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Abstract Pinocembrin (PB), the most abundant flavonoid in
propolis, has been proven to have neuroprotective property
against neurotoxicity in vivo and in vitro. Our recent study
demonstrated the neuroprotective effect of PB against Aβ25–

35-induced SH-SY5Y neurotoxicity. However, the mechanism
as how PB can induce neuroprotection is not known. In the
present study, we demonstrate here that PB abrogates the
effects of the neurotoxin 1-methyl-4-phenylpyridinium
(MPP+) which mimics Parkinson’s disease (PD) with eleva-
tion of intracellular reactive oxygen species (ROS) level and
apoptotic death. We found that pretreatment of SH-SY5Y
cells with PB significantly reduced the MPP+-induced loss
of cell viability, the generation of intracellular ROS, apoptotic
rate, and the cleavage of caspase-3. PB strikingly inhibited

MPP+-induced mitochondrial dysfunctions, including
lowered membrane potential, decreased Bcl-2/Bax ratio, and
the release of cytochrome c. Overall, these results suggest that
PB is intimately involved in inhibiting MPP+-induced loss of
mitochondrial function and induction of apoptosis that con-
tributes toward neuronal survival. These data indicated that
PB might provide a valuable therapeutic strategy for the
treatment of PD.

Keywords Parkinson’s disease . Pinocembrin .MPP+ .

Oxidative stress . Neuroprotection

Introduction

Parkinson’s disease (PD), the second most frequent cause of
dementia after Alzheimer’s disease, is characterized by a
loss of dopaminergic neurons in the substantia nigra. Even
though the etiology of PD remains unclear, several lines of
evidence strongly support the involvement of oxidative
stress and mitochondrial dysfunction (Pieczenik and
Neustadt 2007).

Support for oxidative stress mechanisms in dopaminergic
degeneration in the substantia nigra in Parkinson’s disease
(Jenner et al. 1992) comes from a growing body of evidence,
indicating that this region has a high propensity for oxidative
stress and is also deficient in protective mechanisms (Dickson
2007). Dopaminergic neurons are characteristically vulnera-
ble to oxidative damage due to the high probability of dopa-
mine auto-oxidation and the high lipid and iron contents
(Greenamyre et al. 1999). Insights into PD pathogenesis, the
well-known neurotoxin 1-methyl-4-phenylpyridinium
(MPP+), have long been used to establish experimental
models of PD. MPP+, the active metabolite of 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP), is selectively neu-
rotoxic to DA containing nigral cells and able to produce both
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cell death and Parkinson-like syndromes in primates. This
neurotoxic metabolite accumulates in nigrostriatal neurons
via the dopamine transporter (Chiba et al. 1985) and is subse-
quently transported into the mitochondria by the membrane
potential (Ramsay et al. 1986). MPP+ potently inhibits com-
plex I of the mitochondrial electron transport chain (Singer
and Ramsay 1990) and induces a syndrome closely resem-
bling PD in cellular and animal models (Przedborski and
Jackson-Lewis 1998; Eberhardt and Schulz 2003).

MPP+ stimulates the production of the superoxide radical
in vitro and induces cell death in PC12 cells (Itano et al. 1994).
Moreover, MPTP generates hydroxyl radicals which cause
membrane lipid peroxidation or DNA damage, and this is
thought to be the mechanism of degeneration of dopaminergic
neurons (Sriram et al. 1997; Chiueh and Rauhala 1998).
Excessive free radical formation or antioxidant deficiency
can result in oxidative stress, a possible mechanism of the
toxicity of MPTP (Lotharius and O’Malley 2000). Hence,
drugs that reduce the oxidative stress induced by MPP+ may
prove to be neuroprotective in Parkinson’s disease.

Given the role of oxidative stress in the etiology of PD, one
promising preventive or therapeutic intervention in PD may
attenuate or suppress the oxidative stress-dependent cytotox-
icity. Recently, there have been considerable efforts to search
for natural substances for the neuroprotective potential, and
attention has been focused on a wide array of natural antiox-
idants that can scavenge free radicals and protect cells from
oxidative damage.

Pinocembrin (PB; 5,7-dihydroxyflavanone) is one of the
primary flavonoids isolated from the variety of plants, main-
ly from Pinus heartwood, Eucalyptus, Populus, Euphorbia,
and Sparattosperma leucanthum, in the diverse flora and
purified by various chromatographic techniques. PB is a
major flavonoid molecule incorporated as multifunctional
in the pharmaceutical industry. Its vast range of pharmaco-
logical activities includes antimicrobial, anti-inflammatory,
antioxidant, and anticancer activities. In addition, PB can be
used as neuroprotective against cerebral ischemic injury
(Rasul et al. 2013). Recently, the studies of Du’s groups
showed that PB protected the human neuroblastoma SH-
SY5Y cells overexpressing the Swedish mutant form of
human APP (APPsw) against copper (Liu et al. 2012), and
we also showed that PB protected SH-SY5Y cells against
Aβ-induced neurotoxicity through a apoptotic pathway
(submitted). Although PB exhibited neuroprotective activity,
the protective effect of PB against other oxidative stress-
induced cytotoxicity remained to be explored. The aim of
the present study was therefore to assess the neuroprotective
effect of PB against the toxicity of the parkinsonian neuro-
toxins MPP+ in relation to the mitochondria-mediated cell
death process and role of oxidative stress. Our study verified
that PB exerts neuroprotective effects against MPP+-induced
cell injury through an apoptotic pathway.

Materials and Methods

Materials

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), rhodamine 123 (Rh123), pinocembrin, and
MPP+ were purchased from Sigma-Aldrich Inc. Hoechst
33258 and ECL detection kit were purchased from Beyotime
(Be i j i ng , Ch ina ) . The f l uo r e s cen t dye s 2 ′ , 7 ′ -
dichlorodihydrofluorescein diacetate (H2DCF-DA) were pur-
chased from Invitrogen. Complete Protease Inhibitor was
from Roche Diagnostics GmbH (Penzberg, Germany). Mod-
ified Dulbecco’s Eagle’s medium (DMEM) supplement was
obtained from Gibco Invitrogen Corporation. Anti-Bcl-2,
anti-Bax antibodies, and antibodies against cytochrome c
were from Cell Signaling (Beverly, MA, USA). Antibodies
against cleaved caspase-3 were from Calbiochem (San Diego,
CA, USA). All the other chemicals used were of the high-
grade available commercially.

Cell Culture and Treatment

Human neuroblastoma SH-SY5Y cells were cultured in
DMEM supplemented with 10 % (v/v) fetal bovine serum,
100 U/ml penicillin, and 100 μg/ml streptomycin at 37 °C and
5 % CO2 (Lee et al. 2008; Ahn et al. 2009). PB and MPP+

were dissolved in dimethyl sulfoxide (DMSO) and stored
frozen at −20 °C until use. To induce cell injury, cells were
incubated with 1 mM MPP+ for 24 h. To study the effects of
PB, cells were pre-incubated with PB for 4 h, and then PBwas
added to the medium for an additional 24 h.

Determination of Cell Viability

Cell viability was assessed using conventional MTT reduc-
tion assay. The cultured cells in 96-well plates were pre-
incubated with PB for 4 h and exposed to 50 μM PB for
24 h, and then 20 μl of MTT stock solution (5 mg/ml) was
added to the culture medium for treating another 4 h at
37 °C. The resulted MTT formazan was extracted with
150 μl DMSO, and the absorbance was recorded with a
microtiter plate reader.

Measurement of Apoptotic Cell Death

Apoptosis of SH-SY5Y cells was analyzed by Hoechst stain-
ing. After exposed to 1 mM MPP+ with or without PB as
described above, the cells on coverslips were fixed in 4 %
paraformaldehyde for 20 min and then stained with Hoechst
33258 for 15 min (Lee et al. 2008). Nuclear morphology was
viewed using a fluorescence microscope. The number of cells
with apoptotic morphology appearing condensed or
fragmented nuclei was counted.
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Intracellular ROS Generation Detection

Intracellular ROS was monitored by using the fluorescent
probe 2,7-dichlorofluorescein diacetate (DCFH-DA) (Ahn
et al. 2009). SH-SY5Y cells were seeded in 96-well plates
and were incubated with increasing concentrations of MPP+

and/or PB for 24 h. Cells were incubated with 10 μMDCFH-
DA at 37 °C for 30 min, then washed twice with PBS, and
finally the fluorescence intensity of DCF was measured in a
microplate reader (Wang et al. 2010). Data were analyzed and
expressed as a percentage of the control.

Measurement of Mitochondrial Membrane Potential

Mitochondrial membrane potential (MMP) was monitored
using the Rh123 (Wang et al. 2010). Rh123 was added to
media (at a final concentration of 10 μg/ml) after the cells
exposed to MPP+ with or without PB pretreatment. After
incubation at 37 °C for 30 min, cells were washed and then
measured by fluorescence microplate reader.

Cytochrome c Assay

For measurement of cytochrome c release, the cytosol frac-
tions were prepared as previously reported (Wang et al. 2009).
Briefly, cells were washed twice with 10 ml of cold PBS,
resuspended in 500×g of fresh cytosolic extract buffer
(250 mM sucrose, 20 mM Hepes pH 7.4, 10 mM KCl,
1 mM EGTA, 1 mM EDTA, 1 mMMgCl2, 1 mM dithiothre-
itol, 1 mM phenylmethylsulfonyl fluoride, 1 mM
benzamidine, 1 mM pepstatin A, 10 mg/ml leupeptin, and
2 mg/ml aprotinin), and incubated for 30 min on ice with
frequent tube tapping. Cells were lysed with 50 strokes of a
Dounce Homogenizer (2 ml, tight pestle) on ice, and then
nuclei, unbroken cells, and cell debris were pelleted at
2,500 rpm for 10 min at 4 °C. The supernatant was spun again
at 13,000 rpm for 20 min at 4 °C. The supernatant (now
containing the cytosolic extract) was carefully transferred
and the supernatants were stored at −80 °C, and the final pellet
was used as the mitochondrial fraction. The cytochrome c
levels were determined using a monoclonal antibody to cyto-
chrome c by western blotting as described below.

Western Blot Analysis

Changes in the expression levels of indicated proteins were
assessed by western blotting as described previously (An et al.
2010).

Statistical Analysis

All data were presented as the mean ± SEM. Data were
subjected to statistical analysis via one-way ANOVA followed

by Student’s t test with GraphPad Prism 4.0 software
(GraphPad Software, Inc., San Diego, CA, USA). Mean
values were considered to be statistically significant at
P<0.05.

Results

PB Ameliorated MPP+-Induced Loss of Neuronal Cell
Viability

In the current experiment, we first examined the toxic effect of
MPP+ at various concentrations (0.1–1 mM) on cell viability
of SH-SY5Y cells. The incidences of cell death after exposure
to 1 mM MPP+ for 24 and 48 h were about 75 and 65 %,
respectively (Fig. 1a). Therefore, 1 mM MPP+ for treatment
24 h was used to further study the mechanisms. First, we
tested the toxicity of PB to SH-SY5Y cells. As shown in
Fig. 1b, treatment with PB alone did not cause any cytotoxic
effect on the cell viability up to the highest concentration
(50 μM). However, when the cells were treated with 1 mM
MPP+ for 24 h, their viability decreased to 74% (Fig. 1c). The
MPP+-induced viability loss was attenuated by PB in a
concentration-dependent manner (Fig. 1c). Furthermore, the
results of the phase-contrast microscope were in line with the
results measured by MTT assay (Fig. 1d).

PB Depressed MPP+-Induced Formation of ROS

To determine whether the MPP+-induced cell death in SH-
SY5Y cells is mediated by oxidative stress, we investigated
the formation of ROS within cells by monitoring a conversion
of DCFH2-DA to DCF. Exposure of cells to MPP+ for 24 h
caused a significant increase in DCF fluorescence, whose
response was significantly depressed by the pretreatment with
PB (Fig. 2). These results indicated that PB has the ability to
scavenge ROS induced by MPP+.

PB Inhibited MPP+-Triggered Nuclear Change and Apoptosis

To further study the protective effect of PB on the MPP+-
treated SH-SY5Y cells, Hoechst 33258 staining was used.
The specific DNA stain Hoechst 33258 was used to assess
changes in DNA and nuclear structure following different
treatments. As shown in Fig. 3a, MPP+-treated SH-SY5Y
cells showed presence of aggregated and condensed nuclei
as compared to normal nuclei in control cells. Pretreatment
with 20 μm PB decreased the number of aggregated and
condensed nuclei compared to cells treated with MPP+ alone.
The results of inhibition of caspase-3 activation confirmed
apoptosis inhibiting of PB. As shown in Fig. 3c, d, a marked
increase of activated caspase-3 in MPP+ treatment was ob-
served. However, MPP+-induced activation of caspase-3 was
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inhibited by PB pretreatment in a dose-dependent manner.
This result indicated that PB can inhibit the induction of
caspase-3. These results indicated that PB suppresses MPP+-
induced apoptosis in SH-SY5Y cells.

Neuroprotective Effects of PB Against MPP+-Elicited
SH-SY5Y Cell Apoptosis in Mitochondria-Dependent
Manner

Previous studies suggested that the mitochondrion was a
critical effector of MPP+-induced cell apoptosis. Disruption
of theMMP is one of the earliest intracellular events that occur

following induction of apoptosis. To evaluate the role of
mitochondria in MPP+-induced apoptosis, we investigated
its ability to induce alterations in MMP. The drop in fluores-
cence, indicative of MMP disruption, was measured by fluo-
rescent spectrometer. When cells were treated with 1 mM
MPP+ for 24 h, an increase in the percentage of depolarized
cells was observed (Fig. 4a). PB dose-dependently attenuated
the MPP+-induced collapse of MMP in SH-SY5Y cells.
Figure 4b showed that MPP+ markedly decreased Rh123
staining imaged on fluorescence microscope, indicating a
drop in MMP which is related to mitochondrial dysfunction.
PB (20 μM) pretreatment significantly improved MPP+-in-
duced impairments in MMP.

Next we also detected the expression of Bcl-2 and Bax in
the mitochondria-dependent apoptosis. As shown in Fig. 4c,
treatment of cells with MPP+ induced an increase in the
protein level of Bax and robust decrease in the protein level
of Bcl-2, and there was a significant decrease in the ratio of
Bcl-2/Bax expression in MPP+ treatment compared with the
control using western blot analysis, while PB pretreatment
could prevent the MPP+-induced decrease of the Bcl-2/Bax
ratio. The effect of PB against MPP+-induced apoptosis may
be, at least in part, mediated by regulating of Bcl-2 and Bax
expression.

The mitochondria-mediated cell death was assessed by
measuring a release of cytochrome c into the cytosol and
subsequent activation of caspase-3 (Bras et al. 2005). Next,
we investigated the effect of PB on MPP+-induced cyto-
chrome c release. As shown in Fig. 4d, MPP+ significantly
increased the release of cytochrome c from mitochondria to

Fig. 1 Effects of PB on SH-
SY5Y cell viability. The viability
of SH-SY5Y cells was measured
by MTT assay. aCells were
exposed to MPP+ with indicated
concentrations for 24 or 48 h. b
Cells were incubated with various
concentrations of PB for 24 h. c
SH-SY5Y cells were pre-
incubated with vehicle or various
concentrations of PB for 4 h,
followed by incubation with
1 mM MPP+ for another 24 h.
After this incubation, cell viability
was determined with the MTT
assay. dMorphological changes
of SH-SY5Y cells under the
phase-contrast microscope.
Results are shown as the mean±
SEM and represent three
independent experiments.
*P<0.05; **P<0.01

Fig. 2 PB inhibits MPP+-induced ROS generation. ROS formation,
evaluated by the oxidation of H2DCF to DCF, was assessed 24 h after
incubation with MPP+. PB was pretreated before MPP+ for 4.0 h. Intra-
cellular ROS was determined by fluorescent spectrometer. Relative fluo-
rescence intensity was obtained from three independent experiments, and
the amount of intracellular ROS is expressed relative to that in controls.
*P<0.05; **P<0.01
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the cytosol, and PB (20 μM) pretreatment inhibited the release
of cytochrome c.

Discussion

PD is a chronic, progressive, neurodegenerative disease with
no effective treatment. Thus, the development of effective
neuroprotective drugs is urgently needed. A variety of medic-
inal plants have long been used in traditional Oriental medi-
cine as crude extracts and mixtures, in order to prevent or
alleviate neurological symptoms (Houghton and Howes
2005). These extracts are shown to relieve neurological symp-
toms in experimental animal models, as well as reducing
in vitro activity. The diverse array of bioactive nutrients pres-
ent in the natural products plays a pivotal role in prevention
and cure of various neurodegenerative diseases, such as
Alzheimer’s disease, PD, and other neuronal dysfunctions
(Essa et al. 2012).

Pinocembrin (5,7-dihydroxyflavanone) is one of the pri-
mary flavonoids isolated from the variety of plants, mainly
from P. heartwood, Eucalyptus, Populus, Euphorbia, and
S. leucanthum, in the diverse flora and purified by various
chromatographic techniques. Its vast range of pharmacologi-
cal activities has beenwell researched including antimicrobial,
anti-inflammatory, antioxidant, anticancer, and most recent
neuroprotective activities. The present study demonstrates that
PB protects human dopaminergic SH-SY5Y cells against
MPP+-induced cytotoxicity in several aspects.

Oxidative damage occurs in the parkinsonian brain
(Nagatsu and Sawada 2006), and overproduction of ROS
can cause severe impairment of cellular functions, is also
involved in apoptotic mechanisms, and may contribute to
the apoptotic process found in PD. Both exogenous and
endogenous neurotoxic substances, which induced a parkin-
sonian symptom in vivo and in vitro, are known to provide
partial explanation for chronic neuronal degeneration in PD.
The early chemical agents used for this purpose, such as 6-
hydroxydopamine, were then replaced by MPTP (Kopin
1987; Kopin and Markey 1988). In order to function, MPTP
must be converted into the MPP+ ion, which is an inhibitor of
complex I of the mitochondrial electron transport chain (Beal
2003). MPP+ is concentrated by the dopamine transporter into
dopamine neurons via selective uptake (Pifl et al. 1993). In
simplified in vitro systems, MPP+ is used directly. Incubation
of neural cells with MPP+ increases oxidative stress
(Cassarino et al. 1997) and induces apoptosis (Fall and
Bennett Jr 1999). This treatment results in the rapid simulta-
neous activation of both cell survival and death-promoting
signaling pathways (Halvorsen et al. 2002). Recently, the
endogenous damaging agent, salsolinol (1-methyl-6,7-dihy-
droxy-1,2,3,4-tetrahydroisoquinoline, SALS), was also
shown as toxic to dopaminergic neurons in vitro as well as
in vivo. SALS, found for the first time in the urine of patients
treated with L-DOPA (Sandler et al. 1973) and subsequently in
human brain (Moser et al. 1995; Maruyama et al. 1997), is an
endogenous dopamine metabolite that has structural similarity
toMPTP. SALS is a more realistic model for selective toxicity

Fig. 3 Involvement in anti-apoptosis in the neuroprotective effects of
PB. a SH-SY5Y cells, with or without pretreated PB for 4.0 h, were
exposed to MPP+ for 24 h and then were subjected to Hoechst 33258
staining and viewed under a fluorescence microscope. Arrows indicated
condensed nuclei, and arrowheads indicated fragmented nuclei. bQuan-
tification of abnormal nuclei after exposure to MPP+ in the presence or

absence of PB. Results are taken from three independent experiments. c
Representative image of immunoblots for cleaved caspase-3. The cells
were pretreated with PB for 4 h prior to exposure to MPP+ for 24 h. The
amount of cleaved caspase-3 was determined using western blot analysis.
dDensitometric analysis of changes in levels of cleaved caspase-3. Data
are means±SEM for three independent experiments. *P<0.05; **P<0.01
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to nigral dopaminergic neurons (Storch et al. 2002; Maruyama
et al. 2004; Naoi et al. 2004) and mimics the natural course of
PD that develops slowly, allowing the brain to adapt to pro-
gressive damage (Antkiewicz-Michaluk et al. 2000). SALS
leads to neurotoxicity in dopaminergic cells by inhibiting
mitochondrial electron transport chain (Storch et al. 2000)
and can trigger typical apoptotic dopaminergic cell death
(Copeland Jr et al. 2007) through a reactive oxygen species
activated cascade (Chun et al. 2001). Therefore, numerous
studies have used the SALS-treated cells to investigate the
protective effect of some antioxidants to inhibit SALS-
induced neurotoxicity (Copeland Jr et al. 2005, 2007; Das
and Tizabi 2009; Arshad et al. 2014; Brown et al. 2013).

In the present study, we usedMPP+-treated SH-SY5Y cells
to investigate the protective effect of PB against MPP+-in-
duced neurotoxicity. MPP+-treated SH-SY5Y cells were cho-
sen as a model system to investigate cell death because these

cells exhibit (1) DA neuron characteristics including dopa-
mine synthesis, (2) expression of dopamine receptors, (3)
specific uptake and sequestration of dopamine consistent with
expression of the dopamine transporter (Biedler et al. 1978;
Farooqui 1994; Takahashi et al. 1994), and (4) they can be
differentiated into a neuronal phenotype by incubation with
retinoic acid (Kaplan et al. 1993). MPP+ has been widely used
as a neurotoxin because it elicits a severe Parkinson’s disease-
like syndrome with elevation of intracellular ROS level and
apoptotic death. Our present results show that SH-SY5Y cells
exposed to 1 mM MPP+ significantly increase their produc-
tion of ROS and that PB treatments suppress the MPP+-
induced accumulation of ROS dose-dependently and attenu-
ate MPP+-induced SH-SY5Y death.

Neuronal cell death due toMPP+ is mediated by opening of
the mitochondrial permeability transition pore, releases of
Ca2+ and cytochrome c, and activation of caspases

Fig. 4 Mitochondria dependence of neuroprotective effects of PB against
MPP+-elicited SH-SY5Y cell apoptosis. a SH-SY5Y cells were treated
with indicated concentrations ofMPP+with/without PB for 24 h, and then
MMP alteration was measured by fluorescence microplate reader using
Rh123 staining. bRepresentative micrographs of Rh123-derived fluores-
cence in MPP+ treated cells with or without 20 μM PB were imaged on
fluorescence microscope. c Effect of PB on the expression of Bcl-2 and
Bax in SH-SY5Y cells. Cells were with MPP+ with/without PB for 24 h,

and then cell lysates were subject to western blot analysis. The levels of
Bax and Bcl-2 were quantified by densitometric analysis (upper) and the
Bcl-2/Bax ratio was determined (lower). d PB inhibits MPP+-induced
cytochrome c release. The cells were pretreated with PB for 4 h prior to
exposure to 1mMMPP+ for 24 h. The amounts of cytosolic cytochrome c
(C Cyto C) and mitochondrial cytochrome c (MCyto C) were determined
by western blot analyses. Results are shown as the mean ± SEM and
represent three independent experiments. **P<0.01
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(Cassarino et al. 1999; Lotharius et al. 1999). Formation of the
mitochondrial permeability transition due to exposure of
MPP+ seems to be associated with increased oxidative stress
(Leist et al. 1998). It is thought that neuronal cell death
induced by MPP+ is mediated by the collapse of the MMP
and the opening of mitochondrial permeability transition
(MPT) pore (Seaton et al. 1997). With the MMP depletion
by ROS, the permeability transition pore opened, and inter-
membrane proteins were released out of the mitochondrial,
which in turn activated a downstream executive caspase-3 and
cell death. The present data show that PB treatment signifi-
cantly improved MPP+-induced impairments in MMP
(Fig. 4a). After the disruption of MMP, mitochondrial cyto-
chrome c was released, which ultimately cleave pro-caspase-3
to form active caspase-3(Bras et al. 2005). The interplay
between pro- and anti-apoptotic Bcl-2 family members may
determine the fate of cells by regulating the permeability of
mitochondrial membrane and controlling the release of cyto-
chrome c from mitochondria (Yang et al. 1997). Certain lines
of evidence suggest that the Bcl-2 plays a significant role in
MPP+-induced apoptotic cell death (Blum et al. 2001; Kim
et al. 2009). Bcl-2 family members are intimately involved in
cell death processes caused by MPP+. Next, we investigated
the effect of PB on MPP+-induced Bcl-2/Bax expression. Our
results showed that treatment of cells with MPP+ induced an
increase in the protein level of Bax and decrease in the protein
level of Bcl-2, and there was a significant decrease in the ratio
of Bcl-2/Bax expression in MPP+ treatment compared with
the control. It ameliorates the MPP+-induced Bcl-2/Bax ratio
decrease in SH-SY5Y cells. Therefore, the effect of PB on
MPP+-induced apoptosis may be, at least in part, mediated by
regulation of Bax and Bcl-2 expression and regulation of Bax
and Bcl-2 in an anti-apoptotic mechanism (Fig. 4c).

The opening of the MPT pores causes a release of
apoptogenic substances such as cytochrome c frommitochon-
dria into the cytosol (Nicholls and Budd 2000). Cytochrome c
release frommitochondria was proven to play a critical role in
apoptosis. Using western blot analysis, we investigated the
possible effect of PB on MPP+-induced cytochrome c release
from mitochondria. Our results showed that an increase in
cytochrome c release correlates well with a decrease in the
Bcl-2/Bax ratio, as pro-apoptotic Bax is thought to be up-
stream of cytochrome c release in the mitochondria-mediated
apoptosis pathway.

After the disruption of MMP, mitochondrial cytochrome c
was released, which ultimately cleave pro-caspase-3 to form
active caspase-3. Caspase-3 activation led to DNA breakage,
nuclear chromatin condensation, and cell apoptosis. The acti-
vation of caspase-3 is also believed to be important for com-
mitment to or execution of neuronal apoptosis. The suppres-
sive effect of PB on caspase-3 activity further suggests that the
neuroprotective effect of PB against MPP+-induced cell death
is related to its antioxidant effects.

In summary, we document the neuroprotective effects of
PB in attenuating MPP+-induced neurotoxicity. One of the
most salient features of our present study is that we demon-
strate a new pharmacological activity of PB, i.e., neuroprotec-
tive activity against MPP+-induced neurotoxicity. PB reduces
the toxicity MPP+-induced neurotoxicity in SH-SY5Y cells
through an apoptotic pathway by limiting the induction of
death signaling proteins, Bax, Bcl-2, and caspase-3 enzymes
(Fig. 5).
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