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Simvastatin Inhibits the Activation of p21™* and Prevents
the Loss of Dopaminergic Neurons in a Mouse Model of
Parkinson’s Disease
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Parkinson’s disease (PD) is second only to Alzheimer’s disease as the most common devastating human neurodegenerative
disorder. Despite intense investigation, no interdictive therapy is available for PD. We investigated whether simvastatin, a Food
and Drug Administration-approved cholesterol-lowering drug, could protect against nigrostriatal degeneration after 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) intoxication to model PD in mice. First, MPP * induced the activation of p21*** and
nuclear factor-«B (NF-«B) in mouse microglial cells. Inhibition of MPP " -induced activation of NF-«B by Ap21*°, a dominant-
negative mutant of p21'*, supported the involvement of p21*** in MPP *-induced microglial activation of NF-B. Interestingly,
simvastatin attenuated activation of both p21®* and NF-«B in MPP " -stimulated microglial cells. Consistently, we found a very
rapid activation of p21™® in vivo in the substantia nigra pars compacta of MPTP-intoxicated mice. However, after oral adminis-
tration, simvastatin entered into the nigra, reduced nigral activation of p21"*, attenuated nigral activation of NF-«B, inhibited
nigral expression of proinflammatory molecules, and suppressed nigral activation of glial cells. These findings paralleled dopa-
minergic neuronal protection, normalized striatal neurotransmitters, and improved motor functions in MPTP-intoxicated mice.
Similarly, pravastatin, another cholesterol-lowering drug, suppressed microglial inflammatory responses and protected dopami-
nergic neurons in MPTP-intoxicated mice, but at levels less than simvastatin. Furthermore, both the statins administered 2 d after
initiation of the disease were still capable of inhibiting the demise of dopaminergic neurons and concomitant loss of neurotrans-
mitters, suggesting that statins are capable of slowing down the progression of neuronal loss in the MPTP mouse model. Therefore,

we conclude that statins may be of therapeutic benefit for PD patients.

Introduction

Parkinson’s disease (PD) is the most common human neurode-
generative disorder affecting movement, balance, flexibility, and
coordination. Disease symptoms are commonly associated with
advancing age. Clinically, PD is characterized by tremor, brady-
kinesia, rigidity, and postural instability (Olanow and Tatton,
1999; Vila and Przedborski, 2004). Pathologically, it is indicated
by gliosis and progressive degeneration of the dopaminergic neu-
rons associated with the presence of intracytoplasmic inclusions
(Lewy bodies) in the substantia nigra pars compacta (SNpc)
(Dauer and Przedborski, 2003).

Recent studies support an important role for inflammation in
nigrostriatal degeneration (Dauer and Przedborski, 2003; Gao et
al., 2003; Teismann et al., 2003). First, microglial activation is
evident in close proximity to damaged or dying dopaminergic
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neurons. Second, the CSF level of NO, ™ (nitrite), a metabolite of
NO, and the CNS level of inducible nitric oxide synthase (iNOS)
are higher in patients with PD in comparison with a group of
patients without dopaminergic dysfunction (Qureshi et al.,
1995; Hunot et al., 1996). Consistently, the ablation of iNOS
in mutant mice significantly attenuates 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP) neurotoxicity (Dehmer et
al., 2000). Third, a variety of proinflammatory cytokines includ-
ing tumor necrosis factor a (TNF-a), interleukin-183 (IL-1p3),
IL-6, eicosanoids, and other immune neurotoxins are found in
either CSF or affected brain regions in PD (Mogi et al., 1994;
Bessler et al., 1999; Nagatsu et al., 2000). Fourth, transgenic mice
carrying homozygous mutant alleles for both the TNF receptors,
but not the individual receptors, are completely protected against
MPTP (Sriram et al., 2006). Finally, we have demonstrated that
nuclear factor-kB (NF-kB), a transcription factor required for
the transcription of most of the proinflammatory molecules, is
activated in the SNpc of PD patients and MPTP-intoxicated mice
and that selective inhibition of NF-kB in mice by NBD (NEMO-
binding domain) peptides protect dopaminergic neurons from
MPTP toxicity (Ghosh et al., 2007). According to Hunot et al.
(1997), NF-kB-dependent apoptogenic transduction pathway in
dopaminergic neurons may play a role in neuronal death in PD.
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Recently, it has been demonstrated that
Nurrl, a nuclear orphan receptor, sup-
presses glial activation by docking to NF-
kB—p65 on target inflammatory gene
promoters and protects dopaminergic
neurons in vivo in the nigra (Saijo et al.,
2009). Together, controlling inflamma-
tion may be an important step to protect
dopaminergic neurons in PD and its ani-
mal model.

Previously, we (Pahan et al., 2000) have
demonstrated that small G-protein p21™*
plays an important role in the expression
of proinflammatory molecules and that
lovastatin, a Food and Drug Administra-
tion (FDA)-approved cholesterol-lowering
drug, inhibits the expression of proin-
flammatory molecules in astroglia, micro-
glia, and macrophages (Pahan et al,
1997). Here, we examined the antiinflam-
matory efficacy of simvastatin against par-
kinsonian neurotoxin MPTP/MPP *. We
demonstrate that p21™ plays an impor-
tant role in MPP "-induced activation of
NEF-«B in mouse microglial cells and that
simvastatin inhibits the activation of
p21™ and the activation of NF-kB in
MPP *-stimulated microglial cells. We
also demonstrate that activation of p21™*
was induced rapidly in vivo in the SNpc
of MPTP-intoxicated mice and that st-
atins inhibited nigral activation of p21™,
suppressed nigral expression of proin-
flammatory molecules, and exhibited sig-
nificant protection of the nigrostriatal axis
after MPTP intoxication. These results
provide a mode of action of statins against
parkinsonian neurotoxin and open an op-
tion for treating PD patients with FDA-
approved cholesterol-lowering drugs.

Materials and Methods

Animals and MPTP intoxication. Six- to 8-week-
old C57BL/6 mice were purchased from Harlan.
Animal maintaining and experiments were in
accordance with National Institutes of Health
guidelines and were approved by the Institu-
tional Animal Care and Use Committee of

Rush University Medical Center. For MPTP intoxication, mice received
four intraperitoneal injections of MPTP-HCI (18 mg/kg of free base;
Sigma-Aldrich) in saline at 2 h intervals (Ghosh et al., 2007). Control

animals received only saline.

Human brain tissue. Autopsy brain tissues from four male PD pa-
tients and four control subjects were obtained from the Rush PD
Center Brain Bank. PD patients and control subjects had similar mean
age at death (PD, 74 + 3; control, 79 + 18 years). The mean postmor-
tem interval for PD and controls were 4.1 + 0.8 and 10.9 + 1.1 h,

respectively.

Drugs and antibodies. Simvastatin, pravastatin, and rabbit anti-mouse
iNOS were obtained from Calbiochem. Rabbit and goat anti-NF-«B p65
and goat anti-glial fibrillary acidic protein (GFAP) were purchased from
Santa Cruz Biotechnology. Rat anti-mouse CD11b and mouse anti-
human CD11b were purchased from Abcam and Serotec, respectively.
Cy2- and Cy5-conjugated antibodies were obtained from Jackson Im-

munoResearch Laboratories.
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Figure 1. MPP * induces the activation of p21™ and NF-«B in mouse BV-2 microglial cells via simvastatin-sensitive

pathway. A, Cells were stimulated with 1 um MPP * under serum-free condition. At different time points, activation of
p21™ was monitored (top panel) as described in Materials and Methods. In another set, cells pretreated with 10 um
simvastatin for 6 h were challenged with 1 s MPP * under serum-free condition followed by monitoring activation of
p21™ at different time points (bottom panel). B, Bands from three different experiments were quantified and activation
of Ras is shown as percentage of control. “p << 0.0001 versus control (0 min). C, Cells were cotransfected with 0.25 g of
pBIIX-Luc and 12.5 ng of pRL-TK. After 24 h of transfection, cells were stimulated with different concentrations of MPP *
under serum-free condition. After 6 h of stimulation, firefly and Renilla luciferase activities were obtained by analyzing
total cell extract. Data are mean + SEM of three separate experiments. %p << 0.0001 versus control (0 wm). D, Cells were
cotransfected with 0.125 g of pBIIX-Luc, 0.125 g of either an empty vector or Ap21"°, and 12.5 ng of pRL-TK. After 24 h
of transfection, cells were stimulated with MPP * under serum-free condition. After 6 h of stimulation, firefly and Renilla
luciferase activities were analyzed. E, Cells were cotransfected with 0.25 g of pBIIX-Lucand 12.5 ng of pRL-TK. After 24 h
of transfection, cells were treated with different concentrations of simvastatin for 6 h followed by stimulation with MPP .
After 6 h of stimulation, firefly and Renilla luciferase activities were analyzed. Data are mean + SD of three separate
experiments. p << 0.001 versus MPP ™.

Treatment of mice with statins. Based on the known dosage (80 mg/d)
of an adult human patient with hypercholesterolemia for statins, we
treated mice with a dose of 1 mg - kg body weight ™' - d ! statins via
gavage. Whereas pravastatin was solubilized in water, simvastatin
powder was mixed with 0.5% methylcellulose. Mice were treated with
100 ul of either simvastatin or pravastatin by gavage either 3hor2d
after the last injection of MPTP. Previously, Przedborski and col-
leagues (Tieu et al., 2003) showed that sufficient amount of MPTP
could be converted into MPP ™ within 90 min of the last injection of
MPTP. Therefore, to avoid any possible influence of statins on entry
and conversion of MPTP into MPP * in the midbrain, oral treatment
began a minimum of 3 h after the last injection of MPTP. Control
MPTP mice received only 100 ul of vehicle (0.5% methylcellulose)
every day.

Activation of p21". Activation of p21™° was monitored as described
previously (Pahan et al., 2000) with the following modifications. Briefly,
after 6 and 12 h of MPTP insult, ventral midbrain was dissected out and
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frozen immediately on dry ice. The p21™*-binding domain (RBD) of the
p21™ effector kinase Rafl has been shown to bind specifically to the
GTP-bound (active) form of p21™ proteins. Therefore, using an assay
kit from Millipore, ventral midbrain tissues were homogenized with lysis
buffer containing inhibitors of different proteases and kinases followed
by immuno-pulldown of active p21™° using Raf-RBD-glutathione
S-transferase (GST) beads. Then the amount of activated p21™° was
determined in GST beads by a Western blot using a p21™*-specific
antibody.

Transcriptional activity of NF-kB. Transcriptional activity of NF-«B
was assayed as described by us in several studies (Jana et al., 2001; Liu
et al.,, 2002). Briefly, cells plated at 50—60% confluence in 12-well
plates were transfected with 0.25 ug of pBIIX-Luc (an NF-kB-
dependent reporter construct) and 12.5 ng of pRL-TK (a plasmid
encoding Renilla luciferase, used as transfection efficiency control;
Promega) using LipofectAMINE Plus (Invitrogen). After 24 h of
transfection, cells were stimulated with MPP * for an additional 6 h,
and firefly and Renilla luciferase activities were recorded in a TD-
20/20 Luminometer (Turner Designs) by analyzing total cell extract
according to standard instructions provided in the Dual Luciferase kit
(Promega). Relative luciferase activity of cell extracts was typically
represented as follows: (firefly luciferase value/Renilla luciferase
value) X 10 3.

Semiquantitative reverse transcription-PCR analysis for proinflamma-
tory molecules (iNOS, IL-13, and TNF-o) and glial cell markers. Total
RNA was isolated from ventral midbrain using Ultraspec-II RNA reagent
(Biotecx Laboratories) following the manufacturer’s protocol. To re-
move any contaminating genomic DNA, total RNA was digested with
DNase. Reverse transcription (RT)-PCR was performed as described
previously (Roy et al., 2006; Ghosh et al., 2007; Jana et al., 2007) using a
RT-PCR kit from Clontech. Briefly, 1 ug of total RNA was reverse tran-
scribed using oligo-dT,, ;4 as primer and Moloney murine leukemia
virus reverse transcriptase (Clontech) in a 20 ul reaction mixture. The
resulting cDNA was amplified using Titanium TagDNA polymerase and
the following primers, electrophoresed on a 1.5% agarose gels, and
visualized by ethidium bromide staining: iNOS, sense, 5'-CCCTTCCGA-
AGTTTCTGGCAGCAGC-3'; antisense, 5'-GGCTGTCAGAGCCTCGTGG-
CTTTGG-3'; IL-1B, sense, 5-CTCCATGAGCTTTGTACAAGG-3';
antisense, 5 -TGCTGATGTACCAGTTGGGG-3'; TNF-a, sense, 5'-
TTCTGTCTACTGAACTTCGGGGTGATCGGTCC-3'; antisense, 5'-
GTATGAGATAGCAAATCGGCTGACGGTGTGGG-3'; CD11b, sense,
5'-GTGAGGATTCCTACGGGACCCAGGT-3'; antisense, 5'-GGCG-
TACTTCACAGGCAGCTCCAAC-3"; GFAP, sense, 5'-GGCGCTCAAT-
GCTGGCTTCA-3’; antisense, 5'-TCTGCCTCCAGCCTCAGGTT-3';
GAPDH, sense, 5'-GGTGAAGGTCGGTGTGAACG-3'; antisense, 5'-
TTGGCTCCACCCTTCAAGTG-3". Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) was used to ascertain that an equivalent amount of
c¢DNA was synthesized from different samples. The relative expression of
proinflammatory molecules or glial cell markers was measured after
scanning the bands.

Real-time PCR analysis. It was performed in the ABI-Prism 7700
sequence detection system (Applied Biosystems) as described previ-
ously (Roy et al., 2006; Ghosh et al., 2007; Jana et al., 2007) using
TaqMan Universal Master mix and optimized concentrations of
FAM-labeled probes and primers. All primers and FAM-labeled
probes for mouse iNOS, cytokines, CD11b, GFAP, and GAPDH were
obtained from Applied Biosystems. The mRNA expression of iNOS,
cytokines, and glial markers was normalized to the level of GAPDH
mRNA. Data were processed by the ABI Sequence Detection System
1.6 software.

Immunohistochemistry and quantitative morphology. Seven days after
MPTP intoxication, mice were killed, and their brains were fixed,
embedded, and processed for tyrosine hydroxylase (TH) and thionin
staining as described previously (Benner et al., 2004; Ghosh et al.,
2007). Total numbers of TH- and Nissl-stained neurons in SNpc were
counted stereologically with STEREO INVESTIGATOR software
(MicroBrightField) by using an optical fractionator (Benner et al,,
2004; Ghosh et al., 2007). Quantitation of striatal TH immunostain-
ing was performed as described previously (Benner et al., 2004; Ghosh
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Figure2. Activation of p21' in ventral midbrain of MPTP-intoxicated mice is simvastatin sensi-
tive. A, Six and 12 h after the last injection of MPTP, activation of p21" was monitored in ventral
midbrain tissues. Saline was used as control. The experiment was repeated four times, each time on
one animal in each group. B, Bands from four different mice were quantified, and activation of Ras is
shown as percentage of control. °p << 0.001 versus saline control. €, Mice were treated with
simvastatin (1 mg - kg body weight =" - d ~") via gavage from 24 h before MPTP injec-
tion. Six hours after the last injection of MPTP, activation of p21™* was monitored in
ventral midbrain tissues. The experiment was repeated four times each time using one
animal in each group. D, Bands from four different mice were quantified and activation of
p21™ is shown as percentage of control. Error bars indicate SEM.

et al., 2007). Optical density measurements were obtained by digital
image analysis (Scion). Striatal TH optical density reflected dopami-
nergic fiber innervation. For immunofluorescence staining on fresh
frozen sections, rat anti-mouse CD11b (1:100), goat anti-mouse
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GFAP (1:100), rabbit anti-NF-«B p65
(1:100), goat anti-NF-kB p65 (1:100), rabbit
anti-NF-«B p50 (1:100), and rabbit anti-
mouse iNOS (1:250) were used. The samples
were mounted and observed under a Bio-
Rad MRCI1024ES confocal laser-scanning
microscope.

HPLC analysis for measurement of striatal do-
pamine and its metabolite levels. Striatal level of
dopamine (DA), 3,4-dihydroxyphenylacetic
acid (DOPAC), and homovanillic acid
(HVA) was quantified as described previ-
ously (Benner et al., 2004; Roy et al., 2006;
Ghosh et al., 2007). Briefly, mice were killed
by cervical dislocation after 7 d of MPTP in-
toxication, and their striata were collected
and immediately frozen in dry ice and stored
at —80°C until analysis. On the day of the
analysis, tissues were sonicated in 0.2 M per-
chloric acid containing isoproterenol, and
the resulting homogenates were centrifuged
at 20,000 X g for 15 min at 4°C. After pH
adjustment and filtration, 10 ul of superna-
tant was injected onto a Eicompak SC-30DS
column (Complete Stand-Alone HPLC-
ECD System EiCOMHTEC-500 from JM
Science) and analyzed following manufac-
turer’s protocol.

HPLC analysis for quantifying simvastatin
and pravastatin in nigra. Substantia nigra were
isolated from each brain, weighed, and im-
mediately placed in —70°C for overnight.
Next day, the samples were homogenized in
1 ml of chloroform/methanol/perchloric
acid (2:1:0.05), and the homogenate was cen-
trifuged at 10,000 X g for 10 min at room
temperature. Ibuprofen was added as inter-
nal standard before homogenization. The or-
ganic layer (upper) was taken out carefully
and dried up in a Centrivap concentrator
(Labconco), followed by resuspension in 50
ul of acetonitrile. Ten microliter sample was
then analyzed in Waters 2695 separation
module HPLC system using the Phenomenex
Luna C18 separation column (250 X 4.6
mm). Samples were analyzed with an iso-
cratic gradient that consisted of acetonitrile/
0.01 M phosphoric acid (1:1), at the flow rate
of 0.5 ml/min at room temperature. The
amount of statins was quantified by moni-
toring different concentrations of standards
(0.1, 1,2, 5, and 10 pg/ml).

Behavioral analysis. Two types of behav-
ioral experiments were conducted. This in-
cluded open-field experiment for locomotor
activity and rotorod experiment for feet movement as described pre-
viously (Ghosh et al., 2007). Locomotor activity was measured after
7 d of the last dose of MPTP injection in Digiscan Monitor (Omnitech
Electronics). This Digiscan Monitor records stereotypy and rearing,
behaviors that are directly controlled by striatum, as well as other
basic locomotion parameters, such as horizontal activity, total dis-
tance traveled, number of movements, movement time, rest time,
mean distance, mean time, center time, etc. Before any insult or treat-
ment, mice were placed inside the Digiscan Infrared Activity Monitor
for 10 min daily and on rotorod for 10 min daily for 3 consecutive
days to train them and record their baseline values. Briefly, animals
were removed directly from their cages and gently placed nose first
into a specified corner of the open-field apparatus, and after release,
data acquisition began every 5 min interval. DIGISCAN software was
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Activation of NF-«B in ventral midbrain of MPTP-intoxicated mice is statin sensitive. A, Midbrain sections of PD
patients and age-matched controls were immunostained for p65 (low magnification). Sections of PD patients were also
double-labeled for p65 and glial cell markers (GFAP and CD11b). Results represent three independent experiments.
B, Mice were treated with pravastatin and simvastatin (1 mg - kg body weight ~" - d ~") from 3 h after the last injection
of MPTP. Twenty-four hours after the last injection of MPTP, ventral midbrain sections were immunostained for p65 (low
magnification). Midbrain sections of MPTP-intoxicated mice were also double-labeled for p65 and glial cell markers (GFAP
for astrocytes and (D11b for microglia). Results represent three independent experiments. €, NF-kB p65-positive cells
were counted in four nigral sections (2 images per slide) from each of four mice. °p << 0.0001 versus saline-control; p <
0.0001 versus MPTP. Error bars indicate SEM.

used to analyze and store horizontal and vertical activity data, which
were monitored automatically by infrared beams. In rotorod, the feet
movement of the mice was observed at different speeds. To eliminate
stress and fatigues, mice were given a 5 min rest interval. Then, 7 d
after the last dose of MPTP, open-field assays and rotorod tests were
performed twice at 6 h interval on each mouse separately (Ghosh et
al., 2007). For each mouse, impairment as well as improvement in
locomotor activity was decided after comparing with baseline values.

Statistics. All values are expressed as means = SEM. Differences
among means were analyzed by one- or two-way ANOVA considering
time, dose, or treatment as the independent factor. The one-way
ANOVA was performed while analyzing dose-dependent effect of
MPP " on the transcriptional activity of NF-kB, dose-dependent ef-
fect of simvastatin on MPP "-induced activation of NF-«B, or time-
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dependent activation of p21™* after MPTP intoxication in vivo in the
nigra. However, two-way ANOVA was used to analyze the effect of
simvastatin on MPP *-induced time-dependent activation of p21"
in microglia or to analyze the effect of simvastatin and pravastatin on
rotorod activity in MPTP-intoxicated mice at different rpm. In other
cases, Student’s t test was used to compare outcome between two
groups (e.g., control vs PD, control vs MPTP, MPTP vs simvastatin,
MPTP vs pravastatin, etc.).

Results
MPP * induces the activation of microglial NF-«B through
p2 lras

Microglial activation plays an important role in the pathogenesis
of PD as well as other neurodegenerative disorders (Dauer and
Przedborski, 2003; Gao et al., 2003; Benner et al., 2004; Roy et al.,
2006; Ghosh et al., 2007). Some features of PD are modeled in
MPTP-intoxicated animals. The neurotoxic effect of MPTP de-
pends on its conversion into MPP *. In glial cells, monoamine
oxidase B (MAO-B) converts MPTP to MPP ", which then acti-
vates glial cells (Dauer and Przedborski, 2003; Teismann et al.,
2003). Recently, we found that MPP * induces the activation of
NEF-kB in glial cells (Ghosh et al., 2007). However, mechanisms
by which MPP * induces the activation of NF-«B in glial cells are
poorly understood. Previously, we showed that bacterial lipo-
polysaccharides (LPSs) induce the activation of NF-«B in astro-
glia via p21™ (Pahan et al., 2000). Therefore, we investigated
whether MPP ™ might also induce the activation of NF-«B in glial
cells via p21™. First, we examined whether MPP* alone was
capable of activating p21™® in microglial cells. Activation of
p21™° was monitored by immunoprecipitation of active p21™
using Raf-RBD-GST beads. As evident from Figure 1, A, top
panel, and B, MPP * alone significantly ( p < 0.0001) induced the
activation of p21™° in mouse BV-2 microglial cells with a time
course showing maximal activation at 15 min of stimulation.
However, p21™* activation was not observed after 30 min of stim-
ulation by MPP * (Fig. 1A, B). Next, we examined whether p21™*
was involved in MPP *-induced activation of NF-«B in micro-
glial cells. As expected, MPP " markedly induced the transcrip-
tional activity of NF-kB (F;4 = 59.03; p < 0.0001). After
multiple comparisons using Bonferroni adjustment, it has been
found that 1 um (MPP ™) was the most effective dose in inducing
the activation of NF-«B in microglial cells (Fig. 1C). We used a
dominant-negative mutant of p21™° (Ap21°) in which the Ser
residue at position 17 was changed to Asn (S17N). This mutant
binds preferentially to GDP and acts as the dominant inhibitor of
p21™° function presumably by blocking access to exchange fac-
tors (Qiu et al., 1995; Garnovskaya et al., 1996). Previously, we
demonstrated that this Ap21™ inhibits LPS-induced GTP load-
ing of p21™* and the expression of iNOS in astroglia (Pahan et al.,
2000). Inhibition of MPP *-induced activation of NF-kB by
Ap21™° compared with an empty vector (Fig. 1D) clearly sug-
gests that MPP ™ requires p21™ to induce the activation of
NEF-«B in microglial cells.

Simvastatin inhibits MPP *-induced activation of p21"*° and
NF-kB in microglial cells

Next, we investigated the effect of simvastatin on the activation of
p21™ and NF-«B in MPP *-stimulated microglial cells. Cells
preincubated with 10 uM simvastatin for 6 h were stimulated by
MPP * followed by assay of p21™ at different minutes of stimu-
lation. It is clearly evident from Figure 1, A, bottom panel, and B,
that simvastatin markedly inhibited MPP " -induced activation of
p21™. Multiple-comparison analysis showed that simvastatin
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Figure 4.  Entry of statins into the nigra of MPTP-intoxicated mice. Mice were treated

with pravastatin and simvastatin (1 mq - kg body weight ~" - d ~") from 24 h before
MPTP injection. Twenty-four hours after the last injection of MPTP, nigra was dissected
out and concentrations of pravastatin and simvastatin were analyzed in nigral samples by
HPLCusing ibuprofen as an internal standard. A, MPTP. B, MPTP plus pravastatin. ¢, MPTP
plus simvastatin.

inhibited the activation of p21™ at different minute of MPP *
stimulation (2 min: F(; 4y = 151.84, p = 0.0002; 5 min: F, 4, =
162.78, p = 0.0002; 10 min: F; 4y = 99.31, p = 0.0006; 15 min:
F, 4 = 137.55, p = 0.0003). Accordingly, we also observed sig-
nificant (F 3 ) = 45.15; p < 0.0001) inhibition of MPP " -induced
activation of NF-«kB by simvastatin in microglial cells (Fig. 1 E).
Multiple comparisons using Bonferroni adjustment shows that,
at a dose of 2 uM, simvastatin was not significantly efficient in
suppressing MPP " -induced activation of NF-«B (Fig. 1 E). How-
ever, significant ( p < 0.0001) inhibition of NF-«B activation by
simvastatin was found at 5 and 10 uM (Fig. 1E). These results
suggest that simvastatin is capable of inhibiting MPP *-induced
activation of p21™* and NF-«B in microglial cells.

Activation of p21™° in ventral midbrain of

MPTP-intoxicated mice

To investigate the role of induced activation of p21™° in the loss
of invaluable dopaminergic neurons in MPTP mouse model, first
we examined whether the activation of p21™° was induced in the
SNpc of MPTP-intoxicated mice. It is clearly evident from Figure
2, A and B, that MPTP was a marked inducer of p21™° activation
(Fio,6) = 82.28; p < 0.0001) in vivo in the nigra. Multiple-
comparison analysis using Bonferroni adjustment revealed max-
imum nigral activation ( p < 0.0001) of p21™° at 6 h of MPTP
intoxication (Fig. 2A, B). The magnitude of p21™* activation de-
creased after 12 h of MPTP challenge (Fig. 2A,B). In contrast,

1 ras



13548 - J. Neurosci., October 28, 2009 - 29(43):13543-13556

saline-treated animals showed no or little
evidence for p21™ activation.

Because simvastatin suppressed MPP *-
induced activation of p21™ in mouse mi-
croglial cells (Fig. 1A), we examined
whether simvastatin was capable of atten-
uating the activation of p21™ in vivo in
the SNpc of MPTP-intoxicated mice.
Mice were treated with simvastatin (1
mg - kgbody weight ™' - d ') through ga-
vage from 1 d before the MPTP intoxica-
tion, and the activation of p21™° was
monitored 6 h after the last injection of
MPTP. As seen in Figure 2, C and D, sim-
vastatin significantly inhibited the activa-
tion of p21™° in vivo in the midbrain of
MPTP-intoxicated mice.

Simvastatin inhibited the activation

of NF-kB in ventral midbrain of
MPTP-intoxicated mice
Immunofluorescence analysis of PD
midbrain tissue sections demonstrated
NF-kB p65 protein (Fig. 3A). When
NF-kB p65-positive cells were counted
in four nigral sections (two images per
slide) from each of four different PD
and age-matched control brains in an
Olympus IX81 fluorescence microscope
using the MicroSuite imaging software,
p65 was found to be increased signifi-
cantly (p < 0.0001) in PD brains com-
pared with age-matched controls. The
p65 colocalized with CD11b- and GFAP-
positive microglia and astrocytes (Fig.
3A). Because simvastatin inhibited the
activation of p21™° in vivo in the SNpc
of MPTP-intoxicated mice (Fig. 2) and
MPP * induced the activation of NF-«B
in glial cells via p21™, we examined
whether simvastatin was capable of sup-
pressing the activation of NF-«kB in vivo
in the SNpc of MPTP-intoxicated mice.
It is clearly evident from Figure 3B that
MPTP intoxication markedly induced
the expression of RelA p65 in SNpc com-
pared with saline treatment. Double-label
immunofluorescence analysis indicates
that p65 was principally expressed in
CD11b-positive microglia and GFAP-
positive astroglia (Fig. 3B). Next, mice were treated with sim-
vastatin (1 mg - kg body weight ' - d ") via gavage from 3 h
after the last injection of MPTP, and the activation of NF-kB
was examined 24 h after the last injection of MPTP. To under-
stand whether the effect is specific to only simvastatin, we
included another statin drug, pravastatin, in the study. How-
ever, before doing that, we examined whether pravastatin was
capable of entering into the CNS of MPTP-intoxicated mice
because according to previous reports (Quion and Jones,
1994; Vuletic et al., 2006), pravastatin does not cross the
blood—brain barrier (BBB). Therefore, normal and MPTP-
intoxicated mice were fed pravastatin and simvastatin and 24 h
after the last injection of MPTP, nigral samples were analyzed
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Expression of iNOS in ventral midbrain of MPTP-intoxicated mice is statin sensitive. A, Midbrain sections of PD
patients and age-matched controls were immunostained for iNOS (low magnification). Sections of PD patients were also
double-labeled for iNOS and glial cell markers (GFAP and (D11b). Results represent three independent experiments.
B, Mice were treated with pravastatin and simvastatin (1 mg - kg body weight ~" - d ~") from 3 h after the last injection
of MPTP. Twenty-four hours after the last injection of MPTP, ventral midbrain sections were immunostained for iNOS (low
magnification). Midbrain sections of MPTP-intoxicated mice were also double-labeled for iNOS and glial cell markers (GFAP
for astrocytes and CD11b for microglia). Results represent three independent experiments. C, Cells positive for iNOS were
counted in four nigral sections (2 images per slide) from each of four mice. °p << 0.0001 versus saline-control; p < 0.0001
versus MPTP. Error bars indicate SEM.

for simvastatin and pravastatin by HPLC using ibuprofen as
an internal standard. As reported previously (Quion and
Jones, 1994; Vuletic et al., 2006), we could not detect prava-
statin in the nigra of pravastatin-fed normal mice (data not
shown). However, we were able to detect simvastatin in the
nigra of simvastatin-fed normal mice (data not shown). In
contrast, as evident from Figure 4, both pravastatin (Fig. 4 B)
and simvastatin (Fig. 4C) were able to enter into the nigra of
MPTP-insulted mice. However, nigral level of simvastatin
(1.37 + 0.27 ng/mg tissue) was slightly higher than that of
pravastatin (1.12 + 0.22 ng/mg tissue). As expected, we did
not notice any peak for statin in the nigra of MPTP-
intoxicated mice (Fig. 4A). Together, although pravastatin is
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not capable of entering into the nigra of normal mice, it readily
enters into the nigra of MPTP-challenged mice.

Next, we investigated the effect of simvastatin and prava-
statin on the activation of NF-«kB in vivo in the nigra. As evi-
dent from Figure 3, B and C, both simvastatin and pravastatin
markedly inhibited the level of p65 in vivo in the midbrain of
MPTP-intoxicated mice. These results suggest that statins are
capable of inhibiting the activation of NF-«B in vivo in the SNpc
of MPTP-intoxicated mice.

Statins inhibit the expression of proinflammatory molecules
in vivo in the midbrain of MPTP-intoxicated mice
Inflammation plays a role in the loss of dopaminergic neurons in
PD and its animal model (Mogi et al., 1994; Hunot et al., 1996;
Bessler et al., 1999; Dehmer et al., 2000; Nagatsu et al., 2000; Wu
et al., 2002; Benner et al., 2004; Sriram et al., 2006). Consistently,
we performed immunofluorescence assays on PD midbrain sec-
tions to examine for the expression of iNOS. Figure 5A shows that
the expression of iNOS protein was much more in midbrain
sections of PD compared with age-matched controls and that
iNOS colocalized with CD11b-positive microglia and GFAP-
positive astroglia. When iNOS-positive cells were counted in four
nigral sections (two images per slide) from each of four different
PD and age-matched control brains in an Olympus IX81 fluo-
rescence microscope using the MicroSuite imaging software,
iNOS was found to be increased significantly ( p < 0.0001) in
PD brains compared with age-matched controls. Because sim-
vastatin inhibited the activation of p21™ and NF-«B in vivo in
the midbrain of MPTP-intoxicated mice, we examined whether
statin drugs were able to suppress the expression of iNOS in vivo
in the SNpc of MPTP-insulted mice. Immunofluorescence anal-
ysis for iNOS in ventral midbrain sections shows that MPTP
intoxication led to marked increase in nigral iNOS protein ex-
pression and that iNOS colocalized with GFAP-positive astroglia
and CD11b-positive microglia (Fig. 5B). However, consistent to
their inhibitory effect on the activation of NF-«B, both simvasta-
tin and pravastatin suppressed MPTP-induced expression of
iNOS protein (Fig. 5B,C). As shown by semiquantitative RT-
PCR (Fig. 6 A) and quantitative real-time PCR (Fig. 6 B) experi-
ments, MPTP intoxication led to marked increase in mRNA
expression of iNOS, IL-18, and TNF-« in the SNpc. However,
both simvastatin and pravastatin strongly inhibited MPTP-
induced expression of these proinflammatory molecules in vivo
in the SNpc (Fig. 6A, B). These results suggest statins can sup-
press the expression of proinflammatory molecules in vivo in the
SNpc of MPTP-intoxicated mice.

Statins inhibit the activation of glial cells in vivo in the
midbrain of MPTP-intoxicated mice

Recently, activation of glial cells is being considered as a patho-
logical hallmark in PD and other neurodegenerative disorders
(Gonzélez-Scarano and Baltuch, 1999; Wu et al., 2002; Dauer and
Przedborski, 2003; Teismann et al., 2003; Benner et al., 2004;
Ghosh et al., 2007). Increased expression of CDI11b, the
B-integrin marker of microglia, represents microglial activation
during neurodegenerative inflammation (Gonzélez-Scarano and
Baltuch, 1999). Similarly, on activation, astrocytes also express
enhanced level of GFAP, which is considered to be a marker
protein for astrogliosis (Eng and Ghirnikar, 1994; Brahmachari et
al., 2006). Consistent with these findings, immunofluorescence
analysis of midbrain sections in Figure 7A shows that levels of
GFAP and CD11b protein were much more in midbrain sections
of PD compared with age-matched controls. When GFAP- and
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Figure 6.  Simvastatin and pravastatin inhibit the expression of iNOS and proinflammatory

cytokines in ventral midbrain of MPTP-intoxicated mice. Mice receiving simvastatin and prav-
astatin (1 mg - kg body weight ~" - d ~") from 3 h after the last injection of MPTP were killed
24 h after the last injection of MPTP. The mRNA expression of iNOS, IL-183, and TNF-« was
analyzed by semiquantitative RT-PCR (4) and quantitative real-time PCR (B). Data are means +
SEM of five mice per group. %p << 0.0001 versus saline group; %p << 0.0001 versus the MPTP
group.
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CDl11b-positive cells were counted in
four nigral sections (two images per
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CD11b
A

slide) from each of four different PD and
age-matched control brains in an Olym-
pus IX81 fluorescence microscope using
the MicroSuite imaging software, GFAP
and CD11b were found to be increased
significantly (p < 0.0001) in PD brains
compared with age-matched controls.
We investigated whether simvastatin
and pravastatin could attenuate MPTP-
induced activation of glial cells in vivo in
the SNpc of mice. As evident from immu-
nofluorescence analysis of CD11b and
GFAP in ventral midbrain sections (Fig.
7B), MPTP intoxication led to marked in-
crease in nigral CD11b and GFAP protein
expression. However, treatment of MPTP-
intoxicated mice with simvastatin and
pravastatin led to the inhibition of GFAP
and CD11b protein expression (Fig. 7B).
It is clearly evident from semiquantitative
RT-PCR in Figure 8 A and real-time PCR
in Figure 8 B that MPTP intoxication led
to marked increase in mRNA expression
of both CD11b and GFAP in the SNpc.
However, similar to the inhibition of
proinflammatory molecules, both simva-
statin and pravastatin suppressed MPTP-
induced expression of CD11b and GFAP
in vivo in the SNpc (Fig. 8 A, B). Simvasta-
tin was more potent than pravastatin in
inhibiting the expression of GFAP mRNA
in vivo in the SNpc (Fig. 8). These results
suggest statins are capable of attenuating
the expression of proinflammatory mole-
cules in vivo in the SNpc of MPTP-intoxicated mice.

CD11b

Figure7.

Statins protect against MPTP-induced neurodegeneration
Mice were treated with simvastatin and pravastatin (1 mg - kg
body weight ' - d 7') via gavage from 3 h after the last injec-
tion of MPTP. Seven days after the last injection of MPTP,
animals were processed for quantification of dopaminergic
cell bodies in the SNpc and of projecting dopaminergic fibers
in the striatum using TH immunostaining. MPTP intoxica-
tion led to ~73% loss of SNpc TH-positive neurons (Fig.
9A,B) and 70% reduction of striatal TH ODs (Fig. 9A,C)
compared with saline-injected controls. However, in MPTP-
injected mice treated with simvastatin and pravastatin, less
reduction in SNpc TH-positive neurons and striatal TH ODs
was observed (Fig. 9A—C). Simvastatin was slightly more effi-
cient than pravastatin in protecting TH-positive neurons and
fibers against MPTP toxicity (Fig. 9A-C).

Next, to determine whether statins protect against biochemi-
cal deficits caused by MPTP, we quantified levels of DA and two
of its metabolites, DOPAC and HVA, in striata 7 d after the
MPTP treatment. As evident from Figure 9D, MPTP intoxication
led to ~78% decrease in striatal DA compared with striata of
saline-injected mice. In contrast, MPTP-intoxicated animals that
received simvastatin and pravastatin showed only 21-26% de-
crease in striatal dopamine (Fig. 9D).

Although we observed protection of the nigrostriatum by
simvastatin in MPTP-intoxicated mice, Kreisler et al. (2007)
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Increased expression of (D11b and GFAP in ventral midbrain of MPTP-intoxicated mice is statin sensitive. 4, Midbrain
sections of PD patients and age-matched controls wereimmunostained for GFAP and CD11b. B, Mice were treated with pravastatin
and simvastatin (1 mg - kg body weight ~" - d ~") from 3 h after the last injection of MPTP. Twenty-four hours after the last
injection of MPTP, ventral midbrain sections were immunostained for GFAP and (D11b. Results represent analysis of four nigral
sections (2 images per slide) from each of four mice.

have shown that simvastatin is deleterious for the nigrostria-
tum. The major difference between the work by Kreisler et al.
and our current study is that they treated mice (intraperitoneally)
with simvastatin at a dose of 40 mg * kg body weight '+ d ™', a
dose that is 40 times higher than that used by us. We also
used the same dose of simvastatin to examine the truth behind
its protective effect. Consistent to that observed by Kreisler et
al. (2007), simvastatin alone at this high dose significantly led
to a decrease in striatal dopamine (Fig. 9E). In contrast, sim-
vastatin at a dose of 1 mg - kg body weight "'+ d ' had no
inhibitory effect on striatal dopamine (Fig. 9E). Together,
these results suggest that simvastatin is protective for the ni-
grostriatum at a FDA-approved therapeutic dose (1 mg - kg
body weight ™' - d 7! equivalent to 80 mg - adult 7' -+ d ') and
that simvastatin is toxic for the nigrostriatum at a very high
dose.

Is inhibition of p21™ farnesylation alone sufficient to protect
the nigrostriatum against MPTP toxicity?

In addition to inhibiting farnesylation of p21™, simvastatin
and other statins exhibit many other biological functions
(Pahan, 2006), which could be responsible for the protection
of nigrostriatum from MPTP neurotoxicity. Therefore, we in-
vestigated whether inhibition of p21™° alone was sufficient for
the protection of the nigrostriatum. Farnesyltransferase (FPT)
inhibitor II is a potent and fairly selective inhibitor of farne-
sylation of p21™° (Leftheris et al., 1996). MPTP-intoxicated
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Figure 8.  Simvastatin and pravastatin inhibit mRNA expression of GFAP and CD11b in
ventral midbrain of MPTP-intoxicated mice. Mice receiving simvastatin and pravastatin (1
mg - kg body weight ' - d ~) from 3 h after the last injection of MPTP were killed 24 h
after the last injection of MPTP. The mRNA expression of GFAP and CD11b was analyzed by
semiquantitative RT-PCR (4) and quantitative real-time PCR (B). Data are means + SEM
of five mice per group. “p << 0.0001 versus saline group; °p << 0.0001 versus the MPTP
group.

mice received FPT inhibitor II via intraperitoneal injection at
adose of 10 mg * kg body weight ~' - d ' from 3 h after the last
injection of MPTP. After 7 d of MPTP intoxication, level of
neurotransmitters was monitored in the striatum. FPT inhib-
itor IT alone was able to reverse the loss of dopamine by >70%
in MPTP-intoxicated mice (Fig. 10), suggesting that suppres-
sion of p21™* farnesylation alone is sufficient to protect the
nigrostriatum in MPTP-intoxicated mice.
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Statins improve locomotor functions in

MPTP-intoxicated mice

The ultimate therapeutic goal of neuroprotection is to de-
crease functional impairment. Therefore, to examine whether
statins protect not only against structural and neurotransmit-
ter damage but also against functional deficits caused by
MPTP, we monitored locomotor and open-field activities. As
reported previously (Tillerson et al., 2002; Ghosh et al., 2007),
MPTP injection caused marked decrease in rotorod perfor-
mance (Fig. 11A), horizontal activity (Fig. 11 B), movement
time (Fig. 11C), number of movements (Fig. 11 D), stereotypy
counts (Fig. 11E), rearing (Fig. 11 F), and total distance (Fig.
11H). However, MPTP increased the rest time (Fig. 11G).
Interestingly, both simvastatin and pravastatin significantly
improved MPTP-induced hypolocomotion (Fig. 11A-H). Al-
though both simvastatin and pravastatin improved rotorod
performance, pairwise comparison at each rpm reveals that
simvastatin was more potent than pravastatin in enhancing
this locomotor activity at 16 rpm (F, 5, = 15.52; p = 0.0008)
and 18 rpm (F, ,;, = 34.21; p < 0.0001).

Do statins halt the disease progression?

Usually after the diagnosis of the disease, PD patients are treated
with neuroprotective drugs. Therefore, we investigated whether
statins administered 2 d after initiation of the disease were still
capable of inhibiting the demise of TH-positive neurons and con-
comitant loss of neurotransmitters. As evident from TH immu-
nostaining in Figure 12 A, stereological counting of TH-positive
neurons in Figure 12 B and quantitation of TH-positive fibers in
the striatum in Figure 12C, both simvastatin and pravastatin pro-
tected TH-positive neurons in the SNpc and TH-positive fibers in
the striatum from MPTP toxicity. To establish whether this pro-
tection of nigrostriatal neurons was correlated with striatal neu-
rotransmitter levels, we analyzed striatal tissues for DA, DOPAC,
and HVA by HPLC. MPTP intoxication sharply reduced (~78%
decrease) striatal DA compared with striata of saline-injected
mice (Fig. 12D). However, MPTP-intoxicated animals that re-
ceived pravastatin from 2 d after the initiation of the disease
showed a ~52% decrease in striatal dopamine (Fig. 12D).
MPTP-intoxicated mice that received simvastatin from 2 d after
the initiation of the disease showed a ~30% decrease in striatal
dopamine (Fig. 12 D). These results suggest that statins are capa-
ble of slowing down the progression of neuronal loss in the MPTP
mouse model.

In addition, the neurotoxic effect of MPTP depends on
several key toxicokinetic steps such as its conversion into
MPP " in glial cells by MAO-B and the uptake of MPP " by
dopaminergic neurons (Dauer and Przedborski, 2003), sug-
gesting that statins may confer protection by interfering with
the conversion of MPTP to MPP * and/or the uptake of MPP *
by dopaminergic neurons. However, in this disease progres-
sion model, in which the treatment began from 2 d after the
last injection of MPTP, statins also showed its efficacy nullify-
ing this possibility.

Discussion

Understanding the mechanism of the disease process of PD and
development of effective neuroprotective therapeutic approach
to halt the disease progression are of paramount importance. The
MPTP mouse model is particularly useful in testing new thera-
peutic intervention in PD. Because of the facts that inflammation
plays a role in the loss of dopaminergic neurons in PD and its
MPTP mouse model and that statins, FDA-approved cholesterol-
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lowering drugs, inhibit the expression of
proinflammatory molecules, we decided
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to investigate the efficacy of statins in pro- A
tecting nigrostriatal neurons in the MPTP
mouse model of PD.

Several lines of evidence presented
in this manuscript clearly establish that
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statins are capable of protecting dopami-
nergic neurons from parkinsonian toxic-
ity. Our conclusion is based on the
following. First, MPTP intoxication led
to the induction of various proinflam-
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matory molecules within the nigra
of MPTP-intoxicated mice. However,
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treatment of mice with simvastatin and
pravastatin resulted in attenuation of ex-
pression of proinflammatory molecules.
Second, as expected, MPTP intoxication
led to marked increase in gliosis as evident
from increased expression of CD11b and
GFAP in the SNpc. However, both simva-
statin and pravastatin were capable of
suppressing the expression of CD11b and
GFAP in vivo in the SNpc. Third, as ob-
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served in PD, nigrostriatal neurons disap-
peared and the level of neurotransmitters
decreased in MPTP-intoxicated mice. But
treatment with simvastatin and pravasta-
tin protected TH-positive dopaminergic
neurons from MPTP toxicity and restored
the level of neurotransmitters. Fourth,
simvastatin and pravastatin also amelio-
rated functional impairment in MPTP-
intoxicated mice. Fifth, simvastatin and
pravastatin administered 2 d after initia-
tion of the disease still suppressed the
demise of TH-positive neurons and con-
comitant loss of neurotransmitters, sug-
gesting that statins have the capability of
attenuating disease progression. Although
pravastatin is not capable of entering into
the CNS of normal mice (Quion and
Jones, 1994), this statin drug enters into
the nigra of MPTP-intoxicated mice. It is
most probably attributable to the fact
that MPTP challenge increases permeabil-
ity through the BBB (Zhao et al., 2007;
Brochard et al., 2009).

Wolozin et al. (2007) have reported that simvastatin is as-
sociated with a reduction in the incidence of dementia and PD.
According to Wahner et al. (2008), all statins are inversely
associated with PD except for pravastatin. A possible explana-
tion for pravastation being the exception in this study may be
its inability in crossing the BBB. However, a neuroprotective
effect of statins in MPTP mouse model remains controversial.
For example, Kreisler et al. (2007) have shown that both sim-
vastatin and atorvastatin have deleterious effects on the ni-
grostriatum in MPTP-intoxicated mice. In contrast, Selley
(2005) has reported that simvastatin prevents MPTP-induced
striatal dopamine depletion and protein tyrosine nitration in
mice. These studies used a concentration of simvastatin that is
10—40 times higher than the regular human dose and treat-
ment began 5 or 7 d before MPTP intoxication. When we
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Simvastatin and pravastatin protect dopaminergic neurons in MPTP-intoxicated mice. Mice receiving simvastatin and
pravastatin (1 mg - kg body weight ~" - d ~") from 3 h after the last injection of MPTP were killed 7 d after the last injection of
MPTP followed by TH immunostaining of SNpc (top panel) and striatum (bottom panel) (4), counting of TH-positive neurons in
SNpc (B), quantification of TH-positive fibers in striatum (C), and assay of neurotransmitters in striatum (D). To understand
whether statin alone was toxic for the nigrostriatum, groups of mice received two different doses of simvastatin (1and 40 mg - kg
body weight ~" - d ~). After 7 d, the concentration of dopamine was assayed in striatum (E). Data are means + SEM of eight mice

repeated their experiment, we also found that simvastatin at a
high dose (40 mg - kg body weight ™' - d ~') was deleterious
for the nigrostriatum. Therefore, although simvastatin at an
FDA-approved therapeutic dose is protective, at a higher dose,
this drug is toxic for the nigrostriatum.

Statins are the most widely used cholesterol-lowering drugs
throughout the world. These drugs inhibit HMG-CoA reduc-
tase, the regulatory enzyme in the cholesterol biosynthesis
pathway, and thereby lower the level of cholesterol in patients
with hypercholesterolemia. Previously, Pahan et al. (1997)
showed that lovastatin inhibits LPS-induced expression of
proinflammatory molecules (iNOS, IL-18, TNF-«, and IL-6)
in glial cells and macrophages possibly through the inhibition
of farnesylation/activation of p21™, the central molecule in
intracellular signal transduction. Subsequently, we also dem-
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Figure 10.  Effect of FPTinhibitor Il on the loss of dopamine in MPTP-intoxicated mice. Mice
receiving FPTinhibitor Il (10 mg - kg body weight ' - d ~") from 3 h after the last injection of
MPTP were killed 7 d after the last injection of MPTP followed by assay of dopamine in striatum
(DA). Data are means + SEM of eight mice per group.
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onstrated that overexpression of Ap21™°, a dominant-negative
mutant of p21™, inhibits the expression of proinflammatory mole-
cules in astroglia (Pahan et al., 2000), suggesting the involvement
of p21™ in glial expression of proinflammatory molecules. The
p21™° proto-oncogene proteins, a family of GTP-binding pro-
teins, function by binding to the cytoplasmic surface of the
plasma membrane. This membrane localization of p21™ in-
volves prenylation of cysteine in CAAX motif present at the C
terminus, proteolytic removal of AAX tripeptide, and then car-
boxymethylation of C-terminal cysteine (Hancock et al., 1991).
Statins inhibit the mevalonate pathway, lowering the level of far-
nesyl pyrophosphate required for the farnesylation of p21™.
Being a highly lipophilic molecule, MPTP readily crosses
the BBB. It has been shown that, after systemic administration,
MPTP reaches the brain within minutes (Markey et al., 1984).
Once in the brain, MPTP is converted to MPDP * and MPP ™.
The latter one is believed to be responsible for neurotoxicity
(Dauer and Przedborski, 2003). Mechanisms by which MPP *
insult leads to glial activation and neuronal death are poorly
understood. Here, we demonstrate that MPP ™ alone is capa-
ble of activating p21™ in mouse microglial cells within
minutes. Because the activation of NF-«B is necessary for
the transcription of different proinflammatory molecules
(Hayden and Ghosh, 2008) and MPP * also induces the acti-
vation of NF-kB in glial cells (Ghosh et al., 2007), we examined
whether p21"™ was involved in MPP *-induced activation of
NF-kB. Interestingly, Ap21™ attenuated MPP *-induced ac-
tivation of NF-«B in microglia, indicating that MPP * induces
the activation of NF-«kB in microglia via p21™°. Therefore,
inhibition of MPP *-induced activation of p21"° and NF-«B
in microglial cells by simvastatin suggests that simvastatin at-
tenuates MPP *-induced activation of NF-«B via inhibition of
p21™° (Fig. 13). This has been also supported by our in vivo
data in which MPTP intoxication led to rapid activation of
p21™° within the SNpc and oral treatment of MPTP-
intoxicated mice with simvastatin suppressed nigral activation
of p21™. Although we observed marked activation of p21™*
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by MPP */MPTP, we do not know a mechanism by which
MPP ™" couples to the activation of p21*. On farnesylation,
activated p21™ goes to the plasma membrane from where it
transmits downstream signals. Therefore, rapid activation of
p21™° by MPP * in microglia suggests that either MPP * binds
to any putative tyrosine kinase receptor for the activation of
p21™ or MPP ™ enters into the cell to activate and mobilize
guanine nucleotide exchange factors such as, son of sevenless
homologs 1 and 2 (SOS-1 and SOS-2), p21™* protein-specific
guanine nucleotide-releasing factor 1, etc. Currently, experi-
ments are underway in our laboratory to investigate such
possibilities.

Once NF-kB is activated on MPP */MPTP insult, in collab-
oration with other proinflammatory transcription factors, it
drives the transcription of several proinflammatory mole-
cules including iNOS, TNF-«, and IL-18 in both microglia
and astroglia (Liu et al., 2002; Dasgupta et al., 2003; Hayden
and Ghosh, 2008), which have been shown to play an impor-
tant role in the loss of dopaminergic neurons in the MPTP
mouse model (Liberatore et al., 1999; Dehmer et al., 2000;
Nagatsu et al., 2000; Sriram et al., 2006). Recently, we demon-
strated that once NO is produced via NF-«B-dependent path-
way, it upregulates the expression of GFAP in astroglia and
the expression of CD11b in microglia through NF-«kB-inde-
pendent but GC (guanylate cyclase)-cGMP-PKG (protein ki-
nase G)-dependent pathway (Brahmachari et al., 2006; Roy et
al., 2006). Because glial production of proinflammatory mol-
ecules and gliosis are important features of PD pathology,
it appears that NF-kB activation regulates these pathologi-
cal features either directly or indirectly and that statins protect
dopaminergic neurons in MPTP-intoxicated mice via sup-
pression of (p21™°-NF-kB)-dependent pathological steps.
Restoration of striatal dopamine content in MPTP-intoxi-
cated mice by FPT inhibitor I, a cell-permeable potent inhib-
itor of p21™ farnesylation, suggests that inhibition of p21™*
alone is sufficient for the protection of the nigrostriatum from
MPTP. Although inhibition of p21™ by statins and FPT in-
hibitor II led to the protection of the nigrostriatum in MPTP-
lesioned mice, one study by Heumann et al. (2000) shows that
transgenic activation of p21™° in neurons promotes hypertro-
phy and protects from MPTP-induced degeneration. How-
ever, this study used RasV12, the oncogenic form of p21™,
which always transduces robust activation of the classical
MAP kinase [Raf-MEK (mitogen-activated protein kinase ki-
nase)-ERK (extracellular signal-regulated kinase)] pathway
making the normal cell vulnerable to abnormal growth.

Protective effects in animal models of PD have been ob-
tained with various molecules including GDNF (glial cell line-
derived neurotrophic factor), neurturin, BDNF, TGF-B, and
bFGF (basic fibroblast growth factor) (Date et al., 1993;
Flanders et al., 1998; Kordower et al., 2000). However, these
peptides do not readily diffuse across the BBB or ventricular
lining and have limited or unstable bioavailability and some
toxicity (Kordower et al., 1999). However, statins enter into
the CNS (Fig. 4) (Saheki et al., 1994) and protect the nigros-
triatum against MPTP insult (Figs. 9, 12). Although statins
could have multiple effects leading to neuroprotection such as
stimulation of heat shock protein expression, suppression of
matrix metalloproteinase, activation of Akt, inhibition of ap-
optosis, etc. (Delanty et al., 2001; Pahan, 2006), here we have
demonstrated that p21™° is activated very early in vivo in the
SNpc of MPTP-intoxicated mice and that statins suppress
the activation of p21™ and block the activation of NF-«B in
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the SNpc, inhibit nigral expression of
proinflammatory molecules and the

Brahmachari S, Fung YK, Pahan K (2006) In-
duction of glial fibrillary acidic protein expres-
sion in astrocytes by nitric oxide. ] Neurosci
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