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Abstract
Oxidative stress is widely recognized as a key mediator of degenerative processes in Parkinson’s
disease (PD). Recently, we demonstrated that the dopaminergic toxin MPP+ initiates oxidative stress
to cause caspase-3-dependent apoptotic cell death in mesencephalic dopaminergic neuronal (N27)
cells. In this study, we determined the source of reactive oxygen species (ROS) produced during
MPP+-induced apoptotic cell death. In addition to mitochondria, plasma membrane NADPH oxidase
is considered a major producer of ROS inside the cell. Here, we show that N27 cells express key
NADPH oxidase subunits gp91phox and p67phox. We used structurally diverse NADPH oxidase
inhibitors, aminoethyl-benzenesulfonylfluoride (AEBSF, 100-1000 μM), apocynin (100-1000 μM),
and diphenylene iodonium (DPI, 3-30 μM), to inhibit intrinsic NADPH oxidase activity in N27 cells.
Flow cytometric analysis using the ROS-sensitive dye hydroethidine revealed that AEBSF blocked
300 μM MPP+-induced ROS production for over 45 min in N27 cells, in a dose-dependent manner.
Further treatment with DPI, apocynin, and SOD also blocked MPP+-induced ROS production. In
Sytox cell death assays, co-treatment with AEBSF, apocynin, or DPI for 24 hr significantly
suppressed MPP+-induced cytotoxic cell death. Similarly, co-treatment with these inhibitors also
significantly attenuated MPP+-induced increases in caspase-3 enzymatic activity. Furthermore,
quantitative DNA fragmentation ELISA assays revealed that AEBSF, DPI, and apocynin rescue N27
cells from MPP+-induced apoptotic cell death. Together, these results indicate for the first time that
intracellular ROS generated by NAPDH oxidase are present within the mesencephalic neuronal cells,
and are a key determinant of MPP+-mediated dopaminergic degeneration in in vitro models of
dopaminergic degeneration. This study supports a critical role of NADPH oxidase in the oxidative
damage in PD; targeting this enzyme may lead to novel therapies for PD.
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1. Introduction
Parkinson’s disease (PD) is a common neurodegenerative disorder characterized by
progressive motor dysfunction and variable cognitive impairment (Schapira, 1997; Sherer et
al., 2001; Schulz and Falkenburger, 2004; Gandhi and Wood, 2005; Przedborski, 2005). Its
key neuropathological features are the loss of substantia nigra pars compacta dopaminergic
neurons and loss of striatal dopamine content, which together lead to bradykinesia, tremors,
and postural instability in PD (Schapira, 1997; Sherer et al., 2001; Schulz and Falkenburger,
2004; Gandhi and Wood, 2005; Przedborski, 2005). Recent studies have demonstrated
oxidative stress as the major initiator of apoptotic cell death in several neurodegenerative
disorders, including PD (Zigmond et al., 2002; Dawson and Dawson, 2003; Di Monte, 2003;
Jenner, 2003; Kanthasamy et al., 2003; Thiruchelvam et al., 2003; Greenamyre and Hastings,
2004; Maguire-Zeiss et al., 2005; Przedborski and Ischiropoulos, 2005; McCormack et al.,
2006). The potent dopaminergic toxin MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydro- -
pyridine) causes an irreversible PD-like syndrome in humans, non-human primates, and in
animals, and reproduces most of the neurochemical and pathological hallmarks, including the
substantial degeneration of dopaminergic neurons; consequently, MPTP has been used
extensively in experimental PD models (Dauer and Przedborski, 2003; Hirsch et al., 2003b;
Przedborski et al., 2004; Bove et al., 2005; Smeyne and Jackson-Lewis, 2005; Watanabe et al.,
2005).

Several studies have implicated oxidative stress in the pathogenesis of PD. Reactive oxygen
species (ROS) generated from mitochondrial and/or extra-mitochondrial sources appear to be
the main contributor of oxidative stress-mediated neurodegeneration in PD models (Koutsilieri
et al., 2002; Tikka et al., 2002; Beal, 2003; Ischiropoulos and Beckman, 2003; Jenner, 2003;
Kanthasamy et al., 2003; Greenamyre and Hastings, 2004; Love, 2004; Przedborski and
Ischiropoulos, 2005). One of the well-recognized pathways responsible for generation of
oxidative radicals is mitochondrial toxicity induced by accumulation of MPP+ in the inner
mitochondrial membrane, and the subsequent disruption of complex I in the electron transport
chain (Cassarino et al., 1999; Fiskum et al., 2003; Kalivendi et al., 2003). Studies have also
shown auto-oxidation of the neurotransmitter dopamine (Obata, 2002; Sidhu et al., 2004) or
the interaction of MPP+ with iron stores within the pigmented substantia nigra cells as possible
sources of oxidative stress (Andersen, 2004; Mandel et al., 2004; Youdim et al., 2004; Mancuso
et al., 2007).

Recently, inflammation has also been suggested to contribute to the pathogenesis of PD (Beal,
2003; Hald and Lotharius, 2005; Sawada et al., 2006; Wersinger and Sidhu, 2006). ROS are
among the inflammatory mediators capable of promoting neurodegeneration, which are
derived from activation of microglial NADPH oxidase (Serrano et al., 2003; Infanger et al.,
2006; Sawada et al., 2006; Ushio-Fukai, 2006). NADPH oxidase is a multisubunit enzyme that
catalyzes the reduction of molecular oxygen to form superoxide radicals, and is composed of
gp91phox, p22phox, p47phox, p67phox, and p40phox subunits. Under basal conditions, the
p47phox, p67phox, and p40phox subunits are present in the cystosol as a complex, and are
separated from the transmembrane gp91phox and p22phox subunits (Serrano et al., 2003;
Infanger et al., 2006; Sawada et al., 2006; Ushio-Fukai, 2006). Upon activation, the p47phox

subunit gets phosphorylated, and translocates to the membrane as a complex to assemble with
gp91phox and p22phox to form an active NADPH oxidase capable of reducing oxygen to a
superoxide radical(O2

-) to generate microglial and/or extra-mitochondrial-derived ROS
(Serrano et al., 2003; Infanger et al., 2006; Sawada et al., 2006; Ushio-Fukai, 2006).

NADPH oxidase is ubiquitously expressed in a wide variety of cells and organ systems,
including brain regions such as hippocampus, cortex, striatum, thalamus, and amygdala
(Serrano et al., 2003; Geiszt, 2006; Infanger et al., 2006; Takeya and Sumimoto, 2006).
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Immunohistochemistry studies have identified NADPH oxidase subunits in different brain
regions and in different cell types including neurons, astrocytes, and microglial cells (Sun et
al., 2007). Several non-neuronal, neuronal, and glial cell lines including PC12 (Ibi et al.,
2006), SH-SY5Y (Nikolova et al., 2005), GT1-7 (Schneider et al., 2003), IC11 (Schneider et
al., 2003), Neuro2A (Reis et al., 2006), and BV-2 (Reis et al., 2006) have also been shown to
express various NADPH oxidase subunit proteins.

We recently established that N27 cells are a superior cell culture model for studying
dopaminergic neurodegeneration, compared to PC12 and SH-SY5Y cells, because N27 cells
are derived from the mesencephalon, a brain region directly affected by Parkinson’s disease,
and they represent a homogenous population of tyrosine hydroxylase-positive cells with
functional characteristics resembling dopaminergic neurons (Anantharam et al., 2002; Kaul et
al., 2003; Yang et al., 2004; Kaul et al., 2005b; Kanthasamy et al., 2006; Sun et al., 2006). We
showed that MPP+ treatment in N27 cells induces acute generation of ROS in a time- and dose-
dependent manner (Kaul et al., 2003; Kaul et al., 2005a), and that ROS generation precedes
changes in mitochondrial membrane potential or cytochrome C release. Using pharmacological
inhibitors, herein we determined whether NADPH oxidase is an upstream source of reactive
oxygen species that might be involved in propagating MPP+-induced apoptotic cell death of
N27 cells.

2. Materials and methods
2.1. Chemicals

MPP+ (1-methyl-4-phenylpyridinium), superoxide dismutase, DPI, AEBSF, apocynin,and β-
Actin antibody (mouse monoclonal) were purchased from Sigma-Aldrich (St. Louis, MO); Ac-
DEVD-AFC (Acetyl-Leu-Glu-His-Asp-7-amino-4-fluorocoumarin) was obtained from MP
Biomedicals (Livermore, CA). NADPH oxidase antibodies against gp91phox and p67phox were
purchased from Santacruz labs (Santa Cruz, CA). ECL chemiluminescence kit was purchased
from Amersham Pharmacia Biotech (Piscataway, NJ). RPMI-1640, fetal bovine serum, L-
glutamine, penicillin and streptomycin, dihydroethidine (DhEt) and Sytox were purchased
from Invitrogen/Molecular Probes (Eugene, OR). Cell Death Detection ELISA Plus Assay Kit
was purchased from Roche Molecular Biochemicals (Indianapolis, IN). Bradford protein assay
kit was purchased from Bio-Rad Laboratories (Hercules, CA).

2.2. Cell Cultures
The immortalized rat mesencephalic dopaminergic neuronal cells (N27) were grown in RPMI
1640 medium supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 50 units
penicillin, and 50 μg/ml Cell cultures were maintained in a humidified atmosphere of 5%
CO2 at 37°C, as previously described (Kaul et al., 2003).

2.3. Treatment Paradigm
N27 cells were exposed to 300 μM MPP+ in the presence or absence of AEBSF (100-1000
μM), apocynin (100-1000 μM), and DPI (3-30 μM) for up to 24 hrs. For ROS and cytotoxicity
measurements, untreated and treated N27 cells were directly used for measurements. For
caspase-3 and DNA fragmentation assays, cells were harvested and lysed, and lysates were
used for measurements. For Western blots, membrane and cytosolic fractions were obtained
from cell lysates as described previously (Anantharam et al., 2002). Protein concentration was
determined by the Bradford protein assay.
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2.4. Measurement of ROS Generation
Flow cytometry analysis was performed using a Becton Dickenson FACScan™ flow cytometer
(Becton Dickenson, San Francisco, CA) with a ROS-sensitive dye, hydroethidine, as described
previously (Kaul et al., 2003; Kaul et al., 2005a). Briefly, N27 cells were re-suspended with
Earle’s balanced salt solution (EBSS) with 2 mM calcium, then incubated with 10 μM
hydroethidine for 15 min at 37°C in the dark, and then exposed to 300 μM MPP+, in the presence
or absence of either AEBSF (100-1000 μM), apocynin (300 μM), DPI (10 μM), or SOD (100
units). Next, ROS generation was measured over 45 min. All the flow cytometric data were
analyzed by Cellquest™ data analysis software (Becton Dickenson, San Francisco, CA) to
determine significant increases in fluorescence intensity, indicating increases in ROS
generation.

2.5. Cytotoxicity Assay with Sytox Green
Cytotoxicity measurements were performed using Sytox green assay, as described previously
(Latchoumycandane et al., 2005). Membrane-impermeable DNA dye Sytox green readily
enters dying cells, resulting in increased fluorescence. The intensity of fluorescence is directly
proportional to the amount of dead cells. After growing N27 cells in 24-well plates for 24 hr,
cells were immediately exposed to 300 μM MPP+ in the presence of NADPH oxidase inhibitors
(100-1000 μM AEBSF, 100-1000 μM apocynin and 3-30 μM DPI) in a 1 μM Sytox-containing
growth media. After 24 hr, cytotoxic cell death was quantified by measuring DNA-bound Sytox
green using a Gemini fluorescence microplate reader (Ex 485 nm and Em 538 nm) (Molecular
Devices Corporation). Fluorescent images of Sytox-positive cells were taken after 24 hr
exposure with a NIKON TE2000 microscope, and pictures were captured with a SPOT digital
camera.

2.6. Caspase Enzymatic Activity Assay
Assessment of caspase activation was conducted as described previously (Kaul et al., 2003)
using Ac-DEVD-AFC as the substrate for the enzymatic activity assay. The caspase-3-cleaved
product was measured using a fluorescence plate reader (Ex 400 nm and Em 505 nm). Bradford
protein assay was used for determination of protein concentration.

2.7. Western Blot Analysis
Western blot analysis was performed as described previously (Anantharam et al., 2002). Cells
were collected and washed once with ice-cold PBS before lysis with buffer (protease inhibitors
and 0.5% Triton X-100 in PBS). The membrane and cytosolic fractions containing equal
amounts of protein were resolved on 10% SDS-PAGE and transferred onto nitrocellulose
membrane. A standard Western blot procedure was followed for immunoblot with either
polyclonal antibodies directed against gp91phox or p67phox NADPH oxidase subunits followed
by treatment with HRP-conjugated secondary anti-rabbit antibody, and then ECL detection.
The nitrocellulose membrane blots were also reprobed with monoclonal β-actin antibody to
confirm equal protein loading.

2.8. DNA Fragmentation Assay
Cell Death Detection ELISA Plus Assay Kit (Roche Molecular Biochemicals, Indianapolis,
IN) was used for analysis of DNA fragmentation by quantification of histone-associated low
molecular weight DNA in the cytoplasm of cells (Anantharam et al., 2002). Briefly, cell pellets
were lysed and subjected to centrifugation, and then the supernatants were incubated with the
HRP-conjugated antibody-recognizing histones. Bound HRP-conjugates were assessed
colorimetrically with ABTS as substrate at 405 nM using a plate reader (Spectramax, Molecular
Devices). The optical density at 490 nm was used as a blank. The data were normalized to
protein concentration.
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2.9. Data Analysis
All data analysis was performed with Prism 4.0 software (GraphPad software, San Diego).
One-way ANOVA was used for multiple comparisons. A significant difference was accepted
if p<0.05.

3. Results
3.1. NADPH oxidase inhibitor significantly blocks MPP+-induced increases in ROS
generation in a dose-dependent manner

Previously, we showed that ROS mediate dopaminergic toxicity, including MPP+-induced
apoptotic cell death, in mesencephalic clonal neuronal N27 cells (Anantharam et al., 2002;
Kaul et al., 2003; Kitazawa et al., 2003). We also demonstrated that MPP+ treatment induces
a time- and dose-dependent increase in ROS production in N27 cells, and that SOD-mimetic
MnTBAP almost completely reversed MPP+-induced increases in ROS generation
(Anantharam et al., 2002; Kaul et al., 2003; Kitazawa et al., 2003). In this study, we examined
whether NADPH oxidase inhibitors AEBSF, apocynin, and DPI attenuate MPP+-induced ROS
generation. SOD was used to demonstrate specificity of MPP+-induced ROS, which can be
scavenged by SOD treatment. We and others have shown addition of exogenous SOD or the
cell permeable SOD mimetic MnTBAP attenuated both generation of ROS and apoptosis in
neuronal cells (Drukarch et al., 1998; Choi et al., 1999; Luetjens et al., 2000; Kitazawa et al.,
2001; Anantharam et al., 2002; Kaul et al., 2003); hence, we used SOD not as an NADPH
oxidase inhibitor but as a ROS inhibitor. Using flow cytometric analysis with the ROS-sensitive
fluorescence probe hydroethidine, we show that the NADPH oxidase inhibitor AEBSF
significantly blocked MPP+-induced increases in ROS production. Figure 1A is a
representative flow cytometric histogram showing an inhibitory effect of 500 μM AEBSF on
300 μm MPP+-induced ROS generation exposed for 45 min. Figure 1B shows a dose-dependent
inhibition of MPP+-induced ROS generation by AEBSF. Exposure to 300 μM MPP+ for 45
min induced a 77% increase in ROS production compared to untreated control cells, whereas
in the presence of 0.3 mM AEBSF, MPP+ induced an increase in ROS generation of only 58%,
while MPP+ induced ROS generation was almost completely blocked in the presence of 0.5
and 1 mM AEBSF. Similarly, cotreatment with apocynin (300 μM), DPI (10 μM), and SOD
(100 units) also significantly reduced MPP+-induced increases in ROS generation (Fig. 1C).
Together, these data indicate that MPP+ treatment generates superoxide species in
dopaminergic cells.

3.2. Identification of gp91phox and p67phox expression in mesencephalic neuronal N27 cells
Since the NADPH oxidase inhibitor AEBSF significantly blocked MPP+-induced superoxide
radical formation, we determined whether N27 cells express NADPH oxidase using Western
blot analyses. As shown in Fig. 2A, the Western blot analysis using anti-gp91phox antibody
revealed a 91-kDa band corresponding to the gp91phox NADPH oxidase subunit. Further, the
gp91phox protein was predominantly present in the plasma membrane fraction. Similarly, anti-
p67phox antibody revealed a 67-kDa band corresponding to the p67phox NADPH oxidase
subunit (Fig. 2B) and was mainly localized to the cytosol. A weak expression was noted in the
membrane fraction, which may be attributed to basal activation of NADPH oxidase in the cells.
These data strongly suggest that the major NADPH oxidase subunits are expressed in N27
dopaminergic neuronal cells, and that these cells could be used to evaluate the role of neuronal
NADPH oxidase in MPP+-induced oxidative damage.
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3.3. NADPH oxidase inhibitors dose-dependently block MPP+-induced increases in cytotoxic
cell death

In this experiment, we examined the effect of many NADPH oxidase inhibitors on MPP+-
induced cell death by Sytox green fluorescence, which stains only dead/dying cells both
qualitatively and quantitatively. N27 cells were exposed to 300 μM MPP+ for 24 hr in the
presence or absence of structurally diverse NADPH oxidase inhibitors: AEBSF, apocynin, and
DPI. Figure 3 is representative of untreated, MPP+-treated, and inhibitor-cotreated N27 cells
at the end of a 24 hr treatment in phase-contrast (right panels) and Sytox FITC fluorescence
imaging (left panels). An increase in the number of Sytox-positive green cells indicates the
increase in cell death because the Sytox green dye permeates compromised cell membranes to
stain nuclear chromatin. The number of Sytox-positive cells was many fold higher in MPP+-
treated cells compared to untreated controls, or 500 μM AEBSF, 10 μM DPI, or 300 μM
apocynin. Quantitative analysis of Sytox fluorescence using a fluorescence plate reader
revealed a dose-dependent inhibition of MPP+-induced cytotoxic cell death by NADPH
oxidase inhibitors (Fig. 4). Exposure to 300 μM MPP+ for 24 hr resulted in a 2.5-fold increase
in the number of Sytox-positive cells compared to untreated control cells. As shown in Fig.
4A, 0.3 and 1 mM AEBSF blocked MPP+-induced increases in Sytox-positive cells by >50%
and 95%, respectively, compared to MPP+-treated N27 cells. Similarly, apocynin at 0.3 and 1
mM almost completely prevented MPP+-induced increases in Sytox-positive cells (Fig. 4B).
Furthermore, MPP+-induced increase in Sytox-positive cells was also significantly reduced in
10 μM and 30 μM DPI co-treated cells (Fig. 4C). Exposure of N27 cells to apocynin (0.1-1
mM), AEBSF (0.1-1mM), and DPI (3-30 μM) alone for 24 hr did not result in statistically
significant increases in the number of Sytox-positive cells compared to untreated control cells
(data not shown). Together, these data strongly suggest that structurally diverse NADPH
oxidase-specific inhibitors significantly prevented MPP+-induced cytotoxic cell death. Based
on results from this experiment, we used 500 μM AEBSF, 300 μM apocynin, and 10 μM DPI
in subsequent experiments to further characterize their effect on MPP+-induced apoptotic cell
death mechanisms.

3.4. NADPH oxidase inhibitors attenuate MPP+-induced increases in caspase-3 enzyme
activity

Previously, we showed that ROS mediate MPP+-induced activation of multiple caspases,
including caspase-9 and caspase-3, in neuronal N27 cells (Kaul et al., 2003; Kaul et al.,
2005a). Here, we examined the effect of structurally diverse NADPH oxidase inhibitors on
MPP+-induced increases in caspase-3 enzyme activity. N27 cells were exposed to 300 μM
MPP+ for 24 hr in the presence or absence of AEBSF, apocynin, and DPI. Quantitative analysis
of caspase-3 enzyme activation using fluorescence substrates revealed that MPP+-induced
caspase-3 activation was significantly reduced in the presence of NADPH oxidase inhibitors
(Fig. 5). Exposure to 300 μM MPP+ for 24 hr resulted in a 4-fold increase in caspase-3 activation
compared to untreated control cells, whereas co-treatment with 500 μM AEBSF, 300 μM
apocynin, and 10 μM DPI suppressed MPP+-induced increases in caspase-3 activation by
114%, 30%, and 38% of the control, respectively, compared to 300% in MPP+-treated N27
cells (Fig. 5). These results suggest that NADPH oxidase mediates MPP+-induced caspase-3
activation in N27 neuronal cells.

3.5. NADPH oxidase inhibitors suppress N27 cells from MPP+-induced apoptotic cell death
Recently, we showed that oxidative stress-induced caspase-3-dependent proteolytic activation
of PKCδ mediates MPP+-induced apoptotic cell death in neuronal N27 cells (Kaul et al.,
2003; Kaul et al., 2005a). We used a quantitative DNA fragmentation ELISA assay to
determine the effect of NADPH oxidase inhibitors on MPP+-induced apoptotic cell death. N27
cells were exposed to 300 μM MPP+ for 24 hr in the presence or absence of AEBSF, apocynin,
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and DPI. DNA fragmentation analysis revealed that NADPH oxidase inhibitors significantly
suppressed MPP+-induced apoptotic cell death (Fig. 6). Exposure to 300 μM MPP+ for 24 hr
resulted in a 2.5-fold increase in DNA fragmentation compared to untreated control cells. Co-
treatment with 500 μM AEBSF, and 10 μM DPI suppressed MPP+-induced increases in DNA
fragmentation by 63% and 22% of the control, respectively, compared to 143% in MPP+-
treated N27 cells. 300 μM apocynin treatment completely prevented MPP+ induced DNA
fragmentation. These results demonstrate that NADPH oxidase mediates MPP+-induced
apoptotic cell death in dopaminergic neuronal cells.

4. Discussion
The present study demonstrates that pharmacological inhibitors of NADPH oxidase protect
dopaminergic neuronal cells from MPP+-induced apoptotic cell death. Notably, NADPH
oxidase inhibitors apocynin, DPI, and AEBSF effectively block MPP+-induced ROS
production, caspase-3 activation, DNA fragmentation, and cytotoxic cell death in
mesencephalic dopaminergic neuronal cells. N27 dopaminergic neuronal cells are devoid of
glial cells and serve as a useful model to examine whether NADPH oxidase of neuronal origin
contributes to MPP+-induced oxidative damage. To our knowledge, this is the first
demonstration of the role of neuronal NADPH oxidase in MPP+-induced apoptotic cell death
in dopaminergic cells.

Oxidative stress, caspases, and apoptotic cell death have all been implicated in Parkinson’s
disease (Zigmond et al., 2002; Dawson and Dawson, 2003; Jenner, 2003; Greenamyre and
Hastings, 2004; Maguire-Zeiss et al., 2005; Przedborski and Ischiropoulos, 2005). Both
mitochondrial and extra-mitochondrial ROS have been shown to contribute to the degenerative
process in cell cultures and animal models of PD. Several studies have shown plasma
membrane NADPH oxidase is the primary enzyme responsible for generating extra-
mitochondrial or cytosolic ROS (Serrano et al., 2003; Geiszt, 2006; Infanger et al., 2006;
Sawada et al., 2006; Ushio-Fukai, 2006). NADPH oxidase and its protein subunits are mainly
present in astrocytes and microglial cells (Serrano et al., 2003; Infanger et al., 2006; Takeya
and Sumimoto, 2006). Several studies have provided evidence for the involvement of
microglial NADPH oxidase in the inflammatory responses associated with the
neurodegenerative process in MPTP-PD models (Beal, 2003; Serrano et al., 2003; Hald and
Lotharius, 2005; Infanger et al., 2006; Sawada et al., 2006; Ushio-Fukai, 2006; Wersinger and
Sidhu, 2006). Activated microglial cells exert quite different functions, including production
of inflammatory cytokines, chemokines, and reactive superoxide ions. In the microglia,
NADPH oxidase seems to be the primary enzyme responsible for synthesis of reactive
superoxide ions, which in turn mediates functionally-relevant crosstalk between different
inflammatory events, as well as within nigra-striatal systems (Serrano et al., 2003; Infanger et
al., 2006; Sawada et al., 2006; Ushio-Fukai, 2006).

We recently demonstrated ROS is associated with MPP+-induced increases in mitochondrial
dysfunction, cytochrome C release, caspase-3 activation, and apoptotic cell death in N27 cells
(Kaul et al., 2003; Kaul et al., 2005a; Kaul et al., 2005b). MPP+-induced ROS production in
these cells preceded changes in cytochrome C release, suggesting an extra-mitochondrial
source for ROS (Kaul et al., 2003; Kaul et al., 2005a; Kaul et al., 2005b). In the present study,
we demonstrate expression of the plasma membrane NADPH oxidase gp91phox and p67phox

subunits in N27 cells by Western blot analysis. Thus, NADPH oxidase may be a principal
source of MPP+-induced extra-mitochondrial ROS in N27 cells. Recent studies show other
dopamine-producing cell lines, PC12 (Ibi et al., 2006) and SH-SY5Y (Nikolova et al., 2005),
also express NADPH oxidase subunit proteins. In the present study, pretreatment with the
NADPH oxidase-specific inhibitor AESBF blocked MPP+-induced ROS production in a dose-
dependent manner, suggesting that NADPH oxidase is the enzyme responsible for ROS
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production in N27 cells. We show that AEBSF, apocynin, and DPI all blocked MPP+-induced
cytotoxic cell death in a dose-dependent manner. AEBSF, DPI, and apocynin treatment also
significantly attenuated MPP+-induced increases in caspase-3 activation in N27 cells. Co-
treatment with apocynin, DPI, and AEBSF all rescued N27 cells from MPP+-induced DNA
fragmentation, suggesting ROS derived from NADPH oxidase may mediate most of MPP+-
induced apoptotic cell death in N27 cells. Upon comparison, AEBSF was most potent in
blocking MPP+-induced ROS generation, whereas all three inhibitors, AEBSF, apocynin, and
DPI, were equally potent in blocking MPP+-induced cytotoxicity. Apocynin and DPI were
equally potent in blocking MPP+-induced caspase-3 activation and DNA fragmentation. Our
results are in agreement with recent studies demonstrating apocynin and DPI promote the
survival of primary striatal neurons (Ma and Zhou, 2006) and protect against glutamate-
induced apoptosis in SHSY5Y cells (Nikolova et al., 2005) and amyloid-beta precursor
peptide-induced cytotoxicity in primary neurons (Qin et al., 2006). These studies demonstrate
that the neuroprotective properties of DPI and apocynin are not due to inhibition of microglial
NADPH oxidase, but rather are due to inhibition of endogenously expressed NADPH oxidase.
In animal studies, DPI and apocynin protect against global cerebral ischemia (Wang et al.,
2006), and rotenone- (Gao et al., 2003a), paraquat- (Purisai et al., 2006), 6-OHDA- (Yasuhara
et al., 2004), MPTP- (Gao et al., 2003b) and IFN-gamma/LPS- (Hirsch et al., 2003a) induced
dopaminergic degeneration. In these studies, the neuroprotective properties of apocynin and
DPI were associated with inhibition of microglial NADPH oxidase activity, but the role of
neuronal NADPH oxidase was not investigated. The neuroprotective effects observed in this
study with AEBSF, another NADPH oxidase inhibitor, are also in agreement with studies
demonstrating AEBSF prevents NADPH oxidase-induced ROS generation, and cytotoxic and
apoptotic cell death in non-neuronal tissues (He et al., 2005; Polytarchou and Papadimitriou,
2005).

We previously demonstrated the critical role of caspase-3-mediated proteolytic activation of
PKCδ in in vitro and in vivo models of dopaminergic degeneration (Anantharam et al., 2002;
Kanthasamy et al., 2003; Kaul et al., 2003; Kitazawa et al., 2003; Anantharam et al., 2004;
Yang et al., 2004; Kaul et al., 2005a; Kaul et al., 2005b; Latchoumycandane et al., 2005;
Kanthasamy et al., 2006). PKCδ was recently shown to play a central role in the regulation of
NADPH oxidase activation in non-neuronal systems (Fan et al., 2005; Zhao et al., 2005; Iaccio
et al., 2006; Waki et al., 2006) in addition to Rac1 and Rac2. In these studies, PKCδ regulated
NADPH oxidase activity by up-regulation of NOX1 subunit, a homologue of the catalytic
subunit gp91phox (NOX1), at the mRNA level via epidermal growth factor. PKCδ also regulates
the phosphorylation and translocation of the p67phox subunit to the plasma membrane to
activate the gp91phox catalytic subunit (Fan et al., 2005; Zhao et al., 2005; Iaccio et al., 2006;
Waki et al., 2006). Taken together, PKCδ and NADPH oxidase possibly interact to accelerate
oxidative damage in the nigral dopaminergic system. Future studies should address the relative
contribution of neuronal and glial forms of NADPH oxidase in the oxidative damage of
dopaminergic neurons using mixed glial and neuronal cultures.

In conclusion, we show that diverse NADPH oxidase inhibitors AEBSF, DPI, and apocynin
significantly attenuate MPP+-induced ROS production, caspase-3 activation, and DNA
fragmentation. These results suggest that extra-mitochondrial ROS produced by neuronal
NADPH oxidase, in part, contribute to oxidative stress and apoptotic cell death in the
dopaminergic cell line. Elucidating the role of neuronal NADPH oxidase in oxidative stress-
induced dopaminergic cell models may help to define the mechanisms of oxidative damage in
PD.
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Fig. 1.
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Effect of AEBSF on MPP+-induced ROS generation. (A) Representative flow cytometric
histogram of dihydroethidine (DhEt) fluorescence in N27 treated cells with 300 μM MPP+. 10
μM DhEt was added to the cells and incubated for 15 min at 37°C in the dark, then DhEt loaded
N27 cells were exposed to MPP+ in the presence or absence of 500 μM AEBSF and
fluorescence intensity was measured at 45 min by flow cytometry. The shift of the curve to the
right in MPP+-treated cells indicates an increase in ROS generation and shift to the left by
AEBSF indicates its inhibitory effect on MPP+-induced ROS generation. The X-axis shows
the log scale of fluorescence intensity and the Y-axis represents the cell count. (B) AEBSF
blocks MPP+-induced increases in ROS generation in a dose-dependent manner. ROS
generation was measured using flow cytometry and hydroethidine, a ROS-sensitive dye.
Increases in fluorescence intensity indicate increases in ROS. Hydroethidine (10 μM) was
added to the N27 cells and incubated for 15 min at 37°C in the dark. After incubation with
hydroethidine, cells were pretreated with AEBSF (100-1000 μM), for an additional 15 min,
and then exposed to 300 μM MPP+ for 45 min, as described in the methods section. Data
represent the mean ± SEM (n=4). (C) NADPH oxidase inhibitors, apocynin and DPI, and free
radical scavenger SOD suppress MPP+-induced increases in ROS generation. DhEt (10 μM)
was added to the N27 cells and incubated for 15 min at 37°C in the dark. After incubation with
hydroethidine, cells were pretreated with DPI (10 μM) or apocynin (300 μM) or SOD (100
units), for an additional 15 min, and then exposed to 300 μM MPP+ for 45 min, as described
in the methods section. Data represent the mean ± SEM (n=3). *p<0.05 and **p<0.01 indicate
significant differences compared to untreated control cells. ## p<0.01 indicates differences
compared to MPP+-treated cells.

Anantharam et al. Page 14

Neurotoxicology. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2.
Western blot: (A) gp91phox expression. (B) p67phox expression. Membrane and cytosolic
fractions were isolated from N27 cells as described in the methods section, and were separated
by 10% SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose membrane, and
gp91phox and p67phox were detected using a rabbit polyclonal antibody. A 91 kDa band
corresponding to gp91phox was predominantly expressed in the membrane fraction and was
absent in the cytosolic fraction, whereas a 67 kDa band corresponding to p67phox was mainly
expressed in the cytosolic fraction. To confirm equal protein loading in each lane, the
membranes were reprobed with β-actin antibody. The immunoblots were visualized using
Amersham’s ECL detection agents.
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Fig. 3.
NADPH oxidase inhibitors block MPP+-induced increases in cytotoxic cell death. Sytox green
assay was used to determine cytotoxicity, since Sytox is a DNA binding membrane
impermeable dye that can only penetrate dying cells; increased fluorescence indicates cell
death. N27 cells were treated with 300 μM MPP+ in the presence or absence of either 500 μM
AEBSF, 300 μM apocynin, or 10 μM DPI in Sytox-containing medium, as described in the
methods section. The two panels indicate representative fluorescence Sytox-positive images
(left) and phase contrast images (right) for indicated treatments, and to demonstrate the extent
of cytotoxic cell death.
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Fig. 4.
NADPH oxidase inhibitors dose-dependently attenuate MPP+-induced increases in cytotoxic
cell death. Quantitative Sytox green assay was used to determine the extent of cytotoxicity.
N27 cells were treated with 300 μM MPP+ in the presence or absence of either 100-1000 μM
AEBSF, 100-1000 μM apocynin, or 3-30 μM DPI in Sytox-containing medium, as described
in the methods section. After 24 hr, cytotoxic cell death was quantified by measuring DNA-
bound Sytox green in florescent microplate reader as described in the methods section. Data
represent the mean ± SEM (n=6). **p<0.01 indicates significant differences compared to
control cells and ##p<0.01 indicates significant differences compared to MPP+-treated cells.
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Fig. 5.
NADPH oxidase inhibitors attenuate MPP+-induced increases in caspase-3 enzyme activity.
N27 cells were treated with 300 μM MPP+ in the presence or absence of either 500 μM AEBSF,
300 μM apocynin, or 10 μM DPI. Cells were lysed after 24 hr treatment and assayed for
caspase-3 activity, as described in the methods section. Data represent the mean ± SEM (n=4).
*p<0.01 and **p<0.01 indicate significant differences compared to untreated control cells. ##
p<0.01 indicates significant differences compared to MPP+-treated cells.
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Fig. 6.
NADPH oxidase inhibitors block N27 cells from MPP+-induced apoptotic cell death. DNA
fragmentation, an indicator of cell death, was measured using a cell death detection ELISA kit.
Briefly, N27 cells were treated with 300 μM MPP+ in the presence or absence of either 500
μM AEBSF, 300 μM apocynin or 10 μM DPI. Cells were lysed after 24 hr treatment and assayed
for DNA fragmentation, as described in the methods section. Data represent the mean ± SEM
(n=4). *p<0.01 and **p<0.01 indicate significant differences compared to untreated control
cells. ## p<0.01 indicates significant differences compared to MPP+-treated cells.
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