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The aim of the present study was to explore the neuroprotective effects and mechanisms of action
of dl-3-n-butylphthalide (NBP) in a 1-methyl-4-phenylpyridiniumion (MPP+)-induced cellular model
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of Parkinson’s disease (PD). NBP was extracted from seeds of Apium graveolens Linn. (Chinese celery).
MPP+ treatment of PC12 cells caused reduced viability, formation of reactive oxygen, and disruption of
mitochondrial membrane potential. Our results indicated that NBP reduced the cytotoxicity of MPP+

by suppressing the mitochondrial permeability transition, reducing oxidative stress, and increasing the
cellular GSH content. NBP also reduced the accumulation of �-synuclein, the main component of Lewy
bodies. Given that NBP is safe and currently used in clinical trials for stroke patients, NBP will likely be a

e tre
itochondrial membrane potential promising chemical for th

arkinson’s disease (PD) is a neurodegenerative disease charac-
erized by the progressive loss of dopaminergic neurons in the
ubstantia nigra. Recent studies have implicated mitochondrial
ysfunction and increased oxidative stress in the dopaminergic cell
egeneration, although the etiological factors remain unclear [15].
xidative and nitrative stresses produced by mitochondrial dys-

unction are regarded as important causes of protein accumulation
n the pathogenic process [21]. Increased oxidative radicals result
n covalent modification of �-synuclein (�-syn), leading to confor-

ational changes and accumulation of the protein [1], a critical
tep in the development of PD [13,18]. Oxidative stress such as NO
nd its free radical metabolites also inhibit the function of the mito-
hondrial respiratory chain [1]. At the same time, overproduction of
ggregated �-syn causes mitochondrial dysfunction and increased
evels of reactive oxygen species (ROS) [14], which results in posi-
ive feedback during PD pathology. Currently, most PD therapeutic
tudies focus on preventing or blocking this vicious cycle.

dl-3n-butylphthalide (NBP) was extracted from the seeds of

pium graveolens Linn. (Chinese celery). NBP has been synthesized
nd received approval by the State Food and Drug Administration
SFDA) of China for clinical use in stroke patients in 2002. It has
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atment of PD.
© 2010 Elsevier Ireland Ltd. All rights reserved.

been shown to have multiple neuroprotective effects by reducing
oxidative stress [8], improving mitochondrial function [19], block-
ing inflammatory reactions, and reducing neuronal apoptosis [5].
NBP also suppresses the production of peroxynitrite, superoxide,
and nitric oxide [19]. Therefore, in the present study, we exam-
ined the neuroprotective effects of NBP on MPP+-induced toxicity
in PC12 cells, a cellular model of PD.

NBP (generously provided by Shijiazhuang Pharmaceutical
Group NBP Pharma Co., Ltd.) was dissolved in dimethyl sulfoxide
(DMSO). MPP+, vitamin E, and H2O2 were from Sigma–Aldrich Co.
(St Louis, MO, USA). Anti-syn and actin antibodies were from Santa
Cruz Biotechnology, CA.

PC12 cells were cultured in RPMI-1640 medium supplemented
with 10% heat-inactivated horse serum (Gibco, Langley, OK, USA).
Cells were seeded in 6- or 96-well plates and grown to a conflu-
ence of 60–70%. Cells were then treated with 1 mM MPP+ for 24 h
followed by different concentrations of NBP (0.01, 0.1, 1.0, 10 or
100 �M) for 4 h.

Cell viability was assessed using the 3-[4,5-dimethylthiazolo-
2]-2,5diphenyltetrazolium bromide (MTT) assay [23]. After treat-
ment with MPP+, H2O2, vitamin E, and the different concentrations
of NBP, cultured cells were incubated with 10 �l of 10 mg/ml MTT
solution for 2 h at 37 ◦C and centrifuged at 400 × g for 10 min. DMSO

(100 �l) was added to each well to dissolve the formazan and the
absorbance was measured at 570 nm. PC12 cells without treatment
were considered as controls, and treated groups were expressed as
a percentage of control.

http://www.sciencedirect.com/science/journal/03043940
http://www.elsevier.com/locate/neulet
mailto:liucf@suda.edu.cn
dx.doi.org/10.1016/j.neulet.2010.03.053
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The total glutathione (GSH) and oxidative glutathione (GSSG)
ere determined by colorimetric microplate assay kits (Beyotime

nstitute of Biotechnology, China). After treatment, PC12 cells were
ollected and centrifuged at 10,000 × g for 10 min at 4 ◦C. The cells
ere re-suspended in 20 �l cell medium. Ten microliters of cells
as mixed with 30 �l 5% metaphosphoric acid, then frozen and

hawed twice using liquid nitrogen and 37 ◦C water. The samples
ere centrifuged and the supernatant was used for GSH and GSSG

ssays. The total GSH level was measured by the DTNB-GSSG recy-
ling assay [2]. The GSSG level was quantified by the same method
s for total GSH after the supernatant was treated with 1 mol/L 2-
inylpyridine solution to remove the reduced GSH. The amount of
educed GSH was obtained by subtracting the amount of GSSG from
hat of total GSH.

Production of the nitric oxide derivative nitrite was determined
ith a nitrite detection kit (Beyotime Institute of Biotechnology,
hina). Briefly, PC12 cells were treated with MPP+ and different
oncentrations of NBP. After 24 h incubation, 100 �l of cell medium
r NaNO2 standard samples were mixed with 100 �l of Griess
eagent. After 15 min incubation at room temperature, optical den-
ity was read by a microplate reader at 540 nm. The standard curve
roduced by NaNO2 was generated for quantification.

Intracellular ROS was measured using the non-fluorescent
robe 2′,7′-dichlorofluorescein diacetate (DCFH-DA). PC12 cell
ere plated at a density of 1 × 105/well in 96-well plates. One day

+
fter plating, the cells were treated with MPP for 24 h and NBP
0, 0.1, 1.0, 10 or 100 �M) for 4 h. DCFH-DA, diluted to a final con-
entration of 10 �M with DMEM/F12, was added to the cultures
nd incubated for 20 min at 37 ◦C. After DCFH-DA treatment, the
C12 cells were washed with cold PBS, collected, and subjected to

ig. 1. Protective effect of NBP on cytotoxicity in PC12 cells induced by MPP+. (A) PC12 c
mM MPP+, and cell viability was determined by MTT assay. NBP significantly reduced
mM MPP+ for 24 h and NBP (10 �M) or vitamin E (50 �M) for 4 h. Viability of PC12 cells w
= 4 in each group.
Letters 475 (2010) 89–94

flow cytometry (Becton Dickinson FACSCalibur) for ROS assay. The
fluorescence was expressed as a percentage of total area.

The JC-1 probe was used to measure mitochondrial depolariza-
tion in PC12 cells as described previously [6]. Briefly, PC12 cells
were treated with MPP+ alone or with NBP, and then were incu-
bated with an equal volume of JC-1 staining solution (5 �g/ml)
at 37 ◦C for 20 min and rinsed twice with PBS. Mitochondrial
membrane potential was monitored with a flow cytometer under
Argon-ion 488 nm laser excitation. The ratio of green/red fluo-
rescence intensity was calculated as an indicator of the loss of
mitochondrial transmembrane potential.

Cells were harvested in Mammalian Protein Extraction Reagent
buffer (Pierce, IL) containing 1× protease inhibitor cocktail (Pierce,
IL), NaF (5 mmol/L), and Na3VO4 (200 �mol/L). Lysates were cen-
trifuged at 4 ◦C for 2 min at 14,000 × g and resolved on 12% gels.
Proteins were transferred to nitrocellulose membranes (Bio-Rad,
CA). The membrane blots were blocked with 5% milk in TBST
(50 mmol/L Tris, pH 7.6, 150 mmol/L NaCl, 0.1% Tween 20) and
incubated with anti-�-syn or anti-actin antibody overnight at 4 ◦C.
Immunolabeling was detected using the TMB Stabilized substrate
for HRP (Promega). Membranes probed with antibodies and actin
was used as loading controls. The images were captured and den-
sitometric analysis was performed using Image J software (NIH,
Bethesda, MD, USA).

Cells were seeded on coverslips placed in 24-well dishes. After
+
treatment with MPP for 24 h and/or NBP for 4 h, cells were

fixed in 4% paraformaldehyde for 15 min, and then permeabilized
with 0.1% Triton-X-100 (Sigma) for 15 min. Anti-�-syn antibody
was incubated with the cells for 2 h at room temperature and
Cy3-conjugated anti-goat antibodies (1:500; Beyotime Institute

ells were treated with NBP (0.01, 0.1, 1.0, 10, or 100 �M) for 4 h following 24 h of
MPP+-induced cell death in a dose-dependent manner. (B) PC12 cells treated with

as determined by MTT assay. *P < 0.05 versus control; #P < 0.05 versus MPP+ alone;
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Fig. 2. Effects of NBP on GSH and NO content. After treatment with 1 mM MPP+ and
different concentrations of NBP, GSH content was determined. GSH depletion was

+
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f Biotechnology) were used for 1 h. Finally, after the cells were
ncubated with DAPI (3 �g/ml, Sigma) for 10 min, the slides were

ounted in Citifluor (Citifluor Ltd.). The cells were visualized under
Leica TCS ST2 confocal microscope.

All data are expressed as mean ± SD. The significance of inter-
roup differences was evaluated by one-way analysis of variance
ANOVA: Duncan’s test for post hoc comparisons). A probability less
han 0.05 was considered statistically significant.

PC12 cells treated with 1 mM MPP+ for 24 h, compared with the
ontrol group, showed a survival rate of 60 ± 3.2%. When the cells
ere treated with 1 mM MPP+ for 24 h and then treated with dif-

erent concentrations (0.01, 0.1, 1.0, 10 and 100 �M) of NBP for
h, the survival rates were 66.2 ± 3.1%, 73.2 ± 3.0%, 81.2 ± 2.7%,
6.1 ± 2.9% and 87.4 ± 3.2%, respectively. The protective effects
f NBP on MPP+-induced cell death displayed dose-dependence
Fig. 1A). Compared to the group treated with MPP+ alone, NBP
0.01 �mol/L) reduced MPP+-induced cytotoxicity in PC12 cells
P = 0.04, Fig. 1A). At the doses of 0.1 and 10 �mol/L, NBP prevented

PP+-induced cytotoxicity (P < 0.01, Fig. 1A). However, the protec-
ion by NBP at 100 �mol/L was not significantly different from that
y 10 �mol/L (P = 0.31, Fig. 1A), suggesting that 10 �mol/L NBP is
he maximal protective dose. Therefore, we chose three concen-
rations (0.1, 1.0, and 10 �M) for the subsequent tests. Because
revious studies indicated that NBP is an antioxidant, we com-
ared the protective effect of NBP with that of vitamin E, a known
ntioxidant, on MPP+-induced cell death. Our results demonstrated
hat 10 �M NBP and 50 �M vitamin E had similar protective effects
P > 0.05, Fig. 1B).

Reduction of cellular GSH increases the sensitivity of neurons
o toxic insults and mitochondrial disfunction [12]. Therefore, we
etermined whether the protective effect of NBP on MPP+-toxicity
as related to the inhibitory effect on GSH depletion. The GSH

ontent in control PC12 cells was 5.34 ± 0.06 nmol/mg protein.
reatment with 1 mM MPP+ for 24 h reduced GSH content by 53%
ompared with the control group. This depletion was inhibited by
he addition of NBP (P < 0.05, Fig. 2A). In addition, the GSH con-
ent in cells treated with 10 �M of NBP alone was not significantly
ifferent from control cells (data not shown), suggesting that NBP
oes not increase GSH synthesis in physiological conditions.

Excess NO contributes to the formation of free radicals that are
nvolved in the damage to dopaminergic neurons and leads to the
evelopment of PD symptoms [7,20]. In PC12 cells, MPP+ treat-
ent increased the NO level, while NBP blocked the increase of
O induced by MPP+. These data demonstrated that NBP protects
cellular model of PD though inhibition of NO stress (Fig. 2B).

In addition, NBP reduced MPP+-induced accumulation of ROS in
C12 cells measured by flow cytometry. A robust production of ROS
as found in the MPP+ group, but NBP inhibited the MPP+-induced

ncrease of ROS at all three concentrations (P < 0.01, Fig. 3A).
To further confirm the anti-oxidative effects of NBP, we treated

C12 cells with H2O2 (200 �M) for 16 h and NBP (1.0 �M) for 4 h and
easured the cell viability. H2O2 caused cell death and decreased

ell viability; however, NBP treatment significantly reduced the
mpaired cell viability induced by H2O2, suggesting that NBP is an
ffective antioxidant in H2O2-induced toxicity (P < 0.01, Fig. 3C).

We assessed the effect of MPP+ on the mitochondrial
ransmembrane potential. PC12 cells treated with 1 mM MPP+

howed decreased red fluorescence intensity and increased green
uorescence intensity, which indicated a decrease in mitochon-
rial transmembrane potential. NBP reduced this MPP+-induced
ecrease of mitochondrial transmembrane potential (P < 0.01,

ig. 3B).

Oxidation is associated with �-syn accumulation; after treat-
ent with MPP+ (1 mM) for 24 h, an increased signal of �-syn

ccumulation at 17 kDa was found in PC12 cells. Different con-
entrations of NBP (0.1, 1.0, and 10 �M) decreased the �-syn
significantly inhibited by NBP (A). PC12 cells were treated with MPP and different
concentrations of NBP and then NO production was measured. The data show that
NBP protects a cellular model of PD though inhibition of NO stress (B). *P < 0.05
versus control; #P < 0.05 versus MPP+ alone; n = 4 in each group.

accumulation compared with the MPP+ group (P < 0.05, Fig. 4A).
Quantification of the �-syn level confirmed its reduction by NBP
treatment (P < 0.05, Fig. 4B). We also detected cellular �-syn accu-
mulation in PC12 cells by fluorescent immunostaining. PC12 cells
were treated with MPP+ or/and NBP (1.0 �M) and stained with anti-
�-syn antibody. MPP+ treatment resulted in shrunken and dead
cells, and increased �-syn accumulation. NBP reversed the mor-
phological changes and reduced the cellular �-syn level (Fig. 4C).

Previous studies have shown that NBP has neuroprotective
effects in stroke patients, and it was approved for clinical use in
stroke patients by the State Food and Drug Administration of China
in 2002. This is the first study to demonstrate that NBP has sig-
nificant protective effects in a cellular model of PD by reducing
oxidative stress, increasing mitochondrial transmembrane poten-
tial, and raising GSH levels.

MPP+ is the active metabolite of 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridin (MPTP) and has been widely used as a
dopaminergic neurotoxin because it causes a severe PD-like syn-
drome with loss of dopaminergic cells in humans and rodents
[22]. It is proposed that MPP+ causes mitochondrial dysfunction,
oxidative stress, energy failure, and activation of genetic programs
leading to cell death [24]. PC12 cells have been widely used to
generate cell models of PD induced by MPP+ to explore the poten-
tial molecular mechanisms underlying PD because this cell line
has many of the features of mid-brain dopamine neurons, such as
synthesizing and storing dopamine and norepinephrine [3].

MPP+ caused cell death in PC12 cells (Fig. 1) and this was sig-
nificantly reduced by NBP. At the same time, our results showed

that MPP+-induced cell loss by decreasing mitochondrial mem-
brane potential (Fig. 4). Previous studies have indicated that MPP+

also causes the release of cytochrome c into the cytosol, which leads
to the activation of caspase-3 and the execution of apoptosis [17].
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Fig. 3. Effects of NBP on ROS and the mitochondrial transmembrane potential in PC12 cells treated with MPP+. (A) After cells were exposed to 1 mM MPP+ alone for 24 h
and/or various concentrations of NBP (0.1, 1.0, or 10 �M) for 4 h, the fluorescence intensity of DCF was measured by flow cytometry. (B) Effect of NBP on PC12 cells treated
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ith 1 mM MPP , NBP, and JC-1; red (R) and green (G) fluorescence intensity wer
alculated and plotted. *P < 0.05 versus control; #P < 0.05 versus MPP+ alone; n = 4
10 �M) for 4 h.

his suggested that MPP+ can cause cell toxicity through multi-
le pathways. After NBP treatment, MPP+-induced cell death was
revented and mitochondrial membrane potential was increased
ignificantly in the dose range of 0.1–10 �M. The anti-oxidative
ctivity of 10 �M NBP had same protection as 50 �M of the known
ntioxidant vitamin E. These data demonstrated the highly potent
rotective effects of NBP on MPP+-induced toxicity in PC12 cells.

Glutathione, the major antioxidant within cells that acts as a free
adical scavenger is markedly decreased in the substantia nigra of
D patients [9]. Treatment with 1 mM MPP+ for 24 h depleted the
SH content by 53%, and this depletion was significantly inhibited
y NBP. NBP treatment alone did not increase cellular GSH levels.
he increase of cellular GSH by NBP in MPP+ treated cells may have
een due to the inhibition of free radical production.

Generation of ROS is an inevitable outcome of oxygen-
ependent respiration. However, when the production of free
adicals increases abnormally or the defense mechanisms such as

ecreased GSH are damaged, free radicals result in lipid peroxida-
ion and cellular dysfunction by attacking the polyunsaturated sites
n biological membranes [26]. NO has emerged as a key endogenous

odulator of neuronal function and is recognized as a signaling
olecule for vasodilation and neurotransmission [4], but it can
tified by flow cytometry. The ratio of green/red fluorescence intensity (G/R) was
h group. (C) Viability of PC12 cells treated with H2O2 (200 �M) for 16 h and NBP

react with other ROS to form the highly toxic peroxynitrite. Per-
oxynitrite can then convert to highly toxic intermediates, such
as nitrogen dioxide, carbonate, and hydroxyl radicals [4,25]. The
excess NO may contribute to the formation of free radicals that
are involved in the damage of dopaminergic neurons, leading to
the development of PD symptoms. It is known that mice null for
iNOS are resistant to neurodegeneration caused by MPTP, and iNOS
inhibitors protect against the damage of dopaminergic neurons in
MPTP-treated mice [7,20].

In our study, MPP+ caused mitochondrial dysfunction
(decreased mitochondrial transmembrane potential) and resulted
in increased production of ROS and NO. Oxidative stress destroyed
the defense mechanisms such as depleted cellular GSH after MPP+

treatment. NBP inhibited the production of ROS and the decrease
of mitochondrial transmembrane potential induced by MPP+. The
protection by NBP in H2O2-induced toxicity further supported the
hypothesis that NBP is an antioxidant (Fig. 3C).
Lewy bodies and Lewy neurites are major pathological hall-
marks of PD. Importantly, �-syn is the major component of these
proteinaceous inclusions. ROS are known to cause protein misfold-
ing and accumulation [11]; early studies showed that oxidative
damage to proteins forms toxic aggregates and ultimately induces
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ig. 4. Effect of NBP on �-syn expression after MPP+ treatment. PC12 cells were trea
estern blotting analysis. (A) Representative gels of �-syn levels. (B) Densitometry

P < 0.05 versus MPP+ alone; n = 4 in each group. (C) Micrographs of PC12 cells trea
y3-labeled secondary antibodies and DAPI (200×).

eurodegeneration in PD [16]. Antioxidants efficiently decrease �-
yn oligomer content and prevent protein carbonylate formation
10], suggesting that oxidative stress is involved in the mechanisms
nderlying �-syn accumulation in the pathogenic process.

In the present study, we found that MPP+ toxicity induced the
roduction of ROS and NO and caused a significant increase in �-syn
ccumulation. NBP treatment reduced the production of ROS and
O, and also decreased the �-syn accumulation, as demonstrated
y western blot analysis and immunostaining. Our results showed
hat NBP ameliorated MPP+-induced reactive oxygen species pro-
uction, attenuated the mitochondrial transmembrane potential

oss, prevented the depletion of GSH, and reduced the accumulation
f �-syn. NBP affords significant neuroprotection against MPP+-
nduced injury in PC12 cells. These findings support the theory that
BP-mediated cytoprotection in a cellular model of PD is due to

nhibition of oxidative stress.
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