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Abstract

Activation of microglial NADPH oxidase (NOX2) plays a critical role in mediating
neuroinflammation, which is closely linked with the pathogenesis of a variety of
neurodegenerative diseases, including Parkinson’s disease (PD). The inhibition of NOX2-
generated superoxide has become an effective strategy for developing disease-modifying therapies
for PD. However, the lack of specific and potent NOX2 inhibitors has hampered the progress of
this approach. Diphenyleneiodonium (DPI) is a widely used, long-acting NOX2 inhibitor.
However, due to its non-specificity for NOX2 and high cytotoxicity at standard doses (uM), DPI
has been precluded from human studies. In this study, using ultra-low doses of DPI, we aimed to:
1) investigate whether these problems could be circumvented and 2) determine whether ultra-low
doses of DPI were able to preserve its utility as a potent NOX2 inhibitor. We found that DPI at
subpicomolar concentrations (1074 and 10713 M) displays no toxicity in primary midbrain
neuron-glia cultures. More importantly, we observed that subpicomolar DPI inhibited phorbol
myristate acetate (PMA)-induced activation of NOX2. The same concentrations of DPI did not
inhibit the activities of a series of flavoprotein-containing enzymes. Furthermore, potent
neuroprotective efficacy was demonstrated in a post-treatment study. When subpicomolar DPI
was added to neuron-glia cultures pretreated with lipopolysaccharide (LPS), 1-methyl-4-
phenylpyridinium or rotenone, it potently protected the dopaminergic neurons. In summary, DPI’s
unique combination of high specificity towards NOX2, low cytotoxicity and potent
neuroprotective efficacy in post-treatment regimens suggests that subpicomolar DPI may be an
ideal candidate for further animal studies and potential clinical trials.
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INTRODUCTION

NADPH oxidase (NOX2) is the primary extracellular superoxide-producing enzyme in
activated phagocytes, including microglia (Lambeth 2004; Nunes et al. 2013). Studies from
our group and others have demonstrated that microglial NOX2 is a key mediator in initiating
and maintaining chronic neuroinflammation (Gao et al. 2011; Qin et al. 2013), which
subsequently causes progressive dopaminergic neurodegeneration in rodent models of
Parkinson’s disease (PD) (Barnum and Tansey 2010; Block and Hong 2005; Block et al.
2007; Gao and Hong 2008; Hirsch and Hunot 2009; Hirsch et al. 2012). Elevated expression
and activation of NOX2 have been found in the substantia nigra of PD patients and animal
models (Qin et al. 2013; Wu et al. 2003). Moreover, genetic deletion of NOX2 (gp9127/19x~/~,
the catalytic subunit of NOX2) greatly reduces microglia-mediated neuroinflammation and
protects dopaminergic neurons against toxin-induced damage (Block et al. 2007). Recently,
NOX2 inhibition has become a new strategy for developing effective disease-modifying
therapies for PD (Gao et al. 2012; Hernandes and Britto 2012; Sorce et al. 2012; Surace and
Block 2012).

In recent decades, a number of peptides and small, molecular compounds have been
developed to inhibit NOX2 and treat inflammation-related diseases (Aldieri et al. 2008;
Cifuentes-Pagano et al. 2013; Drummond et al. 2011). However, most of these inhibitors
lack enzyme specificity and have high toxicity and low efficacy. For these reasons, the
progress in developing useful NOX2 inhibitors as potential therapeutic agents has been
hampered. Therefore, the need to develop specific, high-potency, non-toxic NOX2 inhibitors
is urgent. Diphenyleneiodonium (DPI) is a widely used, long-acting NOX2 inhibitor that
covalently binds gp91279%, the catalytic subunit of NOX2 (Doussiere et al. 1999; O’Donnell
et al. 1993). Despite its high potency in inhibiting NOX2 activity, DPI also potently inhibits
a variety of other electron-transferring flavoprotein enzymes, including inducible nitric
oxide synthase (iNOS), xanthine oxidase, NADH-ubiquinone oxidoreductase, cytochrome
P450 reductase and thioredoxin reductase at standard micromolar concentrations (Aldieri et
al. 2008). Moreover, micromolar concentrations of DPI are highly toxic (Aldieri et al. 2008).
Thus, DPI has not been considered an ideal NOX2 inhibitor and has been precluded from
clinical trials.

We recently reported that pretreatment with DPI at subpicomolar concentrations (10713 to
10714 M) was capable of inhibiting lipopolysaccharide (LPS)-induced superoxide
production and protecting dopaminergic neurons in primary midbrain neuron-glia cultures
(Qian et al. 2007). These findings led us to further investigate whether subpicomolar DPI
could be a specific NOX2 inhibitor and a potential therapeutic agent for PD. In this study,
we first addressed the issues of toxicity and enzyme specificity. We found that DPI at
concentrations of 10713 and 10714 M specifically inhibited NOX2 activation in primary
midbrain neuron-glia cultures without any observed cytotoxicity. We then determined the
potential of DPI as a therapeutic agent using a post-treatment regimen, which is more
clinically relevant, in three /n vitrorodent PD models. We found that post-administration of
subpicomolar DPI exhibited neuroprotection against LPS-, I-methyl-4-phenylpyridinium
(MPP*)- and rotenone-induced dopaminergic neurodegeneration. Our findings suggest that
DPI at subpicomolar concentrations could be a useful tool as a specific inhibitor of
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microglial NOX2. Furthermore, the lack of toxicity and the potent neuroprotection indicate
that ultra-low doses of DPI have high therapeutic promise for future /7 vivoand clinical
studies in neurodegenerative diseases.

MATERIALS AND METHODS

Primary midbrain neuron-glia cultures

Primary neuron/glia cultures were prepared as described previously (Chen et al. 2013).
Briefly, dissociated cells were seeded at densities of 5 x 10° cells/well and 1 x 10° cells/well
in poly-D-lysine-coated 24- and 96-well plates, respectively. The cultures were maintained
at 37°C in a humidified atmosphere of 5% CO, and 95% air and were grown in minimum
essential medium containing 10% heat-inactivated fetal bovine serum, 10% heat-inactivated
horse serum (Invitrogen™, Grand Island, NY, USA), 1 g/L glucose, 2 mM L-glutamine, 1
mM sodium pyruvate, 100 pM nonessential amino acids, 50 U/ml penicillin and 50 pg/ml
streptomycin. Seven days later, the cultures were used for the drug treatments.

[3H]-dopamine (DA) uptake assay

Uptake assays were performed by incubating the cultures with 1 uM [3H]-DA (PerkinElmer
Life Sciences, Santa Clara, CA, USA) for 20 min at 37°C, as previously described (Gao et
al. 2002). Nonspecific uptake was determined in the presence of 10 uM mazindol (Sigma-
Aldrich, St. Louis, MO, USA).

Immunocytochemistry and cell counting in mesencephalic neuron-glia cultures

Immunostaining was performed as previously described (Qin et al. 2004) with antibodies
against tyrosine hydroxylase (TH; 1:5,000; EMD Millipore Corporation, Billerica, MA,
USA), ionized calcium binding adaptor molecule 1 (Ibal; 1:5,000; Wako Chemicals,
Richmond, VA, USA) and glial fibrillary acidic protein (GFAP; 1:10,000; Wako Chemicals,
Richmond, VA, USA). Images were recorded using a CCD camera and the MetaMorph
software (Molecular Devices, Sunnyvale, CA, USA). To quantitative cell numbers, the total
number of TH-immunoreactive (THir) neurons in a well of a 24-well plate was counted. For
each experiment, two to six wells were used per treatment condition, and the results from
three to four independent experiments were obtained.

Measurement of superoxide and nitrite

The production of superoxide was assessed by measuring the SOD-inhibitable reduction of
the tetrazolium salt WST-1, as described previously (Wang et al. 2012). Briefly, primary
neuron-glia cultures were pre-treated with LPS or phorbol myristate acetate (PMA) for 12 h,
then washed twice with Hanks’ balanced salt solution without phenol red. After 30 mins of
DPI incubation, 50 ul of WST-1 (1 mM) with and without SOD (50 U/ml) was added to
each well. The absorbance at 450 nm was read using a SpectraMax Plus microplate
spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). The absorbance difference
observed between the cultures in the presence and absence of SOD represented the amount
of superoxide produced. The production of nitrite was determined using Griess reagent.
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Extraction of membrane fractions and Western blot analysis

Membrane fractions of HAPI microglia were prepared as described previously (Wang et al.
2012). Briefly, HAPI microglia were lysed in hypotonic lysis buffer (1 mM Tris, 1 mM KCI,
1 mM EGTA, 1 mM EDTA, 0.1 mM DTT, 1 mM PMSF and 10 pg/ml cocktail protease
inhibitor) and subjected to Dounce homogenization (20-25 stokes, tight pestle A). The
lysates were centrifuged at 1,600 x g for 15 min, and the supernatant was centrifuged at
100,000 x g for 30 min. The pellets were solubilized in 1% Nonidet P-40 hypotonic lysis
buffer, separated using a 4-12% Bis-Tris Nu-PAGE gel and transferred to polyvinylidene
difluoride membranes. The membranes were blocked with 5% non-fat milk and incubated
with a rabbit antibody (1:1,000) against p47Ph°% and gp91Ph°* (BD Transduction
Laboratories, San Jose, CA, USA) and HRP-linked anti-rabbit or anti-mouse 1gG (1:3,000)
for 2 h. ECL reagents (Amersham Biosciences Corp, Piscataway, NJ, USA) were used as a
detection system.

INOS activity assay
The iINOS activity in neuron-glia cultures was measured according to previous reports, with
minor modifications (Chang et al. 2009). iNOS was first induced in neuron-glia cultures by
treatment with LPS for 12 h; the media was then changed, and different concentrations of
DPI (10713 and 1014 M) were added. Twenty-four hours later, the nitrite levels in the
supernatant were measured as an index of iNOS activity.

The effects of DPI on purified iNOS activity were measured as described previously (Chang
et al. 2009). Briefly, purified iNOS enzyme was incubated with or without the indicated
concentrations of DPI for 3 h at 37°C in reaction buffer (50 mM Tris-HCI, pH 7.6, 2 mM
NADPH, 2 mM L-arginine, 20 uM FAD, 20 uM tetrahydrobiopterin and 1 mM DTT). The
iNOS activity was expressed as pmol nitrite/ml enzyme.

Xanthine oxidase activity assay

Xanthine oxidase activity was measured in the neuron-glia cultures using a commercial
xanthine oxidase assay kit (Cayman Chemical, Ann Arbor, MI, USA).

The effects of DPI on purified xanthine oxidase (Sigma- Aldrich, St. Louis, MO, USA) were
determined according to the manufacturer’s protocol.

NADH-ubiguinone oxidoreductase activity assay

The activity of NADH-ubiquinone oxidoreductase was measured using a commercial assay
kit (MitoSciences, Eugene, OR, USA).

Cytochrome P450 reductase activity assay

Cytochrome P450 reductase activity in neuron-glia cultures was measured using a
commercial cytochrome P450 reductase assay kit (Sigma- Aldrich, St. Louis, MO, USA).

The activity of purified cytochrome P450 reductase was measured by determining the initial
rate of cytochrome c reduction by purified cytochrome P450 reductase enzyme in 300 mM
phosphate buffer containing 100 uM NADPH, 0.1 mM EDTA, 1 mM cytochrome ¢ oxidase
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inhibitor and 20 uM cytochrome c, unless otherwise indicated (Hallstrom et al. 2004). One
unit of cytochrome P450 reductase activity was defined as the amount of 1 uM cytochrome ¢
reduced by NADPH per minute and is expressed as U/ml enzyme.

Thioredoxin reductase activity assay

Thioredoxin reductase activity was measured in the neuron-glia cultures using a commercial
thioredoxin reductase assay kit (Sigma- Aldrich, St. Louis, MO, USA).

The activity of purified thioredoxin reductase was measured by determining the initial rate
of DTNB reduction by purified thioredoxin reductase enzyme at 25°C in reaction buffer
containing 100 mM phosphate buffer, 10 mM EDTA, 1 mM DTNB, 0.2 mg/ml BSA and 0.5
mM NADPH (Leitsch et al. 2010). The activity of thioredoxin reductase was expressed as
U/ml enzyme.

Statistical analysis

All values are expressed as the mean + SEM. Differences between the means were analyzed
using one-way analysis of variance (ANOVA) with treatment as the independent factor.
When the ANOVA resulted in significant differences, pairwise comparisons between the
means were tested using Bonferroni’s post hoc testing. In all analyses, a value of p< 0.05
was considered statistically significant.

RESULTS

Subpicomolar DPI displays no obvious cytotoxicity

Because the high cytotoxicity of DPI at micromolar concentrations has been well described,
we examined the viability of midbrain neuron-glia cultures exposed to 10713 and 10714 M
DPI. MTT assays revealed no changes in cell viability after the cultures were treated with
subpicomolar concentrations of DPI for 48 h. In contrast, DPI at micromolar concentrations
(1078 and 10~ M) reduced the cell viability by more than 90% compared with the controls
(Fig. 1A). Immunocytochemical (ICC) staining with an antibody against Neu-N, a nuclear
protein expressed selectively by neurons, failed to reveal any differences in the staining
intensity and distribution of Neu-N-positive cells between the controls and subpicomolar
DPI-treated cultures (Fig. 1B). Among these neurons, dopaminergic neurons are the most
sensitive to oxidative stress-induced damage (Surmeier et al. 2012). Thus, the functional
status of dopaminergic neurons was determined using an [2H]-DA uptake assay. Consistent
with the ICC results, 10713 and 1074 M DPI showed no difference in DA uptake capacity
after 48 h of exposure compared with the controls (Fig. 1C).

Microglia and astroglia were also evaluated by ICC staining using cell-specific antibodies
against Ibal and GFAP, respectively. No significant alterations to microglia and astroglia
were observed in the neuron-glia cultures treated with 10713 M DPI for 48 h (Fig. 1B). In
contrast, the addition of micromolar (10~8 M) DPI significantly reduced the number of
astroglia and damaged the microglia, as demonstrated by the cell size enlargement and
vacuolation observed in the cytoplasm. Collectively, these findings indicate that DPI at
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subpicomolar concentrations has no significant cytotoxicity in midbrain neuron-glia
cultures.

Subpicomolar DPI inhibits NOX2 activation with high specificity

To address the issue of enzyme specificity, the activities of a list of flavoprotein-containing
enzymes were compared in the presence of DPI at either micromolar (10> M) or
subpicomolar (10713 and 10714 M) concentrations. The flavoprotein-containing enzymes
studied were iNOS, xanthine oxidase, NADH-ubiquinone oxidoreductase, cytochrome P450
reductase and thioredoxin reductase. Micromolar DPI concentrations inhibit these enzymes
(Aldieri et al. 2008). We first used commercially available purified enzymes to test the
specificity of DPI. Similar to previous reports, micromolar DPI did inhibit the activities of
four flavoprotein enzymes, including iNOS, xanthine oxidase, cytochrome P450 reductase
and thioredoxin reductase. In contrast, subpicomolar DPI did not affect the activities of these
four enzymes (Fig. 2A-D). NOX2 and NADH-ubiquinone oxidoreductase were not included
in this experiment because these two purified enzymes are not commercially available.

Enzyme specificity was further determined in the cell cultures. Using a post-treatment
regimen, we induced NOX2 activation in neuron-glia cultures by treating cells with PMA, a
classic activator of NOX2, for 12 h prior to DPI treatment. Interestingly, DPI significantly
inhibited NOX2-generated superoxide at 10713 and 10714 M as efficiently as it did at
micromolar concentrations (Fig. 2E). To investigate the specificity of subpicomolar DPI
concentrations for NOX2, we evaluated the effects of DPI (10713 and 10714 M) on the
enzymatic activities of cellular iNOS, xanthine oxidase, NADH-ubiquinone oxidoreductase,
cytochrome P450 reductase and thioredoxin reductase. Cellular iNOS was induced in
neuron-glia cultures by incubation with LPS for 12 h. The levels of nitrites in the
supernatant were measured as an index of iNOS activity. Unlike micromolar concentrations,
subpicomolar DPI failed to reduce the generation of nitrites (Fig. 2F), suggesting that
subpicomolar DPI has no effect on iNOS activity. Furthermore, DPI at 10713 and 10714 M
failed to inhibit the activities of cellular xanthine oxidase, NADH-ubiquinone
oxidoreductase, cytochrome P450 reductase and thioredoxin reductase in neuron-glia
cultures, although micromolar DPI potently inhibited these enzymes (Fig. 2G-J).

Post-treatment with subpicomolar DPI protects dopaminergic neurons

To determine whether subpicomolar DPI can be a potential therapeutic agent for
inflammation-related neurodegenerative diseases in clinical studies, neuroprotection in a
post-treatment regimen must be demonstrated. Therefore, we first investigated the ability of
subpicomolar DPI to rescue dopaminergic neurons in midbrain neuron-glia cultures 12 h
after LPS challenge (Fig. 3A). Microglia stimulation by LPS induced neuroinflammation
and resulted in subsequent collateral dopaminergic neurodegeneration. Post-treatment with
subpicomolar DPI significantly attenuated the LPS-mediated dopaminergic
neurodegeneration (Fig. 3B) and preserved the THir cells and their processes (TH, a marker
for dopaminergic neurons; Fig. 3C, D).

To further evaluate whether post-treatment with subpicomolar DPI is effective in other
rodent /n vitro PD models, we compared other commonly used toxins, MPP* and rotenone,
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with LPS. In this study, post-treatment with DPI was performed 24 h after pretreating the
cultures with toxins because up to 24 h was required for both MPP* and rotenone to produce
sufficient neuronal damage. Dopaminergic neuroprotection by post-treatment with 10713 and
10714 M DPI was still observed 24 h after LPS insult (Fig. 4B). Although MPP* and
rotenone directly damage dopaminergic neurons, previous reports have indicated that
reactive microgliosis resulting from the toxic substances released from damaged neurons
could initiate neuroinflammation, thus causing further neuronal damage (Gao et al. 2002;
Liberatore et al. 1999). Subpicomolar DPI was able to suppress this immune-mediated
neurotoxicity to achieve neuroprotection, as indicated by the restored [2H]-DA uptake
capacity 24 h after MPP™ or rotenone-induced dopaminergic degeneration (Fig. 4C, D).

NOX2 inhibition alone is sufficient to mediate dopaminergic neuroprotection

Previous reports have indicated that a series of proinflammatory factors, such as free
radicals and cytokines, released from microglia are associated with LPS-induced
neurotoxicity. This study showed that DPI at subpicomolar concentrations displayed high
specificity for NOX2 inhibition without affecting other flavoprotein enzymes (Fig. 2) and
exerted potent neuroprotection (Figs. 3 and 4). Therefore, we investigated whether NOX2
inhibition alone by DPI is sufficient to mediate dopaminergic neuroprotection. The
production of most proinflammatory cytokines, such as tumor necrosis factor alpha (TNFa)
and interleukin-1 beta (IL-1f), by microglia was completed within 12 h of LPS stimulation
(Liu et al. 2003). After repeated washing, neuron-glia cultures should contain minimal
amounts of cytokines. However, the production of superoxide (from NOX2), nitrite (from
iNOS) and PGE; (from cyclooxygenase 2, COX2) should continue due to their activated
enzymes. DPI was added 12 h after washing, and the effects of post-treatment DPI on nitrite,
PGE; and superoxide production were determined. Subpicomolar DPI failed to inhibit nitrite
(Fig. 2B) and PGE, production (data not show) in neuron-glia cultures. Interestingly, post-
treatment with subpicomolar DPI almost completely inhibited LPS-induced superoxide
production (Fig. 5A). Our previous report indicated that NOX2 is the major source of
extracellular superoxide in inflammation-treated neuron-glia cultures (Qin et al. 2004).
Thus, these results indicate that NOX2-generated superoxide not only played a key role in
sustaining the microglia-induced neuroinflammation but also could explain the fact that DPI
exerted its neuroprotective effect in this post-treatment regimen by merely inhibiting
superoxide production.

The phosphorylation and subsequent translocation of cytosolic subunit p47P"°X to the plasma
membrane is required for the activation of NOX2 and, therefore, the production of
superoxide (Lambeth 2004; Li et al. 2010; Zhu et al. 2006). We hypothesized that post-
treatment with DPI was capable of inhibiting LPS-induced superoxide production by
disassembling the NOX2 cytosolic/membrane subunit complex. Therefore, we investigated
the DPI-induced detachment of p47P"°X from the plasma membrane. HAPI microglia cells
were treated with LPS for 15 min to initiate p47P"°X membrane translocation
(Supplementary Fig. 1) prior to DPI treatment. Thirty minutes after DPI treatment, the
amount of p47Ph% in the membrane was significantly decreased (Fig. 5B), suggesting that
DPI is capable of inhibiting activated NOX2 by dislodging the bound cytosolic subunits
from the plasma membrane. Additionally, the resistance of gp91P"oX~/~ mice-derived

Glia. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Wang et al. Page 8

neuron-glia cultures to inflammation-mediated lesions (Supplementary Fig. 2) further
supports the effectiveness of NOX2 inhibition in dopaminergic neuroprotection.

DISCUSSION

The present study demonstrated that DPI at subpicomolar concentrations inhibited NOX2
activation but did not inhibit other electron-transferring flavoprotein enzymes in primary
midbrain neuron-glia cultures; additionally, this treatment did not result in any observed
toxicity. Furthermore, potent dopaminergic neuroprotection by subpicomolar DPI post-
treatment regimens was observed in three /n vitro PD models. These findings indicate that
DPI at ultra-low doses can be used experimentally as an excellent tool for specifically
inhibiting microglial NOX2. Moreover, from the therapeutic point of view, results from this
study also provide a convincing basis for using low-dose DPI as a potential candidate for
further animal and future clinical studies.

Although DPI has been widely used as a NOX2 inhibitor, its high toxicity and lack of
specificity at standard micromolar concentrations have excluded its consideration as a
possible drug candidate. Our findings show that DPI at subpicomolar concentrations is a
safe and highly specific NOX2 inhibitor. We verified the safety of DPI at subpicomolar
concentrations using an MTT assay, ICC staining and functional neuronal analysis. No
observable toxicity was detected, even after 7 days of treatment. Additionally, DPI
specifically inhibited NOX2, but not other electron-transferring flavoprotein enzymes,
including iNOS, xanthine oxidase, cytochrome P450 reductase, thioredoxin reductase and
NADH-ubiquinone oxidoreductase. The potential mechanism underlying the selective
inhibition of NOX2 by subpicomolar concentrations of DPI is attributed to its ability to
interfere with the binding of cytosolic subunit p47PhX to the plasma membrane, which is
critical for NOX2 activation (Lambeth 2004; Li et al. 2010; Zhu et al. 2006). Our studies
clearly demonstrate that DPI at subpicomolar concentrations significantly detached p47Phox
from the plasma membrane. It’s well known that DPI at micromolar concentrations
covalently binds to gp91P"°* and serves as a long-acting NOX2 inhibitor (Doussiere et al.
1999; O’Donnell et al. 1993). Considering that gp91P"°X can recognize a variety of
substances with higher affinity (Li et al. 2005; Qin et al. 2005a; Qin et al. 2005b), we
speculated that DPI at subpicomolar concentrations could still bind to gp91P"°X, although we
are not sure whether the binding site is the same with that of micromolar concentrations.
Binding of DPI might change the conformation of gp91Ph°* and subsequently decrease the
affinity of binding of the cytosolic subunit (p47P"°X). Due to the technical limitation, we do
not yet have evidence showing actual conformational change of gp91P"°X after DPI binding.
Collectively, this study provides convincing evidence supporting the high specificity of DPI
for NOX2 inhibition at subpicomolar concentrations.

Neuroinflammation is widely accepted to be associated with neurodegeneration. We and
others have provided evidence indicating that free radicals are intimately linked with the
initiation of neuroinflammation and subsequent neuronal damage (Block et al. 2007; Gao
and Hong 2008; Minghetti 2005). Although numerous studies have been published using
“antioxidant” treatments for neurodegenerative diseases, this strategy has continuously
failed in clinical trials. We reason that antioxidants are unable to sufficiently halt
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neuroinflammation due to either their weak potency or bioavailability issues. /n vitro and
animal studies from our laboratory show that inhibiting NOX2-generated superoxide results
in far more potent neuroprotective effects than antioxidants (Block et al. 2007; Gao et al.
2012). Supporting this notion, we and others have found that microglia-mediated
neuroinflammation contributes to the progressive dopaminergic neurodegeneration in PD
patients and animal models (Gao and Hong 2008; Wu et al. 2003). Mechanistic studies
revealed that NOX2 is a key mediator in the maintenance of microglia-mediated
neuroinflammation (Block and Hong 2005; Block et al. 2007; Brown 2007; Levesque et al.
2010). Thus, NOX2 may be an optimal target for developing neurodegenerative disease-
modifying drugs. Consistent with this concept, we showed that post-treatment with 10713 or
10714 M DPI is neuroprotective in LPS-, MPP*- and rotenone-generated /7 vitro PD models
(even after the onset of dopaminergic neurodegeneration). Interestingly, in the same
experiment, post-treatment with subpicomolar DPI inhibited NOX2-generated superoxide
but not INOS-generated nitrite and COX2-generated PGE; production, suggesting that
inhibition of NOX2 activity alone is sufficient to mediate neuroprotection. We reason that
superoxide plays a critical role in initiating and sustaining the production of other
proinflammatory factors, such as TNFa and IL-1B, among others (Block and Hong 2005). In
addition, DPI may prevent the formation of peroxynitrite, a highly cytotoxic oxidative
radical derived from a reaction between superoxide and nitrite, even although nitrite
production continues. Altogether, DPI at an ultra-low dose is a highly potent protector of
dopaminergic neurons. Because the treatment regimen was performed post-insult, our
findings are significant from a therapeutic point of view.

In summary, we report for the first time that subpicomolar DPI exhibits specificity for
NOX2 and subsequently protects dopaminergic neurons against xenobiotic-induced toxicity.
The demonstrated specificity, neuroprotective potency and low toxicological profiles at
ultra-low concentrations suggest that DPI may be a promising drug candidate for future
clinical trials in PD patients.
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Figure 1.
Effects of DPI on cell viability and DA uptake capacity in primary midbrain neuron-glia

cultures incubated with different concentrations of DPI for 48 h. (A) Cell viability was
evaluated by MTT assays. (B) Representative images of cells immunostained with Neu-N,
Iba-1 and GFAP antibodies indicate lesions on the neurons, microglia and astroglia after
micromolar, but not subpicomolar, DPI exposure. The inserts show amplified microglia in
each group. (C) [3H]-DA uptake analysis revealed a decrease in neurotransmitter uptake
capacity after micromolar, but not subpicomolar, DPI exposure. The results are expressed as
a percentage of the controls (mean + SEM) from three experiments performed in duplicate
and were analyzed using one-way ANOVA, followed by Bonferroni’s post hoc multiple
comparison test. **p < 0.01; Bar = 50 um.
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Figure2.

Subpicomolar DPI displays specificity for NOX2. (A-D) DPI at 10713 and 10714 M fails to
inhibit commercially purified (A) iNOS (nitrite production as an index), (B) xanthine
oxidase, (C) cytochrome P450 reductase and (D) thioredoxin reductase, although DPI at
micromolar concentrations decreases these enzyme activities. Data are expressed as the
mean + SEM from three to four experiments performed in duplicate. (E-J) The effects of
DPI on the enzymatic activities of NOX2, iNOS, xanthine oxidase, cytochrome P450
reductase, thioredoxin reductase and NADH-ubiquinone oxidoreductase in neuron-glia
cultures. (E) Cellular NOX2 activation was induced by PMA in neuron-glia cultures.
Superoxide production was used as an index of NOX2 activity. The addition of 10713 or
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10714 M DPI inhibits NOX2-generated superoxide as efficiently as micromolar
concentrations, indicating NOX2 inhibition. Data are expressed as a percentage of the PMA
group (mean £ SEM) from three to four experiments performed in duplicate. (F) Cellular
iNOS was induced in neuron-glia cultures by incubation with LPS for 12 h. Unlike
micromolar concentrations, DPI at 10713 and 10714 M fails to reduce the generation of
iNOS-generated nitrite. (G-J) DPI at 107> M, but not 10713 and 10714 M, inhibits xanthine
oxidase, cytochrome P450 reductase, thioredoxin reductase and NADH-ubiquinone
oxidoreductase in neuron-glia cultures. Data are expressed as the mean + SEM from three to
four experiments performed in duplicate. The results were analyzed using one-way
ANOVA, followed by Bonferroni’s post hoc multiple comparison test. **p < 0.01. XO,
xanthine oxidase; CPR, cytochrome P450 reductase; TR, thioredoxin reductase (TR); NUO,
NADH-ubiquinone oxidoreductase.
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Figure 3.

Dopaminergic neuroprotection by post-treatment with subpicomolar DPI 12 h after
inflammatory challenge in primary neuron-glia cultures. (A) Experimental designs.
Midbrain neuron-glia cultures were pre-treated with LPS (20 ng/ml) for 12 h, followed by
DPI (10724 or 10~ 13 M) treatment. (B) [3H]-DA uptake assay and (C) THir neuron count
analysis revealed significant dopaminergic protection 7 days after DPI treatment. (D)
Representative cell images of TH immunostaining 7 days after DPI treatment indicate
prominent protection of the dopaminergic neuronal cell bodies and dendrites. The results of
DA uptake are expressed as a percentage of the controls and are the mean £ SEM from three
to four experiments performed in duplicate. The results of THir cell counts are expressed as
the mean + SEM from three to four experiments performed in duplicate. Data were analyzed
using one-way ANOVA, followed by Bonferroni’s post hoc multiple comparison test. **p <
0.01; Bar =50 um.
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Figure4.
Dopaminergic neuroprotection by post-treatment with subpicomolar DPI 24 h after

xenobiotic damage in primary neuron-glia cultures. (A) Experimental designs. Midbrain
neuron-glia cultures were pre-treated with LPS (20 ng/ml), MPP* (0.15 uM) or rotenone (10
nM) for 24 h, followed by DPI (10714 or 10713 M) treatment. (B-D) Seven days after DPI
treatment, significant dopaminergic protection was observed using the [3H]-DA uptake
assay. The results are expressed as a percentage of the controls and are the mean + SEM
from three to four experiments performed in duplicate. Data were analyzed using one-way
ANOVA, followed by Bonferroni’s post hoc multiple comparison test. *p < 0.05, **p <
0.01.
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Figure5.
Post-treatment with subpicomolar DPI attenuates NOX2 activation induced by LPS through

detachment of p47P"°X from the plasma membrane. (A) Midbrain neuron-glia cultures were
pre-treated with LPS for 12 h, followed by DPI (10714 or 10713 M) treatment. Superoxide
production was significantly inhibited by subpicomolar DPI post-treatment. (B) Western
blot analysis revealed that subpicomolar DPI post-treatment detaches p47Ph°X from the
plasma membrane in LPS-treated HAPI microglia cells (gp91P"°X as an internal membrane
control). The densities of the membrane p47Ph% signals were quantified. The results are
expressed as a percentage of the LPS group (mean + SEM) from three to four experiments
performed in duplicate and were analyzed using one-way ANOVA, followed by
Bonferroni’s post hoc multiple comparison test. **p < 0.01.
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