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Abstract

There is mounting evidence implicating the accumulation of intracellular reactive oxygen species (ROS) and reactive nitrogen species
(RNS) in the pathogenesis of neurodegenerative disorders, including Alzheimer's disease. Recently, considerable attention has been focused
on identifying naturally occurring antioxidants that are able to reduce excess ROS and RNS, thereby protecting against oxidative stress and
neuron death. The present study investigated the possible protective effects of piceatannol (trans-3,4,3′,5′-tetrahydroxystilbene), which is
present in grapes and other foods, on hydrogen-peroxide- and peroxynitrite-induced oxidative cell death. PC12 rat pheochromocytoma
(PC12) cells treated with hydrogen peroxide or SIN-1 (a peroxynitrite-generating compound) exhibited apoptotic death, as determined by
nucleus condensation and cleavage of poly(ADP-ribose)polymerase (PARP). Piceatannol treatment attenuated hydrogen-peroxide- and
peroxynitrite-induced cytotoxicity, apoptotic features, PARP cleavage and intracellular ROS and RNS accumulation. Treatment of PC12 cells
with hydrogen peroxide or SIN-1 led to down-regulation of Bcl-XL and activation of caspase-3 and -8, which were also inhibited by
piceatannol treatment. Hydrogen peroxide or SIN-1 treatment induced phosphorylation of the c-Jun-N-terminal kinase (JNK), which was
inhibited by piceatannol treatment. Moreover, SP600125 (a JNK inhibitor) significantly inhibited hydrogen-peroxide- and peroxynitrite-
induced PC12 cell death, revealing inactivation of the JNK pathway as a possible molecular mechanism for the protective effects of
piceatannol against hydrogen-peroxide- and peroxynitrite-induced apoptosis of PC12 cells. Collectively, these findings suggest that the
protective effect of piceatannol against hydrogen-peroxide- and peroxynitrite-induced apoptosis of PC12 cells is associated with blocking the
activation of JNK and the down-regulation of Bcl-XL.
© 2008 Elsevier Inc. All rights reserved.
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1. Introduction

Neurodegenerative diseases have diverse clinical impli-
cations and etiologies. Epidemiological and experimental
studies have identified a wide range of risk factors associated
with neurodegenerative disorders, such as age, genetic
defects, excitotoxicity, oxidative stress, abnormalities of
antioxidant enzymes, deficiencies in neurotransmitters,
metabolic toxicity, autoimmunity and hypertension [1].
Alzheimer's disease (AD) is a typical neurodegenerative
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disorder characterized by progressive degeneration and loss
of neurons in the brain, which have been attributed to the
appearance of neurofibrillary tangles and senile plaques, the
two neuropathological hallmarks of AD [2]. AD is now
recognized as being accountable for redox regulation
involving reactive oxygen species (ROS) and reactive
nitrogen species (RNS). It is also likely that these risk
factors, acting over time, increase the propensity for the
occurrence of inflammatory events within the central
nervous system, which, in turn, increase the production of
ROS and RNS, which then contribute to the neurodegen-
erative processes [3].

Oxidative stress thus occurs when the production of free
radicals increases, scavenging of free radicals or repair of
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oxidatively damaged macromolecules decreases, or both.
Hydrogen peroxide is a representative ROS that is produced
during the redox process and was recently considered to act
as a messenger in intracellular signaling cascades [4,5].
Although not reactive per se, hydrogen peroxide forms the
highly reactive hydroxyl radical by Fenton's reaction in the
presence of a transition-metal ion. The hydroxyl radical
reacts rapidly with almost every cellular macromolecule —
including DNA, lipids and proteins — to produce both
functional and structural alterations therein. In addition to
oxidative stress, nitrosative stress caused by the increased
intracellular accumulation of RNS, such as nitric oxide (NO)
and peroxynitrite [3-(4-morpholinyl) sydnonimine hydro-
chloride], has been implicated in many pathophysiological
processes, such as brain ischemia, inflammation and
neurodegeneration, including AD. Peroxynitrite, which is
the product of the reaction between NO and superoxide, is
involved in the oxidation of proteins, lipids and nucleic acids
in AD [6].

Both ROS and RNS can cause cell death via apoptosis in
many cell types, and such proapoptotic effects can be
blocked or delayed by a wide variety of antioxidants or
antiapoptotic proteins [3,7]. Recently, consider attention has
been focused on a wide array of nonvitamin antioxidants,
such as polyphenolic components that are able to attenuate
intracellular ROS and RNS accumulation, thereby protecting
against oxidative damage [8]. Piceatannol (trans-3,4,3′,5′-
tetrahydroxystilbene) is a polyphenol present in grapes and
wine [9] and in the seeds of Euphorbia lagascae [10].
Previous studies showed that piceatannol exhibited antic-
ancer activity [9,11], but the protective effect of piceatannol
against oxidative and nitrosative neuron cell death has not
been reported. As part of our program to evaluate the
neuroprotective activity of piceatannol, we sought to
determine whether piceatannol could protect PC12 rat
pheochromocytoma (PC12) cells from oxidative and nitro-
sative cell death induced by hydrogen peroxide and
peroxynitrite.
2. Materials and methods

2.1. Chemicals

Hydrogen peroxide was obtained from Junsei Chemical
(Tokyo, Japan). SIN-1, poly-D-lysine, 2′,7′-dichlorofluor-
escein diacetate (DCF-DA), dihydrorhodamine 123
(DHR123), 4,6-diamidino-2-phenylindole (DAPI) and
3-(4,5-dimethyl thiazol-2-yl)-2,5-diphenyl-tetrazolium bro-
mide (MTT) were purchased from Sigma Chemical (St.
Louis, MO, USA). Dulbecco's modified Eagle's medium
(DMEM), fetal bovine serum and horse serum were obtained
from GIBCO BRL (Grand Island, NY, USA). Anti-poly
(ADP-ribose)polymerase (PARP), anti-Bcl-XL, anti-c-Jun-
N-terminal kinase (JNK) and anti-phosphorylated JNK
antibodies were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). An anti-β-actin antibody was
purchased from Sigma Chemical. All other chemicals used
were of analytical grade.

2.2. Cell culture

PC12 cells were kindly provided by Dr. Y.-J. Surh at
Seoul National University and were grown in DMEM
supplemented with 10% heat-inactivated horse serum and
5% fetal bovine serum at 37°C in a humidified atmosphere of
10% CO2 and 90% air.

2.3. Determination of cell viability

The MTT assay provides a sensitive measurement of the
normal metabolic status of cells, particularly that of
mitochondria, which reflects early cellular redox changes.
Cells (2×103) were cultured in a 96-well plate for 24 h. The
cells were treated with 150 μM hydrogen peroxide or
1.5 mM SIN-1 for 24 h in the presence or absence of
piceatannol (10 and 20 μM, respectively) and were then
treated with the MTT solution (final concentration, 1 mg/ml)
for 2 h. The dark-blue formazan crystals formed in intact
cells were dissolved in DMSO, and the absorbance at 570 nm
was measured with a microplate reader. Results are
expressed here as the percentage of MTT reduction relative
to the absorbance of control cells.

2.4. Measurement of nuclear condensation

Cells (5×103) were cultured in a 24-well plate for 24 h and
were then incubated with 150 μM hydrogen peroxide or
1.5 mM SIN-1 for 30 min in the presence or absence of
piceatannol (10 and 20 μM). The cells were washed with
PBS and fixed with 70% ethanol for 20 min. The fixed cells
were washed with PBS and stained with the DNA-specific
fluorochrome DAPI (1 μg/ml). Following 10 min of
incubation, the cells were washed with PBS, and the plates
were observed under a fluorescence microscope (Olympus
Optical, Japan). Apoptotic cells were determined by the
morphological changes after staining with DAPI. Piceatan-
nol-treated cells were expressed as percent degradation
compared to hydrogen peroxide or SIN-1-treated cells. Data
are represented as means±S.D. of the apoptotic cells
calculated from three separate experiments.

2.5. Western blot analysis

Cells (2×105) were cultured in a 60-mm plate for 24 h,
and the cells were then treated with 150 μM hydrogen
peroxide or 1.5 mM SIN-1 for the indicated time in the
presence or absence of piceatannol (10 and 20 μM). Cells
were washed with PBS and collected with 100 μl of lysis
buffer [20 mM Tris–HCl (pH 7.5), 150 mM NaCl, 1 mM
Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4,
1 μg/ml leupeptin]. The protein concentration was deter-
mined using the BCA protein assay kit. Protein samples
were electrophoresed through a 12.5% SDS-polyacrylamide
gel. Proteins on the gel were transferred onto a polyvi-



Fig. 1. Protective effects of piceatannol and resveratrol on the cytotoxic
effects of hydrogen peroxide (A) and SIN-1 (B) in PC12 cells. PC12 cells
were incubated with 150 μM hydrogen peroxide or 1.5 mM SIN-1 for
24 h in the presence or absence of piceatannol (10 and 20 μM,
respectively). The cell viability was determined using the MTT reduction
assay as described in Section 2. Data are mean±S.D. values for three
independent experiments. (**Pb.01, as compared with cells treated with
150 μM hydrogen peroxide or 1.5 mM SIN-1 alone.)
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nylidene difluoride transfer membrane that was blocked
with 5% skim milk containing 0.5 mM Tris–HCl (pH 7.5),
150 mM NaCl and 0.05% Tween-20 for 2 h at room
temperature. The membrane was subsequently incubated
with the primary antibody. After five washes with PBST
(0.1% Tween-20 in PBS), the blots were incubated with
horseradish-peroxidase-conjugated secondary antibodies in
PBST with 5% skim milk at a 1:5000 dilution for 2 h at
room temperature. The blots were then again washed five
times in PBST buffer. Blots were developed using the
enhanced chemiluminescence (ECL) detection method by
immersing them for 5 min in a mixture of ECL reagents A
and B at the ratio 1:1 and exposing them to Kodak film for
a few minutes.

2.6. Assessment of caspase-3 and -8 activities

Cells (1×105) were cultured in a 24-well plate for 24 h,
and the cells were then treated with 150 μM hydrogen
peroxide or 1.5 mM SIN-1 for 12 h in the presence or
absence of piceatannol (10 and 20 μM). The cells were
washed with PBS and lysed for 30 min at 4°C. Cell lysates
were kept on ice for 30 min and then centrifuged at 12,000×g
for 20 min at 4°C. The protein concentrations in the
supernatants were determined using the BCA protein assay
kit. The enzymatic activities of caspase-3 and -8 were
assayed with 200 mM Ac-DEVD-MCA fluorogenic sub-
strates in the assay buffer. Fluorescence was measured at 460
nm using a fluorescence spectrofluorometer, with excitation
at 360 nm.

2.7. Measurement of intracellular ROS and RNS
accumulation

DCF-DA can be deacetylated in cells, where it can react
quantitatively with intracellular radicals (mainly hydrogen
peroxide) to be converted into its fluorescent product, DCF,
which is retained within the cells. Subsequent spectro-
photometry measurements using DHR123 thus provide an
index of cell cytosolic oxidation and generation of
peroxynitrite. The peroxynitrite-dependent oxidation of
DHR123 to rhodamine 123 was measured as described
previously. We measured the intracellular production of ROS
and RNS using DCF-DA and DHR123 assays, respectively.
Cells (1×105) were cultured in a 24-well plate for 24 h, and
the cells were then treated with 150 μM hydrogen peroxide
or 1.5 mM SIN-1 for 30 min in the presence or absence of
piceatannol (10 and 20 μM). The cells were rinsed with PBS
solution, and 10 mM DCF-DA/DHR123 was loaded. After
15 min of incubation at 37°C, the cells were examined at 530
nm with a confocal microscope equipped with a fluorescence
spectrophotometer (F-4500, Hitachi, Tokyo, Japan), with
excitation at 485 nm.

2.8. Statistical analysis

When necessary, data are expressed as means±S.D.,
and the Student's t test was used in statistical analysis for
single comparison. Pb.05 was used as the criterion for
statistical significance.
3. Results

3.1. Piceatannol provided stronger protection than
resveratrol against hydrogen-peroxide- and
peroxynitrite-induced cytotoxicity

PC12 cells were exposed to hydrogen peroxide or SIN-1
(a generator of peroxynitrite) in the presence of piceatannol
or resveratrol for 24 h, and then, cell viability was evaluated
using the conventional MTT reduction assay. Hydrogen
peroxide at 150 μM and SIN-1 at 1.5 mM decreased the cell
viability, and this effect was dose-dependently attenuated by
treatment with piceatannol (Fig. 1). The compounds at these
concentrations alone did not cause any apparent cytotoxicity
(data not shown).



Fig. 2. Effects of piceatannol on nuclear condensation in PC12 cells induced
by hydrogen peroxide (A) and SIN-1 (B). The nuclear morphology of cells
was examined by fluorescence microscopy as described in Section 2. (A) (a)
Control, (b) 150 μM hydrogen peroxide, (c) 150 μM hydrogen peroxide and
10 μM piceatannol. (B) (a) Control, (b) 1.5 mM SIN-1, (c) 1.5 mM SIN-1
and 10 μM piceatannol. Condensed and segmented nuclei are indicated by
arrows. Apoptosis is expressed as percent inhibition compared to H2O2- or
SIN-1-treated cells. Data are mean±S.D. values for three independent
experiments. (*Pb.05, as compared with cells treated with 150 μM
hydrogen peroxide or 1.5 mM SIN-1 alone.)

ig. 3. Effects of piceatannol on cleavage of PARP and degradation of Bcl-

L induced by hydrogen peroxide (A) and SIN-1 (B). PC12 cells were
cubated with 150 μM hydrogen peroxide or 1.5 mM SIN-1 for 24 h in the
resence or absence of piceatannol (10 and 20 μM). Western blot
nalyses were performed for PARP, Bcl-XL and β-actin as described in
ection 2. Data are representative of two independent experiments that gave
imilar results.
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3.2. Piceatannol attenuated hydrogen-peroxide- and
peroxynitrite-induced apoptosis

Cells undergoing apoptosis display a distinct pattern of
structural changes in the nucleus and cytoplasm, including
rapid blebbing of the plasma membrane and nuclear
disintegration. We next assessed apoptosis in PC12 cells
by examining nuclear morphological changes using the
DNA-specific fluorescent dye DAPI. Treatment with hydro-
gen peroxide (Fig. 2A,b) or SIN-1 (Fig. 2B,b) for 24 h
increased the proportion of condensed and fragmented nuclei
in a dose-dependent manner (data not shown). The
fragmentation of nuclei induced by hydrogen peroxide and
peroxynitrite was significantly attenuated by treatment with
10 μM piceatannol (Fig. 2A,c and B,c).

3.3. Piceatannol inhibited hydrogen-peroxide- and
peroxynitrite-induced cleavage of PARP

Cleavage of PARP is associated with the induction of
apoptosis in neurons [12]. To examine the hydrogen-
peroxide- and peroxynitrite-induced apoptotic cell death,
we next investigated whether hydrogen peroxide or
peroxynitrite induces the cleavage of PARP. Treatment
with hydrogen peroxide or SIN-1 for 24 h caused cleavage of
the PARP, and this was inhibited by piceatannol treatment
(Fig. 3).

3.4. Piceatannol inhibited hydrogen-peroxide- and
peroxynitrite-induced down-regulation of Bcl-XL

The intracellular concentration of the antiapoptotic
protein Bcl-2 represents a molecular indicator of whether a
cell dies or survives [13]. Bcl-XL, which is a protein that is
structurally and functionally analogous to Bcl-2, blocks
apoptosis induced by a wide array of death signals [14].
Because Bcl-2 expression is barely detectable in PC12 cells,
we used Western blot analysis to measure the concentration
F
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of Bcl-XL. Treatment of PC12 cells with hydrogen peroxide
or SIN-1 for 24 h decreased the expression of Bcl-XL, which
was blocked by piceatannol treatment (Fig. 3). Equal loading
of proteins was verified by probing the replicate blots for
β-actin.

3.5. Piceatannol inhibited hydrogen-peroxide- and
peroxynitrite-induced activation of caspase-3 and -8

The complex cascade of caspase activation is specific to
apoptosis, in which caspase-3 and -8 have been shown to
play pivotal roles [15]. Although previous studies have
shown that caspase-3 is activated in response to amyloid
beta in PC12 cells, it has not been clarified whether
hydrogen peroxide or peroxynitrite activates caspase-3 and
-8. We found that exposure with hydrogen peroxide or
SIN-1 resulted in up-regulation of caspase-3 and -8 activi-
ties, as demonstrated using the specific fluorogenic peptide
substrates for caspases (Fig. 4). The hydrogen-peroxide-
and peroxynitrite-induced activations of caspase-3 and
-8 were significantly inhibited by treatment with 10 μM
piceatannol (Fig. 4).
Fig. 4. Effects of piceatannol on activation of caspase-3 and -8 induced by hydro
hydrogen peroxide or 1.5 mM SIN-1 for 12 h in the presence or absence of piceatan
colorimetric substrate as described in Section 2. Enzyme activity is expressed relativ
cells treated with 150 μM hydrogen peroxide or 1.5 mM SIN-1 alone.)
3.6. Piceatannol prevented hydrogen-peroxide- and
peroxynitrite-induced ROS and RNS accumulation

The treatment of PC12 cells with hydrogen peroxide or
peroxynitrite induces significant cytosolic and mitochon-
drial production of ROS and RNS, which can be measured
using DCF-DA and DHR123 assays. Exposure of PC12
cells to hydrogen peroxide or SIN-1 resulted in six- to
sevenfold increases in cellular DCF-DA and DHR123
fluorescence intensity (Fig. 5). The changes in fluores-
cence intensity revealed that the pretreatment of 10 μM
piceatannol significantly attenuated intracellular ROS and
RNS accumulation.

3.7. Piceatannol blocked hydrogen-peroxide- and
peroxynitrite-induced phosphorylation of JNK

Activation of JNK has been implicated in neuron death
caused by a wide variety of toxicants [12]. To explore the
molecular mechanisms responsible for the protective effect
of piceatannol against hydrogen-peroxide- and peroxynitrite-
induced oxidative cell death, we assessed phosphorylation of
gen peroxide (A) and SIN-1 (B). PC12 cells were incubated with 150 μM
nol (10 and 20 μM). The caspase-3 and -8 activities were measured using the
e to that in vehicle-treated controls. (*Pb.05 and **Pb.01, as compared with



Fig. 5. Effects of piceatannol on accumulation of intracellular ROS and RNS
induced by hydrogen peroxide (A) and SIN-1 (B). PC12 cells were
incubated with 150 μM hydrogen peroxide or 1.5 mM SIN-1 for 30 min in
the presence or absence of piceatannol (10 and 20 μM). The levels of
intracellular ROS and RNS were measured using DCF-DA and DHR123
assays, respectively, as described in Section 2. (**Pb.01, as compared with
cells treated with 150 μM hydrogen peroxide or 1.5 mM SIN-1 alone.)
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JNK using Western blot analysis. Treatment of PC12 cells
with hydrogen peroxide or SIN-1 induced phosphorylation
of JNK, which was blocked by piceatannol (Fig. 6).

3.8. SP600125 inhibited hydrogen-peroxide- and
peroxynitrite-induced PC12 cell death

To confirm the involvement of JNK activation in hydro-
gen-peroxide- and peroxynitrite-induced apoptosis, we
examined whether SP600125 (an inhibitor of JNK) inhibited
hydrogen-peroxide- and peroxynitrite-induced cell death.
Pretreatment with 10 μM SP600125 attenuated hydrogen-
peroxide- and peroxynitrite-induced cell death (Fig. 7).
ig. 6. Effects of piceatannol on phosphorylation of JNK induced by
ydrogen peroxide (A) and SIN-1 (B). PC12 cells were incubated with
50 μM hydrogen peroxide or 1.5 mM SIN-1 for 24 h in the presence or
bsence of piceatannol (10 and 20 μM). Western blot analyses were
erformed for phosphorylated and total JNK as described in Section 2. Data
re representative of two independent experiments that gave similar results.
4. Discussion

The oxidative stress and nitrosative stress caused by in-
creased intracellular accumulation of ROS and RNS have
been implicated in many pathophysiological processes, such
as brain ischemia, inflammation and neurodegeneration,
including AD [16]. Amyloid beta, which is considered to be
responsible for the formation of senile plaques that accu-
mulate in the brains of patients with AD, was found to induce
apoptosis in cultured neurons via the generation of hydrogen
peroxide [17] or peroxynitrite [18]. Thus, the accumulation
of intracellular ROS and RNS is associated with the patho-
genesis and/or progression of AD. There are multiple lines of
evidence that a proper dietary regimen is important for main-
taining cognitive functioning and preventing or delaying AD.
One of the plausible ways to prevent the cellular injuries
induced by oxidative or nitrosative stress is to augment or
potentiate endogenous oxidative defense capacity through
the dietary or pharmacological intake of antioxidants. Pre-
vious studies have shown that resveratrol exerts beneficial
effects, including chemoprevention and cardioprotection. A
previous study also demonstrated that resveratrol protects
PC12 cells from amyloid-beta-induced apoptosis [19]. Picea-
tannol has been isolated— together with resveratrol— from
grapes and wine and differs from resveratrol by possessing an
additional aromatic hydroxyl group. In the present study, we
found that piceatannol rescued both peroxynitrite- and
hydrogen-peroxide-induced PC12 cell death.

Apoptosis is a gene-regulated mechanism of cell death
that plays a pivotal role in physiological and pathological
processes. Although the specific intracellular signaling
pathways by which hydrogen peroxide and peroxynitrite
trigger cell death are not yet well defined, recent studies have
provided evidence for the involvement of nucleus condensa-
tion and PARP cleavage [12,19]. We found that piceatannol
blocks hydrogen-peroxide- and peroxynitrite-induced
nucleus condensation and PARP cleavage. The involvement
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Fig. 7. Effects of SP600125 on the cytotoxic effects of hydrogen peroxide
(A) and SIN-1 (B) in PC12 cells. PC12 cells were incubated with 150 μM
hydrogen peroxide or 1.5 mM SIN-1 for 24 h in the presence or absence of
SP600125 (10 μM). The cell viability was determined using the MTT assay
as described in Section 2. Data are mean±S.D. values for three independent
experiments. (**Pb.01, as compared with cells treated with 150 μM
hydrogen peroxide or 1.5 mM SIN-1 alone.)
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of mitochondria in apoptosis has been extensively investi-
gated in numerous experimental systems. The members of
the Bcl-2 family are also critical for the regulation of
apoptosis [20]. They control the release of mitochondrial
cytochrome c by modulating the permeability of the outer
mitochondrial membrane and include antiapoptotic mole-
cules (Bcl-2, Bcl-XL, Bcl-W, Mcl-1 and A1). It has been
reported that ectopic expression of bcl-2 protects various
cells from apoptosis induced by oxidative stress [13]. There
are several lines of evidence that Bcl-2 acts via antioxidant
pathways to prevent apoptosis. Bcl-XL is a common
antiapoptotic protein that plays a central role in cell survival.
In the present study, exposure of PC12 cells to hydrogen
peroxide or peroxynitrite resulted in the decreased Bcl-XL

expression, which was prevented by piceatannol treatment.
In general, apoptosis is driven from the activation of a

family of cysteine proteases called caspases, which cleave a
critical set of cellular proteins to initiate apoptotic cell death
[15,21]. The family is expressed as proenzymes and
activated by upstream stimuli. Among at least 14 known
mammalian caspases, those involved with apoptosis can be
further subdivided into the initiator caspases (caspase-2, -8,
-9 and -10) and the effector caspases (caspase-3, -6 and -7).
The two main pathways for activating caspases are the death-
receptor- and mitochondria-mediated mechanisms. Caspase-
3 is a key executioner caspase involved in neuronal
apoptosis, and its activity is controlled by upstream
regulators, such as caspase-8 and -9, which modulate the
mitochondria- and death-receptor-dependent pathway,
respectively. Previous studies have shown that ROS and
RNS directly induce the activation of caspase-3 and -8 in
PC12 cells [15,22,23]. We found that the activities of
caspase-3 and -8 were increased in hydrogen-peroxide- and
peroxynitrite-treated PC12 cells, indicating that the hydro-
gen-peroxide- and peroxynitrite-induced apoptosis of PC12
cells is associated with the activation of caspase-3 and -8.
Piceatannol reduced the hydrogen-peroxide- and peroxyni-
trite-induced activation of caspase-3 and -8 in PC12 cells.

Considerable attention has been paid to hydrogen
peroxide and peroxynitrite because of their potential roles
as secondary messengers in intracellular signaling networks.
The specific intracellular signaling pathways by which
hydrogen peroxide and peroxynitrite trigger cell death are
not yet well defined. Previous studies have provided
evidence for the involvement of JNK in the induction of
apoptosis in several cell lines [12,19]. It is likely that certain
phytochemicals inhibit oxidative-stress- or nitrosative-stress-
mediated phosphorylation of JNK. Treatment of PC12 cells
with hydrogen peroxide or peroxynitrite also led to
phosphorylation of JNK, which was inhibited by piceatannol
treatment. Furthermore, SP600125 (a JNK inhibitor) sig-
nificantly inhibited hydrogen-peroxide- and peroxynitrite-
induced PC12 cell death, revealing inactivation of the JNK
pathway as a possible molecular mechanism for the
protective effects of piceatannol against hydrogen-peroxide-
and peroxynitrite-induced apoptosis of PC12 cells. Many
studies have suggested that antioxidants are able to reduce
excess ROS and RNS and subsequently inhibit neuronal cell
death. We found that piceatannol attenuates accumulation of
hydrogen peroxide and peroxynitrite in PC12 cells. How-
ever, we did not exclude the possibility that piceatannol
directly binds to protein kinases, including JNK, involved
in oxidative neuronal cell death and inhibits their activity. In
summary, these findings indicate that the protective effect
of piceatannol against hydrogen-peroxide- and peroxyni-
trite-induced apoptosis of PC12 cells is associated with
blocking activation of JNK and down-regulation of Bcl-XL.
Piceatannol might, therefore, be a useful chemopreventive
agent for protecting against oxidative and nitrosative neuron
cell death.
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