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Parkinson disease is caused by the death of midbrain dopa-
mine neurons from oxidative stress, abnormal protein aggrega-
tion, and genetic predisposition. In 2003, Bonifati et al. (23)
found that a single amino acid mutation in the DJ-1 protein was
associated with early-onset, autosomal recessive Parkinson dis-
ease (PARK?). The mutation L166P prevents dimerization that
is essential for the antioxidant and gene regulatory activity of
the DJ-1 protein. Because low levels of DJ-1 cause Parkinson, we
reasoned that overexpression might stop the disease. We found
that overexpression of DJ-1 improved tolerance to oxidative
stress by selectively up-regulating the rate-limiting step in glu-
tathione synthesis. When we imposed a different metabolic
insult, A53T mutant a-synuclein, we found that DJ-1 turned on
production of the chaperone protein Hsp-70 without affecting
glutathione synthesis. After screening a number of small mole-
cules, we have found that the histone deacetylase inhibitor phe-
nylbutyrate increases DJ-1 expression by 300% in the N27 dopa-
mine cell line and rescues cells from oxidative stress and mutant
a-synuclein toxicity. In mice, phenylbutyrate treatment leads to
a260% increase in brain DJ-1 levels and protects dopamine neu-
rons against 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine
(MPTP) toxicity. In a transgenic mouse model of diffuse Lewy
body disease, long-term administration of phenylbutyrate
reduces a-synuclein aggregation in brain and prevents age-re-
lated deterioration in motor and cognitive function. We con-
clude that drugs that up-regulate DJ-1 gene expression may slow
the progression of Parkinson disease by moderating oxidative
stress and protein aggregation.

Dopamine cell death in Parkinson disease (PD)? results from
both genetic and environmental factors (1-5). Six genes have
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been linked to PD including a-synuclein, Parkin, UCHL1, DJ-1,
PINK1, and LRRK2 (6-7). a-Synuclein mutations (A53T,
A30P, and E46K) cause autosomal dominant forms of PD
(8-10). Even in sporadic cases of PD, aggregated a-synuclein
has been found to be a major component of Lewy bodies (11—
13). The toxicity of mutant forms of a-synuclein results from
increased formation of oligomeric and fibrillar aggregates (14—
17). We and others (18 —22) have demonstrated that expression
of A53T mutant a-synuclein results in protein aggregation and
cell death in cultured dopamine neurons.

Mutations in the DJ-1 gene (PARK?) lead to early-onset,
autosomal recessive Parkinson disease (23-26). Ordinarily,
DJ-1 protects cells by a number of mechanisms. The protein
can self-oxidize by forming cysteine-sulfinic acid under oxidiz-
ing conditions, thereby shifting its pI from 6.1 to 5.8 (27-28).
DJ-1 can sequester the cell death protein Daxx and prevent
Daxx-induced apoptosis after oxidative stress (29). DJ-1 can
stabilize Nrf2 (nuclear factor erythroid 2-related factor) by pre-
venting association with its inhibitor protein, Keapl, thereby
blocking the subsequent ubiquitination of Nrf2 (30).

Previously, we have reported that overexpression of WT DJ-1
can protect dopamine neurons from oxidative stress by increas-
ing cellular glutathione (GSH) levels through selective up-reg-
ulation of the rate-limiting step in GSH synthesis, glutamate
cysteine ligase (GCL) (31). We also discovered that overexpres-
sion of WT DJ-1 inhibits A53T human a-synuclein protein
aggregation and reduces neural toxicity in N27 cells by up-reg-
ulating heat shock protein 70 (Hsp70) without changing gluta-
thione synthesis. Therefore, DJ-1 acts through independent,
distinct mechanisms to protect cells from different metabolic
challenges.

Because DJ-1 is important for both the oxidative stress
response and the elimination of abnormal protein aggregates,
we hypothesized that overexpression of DJ-1 in the brain may
provide broad protection from metabolic insults. Recently, his-
tone deacetylase inhibitors (HDACi), such as sodium phenyl-
butyrate (PB) and sodium butyrate (SB), have shown neuropro-

tamate cysteine ligase; HDACI, histone deacetylase inhibitors; HEK, human
embryonic kidney; H,O,, hydrogen peroxide; Hsp70, heat shock protein
70; LB, Lewy body; MPTP, 1-methyl 4-phenyl 1,2,3,6-tetrahydropyridine;
MTT, methylthiazoletetrazolium; 6-OHDA, 6-hydroxydopamine; PB,
sodium phenylbutyrate; SB, sodium butyrate; SMN, survival motor neuron;
Tg, transgenic; nTg, non-transgenic; TH, tyrosine hydroxylase.

JOURNAL OF BIOLOGICAL CHEMISTRY 14941



Phenylbutyrate Protects Dopamine Neurons

tective function in several neurodegenerative disease animal
models (32-35). We now report that phenylbutyrate and
sodium butyrate can increase DJ-1 expression and prevent cell
death following oxidative stress. In the MPTP mouse model, we
have found that elevating DJ-1 expression by PB administration
reduced the toxicity of MPTP to dopamine neurons. Using our
newly established Y39C a-synuclein transgenic mouse model
of age-related diffuse Lewy body disease (36), we have demon-
strated that PB can prevent mutant a-synuclein-induced pro-
tein aggregation and improve motor and cognitive function.

EXPERIMENTAL PROCEDURES

Culture of N27 Cells, HDAC Inhibitor Treatment, and Oxi-
dative Stress Treatment—Dopaminergic cells derived from
embryonic day 12 rat mesencephalon and immortalized with
the SV40 large T antigen designated 1RB3AN27, (N27 cells)
were used (37). N27 cells were cultured in 6-well or 24-well
plates in RPMI 1640 medium containing 10% fetal bovine
serum. Cells were treated with sodium phenylbutyrate (PB,
Scandinavian Formulas) and sodium butyrate (SB, Sigma) at
different concentrations for 48 h, followed by exposure to vary-
ing doses of toxin for 24 h.

Culture of N27 Cells, A53T a-Synuclein Adenovirus Trans-
duction, shDJ-1 Knockdown of Endogenous DJ-1, and Oxidative
Stress Treatment—N27 cells were cultured in 6-well or 24-well
plates in RPMI 1640 medium containing 10% fetal bovine
serum and treated with HDAC inhibitor for 48 h. To transduce
cells, A53T a-synuclein adenovirus was mixed with culture
medium and incubated with cells for 24 h at a concentration of
200 plaque forming units (pfu)/cell. To knock down endoge-
nous DJ-1, N27 cells were incubated with adenovirus express-
ing single hairpin rat DJ-1 (Ad-shDJ-1) at 200 pfu/cell as
described previously (31). Two days after adenovirus transduc-
tion, cells were exposed to drugs at varying doses for 24 h: H,O,
(0—100 pm) and 6-OHDA (0-100 pum).

Immunocytochemistry—Cultured cells were fixed with 4%
paraformaldehyde and processed for immunocytochemistry as
described (31, 38). The antibodies included mouse anti-a-sy-
nuclein (1:300, Transduction Laboratories); mouse anti-
human DJ-1 (1:500, Stressagen); rabbit anti-DJ-1 (1:500,
Chemicon); and rabbit anti-TH (tyrosine hydroxylase, 1:200,
PelFreez).

MTT Assay and Apoptosis Evaluation—At the end of each
experiment, methylthiazoletetrazolium (MTT) was added to
the culture medium (final concentration 0.4 mg/ml) and incu-
bated for 2 h. Cell viability was measured by a microplate reader
as described (31, 38). The nuclear dye Hoechst 33258 (10
pg/ml) was used to visualize and count apoptotic cells.

Western Blotting—N27 cells were cultured in 6-well plates
and treated with compounds as described above. Cells were
lysed in a dissociation buffer containing 50 mm Tris-HCI, 10
mMm NacCl, 0.1% Triton X-100 plus protease inhibitor mixture
(Roche). The mouse brain tissues were dissected and quickly
frozen in dry ice. Tissues were thawed on ice and homogenized
in dissociation buffer with protease inhibitors (Roche). Protein
concentration was determined by the BCA method (Pierce). 50
pg of protein was separated on 10% SDS-PAGE gel and trans-
ferred to a nitrocellulose membrane. After blocking nonspecific
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binding, membranes were incubated with antibodies to DJ-1
(1:5000, Chemicon), a-synuclein (1:3000, Transduction Labo-
ratories), TH (1;2000, PelFreez), and B-actin (1:4000, Sigma).
Blots were incubated with HRP-conjugated secondary antibody
(1:10,000; Jackson Immuno Research), followed by chemilumi-
nescent detection (Perkin Elmer Life Sciences) (31, 38).

Luciferase Assay—The luciferase assay was based on the
pGLuc-Basic vector (NEB). The human DJ-1 2 kb promoter
area was amplified by PCR using genomic DNA from HEK293
cells. The human DJ-1 promoter was then cloned into the
pGLuc-Basic vector, and that reporter vector was transfected
into HEK293 cells. G418 (200 wg/ml) was applied to the cul-
tures, and resistant clones were selected and assayed for lucif-
erase activity. Stable cell lines expressing pDJ1-Luciferase were
treated with PB and SB for 48 h at various concentrations in
24-well plates. Culture medium samples (20 wl) were incubated
with Gaussia luciferase assay substrate (NEB), and lumines-
cence was measured in a 96-well plate reader (BioTek Synergy
HT Multi-Mode microplate reader).

Phenylbutyrate and Butyrate Treatment in Mice—All animal
procedures were approved by Institutional Animal Care and
Use Committee (IACUC) at the University of Colorado Denver.
Adult C57BL/6 mice (4—6 months old) were treated with PB
and SB in drinking water for 14 days. The PB and SB were
dissolved in water at concentrations of 500, 1000, 1500, and
2000 mg/liter. Mice typically drink 4 —5 ml of water per day, and
their drinking volumes were not affected by the addition of PB
or SB. Control animals received water with sodium chloride
added to the same molarity as the sodium in the drug-treated
animals. Brain tissues were dissected and immediately frozen in
dry ice for Western blot analysis using DJ-1, a-synuclein, and
B-actin antibodies.

MPTP Injection into Mice—Adult C57BL/6 mice (4-6
months old) were treated with PB in drinking water (1000
mg/liter, 5.4 mm) for 2 weeks, followed by injection of 1-methyl
4-phenyl 1,2,3,6-tetrahydropyridine (MPTP-HCI, dissolved in
sterile saline, Sigma-Aldrich) four times at 2-h intervals (20
mg/kg, intraperitoneal). Treatment with PB continued after
MPTP injection. Control animals received identical injections
of MPTP, but had only sodium chloride added to drinking
water as described above. One week after MPTP lesioning,
mouse brain tissues were dissected for Western blot and HPLC
analysis.

HPLC Analysis of Dopamine and DOPAC—Mouse striatum
was frozen in dry ice, sonicated in ice-cold 0.2 M perchloric acid,
and centrifuged at 15,000 X g for 15 min at 4 °C. An aliquot (5
wl) of the supernatant solution was analyzed by HPLC equipped
with an electrochemical detector (CoulArray system ESA
Model 5600; ESA, Boston, MA), a pump (ESA Model 580) set at
1.5 ml/min, and a reverse-phase C18 column (3 wm, 100 X 4.6
mm, Waters, Milford, MA). The mobile phase was composed of
100 mm citric acid, 2% methanol, 1 mm EDTA, and 5 mg/liter
sodium octyl sulfate (pH 3.0).

Transgenic Mice Expressing Human Y39C a-Synuclein under
Mouse Thy-1 Promoter—Our Y39C human a-synuclein trans-
genic mouse model has been described (36). Briefly, human
Y39C a-synuclein cDNA was cloned into the mouse pThy-1
vector at the NotlI site. The construct was micro-injected into
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FIGURE 1. PB and SB increase DJ-1 expression in N27 and HEK293 cells. A-C, N27 cells were incubated with sodium phenylbutyrate or sodium butyrate at
various concentrations for 48 h. The cell lysates were separated in 12% SDS-PAGE and probed with DJ-1 and B-actin antibody. Duplicate treatments in 6-well
plates were used, and experiments were repeated three times. A typical Western blotimage is shown in A. Band C, quantitative data from Western blotimages
are shown (¥, p < 0.05; **, p < 0.01 compared with control, n = 6). (D and E) HEK293 reporter cells expressing human DJ-1 promoter-Luciferase were treated
with PB or SB at indicated doses for 48 h, followed by luciferase assay. Duplicate treatments in 24-well plates were used, and experiments were repeated three
times. The average luciferase activity is shown. (¥, p < 0.05; **, p < 0.01 compared with control, n = 6.)

mouse oocytes, and founder mice were identified by PCR and
Southern blotting analysis. Mice were bred to establish stable
transgenic lines. Expression of human Y39C a-synuclein in
these transgenic mice was determined by immunostaining and
Western blotting with antibodies specific to human a-sy-
nuclein (LB509).

Drug Treatment in a-Synuclein Transgenic Mice—The Y39C
a-synuclein transgenic mice were divided into younger (6 -8
months = Young Tg) and older (10—-12 months = Old Tg)
groups. Each group received PB (1000 mg/liter, 5.4 mMm) or vehi-
cle (NaCl) in the drinking water for 3 months. Animals were
tested for rotarod and water maze performance after 6 weeks
and 12 weeks of treatment.

Rotarod Test—Mice were tested for their ability to run on a
3-cm diameter rotating rod (rotarod) at speeds ranging from 3
to 33 rpm. The protocol consisted of two phases: habituation
(Day 1) and rotarod training/testing (Days 2—5). During habit-
uation on Day 1, the mice were trained to remain on the rotarod
at 3 rpm. During training/testing on Days 2-5, mice were
placed on the rotating rod at a constant speed for three one-
minute trials with a 5-min rest interval between trials. Each test
day, the speed was increased, reaching 33 rpm by Day 5. The
time the mice spent on the rotarod without falling was recorded
for each trial.

Morris Water Maze Testing—Spatial learning was assessed
using the Morris water maze. The maze included a circular tank
(120 cm in diameter) filled to 10 cm below the edge of the tank
with 27 °C water that was made opaque by the addition of non-
toxic black ink. A circular escape platform (10 cm in diameter)
was located 1 cm below the surface of the water in a constant
location in the northwest quadrant of the tank. Mice were first
acclimated to the maze during three trial habituation sessions.
Each testing session consisted of three consecutive days with
four trials per day. The platform was invisible in the pool, and
mice were allowed to swim for 60 s before being returned to the
home cage. The latency from all training and testing sessions
was collected.
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Immunohistochemistry and a-Synuclein Staining—The mice
were sacrificed by deep anesthesia followed by intracardiac per-
fusion with saline and 4% paraformaldehyde. The mouse brains
were cryosectioned at 40 um. Immunohistochemistry was per-
formed using antibodies to human «-synuclein (LB509, 1:500).
Immunostaining was developed with diaminobenzidine (DAB).
Tissue sections were examined for the Lewy body-like
inclusions.

Statistics—All experiments were repeated at least three
times. Data were analyzed using multivariate ANOVA and the
Fisher LSD post hoc test. Significance was set at p < 0.05. Val-
ues are shown as mean *+ S.E.

RESULTS

Sodium Phenylbutyrate (PB) and Sodium Butyrate (SB)
Increase DJ-1 Expression in N27 Cells and HEK293 Cells—
Using the N27 rat dopaminergic cell line, we screened a
number of compounds for their ability to increase DJ-1
expression. From this screen, we found that sodium phenyl-
butyrate (PB) and sodium butyrate (SB) increased DJ-1 pro-
tein levels to 300% of control after 2 days of treatment as
shown in Fig. 1A. Both compounds had peak effects at con-
centrations of 0.15-0.3 mMm (**, p < 0.01 compared with
control, Fig. 1, B and C).

To test if PB and SB directly up-regulated DJ-1 gene tran-
scription, we created an HEK293 reporter cell line which stably
expressed the human DJ-1 promoter-luciferase construct. The
HEK293 reporter cells were treated with PB and SB for 48 h,
followed by luciferase assay. We found that both PB and SB
increased luciferase activity as well as DJ-1 protein levels (*, p <
0.05; **, p < 0.01 compared with control, Fig. 1, D and E). These
results indicate that enhanced DJ-1 gene transcription is
responsible for the higher DJ-1 protein levels seen after PB and
SB treatments.

Sodium Phenylbutyrate Protects N27 Cells from Oxidative
Stress and o-Synuclein Induced Toxicity—We have previ-
ously shown that overexpression of the DJ-1 gene through
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FIGURE 2. Sodium phenylbutyrate protects N27 cells from oxidative stress and mutant a-synuclein toxicity. A-B and E-f, N27 cells were incubated with
PB (0.15 mm) for 48 h, followed by 24 h treatment with H,0, or 6-OHDA at various concentrations. Sample images were shown in A-Bwith cells identified by GFP
adenovirus expression. Cell viability was determined by MTT assays and shown in E-F. C-D and G-H, N27 cells were incubated with various doses of PB for 48 h,
followed by 48 h treatment of adenovirus expressing A53T human a-synuclein (200 pfu/cell). N27 cells with a-synuclein aggregates were identified by
a-synuclein antibody LB509 staining, with sample images shown in C-D. Three random fields (150-200 cells per field) were examined to determine the
percentage of cells with a-synuclein aggregates (arrows in G-H). Triplicate treatments in 24-well plates were used, and experiments were repeated three times.

(*, p < 0.05; **, p < 0.01 compared with control,n = 9.)

adenoviral transduction can make N27 cells more resistant
to oxidative stress and mutant a-synuclein toxicity (31). To
see if phenylbutyrate could replicate these protective effects,
we treated N27 cells with 0.15 mM sodium phenylbutyrate
for 2 days and then subjected cells to oxidative stress for 24 h.
Fig. 2, A and B showed sample images of N27 cells with or
without PB followed by H,O, treatment, in which cells were
identified by GFP adenovirus expression. Quantitative
results showed that PB treatment significantly increased cell
viability after exposure to hydrogen peroxide (H,O,) and
6-hydroxydopamine (6-OHDA) compared with controls (¥,
p < 0.05; *, p < 0.01; Fig. 2, E and F).

We have earlier demonstrated that expression of A53T
mutant human a-synuclein in N27 cells led to cell death with
a-synuclein-positive cytoplasmic aggregates (31, 38). In the
present experiments, we treated N27 cells with PB for 2 days.
Cells were then exposed to adenovirus expressing A53T mutant
a-synuclein for another 2 days. Fig. 2, C and D showed sample
images of N27 cells with or without PB treatment followed by
A53T a-synuclein expression, in which cells were identified by
a-synuclein immunostaining. We found that PB treatment
increased cell viability and reduced the number of cells with
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a-synuclein aggregates (*, p < 0.05; **, p < 0.01 compared with
control, Fig. 2, G and H). Our data indicate that phenylbutyrate
can protect dopamine cells from oxidative stress and mutant
a-synuclein toxicity.

Knocking Down DJ-1 Blocks Phenylbutyrate Effects in N27
Cells—To test whether DJ-1 is needed for the protective
actions of PB, we have used knock-down technology. With
an adenovirus expressing shDJ-1 (31), we knocked down
DJ-1 gene expression in N27 cells (Fig. 34) and then tested
whether PB could rescue cell death resulted from H,O, (75
or 100 um) and 6-OHDA (60 or 80 um). Results showed that
DJ-1 knockdown in N27 cells effectively abolished the neu-
roprotective effect of PB against H,O, and 6-OHDA-in-
duced toxicity (compare columns with horizontal and verti-
cal bars to control in Fig. 3, B and C), while naive N27 cells
with PB treatment significantly improved cell viability (*, p <
0.05; **, p < 0.01 compared with control, Fig. 3, B and C).
These in vitro experiments demonstrate that phenylbutyrate
can turn on expression of the DJ-1 gene and protect N27 cells
from oxidative stress and mutant a-synuclein toxicity.
Importantly, activation of DJ-1 is required for the phenylbu-
tyrate effect.
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FIGURE 3. Knockdown of endogenous DJ-1 abolishes neuroprotection
from sodium phenylbutyrate. The N27 cells were transduced with adeno-
virus expressing shDJ-1 or Ad-GFP at concentration of 200 pfu/cell for 2 days.
The cells were then added with or without PB treatment for 48 h, followed by
exposure to hydrogen peroxide (H,0,) or 6-hydroxydopamine (6-OHDA) for
24 h. A, sample Western blot showed more than 85% reduction of endoge-
nous DJ-1 treated by shDJ-1 adenovirus. B and C, cell viability was measured
by MTT assay. Results showed that knockdown of DJ-1 abolished neuropro-
tective effects of PB in N27 cells (compare vertical and horizontal bars to white
or black bars). Triplicate treatments in 24-well plates were used, and experi-
ments were repeated three times. (¥, p < 0.05; **, p < 0.01 compared with
control,n =9.)

Sodium Phenylbutyrate and Sodium Butyrate Increase DJ-1
Expression in Mice—With the hypothesis that PB and SB may
provide a way to turn on DJ-1 gene expression in vivo and
thereby protect brain from neurotoxic stress, we treated mice
with these drugs. Because phenylbutyrate is stable in solution
and has a very short half-life (50 min) in vivo, we chose to deliver
drugs in drinking water. Adult C57BL/6 mice were treated with
PB or SB at various concentrations in drinking water for 2
weeks. Control mice received water with equimolar concentra-
tions of sodium chloride. We found that all treatment and con-
trol groups consumed similar volumes of water, and the intake
for all was in the range expected for normal daily fluid con-
sumption (data not shown). Animals were sacrificed by an
overdose of anesthetic, and brains removed and frozen on
dry ice. Brain tissues were analyzed for DJ-1 protein levels by
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treatment (¥, p < 0.-05; **, p < 0.01 compared with control, n = 4.)

Western blotting. Results showed PB and SB significantly
increased DJ-1 levels (*, p < 0.05; **, p < 0.01 compared with
control, Fig. 4, A-C).

To test whether the increase in DJ-1 was caused by a global
increase in gene and protein expression, endogenous a-sy-
nuclein protein levels were also measured as shown in Fig. 4,
A-C. a-Synuclein concentrations were not changed after drug
treatment, suggesting that PB and SB showed selectivity in pro-
ducing an increase in DJ-1 expression in brain.

To study the time course of DJ-1 expression during chronic
drug administration, we examined D]J-1 levels in mice treated
with PB in the drinking water for 1, 2, and 3 months. We found
that brain DJ-1 reached plateau values after 2 weeks of PB, and
those levels were sustained for 1-3 months of treatment (data
not shown). These data indicate that PB can provide sustained
elevation of DJ-1 expression in mouse brain.

Sodium Phenylbutyrate Protects Dopamine Neurons from
MPTP-induced Neurotoxicity—To evaluate whether pretreat-
ment with PB can protect dopamine neurons in the MPTP
mouse model of Parkinson disease, adult C57BL/6 mice were
treated with PB in the drinking water (1000 mg/liter) for 2
weeks. They were then injected with MPTP 4 times at 2-h inter-
vals (20 mg/kg, intraperitoneal, each injection). One week after
MPTP injections, mice were sacrificed for biochemical and his-
tological analysis. We found that PB pretreatment significantly
increased striatal dopamine levels as measured by HPLC (*, p <
0.05 compared with MPTP alone, Fig. 54). PB treatment also
increased tyrosine hydroxylase (TH) protein levels in striatum
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(Western blot, **, p < 0.01 compared with MPTP alone, Fig. 5,
B and C). Furthermore, DJ-1 levels in striatum were signifi-
cantly increased in PB-treated mice (Western blot, **, p < 0.01
compared with MPTP alone, Fig. 5, B and D). We also found
that PB-treated mice had significant higher number of TH-pos-
itive dopamine neurons in the substantia nigra (*, p < 0.05
compared with MPTP alone, Fig. 5E). Sample immunohisto-
chemical images showing increased survival of TH-positive
dopamine neurons in substantia nigra are presented in Fig. 5,
F-H. These data indicate that phenylbutyrate can protect dopa-
mine neurons from MPTP neurotoxicity.

Sodium Phenylbutyrate Prevents Age-related Motor and Cog-
nitive Decline in Mice with Diffuse Lewy Body Disease—We
have created a transgenic mouse model expressing a tyrosine-
to-cysteine (Y39C) mutant human a-synuclein (36). Because
the transgene is expressed under control of the Thy1l promoter,
mutant protein accumulates throughout the brain in all neu-
rons. These animals have progressive, age-related decline in
motor and cognitive function. Histopathology shows Lewy
body-like a-synuclein inclusions in neurons. The age-related
behavioral and neuropathologic phenotypes have similarities to
PD and diffuse Lewy body disease.
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To test whether PB treatment can prevent the development
of behavioral and neuropathological deficits in this transgenic
mouse model, we divided transgenic mice into a Young Tg
group (age 6—8 months) and an Old Tg group (age 10-12
months). Mice were treated with PB (1000 mg/liter, 5.4 mm) or
vehicle (NaCl, 310 mg/liter) in drinking water for three months.
Mice were tested for motor function after 6 weeks and 12 weeks
of treatment using a rotarod with increasing speed (3—33 rpm).
Results showed that PB treatment did not change motor
function in Young Tg mice at 6-weeks or 12-weeks of therapy
when animals were up to 11 months of age (Fig. 6, A and C).
By contrast, in Old Tg mice, motor function deteriorated
progressively with age in animals that were 13—15 months
old at the end of the study. PB treatment prevented the
decline and significantly improved motor function in Old Tg
mice at both 6-week and 12-week tests (*, p < 0.05; **, p <
0.01 compared with vehicle, Fig. 6, B and D). The Old Tg
mice treated with PB performed similarly to Young Tg mice
(compare Fig. 6, C and D).

Mice were tested for cognitive function at 6 weeks and 12
weeks of treatments using a Morris water maze. In these trans-
genic mice, we have reported that water maze performance
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FIGURE 6. Sodium phenylbutyrate improved motor function in aged a-synuclein transgenic mice. The Y39C transgenic mice were divided into two age
groups: 6 -8 months old (Young Tg, n = 20, A, C) and 10-12 months old (Old Tg, n = 20, B, D). Half of the transgenic mice in each age group (n = 10) received
PB (1000 mg/liter, 5.4 mwm) in drinking water, while the other mice (n = 10) were treated with water containing sodium chloride in equal molarity (vehicle). At
6 weeks and 12 weeks of drug treatment, all mice were tested for motor function using a rotarod (speed 3-33 rpm). A and C, Young Tg mice had no differences
in rotarod performance between PB and vehicle treatments. B and D, PB treatment in Old Tg mice led to significant improvement in rotarod performance
compared with vehicle-treated transgenic mice at both 6 week and 12 week tests. (*, p < 0.05; **, p < 0.01,n = 10.)

deteriorates as mice age (36). In the current studies, we have
found that Young Tg mice perform well in the Morris water
maze, and PB treatment did not change water maze perform-
ance at 6-week and 12-week tests (Fig. 7, A and C). In Old Tg
mice, PB treatment prevented the age-related decline in water
maze function at both 6-week and 12-week tests (*, p < 0.05; **,
p < 0.01 compared with vehicle, Fig. 7, B-D). These results
show that sodium phenylbutyrate can improve motor and cog-
nitive function in aged transgenic mice.

Sodium Phenylbutyrate Reduces o-Synuclein Aggregation
and Increases Expression of DJ-1 in Old Transgenic Mouse Brain—
We examined a-synuclein aggregation in transgenic mice
treated with PB. Brain tissue lysates were separated in SDS-
PAGE and probed with a-synuclein antibody. Fig. 84 shows
Western blot images from young and old mice. Brain from a
15-month-old transgenic mouse (15m Tg-PB) shows intense
a-synuclein oligomer fractions in cortex, striatum, and hip-
pocampus. PB treatment dramatically reduced oligomer for-
mation in an age-matched transgenic mouse (15m Tg+DPB)
(Fig. 84). In 10-month-old Young transgenic animals, oligomer
accumulation had not yet occurred, and the effect of PB was
minimal (10m Tg-PB and +PB) (Fig. 8A4). Fig. 8B presents the
ratios of a-synuclein oligomer to monomer. The very high level
of oligomer in old transgenic mice (Old w/o PB) is dramatically
reduced by treatment (**, p < 0.01, Fig. 8B). In these same
treatment groups, we found that brain DJ-1 protein levels were
significantly increased in both young and old transgenic mice
treated with PB compared with age-matched mice without PB
treatment (¥, p < 0.05; Fig. 8, C and D).

APRIL 29,2011 +VOLUME 286+NUMBER 17

We performed a-synuclein immunostaining in mouse brain
sections using LB509 antibody. The PB treatment had little
effect on the number of neurons with Lewy body-like inclusions
at young mice (sample images from 10m Tg mice with and
without PB are shown in Fig. 8, E and F). However, in old mice,
the PB treatment greatly reduced the number of neurons with
Lewy body-like inclusions (sample images from 10m Tg mice
with and without PB are shown in Fig. 8, G and H). Control
staining from 15-month-old non-Tg mice is shown in Fig. 81.
The percentage of a-synuclein positive neurons with Lewy
body-like inclusions is shown in Fig. 8/ (**, p < 0.01, PB com-
pared with Vehicle). These data indicate that phenylbutyrate
can increase DJ-1 expression, reduce a-synuclein oligomer for-
mation, and prevent age-related decline in motor and cognitive
function in a transgenic mouse model of diffuse Lewy body
disease.

DISCUSSION

In this report, we have described the neuroprotective effects
of phenylbutyrate in both cell culture and in mouse models. We
have found that phenylbutyrate can up-regulate DJ-1 mRNA
and protein levels in rat dopaminergic N27 cells and HEK293
cells. Increased expression of DJ-1 renders cells more resistant
to oxidative stress and a-synuclein-induced toxicity. Blocking
DJ-1 activation with antisense-DJ-1 interferes with the physio-
logic protection. In mice, we have discovered that phenylbu-
tyrate given through drinking water can increase brain DJ-1
levels. Up-regulation of DJ-1 resulted in neuroprotection for
dopamine neurons against MPTP toxicity. Moreover, phenyl-
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FIGURE 7. Sodium phenylbutyrate improved cognitive function in aged a-synuclein transgenic mice. The Y39C transgenic mice were divided into two
age groups: 6-8 monthsold (Young Tg,n = 20, A, C) and 10-12 months old (Old Tg, n = 20, B, D). Half of the transgenic mice in each age group (n = 10) received
PB (1000 mg/liter, 5.4 mw) in drinking water, while the other mice (n = 10) were treated with water containing sodium chloride in equal molarity (vehicle). After
6 weeks and 12 weeks of drug treatment, all mice were tested for cognitive function using the Morris water maze. A, C, Young Tg mice had no differences in
learning ability between PB and vehicle treatments. B, D, PB treatment in Old Tg mice significantly improved learning ability in the last day of water maze testing
compared with vehicle-treated transgenic mice at both 6-week and 12-week tests. (¥, p < 0.05; **, p < 0.01,n = 10.)

butyrate given to transgenic mice that overexpress a mutant
form of a-synuclein prevented oligomer formation in brain and
stopped the age-related decline in motor and cognitive
function.

Phenylbutyrate is a histone deacetylase inhibitor (HDACi)
and has been shown to be neuroprotective in animal models of
Huntington disease, spinal muscular atrophy, and amyotrophic
lateral sclerosis (33—34, 39 —43). The drug has been shown to
protect dopamine neurons from death in the MPTP mouse
model of Parkinson disease (35). Phenylbutyrate can protect
dopamine neurons from rotenone-induced cell death. In trans-
genic mice expressing both A53T and A30P human a-sy-
nuclein, treatment with phenylbutyrate can improve behavioral
function and reduce neuropathology (44 —45). These prior
studies did not propose a link between phenylbutyrate and the
activation of DJ-1 gene expression.

As a histone deacetylase inhibitor, phenylbutyrate can
increase acetylation levels of histones H3 and H4, thereby pro-
moting transcriptional activation (33, 46). Previous studies
have demonstrated that phenylbutyrate can increase expres-
sion of many genes including anti-apoptotic genes, compo-
nents of ubiquitin-proteosomal pathways, nuclear factor
NF-«B p50, survival motor neuron 1 (SMN1), and adrenoleu-
kodystrophy-related gene (ALD) (40-41, 46-47). Other
reports have shown that histone deacetylase inhibitors can acti-
vate INK4d and DR5 genes through the Sp1 binding site in the
promoters (48 —50). Because the DJ-1 gene promoter contains
Sp1 binding sequences (51), it is possible that phenylbutyrate
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increases DJ-1 gene expression by increased binding of Sp1 to
the DJ-1 promoter. Our DJ-1 promoter-luciferase reporter
assay in HEK 293 cells has provided additional evidence that
phenylbutyrate can increase DJ-1 gene expression. We have
found that blocking DJ-1 expression with shDJ-1 blocks the
neuroprotective effects of phenylbutyrate.

Increased DJ-1 levels protect against oxidative stress and
other biochemical toxicity through multiple pathways. DJ-1
can stabilize Nrf2, a master regulator of antioxidant transcrip-
tional responses, by blocking association with its inhibitor pro-
tein Keapl, thereby preventing ubiquitination of Nrf2 (30).
DJ-1 can also sequester the cell death protein Daxx in the
nucleus and prevent Daxx-induced apoptosis after oxidative
stress (29). Recent reports show that DJ-1 can work in parallel
with the PINK1/parkin pathway to maintain mitochondrial
function in the presence of an oxidative environment (52-53).
In addition, DJ-1 can act as a redox-dependent molecular chap-
erone to inhibit a-synuclein aggregate formation (54 -55). We
have shown that DJ-1 can increase glutathione synthesis after
oxidative stress and can up-regulate heat shock protein 70
(Hsp70) to block a-synuclein aggregation (31). While the
majority of PD patients do not carry DJ-1 gene mutations, our
results indicate that increasing DJ-1 expression to supra-nor-
mal levels can make dopamine neurons resistant to neurotoxic
insults. Drugs that enhance DJ-1 gene expression may be neu-
roprotective for all Parkinson disease patients.

Phenylbutyrate has additional metabolic effects. It can be a
chaperone molecule. As a chemical chaperone, phenylbutyrate
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FIGURE 8. Sodium phenylbutyrate increased DJ-1 expression and reduced a-synuclein oligomer formation and aggregation in aged transgenic mice.
The Y39C transgenic mice were divided into two age groups: 6—8 months old (Young Tg, n = 20) and 10-12 months old (Old Tg, n = 20). Half of the transgenic mice
in each age group (n = 10) received PB (1000 mg/liter) in drinking water, while the other mice (n = 10) were given water with equimolar of sodium chloride (vehicle).
After 6 weeks and 12 weeks of drug treatment, all mice were tested for motor and cognitive function. After the last behavioral test, half of the mice (n = 5 for each age
and treatment group) were sacrificed for biochemical analysis; the remaining half (n = 5 for each age and treatment group) were sacrificed for histology. A, brain tissues
(cortex, striatum, and hippocampus) from Young and Old transgenic mice with or without PB treatment were analyzed for a-synuclein aggregation. Western blots
showed that PB dramatically reduced a-synuclein oligomer formation in old transgenic mice compared with mice of the same age not receiving PB treatment. A
sample blot shows 15 month Tg with (+PB) or without (—PB) treatment), while a-synuclein monomer levels were not changed. B, ratio of a-synuclein oligomer to
monomer is shown in Young and Old transgenic mice with or without PB treatment (n = 5, **, p < 0.01). Old transgenic mice had high levels of oligomer (15%). After
three months of PB treatment, old mice had much lower levels of oligomer which were similar to the ratio seen in Young transgenic mice. C-D, brain tissues (cortex)
from Young and Old transgenic mice with or without PB treatment were analyzed for DJ-1 protein levels using Western blot (C). Results showed that PB treatment
significantly increased brain DJ-1 levels in both young and old transgenic mice compared with mice without PB treatment (D; *, p < 0.05, n = 5). E-/, brain
sections from Young and Old transgenic mice with or without PB treatment were immunostained with human a-synuclein antibody (LB509). Sections
were examined for a-synuclein-positive Lewy body-like inclusions. Sample images from Young and Old transgenic mice with or without PB treatment
are shown in E-H. A sample image from 15-month-old non-transgenic mouse is shown in /. J, results showed that the percentage of a-synuclein-positive
neurons with LB-like inclusions (arrows) was significantly reduced in Old transgenic mice with PB treatment compared with old mice without PB (¥, p <
0.05, n = 5), while there was no significant change in Young transgenic mice after PB treatment. Bar length, 25 um for E-/.

can bind and mask surface-exposed hydrophobic segments of
unfolded proteins and thereby stabilize protein structure in the
native conformation, reducing endoplasmic reticulum (ER) stress
(56-58). In our a-synuclein transgenic mouse model, it is possible
that phenylbutyrate directly stabilizes mutant a-synuclein and
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prevents the formation of high molecular weight oligomers and
fibrils.

In summary, we have found that phenylbutyrate can up-reg-
ulate DJ-1 activity and prevent progression of motor and cog-
nitive complications in a transgenic mouse model of diffuse
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Lewy body disease. Phenylbutyrate may be a useful drug for
preventing progression of disease in patients with idiopathic
Parkinson or diffuse Lewy body disease. Drugs that can increase
DJ-1 expression could provide a new strategy for treating Par-
kinson disease by stopping the underlying disease process.
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