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Abstract. DJ-1, Parkinson’s disease PARK?7, acts as an oxidative stress sensor in neural cells.

Recently, we identified the DJ-1 modulator UCP0054278 by in silico virtual screening. However,
the effect of the peripheral administration of UCP0054278 on an in vivo Parkinson’s disease (PD)
model is unclear. Therefore, in the present study, we examined the effects of the peripheral admin-
istration of UCP0054278 on both 6-OHDA-microinjected rats and rotenone-treated mice as acute
and chronic animal models of PD, respectively. The peripheral administration of UCP0054278
prevented 6-OHDA- and rotenone-induced dopaminergic neural cell death and restored the defect
in locomotion in these models of PD. In addition, 6-OHDA- or rotenone-induced neural cell death
and the production of reactive oxygen species were significantly inhibited by UCP0054278 in
normal SH-SYS5Y cells, but not in DJ-1-knockdown cells. These results suggest that UCP0054278
interacts with endogenous DJ-1 and then produces antioxidant and neuroprotective responses in
both in vivo and in vitro models of PD. The present study raises the possibility that DJ-1 stimula-
tory modulators, such as UCP0054278, may be a new type of dopaminergic neuroprotective drug

for the treatment of PD.
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Introduction

Parkinson’s disease (PD) is an age-related neurode-
generative disease that is characterized by relatively se-
lective nigrostriatal dopamine (DA) neurodegeneration
and the presence of intraneuronal cytoplasmic inclusions
known as Lewy bodies, which are consistently immuno-
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stained with antibody to a-synuclein (1, 2). Although the
pathophysiological mechanisms of the selective loss of
DA neurons are still unclear, it has been suggested that
reduced activity of complex I of the mitochondrial respi-
ratory chain in the substantia nigra may be involved in
the pathophysiology of PD (3 — 6). In addition, oxidative
stress, mitochondrial injury, dysfunction of the ubiquitin-
proteasome, and autophagy are thought to trigger the
onset of PD. Although genes that have been identified to
be responsible for rare familial early-onset PD are
thought to play roles in these processes in PD (7 — 13),
the precise mechanisms that underlie the onset of PD
have not yet been clarified.

DIJ-1 was first discovered as a novel oncogene product
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(14) and was later identified as a causative gene of PD,
PARK7 (10). DJ-1 has multiple functions and plays a
role in anti-oxidative stress and transcriptional regulation
(15—-29). Although gene mutations in DJ-1 cause loss-
of-function, the wild-type DJ-1 plays a key role in anti-
oxidation and neuroprotection in neuronal cells (18,
30 — 35). Wild-type DJ-1 in humans and rats has three
cysteine residues at amino acid numbers 46, 53, and 106
(C46, C53, and C106, respectively) (36). A cysteine resi-
due is oxidized from a reduced form (-SH) to undergo
sulphenation (-SOH), sulphination (-SO,H), and sulpho-
nation (-SOs;H), in order of oxidative development.
Among these three cysteine residues, C106 is the most
sensitive to oxidative stress (36). Recently, we used the
X-ray crystal structure of DJ-1 oxidized at C106 with the
SO,H form and the three-dimensional coordinate data of
about 30,000 chemical compounds in the University
Compound Project (UCP) at the Foundation for Educa-
tion of Science and Technology and performed virtual
screening (in silico) to search for modulators of DJ-1
binding. Among the DJ-1 modulators identified in silico,
2-[3-(benzyloxy)-4-methoxyphenyl]-N-[2-(7-methoxy-
1,3-benzodioxol-5-yl)ethyl]acetamide (UCP0054278)
had the highest binding constant (docking score) toward
the pocket of the SO,H-oxidized C106 region (32). In-
tranigral co-injection of UCP0054278 with 6-hydroxy-
dopamine (6-OHDA) prevented 6-OHDA—induced do-
paminergic neural cell death and restored the defect in
locomotion in the rat model of PD. In addition, the intra-
striatal pre-injection of UCP0054278 inhibited neurode-
generation induced by occlusion of the middle cerebral
artery (MCAO) and reperfusion in rats (34). However,
the effect of the peripheral administration of UCP0054278
on an in vivo PD model is unclear.

Unilateral injection of 6-OHDA into the substantia
nigra leads to rapid cell death (within 1 —3 days) (2).
Although 6-OHDA has been shown to be useful in the
pharmacological screening of drugs, 6-OHDA lesions do
not result in the formation of Lewy bodies in the substan-
tia nigra. In addition, the blood—brain barrier (BBB) is
damaged by the intranigral injection of 6-OHDA, al-
though the operative procedure is easy. However, a major
advantage of the 6-OHDA model is that it gives a quan-
tifiable motor deficit (rotation) (37). On the other hand,
we reported that chronic oral administration of rotenone
caused specific nigrostriatal DA neurodegeneration in
C57BL/6 mice (38, 39). In rotenone-treated mice,
o-synuclein immunoreactivity was increased in some
surviving tyrosine hydroxylase (TH)-positive neurons in
the substantia nigra. The number of a-synuclein and TH
double-positive neurons increased in a time-dependent
manner. The previous experimental condition in the ro-
tenone model may resemble early PD symptoms rather

than atypical parkinsonism, although long-term treatment
with rotenone is necessary (38, 39). Therefore, in the
present study, we used 6-OHDA-microinjected rats and
rotenone-treated mice as acute and chronic animal mod-
els of PD, respectively. Briefly, we examined the neuro-
protective effect of the peripheral administration of
UCP0054278 on 6-OHDA-induced dopaminergic neural
cell death in an in vivo model of PD. We also investigated
the neuroprotective effect of the peripheral administra-
tion of UCP0054278 under the chronic oral administra-
tion of rotenone as another in vivo model of PD. More-
over, we determined the neuroprotective effects of
UCP0054278 toward 6-OHDA— or rotenone-mediated
cell death in normal and DJ-1-knockdown SH-SYS5Y
cells as an in vitro model of PD.

Materials and Methods

Design of animal experiments

Male Wistar rats (250 g) and male C57BL/6N mice
(20-25 g) were purchased from Japan SLC, Inc.
(Hamamatsu). Animals were acclimated to and main-
tained at 23°C under a 12-h light/dark cycle (light on
08:00 — 20:00) and housed in standard laboratory cages
with free access to food and water throughout the study
period. All animal experiments were carried out in ac-
cordance with the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, and the proto-
cols were approved by the Committee for Animal
Research at Kyoto Pharmaceutical University.

At the beginning of the experiment with the hemipar-
kinsonian rat model (Fig. 1A), rats were devided into
four subgroups containing equal numbers of animals:
vehicle, pre-treatment, post-treatment, and pre + post-
treatment. All rats received a unilateral intranigral injec-
tion of 6-OHDA, in order to lesion the nigrostriatal
pathway, on the left side in the substantia nigra. In addi-
tion, these rats were intraperitoneally injected with either
vehicle (1% DMSO) or UCP0054278 at a dose of 1 mg/
kg (including 1% DMSO) at 24 h and 30 min before
microinjection (pre-treatment), at 24, 48, and 72 h after
microinjection (post-treatment), or at 24 h and 30 min
before and 24, 48, and 72 h after microinjection
(pre + post-treatment) (Fig. 1A). Seven days later,
methamphetamine-induced rotation tests were performed.
Finally, after the behavior test, rats were sacrificed and
the brains were quickly removed for immunohistochemi-
cal analysis.

In the second part of this study (Fig. 1B), using rote-
none-lesioned mice, we examined the effect of the pe-
ripheral administration of UCP0054278 on dopaminergic
neurons. UCP0054278 (including 1% DMSO) at a dose
of 1 or 3 mg/kg was intraperitoneally injected daily at 30
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Rotenone-treated PD model mice. UCP0054278
(including 1% DMSO) at a dose of 1 or 3 mg/kg
was intraperitoneally injected daily at 30 min be-
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min before each oral administration of rotenone. Vehicle
(1% DMSO) was injected in parallel as a corresponding
control. The behavior of each mouse was assessed weekly
by the rota-rod test. Finally, after the behavior tests, mice
were sacrificed and the brains were quickly removed for
immunohistochemical analysis.

6-OHDA—microinjected PD model rats

For stereotaxic microinjection, rats were anesthetized
(sodium pentobarbital, 50 mg/kg, i.p.) and immobilized
in a Kopf'stereotaxic frame (30). Subsequently, rats were
microinjected with 6-OHDA (6 ug, final concentration of
6 mM; Sigma, St. Louis, MO, USA) in a final volume of
4 uL of phosphate-buffered saline (PBS) containing
0.02% ascorbic acid (1.1 mM, as a 6-OHDA stabilizer).
The intranigral injection coordinates (4.8-mm anterior-
posterior, 1.8-mm left lateral, 7.8-mm ventral from the
bregma) were taken from a rat brain atlas. Microinjections
were administered by a motor-driven 10-uL Hamilton
syringe using a 26-gauge needle. The infusion rate was 1
uL/min, and the injection cannula was kept in place for
an additional 5 min after injection.

> Sacrifice  analysis. V: vehicle (1% DMSO0), UCP:
56 (days) UCP0054278.

Assay of drug-induced rotation behavior

We used methamphetamine (Dainippon Pharmaceutical
Co., Ltd., Osaka), as a DA-releaser. Drug-induced rota-
tional asymmetry was assessed in rotometer bowls, as
described previously (30). Briefly, the numbers of full-
body-turn rotations in the ipsilateral direction was
counted after the administration of methamphetamine
(2.5 mg/kg, 1.p., for 70 min).

Rotenone-treated PD model mice

Rotenone (Sigma) was administered orally once daily
at a dose of 30 mg/kg for 56 days, as described previ-
ously (38, 39). Rotenone was suspended in 0.5% car-
boxymethyl cellulose sodium salt (CMC; Nacalai Tesque,
Kyoto) and administered orally once daily at a volume of
5 mL/kg body weight. CMC (0.5%) was administered
orally as vehicle to control mice.

Rota-rod test

The behavior of each mouse was assessed by the rota-
rod test, as described previously (38, 39). The rota-rod
treadmill (accelerating model 7750; Ugo Basile, Varese,
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Italy) consists of a plastic rod, 6 cm in diameter and
36-cm-long, with a non-slippery surface 20-cm above the
base (trip plate). This rod is divided into four equal sec-
tions by five discs (25 cm in diameter), which enables
four mice to walk on the rod at the same time. In the
present study, the accelerating rotor mode was used
(10-grade speeds from 2 to 20 r.p.m. for 5 min). The
performance time was recorded while mice were running
on the rod.

Primary antibodies

Primary antibodies included rabbit polyclonal antibod-
ies against TH (Chemicon Int., Temecula, CA, USA),
cluster of differentiation antigen-11b (CD11b; Harlan
Sera-Lab., Loughbrough, UK), and glial fibrillary acidic
protein (GFAP, Chemicon Int.). Mouse monoclonal
antibodies against TH (Sigma) and a-synuclein
(Transduction Lab., Lexington, KY, USA) were used.

Tissue preparation and immunohistochemistry

After the behavior tests, treated animals were perfused
through the aorta with 150 mL of 10 mM PBS, followed
by 300 mL of a cold fixative consisting of 4% paraform-
aldehyde, 0.35% glutaraldehyde, and 0.2% picric acid in
100 mM phosphate buffer (PB), under deep anesthesia
with pentobarbital (100 mg/kg, i.p.). After perfusion, the
brain was quickly removed and postfixed for 2 days with
paraformaldehyde in 100 mM PB and then transferred to
15% sucrose solution in 100 mM PB containing 0.1%
sodium azide at 4°C. The brain slices were cut using a
cryostat and collected in 100 mM PBS containing 0.3%
Triton X-100 (PBS-T). Brain slices were incubated with
primary antibody to TH (diluted 1:10,000), GFAP
(1:3,000), or CD11b (1:1,000) for 3 days at 4°C. After
several washes, slices were incubated with biotinylated
anti-mouse or anti-rabbit IgG antibody (1:2,000), as ap-
propriate, for 2 h at room temperature. The slices were
then incubated with avidin peroxidase (1:4,000; ABC
Elite Kit; Vector Laboratories, Burlingame, CA, USA)
for 1 h at room temperature. All of the slices were washed
several times with PBS-T between each incubation, and
labeling was then revealed by 3,3’-diaminobenzidine
(DAB) with nickel ammonium, which yielded a dark
blue color.

Measurement of immunoreactive neurons and areas
TH-positive neurons in the substantia nigra pars com-
pacta (SNpc) were estimated using Stereo Investigator
software (MBF Bioscience, Williston, VT, USA), and
stereologic principles (39). Six sections (60-um-thick),
each separated by 240 um from the anterior to the poste-
rior midbrain, were used for counting in each case. A
BX51 (Olympus, Tokyo) was coupled to an Optronics

Microfire digital camera CX9000 (MBF Bioscience) for
the visualization of tissue sections. The total number of
TH-positive neurons was estimated from coded slides
using the optical fractionator method. For each tissue
section analyzed, the section thickness was assessed
empirically and 5-um-thick guard zones were used at the
top and bottom of each section. The SNpc was outlined
under low magnification (x 4) and 10 sites in the outlined
region were analyzed using a systematic random sam-
pling design with a grid size of 180 % 180 um (including
the frame size) and a dissector height of 20 ym. Neurons
were counted under % 40 magnification. The coefficients
of error (CE) were calculated according to the procedure
described by the manufacturer, and values < 0.10 were
accepted.

The optimal density of TH-fiber in the striatum region
was determined using a camera (Progres 3008; Carl
Zeiss, Jena, Germany) and a computerized image-analysis
system (WinRoof; Mitani, Fukui) (38, 39). The striatal
section (20-um-thick) at 0.48-mm anterior from the
bregma was selected and the optimal density was mea-
sured within a fixed box (area =2 X 2 mm) positioned
approximately in the middle of the striatal areas.

Double-immunofluorescence staining

For double-immunofluorescence staining, nigral sec-
tions of treated mice were incubated with rabbit poly-
clonal anti-TH antibody (1:5,000; Chemicon Int.) and
mouse monoclonal anti-a-synuclein antibody (1:500,
Transduction Lab.). The primary antibodies were de-
tected by rhodamine-labeled anti-rabbit IgG (1:500) an-
tibody and fluorescein isothiocyanate (FITC)-labeled
anti-mouse IgG antibody (1:500), and fluorescence was
observed using a laser scanning confocal microscope
(LSM510, Carl Zeiss). Semi-quantitative image-analysis
of immunopositive cells was performed on an area of the
SNpc.

Cell culture and reactive oxygen species (ROS) produc-
tion

Using human neuroblastoma SH-SYS5Y cells, we
established a DJ-1-knockdown cell line (31). Normal
and DJ-1-knockdown SH-SYS5Y cells were treated with
various concentrations of 6-OHDA (25, 50, 75 uM) in
the presence of vehicle (0.01% DMSO) or UCP0054278
(containing 0.01% DMSO) for 2.5 h (ROS production)
or 24 h (cell survival). In addition, normal and DJ-1-
knockdown SH-SYSY cells were treated with various
concentrations of rotenone (100, 300 nM) in the presence
of vehicle (0.01% DMSO) or UCP0054278 (containing
0.01% DMSO) for 24 h (ROS production) or 48 h (cell
survival). To detect 6-OHDA- or rotenone-induced in-
tracellular ROS production, we used a redox-sensitive
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dye, 5-(and-6)-chloromethyl-2',7’-dichlorodihydrofluore-
scein diacetate acetyl ester (CM-H,DCFDA; Invitrogen,
Carlsbad, CA, USA), and scanned the fluorescence in-
tensity of oxidized DCF under a confocal microscope
(LSM510 META, Carl Zeiss). Cellular images were
obtained by difference interference contrast (DIC).
Subsequently, we assessed cell viability using 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide
(MTT; Dojindo Laboratories, Kumamoto).

Statistical evaluation

Results are presented as the mean + standard error of
the mean (S.E.M). The significance of differences was
determined by an analysis of variance (ANOVA). Further
post hoc comparisons were performed using Bonferroni/
Dunn tests (Stat View; Abacus Concepts, Berkeley, CA,
USA). Endurance performance (percentage of mice re-
maining on the rota-rod) was calculated by the Kaplan-
Meier method. The statistical significance of differences
was analyzed by the log-rank (Mantel-Cox) test.

Results

Effect of peripheral administration of UCP0054278 on
6-OHDA—induced movement impairment and dopami-
nergic neural cell death in hemiparkinsonian rats

To examine the effect of the peripheral administration
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of UCP0054278 on 6-OHDA-induced dopaminergic
neural cell death, UCP0054278 at a dose of 1 mg/kg was
intraperitoneally injected at pre-treatment, post-treatment,
or pre- and post-treatment (see Materials and Methods
“Design of animal experiments” and Fig. 1A). Prelimi-
narily, when we intraperitoneally injected the animals
with UCP0054278 at a dose of 3 mg/kg, the compound
did not cause either neurotoxicity or weight change (data
not shown). Thus, toxicity was not observed with
UCP0054278 at the concentration used in the present
study.

Stereotaxic microinjection of 6-OHDA into the unilat-
eral (left, ipsilateral site) mesencephalon caused behav-
ioral dysfunction (Fig. 2) and a massive loss of TH-pos-
itive neurons in the ipsilateral SNpc (Fig. 3). Stimulation
with methamphetamine, in rats that had been lesioned
unilaterally with 6-OHDA, induced movement ipsilateral
to the injection site at 7 days after microinjection (Fig. 2:
A and B). Either pre-treatment or post-treatment of
UCP0054278 tended to decrease the number of metham-
phetamine-induced rotations in comparison to non-treated
rats, but this difference was not significant. On the other
hand, pre- and post-treatment with UCP0054278 signifi-
cantly ameliorated the methamphetamine-induced be-
havioral impairment (Fig. 2).

As shown in representative photomicrographs (Fig. 3),
TH-positive neurons were obviously preserved under

—@— 6-OHDA
—&x— 6-OHDA + UCP (pre) —Q— 6-OHDA + UCP (pre + post)

10 15 20 25 30 35 40 45 50 55 60 65 70
Minutes
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Fig. 2. Effect of UCP0054278 on methamphetamine-induced rotation behavior in rats with intranigral 6-OHDA lesion. A:
6-OHDA-microinjected rats were intraperitoneally injected with either vehicle (1% DMSO) or UCP0054278 at a dose of 1 mg/kg
(including 1% DMSO) at 24 h and 30 min before microinjection (pre-treatment), at 24, 48 and 72 h after microinjection (post-
treatment), or pre + post-treatment. Seven days later, methamphetamine-induced rotation tests were performed. B: Time-course of
rotational behavior. Each value is the mean + S.E.M. (n =6 in each group). Significance: *P < 0.05, **P <0.01 vs. 6-OHDA

alone.
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pre- and post-treatment with UCP0054278 in comparison
to non-treated rats at 7 days post-lesion. Stereological
analysis of nigral TH-positive neurons showed that the
microinjection of 6-OHDA caused a significant loss of
DA neurons (Fig. 3B). In contrast, this loss of DA neu-
rons was significantly inhibited by both pre- and post-
treatment with UCP0054278. However, this loss of DA
neurons was not inhibited by either pre-treatment or
post-treatment with UCP0054278 alone.

In the contralateral striatum (non-lesion site), TH im-

munoreactivity was distinctly detected in dopaminergic
fibers (Fig. 3). In the ipsilateral striatum (lesion site), TH
immunoreactivity almost completely disappeared in rats
that were microinjected with 6-OHDA (Fig. 3A). TH
immunoreactivity was slightly detected in 6-OHDA—
lesioned rats with either pre- or post-treatment with
UCP0054278 alone. However, TH immunoreactivity
was significantly restored by both pre- and post-treatment
with UCP0054278 (Fig. 3A). Semi-quantitative analysis
showed that the intensity of TH-immunoreactivity in the
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striatum was significantly increased by both pre- and
post-treatment with UCP0054278 compared to the inten-
sity without treatment by UCP0054278 (Fig. 3C).

Effects of peripheral administration of UCP0054278 on
glial activation in hemiparkinsonian rats

6-OHDA has been suggested to induce nigrostriatal
dopaminergic lesions mediated through the generation of
ROS. On the other hand, glial cell activation in response
to cellular damage, such as oxidative injury, involves a
complex range of responses, including an increase in the
expression of several cytokine genes (40, 41). To inves-
tigate the effects of UCP0054278 on glial cell activation
in 6-OHDA-lesioned rats, we examined immunoreactivi-
ties for CD11b and GFAP in the SNpc of 6-OHDA-
injected rats under treatment with UCP0054278. In the
contralateral SNpc of vehicle-treated rats, immunoreac-
tivities for CD11b and GFAP were detected in the resting
forms of microglia and astrocytes, respectively, which
had small cell bodies with highly branched and thinner
processes (Fig. 4). In response to 6-OHDA lesion, both
microglia and astrocytes changed to activated forms that
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had swollen cell bodies with thicker processes (Fig. 4).
The 6-OHDA-induced activation of glial cells was pre-
vented by both pre- and post-treatment with UCP0054278.
In addition, pre- or post-treatment with UCP0054278
slightly prevented this glial cell activation (Fig. 4).

Effect of peripheral administration of UCP0054278 on
rotenone-induced movement impairment and dopami-
nergic neural cell death in rotenone-treated mice

Previously, we showed that chronic oral administra-
tion of rotenone at 30 mg/kg for 56 days selectively in-
duced nigrostriatal DA neurodegeneration and motor
deficits, and increased the cytoplasmic accumulation of
a-synuclein in surviving DA neurons (39). To investigate
whether UCP0054278 protects DA neurons from damage
caused by the chronic oral administration of rotenone (30
mg/kg, i.p. once a day for 56 days), we treated mice with
UCP0054278 (1, 3 mg/kg, i.p. once a day for 56 days) 30
min before the oral administration of rotenone (see
Materials and Methods “Design of animal experiments”
and Fig. 1B).

To identify deficits in motor coordination, rotenone-
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Ay - .
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D, o= Fig. 4. Representative photomicrographs of im-

- AT ' munoreactivities for CD11b (A) and GFAP (B) in
W the ipsilateral substantia nigra. 6-OHDA—microin-

. P 1 14, jected rats were intraperitoneally injected with ei-

/ ___x/',\ i ther vehicle (1% DMSO) or UCP0054278 at a
: /P: \ . dose of 1 mg/kg (including 1% DMSO) at 24 h

and 30 min before microinjection (pre-treatment),
at 24, 48, and 72 h after microinjection (post-
treatment), or pre + post-treatment. After the be-
havior test, rats were sacrificed and the brains
were quickly removed for immunohistochemical
analysis. Midbrain slices were then immunostained
by antibodies against CD11b and GFAP. Scale
bar, 60 pm.
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treated mice were tested weekly on the accelerating
rota-rod. In this condition, vehicle-treated control mice
usually remained on the rota-rod for over 300 s under
stepwise acceleration. Rotenone-treated mice showed
marked reductions in endurance time and in the percent-
age of mice remaining on the rota-rod. On the other hand,
UCP0054278 at both 1 and 3 mg/kg provided a signifi-
cant functional recovery of the retention time on the
rota-rod (Fig. 5).

As shown in representative photomicrographs (Fig. 6),
the oral administration of rotenone at 30 mg/kg for 56
days obviously reduced the number of TH-positive neu-
rons in the SNpc (Fig. 6A). Stereological analysis of ni-
gral TH-positive neurons showed that rotenone caused a
significant loss of DA neurons (Fig. 6B). To investigate
whether UCP0054278 protects DA neurons from damage
caused by the chronic oral administration of rotenone, we
treated animals with UCP0054278 at either 1 or 3 mg/kg
30 min before the oral administration of rotenone. The
rotenone-induced loss of TH-positive neurons in the
SNpc was significantly inhibited by the injection of
UCP0054278 at both 1 and 3 mg/kg (Fig. 6: A and B).

In the striatum of rotenone-treated mice, TH immuno-
reactivity was significantly decreased (Fig. 6A). How-
ever, TH immunoreactivity was markedly restored by
UCP0054278 (Fig. 6A). Semi-quantitative analysis
showed that the intensity of TH-immunoreactivity in the
striatum was significantly increased by UCP0054278
(Fig. 6C).

Effect of peripheral administration of UCP0054278 on
intracellular a-synuclein immunoreactivity in the SNpc
of rotenone-treated mice

A previous study showed that the oral administration
of rotenone at 30 mg/kg for 56 days produced some TH-
positive neurons, which induced a high level of cytoplas-
mic a-synuclein immunoreactivity, in the SNpc (39). To
examine the effect of UCP0054278 on intracellular
a-synuclein immunoreactivity in the SNpc, we performed
a confocal microscopic analysis. While TH-positive
neurons were clearly detected in the SNpc of vehicle-
treated mice, a-synuclein immunoreactivity was not de-
tected in these TH-positive neurons (Fig. 7A). Although
TH-positive neurons were obviously decreased by rote-
none (Fig. 7A), a-synuclein immunoreactivity was de-
tected in some surviving TH-positive neurons in the
SNpc of rotenone-treated mice (Fig. 7A). The number of
o-synuclein and TH double-positive cells was signifi-
cantly increased in the SNpc of rotenone-lesioned mice
(Fig. 7B). Interestingly, a-synuclein immunoreactivity
was significantly decreased in the surviving TH-positive
neurons in UCP0054278-treated rotenone mice (Figs. 7:
A and B). In addition, the number of a-synuclein and TH

A

260
240
0
c 220 p
o
o
o}
©2 200 P
[}
£
= 180
=
=]
c 160
= Vehicle
X 44 F —e— Rotenone "
L — Rotenone + UCP 1 mg/kg
T —o— Rotenone + UCP 3 mg/kg
[ L L L L 1 L L L
0 7 14 21 28 35 42 49 56
B Days
56 days
__ 100 i
§, L
~ 80
o
2 -
E 80 |
; L —o— Vehicle
£ 4 —®— Rotenone
c
= L. —&— Rotenone
& +UCP 1 ma/kg
20" _o— Rotenone
d + UCP 3 mg/kg
L ) —

100 150 200 250 300
Retention time (seconds)

Fig. 5. Suppression of rotenone-induced behavioral dysfunction by
UCP0054278. Rotenone (suspended in 0.5% CMC) was orally ad-
ministered to C57BL/6 mice at a dose of 30 mg/kg per day for 56
days. In addition, we injected mice with vehicle (1% DMSO) or
UCP0054278 at 1 or 3 mg/kg, i.p. once a day for 56 days, 30 min be-
fore the oral administration of rotenone. A: The rota-rod test was
performed every week. The speed of the rotating rod was accelerated
in a stepwise manner (2 r.p.m, steps at intervals of 30 s). Mice that
had received oral rotenone showed significant motor dysfunction.
This rotenone-induced dysfunction was significantly restored by
UCP0054278 at 1 or 3 mg/kg. Significance: ***P < (0.001 vs. vehicle;
P <0.05,77P<0.01, P < 0.001 vs. rotenone alone. B: Time-depen-
dent changes in the percentage (%) of mice remaining on the rotating
rod at 56 days. Mice that had received oral rotenone showed signifi-
cantly greater motor dysfunction than those that had received vehicle
at 56 days (P = 0.0039 by the log-rank test). Rotenone-induced motor
dysfunction was significantly restored by UCP0054278 at both 1 mg/
kg (P <0.001) and 3 mg/kg (P <0.001).

double-positive cells was significantly decreased by
treatment with UCP0054278 (Fig. 7B).
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Fig. 6. Suppression of rotenone-induced dopaminergic neurodegeneration by UCP0054278. Rotenone (suspended in 0.5%
CMC) was orally administered to C57BL/6 mice at a dose of 30 mg/kg per day for 56 days. In addition, we injected mice with
vehicle (1% DMSO) or UCP0054278 at 1 or 3 mg/kg, i.p. once a day for 56 days, 30 min before the oral administration of rote-
none. After the behavior test, rats were sacrificed and their brains were quickly removed for immunohistochemical analysis. A:
Representative photomicrographs of immunoreactivity for TH in the substantia nigra and striatum. Scale bar: 500 xm. B: Stereo-
logical analysis of TH-positive neurons in the substantia nigra. C: Semi-quantitative analysis of TH-immunoreactive areas (mm?)
of the striatum. Each value is the mean+ S.E.M. (n=6 in each group). Significance: ***P < 0.001 vs. vehicle; P <0.01,

1P < 0.001 vs. rotenone alone.

Effect of UCP0054278 in in vitro neural cell cultures

SH-SYS5Y cells are frequently used as a human dopa-
minergic neural model (42). We previously established
DJ-1-knockdown SH-SYS5Y cells, in which the expres-
sion of endogenous DJ-1 was suppressed by approxi-
mately 76%, as an in vitro model of PD (31). Therefore,
in the present study we focus on the effect of UCP0054278
on 6-OHDA- or rotenone-mediated cell death in normal
and DJ-1-knockdown SH-SYS5Y cells.

In normal human SH-SYS5Y cells, 6-OHDA caused
cell death after 24 h in a concentration-dependent manner

(Fig. 8A). This cell death was significantly inhibited by
simultaneous treatment with UCP0054278 in a concen-
tration-dependent manner. In DJ-1-knockdown SH-
SYS5Y cells, massive 6-OHDA—induced cell death oc-
curred (Fig. 8B). Interestingly, UCP0054278 did not
protect against 6-OHDA—induced cell death in DJ-1-
knockdown cells. Similarly, in normal human SH-SYS5Y
cells, rotenone caused cell death after 48 h in a concen-
tration-dependent manner (Fig. 8C). This cell death was
significantly inhibited by simultaneous treatment with
UCP0054278 in a concentration-dependent manner. In
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Fig. 7. Intracellular expression of a-synuclein in the substantia nigra. A: Nigral slices from mice treated with vehicle or rotenone
at 30 mg/kg in the absence or presence of UCP0054278 at 1 or 3 mg/kg were co-incubated with antibodies to TH (red) and
a-synuclein (green) and then analyzed by laser scanning confocal microscopy. Scale bar, 50 um. B: Semi-quantitative analysis of
TH- and a-synuclein-positive cells in the substantia nigra. The analysis of immunopositive cells was performed in the middle of
the SNpc. Each value is the mean = S.E.M. based on the number of immunopositive cells (each group, n = 6). Significance:

**P < 0.01 vs. vehicle and TP < 0.05 vs. rotenone alone.

DJ-1-knockdown cells, however, UCP0054278 did not
protect against rotenone-induced cell death (Fig. 8D).
In normal SH-SYSY cells, incubation with 50 uM
6-OHDA for 1 h induced marked intracellular ROS
production (Fig. 9: A and B), while only slight fluores-
cence was induced by 25 uM 6-OHDA (Fig. 9: C and D).
In DJ-1-knockdown cells, even 25 uM 6-OHDA induced
significant fluorescence after 1 h (Fig. 9: C and D). On
the other hand, simultaneous treatment with 10 uM
UCP0054278 significantly inhibited ROS production,
which had been induced by 50 uM 6-OHDA, in normal
SH-SYS5Y cells (Fig. 9: A and B). Unfortunately, in DJ-
I-knockdown cells, this DJ-1 compound lost its inhibi-
tory effect on ROS production induced by 25 uM
6-OHDA (Fig. 9: C and D). On the other hand, incuba-
tion with 100 nM rotenone for 1 h induced marked intra-
cellular ROS production in both normal and DJ-1-knock-
down SH-SYSY cells (Fig. 9E). Similar to the effect of
UCP0054278 on 6-OHDA-induced ROS production,
simultaneous treatment with 10 uM UCP0054278 sig-

nificantly inhibited rotenone-induced ROS production in
normal SH-SYS5Y cells, but not DJ-1-knockdown cells
(Fig. 9: E and F).

Discussion

To understand the pathophysiology of PD and to de-
velop therapies to improve the management of symptoms,
it is important to have relevant disease models of PD, in
which new pharmacological agents and treatment strate-
gies can be assessed before clinical trials are initiated.
For relevance to human PD, an ideal PD model should
have the following characteristics: easily detectable
Parkinsonian motor deficits, selective and gradual loss of
DA neurons that develops with age, and production of
Lewy-body-like cytoplasmic inclusions. Unfortunately,
the life span of rodents is much shorter than that of hu-
mans, and they are limited with regard to their use as
models for age-dependent disorders including PD, al-
though age-dependency in rodents can be overcome by
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Fig. 8. Effect of simultaneous treatment with UCP0054278 on 6-OHDA— or rotenone-induced oxidative stress in human SH-
SYS5Y cells (A, C: normal) and DJ-1-knockdown cells (B, D). A, B: MTT assay for cell survival at 24 h after treatment with
6-OHDA (25, 50, 75 uM) in the absence or presence of UCP0054278 (at 1, 10 uM). C, D: MTT assay for cell survival at 48 h after
treatment with rotenone (100, 300 nM) in the absence or presence of UCP0054278 (at 1, 10 uM). Each value is the mean + S.E.M.
of three determinations, based on the untreated culture as 100 % (control: open column). Significance: *P < 0.05, **P < 0.01,
**%P < ().001 vs. treatment with control; TP < 0.01, TP < 0.001 vs. treatment with 6-OHDA or rotenone alone.

the use of neurotoxins (2). At present, although the avail-
able model of PD with neurotoxins is imperfect, there
have been advances in molecular medicine using a com-
bination of these models. In the present study, therefore,
we used 6-OHDA-microinjected rats and rotenone-
treated mice as acute and chronic animal models of PD,
respectively. We can compensate for most of the disad-

vantages of these models by using two models, and thus
we examined the effect of the peripheral administration
of UCP0054278 on 6-OHDA- or rotenone-induced do-
paminergic cell death in vivo.

In the present study, either pre-treatment or post-
treatment with UCP0054278 tended to improve
6-OHDA-induced behavioral dysfunctions and dopa-
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minergic deficits, although these differences were not
significant. On the other hand, pre- and post-treatment
with UCP0054278 significantly ameliorated the behav-
ioral impairment and prevented the dopaminergic neural
cell death. In the rat experiment of the present study, we
selected only one dose (1 mg/kg). Although the concen-
tration dependence of UCP0054278 is unclear in the rat
experiment, pre- and post-treatment with UCP0054278
may have shown synergistic neuroprotective effects. In
further support of this supposition, in the in vitro experi-
ment of the present study, 6-OHDA- or rotenone-induced
cell death was significantly inhibited by treatment with
UCP0054278 in a concentration-dependent manner.
Furthermore, in the mouse experiment of the present
study, rotenone-induced behavioral dysfunctions and
dopaminergic deficits were significantly and concentra-
tion-dependently  inhibited by treatment with
UCP0054278.

Protein oxidation reflects the trapping of oxygen atoms
(Os) in amino acid residues, that is, methionine and
cysteine, are oxidized to Met-SO (10) and Cys-SOsH
(30s), respectively; and rodent and human DJ-1 protein
has four methionine and three cysteine residues (43). On
the other hand, oxidation at C106 is necessary for DJ-1
to exert an antioxidant response; and massive oxidation
may cause a loss-of-function of DJ-1 (18, 43). By in silico
virtual screening, we identified UCP0054278 as a DJ-1
modulator, which can bind to the SO,H-oxidized C106
region. Direct binding between UCP0054278 and recom-
binant wild-type DJ-1 protein (but not C106S-mutated
DJ-1, bovine serum albumin, or glutathione-S-trans-
ferase) was detected by a biosensor chip in a quartz
crystal microbalance system (32), suggesting that
UCP0054278 binding is relatively specific to wild-type
DIJ-1 protein and its binding site may be the C106 region.
We previously showed that UCP0054278 itself could not
directly scavenge ‘OH based on an electron spin reso-
nance (ESR) analysis (34). In addition to cytoplasmic,
mitochondrial, and nuclear DJ-1, recent studies have re-
ported that DJ-1 protein was detected in extracellular
spaces, such as plasma and cerebrospinal fluids (44, 45),
suggesting that DJ-1 protein may function in both intra-
cellular and extracellular spaces. Therefore, we consider
that UCP0054278 that has passed through the BBB binds
to endogenous DJ-1 protein, and this DJ-1 / UCP0054278
complex has neuroprotective effects against ROS-medi-
ated dopaminergic neurodegeneration.

In the present study, simultaneous treatment with
UCP0054278 reduced ROS production and cell death
induced by 50 uM 6-OHDA in normal SH-SYS5Y cells.
In DJ-1-knockdown cells, 6-OHDA at an even lower
concentration (25 uM) significantly induced ROS pro-
duction and cell death. However, DJ-1-knockdown

caused the loss of UCP0054278-induced inhibitory ef-
fects toward ROS production and cell death. Similar re-
sults were also seen in rotenone-induced ROS production
and cell death. DJ-1 has eliminating activity of ROS via
the auto-oxidative mechanism (43). UCP0054278 itself
can not directly scavenge ‘OH (34). These results indicate
that endogenous DJ-1 protein is necessary for the anti-
oxidant and neuroprotective effects induced by
UCP0054278. Since UCP0054278 binds to the SO,H-
oxidized C106 region in wild-type DJ-1 protein, it is
possible that UCP0054278 stabilizes active DJ-1 with
SO,H-oxidized C106 and/or inhibits peroxidation to in-
active DJ-1 with SO;H-oxidized C106. Therefore, the
UCP0054278 / DJ-1 complex may sustain eliminating
activity of ROS via the auto-oxidative mechanism.

In the present study, we used two neurotoxins,
6-OHDA and rotenone. These neurotoxins inhibit mito-
chondrial complex I, resulting in the production of ROS.
DIJ-1 plays a role in maintenance of mitochondrial com-
plex I activity (46 —48). A previous study showed that
the UCP0054278 / DJ-1 complex prevented loss of mito-
chondrial complex I activity after 6-OHDA intoxication
and that even without 6-OHDA intoxication, the
UCP0054278 / DJ-1 complex stimulated mitochondrial
complex I activity (32), suggesting that the UCP0054278 /
DJ-1 complex may eliminate ROS via the maintenance
of mitochondrial complex I activity.

In addition, DJ-1 induces indirect antioxidant episodes,
which are mediated through the stabilizing nuclear factor
erythroid 2—related factor (Nrf2) by preventing associa-
tion with the Kelch-like erythroid cell-derived protein
with cap‘n’collar homology (ECH)-associated protein-1
(Keapl), which results in the activation of antioxidant
transcriptional responses such as the induction and en-
hanced expression of NAD(P)H quinine oxidoreductase-1
(NQOT1), heme oxygenase-1, superoxide dismutase-1,
thioredoxin, and so on (49). On the other hand, recent
studies have reported that DJ-1 inhibits several apoptotic
pathways such as pyrimidine tract-binding protein-asso-
ciated splicing factor (PSF)/54-kDa nuclear RNA-
binding protein (p54nrb) pathway (25) and/or apoptosis
signal regulating kinase 1 (ASK1) / homeodomain-inter-
acting protein kinase (HIPK 1) / death-domain—associated
protein (Daxx) pathway (25, 50). Moreover, DJ-1 may
act to maintain mitochondrial function during oxidative
stress, and thereby alter mitochondrial dynamics and
autophagy indirectly (51, 52). Based on these observa-
tions, we consider that the UCP0054278 / DJ-1 complex
may maintain and enhance DJ-1-induced anti-oxidative
and anti-apoptotic activation, and these responses may
synergistically act to prevent both ROS production and
neural cell death. Therefore, UCP0054278 interacted
with endogenous DJ-1 to inhibit 6-OHDA- or rotenone-
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induced ROS production and neural cell death in both the
in vivo and in vitro models of PD. These findings raise
the possibility that UCP0054278 may be a new type of
dopaminergic neuroprotective drug for the treatment of
PD.

In conclusion, this is the first report to show that the
peripheral administration of UCP0054278 has a neuro-
protective effect in in vivo PD models. UCP0054278
may bind to the SO,H-oxidized C106 region in endoge-
nous DJ-1 protein and then maintain DJ-1-induced anti-
oxidative and anti-apoptotic responses. The present re-
sults suggest that DJ-1 stimulatory modulators, such as
UCP0054278, may be useful for neuroprotective treat-
ment in cytoprotective therapy for various oxidative
stress—mediated disorders.
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