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Abstract
Astaxanthin (AST) is a powerful antioxidant that occurs naturally in a wide variety of living
organisms. We have investigated the role of AST in preventing 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced apoptosis of the substantia nigra (SN) neurons in the mouse
model of Parkinson’s disease (PD) and 1-methyl-4-phenylpyridinium (MPP+)-induced
cytotoxicity of SH-SY5Y human neuroblastoma cells. In in vitro study, AST inhibits MPP+-
induced production of intracellular reactive oxygen species (ROS) and cytotoxicity in SH-SY5Y
human neuroblastoma cells. Preincubation of AST (50 μM) significantly attenuates MPP+-
induced oxidative damage. Furthermore, AST is able to enhance the expression of Bcl-2 protein
but reduce the expression of α-synuclein and Bax, and suppress the cleavage of caspase-3. Our
results suggest that the protective effects of AST on MPP+-induced apoptosis may be due to its
anti-oxidative properties and anti-apoptotic activity via induction of expression of superoxide
dismutase (SOD) and catalase and regulating the expression of Bcl-2 and Bax. Pretreatment with
AST (30mg /kg) markedly increases tyrosine hydroxylase (TH)-positive neurons and decreases the
argyrophilic neurons compared with the MPTP model group. In summary, AST shows protection
from MPP+/MPTP-induced apoptosis in the SH-SY5Y cells and PD model mouse SN neurons,
and this effect may be attributable to upregulation of the expression of Bcl-2 protein,
downregulation of the expression of Bax and α-synuclein, and inhibition of the activation of
caspase-3. These data indicate that AST may provide a valuable therapeutic strategy for the
treatment of progressive neurodegenerative disease such as Parkinson’s disease.
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1. Introduction
Parkinson’s disease (PD) is a neurodegenerative disease characterized by the selective loss
of dopaminergic neurons in the substantia nigra (SN). The causes of Parkinson’s disease
have still been unclear, however, several studies suggest the involvement of mitochondrial
dysfunction, the induction of glutamate mediated excitoxicity, and oxidative stress (Mattson,
1990). 1-methyl-4-phenylpyridinium (MPP+), the active metabolite of 1-methyl-4-
phenyl-2,3,6-tetrahydropyridine (MPTP), has been shown to selectively and potently inhibit
complex I of the mitochondrial electron transport chain (Singer and Ramsay., 1990),
inducing a syndrome closely resembling PD models in vitro and in vivo which involves the
degeneration of dopaminergic neurons located in the SN and leads to a decline of dopamine
(DA) as well as its biosynthetic enzyme, tyrosine hydroxylase (TH). In addition, neuronal
cytotoxicity drugs such as MPTP, MPP+, and rotenone induce a pathological hallmark of
PD, α-synuclein expression and its aggregation in the dopaminergic neurons of the SN (Lee
et al., 2002; Kakimura et al., 2001; Kalivendi et al., 2004). MPP+-induced neuronal cell
death is thought to be mediated by the opening of mitochondrial permeability transition
(MPT) pores and the collapse of the mitochondrial membrane potential (MMP) (Seaton et
al., 1997). This leads to impairment of energy production and increased free radical
generation, and eventually causes dopaminergic neuron death (Alcaraz-Zubeldia et al.,
2001; Saporito et al., 2000). As reported recently, apoptotic death of DA neurons may be
initiated by oxidative stress and neuroinflammation (Zhang et al., 2000; Marchetti and
Abbracchio, 2005). Oxidative stress-induced apoptosis is associated with the release of
cytochrome c, activation of caspases and cleavage of poly (ADP-ribose) polymerase (PARP)
(Nicholson et al., 1995; Slater et al., 1995; O’Brien et al., 2000).

Astaxanthin (3,3′-dihydroxy-β, β′-carotene-4, 4′-dione, AST ; see the chemical structure in
Figure 1 is a well-known non-provitamin A carotenoid found in the red pigment of shrimp,
crabs, salmon, and asteroideans (Miki et al., 1986; Hussein et al., 2006). AST has been
reported to possess anti-oxidant, anti-inflammatory and anti-tumor effects (Tanaka et al.,
1995;Kurashige et al., 1990). Recently, AST has been documented to provide important
metabolic functions in animals, including conversion to vitamin A (Bendich and Olson,
1989), enhancement of immune response (Jyonouchi et al., 1994), and protection against
diseases such as cancer by scavenging of oxygen radicals (Jyonouchi et al., 2000). AST also
shows strong activity as an inhibitor of oxygen radical-mediated lipid peroxidation (LPO)
(Mortensen et al., 2001). It has been reported that AST exerts a neuroprotective effect on
neuronal cell damage by crossing the brain-blood barrier (Liu and Osawa, 2009).

Currently, there are no specific or effective therapeutic agents to restrict neuronal damage
and neurological dysfunction without undesirable side-effects. Thus, there is a need to
develop new protective agents that can prevent the progression of such neuronal apoptosis.
Several preclinical and clinical studies reported that several oriental herbs from plants or
nutrients from foods have protective activity against apoptosis and are potential therapeutic
agents (Park et al., 2004). In the present study, MPTP and MPP+ are used to induce
apoptosis in the mouse and human SH-SY5Y neuroblastoma cells, and the protective effect
of AST, a food constituent, against MPTP or MPP+-induced damages is investigated to
elucidate the mechanism by which AST prevents apoptosis.

In this study, we demonstrate that AST inhibits cell viability loss and ROS elevation caused
by MPP+. We also demonstrate that the regulation of MPP+-induced apoptosis by AST
involves alteration in the expression of the Bcl-2 family leading to mitochondrial damage,
cytochrome c release, and activation of the caspase cascade.
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2. Materials and Methods
2.1. Materials

Anti-PARP-1 antibody was obtained from Santa Cruz (Santa Cruz, CA, USA). Cytochrome
c antibodies were from Oncogene Research Products (San Diego, CA. USA). Anti-actin
antibody was from ICN (Costa Mesa, CA, USA). Anti-Bcl-2, anti-Bax, anti-TH and anti- α-
synuclein antibodies were from Cell Signaling (Beverly, MA, USA). 3-(4,5-dimethyl-2-
thiazolyl)-2,2,7-dichlorofluorescein diacetate (DCFH-DA), MPTP, and MPP+ were from
Sigma (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM) was from
Gibco BRL (Gaithersburg, MD, USA).

2.2. Cell culture
Human neuroblastoma SH-SY5Y cells were cultured in DMEM supplemented with 10% (v/
v) heat-inactivated fetal calf serum and 100 units/ml penicillin/streptomycin. Cells were kept
at 37°C in humidified 5% CO2 and 95% air. All experiments were carried out 24–48 h after
cells were seeded. During MPP+ studies, the growth medium was supplemented with 1 mM
MMP+, 30 μg/ml adiponectin, 15 mM sodium diethyldithiocarbamate trihydrate, and 13
mM 3-amino-1,2,4-triazole as antioxidant enzyme inhibitors.

2.3. Cell viability assay
SH-SY5Y cells were seeded on 96-well plates at a density of 0.5×105 cells/well. The
cultures were grown for 24 h followed by addition of fresh medium containing MPP+. Cell
viability was determined by MTT assay. After incubation for 12 h with the desired drug, 30
μl of MTT reagent (0.5 mg/ml MTT in phosphate-buffered saline containing 10 mM
HEPES) was added to each well and incubated in a CO2 incubator for 2 h. The medium was
aspirated from each well, and the culture plate was dried at 37°C for 1 h. The resulting
formazan dye was extracted with 100 μl of 0.04 N HCl in isopropanol, and the absorbance
was measured in a micro plate reader (Molecular Device, Sunnyvale, CA, USA) at 570 and
630 nm.

2.4. Measurement of caspase-3 activity
Fluorometric assay of caspase-3 activity was conducted as described [Zheng et al., 2004].
Briefly, after exposure to MPP+ with or without SA treatment, cells were lysed for 10 min
in an ice bath, and centrifuged at 14,000 × g for 10 min at 4°C, then the supernatant was
incubated with acetyl-Asp-Glu-Val-Asp-aldehyde-AFC, a pseudosubstrate used to measure
caspase-3 activity, at 37°C for 1 h. Fluorescence intensity was measured using an F-4500
HITACHI fluorescence spectrophotometer (400 nm excitation and 505 nm emission).

2.5. Measurement of anti-oxidant enzyme activity
SOD activity was measured using assay kits purchased from Dojindo (Kumamoto, Japan).
The catalase activity assay was performed as described previously (Beers and Sizer, 1952).

2.6. Measurement of intracellular ROS generation
Intracellular ROS generation was measured by flow cytometry following staining with
CMH2DCFDA. Briefly, SH-SY5Y cells (1 × 105 cells per 60 mm plates) were plated,
allowed to attach overnight and exposed to DMSO (control) or desired concentrations of
AST for specified time periods. The cells were stained with 5 μM CMH2DCFDA for 30 min
at 37°C, and the fluorescence was detected by a fluorescence microscope. Alternatively, the
fluorescence intensity of dichlorofluorescein in cells was determined usingthe flow
cytometer as described previously (Lee et al., 2009). SH-SY5Y cells were seeded in 96-well
plates and incubated with increasing concentrations of MPP+ and/or AST for 24 h. Cells
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were incubated with 10 μM DCFH-DA at 37°C for 30 min and then washed twice with PBS.
Intracellular H2O2 or low-molecular-weight peroxides oxidize DCFH-DA to the highly
fluorescent compound dichlorofluorscein (DCF). The fluorescence intensity of DCF was
measured in a microplate-reader at an excitation wavelength of 485 nm and an emission
wavelength of 538 nm.

2.7. Indirect immunofluorescence microscopy
Immunocytochemistry of cells was performed as described (Soeda et al., 2008). The primary
antibodies used was anti-cleaved caspase-3 (rabbit pAb, 1:200; Cell-Signaling, Beverly,
MA, USA). Alexa Fluor 488 secondary antibody was used (1:1000; Molecular Probes,
Eugene, OR, USA). Cells were counterstained with 4′,6-diamidino-2-phenylindole. The
following hardware was used: Zeiss Axiovert 200 microscope (Carl Zeiss, Gottingen,
Germany), Plan-Neofluar 20 and 40 objectives, AxioCam MrM CCD camera. Axiovision
software was used for image acquisition (Carl Zeiss).

2.8. Measurement of mitochondrial membrane potential
The level of MMP was determined by using a cytofluorimetric, lipophilic cationic dye, 5,5′,
6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimi-dazolylcarbocyanine iodide (JC-1). Green
fluorescence signals were measured in the FL1 channel on the Accuri C6 Flow Cytometer.
Sample data (10,000 cells) were used to prepare histograms of the Cell Quest data analysis
program (Becton Dickinson, Mountain View, CA, USA).

2.9. Flow cytometric analysis using Annexin V and PI
SH-SY5Y cells were centrifuged to remove the medium, washed with PBS and stained with
Annexin V-FITC and PI in binding buffer (10 mM Hepes, 140 mM NaCl, 2.5 mM CaCl2).
Ten thousand events were collected on each sample. Stained cells were analyzed using a
FACScalibur (Becton Dickinson, Mountain View, CA, USA) in the FL1-H and FL2-H
channels.

2.10. Animal model and MPTP-administration
Experiments were conducted on 12-week-old C57BL/6 mice, body weight 25–30 g,
maintained, under standard animal care conditions, on a 12 h day night cycle and given food
and water ad libitum. All studies were carried out in accordance with the protocol of the
local animal care and use committee. Animals were divided into five groups (n=8). The
treatment group received an i.p. injection of MPTP (10 and 30mg kg−1 day−1) at 24 h
intervals for 28 consecutive days, while the sham group in the same paradigm was treated
with an equal volume of saline. The pretreatment group was pretreated with AST (10 and 30
mg kg−1 day−1, i.p.) for 28 days and treated with AST 2 h before receiving MPTP (30mg
kg−1 day−1) for 28 days.

2.11. Tissue preparation
All animals were killed by decapitation 24 h after the last injection. For each mouse, one of
the two substantia nigra was dissected, immediately frozen on dry ice, and stored at -80°C
for Western blotting assay. The other hemi-mesencephalon was placed in chilled 4%
paraformaldehyde in phosphate buffer (PB, 0.1 mM, pH 7.4), fixed at 4°C for 24 h, and then
cryoprotected in 20% glycerol at 4°C for immunohistochemistry assay.

2.12. Immunohistochemistry and quantification
The nigra was serially sectioned, and the section was incubated with 1% bovine serum
albumin (BSA)/3% H2O2 in phosphate-buffered saline (PBS, pH 7.4) for 1 h at room
temperature, and then incubated with the primary antibodies, which were rabbit anti-mouse
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polyclonal antibodies, TH (1:1000, Sigma, USA) overnight at 4°C. Sections were washed
with PBS, then incubated in sequence with biotinylated anti-rabbit IgG and SABC-reagent
(1:400, Vectastain ABC Kit, Vector, USA) for 1 h at room temperature, and finally rinsed
with diaminobenzidine (DAB) to produce a brown-yellow precipitate in the plasma of the
positive cell. Quantification of the effects in brain tissue sections were performed by
counting the TH-positive cell number in SNpc at ×100 magnification and measuring the TH-
positive fiber optical density in striatum (ST) at ×40 magnification using Stereo investigator
software (MBF Bioscience Inc., Williston, VT, USA); data were presented as a percent of
the control group values. The images were photographed under an Axiovert 200 microscope
(Carl Zeiss, Inc., Göttingen, Germany).

2.13. Immunoblot analysis
Cells were lysed with 1 x Laemmli lysis buffer (2.4 M glycerol, 0.14 M Tris, pH 6.8, 0.21 M
sodium dodecyl sulfate (SDS), 0.3 mM bromophenol blue) and boiled for 7 min. Protein
content was measured with BCA Protein Assay Reagent (Pierce, Rockford, IL, USA). The
samples were diluted with 1 x lysis buffer containing 1.28 M β-mercaptoethanol, and equal
amounts of protein were loaded on 8-15% SDS-polyacrylamide gels. SDS-PAGE analysis
was performed according to Laemmli (1970) using a Hoefer gel apparatus. Proteins were
separated by SDS-PAGE and electrophoretically transferred to nitrocellulose membrane.
The nitrocellulose membrane was blocked with 5% nonfat dry milk in PBS-Tween-20
(0.1%, v/v) for 1 h. The membrane was incubated with primary antibody (diluted according
to the manufacturer’s instructions) at 4°C overnight. Horseradish peroxidase conjugated
anti-rabbit or anti-mouse IgG was used as the secondary antibody. Immunoreactive protein
was visualized by the chemiluminescence protocol (ECL, Amersham, Arlington Heights, IL,
USA). To ensure equal protein loading, each membrane was stripped and reprobed with
anti-actin antibody to normalize for differences in protein loading. Molecular sizes were
determined by the relative mobilities of prestained molecular weight markers. Densitometric
analysis was performed with a computer using a gel image analysis program.

2.14. Statistical analysis
Data are expressed as standard error of the mean (SEM). The TH-positive percent was
calculated as: (TH-positive cells/total cells) × 100%. Bands of Western blotting were
calculated by average densitometric analysis. The statistical significance of differences
between groups was determined via one-way analysis of variance (ANOVA). Statistical
significance was assumed at P<0.05.

3. Results
3.1. Effect of AST on MPP+-induced cytotoxicity

It has been well established that neurotoxic agents such as MPP+ can induce neuronal cell
death. In order to investigate the influence of MPP+ on neuronal cell viability, we treated
SH-SY5Y cells with MPP+, and examined the effects of MPP+ at various concentrations on
cell viability at various concentrations. MPP+-induced cytotoxicity was dependent upon
concentrations of the drug (Fig. 2A). Since a final concentration of 1 mM MPP+ and an
incubation time of 24 h were previously identified as optimal times and concentrations (data
not shown) for the induction of deleterious effects on SH-SY5Y cell viability, these
conditions were selected for the rest of experiments. The viability of cells exposed to 1 mM
MPP+ for 24 h was 53.2 ± 2.2% that of the control value, while the viability of cells that
were pretreated for 2 h with AST at a concentration of 25 and 50 μM prior to exposure to
MPP+ increased significantly to 79.6 ± 3.0% and 92.9 ± 2.6% of that of the control value,
respectively (Fig. 2B). And, to examine whether AST protects against MPP+-induced
apoptosis, cells were treated with 1 mM MPP+ in the absence or presence of 50 μM AST for
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24 h and then analyzed with flow cytometric assay. Data from cytometric assay show that
AST inhibits MPP+-induced apoptosis in the SH-SY5Y cells (Fig. 2C). We also verified the
MPP+-induced apoptotic cell death by examining the cleavage of PARP, which is a 116-
kDa nuclear protein that is cleaved to an 89-kDa fragment by activated caspase-3. Treatment
with 1 mM MPP+ caused a marked increase in the cleavage of PARP, which was attenuated
by treatment with 50 μM AST (Fig. 2D). Taken together, these results indicate that the
viability of MPP+-treated cells decreased significantly, but that the AST exerted a protective
effect against the MPP+-induced cytotoxicity.

3.2. AST reduced the MPP+-induced increase of ROS in SH-SY5Y cells
To determine suppression of MPP+-induced ROS production by AST, we measured ROS
production in SH-SY5Y under several conditions. ROS generation, which was detected in
the MPP+ treated cells, was suppressed by treatment with AST (Figs. 3A and 3B). These
results suggest that AST acts as an inhibitor (anti-oxidant) to MPP+-mediated ROS
generation. We hypothesized that MPP+ generates ROS via inhibiting anti-oxidant enzymes
such as SOD and catalase, and AST suppresses MPP+-induced ROS generation by
protecting these anti-oxidant enzymes from MPP+. To examine this possibility, cells were
treated with MPP+ in the presence or absence of AST and then SOD activity (Fig. 3C) and
catalase activity (Fig. 3D) were determined. As shown in Figs. 3C and 3D, the activities of
SOD and catalase decreased to 50% and 37%, respectively, after MPP+ treatment. The
inhibitory effect of MPP+ on SOD and catalase activities suggests that the cytotoxic effect
of MPP+ (Fig. 2) may have resulted from oxidative stress in SH-SY5Y cells. This
possibility was examined by adding SOD or catalase protein during treatment with MPP+.
As shown in Fig. 3E, cell viability decreased to 53% when cells were treated with MPP+
alone for 48 h, but this MPP+-induced viability loss was almost fully inhibited by SOD and
catalase as well as AST. Based on these findings, we postulate that the anti-oxidative
properties of AST may contribute to the protection of SH-SY5Y cells from oxidative stress
caused by MPP+.

3.3. Effects of MPP+ or AST on the protein expression of BCL-2 and BAX
Figs. 2C and 2D show that AST protects cells from MPP+-induced apoptotic death; this may
be the result of protecting cells from MPP+-induced alteration of apoptotic-associated gene
expression. To examine this possibility, we screened the expression of various anti-apoptotic
and pro-apoptotic genes (data not shown). We found that the expression of Bax and Bcl-2
genes was affected by treatment with MPP+ (Fig. 4A). As shown in Fig. 4A, the
intracellular level of Bax protein increased significantly in the 1 mM MPP+-treated group
compared with that in the control untreated group, whereas the intracellular level of Bcl-2
decreased in the MPP+-treated group. Interestingly, AST treatment (50 μM) prevented MPP
+-induced upregulation of Bax and downregulation of Bcl-2. These results were confirmed
by determining the Bax/Bcl-2 ratio. The Bax/Bcl-2 ratio increased to 1.6-fold of the control
upon treatment with MPP+, while AST prevented the MPP+-induced increase of the Bax/
Bcl-2 ratio (Fig. 4B). These results suggest that MPP+ shifts the balance between pro-
apoptotic and anti-apoptotic proteins and AST prevents this alteration.

3.4. Effects of AST on MPP+-induced cytochrome c release and caspase-3 activation
Previous studies showed that apoptosis may occur via a death receptor-dependent (extrinsic)
or independent (intrinsic or mitochondrial) pathway. In the extrinsic pathway, TNF family
(Fas/APO-1 ligand, TNF, TRAIL) proteins bind to the death receptors and activate caspase
cascades via Fas-associated death domain (FADD), an adaptor protein (Kischkel et al.,
2000; Thomas et al., 2004). In the intrinsic pathway, mitochondria play a central role in cell
death in response to DNA damage, and mediate the interaction(s) of various cytoplasmic
organelles, including the endoplasmic reticulum, Golgi apparatus, and lysosomes (Lee et al.,
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2008; Ferri et al., 2001). The mitochondrial pathway of cell death is mediated by Bcl-2
family proteins, a group of anti-apoptotic and pro-apoptotic proteins that regulate the
passage of small molecules, such as cytochrome c, Smac/Diablo, and apoptosis-inducing
factor, which activates caspase cascades, through the mitochondrial transition pore (Lee et
al., 2008; Shi et al., 2008). We hypothesized that MPP+-induced apoptosis is mediated
through the mitochondrial pathway and AST blocks this pathway. To test the hypothesis, we
investigated caspase-3 activation, mitochondrial membrane potential alteration, and
mitochondrial release of cytochrome c during treatment with MPP+ in the presence/absence
of AST. As shown in Figs. 5A and 5B, following 48 h treatment of SH-SY5Y cells with
MPP+ (1 mM), we detected a caspase-3 activity increase to 243% of the control level and
also observed an increase in the active form of caspase-3 in the cells. Addition of 50 μM
AST attenuated MPP+-induced caspase-3 activation and provided 57% suppression (Fig.
5A) and reduced the active form of caspase-3 in the cells (Fig, 5B). However, AST alone did
not show a significant effect on the caspase-3 activity in SH-SY5Y cells, which was
consistent with its lack of apoptotic response (Figs. 2C and 2D). We next examined the
effect of AST on MPP+-induced changes in mitochondrial membrane potential (MMP:
Δψm) which was measured by JC-1 staining. The results showed that the Δψm was
decreased in the SH-SY5Y cells after MPP+ treatment (Fig. 5C). AST (50 μM) prevented
MPP+-induced loss of Δψm. We further examined the effect of AST on MPP+-induced
mitochondrial dysfunction. As shown in Fig. 5D, the release of cytochrome c from the
mitochondria into the cytosol occurred during treatment with 1 mM MPP+ for 48 h. We also
observed a minimal release of cytochrome c from the mitochondria during treatment with 50
μM AST. This may be due to mitochondrial fraction contamination. Nevertheless, the
release of cytochrome c was clearly inhibited by pretreatment with 50 μM AST (Fig. 5D).
These results suggest that MPP+-induced caspase-3 activation and cytochrome c release
from the mitochondria can be effectively blocked by the pretreatment with AST.

3.5. Tyrosine hydroxylase immunohistochemistry
We extended our studies to examine the protective effect of AST on neurotoxin in an animal
PD model. For this study, we used MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine)
which is metabolized into the toxic cation MPP+ by the enzyme monoamine oxidase B
(MAO-B) of glial cells and causes permanent symptoms of Parkinson’s disease by
destroying certain neurons (Sonsalla et al., 2010; Bi et al., 2008). MPTP treatment impairs
tyrosine hydoxylase (TH), which is the rate-limiting enzyme in dopamine biosynthesis.
Immunostaining of the SN using an anti-TH antibody followed by a Histostain -SP Kit
demonstrated that AST pre-treatment (30 mg/kg) for 28 days significantly reduced MPTP-
induced TH-positive dopaminergic neuron loss relative to the MPTP alone group in the SN
(Figs. 6A–b and 6A–d). In control mice, the cytoplasm and fibers of dopaminergic neurons
were intensively stained and the cellular processes were evident, showing evident
immunoreactive positive signals (Fig. 6A–a). In contrast, MPTP treatment resulted in a
marked loss of dopamine-containing SN neurons, few immunoreactive positive cells were
seen and the cellular processes were absent for most cells (Figs. 6A–b). However, in the
AST pre-treated MPTP group, numerous immunoreactive positive cells were evident and the
cell processes were easily observed (Fig. 6–d). AST pre-treatment demonstrated a
significant attenuation of MPTP-induced loss of dopaminergic immunoreactivety in the SN
pars compacta (Fig. 6A–d). In agreement with the above cellular morphological
observations, Fig. 6B revealed that MPTP exposure leads to a marked loss of TH positive
neurons in the SN pars compacta compared to the saline-treated control mice (38 ± 5 vs 74 ±
6, p < 0.05). AST (30 mg/kg) treatment significantly prevented this reduction of TH
immunoreactivity in the SN pars compacta (77 ± 7, p < 0.05). We also examined the change
in the levels of TH and α-synuclein in the SN and stria terminalis (ST) using
immunoblotting assay (Figs. 6C and 6D). As shown in Figs. 6C and 6D, MPTP treatment
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markedly reduced the levels of TH protein in the SN and ST compared to the saline-treated
control mice (p < 0.05). AST administration prevented the MPTP-induced reduction of TH
level in the SN and ST. Interestingly, MPTP treatment significantly increased the level of α-
synuclein, the histological hallmark of Parkinson’s disease, in the SN, but not in the ST.
Moreover, AST effectively inhibited the MPTP-induced elevation of α-synuclein level in the
SN (Fig. 6C). These results suggest that AST can protect dopaminergic neurons from MPTP
neurotoxicity in mice.

4. Discussion
In the present study, AST showed a significant protective effect against MPP+-induced
toxicity and showed no/little toxicity to SH-SY5Y cells. Moreover, the present study
confirmed the effect of AST in an MPTP-induced animal PD model, which included nigral
dopaminergic neuronal loss. Our results clearly demonstrate that AST protects against
MPTP/MPP+-induced neuronal mitochondrial damage by ROS in vivo and in vitro, and
inhibits ROS generation and Δψm collapse induced by MPP+ in SH-SY5Y cells. Present
results suggest that cytoprotection of AST against MPTP/MPP+-induced cell death may be
associated with the attenuation of oxidative damage via inhibiting ROS generation and with
the prevention of Δψm collapse. These results suggest that the balance between generating
and scavenging of free radicals is very important for cell survival.

We used the MTT assay to investigate the protective effects of AST against MPP+-induced
neurotoxicity in SH-SY5Y cells. MPP+, a neurotoxin which plays dominant neurotoxic roles
in selectively damaging catecholaminergic neurons including dopaminergic neurons, has
widely been used in experimental models of PD, and it can operate in extracellular or
intracellular oxidation, yielding ROS that lead to toxic downstream molecules and result in
neuronal damage (Anantharam et al., 2007). It has been demonstrated that MPP+ is involved
in disturbing mitochondrial outer membrane permeability, leading to increased cytosolic
cytochrome c and apoptotic proteins, including caspase-3 (Ahn et al., 2009).

Some studies have reported that ROS are involved in the apoptotic mechanism of MPP+-
mediated neurotoxicity (Di Monte et al., 1986) and may contribute to the apoptotic
processes found in PD (Kehrer et al., 1994). Oxidative stress generated by MPP+ might be,
at least in part, responsible for the opening of the mitochondrial permeability transition pore
and the loss of MMP (Cassarino et al., 1999) As mentioned previously, data from this study
also show that treatment with MPP+ results in a significant increase of ROS (Fig. 3A and
3B). To determine whether suppression of ROS production was effective in preventing
apoptosis, we employed antioxidant enzymes (SOD and catalase) to examine their effects on
SHSY5Y cell death induced by MPP+. Our results showed that SOD and catalase
suppressed MPP+-induced cell death and caspase-3 activation. The protective effects of
antioxidant enzymes suggest the involvement of ROS in the cytotoxic effect of MPP+ on
SH-SY5Y cells. Some antioxidants prevent apoptotic cell death in the dopaminergic cell
lines and SH-SY5Y cells treated with MPP+ (Seaton et al., 1997; Banaclocha et al., 1997).
It was reported that MPTP might preferentially target dopaminergic neurons rather than
other neurons in the same region. Such toxicity in the dopaminergic nigrostriatal system
seems reasonable since the SN is rich in dopamine, which can undergo both enzymatic and
non-enzymatic oxidation to produce free radicals (Fahn and Cohen, 1992). However, the
antioxidant system in the nigrostriatal tract is severely attenuated in drug-induced PD. For
example, MPTP depletes striatal glutathione (GSH) in mice, and this effect may make
dopaminergic neurons more susceptible to oxidative stress (Aoyama et al., 2008). Some
antioxidants could theoretically prevent, at least in part, the progression of PD. There are
several lines of evidence from animal models which imply that a variety of antioxidative
strategies, such as overexpression of Cu, Zn superoxide dismutase, Mn superoxide

Lee and Lee Page 8

Food Chem Toxicol. Author manuscript; available in PMC 2012 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dismutase, or treatment with copper sulfate provide resistance to MPTP (Alcaraz-Zubeldia
et al., 2001; Klivenyi et al., 1998; Przedborski et al., 1992).

While there is more than one pathway to apoptosis, the Bcl-2 family members play an
important role in MPP+-induced apoptotic cell death (Blum et al., 2001). In addition,
O’Malley et al. (2003) reported that the overexpression of Bcl-2 attenuated MPP+-induced
cell death. Flow cytometry analysis revealed that AST reduced the number of apoptotic cells
evoked by MPP+ (Fig. 2). The effects of AST presented here resemble those of
neuroprotective drugs such as green tea polyphenol, epigallocatechin-3-gallate, and
rasagilin, which similarly alter Bcl-2 and Bax expression (Moldzio et al., 2001; Nayak et al.,
2008). Based on these reports and our observations, we hypothesize that AST, through
suppression of ROS generation, inhibits alteration of the Bcl-2 family protein levels in
response to MMP+ treatment and then prevents mitochondria-mediated downstream
molecular events including cytochrome c release and caspase-3 activation. We believe that
the effect of AST on MPP+-induced apoptosis may be, at least partly, mediated by
regulating the expression of Bax and Bcl-2. The interplay between these and other pro- and
anti-apoptotic Bcl-2 family members may determine the fate of cells by regulating the
permeability of the mitochondrial membrane and controlling the release of cytochrome c
from the mitochondria (Lee et al., 2008; Cropton, 2000). Once released to the cytosol,
cytochrome c could form the apoptosome together with apoptosis-activating factor Apaf-1
and procaspase-9, leading to the activation of capase-9, and then activation of capase-3
(Thornberry and Lazebnik, 1998).

Caspase-3 has been demonstrated to participate in MPP+-induced apoptosis (Blum et al.,
2001). Moreover, some previous works showed that reactive oxygen species (ROS) is also
implicated in MPP+-induced cytotoxicity including MPT pore opening and cytochrome c
release (Kakimura et al., 2001; Di Monte et al., 1986). These previous studies implicated
that mitochondrial dysfunction plays an important role in MPP+-induced cytotoxicity, as a
result of the decrease of ATP and MPT (Seaton et al., 1997). In this study, caspase-3
activation increased dramatically following 24 h treatment with MMP+. Addition of AST
attenuated MPP+-induced caspase-3 activation (Fig. 5A and 5B). Our results showed that
AST prevented MPP+-induced loss of MMP and release of cytochrome c from the
mitochondria. High levels of MMP are necessary to maintain closure of a multi-protein pore
and the MPT pore (Tatton and Olanow, 1999). The opening of the MPT pore causes a
release of apoptogenic substances such as cytochrome c from the mitochondria into the
cytoplasm (Nicholls and Budd, 2000). Cytochrome c release from the mitochondria was
proved to play a critical role in apoptosis (Kluck et al., 1996) and has been observed in MPP
+-treated cells (Kakimura et al., 2001). Mitochondrial complex I dysfunction is also
believed to be associated with the pathophysiology of PD (Dawson and Dawson, 2003;
Schapira et al., 1989). Classical dopaminergic degenerative animal models use neuron-
specific neurotoxins such as 6-hydroxydopamine (Glinka et al., 1996), MPTP/MPP+

(Nicklas et al., 1985) or rotenone (Saravanan et al., 2005), which act in part via oxidative
stress to induce mitochondrial complex I dysfunction. In addition, several other pathogenic
mechanisms contribute to the oxidative stress that causes the degeneration of dopaminergic
neurons (Tsang and Chung et al., 2009).

Decreases in dopamine and its metabolites in the striatal nuclei in the brain are associated
with the progressive degeneration of dopaminergic neurons, such as in PD (Bernheimer and
Hornykiewicz, 1965; Ehringer et al., 1960). TH activity itself is markedly decreased in the
SN and ST in the PD brain (Nagatsu et al., 1977), which is one of the mechanisms for the
decrease in dopamine. Borges et al. (2002) reported that TH is modified by sulphydryl
oxidant and that this post-translational modification results in a decrease in TH catalytic
function. Moreover, S-glutathionylation has been suggested to be accelerated by ROS
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(Giustarini et al., 2004). In fact, it was reported that antioxidants exert a protective effect on
TH immunoreactivity (Oyagi et al., 2008). In this study, we demonstrated that dopaminergic
neuron death in the SN was significantly reduced in AST plus MPTP-treated animals (Fig.
6A-d). In addition, concurrent with the decrease of TH levels in the striatum, biochemical
markers of dopaminergic nigrostriatal proteins such as α-synuclein were increased by MPTP
and attenuated by AST treatment (Fig. 6C). It should be noted that, in this study, the animals
were treated with AST on the day of MPTP injection. The roles of α-synuclein in normal
cell function and in neurodegeneration have not been elucidated, but its potential roles in
synaptic plasticity (George et al., 1995), neuronal differentiation (Kholodilov et al., 1999),
the up-regulation of dopamine release (Van der Putten et al., 2000), and mitochondrial
deficits (Cohen and Duke, 1984; Galon et al., 2002) have been reported. Recently, the dual
roles of α-SN in neuroprotection and neurotoxicity were described (Costa et al., 2002; Seo et
al., 2002; Zourlidou et al., 2003). Collectively, these findings imply that MPP+-induced α-
synuclein aggregation in neuroblastoma cells is probably mediated by oxidants generated
from ROS generation. At present, we do not know how MPP+-induced oxidative stress plays
a role in up-regulation of α-synuclein, but it has been recently reported that oxidative stress-
dependent transcription factors are involved or the 5′- and 3′-untranslated region of α-syn
(Leiter et al., 2002). In addition, AST has exhibited neuroprotective effects in other
experimental models (Curek et al., 2010; Liu and Osawa, 2010; Chan et al., 2009; Shen et
al., 2009).

In conclusion, we show that MPTP/MPP+-induced Δψm loss and cell death occurred
following ROS generation. Neuroprotection of AST may be associated with the prevention
of Δψm loss via attenuating ROS generation in MPTP/MPP+ experimental models. Our data
further support the idea that the mitochondria would be an important target to develop
neuroprotective therapeutics for PD, indicating the use of AST for this purpose.
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AST astaxanthin
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DCFH-DA 3-(4,5-dimethyl-2-thiazolyl)-2,2,7-dichlorofluorescein diacetate

DMEM Dulbecco’s modified Eagle’s medium

DMSO Dimethyl sulfoxide

LPO lipid peroxidation

MMP Δψm, mitochondrial membrane potential

MPP+ 1-methyl-4-phenylpyridinium

MPT mitochondrial permeability transition

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine

MTT 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetrazolium bromide

PARP poly (ADP-ribose) polymerase

PBS phosphate buffered saline
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PD Parkinson’s disease

ROS reactive oxygen species

SOD superoxide dismutase

SN substantia nigra

ST stria terminalis

TH tyrosine hydroxylase
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Fig. 1.
Chemical structure of AST.
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Fig. 2.
Effect of AST on the MPP+-induced decrease in SH-SY5Y cell viability. Cell viability (A
and B) or apoptotic death (C and D) was assessed by MTT assay, flow cytometric assay, or
immunoblotting assay as described in the Materials and Methods section. (A) Cells were
treated with various concentrations (0.1–2 mM) of MPP+ for 24 h. (B) Cells were pretreated
with various concentrations (5–50 μM) of AST for 2 h and then treated with 1 mM MPP+
for 24 h in the presence of AST. (C) Cells were treated with either 0.1% DMSO (control) or
1 mM MPP+ in the absence or presence of 50 μM AST for 24 h as described in B. After
treatment, cells were stained with fluorescein isothiocyanate (FITC)-Annexin V and
propidium iodide (PI). Apoptosis was detected by the flow cytometric assay. In A, B, and C,
error bars represent the mean ± SE from three separate experiments. *p < 0.05, compared
with control (untreated group); **p < 0.01, compared with the group treated by MPP+ alone.
(D) Cells were treated as described C and then harvested. Lysates containing equal amounts
of protein (20 μg) were separated by SDS-PAGE and immunoblotted with anti-PARP-1
antibody. Actin was shown as an internal standard.
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Fig. 3.
Effect of AST on MPP+-mediated ROS generation in SH-SY5Y cells. (A) and (B) Cells
were treated with 1 mM MPP+ in the absence or presence of 50 μM AST for 24 h as
described in Fig. 2B. After treatment, ROS generation was determined with 5 μM
CMH2DCFDA. Morphological features were analyzed with a phase-contrast microscope
and fluorescent signals were detected with fluorescence microscopy (A). DCF fluorescence
intensity was determined and plotted (B). (C) and (D) Cells were treated with 1 mM MPP+
in the absence or presence of 50 μM AST for 24 h as described in Fig. 2B. After treatment,
SOD activity (C) and catalase activity (D) were measured. (E) Cells were treated with 1 mM
MPP+ in the presence/absence of 50 μM AST, 20 μg/ml SOD, or 20 μ/ml catalase for 24 h.
Data are expressed as percentage of values in untreated control cultures, and are means ±
S.E.M. (n = 4). *p < 0.05, compared with control (untreated group); **p < 0.01, compared
with the group treated by MPP+ alone.
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Fig. 4.
Effect of AST on the expression of Bcl-2 and Bax in SH-SY5Y cells. Cells were treated
with MPP+ (1 mM) and/or ATS (50 μM) for 24 h, and then cell lysates were subjected to
Western blot analysis (upper panel of A). The levels of Bax and Bcl-2 were quantified by
densitometric analysis (lower panel of A) and the Bax/Bcl-2 ratio was determined (B). Data
are means ± S.E.M. (n = 3). #p < 0.05, compared with control, *p < 0.05, compared with
MPP+ alone;
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Fig. 5.
Effect of AST on MPP+-induced dysfunction of mitochondrial and caspase-3 activity in SH-
SY5Ycells. Cells were treated with MPP+ (1 mM) for 24 h in the presence or absence of 50
μM AST. Enzymatic activity of caspase-3 (A), cleaved caspase-3 (active form of caspase-3)-
positive cells (B), and mitochondrial membrane potential (C) were determined as described
in the Materials and Methods section. Data are from representative experiments repeated at
least three times. Data are means ± S.E.M. (n = 3). *p < 0.05, compared with control
(untreated cells); **p < 0.05, compared with the group treated by MPP+ alone. (D)
Cytochrome c (15 kDa) release into cytosol was determined by immunoblotting for
cytochrome c in the cytosolic fraction. Lysates containing equal amounts of protein (20 μg)
were separated by SDS-PAGE and immunoblotted with anti-cytochrome c antibody. β-
tubulin was shown as an internal standard.
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Fig. 6.
Effects of AST on nigra TH expression and dopaminergic neurons in the mouse MPTP
model. (A) Immunohistochemical staining of dopaminergic neurons with an anti-TH
antibody in the substantia nigra (SN). Photomicrographs were taken at a magnification of
200×. a, control group. b, MPTP-treated group (30 mg/kg, 1×/day for 28 days). c, AST-
treated group (30 mg/kg), d, MPTP + AST-treated group. (B) The immunoreactive cell
counts in the SN pars compacta of control group, MPTP-treated group, AST-treated group,
and AST + MPTP group. Values represent means ± S.E.M of 4 mice per group. *p <0.05
compared with the control group; and **p <0.01 compared with the MPTP-treated group.
(C) and (D) TH and α-synuclein expression was determined in the SN (C) and stria
terminalis (ST) (D). Lysates containing equal amounts of protein (20 μg) from SN or ST
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tissue samples were separated by SDS-PAGE and immunoblotted with anti-α-synuclein or
anti-TH antibody. Actin was shown as an internal standard.
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