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Monocrotophos (MCP) is a commonly used organophosphorus (OP) pesticide. We studied apoptotic
changes in PC12 cells exposed to MCP. A significant induction in reactive oxygen species (ROS), lipid
peroxide (LPO), and the ratio of glutathione disulfide (GSSG)/reduced glutathione (GSH) was observed
in cells exposed to selected doses of MCP. Following the exposure of PC12 cells to MCP, the levels of
protein and mRNA expressions of Caspase-3, Caspase-9, Bax, p53, P21, Puma, and cytochrome-c were
significantly upregulated, whereas the levels of Bcl2, Bclw, and Mcl1 were downregulated. TUNEL assay,
DNA laddering, and micronuclei induction show that long-term exposure of PC12 cells to MCP at higher
concentration (10-5 M) decreases the number of apoptotic events due to an increase in the number of
necrotic cells. MCP-induced translocation of Bax and cytochrome-c proteins between the cytoplasm and
mitochondria confirmed the role of p53 and Puma in mitochondrial membrane permeability. Mitochondria
mediated apoptosis induction was confirmed by the increased activity of caspase cascade. We believe
that this is the first report showing MCP-induced apoptosis in PC12 cells, which is mitochondria mediated
and regulated through the caspase cascade. Our data demonstrates that MCP induced the apoptotic cell
death in neuronal cells and identifies the possible cellular and molecular mechanisms of organophosphate
pesticide-induced apoptosis in neuronal cells.

Introduction

Toxicological consequences of pesticides are well docu-
mented in both environmental and occupational setups (1, 2).
The organophosphorus (OP) group of pesticides have been used
extensively across the globe for more than five decades (3)
resulting in an annual exposure to 2-3 million people (4). Both
acute and chronic exposures of OPs are known to induce toxicity
in mammalian systems (5-8). OPs primarily act by inhibiting
acetyl cholinesterase (AChE) activity in the neuronal system
(9-11). However, the toxicological responses of OP compounds
have also been linked with necrosis (12, 13), apoptosis (14),
and oxidative stress-mediated pathways (14, 15). OP-induced
oxidative stress in the developing brain has also been reported
to alter the expression and functions of antioxidant genes
(16, 17). It is apparent from these reports that the behavioral
deficits or toxic responses for various OPs may be different, in
part, due to the involvement of different mechanisms that
contribute to the net adverse outcomes (17, 18).

In order to understand the mechanisms of OPs-induced
toxicity, studies have been carried out in cultured cells using
end points such as DNA fragmentation (2), neutral red uptake
(19), protein synthesis inhibition (9), released lactate dehydro-
genase, trypan blue dye exclusion, ADP/ATP ratio (13),
impaired cell growth, glucose metabolism (20), and morphologi-

cal changes (21). The knowledge of specific mechanisms
involved in specific OP-induced toxicity is limited; however,
the involvement of apoptotic cascade has been suggested (2).
Apoptotic cell death is regulated by different signaling pathways
under in vitro (22, 23) and in vivo (24, 25) conditions. Moreover,
different OPs have shown apoptosis induction via different
pathways (2, 14, 17).

It is therefore important to study the exact mechanism(s)
involved in the toxicity of these pesticides. Thus, the present
investigation was designed to study the pathway(s) involved in
monocrotophos (MCP1)-induced apoptotic cell death in cultured
PC12 cells, a rat pheochromocytoma cell line. MCP was selected
as a model pesticide in the study since it has been used
extensively in many parts of the world including India for more
than forty years and is known for its systemic toxicity including
neurotoxicity (26-28). PC12 cells were selected because most
marker genes associated with neurotoxicity (29), apoptosis (30),
necrosis (31), and cell cycles (32) are easily expressed and
induced in these cells.
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Materials and Methods

Chemical Structure of Monocrotophos.

Cell Culture. PC12 cells were originally procured from National
Centre for Cell Sciences, Pune, India, and have been maintained
at In Vitro Toxicology Laboratory, Indian Institute of Toxicology
Research, Lucknow, India, as per the standard protocols. Briefly,
cells were cultivated in Nutrient Mixture (F-12 Hams), supple-
mented with 2.5% fetal bovine serum (FBS), 15% horse serum
(HS), 0.2% sodium bicarbonate (NaHCO3), 100 units/mL penicillin
G sodium, 100 µg/mL streptomycin sulfate, and 0.25 µg/mL
amphotericin B. Cultures were maintained at 37 °C in 5%
CO2-95% atmosphere under high humidity. The culture medium
was changed twice weekly, and cultures were passaged at a ratio
of 1:6 once a week. Prior to experiments, cells were checked for
their viability using the trypan blue dye exclusion assay following
the protocol of Pant et al., (33, 34), and batches showing more
than 95% viability were used.

Reagents and Consumables. All of the specified chemicals,
primers, probes, and reagents, viz., MCP (dimethyl (E)-1-methyl-
2-methyl carbanoyl vinyl phosphate (IUPAC) C7H14NO5-P.;
catalog no. PS-609; purity 99.5%), and diagnostic kits were
purchased from Sigma Chemical Company Pvt. Ltd. St. Louis, MO,
USA, unless otherwise stated. Culture medium nutrient mixture F-12
Hams, antibiotics, and fetal bovine and horse sera were purchased
from Gibco BRL, USA.

Lipid Peroxidation (LPO). Following the exposure of MCP
(10-4-10-6 M) for 6, 12, and 24 h, cells were harvested by
centrifugation at 1000 rpm for 10 min and processed for the
estimation of lipid peroxidation using a commercially available kit
(Lipid Peroxidation Assay Kit, catalog no. 705003; Cayman
Chemicals, USA) as per the manufacturer’s protocol. Cells exposed
to H2O2 (100 µM) for 2 h under identical conditions served as the
positive control.

Ratio of Glutathione Disulfide/Reduced Glutathione. The ratio
of glutathione disulfide (GSSG) with respect to reduced glutathione
(GSH) was assessed under the same experimental setup as that of
LPO using a commercially available kit (ApoGSH Glutathione
Colorimetric Assay Kit, catalog no. K261-100, Biovision, USA).
The data are presented by calculating the ratio between GSSG and
GSH. Cells exposed to H2O2 (100 µM) for 2 h under identical
conditions were used as the positive control.

Reactive Oxygen Species (ROS) Generation. MCP-induced
ROS generation in PC12 cells was assessed using 2′,7′-dichlorodi-
hydrofluorescein diacetate (DCFH-DA; Sigma Aldrich, USA) dye
as the fluorescence agent (35). Briefly, cells (5 × 104 per well)
were seeded in poly L-lysine precoated tissue culture slide flasks
and allowed to adhere. Adhered cells were then exposed to various
concentrations of MCP (10-5 M to 10-7 M) for 6 h. Following
exposure, cells were washed twice with PBS and incubated for 30
min in the dark in incomplete culture medium containing DCFH-
DA (20 µM). Slides were washed twice with PBS and mounted
for microscopic analysis. Intracellular fluorescence was measured
using an upright fluorescence microscope by grabbing the images
(Nikon Eclipse 80i equipped with Nikon DS-Ri1 12.7 megapixel
camera). Quantification of fluorescence was done using the image
analysis software Leica Qwin 500, and data were expressed as the
fold change of unexposed control. Cells exposed to H2O2 (100 µM)
for 2 h under identical conditions were used as a positive control.

TUNEL Assay. Apoptosis during the cell cycle was detected
by deoxynucleotide transferase dUTP nick end labeling (TUNEL),

and propidium iodide (PI)/RNase staining assays using APO-BrdU
TUNEL Assay Kit with Alexa Fluor 488 anti-BrdU (Molecular
Probes, Invitrogen detection Technologies, USA, catalog no.
A23210) by a flow cytometer (BD-FACS Canto, USA) equipped
with BD FACS Diva, version 6.1.2, software. Debris was excluded
by forward and side-way light-scattering. The role of ROS in the
induction of apoptosis was ascertained by using the ROS inhibitor,
diphenyleneiodonium chloride (DPI) (10 µM), 1 h prior to the
exposure of MCP (10-5 M) for 6 h. Positive and negative controls
were provided with the kit. Cells exposed to camptothecin (3 µg/
mL) for 6 h were also used as positive controls.

DNA Laddering. MCP-induced apoptotic alterations were also
observed by DNA fragmentations using an enhanced apoptotic DNA
ladder detection kit (catalog no. K130-50, Biovison, USA). DNA
fragmentations were studied for apoptosis and necrosis under UV
illumination in Gel Documentation System (Alpha Innotech, USA).

Micronucleus Induction (MN Assay). Micronucleus (MN) assay
was carried out using standard protocol (36) with some modifica-
tions tailored for PC12 cells. Briefly, following the exposure of
MCP (10-4-10-6 M) for 6, 12, and 24 h, cells were incubated up
to 43-44 h in fresh medium and blocked for cytokinesis using
cytochalasin-B (3 µg/mL, Sigma, USA). Cells were then harvested
by hypotonic buffer (0.075 M KCl) for 5-10 min at 37 °C and
fixed in Carnoy’s fixative (methanol/acetic acid, 3:1). Finally, cells
were dropped onto the slides and stained with 5% Giemsa in
phosphate buffer (pH 6.8) for 15-20 min and mounted with DPX
for microscopic examination. A minimum of 1000 binucleated cells
with well-defined cytoplasm in each slide were scored for the
presence of MN using a Nikon Eclipse 80i upright microscope
attached with a Nikon digital CCD cool camera (Model DS-Ri1 of
12.7 Megapixel). Data presented for MN are the mean of three
slides. Ethyl methyl sulfonate (2 mM) was used as the positive
control.

Transcriptional Changes. Transcriptional changes in marker
genes associated with oxidative stress and apoptosis mediated
pathways were studied following MCP (10-6 M) exposure for 6 h.
Total RNA was isolated from both experimental and unexposed
control sets using GeneElute mammalian total RNA Miniprep Kit
(catalog no. RTN-70, Sigma, USA). Total RNA (1 µg) was reverse-
transcribed into cDNA by SuperScript III first strand cDNA
synthesis kit (catalog no. 18080-051, Invitrogen Life Science, USA).
Quantitative real time PCR (RT-PCRq) was performed by SYBR
Green dye (ABI, USA) using ABI PRISM 7900HT Sequence
Detection System (Applied Biosystems, USA). Real time reactions
were carried out in triplicate wells for each sample. Sequences of
different primers are given in Table S-1 (Supporting Information).
The specificity of each primer was assessed by melting curve
analysis and NTCs for respective primers. Actin-� was used as an
internal control to normalize the data. MCP-induced alterations are
expressed in relative quantification.

Figure 1. Lipid peroxidation (LPO) in PC12 cells following the exposure
of MCP for various time periods. Exposure of 100 µM H2O2 for 2 h was
used as the positive control. * ) P < 0.05; ** ) p < 0.001.
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Translational Changes. PC12 cells were exposed to MCP (10-6

M) for 6, 12, and 24 h. Western blot analysis was carried out for
selected apoptosis marker proteins (p53, Bax, Bcl2, activated
Caspase 3 and 9, and early response genes viz. C-fos and C-jun).
Briefly, following MCP exposure, cells were pelleted and lysed
using CelLytic M Cell Lysis Reagent (catalog no. C2978, Sigma,
USA) in the presence of 1× protein inhibitor cocktail (catalog no.
P8340, Sigma, USA). Protein estimation was done by BCA Protein
Assay Kit (catalog no. G1002, Lamda Biotech, Inc., St. Louis, MO,
USA). Equal amounts (50 µg/well) of proteins were loaded in 10%
tricine-SDS gel (37) and blotted on polyvinylidene fluoride (PVDF)
membranes using wet transfer system. After blocking for 2 h at 37
°C, the membranes were incubated overnight at 4 °C with
antiprotein primary antibodies specific for p53 (1:1000, BD
Biosciences, USA), Bax, C-jun, and C-fos (1:500, Santa Cruz,

USA), Bcl2, activated Caspase 3 and 9 (1:1000, CST, USA), and
Actin-� (1:2000, Santa Cruz, USA) in blocking buffer (pH 7.5).
The membrane was then incubated for 2 h at room temperature
with secondary antiprimary immunoglobulin G (IgG)-conjugated
with horseradish peroxidase (Calbiochem, USA). The blots were
developed using either luminol (catalog no. 34080, Thermo
Scientific, USA) or by TMB-H2O2 (Sigma, USA), and densitometry
for protein specific bands was done in Gel Documentation System
(Alpha Innotech, USA) with the help of AlphaEase FC StandAlone
V. 4.0.0 software. Actin-� was used as an internal control to
normalize the data. MCP-induced alterations are expressed in
relative quantities (fold change) by comparing the data with
respective unexposed controls. Self-recovery in the altered expres-
sions were also studied by incubating MCP-exposed (6 h) cells for
another 18 h in culture medium without MCP supplementation.

Translocation Studies. Translocation of Bax protein from
cytosol to mitochondria and cytochrome-c from mitochondria to
cytosol due to MCP-induced mitochondrial membrane permeal-
ization (MMP) was studied by Western blot analysis using specific
anti-Bax and anticytochrome-c primary antibodies (Santa Cruz,
USA). Following the exposure of MCP (10-4-10-7 M) for 6 h,
cells were harvested and processed for isolation of mitochondrial
and cytosolic fractions using the protocols of Ghosh et al. (38) and
Waterhouse et al. (39), respectively. The cross-contamination of
cytosolic protein in the mitochondrial fraction and vice versa was
also assessed by running separate blots using antibodies specific
to mitochondria and cytosolic proteins.

Caspase-9 and Caspase-3. MCP-induced alterations in the
activity of caspase-9 and caspase-3 were monitored using kits
(Calbiochem, catalog no. QIA72, USA and Biovision, catalog no.
K196, USA, respectively). Following MCP exposure, cells were
pelleted, resuspended in prechilled extraction buffer (50 µL), and
incubated for 10 min on ice. Then, the samples were centrifuged
for 5 min at 500g and the clear supernatant (50 µL per well)
transferred to black bottomed 96-well culture plates for Caspase-
9, and clear plates for Caspase-3. Assay buffer (50 µL) and substrate
conjugate (10 µL) for Caspase-9 and (5 µL) for Caspase-3 was
added and mixed well. Immediately after the completion of 2 h of
incubation at 37 °C in dark, contents were mixed thoroughly and

Figure 2. Ratio of glutathione disulfide (oxidized form of glutathione)
with respect to reduced glutathione (GSSG/GSH) in PC12 cells
following the exposure of MCP for various time periods. Exposure of
100 µM H2O2 for 2 h was used as the positive control. * ) P < 0.05;
** ) p < 0.001.

Figure 3. (a) Representative microphotographs showing MCP induced reactive oxygen species (ROS) generation in PC12 cells. ROS generation
was studied using dichlorofluorescin diacetate (DCFH-DA) dye. Images were grabbed in Nikon phase contrast cum fluorescence microscope (model
80i), and quantification of fluorescence was done using Leica Q win500 image analysis software. Exposure of 100 µM H2O2 for 2 h was used as
positive control. (b) Relative quantification of fold induction in ROS generation following 6 h of exposure of various concentrations of MCP in
PC12 cells assessed by intracellular image analysis.
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read for fluorescence at 400 nm excitation and 505 nm emission
wavelength for Caspase-9, and for absorbance at 400 nm for
Caspase-3. The values of exposed groups were compared with
unexposed control sets and the data expressed as a percent of
control.

Statistical Analysis. Results are expressed as the mean ( SEM
from the values obtained from at least three independent experi-
ments, and triplicates samples were used in each experiment.
Statistical analyses were performed using one-way analysis of
variance (ANOVA) and post hoc Dunnett’s (two sided) test to
compare the findings in different groups. The values, p < 0.05, were
considered significant.

Results

Lipid Peroxidation (LPO). Results of MCP-induced lipid
peroxidation in PC12 cells are presented in Figure 1. A time-
dependent significant induction in LPO was observed for MCP
exposure of 10-7 M (117 ( 4.7%, 130 ( 6.4%, and 204 (
10%) and 10-6 M (128 ( 8.7%, 168 ( 7.4%, and 246 ( 10%)
at 6, 12, and 24 h, respectively. 10-5 M MCP exposure shows
a biphasic response at 6 h (143 ( 6.7%), 12 h (130 ( 4.9%),
and 24 h (165 ( 20%); however, the difference in values was
not significant at 6 and 12 h. The lower values of LPO induction

Figure 4. (a) Validation studies for TUNEL assay were carried out in PC12 cells by the APO-BrdU TUNEL assay kit using Cytometer (BD-FACS
Canto, USA) equipped with BD FACS Diva, version 6.1.2 software. (A) Gating of the desired population of PC12 cells (P-1); (B) gating of single
cells from the desired cell population, i.e., segregation of clumped cells; (C) cell cycle analysis in segregated desired population of PC12 cells; (D)
analysis of apoptotic events by quantification of DNA nick in PC12 cells with the help of APO-BrdU TUNEL Assay Kit with Alexa Fluor 488
anti-BrdU (Molecular Probes, Invitrogen detection Technologies, USA; catalog no. A23210); and (E) analysis of cell cycle and apoptosis in PC12
cells. (b) MCP induced alterations in DNA fragmentation and cell cycle analysis in PC12 cells using APO-BrdU TUNEL Assay Kit with Alexa
Fluor 488 anti-BrdU (Molecular Probes, Invitrogen detection Technologies, USA, catalog no. A23210). (A) Control cells; (B) MCP (10-5 M)
treated cells for 6 h; (C) MCP (10-5 M) treated cells for 12 h; (D) MCP (10-5 M) treated cells for 24 h; (E) cells pretreated with ROS inhibitor,
diphenyleneiodonium chloride (DPI), (10 µM) for 1 h followed by an exposure of MCP (10-5 M) for 6 h; (F) MCP (10-6 M) treated cells for 6 h;
(G) MCP (10-6 M) treated cells for 12 h; (H) MCP (10-6 M) treated cells for 24 h; (I) cells treated with campothecin (3 µg/mL) for 6 h as the
experimental positive control; (J) negative control cells (human lymphoma cell line) provided with the kit; and (K) positive control cells (human
lymphoma cells) provided with the kit. Values provided in each quadrant (Q2) depict the percent apoptosis during different phases of the cell cycle.
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were observed for MCP (10-5 and 10-4 M), consistent with the
diminished viability shown in Figure 1.

Ratio between Glutathione Disulfide (GSSG) and Glu-
tathione Levels. MCP-induced alterations in the ratio between
GSSG and GSH are summarized in Figure 2. A statistically
significant increase in the ratio was observed in a dose- and
time-dependent manner for all the concentrations of MCP used
except for 10-7 M at 24 h.

ROS Generation. The statistically significant (p < 0.001)
ROS generation was observed in PC12 cells receiving MCP
(10-5 M-10-7 M) for 6 h (Figure 3a-b). MCP (10-6 M)
exposure induced a maximum of 8.77 ( 3.2-fold increase in
ROS followed by 3.35 ( 1.7-fold (10-5 M) and 1.9 ( 0.92-
fold (10-7 M) MCP.

TUNEL Assay. MCP-induced apoptosis was assessed using
the TUNEL assay with the help of FACS analysis (Figure 4a
and b). The significant (p < 0.001) apoptotic changes, i.e., 28.6%
were observed in early exposure of MCP (10-5 M) for 6 h. These
changes were brought down to 12.8% after 12 h. Pretreatment
of cells with ROS inhibitor restricted the apoptotic events close
to the control, i.e., 3.9% following 6 h of exposure to MCP
(10-5 M). Insignificant increases in apoptosis were observed in
cells exposed to MCP (10-6 M) for 6 h (4.2%) and 12 h (4.1%).
Apoptotic events were observed below the untreated control,
i.e., 0.5% in cells exposed to MCP (10-5 M and 10-6 M) for
24 h. All of the subphases of cell cycles, i.e., G1, S, G2, and M
were found to be involved in MCP-induced apoptosis in PC12
cells (Figure 4a and b).

DNA Laddering. DNA laddering of cells exposed to MCP
(10-4 M-10-6 M) for 6, 12, and 24 h are presented in Figure
5. A significant dose-dependent DNA smearing was observed

even at 6 h of MCP exposure (lanes 3, 4, and 5), which became
more prominent by 12 h (7-9). However, the effect was
concentration-independent at 12 h. MCP exposure for 24 h
showed the signs of necrosis, as no high molecular weight DNA
was seen in the upper side of lanes 11, 12, and 13. The trends
were similar to those observed in the case of the TUNEL assay.

Micronucleus (MN) Assay. Results of MN induction in
PC12 cells are shown in Figure 6. The influence of both MCP
exposure time and concentration was observed on the induction
of MN in PC12 cells except for 10-4 M. Among the concentra-
tions of MCP used, 10-5 M was found to induce maximum MN
at all of the time points, i.e., 6 h (16.3 ( 0.33), 12 h (19.66 (
0.33), and 24 h (23.0 ( 0.58). Cells exposed to 10-6 M MCP
have also shown time-dependent increases in MN, i.e., 12 (
0.557, 15.0 ( 0.33, and 17.0 ( 0.33 at 6 h, 12 h, and 24 h,
respectively. In contrast, the MN count was found to be reduced
with increasing cell exposure time periods to 10-4 M MCP.
However, the values were still greater than the unexposed
control cells throughout the experimental period (Figure 6).

Transcriptional Changes. MCP-induced alterations in the
mRNA expression of apoptosis marker genes are presented in
Figure 7. Significant (p < 0.001) upregulation in the expression
of pro-apoptotic genes, i.e., Caspase 9 (8.9 ( 0.25-fold), Caspase
3 (7.6 ( 0.03-fold), Bax (1.5 ( 0.09-fold), p53 (1.89 ( 0.21-
fold), p21 (1.7 ( 0.23-fold), and Puma (1.22 ( 0.03-fold), was
observed at 10-6 M concentration after 6 h, whereas antiapo-
ptotic genes such as Bcl2 (0.7 ( 0.06-fold), Bclw (0.8 ( 0.06-
fold), and Mcl1 (0.8 ( 0.05-fold) were significantly downreg-
ulated. Out of the 14 genes studied, the level of expression of
four genes, viz., BclxL, Bid, Bnip3, and Bak were not altered
significantly following MCP exposure (Figure 7).

Translational Changes. Genes showing significant alter-
ations at the transcriptional level were studied further to
determine the alterations in the expression at protein level
(Figure 8). In general, MCP (10-6 M) exposure for 6 h was
found to be most effective in the upregulation of apoptosis
marker proteins, viz., Bax (2.66 ( 0.36-fold), p53 (1.95 ( 0.27-
fold), C-jun (2.04 ( 0.35-fold), Caspase-9 (1.60 ( 0.21-fold),
and Caspase-3 (1.20 ( 0.094-fold). Expression of C-fos protein

Figure 5. Analysis of apoptotic DNA fragmentation in PC12 cells
exposed to various concentrations of MCP for different time intervals.
Lane 1, 100 bp ladder; lane 2, untreated control cells; lanes 3, 4, and
5, cells exposed to MCP (10-6 M, 10-5 M, and 10-4 M, respectively)
for 6 h; lane 6, untreated control; lanes 7, 8, and 9, cells exposed to
MCP (10-6 M, 10-5 M, and 10-4 M, respectively) for 12 h; lane 10,
untreated control; and lanes 11, 12, and 13, cells exposed to MCP (10-6

M, 10-5 M, and 10-4 M, respectively) for 24 h.

Figure 6. Micronuclei (MN) induction in PC12 cells exposed to various
concentrations of MCP for different time periods. Micronuclei were
counted in binucleated cells using an Upright phase contrast microscope
(Nikon 80i, Japan) at 10 × 100× oil immersion magnification, and
images were grabbed by a Nikon DS-Ri1 (12.7 megapixel) camera.
Minimum 1000 binucleated cells were counted in each slide in triplicate.
Ethyl methyl sulfonate (EMS) was used as the positive control. * p <
0.05; **p < 0.001.

Monocrotophos-Induced Apoptosis in PC12 Cells Chem. Res. Toxicol., Vol. 23, No. 11, 2010 1667



was induced in a time-dependent manner, i.e., 2.87 ( 0.34-,
4.10 ( 0.64-, and 4.69 ( 0.75-fold at 6, 12, and 24 h of MCP
exposure, respectively. By 12 h of exposure, the expressions
were brought down except in the case of Bcl2 (0.911 ( 0.13-
fold). However, the values were still higher than those of the
unexposed basal control. At 24 h, MCP-induced changes in
protein expression remained significantly higher than those of
the control for Bax, C-fos, C-jun, and p53. However, the
expressions of Caspase-9, Caspase-3, and Bcl2 were down
regulated below the basal controls.

In the autorecovery experiment, up to a maximum 100% and
a minimum of 19% recovery was observed for Caspase-9 and
C-fos, respectively. For Bcl2, the recovery group showed the
expression below the basal control (Figure 8). Autorecovery
was found to be statistically significant (p < 0.001) for all of
the marker proteins studied.

Translocation of Bax and Cytochrome-c. The involvement
of mitochondria-mediated pathways in MCP-induced apoptosis was
confirmed by the translocation of Bax protein from cytosol to
mitochondria, and cytochrome-c protein from mitochondria to
cytoplasm using the Western blot technique. MCP (10-4 M-10-7

M) exposure for 6 h induced dose-dependent translocation of Bax
protein from the cytoplasm to mitochondria, and cytochrome-c from
the mitochondria to the cytoplasm (Figure 9). The purity of both
the fractions, viz., cytosolic and mitochondrial, was found to be
very high. Cross-contamination of the cytosol and mitochondria-
specific proteins was not detectable.

Activity of Caspase-9 and Caspase-3. Highlights of MCP-
induced alterations in the activity of Caspase-9 and Caspase-3
are shown in Figure 10a and b, respectively. The activity of
Caspase-9 was found to be increased with increasing concentra-
tions of MCP at all of the exposure periods, i.e., 6 h, 12 h, and
24 h. Interestingly, maximum induction in the activity of
Caspase-9 was recorded at 12 h of exposure, i.e., 115.0 ( 6.4%,
139.0 ( 7.4%, and 156.0 ( 4.9% following 10-7 M, 10-6 M,
and 10-5 M concentrations of MCP, respectively (Figure 10a).
Caspase-3 activity was also found to be induced under the
influence of MCP exposure in a concentration-dependent
manner. However, maximum increase in activity of Caspase-3
was recorded at 6 h of exposure of MCP followed by 12 and
24 h, respectively (Figure 10b). The increase in the activity of
both Caspase-9 and Caspase-3 was statistically significant (p <
0.001) at 12 h and 6 h, respectively.

Discussion

PC12 cells showed evidence of apoptosis by all the four
assays employed to assess the cytotoxicity of MCP. Our results
indicate that MCP-induced metabolic activation may be prima-
rily due to altered mitochondrial activity since the MTT assay
is related to mitochondrial activity and was found to be the most
sensitive among the tests employed in this study. Such differ-
ences in sensitivity due to organelle specificity of chemicals
have already been reported for different toxicants, even in the
same cell system (40). In general, the MTT assay is used in
studies conducted with organophosphates for cytotoxicity as-
sessment in primary cultures of mouse brain cerebellar cells
(16), cultured human peripheral blood lymphocytes (41),
daphnia, fish, and rodents (42, 43).

Figure 7. MCP (10-6 M) induced alterations in the mRNA expression
of marker genes associated with apoptosis in PC12 cells. Quantitative
real time PCR (RT-PCRq) was performed in triplicate by SYBR Green
dye using ABI PRISM 7900HT Sequence Detection System (Applied
Biosystems, USA). �-Actin was used as the internal control to normalize
the data, and MCP induced alterations in mRNA expression are
expressed in relative quantity compared with those for the respective
unexposed control groups.

Figure 8. Alterations in the expression of proteins involved in the
induction of apoptosis were studied in PC12 cells exposed to MCP
(10-6 M) for various time periods. �-Actin was used as the internal
control to normalize the data. Lane A, untreated control; B, cells
exposed to MCP for 6 h; C, proteins isolated after 24 h, i.e., 6 h of
MCP exposure + 18 h without exposure (autorecovery period); D, cells
exposed to MCP for 12 h; and E, cells exposed to MCP for 24 h.
Molecular weight of protein studied: p53 (53 kDa), Bax (29 kDa), Bcl2

(23 kDa), activated Caspase-9 (35 kDa), activated Caspase-3 (21 kDa),
C-fos (47 kDa), C-jun (42 kDa), and �-Actin (42 kDa) for normaliza-
tion. Relative quantification of alterations in the expression of proteins
involved in the induction of apoptosis in PC12 cells exposed to MCP
(10-6 M) for various time periods. �-Actin was used as the internal
control to normalize the data. Quantification was done in Gel
Documentation System (Alpha Innotech, USA) with the help of
AlphaEase FC StandAlone V.4.0 software.
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Because of high lipid contents, brain cells are highly
vulnerable to xenobiotics-induced oxidative stress leading to

high oxygen consumption and low levels of glutathione content
(44, 45). ROS generation is considered to be one of the key
signals for oxidative stress-induced apoptosis (46). In our study,
significant (p < 0.001) generation of ROS, LPO, and increased
ratio of GSSG/GSH were observed in PC12 exposed to selected
doses of MCP. The generation of ROS has been reported to
enhance the ratio of GSSG/GSH and LPO production, which
eventually leads to apoptosis in a variety of cells such as
astrocytes (47) and PC12 cells (48), and in tissues, such as the
rat brain (49, 50). Organochlorine pesticides are also reported
to induce ROS generation, which subsequently leads to apoptosis
and cell death in mice (51), blood mononuclear cells (52), and
mouse macrophage cell lines (29). Thus, ROS generation in
the present study may be a mediator for MCP-induced apoptosis
in PC12 cells. We confirmed the involvement of ROS in MCP-
induced apoptosis by using an ROS inhibitor, which reverses
apoptosis (data not shown).

DNA laddering, MN, and TUNEL assays suggest that exposure
of cells to higher concentrations of MCP for a longer period of
time may reduce the apoptotic cell counts due to increased necrotic
cell death. The conversion of apoptosis to necrosis has been
demonstrated following the exposure of high concentrations of
toxicants for lower time periods and lower concentrations for longer
time periods (53, 54). Our results support this phenomenon, as
apoptosis observed following MCP exposure was characterized by
DNA fragments of low molecular weight, possibly due to inter-
nucleosomal cleavage of the chromatin into 180- to 200-bp
fragments (55). Apoptosis turned into necrosis after 24 h of
exposure as indicated by the detection of a gap in high molecular
weight DNA fragmentations. FACS analysis with labeled cells also
confirms our findings of DNA fragmentation. A similar pattern of
DNA fragmentation has also been demonstrated in the case of
apoptotic and necrotic cell death following the exposure of
chemicals of different groups (56, 57).

The involvement of mitochondrial chain complexes in ROS-
induced apoptotic changes in cytoplasm has been reported (58).
Such apoptotic changes are known to follow different pathways
(46, 59-62). Organophosphates including paraoxon, parathion,
PSP, TOTP, and TPPi induced apoptosis is associated with
nuclear condensation, budding and fragmentation, Caspase-3
activation, and DNA fragmentations in SHY-SY-5Y, a human
neuroblastoma cell line (63). We observed that MCP signifi-
cantly upregulated in the expression (both mRNA and protein)

Figure 9. Translocation of cytoplasmic Bax protein to mitochondria and mitochondrial cytochrome-c protein to cytoplasm in PC12 cells following
the exposure of various concentrations of MCP for 6 h. Lane 1, untreated control; lane 2, cells exposed to 10-7 M of MCP; lane 3, cells exposed
to 10-6 M of MCP; lane 4, cells exposed to 10-5 M of MCP; lane 5, cells exposed to 10-4 M of MCP. TOM20 and �-Actin were used to assess
the purity of proteins isolated from mitochondria and cytoplasm, respectively.

Figure 10. (a) Induction in the activity of Caspase-9 in PC-12 cells
exposed to MCP (10-4-10-7 M) for different time periods. Positive
control was recombinant Caspase-9 (provided with the kit by manu-
facturer). * ) P < 0.05; ** ) p < 0.001. (b) Induction in the activity
of Caspase-3 in PC-12 cells exposed to MCP 10-4-107 M) for different
time periods. (Positive control (cells exposed with Camptothecin (1
µg/mL)) for 24 h.) * ) P < 0.05; ** ) p < 0.001.
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of Caspase-3, caspase-9, Bax, p53, P21, Puma, and downregu-
lated Bcl2, Bclw, and Mcl1. In general, transcriptional changes
were well coordinated with translational changes and with
physiological activity in the case of Caspase-3 and Caspase-9.
Upregulation of nuclear p53 protein is known to play an
important role in minimizing DNA damage by inducing
transcriptional reprogramming, which finally leads to controlled
cell death (64-66). However, high levels of cytoplasmic p53
protein interact with mitochondria, thereby promoting mito-
chondrial membrane peameabilization (67), and play a key role
in the regulation of apoptosis (68). This cytoplasmic p53 protein
has been suggested to induce pro-apoptotic members of the Bcl2

family such as Bax and Bak and their displacement with
antiapoptotic Bcl-2 proteins such as Bcl2, BclXL, etc. (62). Thus,
the alterations in the expression profile of marker genes in this
study indicate that p53 triggers the mitochondrial apoptotic
cascade in PC12 cells exposed to MCP.

In the present investigations, a dose-dependent increase in the
translocation of Bax protein from cytosol to mitochondria and
cytochrome-c protein from mitochondria to cytosol was observed
in MCP exposed cells. These results confirm the induction of
cytoplasmic p53 and its role in triggering the pathway of mito-
chondrial membrane permeability in PC12 cells (Figure 9). To the
best of our knowledge, this is the first report on the MCP-induced
translocation of Bax and cytochrome-c protein in PC12 cells.
However, the translocation of Bax protein from cytosol to mito-
chondria following the exposure of paraoxon (POX: the bioactive
metabolite of parathion) and parathion has been reported in murine
EL4 T-lymphocytic leukemia cell lines and is an important event
in the induction of mitochondria-mediated apoptosis (69). During
pro-apoptotic phases, Bax and Bak proteins get embedded in the
mitochondrial membrane because of conformational modifications
and are known to create permeable channels which allow larger
protein molecules to pass through them (70). This phenomenon
has led to mitochondrial leakage from the inner membrane and
matrix proteins followed by oxidative phosphorylation uncoupling,
ROS over generation, and mitochondrial transmembrane potential
dissipation (46). The role of Puma protein has recently been
suggested in p53-induced apoptosis (71). The elevated expressions
of Puma in the present investigations are therefore in accordance
with earlier studies.

Release of cytochrome-c (43), HTRA2 (OMI) (72), and DI-
ABLO (SMAC) (73) in the cytoplasm activates Caspase-9 (58),
which eventually results in cell death through the cleaving of the
executioner caspase, such as Caspase-3. Activated Caspase-3 plays
an important role in triggering the catabolic caspase cascade (58).
Caspase cascade may be activated through two different pathways,
i.e., either by binding of Procaspase-9 with Apaf-1 to form the
apoptosome complex following the release of cytochrome-c from
damaged mitochondria (29) or by activation of caspases through
the OMI and SMACs molecules (74). Patterns of expression of
apoptosis markers and activity of Caspase-9 and Caspase-3 obtained
in the present investigations are indicative of mitochondria-mediated
apoptosis, which operates through caspase cascade. This is the first
report showing mitochondria-mediated apoptosis in MCP exposed
PC12 cells. However, the caspase-mediated apoptotic changes
following exposure to acetofenate, an organo-chlorinated pesticide,
and 4-hydroxynonenal have already been reported in macrophages
(29) and PC12 cells, respectively (75). On the basis of our findings,
we propose a hypothetical model on the apoptotic effects of MCP
on PC12 cells (Figure 11). In this scheme, MCP first triggers
intrinsic generation of ROS, which subsequently initiates oxidative
damage. The increased ROS levels and genotoxicity up regulate
p53 and attenuate Bcl-2 protein, leading to a declined ratio of Bcl-

2/Bax. The alteration of Bcl2/Bax ratio results in the release of
cytochrome c. Finally, the release of cytochrome-c activates
Caspase-9 and subsequently triggers the Caspase-3 cascade leading
to apoptosis in PC12 cells.

Conclusions

To our knowledge, MCP (a widely used organophosphate
pesticide) induced the apoptosis in rat neuronal PC12 cells.
Apoptotic damages were mitochondria-mediated and regulated
through caspase cascade (Caspase-9 and Caspase-3). Our data
provides insights into MCP-induced apoptotic cell death in
neuronal cells and the possible cellular and molecular mecha-
nisms involved.
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