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Abstract Expression of various cytochrome P450s (CYPs) in
mammalian brain cells is well documented. However, such
studies are hampered in neural/glial cells of human origin
due to nonavailability of human brain cells. To address this
issue, we investigated the expression and inducibility of
CYP2C8 and CYP3A4 and their responsiveness against cy-
clophosphamide (CPA) and organophosphorus pesticide
monocrotophos (MCP), a known developmenta l
neurotoxicant in human neural (SH-SY5Y) and glial (U373-
MG) cell lines. CPA induced significant expression of
CYP2C8 and CYP3A4 in both types of cells in a time-
dependent manner. Neural cell line exhibited relatively higher
constitutive and inducible expression of CYPs than the glial
cell line. MCP exposure alone could not induce the significant
expression of CYPs, whereas the cells preexposed to CPA
showed a significant response to MCP. Similar to the case of

CPA induced expressions, neural cells were found to be more
vulnerable than glial cells. Our data indicate differential ex-
pressions of CYPs in cultured human neural and glial cell
lines. The findings were synchronized with protein ligand
docking studies, which showed a significant modulatory ca-
pacity of MCP by strong interaction with CYP regulators-
CAR and PXR. Similarly, the known CYP inducer CPA has
also shown significant high docking scores with the two stud-
ied CYP regulators. We also observed a significant induction
in reactive oxygen species (ROS), lipid peroxides (LPO), mi-
cronucleus (MN), chromosomal aberration (CA), and reduc-
tion in reduced glutathione (GSH) and catalase following the
exposure of MCP. Moreover, the expressions of apoptotic
markers such as caspase-3, caspase-9, Bax, and p53 were
significantly upregulated, whereas the levels of antiapoptotic
marker, Bcl2, was downregulated after the exposure of MCP
in both cell lines. These findings confirm the involvement of
ROS-mediated oxidative stress, which subsequently triggers
apoptosis pathways in both human neural (SH-SY5Y) and
glial (U373-MG) cell lines following the exposure of MCP.
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Introduction

Xenobiotic metabolizing enzymes and transporters (XMETs)
are involved in biotransformation and detoxification of carcin-
ogens, environmental toxins, and therapeutic drugs [1].
XMETs are highly expressed in the digestive tract and espe-
cially in the liver, the most important organ for central
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metabolism [2]. Extra hepatic expression of these CYPs has
also been found in the brain, lung, bladder, and blood [3–5].

Besides the liver and other peripheral organs, P450 iso-
forms are expressed in neural and glial cells of the brain.
Their function and significance is a topic of high interest
because most of the neuroactive drugs used in therapy today
are not only substrates but also inducers of brain P450s. Brain
P450s is differentially regulated by those in the liver [6]. The
prosthetic heme group appears to be essential for correct
membrane insertion and enzymatic functionality of brain
P450s. Although not contributing to body’s overall drug me-
tabolism, brain P450s fulfils certain functions within specific
cell types of the brain. In astrocytes of brains’ border lines,
P450 isoforms are expressed in very high levels. They form a
metabolic barrier regulating drug influx, modulation of
blood-flow regulation and also act as signaling enzymes in
inflammation. In neurons, however, P450s apparently have
different functions. In regions of brain such as hypothalamus,
hippocampus, and striatum, they provide signaling molecules
like steroids and fatty acids necessary for neural outgrowth
and maintenance [7]. Induction of these P450s by neuroactive
drugs can alter steroid hormonal signaling directly in drug
target cells, which may cause clinically relevant side effects
like reproductive disorders and sexual or mental dysfunction.
The understanding of brain P450 function appears to be of
major interest in long-term drug-mediated therapy of neuro-
logical diseases.

The CYP2C enzymes are expressed to varying extents in a
number of extra hepatic tissues such as the kidney, gut, brain,
heart, aorta, and lung [3, 8]. The CYP2C enzymes are clini-
cally important to metabolize more than 20 % of all pharma-
ceutical drugs like rosiglitazone and the anticancer drug pac-
litaxel [9, 10]. CYP2C8/9 enzymes are also responsible for the
hydroxylation of retinoic acid [11] and the CYP2C enzymes
are important in the generation of biologically active mole-
cules such as epoxyeicosatrienoic acids (EETs) and
hydroxyeicosatrienoic acids (HEETs) from arachidonic acid
in both liver and extra hepatic tissues [12].

The CYP3A subfamily enzymes play a major role in
the metabolism of ∼30 % of clinically used drugs for
almost all therapeutic classes [9, 13]. The expression of
CYP3A4 has been detected in cultured brain tumor cells
of astrocytic origin (e.g., glioblastoma or astrocytomas)
[14]. The active site of CYP3A4, which is large and
flexible, accommodates and metabolizes many preferen-
tially lipophilic compounds with comparatively large
structures [15]. CYP3A4 is also an efficient steroid hy-
droxylase with an important role in the catabolism of
several endogenous steroids, including testosterone, pro-
gesterone, androstenedione, cortisol, and bile acids.
CYP3A4 metabolizes testosterone and estradiol [16,
17], both are neuroactive steroids that can influence
mood, behavior, sexuality, memory, and cognition [18].

The hippocampus is a predominant site for the synthesis
and action of testosterone and estradiol [19]. Therefore,
induction of CYP3A4-mediated metabolism in this brain
structure may have important consequences.

Organophosphate pesticides (OPs) are commonly
used in agriculture worldwide. The primary mode of
OP neurotoxicity is due to acetylcholinesterase (AChE)
inhibition that increases cholinergic neurotransmission in
central and peripheral nervous systems [20]. A part
from being neurotoxic, organophosphate insecticides
(OPIs) can exert toxic effects on many other tissues
and organs. Toxicity of OPIs results in negative effects
on many organs and systems such as the liver, kidney,
nervous system, immune system, and reproductive sys-
tem [21–23]. Neurotoxicity is dependent on the AChE
levels that differ between brain regions which are
inhibited to different extents by individual Ops [24].

Cytochrome P450s metabolizes the OPs in the brain
and their metabolites causes more neurotoxicity than the
parent compounds. The long-term exposure of
cypermethrin (class II pyrethroid pesticide) modulates
the expression of VMAT 2, CYP2E1, GSTA4-4, and
lipid peroxidation [25]. OP-induced neurotoxicity is also
associated with oxidative stress [25–27]. Cholinergic hy-
peractivity results in increased production of reactive
oxygen species (ROS) and the free radical-mediated ox-
idative damage in brain [28]. The correlation between
AChE inhibition and oxidative damage is unclear in OP
poisoning. In the brain, for example, this correlation
may be influenced by the dose, route of poisoning,
and regional levels of AChE that are differentially
inhibited by different Ops, among other factors that con-
tribute to neurotoxicity. A study of oxidative stress in
different regions of the brain over the course of OP
poisoning would clarify the contribution of AChE inhi-
bition to oxidative damage-induced neurotoxicity of
these pesticides.

Our previous study showed that the neural (SH-
SY5Y) and glial (U373-MG) cells had the constitutive
and inducible expression of CYP1A1, CYP2B6, and
CYP2E1 after the exposure of known inducers and
monocrotophos (MCP). The induction level of CYPs
was comparatively lower in MCP-exposed cells than
cells exposed to classical inducers. Preexposure (12 h)
of cells to classical inducers significantly added the
MCP-induced CYP expression and activity. To extend
our previous study, the expression and inducibility of
CYP2C8 and CYP3A4 were investigated in cultured
human brain neural (SH-SY5Y) and glial (U373-MG)
cell lines. Xenobiotic metabolizing capabilities of cells
were studied using cyclophosphamide and MCP. These
studies were further stretched to investigate the MCP-
induced apoptotic cell death in cultured neural (SH-
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SY5Y) and glial (U373-MG) cells. MCP was selected
as a model pesticide since it has been extensively used
worldwide and is known for its neurotoxicity [29].

Materials and Methods

Reagents and Consumables All the specified chemicals and
reagents viz., monocrotophos (MCP) and cyclophosphamide
(CPA), were purchased from Sigma (Sigma St Louis, MO,
USA) unless otherwise stated. Culture medium DMEM/F-
12, antibiotics, fetal bovine serum, and Trypsin-EDTA were
purchased from Gibco BRL, USA. All the antibodies used in
this study were procured from Chemicon International, USA.
Culture wares and other plastic wares were procured commer-
cially from Nunc, Denmark. Milli Q water (double-distilled,
deionized water) was used in all the experiments.

Cell Culture Human neuroblastoma cell line SH-SY5Y and
glioblastoma U373-MG cell lines used in the study were pro-
cured from American Type Culture Collection (ATCC),
Manassas, USA, and maintained at the Department of
Animal Science and Biotechnology, Chonbuk National
University, Jeonju, Republic of Korea, as per the standard
protocols. In brief, the cells were cultured in DMEM/F-12,
supplemented with 10 % fetal bovine serum (FBS), 0.2 %
sodium bicarbonate, 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 % at-
mosphere under high humid conditions. Medium was
changed twice weekly, and cultures were passaged at a ratio
of 1:6 once in a week. Prior to use in the experiments, cell
viability was ascertained by Trypan blue dye exclusion assay.
The cultures showing viability more than 95 % were used in
all the experiments. All the experiments were done on the cells
with passage 18–25 only.

Identification of Noncytotoxic Doses of MCP and CPA In
the present investigations, known inducer of CYP2C8,
CYP3A4 (CPA) and known neurotoxin (MCP), an organo-
phosphate pesticide were used. CPA and MCP were dissolved
in a DMEM/F-12 medium. Prior to using in the expression
studies, noncytotoxic doses of the CPA and MCP were iden-
tified in SH-SY5Y (human neural cell line) and U373-MG
(human glial cell line). Cytotoxicity assessment was done
using standard endpoint, i.e., tetrazolium bromide (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide
(MTT) assay as described earlier by us [30]. In brief, neural
(SHSY-5Y) and glial (U373-MG) cells (1 × 104 cells/well)
were seeded in 96-well tissue culture plates and incubated in
the CO2 incubator for 24 h at 37 °C. The medium was aspi-
rated, and cells were exposed to medium containing either of
CPA (0.5–8 mM) and MCP (10−3–10−7 M) for 24–96 h at

37 °C in 5 % CO2-95 % atmosphere under high humid con-
ditions. Tetrazolium salt (10 μl/well; 5 mg/ml of stock in PBS)
was added 4 h prior to completion of respective incubation
periods. On the completion of incubation period, the reaction
mixture was carefully taken out and 200 μl of culture grade
DMSO was added to each well. The content was mixed well
by pipetting up and down several times to dissolve it
completely. Plates were then incubated for 10 min at room
temperature, and color was read at 550 nm using Multiwell
Microplate Reader (Synergy H1 Hybrid Reader, Bio-Tek,
Winooski, VT, USA). The unexposed sets, and sets exposed
to MnCl2 (10−4 M), were also run parallel under identical
conditions that served as basal and positive control,
respectively.

Experimental Design (Fig. 1)

Transcriptional Changes Transcriptional changes in the se-
lected CYPs (2C8 and 3A4), CAR, and PXR were studied in
both neural and glial cell lines exposed to various concentra-
tions of CPA and pesticide-monocrotophos as described in
experimental design. Transcriptional changes in the apoptotic
genes like bax, bcl2, p53, and caspase-9/3 have been also
carried out after the exposure of MCP in both the cell lines.
Xenobiotics induced alterations in CYPs, receptors and apo-
ptotic changes in the mRNA expression were expressed in
relative quantification by comparing the data obtained from
unexposed cells. The quantitative real-time PCR analysis was
done following the protocol described earlier by Kashyap
et al. [31]. In brief, total RNAwas isolated from both exper-
imental and unexposed control sets using GeneElute mamma-
lian total RNA Miniprep Kit (Catalog No. RTN-70, Sigma-
Aldrich, St. Louis, MO, 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) assay
reactions were carried out with 2× SYBR Green PCR master
mix (Applied Biosystems, USA) using ABI PRISM 7900HT
Sequence Detection System having software version 2.2.1
(Applied Biosystems, USA). Results were in relative to the
expression of housekeeping gene, i.e., β-actin. Real-time re-
actions were carried out in triplicate wells for each sample.

Preparation of Ligand Structures

Ligand file of CPA andMCPwere downloaded in .mol format
(Table 1) from ChemSpider Chemical Database. These files
could not directly be used by Autodock 4.0 tools [32]; thus,
they were converted into .pdb files using Discovery Studio
Visualizer version 2.5.5. Discovery Studio, a software pack-
age of biological molecular design solutions, makes it easier to
examine the properties of large and small molecules by
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computational chemists and computational biologists.
Further, the ligands were submitted for minimization using
Chimera version 1.5.3 using with Genetic Algorithm Steps
2000 and 0.5 grid units Optimized [33].

Preparation of Protein Structures

The structure of proteins involved in this study human
Constitutive Androstane Receptor (CAR), PDB ID-1XPV,
and Human Pregnane X Receptor (PXR), PDB ID-2O9I, were
obtained from RCSB Protein Data Bank. Published structures
were edited to remove HETATM using Discovery Studio
Visualizer (version 2.5.5). Chimera was used for energy min-
imization, removal of steric collision with the steepest descent
steps 1000, steepest descent size 0.02 Å, conjugated gradient
steps 1000, and the conjugate gradient step size 0.02 Å for the
conjugate gradient minimization [34, 35].

Docking Studies

Docking studies were performed by Autodock version 4.0
suits [36, 37]. Cygwin interface was used in the Microsoft
Windows 7 professional Version 2002, Service pack 3, oper-
ating System on Intel (R) Core (TM) 2 Duo, CPU T6500 @
2.10 GHz, 1.19 GHz, and 2.96 GB of RAM of Dell Machine.
We implemented molecular docking methods followed by the
searching of the best conformation of enzymes and complex
compounds on the basis of binding energy. Water molecules
were removed from the protein structures before docking and
hydrogen atoms were added to all target proteins. Kollman
united charges and salvation parameters were added to the
proteins. Gasteiger charge was added to the ligands. Grid
box was set to cover the maximum part of proteins and li-
gands. The values were set to 60×60×60 Å in X-, Y-, and
Z-axes of grid point. The default grid points spacing was
0.375 Å. Lamarckian genetic algorithm (LGA) [38] was used

for proteins ligands flexible docking calculations. The LGA
parameters like population size (ga_pop_size), energy evalu-
ations (ga_num_generation), mutation rate, crossover rate,
and step size were set to 150, 2,500,000, 27,000, 0.02, 0.8,
and 0.2 Å, respectively. The LGA runs were set to 40 runs. All
40 conformations of proteins and complex ligands were ob-
tained and analyzed for the interactions and binding energy of
the docked structure using Discovery Studio Visualizer ver-
sion 2.5.5.

Western Blot Analysis Translational changes in the apoptotic
genes like bax, bcl2, p53, caspase-3, and caspase-9 have been
carried out after the exposure of MCP in both neural and glial
cell lines. The Western blot analysis was done following the
protocol described earlier by us [31]. In brief, cells were
pelleted and lysed using Cell Lytic™ M Cell Lysis Reagent
(cat. no. C2978, Sigma-Aldrich, St. Louis, MO, USA) in the
presence of protease inhibitor cocktail (cat. no. P8340, Sigma-
Aldrich, USA). Protein estimation was done using BCA
Protein Assay Kit (cat no. G1002, Lamda Biotech, Inc., St.
Louis, MO, USA). Then, the denatured proteins (100 μg/well)
were loaded and electrophorsed using 10 % Tricine-SDS gel
[39]. Proteins were transferred on polyvinylidene fluoride
(PVDF) membrane (cat. no. IPVH00010, Millipore,
Billerica, MA, USA) by wet transfer method at 180-mA cur-
rent for 3 h. Nonspecific binding was blocked with 5 % nonfat
dry milk powder in TBST [20 mM Tris-HCl (pH 7.4),
137 mM NaCl, and 0.1 % Tween 20] for 2 h at 37 °C. After
blocking, the membranes were incubated overnight at 4 °C
with anti-protein primary antibodies specific for bax, bcl2,
p53, caspase-3, and caspase-9 (1:1000, Chemicon
International, Billerica, MA, USA), in blocking buffer
(pH 7.5). The membranes were then incubated for 2 h at room
temperature with secondary anti-primary antibody conjugated
with horseradish peroxidase (Chemicon International,
Billerica, MA, USA). Then, the blots were developed using
Super Signal West Fempto Chemiluminescent Substrate™
(Thermo Fisher Scientific, Waltham, MA, USA) and Bio-
Rad Versa Doc™ Imaging System 4000 (Bio-Rad,
Philadelphia, PA, USA). The densitometry for protein specific
bands was done in Gel Documentation System (Alpha
Innotech, San Leandro, CA, USA) with the help of
AlphaEase™ FC Stand Alone V.4.0 software. β-Actin was
used as internal control to normalize the data. MCP-induced
alterations are expressed in relative term fold change in ex-
pression by comparing the data with respective unexposed
controls.

Oxidative Stress Analysis

Estimation of ROS Levels Estimation of MCP-induced ROS
generation was carried out following the standard protocol of
Kashyap et al. [31]. In brief, SH-SY5Y and U373-MG cells

Fig. 1 Experimental design of the study
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Table 1 Assessment of binding affinities and biomolecular interactions of CPA and MCP with CAR and PXR

S.
no.

Protein’s name PDB Name of ligand Binding
energy
(kcal/mol)

Inhibition
constant
(Ki)

Residues making
hydrophobic
contacts

Residues involved in
hydrogen bonding

Hydrogen
bond distance
(Å)

1 Constitutive
androstane
receptor (CAR)

1XVP Cyclophosphamide
(CPA)

−5.35 119.48 μM Phe132, Leu157,
His160

ND ND

Phe161, Ile164,
Met168

His203, Leu206,
Phe217

Cys219, Tyr224,
Thr225

Asp228, Gly229,
Val232

Leu242, Phe243

2 CAR 1XVP Monocrotophos
(MCP)

−4.39 602.37 μM Phe132, Phe161,
Ile164

ND ND

Leu206, Phe217,
Cys219

Tyr224, Thr225,
Asp228

Gly229, Val232,
Phe234

Phe238, Leu239,
Leu242

Phe243

3 Pregnane X receptor
(PXR)

2O9I CPA −5.32 126.05 μM Leu209, Val211,
Met243

1)A:GLN285:HE22 -
:UNK1:O5

2):UNK1:H19 -
A:GLN285:OE1

1) 2.5 Å
2) 2.5 Å

Met246, Gln285,
Phe288

Trp299, Tyr306,
Met323

Leu324, His327

4 PXR 2O9I MCP −4.69 363.71 μM Leu209, Val211,
Met243

1) :UNK1:H19 -
A:GLN285:OE1

1) 2.5 Å

Met246, Gln285,
Phe288

Trp299, Cys301,
Tyr306

Met323, Leu324,
His327

5 CAR-CPA complex MCP −5.34 121.56 μM Phe132, Phe161,
Ile164

ND ND

Asn165, Met168,
Val169

Val199, Cys202,
His203

Leu206, Phe217,
Cys219

Tyr224, Asp228,
Gly229

Val232, Phe234,
Phe238

Leu242, Phe243,
Ile322

Tyr326, Leu343

6 PXR-CPA complex MCP −5.47 97.27 μM 1)2.5 Å
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(104 cells/well) were seeded in 96-well black-bottomed cul-
ture plates and allowed to adhere for 24 h under a 5 % CO2,
95 % atmosphere at 37 °C. Both cell types were exposed with
MCP (10−5 M) for 3, 6, 12, and 24 h. Following exposure,
cells were reincubated with 2,7-dichloro-dihydrofluorescein-
diacetate [DCFH-DA (20 μM)] for 30 min at 37 °C. The
reaction mixture was then replaced with 200 μl of PBS per
well. The plates were kept on a rocker shaker platform for
10 min at room temperature in the dark, and fluorescence
intensity was measured using a multiwell microplate reader
(SynergyH1Hybrid Reader, Bio-Tek,Winooski, VT, USA) at
an excitation wavelength of 485 nm and emission wavelength
of 528 nm. The data are expressed as percent of unexposed
control.

Estimation of GSH Levels Glutathione (GSH) levels were
assessed following the exposure of MCP (10−5 M) to SH-
SY5Y and U373-MG cells for 3, 6, 12, and 24 h using com-
mercially available kit (Glutathione Detection Kit, catalog no.
APT 250, Chemicon, Billerica,MA, USA). In brief, following
MCP exposures, cells were collected by centrifugation at
7000g for 2 min at 4 °C and lysed in lysis buffer. The samples
were centrifuged again at 12,000×g for 10min at 4 °C, and the
supernatant was collected. To estimate the GSH levels, the
lysed samples (90 ml/well) were transferred to 96-well
black-bottomed plates and mixed with freshly prepared assay
cocktail (10 ml) and read at excitation wavelength 380 nm and
emissionwavelength 460 nm usingmultiwell microplate read-
er (Synergy H1 Hybrid Reader, Bio-Tek, Winooski, VT,
USA) after the incubation of 1–2 h.

Estimation of LPO Levels Lipid peroxidation (LPO) was
performed using the thiobarbituric acid reactive substances
(TBARS) protocol [40]. In brief, SH-SY5Y and U373-MG
cells (105 cells/well) were seeded in six-well culture plates
and allowed to adhere for 24 h under a 5 % CO2, 95 % atmo-
sphere at 37 °C. Both cells were exposed with MCP (10−5 M)
for 3, 6, 12, and 24 h. After completion of the exposure time
period, the cells were collected by centrifugation and sonicat-
ed in ice-cold potassium chloride (1.15 %) and centrifuged for

10 min at 3000×g. The resulting supernatant (1 ml) was added
to 2 ml of thiobarbituric acid reagent (15 % TCA, 0.7 % TBA,
and 0.25 N HCl) and heated at 100 °C for 15 min in a water
bath. Samples were then placed in cold and centrifuged at
1000×g for 10 min. Absorbance of the supernatant was mea-
sured at 535 nm. The data are expressed as percent of unex-
posed control.

Estimation of Catalase Levels The experimental setup for
catalase activity was quite similar to the LPO. The activity
was measured using commercially available kit for catalase
activity (catalog no. 707002; Cayman Chemicals, Ann Arbor,
MI, USA) following the protocol provided by manufacturer.
In brief, SH-SY5Y and U373-MG cells (105 cells/well) were
seeded in six culture plates and allowed to adhere for 24 h
under a 5 % CO2, 95 % atmosphere at 37 °C. Both cells were
exposed toMCP (10−5M) for 3, 6, 12, and 24 h. Following the
completion of exposure periods, the cells were collected by
centrifugation at 1000×g for 10 min at 4 °C and sonicated in
1.0 ml cold buffer (50 mM potassium phosphate, pH 7.0, con-
taining 1 mM EDTA). Then, centrifuged at 10,000×g for
15 min at 4 °C and collected the supernatant for assay. Then,
100 μl of assay buffer (supplied in the kit), 30 μl of methanol,
and 20 μl of sample were mixed in the 96-well plate. Reaction
was initiated by adding 20 μl of hydrogen peroxide (0.882M)
and incubated in shaker for 20 min at room temperature.
Reaction was stopped by adding 30 μl of potassium hydrox-
ide. Then, chromogen (30 μl) was added and incubated for
10 min followed by addition of potassium periodate (10 μl).
The plates were kept at room temperature for 5 min and read at
540 nm using multiwell microplate reader (Synergy H1
Hybrid Reader, Bio-Tek, Winooski, VT, USA).

Translocation Studies Translocation of Bax protein from cy-
tosol to mitochondria and cytochrome-c frommitochondria to
cytosol due toMCP-induced mitochondrial membrane perme-
abilization was studied by Western blotting using specific
anti-Bax (Santa Cruz, Dallas, TX, USA) and anti-
cytochrome-c primary antibodies (Cell Signalling
Technology Inc., Danvers, MA, USA). After the exposure of

Table 1 (continued)

S.
no.

Protein’s name PDB Name of ligand Binding
energy
(kcal/mol)

Inhibition
constant
(Ki)

Residues making
hydrophobic
contacts

Residues involved in
hydrogen bonding

Hydrogen
bond distance
(Å)

Leu209, Val211,
Met243

1)A:GLN285:HE22 -
:UNK1:O5

2):UNK1:H19 -
A:GLN285:OE1

Gln285, Phe288,
Trp299

Tyr306, Met323,
Leu324

His327
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cells to MCP (10−5 M) for 24 h, cells were harvested and
processed for isolation of mitochondrial and cytosolic fraction
using the protocols of Kashyap et al. [30]. The cross-
contamination of cytosolic protein in the mitochondrial frac-
tion and vice versa was also assessed by running separate blots
using antibodies specific to mitochondria and cytosolic
proteins.

Activity of Caspase-9 and Caspase-3 MCP-induced alter-
ations in the activity of caspase-9 and caspase-3 were moni-
tored using kits (catalog no. K119 and K106, BioVision,
Milpitas, CA, 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 at 500g for 5 min, and the clear supernatant
(50 μl per well) was 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) and caspase-3 were added and mixed
well. Immediately after the completion of 2 h of incubation
at 37 °C in the dark, contents were thoroughly mixed and read
for fluorescence at 400-nm excitation and 505-nm emission
wavelengths 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 were expressed as a per-
cent of control.

Genotoxicity Analysis

Micronucleus Assay MN assay was carried out using stan-
dard protocol of Srivastava et al. [41]. Briefly, SH-SY5Y and
U373-MG cells were grown on cover slips placed in eight-
well plates in DMEM/F-12 medium. The cells were exposed
to 10−5 M concentration of MCP; cells were incubated up to
43–44 h in fresh medium and blocked for cytokinesis using
cytochalasin-B (3 μg/ml). Cells were then harvested by hypo-
tonic buffer (0.075MKCl) for 5–10 min at 37 °C and fixed in
Carnoy’s fixative (methanol/acetic acid, 3:1). Finally, cells
were dropped onto 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 bi-
nucleated cells with well-defined cytoplasm in each slide was
scored for the presence of MN using a Nikon Eclipse 80i
upright microscope attached to a Nikon digital CCD cool
camera (Model DS-Ri1 of 12.7 Megapixel). Data presented
for MN are the mean of three slides.

Chromosomal Aberration Assay SH-SY5Y and U373-MG
cells were cultured in DMEM/F-12 medium in 25-cm2 flasks,
and the cells were exposed to 10−5 M concentration of MCP.
Colcemid (0.15 μg/ml final concentration) was added 4 h pri-
or to harvest the cells. After the compilation of 4 h exposure of
colcemid, the medium was aspirated and the cells were

washed with Hank’s balanced salt solution. After that, the
cells were given a hypotonic shock in potassium citrate
(0.8 %) for 30 min. Finally, cells were fixed in cold fixative
(methanol/acetic acid, 5:2 ratios). Cells were dropped on clean
slides, dried, and stained in 5%Gurr’s Giemsa. The cells were
scored for the presence of CA using a Nikon Eclipse 80i
upright microscope attached to a Nikon digital CCD cool
camera (Model DS-Ri1 of 12.7 Megapixel). Data presented
for CA are the mean of three slides.

Statistical Analysis The results are expressed as mean and
standard error of means (mean±SE) for at least three experi-
ments. One-way ANOVA followed by post hoc Dunnett’s test
was employed to detect differences between the groups of
treated and control. P<0.05 was taken to indicate significant
differences.

Results

Cytotoxicity Assessment Both neural and glial cells
responded significantly to CPA and MCP in a dose-
dependent manner. However, the variation in response be-
tween cell types was not statistically significant (Fig. 2 a–d).
Cells exposed to CPA concentrations (0.5–2 mM) were found
safe in all the exposure periods, i.e., 24–96 h.Whereas, higher
concentrations of CPA, i.e., 4 and 8 mM, caused gradual re-
duction in percent cell viability, which reaches to significant
levels at the exposure period of 48 and 96 h. Neural cells
showed 49.88±3.21 to 24.79±2.26 %, and glial cells showed
47.94 ± 4.69 to 26.96 ± 2.26 % cell viability up to 96 h
(Fig. 2a, b). There was a gradual decrease in the percent cell
viability of those cells exposed to MCP (10−7–10−5 M) for the
period 24–96 h. MCP exposure at 10−4 and 10−3 M was sig-
nificantly cytotoxic even at 24 h, and the magnitude was in-
creased with the extended exposure period, i.e., 48, 72, and
96 h (Fig. 2c, d).

Transcriptional Changes in CYPs (CYP2C8 and
CYP3A4) and Receptors (CAR and PXR) Neural cells
showed a significant gradual increase in the expression of
CYP2C8 after the exposure to CPA (2 mM) for 1, 3, 6, and
12 h, i.e., 2.76±0.08-, 4.92±0.44-, 7.48±0.0.70-, and 11.64
±1.12-fold of control, respectively. Cells also showed signif-
icant induction in the expression of CYP2C8 when they were
exposed to MCP for 6 and 12 h; however, the magnitude of
induction was comparatively lower to that of CPA exposed
cells. A preexposure of CPA for 12 h showed significant ad-
ditive effect in the expression of mRNA of CYP2C8 in the
cells exposed to MCP for 1, 3, 6, and 12 h, i.e., 13.62±1.25-,
16.84±1.55-, 21.77±1.84-, and 26.56±1.58-fold of control,
respectively. The trend of upregulation in the expression of
mRNA of CYP2C8 in glial cells was similar to that of
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neuronal cells. However, the magnitude of expression was
little bit lower than neural cells (Fig. 3a, b).

Neural cells responded significantly against cyclophospha-
mide (CPA; 2 mM) exposure for 3, 6, and 12 h by inducing
the expression levels of CYP3A4 mRNA (5.69±0.76-, 8.21
± 0.91-, and 13.94 ± 1.13-fold of control, respectively).
Preexposure of CPA (12 h) provided an additive response to
MCP-induced expressions of CYP3A4mRNA in neural cells.
The similar trend and magnitude of induction in the expres-
sion levels of CYP3A4 mRNAwas also recorded in glial cells
(Fig. 3c, d).

Unlike the transcriptional changes, the CYP regulator re-
ceptors (CAR and PXR) were significantly upregulated in
both cells in time-dependent manner after the exposure of
CPA. Preexposure of CPA (12 h) provided an additive re-
sponse to MCP-induced expressions of mRNA of CAR and
PXR in both neural and glial cells (Fig. 4a–d).

Docking Studies

In the present study, we explored the orientation and binding
affinity (in terms of docking score and binding residues) of
CPA and MCP toward the CAR and PXR, respectively

Fig. 2 Identification of noncytotoxic doses of cyclophosphamide (CPA)
and known neurotoxicant monocrotophos (MCP) in SH-SY5Y and
U373-MG cell lines. Cells were exposed to CPA (0.5–8 mM) for 24–
96 h in SH-SY5Y (a) and U373-MG cells (b) and MCP (10−7–10−3 M)

for 24–96 h in SH-SY5Y (c) and U373-MG cells (d). The percent cell
viability was assessed usingMTTassay. Values are given asmean± SE of
the data obtained from three independent experiments. *p < 0.05,
**p< 0.01 in comparison to unexposed control
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(Table 1). Autodock results showed that the binding energy of
CPA toward the CAR has high binding affinity (−5.35 kcal/
mol, Fig. 5a) as compared to the docking score of MCP with
CAR (−4.39 kcal/mol, Fig. 5b), docking score of CPA toward
the PXR also has high binding affinity (−5.32 kcal/mol,
Fig. 5d) as compared to the docking score of MCP with
PXR (−4.69 kcal/mol, Fig. 5e). After that, we analyzed the
binding affinity of MCP on already docked complex of CAR-
CPA and PXR-CPA, where we scrutinized the combine syn-
ergistic effects ofMCP and CPA on already exposed CAR and
PXR receptors. The binding energy of MCP amplified toward
the already exposed CARwith CPA from −4.39 to −5.34 kcal/
mol (Fig. 5c). On other hand, MCP binding energy improved
from −4.69 to −5.47 kcal/mol in case of PXR-CPA dock com-
plex (Fig. 5f).

Estimation of ROS Levels The results of MCP (10−5 M)
induced ROS generation are summarized in Fig. 6a. Cells
showed significant (p<0.01) responsiveness against MCP at
each time point. The neural cells showed 119.71 ± 3.76,
135.42±4.77, 161.21±2.47, and 183.34±6.11, and glial cells
showed 113.89 ± 3.10, 127.63 ± 5.27, 153.26 ± 4.28, and
179.14±6.48 at 3, 6, 12, and 24 h, respectively, in comparison
to control.

Estimation of LPO Levels Results of MCP-induced lipid
peroxidation in neural and glial cells is presented in Fig. 6b.
A time-dependent significant induction in LPO was observed
forMCP (10−5M) exposure, i.e., 103.49±3.01, 115.61±5.58,
129.77±3.59, and 167.13±4.86 % in neural cells and 105.76
±2.55, 113.56±4.23, 127.81±3.41, and 159.36±4.69 % in

Fig. 3 Real-time PCR analysis for transcriptional changes in CYP2C8
and CYP3A4 genes in SH-SY5Y and U373-MG cells. Fold changes in
altered mRNA expression of CYP2C8 in SH-SY5Y (a) and U373-MG
cells (b) following the exposure of CPA (1–12 h), MCP (1–12 h), and
CPA (12 h) then MCP (1–12 h) groups. Fold changes in altered mRNA
expression of CYP3A4 in SH-SY5Y (c) and U373-MG cells (d)
following the exposure of CPA (1–12 h), MCP (1–12 h), and CPA

(12 h) then MCP (1–12 h) groups. β-Actin was used as endogenous
control to normalize the data and xenobiotic exposure induced
alterations in transcripts are expressed in fold changes (mean ± SE)
compared with unexposed controls. *p < 0.05 and **p < 0.01 in
comparison to respective unexposed controls, while #p < 0.05 and
##p< 0.01 in comparison to CPA (12 h) exposure, respectively
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glial cells at 3, 6, 12, and 24 h, respectively, in comparison to
control.

Estimation of GSH Levels Both the neural and glial cells
exposed to MCP (10−5 M) were found to deplete the levels
of GSH significantly at all the time points. The neural cells
showed 93.36±4.47, 77.41±3.16, 56.73±4.74, and 34.96
± 3.73 %, and the glial cells showed 95.23 ± 7.03, 83.18
± 4.89, 64.49 ± 3.05, and 47.69 ± 2.22 % at 3, 6, 12, and
24 h, respectively, in comparison to control (Fig. 6c).

Estimation of Catalase Levels Significant reduction in the
activity of catalase was observed at 10−5 M concentration of
MCP, which was maximum at 24 h (37.29±2.53 % in neural
cells and 41.88 ± 5.38 % in glial cells) followed by 12 h
(61.31±3.67 % in neural cells and 67.35±4.51 % in glial
cells) and minimum at 3 h (96.22±4.42 % in neural cells

and 98.16±3.53 % in glial cells) in the MCP-exposed cells
(Fig. 6d).

Transcriptional Changes in Apoptotic Genes Apoptotic
studies have been carried out in both neural and glial cells
after the exposure of MCP (10−5 M). The significant upregu-
lation of proapoptotic genes bax, p53, caspase-3, and caspase-
9 and downregulation of antiapoptotic gene bcl2 have been
recorded after the exposure of MCP in both cell types. The
neural cells showed the upregulation of bax (1.55±0.08, 2.18
±0.13, 2.95±0.10, and 3.74±0.16), p53 (1.84±0.08, 2.61
±0.14, 4.25±0.18, and 5.37±0.23), caspase-3 (1.69±0.12,
2.57 ± 0.08, 4.28 ± 0.27, and 6.72 ± 0.20), and caspase-9
(1.97±0.10, 4.19±0.15, 7.45±0.18, and 9.28±0.21), as well
as the downregulation of bcl2 (0.91±0.06, 0.83±0.03, 0.61
±0.03, and 0.47±0.02) at the exposure periods of 3, 6, 12, and
24 h, respectively, after the exposure ofMCP. The trends were

Fig. 4 Real-time PCR analysis for transcriptional changes in CAR and
PXR receptor genes in SH-SY5Y and U373-MG cells. Fold changes in
altered mRNA expression of CAR in SH-SY5Y (a) and U373-MG cells
(b) following the exposure of CPA (1–12 h), MCP (1–12 h), and CPA
(12 h) then MCP (1–12 h) groups. Fold changes in altered mRNA
expression of PXR in SH-SY5Y (c) and U373-MG cells (d) following
the exposure of CPA (1–12 h), MCP (1–12 h), and CPA (12 h) thenMCP

(1–12 h) groups. β-Actin was used as endogenous control to normalize
the data and xenobiotic exposure induced alterations in transcripts are
expressed in fold changes (mean ± SE) compared with unexposed
controls. *p < 0.05 and **p < 0.01 in comparison to respective
unexposed controls, while #p < 0.05 and ##p < 0.01 in comparison to
CPA (12 h) exposure, respectively
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similar in the expression of bax, p53, caspase-3, caspase-9,
and bcl2 in glial cells after the exposure of MCP at the same
time points (Fig. 7 a–e).

Translational Changes in Apoptotic Genes The translation-
al studies were carried out using Western blot analysis and
have shown similar trends of expression of apoptotic genes
as to that of transcription levels. Apoptotic studies have been
carried out in both neural and glial cells after the exposure of
MCP (10−5 M). The significant upregulation of proapoptotic
genes bax, caspase-3, and p53 and downregulation of
antiapoptotic gene bcl2 have been also recorded through
Western blot after the exposure of MCP in both cell types.
The neural cells showed the upregulation of bax (1.17
±0.07, 1.25±0.10, 1.63±0.14, and 1.99±0.09), p53 (1.06
±0.03, 1.46±0.06, 1.88±0.09, and 2.33±0.12), caspase-3
(1.38 ± 0.11, 2.02 ± 0.13, 2.67 ± 0.16, and 2.84 ± 0.07), and
caspase-9 (1.96 ± 0.12, 2.67 ± 0.13, 3.31 ± 0.16, and 3.37
±0.20) as well as the downregulation of bcl2 (0.93±0.06,
0.79±0.08, 0.40±0.05, and 0.37±0.03) at the exposure pe-
riods of 3, 6, 12, and 24 h, respectively, after the exposure of
MCP (Fig. 8a). The trends were similar in the expression of
bax, p53, caspase-3, caspase-9, and bcl2 in glial cells after the
exposure of MCP (10−5 M) at the same time points (Fig. 8b).

Translocation of Bax and Cytochrome-c The involvement
of mitochondria-mediated apoptotic pathways in SH-SY5Y
and U373-MG cells exposed toMCP (10−5 M) was confirmed
by the translocation of Bax protein from cytosol to mitochon-
dria and cytochrome-c protein from mitochondria to

cytoplasm using Western blot analysis. There was a signifi-
cantly higher translocation of proteins between mitochondria
and cytoplasm in cells exposed to MCP. The high purity of
both cytosolic and mitochondrial fractions could be
ascertained as there was no cross-contamination of the cytosol
and mitochondria-specific proteins (Fig. 9a, b).

Activity of Caspase-9 and Caspase-3 Highlights of MCP-
induced alterations in the activity of caspase-9 and caspase-3
are shown in Fig. 10a, b, respectively. The activity of caspase-
9 increased with increasing the exposure periods, i.e., 6, 12,
and 24 h at 10−5 M concentration of MCP. Interestingly, max-
imum induction in the activity of caspase-9 was recorded at
24 h of exposure, i.e., 156±2.89 and 147±1.73 % in neural
and glial cells, respectively (Fig. 10a). Caspase-3 activity was
also found to be induced under the influence ofMCP exposure
in a time-dependent manner. However, maximum increase in
activity of caspase-3 was recorded at 24 h of exposure ofMCP
followed by 3, 6, and 12 h, respectively (Fig. 10b). The in-
crease in the activity of both caspase-9 and caspase-3 was
statistically significant (p<0.01) when compared with unex-
posed control.

MN Assay MN assay was carried out to assess the accumu-
lation of genetic damage in the cells. The cells were grown in
DMEM/F-12 medium alone served as basal control and the
other set of cells exposed to 10−5 M concentration of MCP for
different time periods were considered as treatment groups.
The increase in the MN frequency was observed as compared
to the growing of the cells in normal medium. We observed a

Fig. 5 Crystal structure of receptors with docked ligands. a
Cocrys ta l l ized s t ruc ture of CAR and docked compound
cyclophosphamide. b Cocrystallized structure of CAR and docked
compound monocrotophos. c Cocrystallized structure of CAR and
docked compound cyclophosphamide and monocrotophos. d

Cocrys ta l l i zed s t ruc ture of PXR and docked compound
cyclophosphamide. e Cocrystallized structure of PXR and docked
compound monocrotophos. f Cocrystallized structure of PXR and
docked compound cyclophosphamide and monocrotophos
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significant increase in the induction of MN following the ex-
posure of cells to 10−5 M ofMCP. SH-SY5Y cells were show-
ing 12±1.15, 17±2.31, and 23±3.46MN/1000 cells at 6, 12,
and 24 h, respectively. Whereas, the U737-MG cells showed
8±1.73, 13±1.73, and 19±2.89 MN/1000 cells for all time
periods, i.e., 6–24 h (Fig. 11a).

CAAssay The trends were similar as that to MN assay in both
neural and glial cells. The most common aberrations were
found of chromatid gaps and break type, followed by 10−5 M
concentration ofMCP. The induction of CA in SH-SY5Y cells
was 9±1.15, 15±2.31, and 24±1.73 whereas in U373-MG
cells 6±1.73, 12±1.15, and 21±2.31 aberrations/100 in cells
exposed to 10−5 M for 6, 12, and 24 h, respectively (Fig. 11b).

Discussion

The P450s have a critical role in the activation and deactiva-
tion of many toxic foreign chemicals, drugs, pesticides, and

other potentially toxic environmental compounds, as well as
in the metabolism of cholesterol, bile acids, steroids, arachi-
donic acid, eicosanoids, vitamin D3, and retinoic acid. The
presence of these proteins in both the brain and the blood-
brain barrier (BBB) could be important for the production of
biologically active compounds from centrally active drugs and
environmental toxicants that cross the BBB. The endogenous
substrates and the relative expression of specific forms of cy-
tochrome P450 in specific areas of the brain are important to
understand the effect of toxic substances in the brain [42].
Instead, CYPs appear to have specific functions in brain,
e.g., regulation of the levels of endogenous GABAA receptor
agonist’s maintenance of brain cholesterol homeostasis and
elimination of retinoids. The novel CYPs which catalyze these
reactions have recently been characterized. They are abun-
dantly expressed in the brain confirming what has been pre-
viously found, i.e., that the major hepatic, adrenal, and gonad-
al CYP isozymes contribute very little to the overall content of
CYP in brain. Induction of these P450s by neuroactive drugs
can alter steroid hormone signaling directly in drug target

Fig. 6 Oxidative stress study in SH-SY5Yand U373-MG cells. Percent
change in ROS generation (a), change in levels of lipid peroxidation (b),
GSH activity (c), and catalase activity (d) after the exposure of 10−5 M
concentration of MCP for 3, 6, 12, and 24 h time periods assessed by

microplate reader. Data represented are mean ± SE of three identical
experiments made in three replicates. *p < 0.05 and **p < 0.01 in
comparison to respective unexposed controls
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cells, which may cause clinically relevant side effects like
reproductive disorders and sexual or mental dysfunction.

Neural and glial cells showed the expression and inducibil-
ity of CYP2C8 and CYP3A4 after the exposure of CPA and
MCP. CPA induces significant expression of CYP2C8 and
CYP3A4 but MCP alters the expression of CYP2C8 and
CYP3A4 which could be indicative of their metabolism in
these cells. Even though the magnitude of induction was not
as high as we observed after the exposure of CPA, it reached to
significant levels when the cells were exposed to a longer
period of time. The expression of CYP2C8 increases as the

time period is increased, and it reached a maximum level at
12 h after the exposure of CPA in SH-SY5Y and U373-MG
cells. In the brain, CYP2C8 mRNA is expressed at a higher
level than other CYP2C mRNAs, and CYP2C8 mRNA is
expressed at higher levels in brain than any other extra hepatic
tissues tested. Low levels of CYP2C9 and 2C19mRNAs were
reported in the whole brain [43], where these enzymes could
be implicated in the local metabolism of psychoactive drugs
and xenobiotics as well as possibly in the regulation of the
cerebral blood flow through production of EETs. mRNAs of
CYP2C subfamily members such as CYP2C8 and 2C9 have

Fig. 7 Real-time PCR analysis
for transcriptional changes in
apoptotic genes in SH-SY5Yand
U373-MG cells. Fold changes in
altered mRNA expression of
apoptotic genes in SH-SY5Yand
U373-MG cells following the
exposure of MCP (3–24 h). β-
Actin was used as endogenous
control to normalize the data and
MCP induced alterations in
transcripts are expressed in fold
changes (mean ± SE) compared
with unexposed controls.
*p< 0.05 and **p < 0.01 in
comparison to respective
unexposed controls
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also been identified in human astrocytoma cells [44]. Cocaine
treatment reduced mRNAs or proteins of CYP2C8 and 2C9 in
human U373-MG astrocytoma cells, along with a simulta-
neous downregulation of CAR and GR, two nuclear receptors
which could be involved in this reduction [44]. All three
expressed CYP2C enzymes are inducible by ligands of the
PXR/CAR, glucocorticoid (GR), and vitamin D (VDR) nucle-
ar receptor pathways through different response elements in
their 5′-flanking regions [45]. Our real-time data also showed
a significant increase in the expression of CAR and PXR after
the exposure of CPA. However, the genes show different rel-
ative inducibility, CYP2C8 is the most strongly inducible
member, e.g., by statins [46]. Although distal PXR/CAR bind-
ing sites have been identified but the precise reason for the

high inducibility of CYP2C8 has not been elucidated.
CYP2C8, an arachidonic acid epoxygenase [47], may have
an endogenous function in the brain and regulates the modu-
lation of cerebral vascular tone and blood flow in brain
microvessels [48].

Both the SH-SY5Yand U373-MG cells showed significant
expression of CYP3A4 after the exposure of CPA but MCP
alone again failed to induce the significant expression of
CYP3A4. MCP-induced alteration in the expression of
CYPs showing additive responses in both neural and glial
cells receiving a preexposure (12 h) of CPA. Such additive
effects of MCP to the expression of CYPs studied in
presensitized cells indicate the involvement of these CYPs in
the metabolism of MCP. The findings also indicate that

Fig. 8 Western blot analysis for
MCP induced translational
changes in apoptotic gene
proteins in SH-SY5Yand U373-
MG cells. aWestern blot analysis
of expression of apoptotic gene
proteins in SH-SY5Y cells
following the exposure of MCP
(3–24 h). b Western blot analysis
of expression of apoptotic gene
proteins in U373-MG cells
following the exposure of MCP
(3–24 h). The values obtained in
unexposed cells were considered
basal, i.e., relative quantification
in expression at different point of
various exposures was done
comparing the values of
unexposed controls. β-Actin was
used as endogenous control to
normalize the data

Fig. 9 Translocation study of
cytoplasmic Bax protein to
mitochondria and mitochondrial
cytochrome-c protein to
cytoplasm in SH-SY5Yand
U373-MG cells: translocation of
cytoplasmic Bax protein to
mitochondria and mitochondrial
cytochrome-c protein to
cytoplasm in SH-SY5Y (a) and
U373-MG (b) cells following the
exposure of 10−5 M concentration
of MCP for 24 h. Lane 1,
untreated control, and lane 2, cells
exposed to 10−5 M of MCP.
TOM20 and β-actin were used to
assess the purity of proteins
isolated from mitochondria and
cytoplasm, respectively
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nonsensitized cells did not have enough triggering signals to
induce the expression like primary cultures of rat brain neural
and glial cells [49] and in PC12 cells [31]. CYP3A4 also plays
an important role in the metabolism of several endogenous
substances, including testosterone, progesterone, androstene-
dione, and bile acids [50, 51]. CYP3A4 is the only human
drug-metabolizing P450 that shows a significant sex differ-
ence; for instance women approximately express 1.5- to 2-
fold more CYP3A4 than men do [52, 53]. The mechanism(s)
behind the sex differences in expression is presumably tran-
scriptional in nature and they may be related to the sex differ-
ences in plasma growth hormone profiles [54].

The minimum expression of CYP3A4 in astrocytes and
limited drug metabolism capacity of glial cells have been

reported by Ghosh et al. [55] in human epileptic brain. This
is in agreement with the study of Meyer et al. [7] showing that
CYP3A4 is not expressed by glial cells, whereas other
isoforms (e.g., CYP1A1, CYP2C) are present. They have
shown glial expression of CYP3A4 only in a cavernous
angiomas specimen whereas Gervasini et al. [14] had
reported the expression of CYP3A4 in cultured brain tumor
cells of astrocytic origin (glioblastoma or astrocytomas). The
region- and cell-specific expression of CYPs in the brain may
provide some insight into their functional significance and
metabolic roles. For example, the high expression of
CYP2B6 at the blood-brain interface may help to regulate
the penetration of drugs and toxins into the brain [7]. Ghosh
et al. [55] supports the expression of CYP3A4 at the BBB

Fig. 10 Induction in the activity of caspase-9 and caspase-3 in SH-SY5Y
and U373-MG cells. a Induction in the activity of caspase-9 in SH-SY5Y
and U373-MG cells exposed to MCP (10−5 M) for different time periods.
*p < 0.05; **p < 0.01. b Induction in the activity of caspase-3 in SH-

SY5Y and U373-MG cells exposed to MCP (10−5 M) for different time
periods. Cells exposed with camptothecin (1μg/mL) for 24 h as a positive
control. *p < 0.05; **p < 0.01

Fig. 11 Genotoxicity/biosafety assessment of MCP (10−5 M) in SH-
SY5Y and U373-MG cells. Micronuclei (MN) induction in SH-SY5Y
and U373-MG cells exposed to 10−5 M concentration of MCP for
different time periods (a). Micronuclei were calculated by scoring a
minimum of 1000 cells. Chromosomal aberration (CA) in SH-SY5Y

and U373-MG cells exposed to 10−5 M concentration of MCP for
different time periods (b). Values are given as mean± standard error of
the data obtained from three independent experiments and each
experiment contained at least three replicates. *p < 0.05, significant
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endothelial and neuronal cells of drug-resistant epileptic sub-
jects. CYP3A4, along with MDR1, may affect the brain bio-
transformation of drugs and be involved in mechanism of cell
survival in the diseased brain.

CYP3A4 oxidizes a broad spectrum of antiepileptic drugs
(AEDs), allowing for detoxification/elimination processes.
This clearance process is potentially relevant since AEDs
may cause an excess of undesirable and sometimes permanent
neurologic effects including dyskinesia, myoclonus, and
tremor [56, 57]. The upstream factor PXR has also been
reported to play an important role in protection against DNA
damage [58]. The PXR activation induces cerebellar CYP
expression, thereby attenuating neural injury [59]. This
suggests that a pharmacologic induction of CYP3A4 in
brain cells may have a profound effect on neural survival.
On the other hand, the coadministration of any CYP
inhibitors may aggravate AED neurotoxicity. One report
indicates that the administration of a CYP3A4 inhibitor
(e.g., ritonavir and efavirenz) resulted in increased CBZ-
induced ataxia in patients [60].

Monocrotophos is one of the most widely used OP pesti-
cides throughout the world. It is classified as extremely haz-
ardous pesticide in India. The effect of MCP on cellular DNA
and its potential to generate oxidative stress was examined in
neural and glial cells. In the present investigations, the MCP-
induced increase in expression levels of CYP2C8 and
CYP3A4 that were not as high as those levels induced by
CPA. MCP is documented as a potent developmental
neurotoxicant which inhibits acetylcholine mediated neuro-
transmission in the brain [61]. Because of high lipid contents,
brain cells are highly vulnerable to xenobiotics-induced oxi-
dative stress prominent to high oxygen consumption and low
levels of glutathione content [62, 63]. Oxygen free radicals
and hydroperoxides collectively termed as ROS cause oxida-
tive damage to biological membranes and macromolecules
[64]. Oxidative stress induced byOP intoxication is associated
with elevated lipid peroxidation and decreased antioxidant
defense [61].

ROS generation is considered to be one of the strategic
signals for oxidative stress-induced apoptosis [65]. In this
study, significant (p<0.01) generation of ROS, LPO, and
increased ratio of GSH were observed in both neural and
glial cells exposed to selected dose of MCP. Reduced gluta-
thione is the principal antioxidant molecule in scavenging
and detoxification of free radicals and preventing oxidative
damage [66]. Oxidative damage is also suppressed by the
activities of key antioxidant enzymes especially SOD, glu-
tathione peroxidase, and catalase. The generation of ROS
has been reported to decrease the GSH and enhance the
LPO production, which leads to apoptosis in a variety of
cells such as astrocytes [67], PC12 cells [68, 69], and tissues
of rat brain [70, 71]. Organochlorine pesticides are also
reported to induce ROS generation, which subsequently

leads to apoptosis and cell death in mice [72], blood
mononuclear cells [73], and mouse macrophage cell lines
[74]. Thus, ROS generation in the present study may be a
mediator for MCP-induced apoptosis in neural and glial
cells. Organophosphates pesticides including paraoxon,
parathion, PSP, TOTP, and TPPi induced apoptosis that is
associated with nuclear condensation, budding, caspase-3
activation, and DNA fragmentations in SHY-SY-5Y, a
human neuroblastoma cell line [75]. We observed that
MCP significantly upregulated in the expression of
caspase-3, caspase-9, Bax, p53, and downregulated Bcl2.
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 [76, 77].

MCP has been widely investigated for its genotoxic and
mutagenic potential. MN formation is an indication of
fragmentation in chromosomes and that fragment is not
incorporated into daughter nuclei during mitosis. Although
CA is referred as a missing, extra, or an irregular portion of
chromosomal deoxyribonucleic acid, this is not integrated into
daughter nuclei. Xenobiotic exposures have been
demonstrated to form an atypical number of chromosomes
or a structural abnormality in one or more chromosomes due
to MN and/or CA. Our findings revealed that the 10−5 M
concentration of MCP significantly induces the MN and CA
in both the neural and glial cells. It is also reported that MCP
induces lethal mutations in male germ-line cells and somatic
cells of Drosophila melanogaster [78]. The genotoxicity and
mutagenicity tests of MCP were positive when they were
evaluated by in vivo test system employing micronucleus
bioassay in chicken, using the chromosome aberration (CA)
assay in bone marrow cells, and the micronucleus test in both
bone marrow and peripheral blood erythrocytes (Ames test
and Salmonella lactam test) [79, 80]. Zahran et al. [81]
reported high incidence of structural and numerical
chromosomal aberrations in somatic and germ cells of male
as well as liver and embryos of pregnant mice. The mitotic
indexes, content of protein, RNA, DNA, and cholinesterase
activity were reduced while an increase in the activity of
gamma glutamyl transferase was observed following MCP
exposure in mice.

We can conclude that the constitutive expression of
CYP2C8 and CYP3A4 in cultured human neural
(SH-SY5Y) and glial (U373-MG) may possibly be associated
with the endogenous physiology of the brain. The responsive-
ness of both cell types against MCP exposure was enhanced
due to a presensitization with CPA. In silico studies have sug-
gested that binding energy of CPA toward the CAR is more
than MCP with CAR. In the same way, the binding energy of
CPA toward CAR is more thanMCPwith PXR. However, the
binding affinity of MCP on already docked complex of
CAR-CPA and PXR-CPA, where we scrutinized the combine
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additive effects of MCP and CPA on already exposed CAR
and PXR receptors. Understanding the functional significance
of brain CYPs may be valuable in developing more effective
approaches to treat and prevent CNS diseases. However, the
application of brain CYP metabolism to improve health care
and drug development requires advancement in key areas.
First, the molecular mechanisms regulating the region- and
cell-specific expression of CYPs in the brain, and the impact
of inducers and inhibitors should be better understood.
Second, the impact of various brain CYP isoforms on drug/
toxin sensitivity and response needs further investigation.
Exposure of MCP causes increase in ROS which initiates
oxidative damage. The increased ROS levels upregulate p53
and diminish Bcl2 protein, leading to a deteriorated ratio of
Bcl-2/Bax. The alteration in Bcl2/Bax ratio results in the re-
lease of cytochrome-c. Finally, the release of cytochrome-c
activates caspase-9 and subsequently triggers the caspase-3
cascade leading to apoptosis in U373-MG and SH-SY5Y cells
(Fig. 12).
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