induced apoptosis in EL4 cells

The morphology assay showed that POX induced typical apop-
totic morphological changes in EL4 cells (Fig. 1). Cells in the control
group showed normal morphological features: their nuclei were
stained heterogeneously with Hoechst 33258 and the plasma
membrane was smooth (Fig. 1A and B). In the group exposed to
10 nM POX for 16 h, many cells exhibited irregular chromatin con-
densation or nuclear fragmentation, and the cell surface became
coarse because of shrinking, budding and/or blebbing of the plas-
ma membrane (Fig. 1C and D).

The apoptotic rate assay showed that apoptotic rates of EL4
cells after treatment with 1–10 nM POX for 16 h increased signifi-
cantly compared to the control group. There was a concentration-
dependent increase of the apoptotic rate of EL4 cells from low to
high POX concentrations (Fig. 2A). Pre-treatment with EGTA, hep-
arin, or procaine significantly attenuated POX-induced apoptosis in
EL4 cells, suggesting that the inhibition of [Ca2+]i elevation could
attenuate this process (Fig. 2B) and [Ca2+]i elevation was intimately
linked to the onset of apoptosis. However, apoptotic rates of pre-
treated groups shown in Fig. 2B were significantly higher than
the control group (10 nM DMSO, 16 h).
Fig. 2. Apoptotic rates of EL4 cells after treatment with POX for 16 h. (A) EL4 cells
treated with 1 nM, 5 nM, 10 nM POX or 10 nM DMSO for 16 h. (B) EL4 cells treated
with 10 nM POX for 16 h after pre-treatment with 1 mM EGTA, 20 mg/ml heparin or
1 mg/ml procaine for 2 h, or without any pre-treatment. The group treated with
10 nM DMSO for 16 h acted as the control group in (A), and the group treated with
10 nM POX for 16 h acted as the control group in (B). n = 10. Statistically significant
differences compared to the control groups were indicated by asterisks: *p 6 0.05
and **p 6 0.01.
3.2. POX-induced changes of [Ca2+]i in EL4 cells detected by real-time
LSCM

Changes of [Ca2+]i in EL4 cells during the application of POX (0–
2 h) were detected by real-time LSCM. Changes of [Ca2+]i in indi-
vidual cells and cell groups were shown in Figs. 3 and 4,
respectively.

In individual cells, POX rapidly enhanced intracellular calcium
signaling in a dose-dependent manner (Fig. 3A–D). Amplitude,
duration, localization, and frequency of Ca2+ oscillations are ele-
ments which form a complex code of calcium signaling (Sergeev,
2005). Our results showed that, compared to the control group,
POX at lower concentration (1 nM) mainly increased the amplitude
of Ca2+ oscillations in EL4 cells (Fig. 3A and B), and POX at higher
concentrations (5 nM and 10 nM) increased both the amplitude
and the duration of Ca2+ oscillations (Fig. 3A, C and D). POX at
5 nM concentration induced a sustained increase of [Ca2+]i which
rapidly reached a plateau. The plateau maintained for about 1 h
or longer, and then [Ca2+]i decreased gradually and slowly until
the end of POX application. POX at 10 nM concentration induced
a sustained increase of [Ca2+]i during its application. Fig. 5 showed
that fluo-3 fluorescence intensity in EL4 cells gradually increased
during the 10 nM POX application. Therefore, compared to 5 nM
POX, 10 nM POX induced a higher increase of [Ca2+]i in EL4 cells.
In cell groups, POX-induced changes of [Ca2+]i were similar to
those in individual cells (Fig. 4A–D). The maximal relative incre-
ment of [Ca2+]i from the control level (0 min) increased with
increasing POX concentration (Fig. 4H1), that also supports the
conclusion that POX enhanced intracellular calcium signaling in a
dose-dependent manner.

In individual cells, pre-treatment with EGTA, heparin, or pro-
caine significantly attenuated the POX-induced enhancement of



Fig. 3. Changes of [Ca2+]i in selected individual cells induced by POX within 2 h. Changes of [Ca2+]i were detected by real-time LSCM. Cells were incubated in a 10 lM fluo-3/AM
solution at 37 �C for 30 min before exposure to POX or DMSO. (A) Control group: EL4 cells exposed to 10 nM DMSO. (B)–(D) EL4 cells exposed to 1 nM (B), 5 nM (C) or 10 nM
(D) POX; (E)–(G) EL4 cells pre-treated with 1 mM EGTA (E), 20 mg/ml heparin (F), or 1 mg/ml procaine (G) for 2 h before exposure to 10 nM POX. The time courses were
analyzed using the META software (Zeiss). They illustrated changes of [Ca2+]i in selected regions of interest (ROIs), during the application of POX or DMSO. In the present
study, one ROI represents an individual cell. Two to four individual cells were shown in each plot. At the beginning of POX (or DMSO) application, fluorescence intensities in
individual cells were different, because cells were in different physiological states.
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intracellular calcium signaling (Fig. 3D–G). In non-pre-treated
cells, 10 nM POX induced a sustained increase of [Ca2+]i until the
end of its application (Fig. 3D), which was impaired by pre-treat-
ment with EGTA (Fig. 3E), heparin (Fig. 3F), or procaine (Fig. 3G).
As shown in Fig. 4D–G, POX-induced changes of [Ca2+]i in pre-trea-
ted cell groups were similar to those in individual cells. During the
10 nM POX application, both the amplitude and the duration of
intracellular calcium signaling decreased in pre-treated cells, com-
pared to non-pre-treated cells. Data in Fig. 4H2 also support the
conclusion mentioned above. The maximal relative increment of
[Ca2+]i from the control level (0 min) decreased in pre-treated
groups, compared to the non-pre-treated group.

3.3. POX-induced changes of caspase-12 expression in EL4 cells
detected by IHC

Immunohistochemical experiments were performed to investi-
gate changes of caspase-12 expression in EL4 cells during the POX
application (0–16 h), and data were semiquantitatively evaluated
by densitometry using IPP 6.0 software.

In 1 nM POX-treated cells, caspase-12 expression after treat-
ment for 2 h or 4 h was similar to the control (0 h), but caspase-
12 expression after treatment for 8 h or 16 h was significantly
higher than the control (Fig. 6A). During the application of 5 nM
POX for 0–8 h, caspase-12 expression increased significantly and
continuously, and reached the peak after 8 h treatment. However,
caspase-12 expression after treatment with 5 nM POX for 16 h
was similar to the control (Fig. 6A). The trend of changes of cas-
pase-12 expression during the 10 nM POX application was similar
to that during the 5 nM POX application, but increments of cas-
pase-12 expression in 10 nM POX-treated cells were much higher
than those in 5 nM POX-treated cells (Fig. 6A). In conclusion, we
found that there was a tendency towards a concentration-depen-
dent increase of caspase-12 expression in EL4 cells from low to
high POX concentrations, and POX at higher concentrations in-
creased the caspase-12 expression more quickly.

We then examined 10 nM POX-induced changes of caspase-12
expression in cells pre-treated with EGTA, heparin, or procaine.
During the 10 nM POX application, caspase-12 expression in
EGTA-pre-treated cells increased slowly and persistently, but the
maximal increment of caspase-12 expression was much lower
than that in non-pre-treated cells (Fig. 6B). No significant changes
of caspase-12 expression were observed in heparin-pre-treated
cells during the 10 nM POX application (Fig. 6B). The trend of
changes of caspase-12 expression in procaine-pre-treated cells
was similar to that in non-pre-treated cells during the 10 nM
POX application, but increments of caspase-12 expression were
much smaller than those in non-pre-treated cells (Fig. 6B). In con-
clusion, pre-treatment with EGTA, heparin, or procaine signifi-
cantly attenuated the POX-induced increase of caspase-12
expression in EL4 cells.

4. Discussion

Researchers have been focusing on toxic effects and toxicologi-
cal mechanisms of OPCs, because of their wide uses and environ-
mental damages. In recent years, researchers have demonstrated
that OPC induce apoptosis both in vitro and in vivo, which may play
an important role in OPC-induced impairment, and some research-
ers have investigated signaling pathways involved in this apopto-
sis. Ca2+ has been proved to be an important messenger in
apoptosis, and the ER-associated pathway has been suggested to
be a major apoptotic pathway. [Ca2+]i elevation has been observed
at the late stage of OPC-induced apoptosis (Chen et al., 2006; Yu
et al., 2008), but not at the early stage, and no one has studied
whether the ER-associated pathway is involved in this apoptosis.

In this study, we found that 1–10 nM POX induced apoptosis in
EL4 cells in a dose-dependent manner (Fig. 2A), and enhanced the
intracellular calcium signaling in a similar manner at the early
stage of apoptosis (Figs. 3A–D, 4A–D and H1). Inhibiting the POX-
induced [Ca2+]i elevation could significantly attenuate this apopto-
sis (Fig. 2B). These results suggested that intracellular Ca2+ was a
potent upstream pro-apoptotic messenger acting at the early stage
of POX-induced apoptosis in EL4 cells.

In our experiments, EGTA was used to chelate Ca2+ in extracel-
lular medium. Heparin and procaine were used as specific antago-



Fig. 4. Changes of [Ca2+]i in cell groups induced by POX within 2 h. Changes of [Ca2+]i were detected by real-time LSCM (A–G). Cells were incubated in a 10 lM fluo-3/AM
solution at 37 �C for 30 min before exposure to POX or DMSO. (A) Control group: EL4 cells exposed to 10 nM DMSO. (B)–(D) EL4 cells exposed to 1 nM (B), 5 nM (C) or 10 nM
(D) POX. (E)–(G) EL4 cells pre-treated with 1 mM EGTA (E), 20 mg/ml heparin (F) or 1 mg/ml procaine (G) for 2 h before exposure to 10 nM POX. Data were expressed as
mean ± SD. Each data point was an average value calculated from 15 to 54 samples. The maximal increments of fluo-3 fluorescence in EL4 cells during the application of POX
or DMSO, compared to the fluorescence intensity before exposure to POX or DMSO, were shown in H1 and H2. (H1) EL4 cells exposed to 1 nM, 5 nM, 10 nM POX or 10 nM
DMSO (control group); (H2) EL4 cells exposed to 10 nM POX after pre-treatment with 1 mM EGTA, 20 mg/ml heparin or 1 mg/ml procaine for 2 h, or without any pre-
treatment Data in H1 and H2 were calculated from data shown in A–G, so there are no error bars in H1 and H2, and no statistical tests were carried out.
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nists to IP3 R and Ry R, respectively, to inhibit Ca2+ efflux from the
ER. All of the three pre-treatments attenuated the POX-induced
[Ca2+]i elevation at the early stage of this apoptosis (Figs. 3D–G,
4D–G and H2), and partially inhibited apoptosis (Fig. 2B). These re-



Fig. 5. Changes of the intensity of fluo-3 fluorescence during the 10 nM POX application. Cells were incubated in a 10 lM fluo-3/AM solution for 30 min at 37 �C before exposure
to POX. Images were captured under an inverted laser scanning confocal microscope. EL4 cells were exposed to 10 nM POX. During the whole period of 10 nM POX
application, the intensity of intracellular fluo-3 fluorescence increased gradually and continuously. Original magnification:�400.
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sults suggested that Ca2+ influx from extracellular medium and
Ca2+ efflux from the ER were both involved in the POX-induced
enhancement of intracellular calcium signaling, and the POX-in-
duced Ca2+ efflux from ERs was through both IP3 R-associated
Ca2+ channels and Ry R-associated Ca2+ channels.

We found that 1–10 nM POX increased caspase-12 expression
in EL4 cells in a dose-dependent manner (Fig. 6A), 5 nM and
10 nM POX significantly increased the caspase-12 expression with-
in 2 h (Fig. 6A). Additionally, we found that inhibiting the POX-in-
duced [Ca2+]i elevation suppressed the POX-induced apoptosis and
increase of caspase-12 expression to different degrees (Figs. 2B and
6B) These results suggested that caspase-12 was an upstream pro-
apoptotic messenger acting at the early stage of POX-induced
apoptosis in EL4 cells, and was a target of intracellular Ca2+. Be-
cause caspase-12 is an initial caspase in the ER-associated pathway
(Nakagawa et al., 2000; Szegezdi et al., 2003), our results suggested
that this pathway possibly operated in the apoptosis.

On all accounts, this study enriches our knowledge of molecular
mechanisms involved in POX-induced apoptosis in EL4 cells, and
following conclusions were obtained for the first time. At the early
stage of POX-induced apoptosis in EL4 cells, calcium signaling was
significantly enhanced as a pivotal upstream pro-apoptotic mes-
senger. The POX-induced [Ca2+]i elevation came from two sources:
extracellular medium and ERs, and Ca2+ efflux from the ER was
mainly through IP3 R-associated Ca2+ channels and Ry R-associated
Ca2+ channels. As a target of intracellular Ca2+, the expression of
caspase-12 rapidly increased at the early stage of this apoptosis,
and the ER-associated pathway possibly operated in this apoptosis.

In heparin-pre-treated cells, POX-induced apoptosis was only
inhibited partially, whereas POX-induced increase of caspase-12
expression during the POX application (0–16 h) was completely
suppressed (Figs. 2B and 6B). These data indicated that besides
ER-associated pathway, other signaling pathways might also par-
ticipate in POX-induced apoptosis in EL4 cells. This is consistent
with the report that POX induced apoptosis in EL4 cells through
activation of mitochondrial pathways (Saleh et al., 2003b).

According to Saleh et al. (2003b), POX at non-cholinergic doses
(1–10 nM) caused apoptosis in EL4 cells via activation of mitochon-
drial pathways, in which cytochrome c (cyt c) release to cytoplasm
is an important pro-apoptotic event. However, how cyt c was re-
leased from mitochondria needs to be investigated. Some studies
have indicated that ERs and mitochondria form a highly dynamic
interconnected network in which they cooperate to generate Ca2+

signals. [Ca2+]i elevation-induced Ca2+ accumulation in mitochon-
dria may disturb the balance of physiological activities in mito-
chondria and trigger the cyt c release (Ermak and Davies, 2001;
Berridge, 2002; Hajnóczky et al., 2006). Results of Saleh et al.
(2003b) have shown that cyt c release began after treatment with



Fig. 6. Changes of caspase-12 expression in EL4 cells during the POX application (0–
16 h), detected by IHC. (A) EL4 cells treated with 1nM, 5nM or 10 nM POX; (B) EL4
cells treated with 10 nM POX after pre-treatment with 1 mM EGTA, 20 mg/ml
heparin or 1 mg/ml procaine for 2 h, or without any pre-treatment. n = 9.
Statistically significant differences compared to control (0 h) were indicated by
asterisks: *p 6 0.05 and **p 6 0.01.
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10 nM POX for 4 h. Our results showed that [Ca2+]i elevation oc-
curred within 2 h after 10 nM POX application. Therefore, the
POX-induced [Ca2+]i elevation occurred earlier than cyt c release.
In future studies, it will be important to clarify whether the POX-
induced [Ca2+]i elevation can trigger cyt c efflux from mitochon-
dria. In other words, we should investigate whether the ER/mito-
chondria cross-talk participate in POX-induced apoptosis in EL4
cells. Additionally, in future studies, it is necessary to elucidate
how the ER-associated pathway operates in this apoptosis.
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