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Abstract

Oxidative stress is commonly implicated in aging and neurodegenerative conditions such as Parkinson’s disease
(PD). Mutations in DJ-1 are associated with autosomal recessive early-onset PD. We investigated whether DJ-1
can be degraded in oxidative-stressed dopaminergic neuronal cells, leading to loss of its protective role against
oxidative stress. We have shown previously and herein that the active form of matrix metalloproteinase-3
(MMP3) was accumulated in dopamine-producing CATH.a cells in the presence of MPP". We show that cat-
alytically active MMP3 cleaved DJ-1, and impaired its antioxidant function. In CATH.a cells, both monomeric
and dimeric forms of DJ-1 were diminished in the presence of MPP", and this was reversed by MMP3 knock-
down or inhibition. While DJ-1 expression was decreased in the substantia nigra of mice administered with
MPTP, its degradation was largely attenuated in MMP3 knockout mice. The AKT-signaling pathway, thought to
mediate the effect of DJ-1 on cell survival, was also altered. MPP" caused decrease in both phospho-Thr308 and
phospho-Ser473 forms of AKT, and this was restored by NNGH. Our data suggest that DJ-1 is fragmented by the
intracellular MMP3 in response to cell stress, abolishing the protective role of DJ-1 against oxidative damage,

and this contributes to the pathogenesis of PD. Antioxid. Redox Signal. 14, 2137-2150.

Introduction

PARKINSON'S DISEASE (PD) is an age-related and progres-
sive neurodegenerative movement disorder caused by the
selective loss of dopamine (DA)-producing neurons in the
substantia nigra (SN) pars compacta. Cellular stresses derived
from oxidative stress, mitochondrial dysfunction, inflamma-
tion, and impairment of the protein degradation system have
all shown to lead to death of DA cells (11, 17, 25).

While the majority of PD cases is idiopathic, genetic factors
also contribute to the pathogenesis. Mutations in DJ-1 in the
PARKY locus are associated with autosomal recessive early-
onset PD, which accounts for 1%—2% of all early onset PD
cases (6). DJ-1 encodes a 189 amino acid protein that is a
member of the Thi] /PfPI superfamily (16, 33, 37). DJ-1 is ex-
pressed in both neurons and astrocytes in the brain (5, 11, 37),
as well as in various other organs (37). At the subcellular
level, it is found in the matrix and the intermembrane space of
the mitochondria (3), as well as in the cytosol (4). DJ-1 works
as an atypical peroxiredoxin-like peroxidase that scavenges
H,0; (3, 7), and studies have shown that DJ-1 can provide
protection against oxidative, proteasomal, and mitochondrial

stresses (37), and that loss of its function is associated with the
onset of PD (3). DJ-1 has three cysteine residues at amino acids
46, 53, and 106 (C46, C53, and C106, respectively) (36). Of the
three cysteine residues, C106 is oxidized to sulfinic acid dur-
ing the peroxidase reaction and is therefore necessary for DJ-1
to be functionally active (7, 36). DJ-1 becomes inactive if C106
is superfluously oxidized, and such oxidized DJ-1 has been
observed in patients with idiopathic PD (36). DJ-1 knockout
(KO) mice show a deficit in scavenging mitochondrial H,O,
(3, 7), and this H,O, scavenging activity is a prerequisite for
cell protection against H,O,-induced death and ischemia-
induced damage (2, 43). Another irreversibly oxidized form of
DJ-1, produced by carbonylation and methionine oxidation
(9), has also been found in PD cases. In addition, DJ-1 has been
reported to modulate the PTEN/AKT survival pathway (22,
48) and disrupt the Askl-mediated apoptotic signaling (19).
All these findings point to the importance of intact DJ-1 in
protection of dopaminergic (DArgic) neurons against oxida-
tive stress.

We have previously demonstrated that the active form of
matrix metalloproteinase 3 (MMP3) can be generated intra-
cellularly in response to cell stress and is involved in apoptosis
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of DArgic cells (8). This suggested the possibility that there
might be some target proteins that are cleaved by this en-
doprotease inside the cell. Indeed, a-synuclein has been
shown to be cleaved by MMP3 and that the fragmented -
synuclein is more prone to aggregation and rendering toxicity
(26, 40). In fact, our previous study showed that 1-methyl-4-
phenyl-1,2,3,6 tetrahydropyridine (MPTP)-elicited degenera-
tion of nigrostriatal DA neurons is largely attenuated in
MMP3 KO mice (23). Based on these observations, we hy-
pothesized that DJ-1 may be cleaved by MMP3 and that this
renders the cells more vulnerable. In the present study, we
sought to investigate whether MMP3 directly cleaves DJ-1,
and that the cleavage abolishes its antioxidant activity against
H,0,, interferes with the AKT survival pathway, and in-
creases the sensitivity of DArgic cells to cellular stress.

Materials and Methods
Materials

Fetal bovine serum (FBS), horse serum, RPMI 1640,
trypsin/EDTA, and penicillin-streptomycin were purchased
from GibcoBRL (Gaithersburg, MD). N-isobutyl-N-(4-
methoxyphenylsulfonyl) glycyl hydroxamic acid (NNGH)
and MMP3 fluorescent assay kit were purchased from BIO-
MOL International, L.P. (Plymouth Meeting, PA). The re-
combinant catalytic domain of MMP3 protein was from
Calbiochem (San Diego, CA). Antibodies used are as follows:
Goat polyclonal anti-MMP3 (R&D systems, Minneapolis,
MN), goat polyclonal anti-DJ-1, rabbit polyclonal anti-DJ-1,
and mouse monoclonal anti-SOD2 (Santa-Cruz Biotechnol-
ogy, Santa Cruz, CA), mouse monoclonal anti-TH antibody
(Sigma-Aldrich St. Louis, MO), mouse monoclonal anti-DJ-1
(Stressgen, Ann Arbor, MI), rabbit anti-phospho-Akt poly-
clonal antibodies (phospho-Ser473 and phosphor-Thr308)
(Cell Signaling, Beverly, MA), mouse monoclonal anti-Flag
antibody (Sigma-Aldrich) and mouse monoclonal anti-V5
antibody (Invitrogen, Carlsbad, CA). NuPAGE Tris-glycine
ready gels (4% ~12% polyacrylamide), prestained SDS-PAGE
standards (broad range), Trizol reagent, and Amplex red kits
were from Invitrogen. The bacterial (E. coli) host and the
cloning vector pET-30 Ek/LIC (which contains the nucleo-
tide sequence coding for six histidines) were obtained from
Novagen (Madison, WI). Primers were synthesized at In-
vitrogen, and Taq polymerase, nucleotides, and Fugene6 were
purchased form Roche Applied Science (Indianapolis, IN).
Gel extraction kit, and Ni-NTA Superflow column matrix
were obtained from QIAGEN (Valencia, CA). CelLyticB Bac-
terial Cell Lysis/Extraction Reagent, Luria Bertani (LB) broth,
isopropyl f-thiogalactopyranoside (IPTG), kanamycin, SDS,
DTT, EDTA, imidazole were obtained from Sigma-Aldrich.
All other chemicals were reagent grade and were from Sigma-
Aldrich or Merck (Rahway, NJ).

Animals and MPTP injection
and immunohistochemistry

All procedures were approved by the Animal Experiment
Review Board of Laboratory Animal Research Center of
Konkuk University. MMP-3 knockout (KO) mice (C57BL/
6x129SvEv), originally developed by Mudgett et al. (28), and
their wild-type (WT) animals were obtained from Taconic
Farms (Germantown, NY) and bred at the specific pathogen-
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free animal facility of Asan Institute for Life Science, Uni-
versity of Ulsan of College Medicine (Seoul, Korea). WT and
MMP-3 null mice (8 weeks, body weight 20 +2 g) received 4
intraperitoneal (i.p.) injections of PBS or MPTP (4x15mg/kg
at 2h intervals) and were sacrificed after 7 days (5 mice per
group). Immunohistochemistry was performed using the
protocol described previously (23). Briefly, mice were deeply
anesthetized with sodium pentobarbital (120 mg/kg) and
transcardially perfused with saline containing 0.5% sodium
nitrite and 10 U/ml heparin sulfate, followed by cold 4%
formaldehyde generated from paraformaldehyde in 0.1M PBS
(pH 7.2). Brains were postfixed in the same solution for 1h
and infiltrated with 30% sucrose overnight. Free-floating
sections (30 um) were obtained from the striata and SN using a
cryocut microtome (CM1850, Leica, Wetzlar, Germany). Sec-
tions were washed in 0.1 M PBS, incubated in 0.1 M PBS
containing 5% normal horse serum and 0.3% TritonX-100 for
1h, and subsequently incubated overnight with both TH
(1:1000) and DJ-1 (1:500) antibodies at 4°C. The sections were
then incubated with Alexa Flour 488 conjugated—and Alexa
Flour 546 conjugated—secondary IgG (1:200) for 1h in a hu-
midified chamber. PBS (0.1 M, pH 7.4) containing 1.5% nor-
mal horse serum was used to wash sections on slides between
all steps. The sections were washed in PBS, mounted on a
glass slide, and viewed by confocal microscopy (FV-1000
spectral, Olympus, PA).

Expression of N-terminal Flag-tagged
and C-terminal V5-tagged human DJ-1 in COS cells

pcDNAS3.0 DJ-1-V5 plasmid DNA, kindly provided by Dr.
Jin H. Son, was used to express C-terminal V5-tagged human
DJ-1 (CT-V5-DJ-1). For construction of the N-terminal Flag-
tagged and C-terminal V5-tagged plasmid DNA (Flag-DJ-1-
V5), PCR was performed using the CT-V5-DJ-1 plasmid
DNA as a template. The PCR product was cloned into
the p3xFLAG-Myc-CMV™-25 expression Vector (Sigma-
Aldrich). COS cells were plated on a 100 mm dish at a density
of 5x10° cells one day prior to transfection. 15 ul of Fugene6
reagent was diluted directly into 500 ul of OPTI-MEM and
incubated at room temperature for 5-10 min before the di-
luted reagent was added to the plasmid DNA in polystyrene
tubes. The DNA-Fugene6 mixture was then incubated at
room temperature for an additional 15-20 min to allow com-
plex formation. The DNA-Fugene6 complex was added onto
the COS cells. The cells were incubated for 48 h in the presence
of the transfection mixture before analysis. Flag-DJ-1-V5 was
used only for the in vitro test for cleavage of DJ-1 by cMMP3.

Generation of recombinant human
DJ-1 peptides in E.coli

For construction of the full-length human DJ-1, polymer-
ase chain reaction (PCR) was performed using the above-
mentioned plasmid DNA (CT-V5-DJ-1) as a template. The
PCR product was cloned into the pET-30 Ek/LIC expression
vector. His-tagged recombinant human DJ-1 was produced in
BL21 E. coli cells induced with 1mM IPTG for 4h at 37°C.
Bacterial pellets were resuspended in 50 mM sodium phos-
phate (pH 6.8) and 300 mM sodium chloride, and lysed by
sonication. Lysates were cleared by centrifugation at 20,000 g
for 20min, and the supernatant was incubated with NTA-
Ni-conjugated agarose resin for 1h at 4°C. The resin was
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subsequently washed five times with 20 resin volumes of lysis
buffer containing 20 mM imidazole, and protein was eluted in
five fractions with two resin volumes of lysis buffer contain-
ing 250 mM imidazole. Recombinant protein elutions were
confirmed to be of 99% purity by SDS- PAGE and colloidal
Coomassie staining.

Cleavage of DJ-1 by cMMP3

The lysate of COS cells transiently transfected with Flag-DJ-
1-V5 and was incubated with 50, 100, or 200 ng/ml of cMMP3
or 200 ng/ml active MMP-9 in the absence or presence of 1 uM
NNGH for 2h at 37°C. The samples were then loaded in total
onto each lane of SDS-PAGE for Western blot analysis against
Flag or V5. For the elimination of H,O,, 10 ug/ml recombinant
and purified human DJ-1 protein was incubated with
100 ng/ml cMMP3 in the presence of 20 mM Tris-HCl, pH 7.2,
150 mM NaCl, 1 mM CaCl, at 37°C for 2 h. To assess the ability
of cMMP3 to cleave DJ-1 protein directly, DJ-1 was incubated
in the above-mentioned buffer with NNGH or active MMP-9.
After the digestion, the solutions were used for H,O, detec-
tion using an Amplex Red kit.

Digestion of rDJ-1 by cMMP3
and nano-liquid chromatography—
mass spectrometry/ mass spectrometry analysis

500ng of recombinant DJ-1 (rDJ-1) was incubated with
0.5ug of recombinant catalytic domain of human MMP3
(cMMP3) in 20 ul PBS for overnight at 37°C. The digested
peptides were extracted twice with 5% formic acid in 50%
acetonitrile solution at room temperature for 20 min and de-
salted using C18 ZipTips (Millipore, Billerica, MA) before
mass spectrometry (MS) analysis. The desalted peptides were
loaded onto a fused silica microcapillary column (12cmx
75 um) packed with the C18 reversed phase resin (5 um, 200
A). Liquid chromatography separation was conducted under
a linear gradient as follows: a 3%-40% solvent B (0.1% formic
acid in 100% ACN) gradient, with a flow rate of 250 nl/min,
for 60 min. The column was directly connected to a LTQ linear
ion-trap mass spectrometer (ThermoFinnigan, San Jose, CA)
equipped with a nano-electrospray ion source. The electrospray
voltage was set at 2.05kV, and the threshold for switching from
MS to MS/MS was 500. The normalized collision energy for
MS/MS was 35% of main radio frequency amplitude (RF) and
the duration of activation was 30 ms. All spectra were acquired
in data-dependent scan mode. Each full MS scan was followed
by five MS/MS scans corresponding from the most intense to
the fifth intense peaks of full MS scan. Repeat count of peak for
dynamic exclusion was 1, and its repeat duration was 30s. The
dynamic exclusion duration was set for 180s and width of
exclusion mass was + 1.5 Da. The list size of dynamic exclusion
was 50. The collected MS/MS spectra were searched using
SEQUEST (ThermoFinnigan) program with the selected criteria
of the oxidation on Met (+16 Da), Carboxyamidomethylation
on Cys (457 Da) as variable modifications.

Detection of H,O, by Amplex Red assay

Polystyrene tubes containing 0.5 ml of the working solution
and either 0.5ml of the various H,O, calibration standards
or 0.5 ml aliquots of the samples were incubated for 30 min at
room temperature. The samples were transferred into 96-well
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plates and fluorescence was measured with a spectrofluo-
rometer (FluoroMax-3, Jobin Yvon, NJ) using excitation at
530 4+ 2nm and fluorescence detection at 585 + 2 nm.

Cell cultures

CATH.a cells were grown in RPMI 1640 containing 8%
horse serum, 4% FBS, and COS cells in DMEM containing 10%
FBS. The cells were maintained in the above medium con-
taining 100 IU/1 penicillin and 10 ug/ml streptomycin at 37°C
in 95% air and 5% CO,; in humidified atmosphere. For ex-
periments, the cells were plated on polystyrene tissue culture
dishes at a density of 5x10* cells/well in 96-well culture
plates, 1.5~3x10° cells /well in 24 well culture plates, 1.5x10°
cells/well in 6-well culture plates. After 24 h, the cells were fed
with fresh medium and treated with MPP™ and/or other
drugs.

MMP3 activity assay

MMP3 activity was measured following the manufactur-
er’s instructions. To measure the activity of intracellular
MMP3, cells were washed in PBS and lysed by brief sonication
in the assay buffer (50 mM MES, 10 mM CaCl,, and 0.05% Brij-
35, pH 6.0). 50 ug of the cell lysate protein was transferred to
96 wells, to which the assay buffer was added to a total vol-
ume of 199 ul. After incubation for 1h at 37°C, reaction was
started by adding 1 ul (4 uM final concentration) of substrate
(Mca-Pro- Leu-Gly-Leu-Dpa-Ala-Arg-NH,). The plates were
read continuously in a fluorescence microplate reader (Mo-
lecular Devices, Menlo Park, CA) over 30 min (excitation at
328 nm/emission at 393 nm) and the rate of product formation
was determined from the linear range.

Assay of the cellular ROS contents

Cells were incubated with 2’,7’-dichlorodihydrofluorescein
diacetate (DCFDA; 100 uM in DMSQO; Invitrogen, Carlsbad,
CA) for 1h at 37°C, and then washed twice with PBS. The
cellular free radical content was assayed by measuring the
2’,7’-dichlorofluorescein fluorescence by using a microplate
reader (excitation at 485 nm/emission at 535 nm).

Cell staining

Cells grown and treated on a cover slide were fixed in cold
4% paraformaldehyde in 0.1 M phosphate-buffered saline
(PBS), pH 7.4 for 30 min at room temperature. After washing
twice in PBS, the cells were incubated for 1h in blocking so-
lution (5% BSA and 0.3% Triton X-100 in 0.1 M PBS). The cells
were then incubated overnight with appropriate primary
antibody (MMP3, 1:500; DJ-1, 1:500; SOD2, 1:100) diluted in
incubation solution (2% BSA and 0.2% Triton X-100 in 0.1 M
PBS) at 4°C and washed twice in PBS. The samples were in-
cubated at 24°C for 1 h with appropriate fluorescence-labeled
secondary antibody (Alexa Fluor 546 conjugated donkey anti-
goat IgG; Cy5 conjugated donkey anti-rabbit IgG; Alexa
Fluor 488 conjugated donkey anti-mouse IgG) diluted 1:200
in the incubation solution. As a negative control, the sam-
ples were incubated with the respective secondary antibodies
only. The cells were washed in PBS, mounted on a glass slide,
and viewed by confocal microscopy (FV-1000 spectral,
Olympus, Center Valley, PA).
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Cytoplasmic and mitochondrial fractionation

Cytosolic and mitochondrial extracts were prepared from
CATH.a cells in the absence or presence of MPP*. The cells
were washed with ice-cold phosphate-buffered saline and
incubated in buffer A (10 mM Tris HCI [pH 7.5], 2mM MgCl,,
3mM CaCl, 300 mM sucrose, 0.1 mM dithiothreitol, protease
inhibitor cocktail contains 4-(2-Aminoethyl) benzenesulfonyl
fluoride (AEBSF), pepstatin A, bestatin, leupeptin, aprotinin,
and trans-epoxysuccinyl-L-leucyl-amido(4-guanidino)-
butane(E64)) on ice for 15 min. After incubation, 10% IGEPAL
CA-630 solution added to a final concentration of 0.6%. After
centrifugation (10,000 g, 30sec), the supernatants were
transferred to a fresh tube. This fraction was the cytoplasmic
fraction. For mitochondrial fractionation, the cells were
washed with ice-cold phosphate-buffered saline and ho-
mogenate in buffer B (225mM mannitol, 75mM sucrose,
5mM HEPES, 1mM EGTA, and 0.1 mg/ml BSA) with glass
homogenizer. After centrifugation (6000 rpm, 5min, at 4°C),
the supernatants were transferred to a fresh tube. After
centrifugation at 14,000rpm for 12min at 4°C, the pellet
(crude mitochondrial fraction) was resuspended with 1ml
of 12% percoll and resuspension was put on 9ml of 23%
percoll in buffer B without BSA. After centrifugation at
25,000rpm for 16 min at 4°C, the middle layer (pure mito-
chondrial fraction) was transferred to a fresh tube and
washed with buffer containing 225mM mannitol, 75 mM
sucrose 5mM HEPES. After centrifugation at 14,000 rpm for
11 min at 4°C, aliquots of mitochondrial extract protein were
frozen at —70°C. For the determination of purity, 15ug of
soluble protein per lane was subjected to SDS-PAGE and
electrotransferred onto PVDF membrane. Specific protein
bands were detected by using specific anti-Akt antibody as
a marker cytoplasmic fraction or anti-Tim23 antibody as a
marker mitochondrial fraction and Enhanced Chemilumi-
nescence.

Western blot analysis

Cells were washed with ice-cold PBS and lysed on ice in
RIPA buffer (50mM Tris-HCl pH 7.4, 150mM NaCl. 1%
NP40, 0.25% Na-deoxycholate, and 0.1% SDS) containing
protease inhibitor mixture and phosphatase inhibitors (Sigma-
Aldrich). To detect DJ-1 dimers, confluent cells were washed
twice with PBS containing 1mM MgCl, and 1mM CaCl,.
One mM of the chemical crosslinker disuccinimidyl suberate
(DSS) was added directly to the cells. After the cells were
incubated for 30min at room temperature, the cells were
washed twice with PBS followed by PBS containing 50 mM
Tris-HCI (pH 7.4) (5). 30 ug of soluble protein was subjected
to SDS-PAGE and electrotransferred onto PVDF membrane.
Specific protein bands were detected by using specific anti-
bodies (anti-MMP3, 1:1000; anti-DJ-1, 1:1000; anti-flag, 1:4000;
anti V5 1:5000) and anti-phospho-AKT (Ser473 and Thr308,
1:500; anti-V5, 1:5000) and enhanced chemiluminescence.
For co-immunoprecipitaion (IP) followed by Western blot
analysis, 300 ug of cytosolic fractions was incubated with
goat anti-MMP3 antibody in combination with protein A/G
agarose beads overnight in a cold room. After spinning down,
the pellet was washed with RIPA buffer three times. After
washing, IP pellet was subjected to SDS-PAGE and electro-
transferred onto PVDF membrane. DJ-1 was detected by
Western blot analysis.
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Total RNA extraction and RT-PCR analysis

Total RNA was extracted from CATH.a cells using Trizol
reagent. Reverse transcription was performed for 1h at 42°C
with 1ug of total RNA using 20 unit/ul of AMV reverse
transcriptase (Roche Applied Science, Basel, Switzerland),
and oligo-p(dT)15 as a primer. The samples were then heated
at 99°C for 5min to terminate the reaction. The cDNA ob-
tained from 0.1 ug total RNA was used as a template for PCR
amplification. Oligonucleotide primers were designed based
on Genebank entries for mouse DJ-1 (sense, 5-GCTT CCAA
AAGAGCTCTGGTCA-3; antisense, 5'- GCTCTAGTCTTTG
AGAACAAGC-3') and rat GAPDH (sense, 5'- ATCACCATC
TTCCAGGAGCG-3'; antisense, 5'- GATGGCATGGACTGT
GGTCA-3). PCR mixes contained 10 ul of 2X PCR bulffer,
1.25mM of each dNTP, 100 pM of each forward and reverse
primer, and 2.5 units of Taq polymerase in the final volume of
20 ul. Amplification was performed in 30 cycles at 58°C,
30sec; 72°C, 1min; and 94°C, 30sec. After the last cycle, all
samples were incubated for an additional 10 min at 72°C. PCR
fragments were analyzed on 1.5% agarose gel in 0.5XTBE
containing ethidium bromide. Amplification of GAPDH, a
relatively invariant internal reference RNA, was performed in
parallel, and cDNA amounts were normalized against
GAPDH mRNA levels. The primer set specifically recog-
nized only the gene of interest as indicated by amplification
of a single band of expected size. Real-time PCR was per-
formed using the ABI prism 7900 HT sequence detection
system (Applied Biosystems, Foster City, CA) based on the
5'-nuclease assay for DJ-1 gene and housekeeping gene
GAPDH. Relative expression was calculated using the AA Ct
method (27).

Preparation and transfection of siRNA

Sense and anti-sense oligonucleotides corresponding to the
mouse MMP3 ¢cDNA sequences were used: AAUUCCAAC
UGCGAAGAUCCACUGA (#1), UUAAUCCCUGGUCCAG
GUGCAUAGG (#2), and AUACCAUCUACAUCAUCUUG
AGAGA (#3). Double-stranded siRNAs were synthesized
chemically and modified into stealth siRNA to enhance the
stability in vitro. The stealth siRNA with a similar GC content
as MMP3 stealth siRNA was used as negative control. When
CATH.a cell cultures reached approximately 80% confluency,
LipofectaminTM 2000 and siRNAs (final concentration 33 nM)
were added. After 6h incubation, the culture medium was
changed and cells were maintained for additional 30 h before
MPP™ treatment.

Lactate dehydrogenase assay

Degrees of cell death were assessed by activity of lactate
dehydrogenase (LDH) released into the culture medium using
the cytotoxic assay kit (Promega Bioscience, San Luis Obispo,
CA). Aliquots (50 ul) of cell culture medium were incubated
with 50 ul of LDH substrates for 15~ 30 min at room tempera-
ture, followed by the addition of 50 ul stop solution (0.1% acetic
acid). Absorbance at 490 nm was measured using a microplate
spectrophotometer (Spectra Max 340 pc; Molecular Devices).

Statistical analysis

Experimental data represent mean+S.E. of experiments
repeated 4 to 6 times. Comparisons were made using ANOVA
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and Newman-Keuls multiple comparisons test. P < 0.05 was
considered statistically significant for all analyses.

Results

Increases in ROS level and MMP3 activity
in MPP* -treated CATH.a cells

We first tested whether ROS level and MMP3 activity
might be altered by MPP", a toxic metabolite of MPTP, in
CATH.a cells, a DA-producing neuronal cell line (41) exten-
sively used to study the DArgic cell death induced by
oxidative stress (8, 30). The level of ROS was increased in a
dose-dependent manner from 100 to 300 uM of MPP* in 1 to
6h (Fig. 1A), and MMP3 activity was similarly increased in
24 h (Fig. 1B). Consistent with our previous observation that
actMMP3 can be produced inside DArgic cells under cellular
stress (8), we demonstrated that intracellular MMP3 activity
was increased also by MPP " and that this is accompanied by
elevation of ROS generation.

Attenuation of MPP"-mediated ROS generation
by inhibition of MMP3 activity or expression

It was also tested whether MMP3 plays a role in the MPP*-
mediated ROS generation. CATH.a cells were pretreated with
30 uM of NNGH, a MMP3 inhibitor, for 1h, followed by

A —&— MPP* 100 uM
300- —— MPP* 200 uM
g —A— MPP* 300 uM
‘g k% futad
[&]
<O 200+ ]
o2
o
O 100
‘G
2
0 T T T T T T
o 1 2 3 4 5 6
Hours
—&— MPP* 100 uM
500 A —— MPP* 200 uM

—A— MPP* 300 uM sx

MMP3 activity
(% of untreated control)

o

0 6 12 18 24
Hours

FIG. 1. ROS level and MMP3 activity are increased in
CATH.a cells exposed to MPP". (A) ROS levels in CATH.a
cells were measured using DCFDA at 0.5, 1, 3, and 6h after
MPP* (100, 200, and 300 uM) treatment. (B) MMP3 activity
was measured in CATH.a cell lysates at 6h and 24h after
MPP" (100, 200, and 300 uM) treatment; *p < 0.05, **p < 0.01
vs. time zero.
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300 uM MPP™ for 6 h. The MPP *-induced ROS generation was
significantly attenuated in presence of NNGH (from 156.00 +
12.00% to 130.00 4+ 3.70%) (Fig. 2A). For further verification,
small interference RNA (siRNA)-mediated MMP3 knock-
down was employed. Among the three different MMP3 siR-
NA sequences (#1 ~ #3) tested, the third one showed maximal
knockdown efficiency, as verified by RT-PCR and Western
blot analysis (Figs. 2C and 2D). Both the pro- and active form
of MMP3 protein were significantly attenuated (from 2.53-
fold to 1.38-fold and from 2.99-fold to 1.50-fold, respectively)
(Fig. 2D). This MMP3 siRNA sequence was used to investigate
whether the knockdown might prevent the MPP*-induced
ROS generation. Compared to the cells transfected with neg-
ative control siRNA (152.34 +10.57%), the MMP-3 knock-
down significantly reduced the ROS generation to 127.48 +
8.74% (Fig. 2B).

Accumulation of the active form of MMP3
and degradation of DJ-1 in MPP* -stressed
CATH.a cells

We investigated whether this increase in MMP3 activity
might accompany a change in DJ-1. Expressions of both the
pro- (proMMP3; 55kD) and active form (actMMP3; 48 kD)
were elevated in CATH.a cells treated with MPP™" (Fig. 3A).
Densitometric analysis (Fig. 3B) showed increases in the level
of actMMP3 to 232 +20% and 275+25% by 200uM and
300 uM MPPY, respectively. Under the same conditions,
we determined the level of DJ-1 by Western blot analysis
using two different antibodies against the C-terminus and
N-terminus of DJ-1. The levels of DJ-1 were similarly de-
creased (11+1% and 8+ 1%, respectively; Fig. 3A, middle
lanes). Similarly, expressions of both the proMMP3 and
actMMP3 were elevated in rotenone-treated CATH.a cells
in a dose-dependent manner (Figs. 3C and 3D) and DJ-1
level was also decreased by rotenone treatment. DJ-1 was co-
precipitated with MMP3 after MPP™" treatment, confirming
physical engagement of the two molecules (Fig. 3E). On the
other hand, the level of DJ-1 mRNA was not changed (Figs. 3F
and 3G), indicating that the loss of DJ-1 was not a result of
transcriptional down-regulation.

Subcellular localization of DJ-1 into the cytosol, mito-
chondria, and nucleus has been reported (7, 43, 50); thus
we tested where MMP3-mediated DJ-1 cleavage occurs. To
determine MMP3 and DJ-1 subcellular co-localization, we
investigated the localization of DJ-1 and MMP3 after PBS or
MPP" treatment by triple staining of SOD2 for mitochondrial
staining, DJ-1, and MMP3. Both MMP3 and DJ-1 were dom-
inantly localized in the cytoplasm with a smaller pool of
mitochondrial expression (Fig. 4A). MMP3 level was in-
creased, while DJ-1 expression was largely reduced by MPP*
treatment. Co-localization of DJ-1 and MMP3 was observed in
the cytoplasm as well as a minimal extent in the mitochondria
(Fig. 4A). To confirm this finding, we investigated the level of
proMMP3 and actMMP3 in either the cytosolic and mito-
chondrial fraction after PBS or MPP™ treatment by Western
blot analysis. Although MPP"-induced increase in actMMP3
was only observed in the cytosolic fraction, both the pro- and
active form of MMP3 were found in the cytoplasm, as well as
mitochondria (Figs. 4B and 4C), suggesting that actMMP3-
mediated cleavage of DJ-1 may occur in both subcellular
compartments.
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DJ-1 degradation by MMP3 in the substantia nigra
of MPTP injected mice

Next, we sought to confirm whether MMP3 is responsi-
ble for DJ-1 degradation under toxic stress condition by
employing MMP3 knockout mice treated with MPTP. DJ-1
was expressed in tyrosine hydroxylase (TH)-positive DArgic
neurons in the SN (Fig. 5A). Both DJ-1 and TH immun-
ostainings in the SN were significantly decreased at 7 days
after MPTP administration as compared to mice treated with
vehicle. In MMP3 null mice, however, decreases in DJ-1 and
TH expression caused by MPTP were ameliorated (Fig. 5A).
MPTP administration increased both the proMMP3 and
actMMP3 protein levels in the SN compared to vehicle-treated
wild-type mice in Western blot analysis (Figs. 5B and 5C).
Accordingly, both DJ-1 and TH levels were significantly de-
creased by MPTP treatment. On the other hand, Western blot
analysis demonstrated that reduced DJ-1 and TH protein
levels were significantly attenuated in MMP3 null mice trea-
ted with MPTP (Figs. 5D and 5E). The results imply that
MMP3 plays a role in the degradation of DJ-1 in the SN after
MPTP administration.

DJ-1 cleavage and loss of its antioxidant
function by cMMP3

Based on these observations, we hypothesized that MMP3
activity might cause cleavage or degradation of DJ-1. In order
to detect both N-terminus and C-terminus fragments of DJ-1,
full- length human DJ-1 tagged with Flag and V5 on each end
was constructed. To test whether MMP3 might directly cleave
DJ-1, total protein lysate from COS cells transfected with this
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RT-PCR (C) or Western blot
analysis (D). GAPDH or f-
actin was used as an internal
control.
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construct was incubated with various concentrations (5 to
100 ng/ml) of the catalytic domain of MMP3 (cMMP3) for 2 h,
and the resulting fragments were detected by Western blot
analysis using either anti-flag or anti-V5 antibody. Both flag-
immunopositive N-terminal and V5-immunopositive C-
terminal fragments were identified as cMMP3-cleaved pep-
tides (Figs. 6A and 6B). In both cases, about 11-12kD frag-
ments were identified as a major band with weak large
fragments (Figs. 6A and 6B). The fragmentation was effec-
tively attenuated by NNGH (Fig. 6C). The possible cleavage
sites of DJ-1, estimated based on molecular sizes of the frag-
ments, appeared to be around amino acids 80 and 110. MMP-
9, another member of the MMP family thought to be involved
in neurodegeneration (21, 38), had no effect (Fig. 6C), indi-
cating specificity of MMP3 in DJ-1 fragmentation. cMMP3-
cleaved DJ-1 fragments were further analyzed by using mass
spectrometry. Human recombinant DJ-1 (500 ng) was mixed
with ¢cMMP3 (500ng/ml) for overnight at 37°C (Fig. 6D).
Three cleavage sites located between lysine (amino acid 63)
and glutamic acid (amino acid 64), between lysine (amino acid
89) and glutamic acid (amino acid 90), and between arginine
(amino acid 156) and glycine (amino acid 157) were found
(Fig. 6E). The molecular weight of putative each fragment was
calculated based on amino acid sequence information, indi-
cating that full-length 3x flag-DJ-1-V5 could be about 24 kD.
Western blot analysis, however, showed that the molecular
weight of overexpressed protein from the same construct in
cells was significantly increased by 3-4 kD, suggesting post-
translational modification (Figs. 6A and 6B). Thus, MMP3
cleavage at amino acid 63 and 89 of 3x flag-DJ-1-V5 could
generate around 11-12kD fragments from both ends. This
observation, together with mass spectrometry analysis, led us
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FIG. 3. DJ-1 protein level is decreased without a change in mRNA level in CATH.a cells exposed to MPP™" or rotenone.
(A) Representative photomicrographs of Western blot analysis showing MMP3 and DJ-1 levels in CATH.a cells exposed to
MPP™ (200 and 300 M) for 24 h. (actMMP3, active form of MMP3; c-terminal, antibody against C-terminal epitopes of DJ-1;
n-terminal, antibody against N-terminal epitopes of DJ-1; proMMP3, pro-form of MMP3). (B) The intensity of each band was
determined densitometrically and normalized against ff-actin. Expression levels are depicted as percent increase relative to
the corresponding untreated control. **p < 0.01; **p < 0.001 vs. control. (C) Representative photomicrographs of Western blot
analysis showing MMP3 and DJ-1 levels in CATH.a cells exposed to rotenone (100 and 200 nM) for 24 h. (D) The intensity of
each band was determined densitometrically and normalized against f-actin. (E) Cytosolic fraction of CATH.a cells exposed
to MPP* was co-immunoprecipitated with anti-MMP3 antibody, then DJ-1 was detected using Western blot analysis. (F) A
representative PCR of DJ-1 mRNA in CATH.a cells treated with 300 uM MPP" for 6h. (G) Real-time PCR confirmed DJ-1
level was not changed by MPP+ treatment. DJ-1 expression level has been normalized against an internal control, GAPDH,
and is expressed as fold change of untreated control.
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FIG. 4. Subcellular localization of MMP3 and DJ-1 after MPP™ treatment. (A) Representative triple immunofluorescence
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indicating that MMP3 and DJ-1 are co-localized in both cytosol and mitochondria. (B) Representative photomicrographs of
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type mice. **p < 0.05; ***p < 0.01 vs. vehicle or WT + vehicle, ++p < 0.05 vs. WT+MPTP treated. (To see this illustration in
color the reader is referred to the web version of this article at www.liebertonline.com /ars).

to conclude that active MMP3 could preferentially cleave DJ-1
at amino acid 63 and 89 in mixture of flag-DJ-1-V5 transfected
cell lysate and cMMP3. As Cys106 of DJ-1 is thought to be
responsible for H,O, quenching (3, 7), it is possible that the
cleavage around this residue might lead to a loss of the
quenching activity. Recombinant full-length human DJ-1
(rDJ-1) was purified from E. coli and identified by Coomassie
staining (Fig. 6D). rDJ-1 (10 ug/ml) could efficiently quench
H,0,. This activity was attenuated by the co-incubation with
c¢cMMP3 (100 ng/ml), which was restored by the addition of
NNGH (Fig. 6F). The results together demonstrated that
MMP3 activity is responsible for the fragmentation of DJ-1
and subsequent loss of its H,O, quenching activity.

Fragmentation of DJ-1 in MPP*-stressed
CATH.a cells by actMMP3

We investigated whether the decrease in DJ-1 levels in
MPP*-stressed CATH.a cells is due to cleavage by MMP3.
CATH.a cells were transfected with flag-DJ-1-V5 expression
cassette followed by MPP" treatment. In presence of MPP*
(300 uM), the 12 kD fragment was generated, detected by both
Flag- and V5-antibodies (Figs. 7A and 7B). This peptide was
not found in cells cotreated with NNGH (Figs. 7A and 7B).
Both DJ-1 monomers and dimers were affected: MMP*
caused 0.32+0.01- and 0.29 +0.02-fold decreases in the
monomer and dimer bands, respectively (Figs. 7C and 7D)
and both were significantly restored by NNGH to 0.93 + 0.04-
and 0.59 + 0.04-folds, respectively (Figs. 7C and 7D). The re-
sults together suggested that MMP3 was responsible for the
DJ-1 fragmentation in MPP*-stressed CATH.a cells.

Restoration of the DJ-1 protein level
by MMP3 knockdown

To further confirm the role of MMP3 on intracellular DJ-1
cleavage, DJ-1 level was measured in CATH.a cells in which
MMP3 was selectively blocked by RNAi. Transfection of
CATH.a cells with MMP3 siRNA reduced the MPP *-induced

actMMP3 expression from 2.83 & 0.04-fold (negative control,
NC) to 1.48 £ 0.02-fold (Figs. 8A and 8C). In the same condi-
tion, DJ-1 level was restored to 99.85 + 2.71%, compared to the
negative control (61.89 +2.24%) (Figs. 8A and 8B).

Attenuation of MPP" -elicited loss of phosphorylated
AKT and cell death by MMP3 inhibition

We tested whether the AKT survival pathway, known to
act downstream of DJ-1 (22, 48), may be affected by the MMP3
activity. As shown in Figures 9A and 9B, in the MPP "-stressed
CATH.a cells, the degree of DJ-1 reduction correlated with
a decrease in phosphorylated AKT (pAKT) at both Thr308
and Ser473 residues (43 4% and 77 & 2%, respectively). The
MMP3 inhibitor NNGH restored the pAKT levels (75 +4 % at
Thr308 and 115 + 8% at Ser473) along with the DJ-1 level. Of
the two sites, the recovery of phosphorylation at Thr308 was
more sensitive to and nearly complete with NNGH. Under
this condition, cell death was attenuated by NNGH (30 uM)
from 205.00 £ 8.10% to 142.00 +5.80% (Fig. 9C). In addition,
MPP" treatment of cells transfected with control siRNA (NC)
caused 177.39 £ 15% death, as determined by LDH activity in
the medium, and this was significantly reduced in MMP3
siRNA transfected cells (106.59 + 3.4%) (Figs. 9D and 9E). Cell
death assessed by MTT assay also confirmed this observation
(Fig. 9F). All these results demonstrated that inhibition of
MMP3 restored pAKT level and attenuated MPP*-elicited
death of CATH.a cells.

Discussion

We demonstrate in the present study that MMP3 is acti-
vated under MPP*-elicited cell stress and cleaves DJ-1, and
that this leads to loss of H,O, quenching activity and cell
vulnerability to oxidative stress. MMPs are mainly released
into the extracellular space as inert proforms and are cleaved
to become active forms. Increasing evidence, however, sug-
gests that they could be activated inside cells, cleave cytosolic
targets, and modulate cellular functions (28). MMP3 also
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human DJ-1 tagged with Flag or V5 at its N- and C-terminus, respectively, was purified from E. coli and was identified by
Coomassie blue after SDS-PAGE. (E) Schematic diagram of putative cleavage sites and expected molecular weight (kD) of
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localizes into various subcellular compartments, including
nucleus and cytoplasm (8, 39). Previously, we found that
MMP3 could be activated intracellularly in DArgic cells upon
oxidative stress and is involved in apoptosis (8). Here, we
found that both the pro- and active form of MMP3 are in the
cytosol and mitochondria. DJ-1, a member of hydroperoxide
responsive proteins (29), is an atypical peroxiredoxins-like
peroxidase that scavenges mitochondrial H,O, (3). Human

DJ-1 consists of 189 amino acids (22kD) and may undergo
conformational changes to acquire catalytic activity in
response to oxidative stress. It has been reported that the
alpha-helix at the C-terminal region appears to regulate the
enzymatic activity (14), and Cys-106, His-126, and Glu-18
may be important residues in the catalytic site of DJ-1 (44). A
recent publication positively confirmed the previous results
obtained from cellular models (7, 24, 29) that oxidative
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were expressed as fold changes of untreated control. **p < 0.01 vs. untreated control, ++p < 0.01 vs. MPP™ treated.

conditions induce the formation of sulfinic acid (—SO,H) at
Cys-106 (3). These findings led to the conclusion that both the
Cys-106 and C-terminal region are required for DJ-1 to re-
spond to and protect cells against oxidative stress. Therefore,
removing these sites would be expected to result in loss of the
quenching activity. The present finding shows that MMP3
leads to disruption of the DJ-1 catalytic activity by causing

fragmentation. Mass spectrometry analysis suggested puta-
tive three cleavage sites for MMP3 in DJ-1 at amino acid
numbers 63, 89, or 156, resulting in DJ-1 fragmentation. Our
result suggests that MMP3 preferentially cleaves amino acid
63 and 89 inside cells under stress condition. This fragmen-
tation could impair DJ-1 function and lead to decrease H,O,
quenching activity in oxidative stressed condition. The sizes
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FIG. 8. MPP"-induced DJ-1 degradation is recovered by MMP3 knockdown. (A) Representative photomicrographs of
Western blots performed against DJ-1, proMMP3, and actMMP3. Cells were transfected with negative control siRNA (NC) or
mouse MMP3 siRNA (MMP3) for 36 h and then treated with 300 uM of MPP™. f-actin was used as an internal control. (B and
C) DJ-1 or actMMP3 levels were ﬂuantiﬁed using densitometric analysis and normalized against f-actin. ***p < 0.01 vs. NC
and +++p <0.01 vs. NC + MPP™.
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of fragmented DJ-1 were similar to ones detected in MPP™-
treated cells by Western blot. It was reported that direct
oxidative insult such as H,O, to DJ-1 leads to cleavage be-
tween glycine and proline at amino acid numbers 157 and
158, respectively (34). Further investigation of postmortem
PD brain tissue might be necessary to confirm whether DJ-1
fragmentation occurs in human PD patients. It has been
demonstrated that MMP9, another member of the MMP
family, is involved in the neuronal damage following ische-
mia (16). Because NNGH can inhibit MMP9 as well, one
cannot completely eliminate the possibility that MMP9
may also be involved. However, the present study showed
that catalytically active MMP9 did not cleave DJ-1 in vitro. In
addition, we have previously observed that MMP9 is not al-
tered in response to cell stress in CATH.a cells (8). Together
with the results that siRNA-mediated specific MMP3 knock-
down also reduced DJ-1 degradation, MMP3 seems to be the
major protease that cleaves DJ-1 in DArgic cells under cell
stress.

Analysis of the crystal structure of DJ-1 has revealed that it
may function as a dimer (13, 14, 16, 47), and the loss of
function caused by the PD-associated mutations, Leu-166-Pro
and Arg-28-Ala, is due to either destabilization of the dimer
interface or conformational changes (13, 47). The dimerization
is thought to require intact Leu-166, since the Leu-166-Pro
mutant exhibited impaired ability to self-interact to form

homo-oligomers (31). The fragmentation by MMP3 would
interrupt with the dimerization process. Indeed, we observed
that cMMP3 treatment decreased DJ-1 dimer. Therefore,
it seems that the MMP3 causes a loss of DJ-1 activity by
removing regions that are critical for catalytic activity and
dimerization.

MPP, a toxic metabolite of MPTP, is an inhibitor of com-
plex I of the mitochondrial electron transfer chain, which leads
to generation of ROS (2a, 47a). Selective MMP3 inhibition by
either NNGH or MMP3 siRNA reduced MPP*-induced ROS
level as well as DJ-1degradation, suggesting MMP3 may in-
crease ROS level by DJ-1 degradation. Previously, we reported
that MPTP-mediated DArgic neuronal degeneration was lar-
gely attenuated in MMP3 null mice (23). In vivo experiment
using MMP3 null mice treated with MPTP further confirmed
that MMP3 is responsible for reduced DJ-1 protein level
and DArgic neuronal degeneration in the SN. Activation of
MMPs in neurodegenerative conditions was reported.
S-nitrosylation-mediated MMP9 activation was observed in
cerebral ischemia and involved in neuronal cell death (12,42) It
has also been demonstrated that ROS leads to expression of
MMP3 (46). Taken together, it is possible to envision a vicious
cycle between oxidative stress, MMP3, and DJ-1 cleavage.
Stress conditions leading to intracellular oxidative stress could
cause induction and activation of MMP3. Next, fragmentation
of DJ-1 by MMP3 could abolish DJ-1’s ROS quenching activity,
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leading to further accumulation of ROS and further induction
of MMP3.

Previous studies have shown that DJ-1 modulates the
PTEN/AKT survival pathway (22, 48). DJ-1 overexpression
leads to hyperphosphorylation of PKB/AKT and increased
cell survival (22). In the present study, AKT phosphorylated at
Thr308 and Serd73 were downregulated by MPP*, and this
was restored in the presence of NNGH. The restoration ap-
peared more effective at Thr308, which was restored nearly to
the control (no MPP™") levels in the presence of 15 uM NNGH.
The results raise an interesting question. It is thought that
Thr308 in the membrane-bound AKT is preferentially phos-
phorylated by activated phosphoinositide-dependent kinase 1
(PDK1) (1, 10, 20), whereas Ser473 is likely phosphorylated by
integrin-linked kinase (ILK) (35, 49). Since the MPP*-elicited
downregulation of pAKT(Thr308) was more effectively re-
stored than pAKT(Ser473) by NNGH, the mechanism under-
lying the pAKT downregulation may be due to reduction in
PI3K-activated PDK activity. In addition, recent studies have
linked DJ-1 to the PI3K/AKT survival pathway through its
suppression of phosphatase and tensin homolog deleted on
chromosome ten (PTEN, (22, 48)), and downregulation of AKT
is thought to promote cell death through either BAD/Bcl-XL
complex or inactivation of IKK-« and NF-«B (32). Thus, the
cleavage of DJ-1 by MMP3 may reverse this suppressive effect.
It is hard to exclude, however, other possibility that MMP3
could affect on AKT pathway through other mechanisms such
as target molecular shedding on DArgic neuronal surface.

In summary, the present study demonstrates that actMMP3
in stressed CATH.a cells cleaves DJ-1, and the cleavage results
in loss of a protective role of DJ-1 against oxidative cell
damage. The study also suggests the possibility that actMMP3
may serve as a target for pharmacological intervention of PD.
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actMMP = active form of matrix metalloproteinases
c¢MMP = catalytic domain of matrix metalloproteinases
CNS = central nervous system
DA = dopamine
DCFDA = 2,7 -dichlorodihydrofluorescein diacetate
DMSO = dimethyl sulfoxide
GAPDH = glyceraldehyde 3-phosphate dehydrogenase
IKK-0 =1 kappa B kinase
IPTG =isopropyl f-thiogalactopyranoside
JNK =Jun N-terminal kinase
LDH = lactate dehydrogenase
MPP* = 1-methyl-4-phenylpyridinium
MPTP = 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MTT = 3-(4,5-dimethylthiazal-2-y1)-2,5-diphenyl-
tetrazolium bromide
NF-«xB = nuclear factor kappa-B
NNGH = N-isobutyl-N-(4-methoxyphenylsulfonyl)
glycyl hydroxamic acid
PD =Parkinson’s disease
PI3K = phosphatidylinositol 3-kinase
ROS =reactive oxygen species
SNpc = substantia nigra pars compacta
SOD2 = superoxide dismutase 2, mitochondrial
manganese superoxide dismutase 2




