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Our previous works have shown that the (NADPH) oxidase (Nox) enzyme, in particular Nox1, plays an
important role in oxidative stress and subsequent dopaminergic cell death elicited by paraquat (PQ).
In non-neuronal and glial cells, protein kinase C & (PKC38) shows the ability to regulate the activity of
the Nox system. Herein we aimed to investigate if also in dopaminergic neurons exposed to PQ, PKC3

Keywords: can regulate Nox1 expression.
[I:‘ADP H ;’dease The chemical inhibitor, rottlerin, and short interference RNA (siRNA) were used to inhibit or selectively
araqual

knockdown PKCS, respectively. The studies were performed using the immortalized rat mesencephalic
dopaminergic cell line (N27 cells) exposed to PQ, after pre-incubation with rottlerin or transfected with
PKC3-siRNA. We observed that inhibition or knockdown of PKC3$ significantly reduced PQ induced Nox1
transcript and protein levels, ROS generation and subsequent dopaminergic cell death. The results sug-
gest that PKCS plays a role in the regulation of Nox1-mediated oxidative stress elicited by PQ and could
have a role in the pathogenesis of Parkinson’s disease.
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1. Introduction

In the central nervous system (CNS), oxidative stress is a major
contributor to a number of diseases and aging process, and mito-
chondria have been considered as the main source of ROS. How-
ever, increasing evidence suggests that Nox enzymes might also
play a role in ROS production in the CNS [1,2]. Our previous studies
have demonstrated that Nox1 has a role in PQ-mediated dopami-
nergic neuronal cell death both in cell cultures and animal models
of Parkinson’s disease (PD) [3,4]. Recently, we reported that the
activation of Nox1/Rac1 is involved in oxidative stress and conse-
quential dopaminergic neuronal death following 6-hydroxydop-
amine (60HDA) treatment [5].

A growing body of evidence has demonstrated that oxidative
damage plays an important role in the pathogenesis of Parkinson
disease (PD). Markers of oxidative stress, such as increased levels
of malondialdehyde and cholesterol lipid hydroperoxides, resulting
in lipid peroxidation [6,7], have been detected in the substantia ni-
gra (SN) of PD brains. The presence of protein carbonyls and in-
creased level of 8-hydroxy-2-deoxyguanosine, a marker of DNA
oxidative damage caused by oxidative stress were also observed
in PD postmortem brain tissue [8-10].
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Epidemiological studies have identified PQ as a risk factors for
PD [11], which has been used in laboratory as a neurotoxin to
reproduce key pathologic hallmarks of PD [3,12,13]. The mecha-
nism by which PQ induces dopaminergic neuronal toxicity is still
under investigation. Previous studies have shown that PQ reduc-
tion and consequent superoxide formation are markedly promoted
by microglial Nox enzymes [12,14,15]. PQ strongly reduced glial
cell viability and its toxic effect was attenuated by a PKC$ inhibitor
(rottlerin), an antioxidant (o-tocopherol), and a Nox inhibitor
(DPI). These results suggest that PKC$ and ROS play an important
role in PQ-induced glial toxicity. In a previous study we have
shown that Nox1 mediates oxidative stress and cell death caused
by PQ in N27 dopaminergic cells and in mice. We identified for
the first time that the Nox1 isoform is constitutively expressed in
dopaminergic cells and its level is elevated by PQ administration
both in vivo and in vitro [3]. Moreover, we recently unveil that
Nox1-mediated ROS-generation is implicated in alpha-synuclein-
opathy and dopaminergic cell death induced by PQ [4].

Increasing evidence suggests that transcriptional regulation
may be particularly important in the control of Nox1-mediated
ROS generation. In fact, Nox1 transcription is induced under vari-
ous circumstances, such as platelet-derived growth factor, and
angiotensin II and prostaglandin F2o [16-18]. In non-neuronal
cells such as smooth muscle cells, it was shown that PKC3 is able
to regulate Nox1 activity by upregulation of its transcription
[19]. It was also reported that PQ toxicity on microglia cells in-
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volves increasing levels of ROS through Nox system, which is med-
iated by PKC3 [20]. A study on phagocytic cells reported that PKC3
is involved in the phosphorylation of p47°"°* and p67°"°*, cytosolic
components of Nox activation, suggesting that PKCS is a key medi-
ator of the NADPH enzymes activity. In phagocytic cells, ROS pro-
duced by PKCS-mediated Nox activation causes cell death
[21,22]. PKCS and the Nox system were implicated in the advanced
glycation end product (AGE)-induced neuronal toxicity [23]. It has
been also demonstrated that the activation of PKCS and Nox are
crucial for the differentiation of neuroblastoma cells induced by
retinoic acid [24]. Additionally, PKC3 was linked to dopaminergic
cell death, since rottlerin, a PKC$ inhibitor, exerts a neuroprotec-
tive effect against MPTP exposure [25].

In the present study, we sought to investigate whether PKC3
could be a regulator of Nox1-mediated oxidative stress and subse-
quent dopaminergic cell death induced by PQ.

2. Materials and methods
2.1. Materials

Fetal bovine serum (FBS), RPMI 1640, trypsin/EDTA and penicil-
lin-streptomycin, were purchased from GibcoBRL. Phenylmethyl-
sulfonyl fluoride (PMSF) and Nonidet P-40 (NP-40) were
purchased from Sigma Chemicals. Rabbit anti-Nox1 antibody was
obtained from Santa Cruz biotechnology (Santa Cruz, CA, USA).
Taq polymerase was purchased from Fermentas (Glen Burnie,
MD, USA). ECF Western Blotting Reagent Packs kit and anti-rabbit
or anti-mouse alkaline phosphatase-linked secondary antibodies
were obtained from Amersham Bioscience (Piscataway, NJ, USA).
Trizol reagent, 2’,7'-Dichlorodihydrofluorescein Diacetate (DCFDA),
dihydroethidium (DHE), Lipofectamin TM, superscript II reverse
transcriptase were purchased from Invitrogen (Carlsbad, CA,
USA). Paraquat (PQ), 3-(4,5-dimethylthiazal-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) and protease inhibitor cocktail were
from Sigma-Aldrich (St. Louis, MO, USA). CytoTox-96-NonRadioac-
tive-Cytotoxicity-Assay for LDH activity was from Promega biosci-
ence (San Luis Obispo, CA; USA). All other chemicals of reagent
grade were from Sigma Chemicals or Merck (Rahway, NJ, USA).

2.2. Cell-culture

The immortalized rat mesencephalic dopaminergic cell line
(N27 cells) was grown in RPMI 1640 medium supplemented with
10% FBS, penicillin (100 U/ml) and streptomycin (50 pg/ml), and
maintained at 37 °C in a humidified atmosphere of 5% CO,. Cells
were plated on polystyrene tissue-culture plates at a density of 1
x 10* cells/well in 96-well culture plates, 1.5 x 10° cells/well in
6-well culture plates. After 18 h, cells were treated with different
concentrations of PQ for the indicated duration. For siRNA transfec-
tion experiments, cells were plated at a density of 2 x 10* cells/
well in 96 well culture plates and of 5 x 10> cells when plated
on 60 mm dishes.

2.3. Cell transfection with siRNA

The oligonucleotides targeting to the rat PKC5 mRNA sequence
were synthesized chemically, modified into stealth siRNA and puri-
fied by Invitrogen. One non-specific siRNA (siRNA-NS) with a sim-
ilar GC content as PKC3 stealth siRNA was used as negative control.
N27 cells were transfected with 56 nM of PKC3 siRNA #1, #2 and
#3 (Fig. 2A), at 40-50% of confluence. Transfection of siRNAs was
performed using Lipofectamine 2000 according to the manufac-
turer’s protocol.

2.4. Paraquat treatment

Before PQ (500, 800 and 1000 uM) exposure for 6 or 18 h, N27
cells were either transfected with PKC3 siRNA for 36 h or treated
with rottlerin for 3 h. The mRNA and protein expression levels of
PKC3 and Nox1were analyzed.

2.5. Total RNA extraction and RT-PCR analysis

Total RNA was extracted from N27 cells using Trizol reagent.
Reverse transcription (RT) was performed for 40 min at 42 °C with
1 pg of total RNA using 1 unit/pL of superscript Il reverse transcrip-
tase. Random primers were used as primers. The samples were
then heated at 94 °C for 5 min to terminate the reaction. The cDNA
(1 pl) obtained from 1 pg of total RNA was used as a template for
PCR amplification. Oligonucleotide primers were designed based
on Genebank entries for: rat Nox1 (sense: 5’-TGACAGTGATGTATG-
CAGCAT-3’, antisense: 5-CAGCTTGTTGTGTGCACGCTG-3’); rat
PKCS (sense: 5’-AGCCTCTCCCTCTCTTCCAC-3’, antisense: 5'-
GGTGGGCTTCTTCTGTACCA3’); rat GAPDH (sense: 5’- ATCAC-
CATCTTCCAGGAGCG-3’, antisense: 5'- GAT-
GGCATGGACTGTGGTCA-3'). PCR reaction solutions contained
10 pl of 2x PCR buffer, 1.25 mM of each dNTP, 1 pmol each of for-
ward and reverse primers, and 2.5 units of Taq polymerase to a fi-
nal volume of 20 pl. PKC8, amplification was achieved in 35 cycles

A C PQ PQ+R

Nox1 |===== NS s

GAPDH s s s

B 2504
k%
2004 *%
. *%k
2% * ++
; ‘S‘ 150 + ++
40
8 5 1004
S ‘ \
50
Cc 100 500 800 1000
PQ (uM)
C 1504
§ 5 100
82 +
28 +
I': E *kk
=< 501 *kk
ﬂ
(o] 100 500 800 1000
PQ (M)

[ Cells untreated with rottlerin mmmm Cells treated with rottlerin

Fig. 1. Decreases of PQ-mediated Nox1 expression, ROS levels and N27 dopami-
nergic cell death by a PKC3 inhibitor, rottlerin. (A) Nox1 mRNA expression levels, (B)
ROS levels measured using NBT assay, and (C) cell death levels assessed by MTT
reduction assay, in cells treated with rottlerin (R) and exposed to PQ. The results are
expressed as a percentage of their controls. Statistical analysis was performed using
one-way ANOVA followed by Bonferroni’s Multiple Comparison Test. *p < 0.05,
**p <0.01 and **p < 0.001 vs. control cultures. *p < 0.05, *p <0.01 and *** p<0.001
vs. culture condition with PQ treatment and without rottlerin pre-treatment.
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Fig. 2. Specific siRNAs-mediated knockdown of PKCS in N27 cells. (A) Three PKC3-siRNA (siPKC3) sequences tested. (B) PKC5 mRNA expression levels and (C) PKCS protein
expression levels in cells transfected with siPKC3 #1, siPKC3 #2, siPKC3 #3 and siRNA-NS and in non-transfected cells (Non-tx). Statistical analysis was performed using one-
way ANOVA followed by Dunnett’'s Multiple Comparison Test. *p < 0.05; **p < 0.01 and ***p < 0.001 vs. Non-Tx cells.

of 40 s at 95 °C, 40 s at 52 °C, and 40 s at 72 °C. Nox1, amplification
was achieved using 38 cycles of 40 s at 95 °C, 30 s at 62 °C, and
2 min at 72 °C. After the last cycle, all samples were incubated
for additional 7 min at 72 °C. PCR fragments were analyzed on a
1% agarose gel containing ethidium bromide. Results were quanti-
fied using Quantity One Software (Bio-Rad). All values were nor-
malized against the amplified GAPDH. Each primer set
specifically recognized only the gene of interest as indicated by
amplification of a single band of the expected size.

2.6. Western-blot analysis

Cells were lysed on ice with cold RIPA buffer to collect protein.
Equal amounts of protein were loaded in each lane of a 12.5% SDS
polyacrylamide gel. After electrophoresis and transfer onto a poly-
vinylidene difluoride (PVDF) membrane, specific protein bands
were detected using the primary antibodies rabbit anti-Nox1, rab-
bit anti-PKC3 or mouse anti-p-actin and secondary antibodies anti-
rabbit or anti-mouse IgG, followed by enhanced chemifluorescence
system detection. All values were normalized against B-actin
levels.

2.7. Determination of cellular ROS content

ROS levels were measured by DCFDA, DHE and NBT assay. After
PQ treatment, cells were incubated with DCFDA (100 uM), DHE
(100 uM) and NBT (0.3 mg/ml) in complete medium for 1, 4 and
6 h at 37 °C, respectively. To measure the fluorescence produced
in the DCFDA and DHE, the emitted fluorescence was read in a
microplate spectrophotometer plate reader using ExX/Em 485/
535nm and 590/620 nm for DCFDA and DHE, respectively. To
quantify NBT precipitation, cells were washed twice with 70%
methanol and fixed for 5 min in 100% methanol. Wells were al-
lowed to air dry and the water insoluble formazan was solubilized

with 120 ul 2 M KOH and 140 pl DMSO. The optical density was
read in a microplate spectrophotometer plate reader at 590 nm.

2.8. Cell viability assays

To assess cell viability, the levels of MTT reduction and LDH
were measured. 0.5 mg/ml of MTT solution was added to cells
and incubated at 37 °C for 90 min. The formazan precipitates were
solubilized with acidic isopropanol (0,04 M HCl in absolute ispro-
panol). The absorbance of the solubilized formazan crystals was
measured at a wavelength of 570 nm using a microplate reader
(BioRad). LDH activity in the cell-free extracellular supernatant
was quantified as an indicator of cell death, using the cytotoxic as-
say kit as indicated by the manufacturer.

2.9. Data analysis and statistics

Statistical analysis was carried out with GraphPad Prism v.5
(GraphPad Software Inc., San Diego, CA). Data are expressed as per-
centages of control conditions, and are presented as mean + SEM of
at least three experiments, performed in triplicate, in independent
cell cultures. Statistical analyses were performed using one-way
ANOVA followed by Dunnett’s test or Bonferroni’s Multiple Com-
parison Test as indicated in figure legends. Values of p < 0.05 were
considered significant.

3. Results

3.1. Attenuation of PQ-mediated Nox1 expression, ROS generation and
dopaminergic cell death by the inhibition of PKCS

To clarify the potential involvement of PKC3 in the expression of
Nox1, we have evaluated the mRNA levels of Nox1 in N27 dopami-
nergic cells exposed to 500 uM of PQ for 6 h, in the presence or ab-
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sence of PKCS inhibitor rottlerin. As shown in Fig. 1(A), increased
Nox1 mRNA induced by PQ was reversed in cells pre-treated with
5 uM of rottlerin for 3 h, suggesting that PKCS may be a potential
mediator of the Nox1 induction by PQ.

We have further investigated the role of PKCS in PQ-mediated
ROS generation and dopaminergic cells death. Cells were pre-trea-
ted with 5 uM of rottlerin for 3 h prior to the exposure with differ-
ent concentrations of PQ (100, 500, 800 or 1000 uM). ROS levels
were measured 24 h after PQ treatment. In cells treated with
100, 500, 800 or 1000 1M of PQ, ROS levels were significantly in-
creased by 53%; 62%; 73% and 110%, respectively, as compared
with control cells. The inhibition of PKCS with rottlerin signifi-
cantly reduced PQ-mediated ROS generation (Fig. 1B). The effect
of rottlerin on PQ-mediated dopaminergic cell death was also
tested. The viability of cells was determined by MTT assays
(Fig. 1C). The levels of reduced MTT were statistically higher in cul-
tures pre-treated with rottlerin as compared to ones treated with
PQ only. As shown in Fig. 1C, rottlerin increased the levels of re-
duced MTT by 25% and 24% in cultures treated with 500 and
800 uM of PQ, respectively, as compared with cultures exposed
to PQ only.

These results suggest that PKC5 can be a central mediator of
ROS generation and dopaminergic cell death induced by PQ
exposure.

3.2. Selective knockdown of PKCs expression by siRNA

Although rottlerin has been widely used as a specific PKC§
inhibitor, recent studies suggest that it may affect other non-spe-
cific targets [26], leading us to apply a knockdown strategy using
PKCS siRNA to better understand the role of PKCS in PQ neurotox-
icity. Three different siRNA sequences against PKC3 were tested in
N27 cells and a non-specific siRNA was used as a negative control.
Knockdown efficiency was evaluated by RT-PCR and immunoblot
analysis. The RT-PCR analyses revealed that even though all siRNA
sequences reduce PKC5 mRNA levels, only siPKC3 #3 significantly
reduce PKC5 mRNA levels (Fig. 2B). The siPKC8 #1 reduced PKC3
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mRNA level by 18% and siPKC3#2 did by 22%. The most effective
siRNA sequence was siPKC3 #3, as significantly reducing PKCS
mRNA levels by 32%, as compared to non-specific siRNA transfec-
ted cells.

PKCS protein levels were also decreased accordingly by 29%,
37%, and 55% after transfection with PKCS siRNA #1, siRNA #2
and siRNA #3, respectively, as compared with non-specific siRNA
transfected cells (Fig. 2C). Based on this, PKCS siRNA #3 was se-
lected to be used in further experiments.

3.3. PKCs gene silencing decreases PQ-induced Nox1 expression

In order to understand if PKC5 may regulate the Nox1 expres-
sion induced by PQ, we investigated whether PKC3 knockdown
influence Nox1 expression in dopaminergic cells exposed to PQ.

N27 cells were transfected with PKCS siRNA #3 36 h prior to
exposure to different concentrations of PQ (500, 800 or
1000 puM). Nox1 mRNA and protein levels were determined by
RT-PCR and Western blot, respectively.

Nox1 mRNA levels were significantly increased in N27 cells
treated with PQ (Fig. 3A), and PKC3 knockdown significantly re-
duced this increases by 34% and 40% for 800 and 1000 uM of PQ,
respectively as compared with cells exposed to PQalone. PQ-in-
duced Nox1 protein expression was also decreased by PKC8 knock-
down. As shown in Fig 3B, PKC3 knockdown significantly reduced
Nox1 protein levels by 21% and 44%, which were induced by 800
and 1000 puM of PQ, respectively, as compared with cells exposed
to PQ only.

These results suggest that PKC$ can play an important role in
the PQ-mediated up-regulation of Nox1 in dopaminergic cells.

3.4. PKC$ knockdown reduces ROS and cell death induced by PQ

To investigate the role of PKC$ in PQ-induced ROS generation,
N27 cells were transfected with PKCS siRNA and treated with
500, 800 and 1000 puM of PQ. ROS levels were measured 24 h after
PQ treatment using DCFDA and DHE assays.
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Fig. 3. Reduction of PQ-induced Nox1 expression by PKC8 knockdown. (A) Nox1 mRNA expression levels of cells transfected with PKCS siRNA and siRNA-NS followed by PQ
treatment. (B) Nox1 protein expression levels of cells transfected with PKC3-siRNA and siRNA-NS. Statistical analysis was performed using one-way ANOVA followed by
Dunnett’s Multiple Comparison Test and Bonferroni's Multiple Comparison Test. *p < 0.05; ,,p < 0.01 and ***p <0 .001 vs. Non-tx cells. *p < 0.05; **p <0.01; ***p <0.001 vs.

culture condition of each PQ treatment without transfection.



384 A.C. Cristévdo et al./Biochemical and Biophysical Research Communications 437 (2013) 380-385

The analysis with DCFDA assay (Fig. 4A) revealed that ROS lev-
els of 127% observed in cells treated with 1000 uM PQ were signif-
icantly decreased to 96% after PKC3 knockdown. Similar results
were observed using the DHE assay (Fig. 4B). Significant decrease
in superoxide levels was also observed. 149% and 162% of superox-
ide in cells treated with 800 and 1000 puM of PQ, respectively, were
reduced to 116% and 117% after PKC8 knockdown. To evaluate the
effect of PQ on dopaminergic cell death after PKC5 knockdown, we
measured cell survival and death using MTT reduction and LDH re-
lease assay, respectively in PKC3 knock-down N27 cells after treat-
ment with PQ (500, 800 and 1000 uM) for 24 h.

As shown in Fig. 4C, as compared with non-transfected cells,
significant decreases in MTT reduction were observed by different
concentrations of PQ (67%, 53% and 39% for 500, 800 or 1000 pM of
PQ, respectively), which was reversed by PKC38 knockdown (99%,
96% and 91% for 500, 800 and 1000 uM of PQ, respectively). Similar
results were obtained with the LDH-based cell death assay that
measures LDH released to the medium (Fig. 4D). Compared with
non-transfectedcells, the LDH levels of N27 cells treated with
500, 800 and 1000 uM of PQ were significantly increased to
132%, 140% and 153%, respectively. PKC3 knockdown significantly
reduced LDH release induced by 500, 800 and 1000 uM of PQ, to
107%, 98% and 114%, respectively.

These results suggest that PKC3 is a mediator in PQ-mediated
ROS generation and subsequent dopaminergic cell death.

4. Discussion

In the current study, we showed that PKCS could be a key medi-
ator of Nox1 expression in dopaminergic cells after exposure to PQ.
Using either a chemical inhibitor, rottlerin, or RNAi-mediated PKC5
knockdown strategy, PQ-mediated Nox1 expression, ROS genera-

A 150+

*%

1204
90

60+

ROS levels
(DCFDA % of non-tx)

30+

0

Non-Tx 500 800
PQ (pM)

+++
ﬂ
800

PQ (uM)

1000 siRNA-NS

+++
’i*:'

1000 SiRNA-NS

(@)

150+

++
100
Kk
50-
0

Non-Tx 500

MTT Reduction
(% of non-tx)

—1Cells non-transfected with siPKC3

tion and consequent dopaminergic cell death were significantly
attenuated.

Dopaminergic neurons are known to be highly susceptible to
oxidative stress insults because of their reduced antioxidant capa-
bility, high content of dopamine, melanin and lipids, which renders
dopaminergic neurons prone to oxidative damage [27]. PQ is a
widely used herbicide, shown to cause oxidative stress and the
selective death of dopaminergic neurons, reproducing the primary
neurodegenerative feature of PD [28]. ROS have important biolog-
ical functions and Nox can generate ROS in a regulated manner in
several circumstances [1]. In our previous studies, we showed that
dopaminergic neurons were equipped with the Nox system and
that particularly Nox1 is a key player in PQ-induced toxicity to
dopaminergic neurons [3,4]. PKC3 is a member of the Protein ki-
nase C (PKC) family and is generally considered a growth inhibitor
or a pro-apoptotic PKC [29,30]. However, the pathway in which
PKC3 leads to apoptosis remains unclear. Miller and collaborators
[20] showed that PQ toxicity on microglia cells involves Nox-med-
iated ROS increase which is regulated by PKC3. In human neurons,
it was reported that PKCS can increase DNA binding activity of re-
dox-sensitive transcription factor AP-1 [31] which is known to be
involved in the regulation of Nox enzymes [32,33]. This could be
suggestive of a mechanism by which PKC3 regulates Nox1 tran-
scriptional regulation. Another report showed that PKC5 mediates
PQ-induced ROS generation and consequential death of glial cells
[34]. PQ also activates signaling pathways such as PKCS or MAPK,
which are known to be Nox1 transcriptional activators [19,32]. In
these studies it was demonstrated that in non-neuronal cells, like
smooth muscle cells, PKC8 regulates Nox activity by upregulation
of Nox1 at its mRNA level. In accordance with these works, the cur-
rent work showed that PKCS plays a key role in Nox1 upregulation,
ROS generation and subsequent dopaminergic cell death induced
by PQ. Either rottlerin, or PKC8 knockdown successfully reversed
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Fig. 4. PKC3 gene silencing reduces ROS and cell death induced by PQ. ROS levels in N27 cells transfected with PKC5 siRNA followed by PQ treatments measured using (A)
DCFDA or (B) DHE. (C) Cell viability analysis using MTT assay. (D) Cell death levels quantified by LDH assay. Statistical analysis was performed using one-way ANOVA followed
by Dunnett’s Multiple Comparison Test and Bonferroni’s Multiple Comparison Test. *p < 0.05; **p < 0.01 and ***p < 0.001 vs. Non-Tx cells. *p < 0.05; ** p < 0.01; ***p < 0.001 vs.

culture condition of each PQ treatment without transfection.



A.C. Cristévdo et al./Biochemical and Biophysical Research Communications 437 (2013) 380-385 385

aforementioned PQ effects on dopaminergic cells. The role of PKCS
in dopaminergic neurons has been reported in another toxin-based
PD model in which rottlerin exerts neuroprotective effects on
dopaminergic neurons after exposure to MPTP, a well-known
dopaminergic neurotoxin [25].

In summary, our data demonstrate that PKC3 is an important
mediator of PQ-induced ROS production through Nox1 complex
in dopaminergic neurons. It is likely that PQ sequentially induces
PKC3 activation, Nox1 expression, ROS generation and finally leads
to dopaminergic cell death, suggesting that this pathway could
serve as a valuable therapeutic target for the treatment PD.

Acknowledgments

This work was supported by the US National Institute of Health
[Grant number: RO1 NS062827 to Y.S.K.] and Michael ]. Fox Foun-
dation [Grant number: Target Validation 2009 to Y.S.K.].

Ana Clara Cristévao supported by the Portuguese Foundation
for Science and Technology - FCT (SFRH/BPD/69643/2010).

References

[1] ].D. Lambeth, NOX enzymes and the biology of reactive oxygen, Nat Rev
Immunol. 4 (2004) 181-189.

[2] S. Sorce, K.H. Krause, NOX enzymes in the central nervous system: from
signaling to disease, Antioxid. Redox. Signal. 11 (2009) 2481-2504.

[3] A.C. Cristovao, D.H. Choi, G. Baltazar, et al., The role of NADPH oxidase 1-
derived reactive oxygen species in paraquat-mediated dopaminergic cell
death, Antioxid. Redox. Signal. 11 (2009) 2105-2118.

[4] A.C.Cristovao, S. Guhathakurta, E. Bok, et al., NADPH oxidase 1 mediates alpha-
synucleinopathy in Parkinson’s disease, ] Neurosci. 32 (2012) 14465-14477.

[5] D.H. Choi, A.C. Cristovao, S. Guhathakurta, et al., NADPH oxidase 1-mediated
oxidative stress leads to dopamine neuron death in Parkinson’s disease,
Antioxid. Redox. Signal. 16 (2012) 1033-1045.

[6] D.T. Dexter, F.R. Wells, AJ. Lees, et al., Increased nigral iron content and
alterations in other metal ions occurring in brain in Parkinson’s disease, ]
Neurochem. 52 (1989) 1830-1836.

[7] D.T. Dexter, C.J. Carter, F.R. Wells, et al., Basal lipid peroxidation in substantia
nigra is increased in Parkinson’s disease, ] Neurochem. 52 (1989) 381-389.

[8] Z.I. Alam, S.E. Daniel, AJ. Lees, et al., A generalised increase in protein carbonyls
in the brain in Parkinson’s but not incidental Lewy body disease, ] Neurochem.
69 (1997) 1326-1329.

[9] H.S. Chun, G.E. Gibson, L.A. DeGiorgio, et al., Dopaminergic cell death induced
by MPP(+), oxidant and specific neurotoxicants shares the common molecular
mechanism, ] Neurochem. 76 (2001) 1010-1021.

[10] J. Zhang, G. Perry, M.A. Smith, et al., Parkinson’s disease is associated with
oxidative damage to cytoplasmic DNA and RNA in substantia nigra neurons,
Am. ]. Pathol. 154 (1999) 1423-1429.

[11] C. Berry, C. La Vecchia, P. Nicotera, Paraquat and Parkinson’s disease, Cell
Death Differ. 17 (2010) 1115-1125.

[12] A.L. McCormack, J.G. Atienza, L.C. Johnston, et al., Role of oxidative stress in
paraquat-induced dopaminergic cell degeneration, ] Neurochem. 93 (2005)
1030-1037.

[13] J. Blesa, S. Phani, V. Jackson-Lewis, et al., Classic and new animal models of
Parkinson’s disease, ] Biomed. Biotechnol. 2012 (2012) 845618.

[14] D. Bonneh-Barkay, S.H. Reaney, WJ. Langston, et al., Redox cycling of the
herbicide paraquat in microglial cultures, Brain Res. Mol. Brain Res. 134 (2005)
52-56.

[15] M.G. Purisai, A.L. McCormack, S. Cumine, et al., Microglial activation as a
priming event leading to paraquat-induced dopaminergic cell degeneration,
Neurobiol. Dis. 25 (2007) 392-400.

[16] M. Katsuyama, C. Fan, C. Yabe-Nishimura, NADPH oxidase is involved in
prostaglandin F2alpha-induced hypertrophy of vascular smooth muscle cells:
induction of NOX1 by PGF2alpha, J Biol. Chem. 277 (2002) 13438-13442.

[17] B. Lassegue, D. Sorescu, K. Szocs, et al., Novel gp91(phox) homologues in
vascular smooth muscle cells: nox1 mediates angiotensin Il-induced
superoxide formation and redox-sensitive signaling pathways, Circ. Res. 88
(2001) 888-894.

[18] Y.A. Suh, R.S. Arnold, B. Lassegue, et al., Cell transformation by the superoxide-
generating oxidase Mox1, Nature 401 (1999) 79-82.

[19] C.Y. Fan, M. Katsuyama, C. Yabe-Nishimura, PKCdelta mediates up-regulation
of NOX1, a catalytic subunit of NADPH oxidase, via transactivation of the EGF
receptor: possible involvement of PKCdelta in vascular hypertrophy, Biochem.
J. 390 (2005) 761-767.

[20] R.L. Miller, G.Y. Sun, AY. Sun, Cytotoxicity of paraquat in microglial cells:
involvement of PKCdelta- and ERK1/2-dependent NADPH oxidase, Brain Res.
1167 (2007) 129-139.

[21] E.A. Bey, B. Xu, A. Bhattacharjee, et al., Protein kinase C delta is required for
p47phox phosphorylation and translocation in activated human monocytes, J
Immunol. 173 (2004) 5730-5738.

[22] X. Zhao, B. Xu, A. Bhattacharjee, et al., Protein kinase Cdelta regulates p67phox
phosphorylation in human monocytes, J. Leukoc. Biol. 77 (2005) 414-420.

[23] M. Nitti, A.L. Furfaro, N. Traverso, et al., PKC delta and NADPH oxidase in AGE-
induced neuronal death, Neurosci. Lett. 416 (2007) 261-265.

[24] M. Nitti, A.L. Furfaro, C. Cevasco, et al., PKC delta and NADPH oxidase in
retinoic acid-induced neuroblastoma cell differentiation, Cell. Signal. 22
(2010) 828-835.

[25] D. Zhang, V. Anantharam, A. Kanthasamy, et al., Neuroprotective effect of
protein kinase C delta inhibitor rottlerin in cell culture and animal models of
Parkinson’s disease, ]J. Pharmacol. Exp. Ther. 322 (2007) 913-922.

[26] S.P. Soltoff, Rottlerin: an inappropriate and ineffective inhibitor of PKCdelta,
Trends Pharmacol. Sci. 28 (2007) 453-458.

[27] M. Wojtera, B. Sikorska, T. Sobow, et al., Microglial cells in neurodegenerative
disorders, Folia Neuropathol. 43 (2005) 311-321.

[28] J. Peng, F.F. Stevenson, S.R. Doctrow, et al., Superoxide dismutase/catalase
mimetics are neuroprotective against selective paraquat-mediated
dopaminergic neuron death in the substantial nigra: implications for
Parkinson disease, J. Biol. Chem. 280 (2005) 29194-29198.

[29] C.Brodie, P.M. Blumberg, Regulation of cell apoptosis by protein kinase c delta,
Apoptosis 8 (2003) 19-27.

[30] M. Carvour, C. Song, S. Kaul, et al., Chronic low-dose oxidative stress induces
caspase-3-dependent PKCdelta proteolytic activation and apoptosis in a cell
culture model of dopaminergic neurodegeneration, Ann. N. Y. Acad. Sci. 1139
(2008) 197-205.

[31] M. Nitti, C. d’Abramo, N. Traverso, et al., Central role of PKCdelta in
glycoxidation-dependent apoptosis of human neurons, Free Radic. Biol. Med.
38 (2005) 846-856.

[32] M.O. Cevik, M. Katsuyama, S. Kanda, et al., The AP-1 site is essential for the
promoter activity of NOX1/NADPH oxidase, a vascular superoxide-producing
enzyme: Possible involvement of the ERK1/2-JunB pathway, Biochem.
Biophys. Res. Commun. 374 (2008) 351-355.

[33] A. Manea, S.A. Manea, A.V. Gafencu, et al., AP-1-dependent transcriptional
regulation of NADPH oxidase in human aortic smooth muscle cells: role of
p22phox subunit, Arterioscler. Thromb. Vasc. Biol. 28 (2008) 878-885.

[34] S. Kim, J. Hwang, W.H. Lee, et al.,, Role of protein kinase Cdelta in paraquat-
induced glial cell death, J. Neurosci. Res. 86 (2008) 2062-2070.


http://refhub.elsevier.com/S0006-291X(13)01083-8/h0005
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0005
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0010
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0010
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0015
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0015
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0015
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0020
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0020
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0025
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0025
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0025
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0030
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0030
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0030
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0035
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0035
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0040
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0040
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0040
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0045
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0045
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0045
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0050
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0050
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0050
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0055
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0055
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0060
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0060
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0060
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0065
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0065
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0070
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0070
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0070
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0075
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0075
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0075
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0080
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0080
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0080
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0085
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0085
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0085
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0085
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0090
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0090
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0095
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0095
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0095
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0095
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0100
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0100
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0100
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0105
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0105
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0105
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0110
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0110
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0115
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0115
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0120
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0120
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0120
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0125
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0125
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0125
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0130
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0130
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0135
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0135
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0140
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0140
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0140
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0140
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0145
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0145
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0150
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0150
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0150
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0150
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0155
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0155
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0155
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0160
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0160
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0160
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0160
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0165
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0165
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0165
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0170
http://refhub.elsevier.com/S0006-291X(13)01083-8/h0170

	PKCδ mediates paraquat-induced Nox1 expression i
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Cell-culture
	2.3 Cell transfection with siRNA
	2.4 Paraquat treatment
	2.5 Total RNA extraction and RT-PCR analysis
	2.6 Western-blot analysis
	2.7 Determination of cellular ROS content
	2.8 Cell viability assays
	2.9 Data analysis and statistics

	3 Results
	3.1 Attenuation of PQ-mediated Nox1 expression, 
	3.2 Selective knockdown of PKCδ expression by si
	3.3 PKCδ gene silencing decreases PQ-induced Nox
	3.4 PKCδ knockdown reduces ROS and cell death in

	4 Discussion
	Acknowledgments
	References


