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Abstract

6-Hydroxydopamine (6-OHDA) is a neurotoxin and is
commonly used to generate experimental models of
Parkinson’s disease (PD). In this study, we investi-
gated the signaling molecules involved in the 6-
OHDA-induced cell death using a neuronal cate-
cholaminergic cell line (SK-N-SH cells), and the
protective effect of fustin, a flavonoid from Rhus
verniciflua Stokes, on 6-OHDA-induced neuronal
death. 6-OHDA significantly increased levels of reac -
tive oxygen species (ROS), intracellular Ca** ([Ca*']),
and p38 phosphorylation. In addition, this ROS
increase by 6-OHDA was reduced by pretreatment
with N-acetylcysteine (NAC), a free radical scavenger,
but not by bis-(o-aminophenoxy)- ethane-N,N,N,N-
tetraacetic acid (BAPTA), a Ca” chelator. However,
the [Ca2+]i increase induced by 6-OHDA was su-
ppressed by NAC. Moreover, pretreatment with NAC
or BAPTA significantly prevented the 6-OHDA-

induced increases in p38 phosphorylation, Bax/
Bcl-2 ratio, and caspase-3 activity. Although 6-
OHDA-increased phosphorylation of p38 was pre-
vented by NAC or BAPTA, inhibition of p38 by
SB203580 did not suppress ROS, Bax/Bcl-2 ratio, or
caspase-3 activity increases, and only partially
prevented 6-OHDA-induced cell death, thus demon-
strating that p38 activation is a component of a
signaling pathway leading to the initiation of
6-OHDA-induced cell death, which acts in parallel
with an ROS-Ca**-Bcl-2-caspase-3 pathway. More-
over, fustin not only suppressed 6-OHDA-induced
cell death in a concentration-dependent manner but
also blocked 6-OHDA-induced increases in ROS,
[Ca®'], Bax/Bcl-2 ratio, caspase-3 activity, and p38
phosphorylation. These results suggest that fustin
exerts neuroprotection against 6-OHDA-induced
cell death.
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Introduction

Parkinson’s disease (PD) is a widespread neuro-
degenerative disorder that is characterized by the
progressive degeneration of dopaminergic neurons
in the substantia nigra. Although the etiology of PD
remains unknown, oxidative stress induced by the
autooxidation of dopamine or by the activation of
monoamine oxidase has been proposed as a
mechanistic possibility (Danielczyk et al., 1988;
Cohen et al., 1997; Floor and Wetzel, 1998; Lotha-
rius and Malley, 2000; Bharath et al., 2002). In
addition, mitochondrial dysfunction has also been
shown to be involved in the pathogenesis of PD
(Hattori et al., 1991; Sherer et al., 2002). However, the
mechanism underlying neuronal degeneration in PD
is unknown. Moreover, it is evident that an under-
standing of the molecular signaling involved in the
degeneration of dopaminergic neurons is likely to aid
the search for suitable therapeutic agents.

Since 6-hydroxydopamine (6-OHDA) is known to
cause selective catecholaminergic cell death and to
be present at elevated concentrations in the brain
and urine of Parkinsonian patients (Curtius et al.,
1974; Andrew et al., 1993), 6-OHDA-induced dopa-



minergic neuron cell death has been widely used to
create toxin-induced in vitro and in vivo models of
PD (Sauer and Oertel, 1994; Przedborski et al.,
1995; Beal, 2001). Moreover, in vitro models have
also been found to be useful in molecular signaling
studies and for testing new pharmacologic agents.

Although the precise mechanism of 6-OHDA-
induced cytotoxicity has not yet been clarified, oxi-
dative stress has attracted much attention as an
important mediator of 6-OHDA-induced cytotoxicity
in vivo (Kumar et al., 1995) and in vitro (Choi et al.,
1999; Shimizu et al., 2002). Moreover, the generation
of ROS and oxidized products, such as, p-quinone
and aminochrome, has been reported during the
nonenzymatic autooxidation of 6-OHDA (Soto-Otero
et al., 2000; Seitz et al., 2005). In addition, it has
been reported that 6-OHDA itself (rather than its
oxidation products) is responsible for neurotoxicity
by inhibiting respiratory chain enzymes (Glinka and
Youdim, 1995).

Neuronal damage resulting from oxidative stress
has been related to the activation of apoptotic
pathways by signaling molecule regulation (Xia et
al., 1995; Chun et al., 2001). Stress-activated protein
kinases, such as, JNK and p38 are known potent
effectors of neuronal apoptosis in response to
various stimuli (Mielke and Herdegen, 2000). In fact,
the active forms of JNK and p38 have been found in
the PD brain post- mortem (Ferrer et al., 2001) as
well as in experimental animals (Saporito et al.,
1999, 2000) and in culture models of PD (Cassarino
et al., 2000; Choi et al., 2004). Furthermore, it has
been reported that the 6-OHDA-induced phosphory-
lation of p38 is linked to the activations of caspase-8
and -9, and thus, to apoptosis.

In addition to oxidative stress, 6-OHDA induces
Ca” release from mitochondria (Reichman et al.,
1994). More recently, it was shown that an increase
in cytosolic Ca”" concentrations leads to a mito-
chondrial calcium overload (Lee et al., 2002), and
that the inhibition of mitochondrial calcium uptake
has been found to be antiapoptotic in several cell
death models (Reynolds, 1999; Bae et al., 2003;
Jambrina et al., 2003). However, the relationship
between ROS and [Ca®] in the 6-OHDA-induced
cell death signaling pathway has not been clarified.

Fustin is an active component of the heartwood of
Rhus verniciflua. Unlike the stem bark, which con-
tains allergenic urshinols, the heartwood does not
have an allergenic effect and has been traditionally
used as a food additive and herbal medicine to treat
rheumatoid arthritis. Recently, the methanol extract
of Rhus verniciflua heartwood, which contains fustin,
showed anti-rheumatoid arthritis and antimutagenic
activities which were found to be mediated via
antioxidant activity (Choi et al., 2003; Park et al., 2004).
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In the present study, we investigated the signaling
pathway involved in 6-OHDA-induced cell death,
and the protective effect of fustin on 6-OHDA-indu-
ced neuronal death.

Materials and Methods

Cell line and cell culture

The SK-N-SH human neuroblastoma cell line was
purchased from the American Type Culture Collec-
tion (Rockville, MA) and grown at 37°C in a humi-
dified incubator under 5% CO2/95% air in Eagle’s
MEM supplemented with 10% FBS, 1 mM sodium
pyruvate, 200 IU/ml penicillin and 200 pug/ml strep-
tomycin. The culture medium was replaced every
other day. Cells were cultured in 96-well plates for
cell viability assays and in 100 mm-diameter dishes
for GSH content and enzyme activity assays.

6-OHDA treatment

6-OHDA was dissolved in MEM including 0.1% as-
corbic acid. Other inhibitors were co-treated or
pretreated 4 h or 30 min prior to 6-OHDA (125 uM)
treatment.

MTT assay

Cell viabilities were measured using 3-[4,5-dimethyl-
thiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT)
assays. Cells were plated at a density of 2 x 10*
cells/well in a 96-well plate and treated with 6-OHDA.

Then, 10 ul of 5 mg/ml of MTT solution was added to
the culture medium and incubated for 4 h at 37°C.

Determination of apoptosis

Cells were plated at a density of 1 x 10° cells per
well in 6-well plates and treated with 6-OHDA for up
to 24 h. For flow cytometry analysis, cells were
collected and washed twice with PBS (pH 7.4). After
fixing in 80% ethanol for 30 min, cells were washed
twice, and resuspended in PBS (pH 7.4) containing
50 pg/ml Pl and 25 pg/ml ribonuclease A for DNA
staining. They were then analyzed using a FACS
Calibur flow cytometer (Becton Dickson, CA). At
least 20,000 events were evaluated. All histograms
were analyzed using Cell Quest (Becton Dickson,
CA) to determine percentage of hypodiploid nuclei as
an indicator of apoptosis (Hockenbery et al., 1990).

Western blot analysis

Cells were lysed in freshly prepared extraction buffer
[10 mM Tris-HCI (pH 7.6), 0.1% Nonidet P-40, 150
mM NaCl, 10 mM EDTA, 1 mM phenylmethylsulfonyl
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fluoride, 2 pg/ml leupeptin, 2 ug/ml aprotinin, and 1
pug/ml pepstatin (Sigma-Aldrich, MO)] for 30 min at
4°C. Protein detection was performed using Bradford
reagent (Bio-Rad, CA). Lysates were centrifuged at
20,000 g for 10 min at 4°C, and supernatant proteins
were separated by 10% SDS-PAGE and transferred
to Hybond ECL nitrocellulose membranes (Amer-
sham Life Science, Buckinghamshire, England). Mem-
branes were blocked with 5% skimmed milk in
Tween-20 containing Tris buffered saline (TTBS) (20
mM Tris-HCI (pH 7.6), 150 mM NaCl, 0.05% Tween-
20) and then incubated with primary anti-human
Bcl-2, Bax, p38, pp38, caspase-3 (cleaved form
specific), and actin antibodies in TTBS containing
3% skimmed milk. The antibodies were obtained
from Cell Signaling Technology (Beverly, MA) except
for Bcl-2 and Bax from Santa Cruz Biotechnology
(Santa Cruz, CA). After incubation with HRP-
conjugated anti-IgG antibody (Santa Cruz Biotech-
nology, CA), immunodetected proteins were visua-
lized using an enhanced chemiluminescence assay
kit (Amersham Biosciences, Buckinghamshire, Eng-
land). Protein band densities were measured using
an Image Analyzing System (UVP, Upland, CA).

ROS measurements (Nitroblue tetrazolium reduction
assay)

Intracellular superoxide generation was measured
by following the conversion of nitroblue tetrazolium
(NBT) to formazan. NBT was added to the culture
medium to a final concentration of 1 mg/ml. After
6-OHDA treatment, cells were lysed and formazan
was dissolved with 2 M KOH and 1.4 volumes of
DMSO. Absorbances were read at 654 nm.

Measurements of [Ca2+]i Levels

Intracellular free Ca®* concentrations were determined
using the fluorescent Ca®" indicator Fura-2. Briefly,
SK-N-SH cells (4.5 x 10° cells/well) were cultured in
a 6-well plate. The cells were then loaded with
Fura-2 acetoxymethylester (Fura-2/AM) to a final
concentration of 3 uM in complete medium and
incubated at 37°C for 50 min with shaking. After the
loading, cells were washed twice with Locke’s solu-
tion (154 mM NaCl, 5.6 mM KCI, 1.2 mM MgCl,, 2.2
mM CaCl,, 5 mM HEPES and 10 mM glucose, at pH
7.4) to remove unloaded Fura-2. Sulfinpyrazone was
added to both the loading medium and washing
solution to a final concentration of 250 uM to prevent
dye leakage (Di Vergilio et al., 1988). Intracellular
Ca®* levels were determined from fluorescence
intensities measured using a FLUOstar OPTIMA
microplate reader (BMG LABTECH, Germany). The
Fura-2-loaded culture plate was placed into a
thermostatically controlled plate holder at 37°C with

shaking. Fluorescence emission at 510 nm was
monitored with the excitation wavelength cycling
between 340 and 380 nm. The [Ca2+]i was expre-
ssed as 380:340 nm fluorescence ratios.

Measurement of caspase-3 activity

Caspase-3 activity was measured by using an Apo-
Alert caspase colorimetric assay kit (BD Bioscien-
ces, San Jose, CA). Briefly, cell lysates were mixed
with DTT (10 mM)-rich reaction buffer containing 50
uM DEVD-pNA, a caspase-3 substrate, and incub-
ated for 1 h at 37°C. Enzyme-catalyzed release of
pNA was monitored using a microplate reader at 405
nm.

Data analysis

The data are expressed as means = SEM and ana-
lyzed using one-way ANOVA and the Student-
Newman-Keul's test for individual comparisons. P
values of < 0.05 were considered statistically signi-
ficant.

Results

Protective effect of fustin on 6-OHDA-induced cell
death

To determine whether fustin has a protective action
in 6-OHDA-induced apoptotic SK-N-SH cell death,
we first performed an MTT cell viability assay, which
showed that fustin suppressed 6-OHDA-induced cell
death in a concentration-dependent manner (Figure
1A). Treatment with fustin alone up to 200 uM did not
affect viability of the cells. According to flow cyto-
metry measurements, 6-OHDA-induced apoptosis,
as determined by PI staining for hypodiploid DNA
content, was significantly prevented by fustin pre-
treatment (Figure 1B).

Since it has been reported that many molecular
species are associated with 6-OHDA-induced cell
death, e.g., reactive oxygen species, [Ca®'], and
MAPKs, we examined which of these signaling mole-
cules are involved in the protective effect of fustin.
Thus, we comfared the effects of specific ROS,
intracellular Ca®* and MAPKs inhibitors on the pro-
tective effect of fustin. PD98059 (10 uM), an ERK
inhibitor, had no effect on 6-OHDA-induced cell
death. In contrast, 6-OHDA-induced cell death was
prevented by the pretreating cells with the following;
N-acetylcysteine (NAC) (10 mM; a free radical
scavenger), BAPTA (2 puM; an intracellular Ca*
chelator), and SB203580 (10 uM; a p38 inhibitor). Of
these NAC had the greatest protective effect on
6-OHDA-treated cells, and SB203580 least effect
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(Figure 2). 6-OHDA was found to significantly increase ROS

The effects of fustin on 6-OHDA-induced ROS and
[Ca®] increases

The similarities observed between the degree of
protection against 6-OHDA-induced cell death by
fustin and co-treatment with NAC or BAPTA indicate
that fustin acts via ROS and [Ca®"] signals. Thus, we
examined whether fustin inhibits the ROS and [Ca®"];
signals associated with 6-OHDA-induced cell death.

levels (Figure 3A), and this was significantly su-
ppressed by fustin (150 uM) but not by SB203580
(10 uM) or BAPTA (2 uM) (Figure 3B). In addition,
the degree of suppression exerted by fustin against
ROS increase by 6-OHDA was nearly similar to the
effect of NAC (10 mM).

As a next step, we assessed the effects of fustin
on 6-OHDA-induced [Cazqi. 6-OHDA was found to
significantly increase [Ca”"] in a time-dependent
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manner (Figure 4A), and this was suppressed by
pretreatment with fustin or NAC (Figure 4B). Fur-
thermore, pretreatment of fustin almost completely
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Figure 2. Intracellular signals involved in 6-OHDA toxicity and pro-
tective action of fustin: p38, ROS, and [Ca®'}. Cells were treated with
6-OHDA after being pretreated with PD98059 (10 M), SB203580 (10
pM), NAC (10 mM) or fustin (150 M) for 30 min, or BAPTA (2 uM) for
4 h. Data points represent the mean values of three independent ex-
periments performed in triplicate. Bars indicate SEMs. *P < 0.05 com-
pared to the 6-OHDA untreated control. P < 0.05 compared to
6-OHDA-treated group.
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suppressed the [Ca®"] increase induced by 6-OHDA.

Effects of fustin on the 6-OHDA-induced expressions
of Bax and Bcl-2

Of the various upstream signals associated with
neuronal degeneration, Bcl-2 family members have
been shown to play a role in mediating cell death in
response to oxidative stress (Bruce-Keller et al.,
1998; Hochman et al., 1998). Indeed, Bax has been
specifically shown to be increased in the dopa-
minergic degeneration associated with PD (Tatton,
2000). In the present study, we found that 6-OHDA
down-regulated Bcl-2 (an anti-apoptotic protein), in a
time-dependent manner, but did not affect the expre-
ssion of Bax (a pro-apoptotic protein), thus resulting
in Bax/Bcl-2 ratio increase, in whole cell SK-N-SH
lysate (Figure 5A). However, fustin prevented 6-
OHDA-induced Bax/Bcl-2 ratio increase. Neverthe-
less, treatment with NAC or BAPTA completely
suppressed 6-OHDA-induced increase in Bax/Bcl-2
ratio. However, pretreatment with SB203580 did not
block Bax/Bcl-2 ratio increase by 6-OHDA (Figure 5B).

The effects of fustin on the 6-OHDA-induced
caspase-3 activation

Since Bcl-2 family members are known to act
upstream of caspase activation (Gross et al., 1999;
Borner, 2003), and the activation of caspase-3 is
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Figure 3. NAC and BAPTA suppress 6-OHDA-induced intracellular ROS. (A) Basal levels of ROS as a function of time after 6-OHDA treatment were
measured using the NBT method, and results are expressed as fold increases versus untreated control intensities. (B) Cells were pretreated with
SB203580 (10 uM), NAC (10 mM) or fustin (150 1M and 300 M) for 30 min, or BAPTA (2 M) for 4 h prior to 6-OHDA treatment for 1 h. Data points
represent the mean values of the three independent experiments performed in triplicate. Bars indicate SEMs. *P < 0.05 compared with the 6-OHDA

untreated control. *P < 0.05 compared to treatment with 6-OHDA alone.
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known to play an important role in the formation of
apoptotic bodies, we examined the effects of fustin
on the 6-OHDA-induced activation of caspase-3.
The treatment with 6-OHDA induced cleavage of
caspase-3 into its 17 and 19 kDa active forms at 6 h
and until 12 h post-treatment (Figure 6A), which
corresponded to an increase in caspase-3 activity
(Figure 6B). However, pretreatment with fustin sig-
nificantly reduced this 6-OHDA-increased caspase-3
activity (Figure 6C). Moreover, pretreatment with NAC
or BAPTA also prevented caspase-3 activity increase
by 6-OHDA. However, pretreatment with SB203580
did not affect the caspase-3 activity increase indu-
ced by 6-OHDA.

The effects of fustin on the 6-OHDA-induced
phosphorylation of p38

Although the participation of p38 in dopaminergic
cell death is controversial, in Figure 2, SB203580
had some protective effect on 6-OHDA-induced cell
death. Therefore, we investigated the effect of fustin
on p38 activation. p38 phosphorylation was markedly
elevated at 3 h following 6-OHDA treatment and this
was sustained up to 6 h post-treatment (Figure 7A).
Fustin significantly blocked 6-OHDA-induced p38
phosphorylation. Similarly, pretreatment with NAC or
BAPTA prevented p38 phosphorylation by 6-OHDA
(Figure 7B).

Discussion

Our present study shows that 6-OHDA-induced cell
death is mediated through ROS and [Ca2+]i increa-
ses of which downstream pathway involves mito-
chondrial (Bcl-2-caspase-3) as well as non-mito-
chondrial (p38 activation) signals. More importantly,
we found that fustin protected neurons against 6-
OHDA-induced death by blocking ROS and [Ca®']
increases and the downstream signals, both mitochon-
drial and non-mitochondrial pathways, by 6-OHDA.
The generation of ROS has been proposed to
play an essential role in the pathogenesis of neuro-
degenerative diseases, including PD (Dauer and
Przedborski, 2003; Dawson and Dawson, 2003). In
particular, 6-OHDA, one of the most commonly used
catecholaminergic neurotoxins, is known to produce
ROS (Vroegop et al., 1995; Lotharius et al., 1999)
and to potently inhibit mitochondrial electron trans-
port chain complexes | and IV (Ogawa et al., 1994;
Glinka et al., 1997). Reduced GSH and its precursor
NAC are recognized as highly effective antioxidants,
and have been shown to protect against neuronal
degeneration in the 6-OHDA-challenged rat striatum
(Froissard et al., 1997). The disruption of mitochon-
drial Ca®* homeostasis has been suggested to be a
major cause of cell damage during conditions of
oxidative stress (Richter and Frei, 1988; Kim et al.,
1998). In addition, it has been reported that 6-OHDA
induces Ca** release from mitochondria (Reynolds,
1999; Bae et al., 2003; Jambrina et al., 2003). In the
present study, ROS increase by 6-OHDA was not
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Figure 5. Fustin, NAC and BAPTA prevent 6-OHDA-induced alteration
of Bax/Bcl-2 ratio in SK-N-SH cells. Cells were exposed to 125 uM of
6-OHDA for 48 h. Fustin (150 uM), NAC (1 mM), or SB203580 (10
pM) were added 30 min prior to 6-OHDA and BAPTA (2 uM) was add-
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Bax and Bcl-2 in three independent experiments and bars indicating
SEMSs. *P < 0.05 compared to the untreated control. *p < 0.05 com-
pared to 6-OHDA treatment alone.

blocked by BAPTA, a Ca®* chelator, whereas
elevation of [Ca®*]; by 6-OHDA was completely inhi-
bited by NAC, an antioxidant (Figure 4). These results
imply that there is a cause-and-effect relationship
between ROS and [Ca2+]i in terms of the mediation
of 6-OHDA toxicity in SK-N-SH cells, and that [Ca®"];
may be downstream of ROS induction by 6-OHDA.
Redox stress and [Ca2+]i increase can lead to
mitochondrial Ca®* overload and the mitochondrial

permeability transition (MPT) (Armstrong, 2006). The
MPT, in turn, results in matrix expansion and mecha-
nical rupture of the outer membrane allowing the
release of apoptogenic proteins, including cytochrome
¢, from the mitochondrial inter-membrane space to
the cytosol (Petit et al., 1996, 1998; Skulachey,
1996). In this process, Bcl-2 family proteins play a
key regulatory role (Kluck et al., 1997; Yang et al.,
1997; Green and Reed, 1998). While the anti-apop-
totic protein Bcl-2 blocks mitochondrial cytochrome ¢
release, the proapoptotic proteins Bax and Bak are
believed to form a channel in the outer membrane
through which cytochrome c¢ passes into the cytosol
(Korsmeyer, 2000). Cytosolic cytochrome ¢ induces
cleavage of procaspase 3 to caspase 3 (Auchon et
al., 2002; Kwon et al., 2003). Active caspase 3 then
mediates the apoptotic cascade. Although there are
several reports showing that 6-OHDA toxicity is
related to the altered expression of Bcl-2 family
proteins (Tsao et al., 2003; Mladenovic et al., 2004),
the signaling pathway involved in 6-OHDA-induced
Bcl-2 level change and cell death is not fully under-
stood. The results of the present study showed that
6-OHDA induced ROS-dependent [Caz+]i increase
(Figure 4B), decreased expression of anti-apoptotic
protein Bcl-2 (Figure 5A), and activation of caspase-3
(Figure 6A). Furthermore, the blockade of increased
ROS and [Ca®"]i by NAC and BAPTA significantly su-
ppressed the 6-OHDA-induced decreased expression
of Bcl-2 (Figure 5B) and caspase-3 activation
(Figure 6C). These results suggest that 6-OHDA-
induced neuronal cell death may be mediated by
redox stress and mitochondrial apoptotic pathway.
Recently, the contribution of p38 MAPK to 6-
OHDA-induced cell death and the events upstream
and downstream of p38 leading to dopaminergic
neuronal death were evaluated (Ouyang and Shen,
2006). Previously others report that 6-OHDA-indu-
ced cell death was prevented by p38 inhibitor
PD169316 (Choi et al., 2004). In the present study,
p38 inhibitor SB203580 also reduced the 6-OHDA-
induced cell death. However, the protective effect of
SB203580 on 6-OHDA-induced cell death was found
to be much lower than that of BAPTA or NAC.
Moreover, the inhibition of p38 phosphorylation by
SB203580 did not suppress the 6-OHDA-induced
increase in ROS, the Bax/Bcl-2 ratio, or caspase-3
activity, thus demonstrating that p38 activation is a
component of a non-mitochondrial signaling pathway
that leads to 6-OHDA-induced cell death, and which
acts in concert with an ROS-Ca*"-Bcl-2-caspase-3
pathway. The protective effect of fustin on the 6-
OHDA-induced phosphorylation of p38 appears to
be mediated via the suppression of ROS and [Ca®']
increases since fustin was found to inhibit both;
moreover, inhibitors of ROS and [Ca®*]; blocked p38
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Figure 6. Fustin, NAC and BAPTA inhibit the 6-OHDA-induced activation of caspase-3. (A) Cells exposed to 125 uM of 6-OHDA for different times
were lysed, and equal amounts of protein were immunoblotted using antibody specific to the caspase-3 cleavage products. (B) Caspase-3 activities
were determined using a caspase-3 activity assay kit (BD Biosciences, San Jose, CA). Data represent the mean values of three experiments and
bars indicate SEMs. (C) Caspase-3 activity was measured in cells treated with 6-OHDA for 1 h. Fustin (150 uM), SB203580 (10 uM), NAC (1 mM) or
BAPTA (2 uM) were added 30 min prior to 6-OHDA but BAPTA (2 uM) was added 4 h before 6-OHDA. Data represent the mean values of three ex-
periments and bars indicate SEMs. *P < 0.05 compared to the untreated control. P < 005 compared with 6-OHDA alone.

phosphorylation by 6-OHDA.

Based on our results, we propose signaling path-
way involved in 6-OHDA-induced cell death and me-
chanism of fustin on 6-OHDA-activated intracellular
signals. 6-OHDA activates two signaling pathways.
The major pathway involves ROS and [Ca®]; me-
diated increases in the Bax/Bcl-2 ratio and in cas-
pase-3 activity, whereas the minor pathway involves
p38 activation which does not interact with the
mitochondrial (Bax/Bcl-2-caspase-3) signaling path-
way. Fustin protects neurons from 6-OHDA-induced
cell death by inhibiting both ROS-Ca?**-Bax/Bcl-
2-caspase-3 and ROS-Ca**-p38 pathways.

In conclusion, our results strongly suggest that
fustin protects neurons from 6-OHDA-induced death
by inhibiting the ROS and Ca*" increases induced by
OHDA, and thus, their downstream signals. The pre-
sent study further suggests that fustin is of phar-
macologic interest agent for the treatment of PD.
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