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Background: Pin1 regulates several signaling proteins by isomerizing the cis/trans conformation of the Ser(P)-Pro peptide
bond.
Results: Pin1 is up-regulated in dopaminergic neurons in cell culture, animal models, and human PD brains. Pin1 inhibition
protects dopaminergic neurons in PD models.
Conclusion: Pin1 up-regulation plays a proapoptotic function in PD.
Significance: Pin1 inhibition may be a viable translational strategy in PD.

Parkinson disease (PD) is a chronic neurodegenerative dis-
ease characterized by a slow and progressive degeneration of
dopaminergic neurons in substantia nigra. The pathophysiolog-
ical mechanisms underlying PD remain unclear. Pin1, a major
peptidyl-prolyl isomerase, has recently been associated with
certain diseases. Notably, Ryo et al. (Ryo, A., Togo, T., Nakai, T.,
Hirai, A., Nishi, M., Yamaguchi, A., Suzuki, K., Hirayasu, Y.,
Kobayashi, H., Perrem, K., Liou, Y. C., and Aoki, I. (2006) J. Biol.
Chem. 281, 4117–4125) implicated Pin1 in PD pathology.
Therefore, we sought to systematically characterize the role of
Pin1 inPDusing cell culture and animalmodels. To our surprise
we observed a dramatic up-regulation of Pin1 mRNA and protein
levels in dopaminergic MN9D neuronal cells treated with the
parkinsonian toxicant1-methyl-4-phenylpyridinium(MPP�) as well
as in the substantia nigra of the 1-methyl-4-phenyl-1,2,3,6-tetra-
hydropyridine (MPTP)-induced PD mouse model. Notably, a
marked expression of Pin1 was also observed in the substantia
nigra of human PD brains along with a high co-localization of
Pin1 within dopaminergic neurons. In functional studies,
siRNA-mediated knockdown of Pin1 almost completely pre-
ventedMPP�-induced caspase-3 activation and DNA fragmen-
tation, indicating that Pin1 plays a proapoptotic role. Interest-
ingly, multiple pharmacological Pin1 inhibitors, including
juglone, attenuated MPP�-induced Pin1 up-regulation, �-sy-
nuclein aggregation, caspase-3 activation, and cell death. Fur-
thermore, juglone treatment in the MPTP mouse model of PD
suppressed Pin1 levels and improved locomotor deficits, dop-
amine depletion, and nigral dopaminergic neuronal loss. Col-

lectively, our findings demonstrate for the first time that Pin1 is
up-regulated in PD and has a pathophysiological role in the
nigrostriatal dopaminergic system and suggest that modulation
of Pin1 levels may be a useful translational therapeutic strategy
in PD.

Parkinson disease (PD)4 is a chronic and progressive neuro-
degenerative movement disorder affecting �1% of the popula-
tion over 65 years of age (1). Pathologically, the disease is char-
acterized by gliosis, progressive loss of dopaminergic neurons
and their terminals in the nigrostriatal axis, and appearance of
cytoplasmic inclusions known as Lewy bodies in the surviving
neurons of substantia nigra (SN) (2–4). In recent years the
occurrence of non-dopaminergic neuronal loss and non-motor
symptoms has been recognized in PD pathology (5, 6).
Reversible phosphorylation on Ser/Thr-Promotifs regulated

by proline-directed protein kinases and phosphatases is an
important molecular switch in controlling various cellular pro-
cesses (7, 8). Proline-directed kinases and some of the Ser/Thr
phosphatases phosphorylate or dephosphorylate suchmotifs to
regulate cellular signaling (9). Pin1 is unique among the pepti-
dyl-prolyl isomerases because it specifically recognizes phos-
phorylated serine or threonine residues immediately preceding
proline (Ser(P)/Thr-Pro) in a subset of proteins and isomerizes
the cis/trans conformation of the peptide bond (10, 11). Several
studies have shown that Pin1-mediated conformational regula-
tion can have a profound impact on the regulation of cell
growth, stress responses, immune function, germ cell develop-
ment, neuronal differentiation, and survival (12, 13). Dysregu-
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ditions such as Alzheimer disease (14, 15), asthma (16, 17),
corticobasal degeneration (18, 19), and cancer (20). Significant
expression of Pin1 in terminally differentiated and post-mitotic
neurons suggests that it may play an important role in the nerv-
ous system (21, 22). Pin1 interacts with mitochondrial BH3-
only protein BIMEL and activates c-Jun to regulate the apopto-
tic machinery (23). Interestingly, Pin1 has been shown to be
present in Lewy bodies in PD patients and is known to facilitate
the formation of �-synuclein inclusions in a cellular model of
�-synuclein aggregation (24). Recently, we reported that
mixed-lineage kinase 3 (MLK3) phosphorylates Pin1 to regu-
late its nuclear translocation and function (25). Because the role
of Pin1 has not been explored in Parkinson disease, herein we
systematically characterized the role of Pin 1 in PD using cell
culture, animal models, and postmortem human PD brains.
Surprisingly, we found that Pin1 is highly up-regulated in cell

culture and animalmodels of PD as well as in human PDbrains.
Consistent with these data, Pin1 functions as a proapoptotic
factor in degeneration of dopaminergic neurons because
knockdown of Pin1 attenuates apoptotic events in cell culture
models of PD. Inhibition of Pin1 function with the pharmaco-
logical inhibitors juglone, PiB, or cyclic peptide inhibitor F also
abolishedMPP�-induced Pin1 expression in a cellularmodel of
PD. Notably, juglone treatment attenuated Pin1 expression
and protected the nigrostriatal axis in a preclinical mouse
model of PD.

EXPERIMENTAL PROCEDURES

Chemicals and Biological Reagents—1-Methyl-4-phenyl tet-
rahydropteridine (MPP� iodide), Pin1 inhibitor PiB, and
MPTP-HCl were purchased from Sigma. Pin1 inhibitor juglone
was purchased from Calbiochem. Caspase substrate (Ac-
DEVD-aminofluoromethylcoumarin) was obtained from
Bachem Biosciences (King of Prussia, PA). Bradford protein
assay reagent was purchased from Bio-Rad. Neurobasal
medium, RPMI 1640 medium, hygromycin B, B27 supplement,
fetal bovine serum, L-glutamine, penicillin, and streptomycin
were purchased from Invitrogen. The Pin1-cyclic peptide
inhibitor (peptide inhibitor F, sequence cyclo(D-Arg-D-Arg-D-
Thr(P)-Pip-Nal-Arg-Gln), where Pip is L-piperidine-2-carbox-
ylic acid andNal is L-2-naphthylalanine) was kindly provided by
Dr. Pei Dehua (Ohio State University) and generated as
described previously (26).
Cell Culture—The MN9D dopaminergic cell line originates

from fusion of rostral mesencephalic neurons from embryonic
C57BL/BJ (embryonic day 14 mice) with N18TG2 neuroblas-
toma cells (27).MN9D cells were grown in a high glucose (4500
mg/liter) Dulbecco’s modified Eagle’s medium (Sigma) con-
taining 10%Tet-approved fetal bovine serum (Invitrogen), 3.7 g
liter�1 NaHCO3 and 4 mM L-glutamine in a 5% CO2 atmo-
sphere at 37 °C. The human wild-type �-synuclein or empty
vector stably transfected N27 rat dopaminergic neuronal cells
were cultured in 200 �g/ml hygromycin added to N27 growth
media, as described previously (28).
Treatment Paradigm—MPP� (300 �M) was added to the

cells in the presence or absence of juglone (1�M), PiB (5�M), or
peptide inhibitor F (5, 10, and 15 �M) for the duration of the
experiment. The cells were detached from the flask using a rub-

ber policeman and centrifuged at 200 � g for 5 min, washed
with ice-cold PBS twice, and homogenized with radioimmuno-
precipitation assay buffer. Cell lysates, collected by spinning
down the cell fragments at 20,000 � g for 45 min at 4 °C, were
used to determine changes to Pin1 expression.
siRNA Transfection—MN9D cells were plated in 6-well tis-

sue culture plates at 70–75% confluency. The Pin1-specific
siRNA (SI01378923) was purchased from Qiagen (Valencia,
CA), and scrambled negative control siRNA (4611) was
obtained from Ambion (Austin, TX). Transfections were per-
formed using LipofectamineTM 2000 (Invitrogen) according to
the manufacturer’s instructions. Four to six hours after trans-
fection media were replaced with fresh growth media. The fol-
lowing day cells were treated with MPP� or vehicle and pro-
cessed for further experiments.
Quantitative Real-time-PCR—After treatment total RNA

was extracted from the MN9D cells or the mouse brains using
an RNAMiniprep Kit (Agilent Technologies, Santa Clara, CA)
following the manufacturer’s protocol. Total RNA was treated
with DNase I to remove DNA contamination and then revers-
ibly transcribed into first-strand cDNA using the SuperScript
III first-strand synthesis system (Invitrogen) as described in the
kit instructions. SYBR Green quantitative PCR was performed
with validated primers of Pin1 and control �-actin primers
(Qiagen) using either FastStart Universal SYBR Green master
(Rox) (Roche Applied Science) for the MN9D cells or RT2

SYBR� Green qPCR Master Mix (SABiosciences, Frederick,
MD) for the mouse tissue.
Sytox Cell Death Assay—The MN9D cells were incubated

with 300 �MMPP� for up to 24 h in the presence or absence of
1 �M juglone, and cell death was determined using cell imper-
meable Sytox green (Molecular Probes, Eugene, OR). Sytox
green intercalates with the DNA in the membrane-compro-
mised cells to produce a green fluorescence that is quantifiable
at excitation 485 nm and emission 538 nm using the fluores-
cence microplate system (Synergy 4, Biotek, Winooski, VT).
The fluorescence can also be viewed under a fluorescence
microscope. Fluorescence and phase contrast were taken after
exposure to MPP� with a NIKON TE2000 microscope, and
pictures were captured with a SPOT digital camera.
Caspase-3 Activity Assay—Caspase-3 activity was deter-

mined as previously described (29). After theMPP� treatment,
cells were lysed and centrifuged, and the resulting supernatants
were incubated with 50 �M Ac-DEVD-amidomethylcoumarin
(a caspase-3 substrate) at 37 °C for 1 h, and caspase activity was
measured by fluorescence plate reader (Synergy 4, Biotek) with
excitation at 380 nm and emission at 460 nm.
DNA Fragmentation Assay—DNA fragmentation was meas-

ured using a Cell Death Detection ELISA Plus Assay kit as
described previously (30). After MPP� treatment, cells were
centrifuged and washed with PBS once. DNA fragmentation
was measured in the cell lysates according to the manufactur-
er’s protocol. The absorbance of the ELISA reaction was meas-
ured at 490 and 405 nm using a microplate reader (Spectra-
MAX 190, Molecular Devices Corp., Sunnyvale, CA).
High Affinity [3H]Dopamine Uptake Assay—Cells in each

well were washed twice with 1 ml of Krebs-Ringer buffer (16
mMNaH2PO4, 16mMNa2HPO4, 119mMNaCl, 4.7mMKCl, 1.8
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mMCaCl2, 1.2 mMMgSO4, 1.3 mM EDTA, and 5.6 mM glucose,
pH 7.4). The cells were then incubated with 25 nM [3H]dop-
amine in Krebs-Ringer buffer (0.4 ml/well) for 20 min at 37 °C.
Nonspecific uptake of dopamine was determined in parallel
wells incubated with tritiated dopamine and 10 �M mazindol,
an inhibitor of neuronal dopamine uptake. Briefly, the cells
were washed 3 times with ice-cold Krebs-Ringer buffer (1
ml/well) and lysed with 1 N NaOH (0.5 ml/well). After washing,
the lysates were mixed with 5 ml of scintillation fluid (Scinti-
verse BD), and radioactivity was determined with a liquid scin-
tillation counter (Tri-Carb 1600 TR; Packard, Meriden, CT).
The specific dopaminergic uptake was calculated by subtract-
ing the amount of radioactivity observed in the presence of
mazindol from that observed in the absence of mazindol.
Mesencephalic Primary Neuron Cultures and Treatment—

Primary mesencephalic neuronal culture was prepared from
the ventral mesencephalon of gestational 14–15-day-old mice
embryos as described previously (31). Briefly, mesencephalic
and striatal tissues from E14 to E15 mouse embryos were dis-
sected and maintained in ice-cold calcium-free Hanks’ bal-
anced salt solution and then dissociated inHanks’ balanced salt
solution containing trypsin, 0.25% EDTA for 20 min at 37 °C.
The dissociated cells were then plated at equal density of 0.6
million cells per well on 12-mm coverslips precoated with 0.1
mg/ml poly-D-lysine. Cultures were maintained in neurobasal
medium fortified with B-27 supplement, 500 mM L-glutamine,
100 IU/ml penicillin, and 100�g/ml streptomycin (Invitrogen).
The cells were maintained in a humidified CO2 incubator (5%
CO2 and 37 °C) for 24 h. Half of the culture medium was
replaced every 2 days. Approximately 6–7-day-old cultures
were used for experiments. Primary mesencephalic and striatal
dopaminergic neuronal cells were exposed to 10 �M MPP� in
the presence or absence of juglone (3 �M) for 24 h.
Immunocytochemistry—The primary mesencephalic neu-

rons were fixed with 4% paraformaldehyde in phosphate-buff-
ered saline (PBS) for 20 min and processed for immunocyto-
chemical staining. First, nonspecific sites were blocked with 2%
bovine serumalbumin, 0.5%TritonX-100, and 0.05%Tween 20
in PBS for 45 min at room temperature. Cells were then incu-
bated with different primary antibodies such as anti-TH
(1:1600, mouse monoclonal; Millipore, Billerica, MA) and Pin1
(1:400, goat polyclonal; Santa Cruz Biotechnology, Santa Cruz,
CA) at 4 °C overnight. Appropriate secondary antibodies
(Alexa Fluor 488 or 594 or 555; Invitrogen) were used followed
by incubation with 10 �g/ml Hoechst 33342 (Invitrogen) for 5
min at room temperature to stain the nucleus. The coverslip-
containing stained cells were washed twice with PBS and
mounted on poly-D lysine-coated slides (Sigma). Cells were
viewed under a NIKON inverted fluorescence microscope
(model TE-2000U; NIKON, Tokyo, Japan), and images were
captured with a SPOT digital camera (Diagnostic Instruments,
Inc., Sterling Heights, MI).
For immunostaining of �-synuclein aggregates in �-sy-

nuclein stably expressing and vector control N27 cells, cells
grown on coverslips in media containing 0.2% FBS were pre-
treated with the Pin1 inhibitor PiB (3 �M) for 12 h after which
the medium was removed, and cells were exposed to MPP�

(300 �M) along with PiB (3 �M) for 24 h. The cells were then

washed with PBS and fixed in 4% paraformaldehyde for 25min.
After washing, the cells were permeabilized and blocked with
0.1% Triton X-100, 0.1% sodium azide, and 10% donkey serum
in PBS for 1 h. Cells were then incubated with the antibody
against human�-synuclein (1:100; Invitrogen, clone LB509) for
1 h. FITC-conjugated secondary antibody (1:500) was used to
visualize the protein. Nuclei were counterstained with 4�,6-di-
amidino-2-phenylindole (DAPI; 1 �g/ml). Finally, images were
viewed using a 100� oil immersion objective on an inverted
fluorescence microscope (model Eclipse TI; Nikon) and cap-
tured with a Photometrics K4 CCD camera.
Animals and MPTP Treatment—8–10-week-old male

C57BL/6mice weighing 24–28 g were housed in standard con-
ditions: constant temperature (22 � 1 °C), humidity (relative,
30%), and a 12-h light/dark cycle.Micewere allowed free access
to food and water. Use of the animals and protocol procedures
were approved and supervised by the Institutional Animal Care
and Use Committee at Iowa State University (Ames, IA). Mice
received either a single high dose of MPTP-HCl (30 mg/kg free
base) or four injections of MPTP-HCl (15 mg/kg of free base;
Sigma) in 1�PBS at 2-h intervals intraperitoneally. The control
mice received only 1� PBS.
Juglone Treatment in Mice—Juglone was dissolved in 10%

ethanol and administered via intraperitoneal injection. Mice
received the first dose of juglone (3 mg/kg) 24 h before the first
MPTP injection, the second dose of juglone 3 h before the
first MPTP injection, and the third dose of juglone 3 h after the
last MPTP injection. For neuroprotection studies mice were
treatedwith a single dose of juglone each day for an additional 6
days.
Immunoblotting—Cells or brain tissues were collected and

resuspended in modified radioimmunoprecipitation assay
buffer containing protease and phosphatase inhibitor mixture.
Cell suspensions were sonicated after resuspension, whereas
tissues were homogenized, sonicated, and then centrifuged at
14,000 � g for 1 h at 4 °C. Lysates were separated on 8–15%
SDS-polyacrylamide electrophoresis gels. After the separa-
tion, proteins were transferred to a nitrocellulose mem-
brane, and nonspecific binding sites were blocked by treating
with Odyssey� blocking buffer (LiCor, Lincoln, NE). Anti-
Pin1 (1:2,000; mouse monoclonal; R&D Systems, Minneap-
olis, MN), anti-TH (1:1,500, mouse monoclonal; Millipore),
and anti-�-actin (1:10,000; mouse monoclonal; Sigma) were
used to blot the membranes. Secondary IR-680-conjugated
anti-mouse (1:10,000, donkey anti-mouse; Molecular Probes,
Carlsbad, CA) was used for antibody detection with the Odys-
sey IR imaging system (LiCor).
Quantification of Tyrosine Hydroxylase (TH)-positive Cell

Counts and Neuronal Processes—Tyrosine hydroxylase-posi-
tive dopaminergic neurons and neuronal processes in primary
neuronal cultures from each coverslip were measured using
MetaMorph software, Version 5.0 (Molecular Devices) as
described previously (31). For counting TH cells, pictures were
first taken at 20� magnification, then thresholded. After that,
neurons were counted using the Integrated Morphometry
Analysis function. For measurement of neuronal processes,
pictures were taken using a 60� oil immersion lens, and the
lengths of the processes were marked by applying the region
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and lengthmeasurement function in the IntegratedMorphom-
etry Analysis. TH-positive neurons and their processes were
counted in at least six individual cultures for each treatment.
Diaminobenzidine Immunostaining, Stereological Counting

of TH-positive Neurons, and Striatal Optical Density—Tyro-
sine hydroxylase and Pin1 diaminobenzidine (DAB) immuno-
staining were performed in striatal and substantia nigral sec-
tions as described previously (4, 32). Briefly, 7 days after MPTP
injection, mice were sacrificed and perfused with 4% parafor-
maldehyde in 1� PBS and post-fixed with paraformaldehyde
and 30% sucrose. The fixed brains were subsequently cut into
30-�m coronal sections using a cryostat in 30% sucrose-ethyl-
ene glycol solutions at �20 °C. On the day of staining, sections
were first washed with PBS and incubated with the anti-TH
antibody (1:1600, rabbit anti-mouse; Calbiochem) or with the
anti-Pin1 antibody (1:400, goat anti-mouse; Santa Cruz Bio-
technology) overnight at 4 °C. Biotinylated anti-rabbit or anti-
goat secondary antibodies were used for 2 h at room tempera-
ture followed by incubation with avidin peroxidase (Vectastain
ABC Elite kit, Burlingame, CA). Immunolabeling was observed
using DAB, which yielded a brown-colored stain. Total num-
bers of TH-stained neurons in SN were counted stereologically
with Stereo Investigator software (MicroBrightField, Inc., Wil-
liston, VT) using an optical fractionator (32). Quantification of
striatal TH fibers was performed using Metamorph software,
Version 5.0 (Molecular Devices). Briefly, striatal pictures were
first taken at 2� magnification, then thresholded. After that,
the optical density of fibers was counted using the Integrated
Morphometry Analysis function.
HPLC Analysis of Striatal Dopamine and Its Metabolite

Levels—The striatal dopamine, dihydrophenylacetic acid
(DOPAC), and homovanillic acid (HVA) levels were quantified
using high performance liquid chromatography (HPLC) with
electrochemical detection. Samples were prepared and quanti-
fied as described previously (33). Briefly, 7 days after MPTP
treatment,micewere sacrificed, striatawere collected, andneu-
rotransmitters from striatal tissues were extracted in 0.1 M per-
chloric acid solutions containing 0.05% Na2EDTA and 0.1%
Na2S2O5 and isoproterenol (internal standard). The extracts
were filtered through 0.22-�mspin tubes, and 20�l of the sam-
ple was loaded for analysis. Dopamine and its metabolites
DOPAC and HVA were separated isocratically in a C-18
reversed-phase column using a flow rate of 0.6 ml/min. An
HPLC system (ESA Inc., Bedford, MA) with an automatic sam-
pler equipped with a refrigerated temperature control (model
542; ESA Inc.) was used in these experiments. The electro-
chemical detection system consisted of a Coulochem-II model
5100A with an analytical cell (model 5014A) and a guard cell
(model 5020) (ESA Inc.). The data acquisition and analysis were
performed using EZStart HPLC Software (ESA Inc.).
Immunohistochemistry—Twenty-four hours after MPTP

treatment, mice were perfused with 4% paraformaldehyde and
post-fixed with paraformaldehyde and 30% sucrose. Next,
30-�m coronal SN free-floating sections were blocked with 2%
bovine serumalbumin, 0.5%TritonX-100, and 0.05%Tween 20
in PBS for 1 h at room temperature. Sections were incubated
with different primary antibodies such as anti-Pin1 antibody
(1:500; goat polyclonal; Santa Cruz Biotechnology), anti-NeuN

(1:500; mouse monoclonal; Chemicon, Temecula, CA), and
anti-TH (1:1600; mouse monoclonal; Chemicon) overnight at
4 °C.Afterwashingwith PBS, sectionswere incubated in appro-
priate secondary antibodies (Alexa Fluor 488 or 594 or 555 from
Invitrogen) for 2 h followed by incubation with 10 �g/ml
Hoechst 33342 for 5 min at room temperature to stain the
nucleus. Sections were viewed under a NIKON inverted fluo-
rescence microscope (model TE-2000U; NIKON, Tokyo,
Japan); images were captured with a SPOT digital camera
(Diagnostic Instruments, Inc., Sterling Heights, MI) using
MetaMorph software, Version 5.0 (Molecular Devices).
Behavioral Measurements—We performed the open-field

experiment for testing the locomotor activities (33, 34) and
the rotarod experiment (33) to test foot movement of mice
after MPTP and juglone treatments. An automated device
(AccuScan, model RXYZCM-16, Columbus, OH) was used to
measure the spontaneous activity ofmice. The activity chamber
was 40� 40� 30.5 cmmade of clear Plexiglas and coveredwith
a Plexiglas lid with holes for ventilation. The infrared monitor-
ing sensors were located every 2.54 cm along the perimeter (16
infrared beams along each side) and 2.5 cmabove the floor. Two
additional sets of 16 sensorswere located8.0 cmabove the flooron
opposite sides. Data were collected and analyzed by a VersaMax
Analyzer (AccuScan, model CDA-8, Columbus, OH). Before
any treatment,micewere placed inside the infraredmonitor for
10 min daily for three consecutive days to train them. Five days
after the last MPTP injection, both open-field and rotarod
experiments were conducted. In the open-field experiment,
mice were monitored for horizontal activity, vertical activity,
total distance traveled (cm), total movement time (s), total rest
time (s), and rearing activity over a 10-min test session. Using
Versaplot and Versadat software we analyzed the data among
the three groups. In the rotarod, foot movements of mice were
observed using a constant 20-rpm speed.Micewere given a 5–7
min rest interval to eliminate stress and fatigue.
Statistical Analysis—Data were analyzed with Prism 3.0 soft-

ware (GraphPad Software, San Diego, CA). Bonferroni and
Dunnett multiple comparison testing were used. Differences
with p � 0.05 were considered significant.

RESULTS

Pin1 Expression in the Cell Culture and AnimalModel of PD—
To determine the role of Pin1 in PD, we used both cell culture
and animalmodels and then compared the results in humanPD
brains. For the cell culture model, we adopted widely used
MN9Dmouse dopaminergic neuronal cells because of the ame-
nability of the cells for biochemical studies relevant to dop-
aminergic neurodegeneration (35, 36). First, we sought to
understand changes to the Pin1 message and protein levels
upon treatment with the parkinsonian toxicant MPP�. We
treated MN9D dopaminergic cells with 300 �M MPP� and
determined Pin1 message levels by quantitative real-time PCR.
As evident from Fig. 1, A and B, MPP� induced Pin1 message
expression in MN9D dopaminergic cells in a time-dependent
manner, with a maximal expression at 3 h (***, p � 0.001, com-
pared with control). Next we examined whether Pin1 mRNA
induction translated to changes in Pin1 protein levels by immu-
noblotting. Fig. 1, C and D, illustrates that the parkinsonian
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toxicant MPP� induced Pin1 protein expression in MN9D
mouse dopaminergic cells starting from 3 h with maximal
expression at 24 h (***, p � 0.001, compared with control).

Next we wanted to examine whether Pin1 is up-regulated in
the MPTP-treated mouse brain. The expression of Pin1 in the
nigrostriatal tissues was determined at different time points
after a single dose of MPTP (30 mg/kg). We observed the high-
est expression of Pin1 in the SN (**, p � 0.01 compared with
control, Fig. 1, E and G) and the striatum (***, p � 0.001 com-
pared with control, Fig. 1, F and H) 6 h after MPTP injection.
Time course analysis revealed that MPTP-induced Pin1
expression returned to basal levels in both striatum and SN24 h
after the MPTP treatment.
Pin1 Expression in Human Postmortem PD Tissues—Follow-

ing the identification of Pin1 up-regulation in cell culture and
animal models of PD, we aimed to compare the Pin1 levels in

PD human brains with that of age-matched control brains. To
determine the Pin1 level in nigral dopaminergic neurons, we
performed a double labeling of TH and Pin1 in human nigral
tissues. As depicted in Fig. 2, A–D, we found increased expres-
sion of Pin1 in SN of PD brains, and it also co-localized in the
cytoplasm of TH-positive dopaminergic neurons (Fig. 2A).
Very low levels of Pin1 expression were detected in the control
human SN brain sections (Fig. 2, A and B). Human midbrain
contains both pigmented (with neuromelanin) and non-pig-
mented (without neuromelanin) dopaminergic neurons (37),
and in the diseased condition, the neuromelanin-containing
pigmented dopaminergic neurons degenerate more than the
non-pigmented (38). In our study we observed increased
expression of Pin1 in the pigmented dopaminergic neurons of
PD brain as characterized by dark staining (Fig. 2C), whereas
less expression of Pin1 was observed in non-pigmented dop-

FIGURE 1. MPP� and MPTP induce Pin1 expression in cell culture and animal model of PD. A, MN9D cells were treated with 300 �M MPP� for different time
points and assayed for Pin1 mRNA using quantitative real-time PCR. B, data represent results from six individual measurements and are expressed as the
mean � S.E. MN9D cells were treated with 300 �M MPP� for different time points, and proteins were separated by 15% SDS-PAGE and probed with Pin1
antibody to observe for Pin1 bands. C, shown is a Pin1 immunoblot after MPP� treatment. D, the graph represents densitometric analysis of Pin1 protein levels
normalized to �-actin (loading control). Mice were administered a single dose of MPTP (30 mg/kg) intraperitoneally and sacrificed at different time points
(ranging from 1.5 to 24 h). Expression of Pin1 in mice SN (E) and striatum (F) at different time points after MPTP administration is shown. G, the graph represents
densitometric analysis of Pin1 protein levels in SN normalized to �-actin (loading control). H, the graph represents densitometric analysis of Pin1 protein levels
in striatum normalized to �-actin (loading control). Results are the mean � S.E. either of at least three independent experiments or six mice per group. *, p �
0.05 versus control; **, p � 0.01 versus control, ***, p � 0.001 versus control.

Up-regulation of Pin1 in Parkinson Disease

JULY 26, 2013 • VOLUME 288 • NUMBER 30 JOURNAL OF BIOLOGICAL CHEMISTRY 21959



aminergic neurons (Fig. 2D). To further confirm our findings,
we checked Pin1 protein levels in the SN of human midbrains
by Western blotting. We detected robust increase in Pin1
expression in SN of PD patients (***, p � 0.001 compared with
control; Fig. 2, E and F). Consistent with immunohistochemical
data,Western blot analysis also showed a very low expression of
Pin1 protein levels in control SN regions. Collectively, these
results clearly demonstrate that Pin1 level is highly elevated in
the nigral dopaminergic neurons in PD.
Pin1 Plays a Proapoptotic Function in Dopaminergic Neuro-

nal Death—To understand the role of Pin1 in dopaminergic
neuronal cell death, we carried out a series of functional studies.
First, we knocked down Pin1 expression with a Pin1-specific
siRNAand then examined the extent ofMPP� induced apopto-
tic cell death by caspase-3 activation and DNA fragmentation.
MN9D dopaminergic cells were transfected with Pin1-specific

siRNA, which effectively suppressed Pin1 levels as compared
with nonspecific siRNA-treated control cells (Fig. 3A). Impor-
tantly, knockdown of Pin1 by siRNA effectively attenuated
MPP�-induced caspase-3 activation (###, p � 0.001 compared
with nonspecific siRNA treated with MPP�; Fig. 3B) and DNA
fragmentation (###, p � 0.001 compared with nonspecific
MPP�; Fig. 3C). Together, these results revealed that Pin1 plays
a pro-apoptotic function in dopaminergic neuronal cells.
To further confirm the proapoptotic function of Pin1 in the

dopaminergic neurodegenerative process, we tested the effi-
cacy of a pharmacological inhibitor of Pin1, juglone, against
MPP� apoptotic cell death in MN9D mouse dopaminergic
cells. The cells were co-treated with juglone and MPP�, and
then cytotoxicity was measured at various time points by Sytox
fluorescent dye assay. As shown in Fig. 4,A and B, 1 �M juglone
treatment almost completely prevented 300 �M MPP�-in-

FIGURE 2. Increased expression of Pin1 in human PD midbrain. A, human midbrain SN sections of PD patients and age-matched controls were immuno-
stained for TH and Pin1. B, an enlarged image of control section shows decreased co-localization of TH and Pin1 in substantia nigra. C, expression of Pin1 in
neuromelanin-containing pigmented TH-positive neurons. The inset shows co-localization of TH and Pin1 in a pigmented dopaminergic neuron. D, shown is
expression of Pin1 in non-pigmented TH-positive neurons. The inset shows reduced co-localization of TH and Pin1 in a non-pigmented dopaminergic neuron.
E, shown is a representative Western blot illustrating the expression of Pin1 in human midbrain lysates. Con, control. F, the graph represents densitometric
analysis of Pin1 protein levels normalized to �-actin (loading control). Results are the mean � S.E. from 10 different human midbrain lysates per group. ***, p �
0.001 versus control.
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duced cell death for the entire treatment period of 24 h. Fur-
thermore, we also examined the effect of juglone on MPP�-
induced apoptosis by measuring caspase-3 activation in the
MN9D dopaminergic cells. Juglone significantly attenuated

MPP�-induced caspase-3 activation (###, p � 0.001 compared
with MPP�; Fig. 4C), confirming the protective effect of the
Pin1 inhibitor.We further determinedwhether juglone has any
effect on Pin1 levels inMN9D dopaminergic neuronal cells. To
our surprise we found thatMPP�-induced Pin1 expressionwas
significantly attenuated in the presence of juglone at 12 h (a, p�
0.001 compared with MPP� 12 h) and 24 h (b, p � 0.001 com-
paredwithMPP� 24 h) (Fig. 4,D and E). To further rule out any
nonspecific effect of juglone, we used two additional classes of
Pin1 inhibitors and examined their efficacy in attenuating
MPP�-induced Pin1 up-regulation in MN9D cells. PiB, a small
chemically synthesized compound,was originally recognized as
a potent Pin1 inhibitor through a library screen (39). The cyclic
peptide inhibitor F (sequence, cyclo(D-Arg-D-Arg-D-Thr(P)-
Pip-Nal-Arg-Gln)) belongs to a novel family of cyclic peptidyl
Pin1 inhibitors showing levels of affinity and specificity higher
than small molecular Pin1 inhibitors (26). The cyclic peptide
inhibitor F inhibits Pin1 both in vitro and in intact cells at low
micromolar concentrations (26).MN9D cells were treatedwith
300�MMPP� for 24 h in the presence or absence of PiB (5�M),
juglone (1�M), or peptide inhibitor (5, 10, and 15�M), and Pin1
expressionwas determined byWestern blot. As shown in Fig. 4,
F and G, PiB and peptide inhibitor F both abrogated MPP�-
induced Pin1 up-regulation, similar to that achieved with
juglone, suggesting that the observed effect of juglone on
MPP�-induced Pin1 up-regulation is attributable to its inhibi-
tory action on Pin1 activity.
Because the Pin1 inhibitor juglone was very effective at

blocking cell death andPin1 expression in theMN9Ddopamin-
ergic cells, we further verified that the effect can be replicated in
primary dopaminergic neurons from mesencephalic cultures.
Primary mesencephalic neuronal cultures were isolated from
E15 mouse embryos and grown on laminin-coated coverslips.
The neuronal cultures were treated with 10 �M MPP� in the
presence or absence of 3�M juglone for 24 h, and double immu-
nocytochemistry was performed for Pin1 and TH. As evident
from Fig. 5A, MPP� induced increased expression of Pin1 in
TH�ve dopaminergic neurons in primary mesencephalic
nigral cultures. Notably, juglone attenuated MPP�-induced
expression of Pin1 in dopaminergic neurons (Fig. 5A). Next, we
quantified whether juglone treatment protected dopaminergic
neurons from MPP�-induced neurodegeneration. We meas-
ured the lengths of processes of dopaminergic neurons from
mesencephalic nigral culture (Fig. 5B) and found that MPP�

and juglone co-treated dopaminergic neuronal processes were
significantly longer than the processes of neurons treated only
withMPP� (**, p � 0.01 compared withMPP�; Fig. 5B). Integ-
rity of dopaminergic neurons can also be assessed by dopamine
reuptake capacity, which serves as a functional indicator of the
healthiness of the neurites (31). Thus, we also measured dop-
aminergic neuron function by dopamine uptake assay (Fig. 5C).
As expected, treatment withMPP� resulted in a significant loss
of dopamine uptake activity of TH�ve neurons (***, p � 0.001
compared with control; Fig. 5C). However, juglone ameliorated
MPP�-induced loss of dopamine uptake activity (###, p �
0.001 compared with MPP�; Fig. 5C). Taken together, these
results demonstrate that the Pin1 inhibitor juglone has a neu-

FIGURE 3. siRNA-mediated knockdown of Pin1 attenuates MPP�-induced
apoptotic events. MN9D dopaminergic neuronal cells were cultured, trans-
fected with Pin1-specific siRNA, and exposed to 300 �M MPP� for 24 h. A,
shown is immunoblotting for Pin1 from siRNA-transfected MN9D cell lysates.
B, shown is caspase-3 activation in MN9D cells after MPP� treatment. C,
shown is DNA fragmentation in MN9D cells after MPP� treatment. Results are
the mean � S.E. of at least three independent experiments. ***, p � 0.001
versus control (nonspecific siRNA); ###, p � 0.001 versus MPP� (nonspecific
siRNA).
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roprotective effect in cell culture models of dopaminergic
neurodegeneration.
Pin1 Mediates the Formation of �-Synuclein Aggregates in

Response toMPP� in N27 Dopaminergic Cells—Because Ryo et
al. previously reported that overexpression of Pin1 in a kidney
293T cell line led to the formation of �-synuclein inclusions

(24), we further examined whether MPP�-induced Pin1 up-
regulation promotes the formation of �-synuclein aggregates.
For this purpose we analyzed the status of �-synuclein aggre-
gates in a stable rat dopaminergic N27 neuronal cell line that
constitutively expresses human wild-type �-synuclein. These
cells displayed significant �-synuclein protein aggregates upon

FIGURE 4. Effects of Pin1 inhibitors on MPP�-induced Pin1 expression, cytotoxicity, and caspase-3 activation in MN9D dopaminergic neuronal cells.
A–E, MN9D cells were treated with 300 �M MPP� for different time points in the presence or absence of 1 �M juglone. A, shown is cytotoxicity of MN9D cells
during 300 �M MPP� treatment in the presence or absence of 1 �M juglone. Cytotoxicity was determined by Sytox green nucleic acid stain by measuring the
fluorescence at regular intervals as described “under Experimental Procedures.” B, the two panels demonstrate phase contrast images (right) and fluorescence
micrographs (left) to show the extent of Sytox green staining of cells in the field of view. C, shown is a caspase-3 assay in the presence or absence of 1 �M juglone.
D, shown is immunoblotting for Pin1. E, a graph represents densitometric analysis of Pin1 protein levels normalized to �-actin (loading control). F, MN9D cells
were treated with 300 �M MPP� for 24 h in the presence or absence of juglone (1 �M), PiB (5 �M), or peptide inhibitor F (5, 10, 15 �M), and cell lysates were
prepared for immunoblotting with anti-Pin1 antibody. G, the graph represents densitometric analysis of Pin1 levels in panel F. Results are the mean � S.E. of at
least three independent experiments. M, MPP�. a, p � 0.001 versus MPP� 12-h treatment; b, p � 0.001 versus MPP� 24-h treatment; c, p � 0.01 versus MPP� 24-h
treatment; d, p � 0.001 versus MPP� 24-h treatment; ***, p � 0.001 versus control; ###, p � 0.001 versus MPP�.
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treatment with neurotoxic compounds (28), representing an
excellent dopaminergic neuronal model for studying �-sy-
nuclein aggregation. N27 dopaminergic cells grown in media
supplemented with 0.2% FBSwere pretreated with 3�MPiB for
12 h followed by exposure toMPP� (300 �M) along with PiB (3
�M) for 24 h, and then �-synuclein aggregates were determined
by immunostaining. As shown in Fig. 6A, exposure of �-sy-
nuclein-expressing cells to MPP� induced a significant
increase in �-synuclein aggregates compared with control.
Notably, inhibition of Pin1 function by PiB dramatically sup-
pressed �-synuclein aggregates. PiB alone did not show any
effect on the formation of �-synuclein aggregates. To further
confirm that MPP�-induced up-regulation of Pin1 expression
also occurs in human �-synuclein-expressing N27 cells, we
treated the cells with MPP� and measured Pin1 expression by
Western blot. Consistent with the findings ofMN9D cells, Pin1
expression in N27 cells was induced byMPP� (Fig. 6, B and C).
Together, these results suggest that Pin1 up-regulation in dop-
aminergic neuronal cells during neurotoxic stress may play a
role in �-synuclein aggregation.
Juglone Inhibits Pin1 Expression in Vivo in the Nigrostriatum

of MPTP-treated Mice—To expand the neuroprotective effect
of Pin1 to animal models, we adopted the four-dose MPTP
mouse model of PD. First, we characterized the time course of
Pin1 expression in mice treated with 4 doses of MPTP on a

single day at 2-h intervals. As evident from Fig. 7, A and B,
Western blotting for Pin1 showed a significant increase in Pin1
expression in SN at 12 and 24 h time points with maximum
expression at 24 h after MPTP injections (***, p � 0.001 com-
pared with control). However, in striatum (Fig. 7, C and D), we
detected a significant increase in Pin1 expression at 6 and 12 h
(***, p � 0.001 compared with control) and 24 and 72 h (**, p �
0.01 compared with control) time points. After the character-
ization of Pin1 expression in the MPTP model, we examined if
juglone was capable of suppressing the expression of Pin1 in
vivo in the nigrostriatum of MPTP mouse model. First, we
sought to determine the effect of juglone on Pin1 mRNA levels
in the SNbymeasurementwith quantitative real-time PCR. It is
evident from Fig. 7E that MPTP treatment markedly induced
the expression of Pin1 mRNA levels in the SN at the 24-h time
point (**, p � 0.01 compared with control). Importantly, mice
that were treated with juglone (3 mg/kg/dose, intraperitoneal)
from 24 h before the MPTP treatment exhibited greatly
decreased expression of Pin1 (a, p � 0.05 compared with
MPTP; Fig. 7E), suggesting that juglone is capable of inhibiting
the message level of Pin1 in the animal model of PD. Next, we
also examined whether juglone could block the Pin1 protein
expression in the nigrostriatal regions in MPTP-treated mice.
As shown byWestern blotting (Fig. 7, F–I), MPTP administra-
tion led to markedly increased Pin1 protein levels both in the

FIGURE 5. Juglone inhibits MPP�-induced expression of Pin1 in primary neuronal culture. Mesencephalic tissues from E15 mouse embryos were cultured
and grown on laminin-coated coverslips. The neuronal cultures were treated with 10 �M MPP� for 24 h in the presence or absence of 3 �M juglone. After culture,
primary neurons were fixed with 4% paraformaldehyde and incubated with anti-TH and anti-Pin1 antibodies and viewed under a NIKON TE2000 fluorescence
microscope. A, double labeling of TH and Pin1 in primary mesencephalic culture from substantia nigra is shown. M, MPP�. B, mesencephalic neuronal process
lengths were quantified using MetaMorph image analysis software as mentioned “under Experimental Procedures.” C, shown is dopamine uptake assay from
primary striatal culture. Results are the mean � S.E. of at least three independent experiments. ***p � 0.001 versus control; ###, p � 0.001 versus MPP�; **, p �
0.01 versus MPP�.
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SN and striatum, and juglone strongly attenuated MPTP-in-
duced expression of Pin1 in the SN (a, p � 0.01 compared with
MPTP; Fig. 7, F andH) and the striatum (a, p � 0.05 compared
with MPTP; Fig. 7, G and I).
To further determine the effect of juglone on nigral dop-

aminergic neurons, we performed immunohistochemical anal-
ysis. DAB immunostaining analysis for Pin1 in ventralmidbrain
sections showed thatMPTP treatment led to amarked increase
in Pin1 expression in the nigral regions and that juglone sup-

pressed MPTP-induced expression of Pin1 (Fig. 8A). Further-
more, we performed double-labeling immunohistochemistry
for Pin1 and NeuN (common neuronal marker) in the nigral
regions to determine the cellular types that show increasedPin1
expression. We observed that several NeuN-positive neurons,
but not all, displayed Pin1 immunoreactivity in MPTP-treated
mice, whereas little or no co-localization of Pin1 andNeuNwas
observed in saline-treated control sections (data not shown).
To determine specific neuronal type, we did double-labeling
immunohistochemistry of TH (marker for dopaminergic neu-
ron) and Pin1 in the SN. It was clearly evident from Fig. 8B that
Pin1 predominantly co-localized with TH�ve dopaminergic
neurons in MPTP-treated mice. Enlarged insets clearly show
colocalization of TH and Pin1 in cytosol (Fig. 8B). Notably,
juglone treatment attenuated MPTP-induced expression of
Pin1 in TH�ve dopaminergic neurons (Fig. 8B). Taken
together, these results clearly suggest that juglone inhibits
MPTP induced Pin1 expression in the nigrostriatal dopaminer-
gic neurons in the commonly used MPTP mouse model of PD.
To further evaluate whether the up-regulation of Pin1 is spe-
cific to the nigrostriatum region of the brain, we examined Pin1
expression levels in cortex and hippocampus 24 h after MPTP
treatment. We found no change in protein expression levels of
Pin1 in MPTP-treated mice when compared with saline-
treated control mice (data not shown). Together, these results
demonstrate that Pin1 is up-regulated in the nigrostriatal dop-
aminergic system in experimental models of PD.
Juglone Improved Locomotor Functions in MPTP-treated

Mice—Following the effect of juglone on MPTP-induced Pin1
expression in the MPTP model, we examined whether juglone
protects against neurobehavioral deficits caused byMPTP. Five
days after MPTP and juglone treatments, mice were tested for
locomotor activities by using locomotor activity monitor and
rotarod. Representativemaps using Versaplot software (Accus-
can, OH) depicts the locomotor activity pattern of mice over a
10-min period (Fig. 9A). We observed a marked decrease in
horizontal activities (Fig. 9B), vertical activities (Fig. 9C), total
distance traveled (Fig. 9D), total movement time (Fig. 9E), and
rearing activities (Fig. 9F) in theMPTP-treatedmice. However,
juglone significantly improved MPTP-induced hypolocomo-
tion (Fig. 9,A–F). Likewise, in the rotarod with a 20-rpm speed,
MPTP-treated mice showed (75%) a decrease in time spent on
the rod (***, p� 0.001 compared with control; Fig. 9G). Juglone
treatment significantly restored (50%) rotarod activities in
MPTP-treated mice (*, p � 0.05 compared with control; Fig.
9G). Collectively, these results demonstrate that juglone
restored the motor function impairments in the MPTP mouse
model of PD.
Juglone Increased Striatal Dopamine and Its Metabolite Lev-

els in MPTP-treated Mice—After establishing the role of
juglone in improving motor functions, we next determined
whether juglone also protects against MPTP-induced neuro-
chemical depletion. Mice were sacrificed following the behav-
ioral measurements described above, and striatum tissue sam-
ples were processed for neurotransmitter analysis by HPLC (as
mentioned under “Experimental Procedures”).We observed an
80% decrease in dopamine (***, p � 0.001 compared with con-
trol; Fig. 9H), 85%decrease inDOPAC (***, p� 0.001 compared

FIGURE 6. Pin1 mediates the formation of �-synuclein aggregates in
response to MPP� in N27 dopaminergic cells. A, �-synuclein stably
expressing N27 cells were pretreated with the Pin1 inhibitor PiB (3 �M) for 12 h
and then exposed to MPP� (300 �M) along with PiB (3 �M) for 24 h. Cells were
fixed and immunostained for �-synuclein. The nuclei were counterstained by
DAPI. Images were obtained using a Nikon Eclipse T1 fluorescence micro-
scope. Green, �-synuclein; blue, nucleus. The white arrows point to �-sy-
nuclein-positive inclusions. Magnification, 100�. Representative immuno-
fluorescence images are shown. B, MPP� induced Pin1 up-regulation in
�-synuclein stably expressing N27 cells. Cells were treated with MPP� for
24 h, and Pin1 expression was measured by Western blot. C, the graph repre-
sents densitometric analysis of Pin1 levels in panel B. Results are the mean �
S.E. of at least three independent experiments. **, p � 0.01 versus control.
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with control; Fig. 9I), and 90% decrease in HVA (**, p � 0.01
compared with control; Fig. 9J) in MPTP-treated mice com-
pared with the striata of saline-injected control mice. In con-
trast, juglone-treated MPTP mice showed only a 50% decrease
in striatal dopamine (#, p � 0.01 compared with MPTP, Fig.
9H). Additionally, juglone also restored DOPAC and HVA lev-
els by �33% (#, p � 0.01 compared with MPTP; Fig. 9I) and
�18% (Fig. 9J, not significant), respectively, in MPTP-treated
mice. Taken together, these results suggest that the Pin1 inhib-
itor juglone can improve neurochemical and behavioral deficits
in the MPTP mouse model of PD.
Juglone Protects Nigrostriatal Dopaminergic Neurons from

MPTP-induced Neurotoxicity—Because juglone significantly
restored the behavioral and striatal neurotransmitter deficits in
MPTP-treated mice, we wanted to determine whether juglone
treatment could protect against MPTP-induced dopaminergic

neurodegeneration in the nigrostriatal axis. Mice were treated
with juglone (3 mg/kg/day) 24 h before MPTP injections and
were continued for another 6 days afterMPTP injections. Seven
days afterMPTP treatment, mice were sacrificed, and THDAB
immunostaining was performed in the SN and striatum regions
of ventral midbrain (Fig. 10, A and B). MPTP treatment led to
an 	67% loss of nigral TH-positive neurons (***, p � 0.001
compared with control; Fig. 10, B and D) and 60% reduction of
striatal TH optical density (***, p � 0.001 compared with con-
trol; Fig. 10, A and C). Higher magnified (10�) pictures clearly
showedMPTP-induced loss of TH-positive dopaminergic neu-
rons, mainly in the substantia nigra lateralis (SNl), substantia
nigra pars compacta (SNc), and substantia nigra ventricularis
(SNr) regions (Fig. 10B, lower panel). Notably, juglone-treated
MPTP-injected mice showed less reduction in the nigral TH-
positive neurons (*, p � 0.05 compared with MPTP; Fig. 10, B

FIGURE 7. Juglone attenuates MPTP-induced Pin1 message and protein expression in mouse SN and striatum. Mice were injected with four doses
(intraperitoneal) of MPTP (18 mg/kg) on a single day and sacrificed at different time points. A, expression of Pin1 in mice substantia nigra at different time points
after MPTP administration is shown. B, the graph represents densitometric analysis of Pin1 protein levels in SN normalized to �-actin (loading control). C, shown
is expression of Pin1 in mice striatum at different time points after MPTP administration. D, the graph represents densitometric analysis of Pin1 protein levels
in striatum normalized to �-actin (loading control). Another group of MPTP-treated mice also received juglone intraperitoneally at a dose of 3 mg/kg.
Twenty-four hours after MPTP injection, mice were sacrificed and checked for Pin1 expression in SN by quantitative real-time PCR (E) and Western blot (F) and
in striatum by Western blot (G). H, the graph represents densitometric analysis of Pin1 protein levels in SN normalized to �-actin (loading control). I, the graph
represents densitometric analysis of Pin1 protein levels in striatum normalized to �-actin (loading control). Results are the mean � S.E. from six mice per group.
*, p � 0.05 versus control; **, p � 0.01 versus control; ***, p � 0.001 versus control; a, p � 0.05 versus MPTP; b, p � 0.01 versus MPTP.
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andD) and the striatal THoptical density (a, p� 0.01 compared
with MPTP; Fig. 10, A and C), demonstrating clear protection
against dopaminergic neuronal degeneration. In addition to
immunohistochemical studies, we also confirmed the neuro-
protective effect of juglone by determining the THprotein level
by Western blot analysis. We observed attenuation of TH
expression in the striatum and the SN of MPTP-treated mice
(Fig. 10, E–H), whereas juglone treatment effectively attenu-
ated the loss of TH levels in the striatum (**, p� 0.01 compared
with MPTP; Fig. 10, E and G) and in the SN (**, p � 0.01 com-
pared with MPTP; Fig. 10, F and H) of MPTP-treated mice.
Collectively, these data demonstrate the neuroprotective effect
of juglone against dopaminergic neuronal degeneration in the
MPTP mouse model.

DISCUSSION

Several lines of evidence presented in our study clearly show
up-regulation of Pin1 expression in dopaminergic cell culture
models in an animal model of PD and in human PD midbrain.
We also demonstrate that a pharmacological inhibitor of Pin1
capable of reducing the induction of Pin1 expression protects
dopaminergic neurons from neurotoxic insults. Our conclu-
sions are based on the following observations. First, we show
that Pin1 is highly up-regulated inMN9D andN27 dopaminer-
gic cells and in primary nigrostriatal cultures after parkinsonian
neurotoxicant MPP� treatment. Second, we also observed
increased expression of Pin1 in the nigral dopaminergic neu-
rons of postmortem PD brains. Third, by employing various
pharmacological and genetic tools in cultured neuronal cells,
we establish that Pin1 has a proapoptotic role in the degenera-
tion of dopaminergic neurons and promotes �-synuclein pro-

tein aggregation. Fourth, the Pin1 inhibitor juglone ameliorated
functional motor deficits, neurochemical depletion, and nigral
degeneration in the MPTP mouse model of PD. To our knowl-
edge, Pin1 transcriptional regulation in the degeneration of
nigral dopaminergic neurons has never been explored, and our
results reveal that up-regulation of Pin1 mRNA and protein
may be a critical neurotoxic event in the pathogenesis of PD.
Also, our pharmacological inhibitor studies in the MPTP ani-
malmodel of PDprovide preclinical evidence for targeting Pin1
for therapeutic intervention of dopaminergic neuronal degen-
eration in PD.
Several cellular regulatory processes such as proliferation,

differentiation, growth, and apoptosis are controlled by Pin1,
which has been linked to the disease processes of cancer (20),
asthma (16), and Alzheimer disease (14). Proline-directed
phosphorylation is important for the regulation of post-mitotic
development of neurons (40), but the role of Pin1 in neurode-
generative disorders is a subject of contention. Down-regula-
tion of Pin1 during oxidative stress has been linked with tau-
topathy in Alzheimer disease (41, 42). Also, inhibition of Pin1
led to attenuation of neurofilament-H phosphorylation and its
perikaryal accumulation inAlzheimer disease and amyotrophic
lateral sclerosis (ALS) models (43, 44). Recently, Ryo et al. (24)
showed the presence of Pin1 in the LBs of human PD brain
tissues and described an intriguing function of Pin1 as facilitat-
ing the formation of �-synuclein inclusions via binding to syn-
philin-1 using the non-neuronal 293T and COS-1 cell models.
Their studies, however, do not provide direct evidence regard-
ing up-regulation of Pin1 during neurotoxic stress or its func-
tional relevance to dopaminergic neuronal degeneration using
a cell culture and animal models of Parkinson disease. Our
experimental data provide several novel insights into the role of
Pin1 in the pathogenesis of PD. We show for the first time that
neurotoxic stress induces Pin1 up-regulation in dopaminergic
neurons in both cell culture and animal models of PD. Our cell
culture findings reveal Pin1 is up-regulated at both protein and
message levels during MPP�-induced neurotoxic stress in
MN9D and N27 dopaminergic cells as well as in primary mes-
encephalic neurons (Figs. 1, 5, and 6). Additionally, we identi-
fied up-regulation of Pin1 expression in nigrostriatum of C57
black mice after MPTP insult, corroborating our in vitro find-
ings (Figs. 1, 7, and 8). Another interesting finding is that Pin1
inhibitor significantly suppressed MPP�-induced �-synuclein
protein aggregation in the N27 dopaminergic cell model (Fig.
6A), suggesting that up-regulation of Pin during neurotoxic
stress may promote �-synuclein protein misfolding and aggre-
gation. Although the cellular mechanism of Pin1 up-regulation
in �-synuclein protein aggregation is not currently well under-
stood, Pin1may contribute to protein aggregation viamodulat-
ing kinase and phosphatase activity and thereby influence the
phosphorylation status of �-synuclein. For example, evidence
exists that �-synuclein phosphorylation can be influenced by
Polo-like-kinases, casein kinases, G protein-coupled receptor
kinases, and phosphatase 2A (45–52). Also, a recent study by
Ryo et al. (24) showed that Pin1 overexpression in 293T cells
prolongs the half-life and insolubility of �-synuclein. There-
fore, it is possible that the Pin1-dependent �-synuclein aggre-

FIGURE 8. Juglone attenuates MPTP-induced Pin1 expression in mouse
SN. Mice were treated with juglone (3 mg/kg) 24 h before MPTP treatment.
Twenty-four hours after the last dose of MPTP, mice were sacrificed, and SN
sections were immunolabeled with different antibodies. A, DAB immuno-
staining of Pin1 in SN is shown. The inset in MPTP group shows a single
enlarged Pin1-positive cell. B, mice SN tissue sections were immunolabeled
for TH (marker of dopaminergic neurons) and Pin1. Insets in Merge panel of
each group show higher magnified double-labeled pictures of TH and Pin1.
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FIGURE 9. Juglone improves motor function and loss of neurotransmitters in MPTP-treated mice. Mice received juglone (3 mg/kg) intraperitoneally 1 day
before MPTP treatment, and treatment was continued for another 7 days. Five days after MPTP treatment mice were tested for motor functions. A, shown is the
moving track of mice using Versaplot software. B, shown is horizontal activity. C, shown is vertical activity. D, shown is total distance traveled (cm). E, shown is
total movement time (seconds). F, shown is the number of rearing activities. G, shown is time spent on rotarod. Seven days after the last dose of MPTP treatment
mice were sacrificed and dopamine (H), DOPAC (I), and HVA (J) were measured from striatum by HPLC as mentioned under “Experimental Procedures.” Results
are the mean � S.E. of 10 mice per group. M, MPTP. ***p � 0.001 versus control; **, p � 0.01 versus control; *, p � 0.05 versus MPTP; #, p � 0.01 versus MPTP.
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gation observed in our study may be due to the prolonged half-
life and insolubility of �-synuclein.

We also extended our key finding of Pin1 up-regulation to
postmortem human PD brains. We first identified that Pin1 is
highly expressed in the pigmented dopaminergic neurons of PD
patients in comparison to age-matched controls (Fig. 2).
Human PD cases are mainly associated with loss of pigmented
dopaminergic neurons in SN, and therefore, our findings of
elevated Pin1 expression only in pigmented dopaminergic neu-
rons suggest a possible role of Pin1 in pathogenesis of PD. Prec-
edence for up-regulation of Pin1 expression in diseased states
has been reported in lung cancer patients (53) and in oral squa-

mous cell carcinoma (54). However, changes in Pin1 expression
have never been reported in the nigral dopaminergic system.
Together, the data provided in ourmanuscript provide compel-
ling new evidence that neurotoxic stress induces dramatic up-
regulation of Pin1 in both in vitro and in vivo models of PD as
well as that postmortem PD brains have increased levels of
Pin1.
The role of Pin1 in cell death and survival has recently been

recognized. Although inhibition of Pin1 led to apoptosis in vas-
cular smooth muscle cells (55), Pin1 was required for pro-sur-
vival signaling in eosinophils (56). In the nervous system, Pin1
has been shown to regulate oligodendrocyte apoptosis after spi-

FIGURE 10. Effects of juglone on nigrostriatum in MPTP-treated mice. Mice were administered juglone (3 mg/kg intraperitoneal) 1 day before MPTP
injection, and treatment was continued for 7 days (1 day co-treatment with MPTP and 6 days post-treatment after MPTP). Mice were sacrificed 7 days after MPTP
treatment, and TH-DAB immunostaining was performed in striatum (2� magnification) (A) and SN (upper panel, 2X magnification; lower panel, 10� magnifi-
cation) (B). SNl, substantia nigra lateralis; SNc, substantia nigra pars compacta; SNr, substantia nigra ventricularis. C, quantification of TH-positive fibers in the
striatum is shown. D, stereological counting of TH-positive neurons in the SN is shown. Representative Western blots illustrate the expression of TH in the
striatum (E) and SN (F). The graph represents densitometric analysis of Pin1 protein levels normalized to �-actin (loading control) in the striatum (G) and SN (H).
Results are the mean � S.E. of eight mice per group. ***p � 0.001 versus control; **, p � 0.01 versus MPTP; *, p � 0.05 versus MPTP; a, p � 0.001 versus MPTP.
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nal injury by binding and stabilizing Mcl-1 after JNK3 activa-
tion (57). Also, Pin1 dissociates from the neuron-specific JNK
scaffold protein JIP3 to associate with phosphorylated BH3-
only BIMEL and activate the mitochondrial apoptotic machin-
ery (58). Recently, we reported that mixed-lineage kinase 3
(MLK3) regulates nuclear translocation and function of Pin1 in
breast cancer cells (25). Using pharmacological inhibitors and
siRNA knockdown (Figs. 3 and 4), we demonstrate that Pin1
has proapoptotic function in nigral dopaminergic neurons.
We employed a known inhibitor of Pin1, juglone, to deter-

mine the neuroprotective efficacy of the compound in an estab-
lishedMPTPmodel of PD. Juglone (5-hydroxy-1,4-napthalene-
dione (C10H6O3)), an aromatic organic napthoquinone
naturally found in the leaves, roots, and bark of black walnut
plants, has beenwidely used as a Pin1 inhibitor (59, 60). Juglone
irreversibly inactivates enzymatic activity of human Pin1 by
modification of thiol groups of cysteine residues (61). Juglone at
a dose of 5.7 �M in vitro blocked Pin1 isomerase activity com-
pletely without any effect on other peptidyl prolyl cis-trans
isomerases (61). In our study we found that micromolar con-
centrations (1 �M) of juglone attenuated MPP�-induced Pin1
expression in MN9D cells (Fig. 4, D and E). In addition to
juglone, we also demonstrated that two structurally different
Pin1 inhibitors, PiB and peptide inhibitor F, significantly inhib-
itedMPP�-induced Pin1 up-regulation (Fig. 4, F andG). These
results further provide direct evidence for specific involvement
of Pin1 inmediatingMPP�-inducedneurotoxicity. Juglone also
significantly restored dopamine reuptake in primary mesence-
phalic neurons and also protected mesencephalic and striatal
primary neurons and their neurites fromMPP� toxicity (Fig. 5).
Inhibition of Pin1 by juglone has shown anticancer effects in
experimental models. Esnault et al. (59) showed that juglone
prevented acute and chronic rejection of MHC mismatched,
orthotopic rat lung transplants by reducing the expression of
IFN-� and CXCL-10 mRNA stability, accumulation, and pro-
tein expression after cell activation. Another report showed
that juglone at a dose of 5 mg/kg can attenuate rheumatoid
arthritis development and COX-2 expression in human pri-
mary cultured RA chondrocytes and in type II collagen (CII)-
treated DBA/1J mice (60). In our study we injected juglone (3
mg/kg) intraperitoneally to C57BL/6 mice, which attenuated
MPTP-induced expression of Pin1 in nigrostriatal axis (Figs. 7
and 8). Because juglone suppresses Pin1 expression and apo-
ptotic events in cell culture models, we decided to investigate
the efficacy of juglone at protecting dopaminergic neurons in
the acute MPTP model of PD. The data presented in this man-
uscript clearly show that juglone can protect dopaminergic
neurons from parkinsonian toxicity. We show that juglone
restored the behavioral activities as well as dopamine and its
metabolite levels in striatum of MPTP-treated mice (Fig. 9).
Additionally, juglone also protected against MPTP-induced
loss of TH-positive neurons and terminals in the nigrostriatum
(Fig. 10). Taken together, the observed protective effect of the
Pin1 inhibitor juglone in an MPTP model of PD strongly sug-
gests efficacy of juglone as a neuroprotective agent at a reason-
able dose level. Importantly, the 3mg/kg dose of juglone used in
our study was nontoxic. However, we noted some adverse
effects after administration of larger repeated doses of juglone

in mice, indicating that further optimization of juglone-related
compounds may provide better neuroprotective effects against
dopaminergic neuronal degeneration in vivo.
The mechanism of Pin1 suppression by juglone, PiB, and

Pin1 peptide inhibitor F is not entirely clear. Because juglone
inhibited Pin1 expression both in vitro and in vivo, juglonemay
act through another mechanism besides direct inhibition of
Pin1 activity. Possibly Pin1 autoregulates the transcription of
Pin1 gene expression; however, no clear evidence exists in the
literature to support this notion. Although very little is known
about the transcriptional regulation of the Pin1 gene, Ryo et al.
(62) showed that Pin1 transcription was initiated by oncogenic
Neu/Ras signaling via E2F activation. Similarly, PI3K/p38
kinase-dependent E2F activation has been shown to induce
Pin1 (63). In addition, Pin1 binds to the phosphorylated T254P
residue of NF-�B-p65 and through this interaction stabilizes
p65 in the nucleus (64). Pin1 also promotes tumor cell death by
dissociating tumor suppressor p53 from apoptosis inhibitor
iASPP (65). Furthermore, Pin1 controls p53 stability and p21
transactivation during DNA damage (66). However, it is not
known whether Pin1 interacts with other transcriptional regu-
lators such as NF-�B or p53 in dopaminergic neurons during
neurotoxic insult. Further research in this area could elucidate
newmechanistic insights into the role of Pin1 in the pathogen-
esis of PD.
In conclusion, we demonstrate for the first time to our

knowledge that Pin1 is up-regulated in cell culture and ani-
mal models of PD. Importantly, we also show that pigmented
dopaminergic neurons in PD brains express high levels of
Pin1. By employing pharmacological and genetic tools to
inhibit Pin1, we report that Pin1 has a proapoptotic role in
PD pathogenesis and that the Pin1 inhibitor juglone effec-
tively attenuates Pin1 expression during dopaminergic neu-
ronal degeneration in the nigrostriatal system. Additionally,
Pin1 inhibitor improved behavioral deficits and neurochem-
ical depletion in an animal model of PD. Overall, these
results clearly suggest that Pin1 has a proapoptotic role in PD
pathogenesis and that the development of interventional
strategies targeting Pin1 signaling may offer neuroprotec-
tion against dopaminergic neurodegeneration.
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