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Parkinson’s disease (PD) is a neurodegenerative movement disorder that is characterized by the progressive degeneration of the
dopaminergic (DA) pathway. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) causes damage to the DA neurons, and 1-4-
methyl-4-phenylpyridinium (MPP+) causes cell death in differentiated PC12 cells that is similar to the degeneration that occurs
in PD. Moreover, MPTP treatment increases the activity of the brain’s immune cells, reactive oxygen species- (ROS-) generating
processes, and glutathione peroxidase. We recently reported that Cuscutae Semen (CS), a widely used traditional herbal medicine,
increases cell viability in a yeast model of PD. In the present study, we examined the inhibitory effect of CS on the neurotoxicity of
MPTP in mice and on theMPP+-induced cell death in differentiated PC12 cells.TheMPTP-induced loss of nigral DA neurons was
partly inhibited by CS-mediated decreases in ROS generation.The activation ofmicroglia was slightly inhibited by CS, although this
effect did not reach statistical significance. Furthermore, CSmay reduce theMPP+ toxicity in PC12 cells by suppressing glutathione
peroxidase activation. These results suggest that CS may be beneficial for the treatment of neurodegenerative diseases such as PD.

1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative
disorder that is characterized by resting tremor, rigidity,
slowed movements, and bradykinesia, which result from the
loss of substantia nigra (SN) dopaminergic (DA) neurons and
their projections to the striatum (STR) [1–4]. The etiology
of this disease is unknown, but genetic, environmental,
age-related, and inflammatory processes are factors that
affect disease onset and progression [5–8]. The pathological
hallmark of PD is the loss of DA neurons in the SN that
project to the STR, which plays a fundamental role in normal
motor function [4]. Clinical parkinsonian symptoms occur
when 60 to 70 percent of SN DA neurons are lost, and losses
in this range result in decreases in dopamine levels in the
nigrostriatal system [9–11]. Although PD is a sporadic disease
of unknown pathogenesis, accumulating evidence suggests

that glial activation-derived oxidative stress increases the risk
of developing PD [12]. In vivo and in vitro 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)models of PDhave shown
that key enzymes involved in the production of reactive
oxygen species (ROS) are upregulated in damaged areas and
contribute to the death of DA neurons [13–16].

Cuscutae Semen (CS) has been widely used in traditional
herbal medicine to modulate immune-related diseases such
as hepatotoxicity and osteoblast differentiation [17, 18]. Sev-
eral studies have suggested that CS invigorates the reproduc-
tive system and improves kidney deficits in animal models
[19, 20]. Recent research has shown that CS affects oxidative
stress in the brains of aged rodents [1, 2]. Additionally, CS
has been shown to enhance lymphocyte proliferation both
in vitro and in vivo [21, 22]. These reports suggest that CS
has the potential to modulate immune responses. Although
a number of the components of CS have been identified,
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the mechanisms of and ingredients responsible for the
immunomodulatory effects of CS remain to be illuminated.

In the present study, we sought to determine whether
CS promotes the survival of DA neurons both in neuronal
differentiated PC12 cells and the MPTP-induced mouse
model of PD.We also investigated whether CS was ultimately
associated with reductions in ROS generation and oxidative
stress.

2. Materials and Methods

2.1. Reagents. Water-extracted dried Cuscutae Semen (CS)
was purchased from Sun Ten Pharmaceutical (Taipei, Tai-
wan). Water extraction of Cuscutae Semen was performed
following the manufacturer’s protocol. First, the Cuscutae
Semen was water-extracted at 100∘C for 60min. Then, the
remains of the herbs and impurities were separated from
the extracted liquid in a filtration separation process. The
water extracts were then spray dried, and corn starch was
added as an excipient to stabilize the concentrated herbal
products (final ratio of water extracts versus starch of 7 : 3).
After these procedures, the final product of Cuscutae Semen
extract (ST) was produced in Sun Ten. The Cuscutae Semen
extract powder was dissolved in PBS. MPTP-HCl (20mg/kg,
free base in saline; Sigma-Aldrich, St. Louis, MO) was also
dissolved in PBS.

For the phytochemical analysis of CS, high-performance
liquid chromatography (HPLC) was performed. The CS was
accurately weighed to 500mg and then dissolved in 50mL
100% methanol. The sample was extracted in an ultrasonic
bath for 60min at 50∘C.The suspension was filtered, and the
filtrate was evaporated in vacuo. The residue was dissolved
in methanol (500𝜇L), and the obtained solution was filtered
through a membrane filter (0.45 𝜇m pore size) prior to
injection. For the quantitative analysis of CS, kaempferol,
one of the known flavonol constituents of CS, was diluted
in acetonitrile to five different concentrations (25, 50, 100,
200, and 500 ppm). Each solution was filtered through a
membrane filter (0.45 𝜇m pore size) prior to injection. The
HPLC analysis was performed using aWaters Alliance system
equipped with an in-line degasser and a photodiode array
detector. The UV spectra were collected across the range of
200 to 500 nm and monitored at 360 nm for chromatograms.
Empower software was used for instrument control, data
collection, and data processing. The HPLC column was an
Inspire C18 (4.6 × 250mm, 5 𝜇m). The mobile phase was
an isocratic system with acetonitrile (A) phosphoric acid
0.25% (B) run for 15min. The ratio of A : B was 39 : 61.
The flow rate was 1mL/min. The injection volume for all
samples and standard solutions was 10𝜇L. Using thismethod,
the concentration of kaempferol in CS was calculated to be
0.24 ± 0.01 𝜇g/g as described in Figure 1.

2.2. Cell Culture and Drug Treatment. PC12 cells were
obtained from the Korean Cell Line Bank. PC12 cells were
cultured in Dulbecco’s modified Eagle’s media (DMEM,
Welgene) supplemented with 10% fetal bovine serum (FBS,
Welgene), 5% horse serum (HS, Welgene), 1% penicillin, and
1% streptomycin in a water-saturated atmosphere of 5% CO

2

at 37∘C. PC12 cells were incubated in 50 ng/mL nerve growth
factor (NGF) for differentiation. MPP+ (Sigma-Aldrich, St.
Louis,MO) andCS (SunTen Pharmaceutical, Taipei, Taiwan)
were dissolved in PBS and prepared as a 10mmol/L stock
immediately before use. The drugs were diluted in culture
medium to the indicated final concentrations. The total
volume of the reaction system in the following experiments
was 5mL.

2.3. Measurement of Cell Viability. Intracellular ROS was
evaluated using the fluorescent probe 2,7-dichlorofluorescein
diacetate (H

2
CDFDA). H

2
CDFDA is oxidized to the highly

fluorescent compound dichlorofluorescein (DCF) by intra-
cellular hydroperoxides. The generation of DCF is propor-
tional to intracellular ROS levels. After exposure to 75𝜇mol/L
MPP+ in the presence or absence of CS for 24 h, PC12
cells were incubated with 10 𝜇mol/L H

2
CDFDA (Sigma-

Aldrich, St. Louis, MO) at 37∘C for 1 h. The cells were washed
twice with FBS-free media. Fluorescence was measured at an
excitation wavelength of 485 nm and an emission wavelength
of 538 nm using a fluorescence microplate reader.

2.4. Measurement of Intracellular Reactive Oxygen Species
Formation. Intracellular ROS was evaluated using the fluo-
rescent probe 2, 7-dichlorofluorescein diacetate (H

2
CDFDA).

H
2
CDFDA is oxidized to the highly fluorescent compound

dichlorofluorescein (DCF) by intracellular hydroperoxides.
The generation of DCF is proportional to intracellular ROS
levels. After exposure to 75𝜇mol/L MPP+ in the presence
or absence of CS for 24 h, PC12 cells were incubated with
10 𝜇mol/LH

2
CDFDA (Sigma-Aldrich, St. Louis,MO) at 37∘C

for 1 h. The cells were washed twice with FBS free media.
Fluorescence was measured at an excitation wavelength of
485 nm and an emission wavelength of 538 nm using a
fluorescence microplate reader.

2.5. Measurement of Glutathione Peroxidase Activity. The
effect of CS treatment on GSH level was measured using
a commercial kit (Cayman Chemical Co., Ann Arbor, MI,
USA). The homogenate of PC12 cells was used for GSH
measurement with the GSH Assay Kit (Cayman Chemical
Co., Ann Arbor, MI, USA) following the manufacturer’s
protocol. The GSH content was determined by comparison
with the standards and normalized to protein content.

2.6. Animals and MPTP Administration. All of the experi-
ments were conducted with 7- to 8-week-old male C57BL/6J
mice (weighing 21-22 g; Japan SLC Inc., Hamamatsu, Japan).
The mice were maintained in a room at 20–22∘C on a 12 h
light/dark cycle with food supplied ad libitum.The study was
approved by the University of Kyung Hee Animal Care and
UseCommittee.Micewere randomly divided into five groups
of six mice each. For MPTP intoxication, the mice received
four intraperitoneal (i.p.) injections ofMPTP-HCl (20mg/kg,
free base in saline; Sigma-Aldrich, St. Louis, MO) dissolved
in PBS at 2 h intervals. Twelve hours after the last MPTP
injection, the MPTP-injected mice received single daily p.o.
administrations of CS (50, 100, or 200mg/kg) or PBS for 6
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Figure 1: The HPLC analysis of the standard material to CS. Phytochemical analysis was performed by HPLC as described in the materials
and methods section. Kaempferol was utilized as an authentic standard (arrows) and it was found that the concentration of kaempferol in
CS was calculated to be 0.24 ± 0.01 𝜇g/g. (a) HPLC chromatogram of kaempferol standard solution, (b) methanol extract of Cuscutae Semen
granule.

days. Control mice were administered either CS or vehicle
alone.

2.7. Measurement of Motor Activity. The pole test has been
utilized tomeasuremotor coordination and balance inmouse
models of PD [3]. We performed the pole test on the 7th
day after the last MPTP injection. In this test, animals were
placed on top of a rough-surfaced iron pole (50 cm in length
and 0.8 cm in diameter) and allowed to climb down to the
base of the pole. The times that it took for the mouse to
turn completely downward (time to turn; T-turn) and then
to reach the floor (locomotion activity time; T-LA) were
recorded, with a cut-off limit of 30 s. The average of the best
three measurements was used as the result.

2.8. Tissue Preparation and Immunostaining. The mice were
transcardially perfusedwith a saline solution containing 0.5%
sodiumnitrate and heparin (10U/mL) and then fixedwith 4%
paraformaldehyde (PFA) dissolved in 0.1M phosphate buffer
(PB). The brains were dissected from the skulls, postfixed
overnight in buffered 4% paraformaldehyde at 4∘C, stored in
a 30% sucrose solution at 4∘C until they sank, and frozen
sectioned on a sliding microtome in 30 𝜇m thick coronal
sections. All sections were collected in six separate series
and processed for immunostaining as described previously
[20]. In brief, the brain sections were rinsed in PBS and
then incubated overnight at room temperature with the
primary antibodies. The following day, the brain sections
were rinsed with PBS and 0.5% bovine serum albumin
(BSA), incubatedwith the appropriate biotinylated secondary
antibody, and processed with an avidin-biotin complex kit
(Vectastain ABC kit; Vector Laboratories, Burlingame, CA).
The bound antiserum was visualized by incubation with
0.05% diaminobenzidine-HCl (DAB) and 0.003% hydrogen
peroxide in 0.1M PB. The DAB reaction was stopped by
rinsing the tissues in 0.1M PB. The primary antibodies
included antibodies directed against tyrosine hydroxylase
(TH; 1 : 2000, Pel-freez, Brown Deer, WI) and CD11b (1 : 200;
Serotec, Oxford, UK). Labeled tissue sections were then

mounted on gelatin-coated slides and analyzed under a
bright-field microscope (Nikon, Tokyo, Japan).

2.9. Stereological Cell Counting. Unbiased stereological esti-
mations of the total numbers of TH-positive DA neurons
and CD11b-positive microglia/macrophages in the SN were
made using the optical fractionator method, which was
performed on an Olympus computer assisted stereological
toolbox (CAST) system (version 2.1.4, Olympus, Ballerup,
Denmark) as previously described [21]. The sections used
for counting covered the entire SN from the rostral tip of
the pars compacta to the caudal end of the pars reticulata
(anterioposterior: −2.06 to −4.16mm from bregma). The
actual counting was performed using a 1003 oil objective.The
total number of cells was estimated according to the optical
fractionator equation [22]. More than 300 points across all
sections from each specimen were analyzed.

2.10. Densitometry Analysis. As previously described [5], an
average of 17 coronal sections of the STR, starting rostrally
from +1.60mm anteroposterior and extending caudally to
0.00mm, were examined at a 5x magnification using the
IMAGE PRO PLUS system (version 4.0; Media Cybernet-
ics, Silver Spring, MD) on a computer attached to a light
microscope (Zeiss Axioskop, Oberkochen, Germany) and
interfaced with a video camera with a charge-coupled device
(Kodak Mega Plus model 1.4 I). To determine the density
of the TH-immunoreactive staining in the STR, a square
frame of 700 × 700𝜇m was placed in the dorsal part of the
STR. A second square frame of 200 × 200𝜇m was placed in
the region of the corpus callosum to measure background
values. To control for variations in background illumination,
the average of the background density readings from the
corpus callosum was subtracted from the average of the
density readings of the STR for each section as described
previously [5]. Next, the average of all sections was calculated
individually for each animal before the data were statistically
processed.
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Figure 2: Effects of CS on the formation of reactive oxygen species (ROS) and glutathione (GSH) depletion due toMPP+.The PC12 cells (1 ×
105 cells/mL) were treated with 1mMMPP+ in the presence of CS (0.001, 0.01, 5, and 10𝜇g) for 24 h at 37∘C. Formation of ROS was assayed by
measuring fluorescence of dichlorofluorescein (DCF, a); GSH contents (𝜇mol/mg protein) were determined using GSH reductase (b). Data
are expressed as the mean ± S.E.M. ∗𝑃 < 0.05, ∗∗∗𝑃 < 0.001 compared with control. #𝑃 < 0.05, ##𝑃 < 0.01, ###𝑃 < 0.001 compared with
MPP+.

2.11. In Situ Detection of O
2

−- and O
2

−-Derived Oxidants.
Three days after finalMPTP injection, hydroethidine (Molec-
ular Probes; 1mg/mL in PBS containing 1% dimethyl sul-
foxide) was administered intraperitoneally. After 15min, the
animals were transcardially perfused and postfixed, and
the brains were cut into 30 𝜇m sections. Hydroethidine
histochemistry was performed for the in situ visualization of
O
2

−- and O
2

−-derived oxidants as previously described [23].
The oxidized hydroethidine product, ethidium, was exam-
ined by confocal microscopy (Olympus).

2.12. Statistical Analyses. All values are expressed as the
means ± the SEMs. The statistical significance (𝑃 < 0.05
for all analyses) of comparisons across multiple groups was
assessed with one-way or two-way ANOVAs, and Student’s 𝑡-
tests were used for single comparisons. All statistical analyses
were performed with Prism 5.01 software (GraphPad Soft-
ware Inc., San Diego, CA, USA).

3. Results

3.1. Effects of CS on ROS Formation and GSH Depletion
in MPP+-Induced PC12 Cells. After exposure to 75𝜇mol/L
MPP+, the fluorescence intensity of DCF increased to
about twice the control value. CS prevented the MPP+-
induced increase in DCF fluorescence and showed amaximal
inhibitory effect at 10𝜇g (Figure 2). ROS formation was not
further attenuated by 0.01 𝜇g concentrations of CS.

A reduction inGSH levels increases the sensitivity of neu-
rons to the toxic effect of neurotoxins [24] and is associated

with mitochondrial dysfunction [25]. In the present study,
we assessed the effect of CS on the MPP+-induced decrease
in GSH. CS prevented the MPP+-induced decrease in GSH
(Figure 2).

3.2. Inhibitory Effects of CS on Behavioral Impairment by
MPTP in Mice. To confirm the effect of AJW on dopamin-
ergic neurons in an in vivo PD model, we treated mice
with CS and/or MPTP and carried out the pole test. As a
result, the T-turn and T-LA of MPTP-only treated mice were
markedly prolonged at 12.35 ± 1.85 sec and 20.02 ± 1.49 sec
compared with the control group (T-turn: 4.47 ± 1.46 sec; T-
LA: 12.07 ± 1.38 sec) (Figure 3). However, the times of the
CS 50mg/kg/day treated group were shortened to 16.47±
2.5 sec for the T-turn, and the CS 200mg/kg/day treated
group showed a more shortened T-turn at 4.61 ± 1.53 sec and
T-LA at 11.64 ± 1.74 sec (Figure 3).

3.3. CS Protects DA Neurons in the SN against MPTP
Neurotoxicity. In the brain, MPTP is metabolized to 1-
methyl-4-phenylpyridinium (MPP+), which is the active
toxic compound that is primarily responsible for MPTP-
induced neurotoxicity [24]. MPTP was rapidly eliminated
and nearly undetectable at 6 h, and striatal MPP+ levels
peaked within 30min and subsequently declined steadily
until levels no longer differed significantly from the control
after 12 h [21]. Accordingly, CS was administered 12 h after
the last injection of MPTP for all in vivo experiments to
avoid interference with themetabolism ofMPTP. To examine
the neuroprotective effects of CS, the MPTP-injected mice
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Figure 3: Effect of CS on MPTP-induced behavioral deficits in mice. Mice were pretreated with CS (50, 100, or 200mg/kg) for six days and
then injected with MPTP (20mg/kg i.p.). The time taken for the mice to turn completely downward ((a); T-turn) and the time taken to reach
the floor ((b); T-LA) were recorded. Values are indicated as the mean ± SEM. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01 compared with the control group,
#
𝑃 < 0.05, ##𝑃 < 0.01 compared with the MPTP-only treated group.

were treated with CS (50, 100, or 200mg/kg) or PBS for 6
days. Seven days after the MPTP injections, brain sections
were immunostained with an anti-TH antibody to detect DA
neurons (Figure 4(a)). In MPTP-injected mice, there was a
significant loss of TH+ neurons in the SN (56%; 𝑃 < 0.001;
Figure 4(b)), and the density of TH+ fibers in the STR was
reduced by 51% (𝑃 < 0.001; Figure 4(b)) compared to the
PBS-injected control mice. CS treatment effectively blocked
DAneuronal damage in the SNby 17% (𝑃 < 0.05; Figure 2(b))
compared to the PBS-injected control mice.

3.4. CS Protects DA Fibers in the STR against MPTP Neuro-
toxicity. In the brain, MPTP is metabolized to 1-methyl-4-
phenylpyridinium (MPP+), which is the active toxic com-
pound that is primarily responsible for the neurotoxicity
of MPTP [4]. MPTP was rapidly eliminated and nearly
undetectable at 6 h, and striatal MPP+ levels peaked within
30min and subsequently declined steadily until they were no
longer significantly different from the controls after 12 h [5].
Accordingly, CSwas administered 12 h after the final injection
of MPTP in all in vivo experiments to avoid interfering with
the metabolism of MPTP. To examine the neuroprotective
effect of CS, MPTP-injected mice were treated with CS (50,
100, or 200mg/kg) or PBS for 6 days. Seven days after the
MPTP injection, brain sections were immunostained with an
anti-TH antibody to detect DA neurons (Figure 5(a)). In the
MPTP-injected mice, there was a significant reduction in the
density of TH+ fibers in the STR (55%;𝑃 < 0.001; Figure 5(b))
compared to the PBS-injected control mice. CS treatment
effectively blocked the reduction in the density of TH+ fibers
in the STR by 23% (𝑃 < 0.001; Figure 5(b)) compared to the
MPTP mice.

3.5. Effectiveness of CS against Microglia-Derived Neurotoxi-
city. Activated microglia play important roles in the death

of DA neurons in PD patients [6, 7] and the MPTP-
induced animal model of PD [5]. To determine whether the
neuroprotective effect of CS resulted from the inhibition of
microglial activation in the SN, we performed immunos-
taining with anti-CD11b to detect microglia/macrophages
in brain sections that were prepared 7 days after the
final MPTP injection (Figure 6). In saline-treated control
mice, few CD11b+ microglia/macrophages with resting mor-
phologies (i.e., small cell bodies and thin processes) were
observed in the SN on the 7th day. In contrast, numerous
CD11b+microglia/macrophages with activatedmorphologies
(i.e., larger cell bodies and thick processes) were appar-
ent in the SN of the MPTP-injected mice on the 7th
day. In the MPTP-injected mice treated with CS, activated
microglia/macrophages also appeared in the SN on the 7th
day after MPTP injection. Thus, CS had no effect on CD11b+
microglia/macrophage activation in the SN.

3.6. CS Reduces Oxidant Production in the SN of MPTP-
Injected Mice. Recent studies have suggested that activated
microglia produceO

2

−- andO
2

−-derived oxidants [8, 12].We
investigated whether CS enhanced DA neuron survival by
inhibiting MPTP-induced ROS production. The fluorescent
products of oxidized hydroethidine (i.e., ethidium accumu-
lation) were significantly increased at 48 h in the SNs of
the MPTP-injected mice (Figure 7) compared to the PBS-
injected controls (Figure 7). This MPTP-induced oxidant
production was dramatically decreased by CS (Figure 7).

4. Discussion

In this study, the protective effects of CS were verified in vitro
using a PD cellularmodel induced byMPP+ in PC12 cells and
in vivo using a PD model induced by MPTP administration
in mice. We showed that CS suppressed MPTP-induced ROS
generation and reduced oxidative stress, which led to the
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Figure 4: CS protects against DA neuronal death due to MPTP-induced neurotoxicity. At 7 days after the final MPTP injection, the animals
were sacrificed, and the brains were prepared for immunohistochemistry. Tyrosine hydroxylase (TH) immunostaining of the SNs of the mice
treated with PBS (control), MPTP, and vehicle or MPTP and CS (50, 100, or 200mg/kg). The representative images were displayed (a). The
scale bars represent 500 𝜇m. The number of TH-positive neurons in the SN measured (b). At 7 days after the final MPTP injection, the
animals were sacrificed, and the brains were prepared for immunohistochemistry.The error bars represent the SEMs. #𝑃 < 0.05, significantly
different from the MPTP/PBS treated control group. ∗∗∗𝑃 < 0.001, significantly different from the saline with PBS group (one-way ANOVA
and Student-Newman-Keuls analyses). Dotted lines indicate the SN. The schematic brain sections are from the atlas (Paxinos and Watson,
1986).The square represents SN in the mouse brain. C: control; M: MPTP; CS50: CS50+MPTP; CS100: CS100+MPTP; CS200: CS200+MPTP.

survival of nigrostriatal DA neurons. At the cellular level, CS
seems to reduce the MPP+-induced cell viability as well as
ROS and GSH levels. To our knowledge, this is the first study
to show that CS prevents nigrostriatal DA neuronal death via
the blockade of ROS generation in the MPTP model of PD.

Previous studies have described the components of CS,
such as quercetin, kaempferol, and hyperoside, as well as
their various pharmacological activities [19, 26, 27]. In

one of these studies, kaempferol was shown to attenuate
the immune function of dendritic cells [26]. Some studies
have suggested that CS acts on defective kidneys and the
reproductive system in animal models [19, 20] and induces
neuronal differentiation. Moreover, CS has hepatoprotective
and antioxidant effects against acetaminophen-induced hep-
atotoxicity [18]. CS has also been shown to be neuroprotective
in a psychological stress-induced rat due to its actions on
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Figure 5: In vivoMPTP-inducedDAfiber neurotoxicity in the STR.The treatment of theMPTP-injectedmicewithCS preventedDAneuronal
death in the STR. MPTP-injected mice were treated with CS (50, 100, or 200mg/kg) or PBS for 6 days beginning 12 h after the final MPTP
injection. Seven days after the MPTP injections, brain sections were prepared and immunostained with TH antibody to identify DA fibers.
The representative images were displayed (a). Scale bar was 5mm.The densities of the TH-fibers in the STR were stereologically counted (b).
The error bars represent the SEMs. ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001, significantly different from theMPTPwith PBS group. ###𝑃 < 0.001, significantly
different from the saline with PBS group (one-way ANOVA and Student-Newman-Keuls analyses). The schematic brain sections are from
the atlas (Paxinos and Franklin, 1997). The square represents STR in the mouse brain. C: control; M: MPTP; CS50: CS50+MPTP; CS100:
CS100+MPTP; CS200: CS200+MPTP.

the hypothalamus-pituitary-ovary axis [28, 29]. Additionally,
CS has been demonstrated to have protective effects in D-
galactose-induced mimetic aging mice [1] and aging rats
[2] that are mediated by improvements in the antioxidant
statuses of these animals. Based on these findings, CS is

relevant to PD because of its neuroprotective effects and its
suppression of ROS.

The administration of CS had protective effects against
the severe reduction in the levels of TH immunoreactivity
in the striatum and SN after MPTP treatment. These results
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Figure 6: MPTP-induced microglial activation is inhibited by CS. Seven days after the final MPTP injection, the animals were sacrificed,
and the brains were prepared for immunohistochemistry. CD11b immunostainings in the SN of mice treated with PBS (control), MPTP,
and vehicle or MPTP and CS (50, 100, or 200mg/kg) are shown. The representative images were displayed (a). The scale bars represent
500 𝜇m. The numbers of CD11b-positive cells in the SN were stereologically counted (b). The error bars represent the SEMs. ##𝑃 < 0.001,
significantly different from saline with PBS (one-way ANOVA and Student-Newman-Keuls analyses). Dotted lines indicate the SN. The
schematic brain sections are from the atlas (Paxinos and Watson, 1986). The square represents SN in the mouse brain. C: control; M: MPTP;
CS50: CS50+MPTP; CS100: CS100+MPTP; CS200: CS200+MPTP.

seem to suggest that CS can protect against the neuronal
damage caused by MPTP toxicity.

Microglia are the resident macrophages of the brain and
play crucial roles in the development and preservation of the
neural environment [30]. However, in the presence of reverse
stimuli, microglia can induce chronic, damaging inflamma-
tion that ultimately leads to neuronal cell death. Microglia
are the intrinsic immune effector cells that are activated in

response to neuronal damage [31]. Several direct neurotoxins
can activate microglia through the production of various
factors, including ROS and proinflammatory cytokines [8,
32].

The conversion of MPTP to MPP+ by monoamine
oxidase-B (MAO-B) in astrocytes is followed by the accu-
mulation of MPP+ in the DA neurons of the SN due to the
activity of DAT. This accumulation within the DA neurons
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Figure 7: MPTP-induced ROS generation is inhibited by CS. CS inhibits MPTP-induced O
2

− and O
2

−-derived oxidant production and
protein oxidation in the SN. The animals received hydroethidine 48 h after the intranigral injection of MPTP in the absence or presence of
CS. After 45min, the brains were harvested, and sections of the SN were prepared for hydroethidine histochemistry to detect extracellular
superoxide. Confocal microscopic observation revealed ethidium fluorescence (red) in the SN.The nuclei were counterstained with Hoechst
33258 (blue). These data are representative of five to six animals per group. Dotted lines indicate the SN. The schematic brain sections are
from the atlas (Paxinos and Watson, 1986). The square represents SN in the mouse brain.

results in the generation of reactive oxygen species (ROS) by
the mitochondria, including nitric oxide (NO), superoxide
anion (O

2

−), hydrogen peroxide (H
2
O
2
), and hydroxyl rad-

icals (∙OH) [33, 34]. ROS may result in oxidative stress to
the DA neurons and induce and/or aggravate neurotoxicity.
Some studies have implicated oxidative stress as a major
cause of neuronal injury in neurological diseases such as PD
[35–37]. As a pathogenic condition, oxidative damage may
account for the degeneration of DA neurons in the SN of
PD brains [38, 39] and in the brains of MPTP-treated mice
[40]. The ROS responsible for these molecular modifications
can be generated by microglial NADPH oxidase and play
important roles in the development of oxidative stress in the
MPTP model of PD. These data support the hypothesis that
the observed neuroprotective effects of CS were mediated by
reductions in oxidative damage.

To evaluate the toxicity of MPTP on cell viability, we used
the toxicity of MPP+ instead of MPTP against differentiated
PC12 cells. Upon nerve growth factor stimulation, PC12 cells
not only reveal abundant neuritic growth but also choose
a neurochemical dopaminergic phenotype [41]. MPP+-
induced cellular toxicity is mediated through ROS generation

[42]. In line with a previous study [43], PC12 cells produced
a significant amount of intracellular ROS when exposed
to 75 𝜇M MPP+ for 24 h. However, pretreatment with CS
suppressed the MPP+-induced accumulation of ROS. These
findings show that CS exhibits broad-spectrum antioxidant
activity. Oxidative stress results from a redox imbalance
between the formation and deletion of ROS. Glutathione
(GSH) is the most plentiful antioxidant in cells and plays
an important role in cellular defense against oxidative stress
[44]. In the present study,MPP+ induced amarked decline in
the total GSH level in PC12 cells, whereas pretreatment with
CS significantly restored theMPP+-induced decrease in total
GSH.

CS has anti-inflammatory activities that reduce the
production of cytokines and chemokines by mouse bone
marrow-derived dendritic cells when these cells are stimu-
latedwith LPS [45].However, CSwas not found to be effective
in reducing the microglial activation in the SN of MPTP-
injected mice. MPTP directly damages DA neurons when it
is taken up through the DA transporter; this uptake results
in oxidative mitochondrial damage, which leads to neuronal
death. MPP+-induced neuronal damage activates microglia
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[16] to produce some potentially toxic substances that can
damage neurons via an indirect mechanism. Our results
imply that the neuroprotective effects of CS are associated
with a blockade of oxidative stress in DA neurons and are not
associated with the microglial activation that occurs in the
MPTP-induced PD animal model.

5. Conclusion

In conclusion, CS protected dopaminergic cells from MPP+
toxicities in PC12 cells and against MPTP toxicities in
C57BL/6 mice. In vitro, the neuroprotective effects of CS
are due to its antioxidant activities, including the inhibition
of ROS and an increase in GSH. In vivo, CS inhibited the
production of ROS, prevented oxidative damage to neurons,
and led to increased neuronal survival. These results suggest
that CS may be beneficial as a novel therapeutic agent
for neurodegenerative diseases that are related to oxidative
damage, including PD.
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