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ABSTRACT

Parkinson’s disease (PD) is the second most common neuro-
degenerative disease characterized by a progressive loss of
dopamine (DA) neurons in the substantia nigra. Accumulating
evidence indicates that inhibition of microglia-mediated neu-
roinflammation may become a reliable protective strategy for
PD. Resveratrol, a nonflavonoid polyphenol naturally found in
red wine and grapes, has been known to possess antioxidant,
anticancer, and anti-inflammatory properties. Although recent
studies have shown that resveratrol provided neuroprotective
effects against ischemia, seizure, and neurodegenerative dis-
orders, the mechanisms underlying its beneficial effects on
dopaminergic neurodegeneration are poorly defined. In this
study, rat primary midbrain neuron-glia cultures were used to
elucidate the molecular mechanisms underlying resveratrol-
mediated neuroprotection. The results clearly demonstrated
that resveratrol protected DA neurons against lipopolysaccha-
ride (LPS)-induced neurotoxicity in concentration- and time-

dependent manners through the inhibition of microglial activa-
tion and the subsequent reduction of proinflammatory factor
release. Mechanistically, resveratrol-mediated neuroprotection
was attributed to the inhibition of NADPH oxidase. This con-
clusion is supported by the following observations. First, res-
veratrol reduced NADPH oxidase-mediated generation of reac-
tive oxygen species. Second, LPS-induced translocation of
NADPH oxidase cytosolic subunit p47 to the cell membrane
was significantly attenuated by resveratrol. Third and most
importantly, resveratrol failed to exhibit neuroprotection in cul-
tures from NADPH oxidase-deficient mice. Furthermore, this
neuroprotection was also related to an attenuation of the acti-
vation of mitogen-activated protein kinases and nuclear fac-
tor-«kB signaling pathways in microglia. These findings suggest
that resveratrol exerts neuroprotection against LPS-induced
dopaminergic neurodegeneration, and NADPH oxidase may be
a major player in resveratrol-mediated neuroprotection.

Introduction

Parkinson’s disease is among the most common and debil-
itating age-associated neurodegenerative disorder. It has
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been characterized by slow and progressive degeneration of
dopamine (DA) neurons in the substantia nigra and a conse-
quent severe decrease in DA levels in the striatum (Hirsch et
al., 1988). Clinical symptoms of PD include tremor, rigidity,
bradykinesia, and postural instability, which can be allevi-
ated by restoring neurotransmission with the DA precursor
levodopa or with DA agonists. Nevertheless, current thera-
peutic treatments cannot halt this degenerative process (Gao
et al., 2003b).

Intensive studies have revealed that several molecular and
cellular events, including oxidative stress, mitochondrial

ABBREVIATIONS: DA, dopamine; PD, Parkinson’s disease; SN, substantia nigra; ROS, reactive oxygen species; ERK, extracellular signal-
regulated kinase; LPS, lipopolysaccharide; NF-«B, nuclear factor-«B; iNOS, inducible nitric-oxide synthase; MAPK, mitogen-activated protein
kinase; PCR, polymerase chain reaction; MPP*, 1-methyl-4-phenylpyridinium; Nox, NADPH oxidase; DCFH-DA, dichlorodihydrofluorescein
diacetate; SOD, superoxide dismutase; TH, tyrosine hydroxylase; RT-PCR, reverse transcription-polymerase chain reaction; TNF«, tumor necrosis
factor-a; IL-18, interleukin-13; HBSS, Hanks’ balanced salt solution; JNK, c-Jun N-terminal kinase; |«B, inhibitor of «B; IKK, inhibitor of kB kinase;
Iba-1, ionized calcium-binding adapter molecule-1; ANOVA, analysis of variance; U0126, 1,4-diamino-2,3-dicyano-1,4-bis(methylthio)butadiene.
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dysfunction, proapoptotic mechanisms, and abnormal pro-
tein handling, might be involved in the pathogenesis of PD
(Nagatsu and Sawada, 2006). However, the mechanisms un-
derlying the neuronal loss in PD are not fully understood.
Recently, microglia-mediated neuroinflammation has been
recognized to contribute to the cascade of events leading to
PD (Hirsch and Hunot, 2009). Microglia are the resident
immune cells in the brain and serve the role of immune
surveillance. Once exposed to immunological challenges such
as invading pathogens and neuronal injuries, microglia
readily become activated and undergo changes in morphology
(hypertrophy), number (proliferation), and function (phago-
cytosis). Activated microglia also produced a large number of
proinflammatory factors including cytokines, reactive oxygen
species (ROS), and reactive nitrogen species. Among these
proinflammatory factors, NADPH oxidase (PHOX, Nox)-gen-
erated ROS play a key role in neurotoxicity elicited by vari-
ous neurotoxins. DA neurons are known to be extremely
sensitive to oxidative stress because of a lower antioxidant
capacity, an increased accumulation of iron, and a high con-
tent of oxidation-prone DA and lipids (Jenner and Olanow,
1998; Greenamyre et al., 1999). Using in vitro midbrain
neuron-glia cocultures, we have demonstrated a critical role
of proinflammatory factor release from activated microglia in
DA neurotoxicity (Liu et al., 2000).

Resveratrol (3,4’,5-trihydroxy-trans-stilbene) is a natural
nonflavonoid polyphenol found in grapes and red wine and is
recognized as a bioactive agent with a potential benefit for
health. A large number of pharmacological properties includ-
ing cardioprotective, antioxidant, and anticancer effects are
believed to be associated with its beneficial effects (Saiko et
al., 2008). Increasing interest has focused on its anti-inflam-
matory activities. Resveratrol attenuates the activation of
immune cells and subsequent synthesis and release of in-
flammatory mediators through the inhibition of transcrip-
tional factors such as nuclear factor-«B (NF-«B) (Das and
Das, 2007) . In addition, several lines of evidence show that
resveratrol could exert neuroprotection against ischemia, sei-
zure, and neurodegenerative diseases (Markus and Morris,
2008). Here, inflammation-induced dopaminergic neurode-
generation in midbrain neuron-glia cultures was used as an
in vitro PD model for elucidating the molecular mechanisms
underlying resveratrol-mediated neuroprotection. We show
that resveratrol protected DA neurons against LPS-induced
neurotoxicity through inhibiting the activation of microglia
and the release of proinflammatory factors by microglia.
Mechanistically, we observed that resveratrol-elicited anti-
inflammatory and neuroprotective effects were mainly at-
tributed to the inhibition of NADPH-oxidase activity and the
consequent decrease in ROS production.

Materials and Methods

Animals. Timed-pregnant Fisher F344 rats were obtained from
Charles River Laboratories (Raleigh, NC). NADPH oxidase-deficient
(gp91PHOX=/7) and wild-type C57BL/6J (gp917HOX*/*) mice were
obtained from The Jackson Laboratory (Bar Harbor, ME). Housing
and breeding of the animals were performed in strict accordance
with the National Institutes of Health guidelines.

Reagents. Resveratrol, 1-methyl-4-phenylpyridinium (MPP™),
cytosine B-D-arabinofuranoside, leu-leu methyl ester, and superoxide
dismutase (SOD) were purchased from Sigma-Aldrich (St. Louis,
MO). LPS (Escherichia coli strain 0111:B4) and the fluorescence
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probe dichlorodihydrofluorescein diacetate (DCFH-DA) were ob-
tained from Calbiochem (San Diego, CA). All of the materials of cell
cultures were purchased from Invitrogen (Carlsbad, CA). [*'H]DA (30
Ci/mmol) was purchased from PerkinElmer Life and Analytical Sci-
ences (Waltham, MA). The polyclonal anti-tyrosine hydroxylase (TH)
antibody was a gift from Dr. John Reinhard (GlaxoSmithKline, Re-
search Triangle Park, NC). Anti-ionized calcium-binding adapter
molecule-1 (Iba-1) antibody and rabbit anti-p47°7°X antibody were
purchased from Wako Chemicals (Osaka, Japan) and Millipore Cor-
poration (Billerica, MA), respectively. Mouse anti-gp9177°X was ob-
tained from BD Transduction Laboratories (San Jose, CA). All other
primary antibodies came from Cell Signaling Technology (Danvers,
MA). Anti-VECTASTAIN avidin-biotin complex kit and biotinylated
horse anti-mouse and anti-rabbit secondary antibodies were ob-
tained from Vector Laboratories (Burlingame, CA). Sources for other
reagents included the following: WST-1 (Dojindo Laboratories, Gaith-
ersburg, MD), TRIzol reagent (Invitrogen), RNeasy Kit (QIAGEN, Va-
lencia, CA), SYBR green polymerase chain reaction (PCR) master mix
(Applied Biosystems, Cheshire, UK), and enhanced chemilumines-
cence kit (GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK).

Primary Rat Midbrain Neuron-Glia and Neuron-Astroglia
Cultures. Primary neuron-glia cultures were prepared from the
ventral mesencephalic tissues of embryonic day 14 to 15 rats as
described previously (Liu et al., 2000). In brief, dissociated cells were
seeded at 5 X 10%well and 10%/well in poly(D-lysine)-coated 24- and
96-well plates, respectively. The cultures were maintained at 37°C in
a humidified atmosphere of 5% CO, and 95% air in maintenance
medium that was made up of minimum essential medium containing
10% heat-inactivated fetal bovine serum, 10% heat-inactivated horse
serum, 1 g/l glucose, 2 mM L-glutamine, 1 mM sodium pyruvate, 100
M nonessential amino acids, 50 U/ml penicillin, and 50 pg/ml
streptomycin. Seven-day-old cultures were used for drug treatments.
At the time of treatment, immunocytochemical analysis indicated
that the rat neuron-glia cultures consisted of 10% microglia, 50%
astrocytes, 40% neurons, and 1% tyrosine hydroxylase immunoreac-
tive neurons. For treatment, cultures were changed to treatment
medium composed of minimum essential medium, 2% fetal bovine
serum, 2% horse serum, 2 mM L-glutamine, 1 mM sodium pyruvate,
50 U/ml penicillin, and 50 pg/ml streptomycin. Primary neuron-
astroglia cultures were obtained by suppressing microglial prolifer-
ation with 1.5 mM leu-leu methyl ester added to neuron-glia cultures
24 h after seeding the cells, as described previously (Zhang et al.,
2006). Three days later, cultures were changed back to maintenance
medium and used for treatment 7 days after initial seeding. The
percentage of microglia in the cells was <1%.

Primary Microglia-Enriched Cultures. Primary microglia-en-
riched cultures were prepared from the whole brains of 1-day-old rat
pups as described previously (Zhang et al., 2006). After a confluent
monolayer of glia cells had been obtained, microglia were shaken off,
and immunocytochemical analysis indicated that the cultures were
95 to 98% pure for microglia. Cells were seeded at 5 X 10°/well and
10%/well in 24- and 96- well plates and used for treatment the
following day.

Primary Midbrain Neuron-Enriched and Reconstituted
Neuron-Microglia Cultures. Midbrain neuron-enriched cultures
were established as described previously. Cytosine B-D-arabino-
furanoside was added to a final concentration of 6 to 8 uM 24 h after
seeding to suppress glial proliferation. The 7-day-old neuron-en-
riched cultures were composed of 90% neurons, 10% astrocytes, and
<0.1% microglia. The reconstituted cultures were established by
adding 10% (5 X 10*well) of primary microglia back to neuron-
enriched cultures as described previously (Liu et al., 2000).

[BHIDA Uptake Assay. [*'H|DA uptake assay was performed as
described previously (Gao et al., 2002a). Cultures were incubated for
20 min at 37°C with 1 uM [*H]DA in Krebs-Ringer buffer (16 mU
sodium phosphate, 119 mM NacCl, 4.7 mM KCl, 1.8 mM CacCl,, 1.2
mM MgSO,, 1.3 mM EDTA, and 5.6 mM Glc, pH 7.4). Cells were
washed with ice-cold Krebs-Ringer buffer and then collected in 1 N
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NaOH. Radioactivity was determined by liquid scintillation count-
ing. Nonspecific DA uptake observed in the presence of mazindol (10
uM) was subtracted.

Immunocytochemical Staining. Immunostaining was per-
formed as described previously (Liu et al., 2000). DA neurons were
recognized with an anti-TH antibody, and microglia were detected
with anti-Iba-1 antibody. In brief, 3.7% formaldehyde-fixed cells
were treated with 1% hydrogen peroxide followed by sequential
incubation with blocking solution, after which the cultures were
incubated overnight at 4°C with primary anti-TH (1:5000) and anti-
Iba-1(1:1000) antibodies. Cells were incubated with biotinylated secondary
antibody for 1 h followed by incubation with VECTASTAIN avidin-biotin
complex reagents for 40 min, and then color was developed with
3,3’-diaminobenzidine. For morphological analysis, the images were
recorded with a charge-coupled device camera and operated with the
MetaMorph software (Molecular Devices, Sunnyvale, CA). For visual
counting of TH-positive neurons, four representative areas per well
of the 24-well plate were counted. In each condition, three wells were
used for cell counting.

Nitrite, TNF«, and IL-18 Assay. The production of NO was
accessed by measuring the accumulated levels of nitrite in the cul-
ture supernatants with the Griess reagent. The release of TNFa and
IL-1B8 was measured with the immunosorbent assay kits from R&D
Systems (Minneapolis, MN).

Real-Time RT-PCR. Total RNA was isolated using TRIzol re-
agent (Invitrogen) and purified with RNeasy kit (QIAGEN). The
primers were designed with ABI Primer Express software (Ap-
plied Biosystems, Foster City, CA). The sequences of the primers
were the following: B-actin, GTATGACTCCACTCACGGCAAA (forward),
GGTCTCGCTCCTGGAAGATG (reverse); iNOS, ACATCAGGTCGGC-
CATCACT (forward), CGTACCGGATGAGCTGTGAATT (reverse); TNFa,
GACCCTCACACTCAGATCATCTTCT (forward), CCTCCACTTGGTG-
GTTTGCT (reverse); and IL-18, CTGGTGTGTGACGTTCCCATTA (for-
ward), CCGACAGCACGAGGCTTT (reverse). Total RNA was reverse-
transcribed with MuL.V reverse transcriptase and oligo(dT) primers.
The SYBR green PCR Master Mix was used for real-time PCR
analysis. The relative differences in the expression of these inflam-
matory factors among groups were expressed using cycle time
values as follows: the cycle time values of the interested genes
were first normalized with B-actin of the same sample, and then
the relative difference between control and each treatment group
was calculated and expressed as a relative reduction, setting the
LPS at 100%.

Superoxide Assay. The production of extracellular superoxide
was accessed by measuring the SOD-inhibitable reduction of the
tetrazolium salt WST-1 (Tan and Berridge, 2000). Primary micro-
glia-enriched cultures in 96-well plate were washed twice with
Hanks’ balanced salt solution (HBSS) without phenol red. Cells were
then incubated at 37°C for 30 min with vehicle control or resveratrol
in HBSS (50 ul/well). Thereafter, 50 ul of HBSS with and without
SOD (50 U/ml) was added to each well along with 50 ul of WST-1 (1
mM) in HBSS and 50 ul of vehicle or LPS (10 ng/ml). The absorbance
at 450 nm was read with a SpectraMax Plus microplate spectropho-
tometer (Molecular Devices) every 5 min for 1 h. The different ab-
sorbance observed in the presence and absence of SOD was consid-
ered to be the amount of produced superoxide.

Intracellular ROS Assay. Intracellular ROS were determined
by using the DCFH-DA assay. Primary microglia-enriched cultures
were seeded in 96-well plate and then exposed to DCFH-DA for 1 h,
followed by pretreatment with resveratrol for 30 min and then treat-
ment with HBSS containing LPS. After incubation at 37°C for 30
min, the fluorescence was read at 485 nm for excitation and 530 nm
for emission using a SpectraMax Gemini XS fluorescence microplate
reader.

Western Blot Analysis. For subcellular fractions, primary mi-
croglia-enriched cultures were lysed in hypotonic lysis buffer (1
mM EGTA, 1 mM EDTA, 10 mM B-glycerophosphate, 10 mM NakF,
1 mM sodium orthovanadate, 2 mM MgCl,, 10 mM dithiothreitol,

1 mM phenylmethylsulfonyl fluoride, and 10 ug/ml each of leupep-
tin, aprotinin, and pepstatin A), incubated on ice for 30 min, and
then subjected to Dounce homogenization. The lysates were loaded
onto a sucrose gradient in lysis buffer (0.5 M) and centrifuged at
1600g for 15 min. The supernatant above the sucrose gradient was
used as the cytosolic fraction after centrifugation at 150,000g for 1 h.
The pellet was solubilized in 1% Nonidet P-40 hypotonic lysis buffer
and was used as the membranous fraction. For extracting the whole-
cell lysates, microglia-enriched cultures were washed with cold phos-
phate-buffered saline and lysed with radioimmunoprecipitation as-
say cell lysis buffer consisting of 50 mM Tris-HCI, pH 7.4, 150 mM
NaCl, 1 mM EDTA, 5 pug/ml aprotinin, 1 mM phenylmethylsulfonyl
fluoride, 5 wg/ml leupeptin, 1% Triton X-100, 1% sodium deoxy-
cholate, and 1 mM Na3VO,. The lysates were incubated on ice for 30
min and then centrifuged at 12,000g for 25 min. Protein levels were
quantified using BCA assay. Equal amounts of total protein (30-50
ngllane) were separated on 4 to 12% Bis-Tris »-PAGE gel and trans-
ferred onto polyvinylidene difluoride membranes. Membranes were
blocked with 5% nonfat milk and then incubated with the following
primary antibodies: anti-p477HX, anti-gp917#°X  anti-phospho-
ERK1/2, anti-ERK1/2, anti-phospho-p38, anti-p38, anti-phospho-
JNK, anti-JNK, anti-phospho-p65, anti-p65, anti-phospho-IKKg, anti-
IKKB, anti-phospho-IkBe, anti-IkBa, anti-B-actin, anti-iINOS, and
anti-Iba-1 at 1:1000 dilution followed by horseradish peroxidase-
conjugated secondary antibodies at 1:2500 dilution. The blots were
developed with enhanced chemiluminescence reagent.

Statistical Analysis. Data were expressed as mean * S.E.M.
Statistical significance was analyzed by one- or two-way ANOVA
with treatment or time/dose/culture type as the independent factors.
When ANOVA showed significant differences, pair-wise comparisons
between means were tested by Bonferroni’s post test with correction.
A Pearson’s coefficient test was conducted using GraphPad Prism
software for correlation analysis (GraphPad Software Inc., San Di-
ego, CA). The coefficient of determination (+2) and p value (two-
tailed) were used to show the correlation between groups. Overall, a
value of p < 0.05 or < 0.01 was considered statistically significant.

Results

Resveratrol Protected DA Neurons against LPS-
Induced Neurotoxicity. Mesencephalic neuron-glia cul-
tures were pretreated with resveratrol (1560 uM) for 30 min
and then stimulated with LPS (10 ng/ml). Seven days later,
the degeneration of DA neurons was assessed by determin-
ing [PH]DA uptake and counting TH-positive neurons. As
shown in Fig. 1A, significant treatment effect of resveratrol
against LPS-induced neurotoxicity were found by [’H] DA
uptake [F5 15, = 49.46, p < 0.0001]. Post hoc analysis
showed that LPS reduced DA uptake capacity by approxi-
mately 60% compared with the vehicle-treated control cul-
tures (¢ = 10.24, p < 0.01 versus control). Pretreatment of
resveratrol significantly restored LPS-induced reduction of
DA uptake capacity at 30 uM (¢ = 3.821, p < 0.01) and 60 uM
(¢ = 7.012, p < 0.01) Similar to the [’H]DA uptake assay, cell
count revealed that pretreatment of resveratrol (60 uM) sig-
nificantly attenuated the LPS-induced decrease in the num-
ber of TH-positive neurons [ANOVA: F; 5, = 19.45, p <
0.0001; post hoc analysis: ¢t = 3.742, p < 0.01 versus LPS]
(Fig. 1B). Morphologically, in addition to the reduction in the
abundance of DA neurons in LPS-treated cultures, neurites
of the remaining TH-positive neurons became shorter and
fragmented compared with the vehicle control cultures. In
resveratrol-treated cultures, not only more DA neurons sur-
vived, but their neurites were also less affected compared
with the LPS-treated cultures (Fig. 1C). These morphological
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changes were consistent with the results from the functional
assay of [PH]DA uptake.

To determine whether resveratrol-mediated neuroprotec-
tion was time-dependent, [*H]DA uptake assay was deter-
mined 1, 3, 5, and 7 days after LPS addition. As shown in Fig. 2,
LPS treatment caused a significant reduction of DA uptake
capacity in a time-dependent manner; the LPS-induced pro-
gressive decrease of DA uptake was attenuated by pretreat-
ment with resveratrol. The two-way ANOVA indicated a
significant effect for treatment [F5 5, = 65.46, p < 0.0001]
and for time [F; 35, = 28.21, p < 0.0001]. Thereafter, Bon-
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Fig. 1. Resveratrol protected DA neurons against LPS-induced neurotox-
icity. Rat primary mesencephalic neuron-glia cultures were seeded in
24-well culture plates at 5 X 10°/well and then pretreated with various
concentrations of resveratrol (15—-60 uM) for 30 min before the addition of
10 ng/ml LPS. Seven days later, the LPS-induced dopaminergic neuro-
toxicity was determined by [*H]DA uptake assay (A) and the quantifica-
tion of TH-positive neurons after immunostaining of DA neurons with an
anti-TH antibody (B). Representative images of immunostaining from
three independent experiments are shown (C). Scale bar, 100 um. Results
are the mean = S.E.M. from three independent experiments performed in
triplicate, and data from [*H]DA uptake assay are expressed as a per-
centage of the control cultures. #, p < 0.05 compared with control cul-
tures; *, p < 0.05 compared with LPS-treated cultures.
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ferroni post test analysis revealed that although an initial
30% decrease of DA uptake was not prevented by resveratrol
3 days after LPS treatment (¢ = 0.5934, p > 0.05), a signifi-
cant protection in resveratrol-treated cultures was observed
after longer treatment periods (¢ = 3.047, p < 0.05 for 5-day
treatment; t = 4.322, p < 0.001 for 7-day treatment). Taken
together, these results indicate that resveratrol exerted neu-
roprotection against LPS-induced dopaminergic neurodegen-
eration in both concentration- and time-dependent manners.

Microglia Were Essential for Resveratrol-Mediated
Neuroprotection. To determine whether the neuroprotec-
tive effects of resveratrol were dependent on the presence of
glia cells, four types of cultures, including neuron-glia, neu-
ron-microglia, neuron-astrocyte, and neuron-enriched cul-
tures, were prepared and treated with 0.5 uM MPP™", the
active metabolite of 1-methyl-4-phenyl-1,2,3,6-tetrahydropy-
ridine. MPP™ was used in this experiment because this toxin
exerts DA neuronal damage in dual manners: 1) through the
inhibition of mitochondrial complex I after its uptake by DA
neurons; and 2) through the induction of reactive microgliosis
(secondary microglial activation to neuronal damages) and
the consequent secretion of proinflammatory factors (Gao et
al., 2003a; Gao and Hong, 2008). Seven days after the treat-
ment, MPP"-induced neurotoxicity was determined by
[*H]DA uptake assay. The pretreatment of resveratrol sig-
nificantly protected MPP"-induced neurotoxicity in neu-
ron-glia (¢ = 4.243, p < 0.001) and neuron-microglia cultures
(t = 4.709, p < 0.001) but not in neuron-astrocyte (¢ = 1.344,
p > 0.05) or neuron-enriched cultures (¢t = 1.604, p > 0.05)
(Fig. 3). The two-way ANOVA indicated a significant effect for
cell type [F(5 35, = 5.607, p = 0.0033]. These results together
indicate that microglia are the target of resveratrol-mediated
neuroprotection.

Resveratrol Attenuated LPS-Induced Activation of
Microglia and Production of Proinflammatory Fac-
tors. Microglia activation and the subsequent release of var-
ious proinflammatory factors were the key source of the
damage to DA neurons (Gao and Hong, 2008). To investigate
the basis of the neuroprotective effects of resveratrol on LPS-

33 Control B LPS (10 ng/ml)
3 Resveratrol (60 pM) EEI LPS + Resveratrol (60 pM)

_ 120-
o
*g' 100-
o 80- # * %
o
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P #
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Days after the treatment (days)

Fig. 2. Resveratrol afforded neuroprotection against LPS-induced dopa-
minergic neurotoxicity in a time-dependent manner. Primary neuron-glia
cultures were pretreated with resveratrol (60 nM) and then stimulated
with LPS (10 ng/ml). The neurotoxicity was quantified by [*H]DA uptake
assay 1, 3, 5, and 7 days after LPS treatment. Results are expressed as a
percentage of the control cultures and are the mean += S.E.M. from three
independent experiments performed in triplicate. #, p < 0.05 compared
with control cultures; *, p < 0.05 compared with LPS-treated cultures.
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induced neurotoxicity, we evaluated the ability of resveratrol to
inhibit LPS-induced microglia activation. Neuron-glia cul-
tures were pretreated with resveratrol for 30 min followed by
the stimulation with LPS. At 1, 4, and 7 days after LPS
treatment, the whole-cell lysis was harvested The two-way
ANOVA indicated a significant effect for treatment [F; &, =
79.06, p < 0.0001] and for time [F, ,6, = 13.36, p < 0.001] on
the expression of Iba-1, a marker of activated microglia.
Specifically, the level of Iba-1 was initially increased 1 day
after LPS treatment (¢ = 3.409, p < 0.01) and enhanced by up
to 4-fold of control cultures 4 days later (¢ = 10.83, p < 0.001)
and then maintained at 3-fold level at day 7 (¢ = 6.846, p <
0.001) (Fig. 4, A and B). The pretreatment of resveratrol
significantly inhibited LPS-induced elevation of Iba-1 expres-
sion (¢ = 5.383, p < 0.001 for day 4; ¢ = 2.997, p < 0.05 for day
7). In addition, morphological assay of Iba-1-positive micro-
glia indicated that resveratrol significantly attenuated the
activation of microglia. LPS-stimulated microglia exhibited
an enlarged cell body and irregular shapes, a transformation
from resting round and small cells to the highly activated
amoeboid status (Fig. 4C).

We further investigated whether resveratrol was capable
of reducing the production of microglia-derived proinflamma-
tory factors. Because the proinflammatory factors released
from microglia vary in terms of time and quantities, different
time points were adjusted for the measurement of each proin-
flammatory factor: TNFa at 3 h, whereas NO and IL-13 at
24 h after LPS treatment. The results showed that resvera-
trol treatment significantly affected LPS-induced production
of proinflammatory factors measured from the supernatant
of neuron-glia cultures [TNFa: F5 5, = 118.0, p < 0.0001;
NO: Fi5 12, = 26.49, p < 0.0001; IL-1B: F5 45, = 52.83,p <
0.0001] (Fig. 5A). Post hoc test revealed that resveratrol
significantly reduced LPS-induced secretion of TNFa (¢t =
4.338, p < 0.05), IL-1B8 (t = 4.915, p < 0.05), and NO (¢ =
4.997, p < 0.05) at 30 uM concentration, whereas 60 uM
resveratrol greatly suppressed the production of TNF« (¢ =
6.557, p < 0.05), IL-1B (¢ = 8.291, p < 0.05), and NO (¢ =

3 Control El MPP* (0.5 uM)

125- = Resveratrol (60 uM) [EE MPP* + Resveratrol (60 uM)
S
o 4 — _ _ _
£ 100 *
8 4 * 4 Y
b~ -
o 75 # #
S # #
£ 501
©
o
o
S
<« 254
o
0
Neuron- Neuron- Neuron- Neuron-
enriched astrocyte microglia glia

Fig. 3. Microglia are essential for resveratrol-mediated neuroprotection.
Four types of cultures including neuron-glia, neuron-enriched, neuron-
astrocyte, and neuron-microglia reconstituted cultures were pretreated
with resveratrol (60 uM) followed by the treatment of 0.5 uM MPP™. The
[PH]DA uptake analysis was performed 7 days after MPP* addition.
Results are expressed as a percentage of the control cultures and are the
mean +* S.E.M. from three independent experiments performed in trip-
licate. #, p < 0.05 compared with control cultures; *, p < 0.05 compared
with MPP"-treated cultures.

6.766, p < 0.05) (Fig. 5A). As shown by real-time RT-PCR
analysis, LPS treatment led to marked increase in mRNA
expression of TNFa, iNOS, and IL-18 in neuron-glia cultures.
However, the pretreatment of resveratrol apparently inhib-
ited LPS-induced mRNA expression of these proinflamma-
tory factors [ANOVA: TNFq, F;5 5, = 60.28, p < 0.0001;
iNOS: Fi5 19, = 86.44, p < 0.0001; IL-1B, F 5 15, = 67.47,p <
0.0001; Post hoc test, TNFa ¢t = 4.079, p < 0.05 for 30 uM; ¢ =
6.410, p < 0.05 for 60 uM; iNOS ¢ = 5.274, p < 0.05 for 30
uM; ¢ = 9.041, p < 0.05 for 60 uM; IL-18 ¢ = 4.517, p < 0.05
for 30 uM; ¢ = 8.035, p < 0.05 for 60 uM] (Fig. 5B). Moreover,
the expression of iNOS protein was determined by Western
blotting assay. As shown in Fig. 5C, the treatment with
resveratrol for 24 h significantly inhibited LPS-induced in-
crease of iNOS protein [ANOVA, F; g = 20.10, p < 0.001;
post hoc test, ¢ = 4.899, p < 0.05].

NADPH Oxidase Participated in Resveratrol-Medi-
ated Neuroprotection against LPS-Induced Neurotox-
icity. Among the proinflammatory and cytotoxic factors re-
leased by activated microglia, superoxide has been shown to
be a key element in contributing to the oxidative stress in PD
(Gao et al., 2003b). To determine whether resveratrol was
able to decrease the LPS-induced production of ROS, primary
microglia-enriched cultures were used to measure the pro-
duction of extracellular superoxide and intracellular ROS.
The results showed that notable release of superoxide was
detected in LPS-treated cultures; resveratrol significantly
inhibited LPS-induced production of superoxide [ANOVA,
Fi5 19y = 7.911, p = 0.0017; post hoc test, £ = 3.651, p <
0.05] and intracellular ROS [ANOVA, F; 5, = 11.77,p <
0.001; post hoc test: t = 4.130, p < 0.05] (Fig. 6).

Because NADPH oxidase is the key enzyme required for
the production of ROS in activated microglia, studies were
performed to determine whether resveratrol inhibited the
activation of NADPH oxidase induced by LPS. It has been
reported that the activation of NADPH oxidase requires the
translocation of phosphorylated cytosolic subunits (p477#79X,
p67FPHOX and p40PHOX) to the cell membrane and binding to
the catalytic subunit cytochrome b5 composed of p22FH#0X
and gp91779X (Groemping and Rittinger, 2005). Western
blotting analysis showed that LPS caused a significant in-
crease of p47°#°X in the membrane of microglia and this
increase was blocked by the pretreatment of resveratrol
[ANOVA, F(3 5, = 15.92, p = 0.001; post hoc test, t = 4.338,
p < 0.05] (Fig. 6C). Thus, we concluded that resveratrol
decreased LPS-induced ROS production through the inhibi-
tion of NADPH oxidase activation.

Additional evidence further supporting the critical role of
NADPH oxidase in mediating the neuroprotective effects of
resveratrol came from an experiment using NADPH oxidase-
deficient (gp91FH#9X~/~) cultures. The midbrain neuron-glia
cultures from gp917#°X~/~ and wild-type (p9177°**/*) mice
were prepared and pretreated with resveratrol for 30 min
followed by LPS treatment for 7 days. As shown in Fig. 6D,
similar to the rat midbrain neuron-glia cultures (Fig. 1A),
LPS treatment caused a 40% reduction in the cultures from
wild-type mice; resveratrol significantly attenuated this
LPS-induced neurotoxicity [ANOVA, F 4 = 37.50, p <
0.0001; post hoc test, ¢ = 4.054, p < 0.05]. A smaller but
significant reduction of DA uptake capacity was also dis-
cerned in LPS-treated cultures from gp917H%X~'~ mice
[ANOVA, F(5 5, = 10.13,p < 0.01; post hoc test: ¢ = 4.034,p <

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

Resveratrol Protects Microglia-Mediated Neurodegeneration

0.05], whereas no neuroprotective effects were seen in these
cultures pretreated with resveratrol (post hoc test, ¢ = 1.579,
p > 0.05). These results strongly suggested that NADPH
oxidase was a major target of resveratrol-mediated neuropro-
tection against LPS-induced neurotoxicity.

Resveratrol Inhibited LPS-Induced Activation of
MAPKs and NF-kB in Microglia. Previous studies have
shown that MAPKSs were associated with the activation of
NADPH oxidase and the consequent regulation of immune
responses (Bardwell, 2006). Therefore, we evaluated inhibi-
tory effects of resveratrol on LPS-induced activation of
MAPKSs, including ERK1/2, p38, and JNK. Primary micro-
glia-enriched cultures were pretreated with resveratrol for
30 min and then incubated with LPS for another 15 min.
Western blot analysis indicated that the pretreatment of
resveratrol had significant effects on LPS-induced phosphor-
ylation of ERK1/2 [F(5 &, = 81.21, p < 0.0001], p38 [F(5 g, =
28.54,p = 0.0001], and JNK [F5 g, = 31.54, p < 0.0001] (Fig.

A D-1 D-4

471

7); the phosphorylation of MAPKs was significantly reduced
by the pretreatment of resveratrol, as indicated by post hoc
test: ERK1/2 (¢ = 7.915, p < 0.05); p38 (¢ = 4.741, p < 0.05);
and JNK (¢ = 4.637, p < 0.05) (Fig. 7).

We next investigated whether resveratrol influenced the
activation of NF-«kB signaling pathways. In the resting con-
ditions, NF-«B is mainly located in the cytoplasm in an
inactive form through the binding to its inhibitor IxBs. In
response to inflammatory stimuli, I«Bs are rapidly phosphor-
ylated via IKK complex and then degraded, which allows the
release and translocation of NF-«B dimers (p50 and p65) to
the nucleus and thereby regulates the expression of target
genes. Resveratrol pretreatment significantly influenced
LPS-induced phosphorylation of IKKB [F5 g = 39.91, p <
0.0001], IkBa [F(3, g = 28.42, p = 0.0001], and p65 [F(3 g =
36.21, p < 0.0001] (Fig. 7); Post hoc test indicated that such
elevated phosphorylation was greatly attenuated by resvera-
trol: IKKB (¢ = 3.609, p < 0.05); IkBa (¢ = 4.844, p < 0.05);
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Fig. 4. Resveratrol attenuated LPS-
induced microglia activation. Rat pri-
mary mesencephalic neuron-glia cul-
tures were pretreated with resveratrol
(60 uM) for 30 min before LPS (10 ng/
ml) stimulation. After 1, 4, and 7 days of
LPS treatment, the total cell protein
was harvested, respectively, and the
level of Iba-1 protein was determined by
Western blotting analysis (A). The ratio
of densitometry values of Iba-1 and
B-actin was accessed and normalized to
each respective control group (B). Re-

B 3 Control E LPS (10 ng/ml)
500 = Resveratrol (60 uM)
#
= 4004
o~
S 9o
B 8 £ 300-
S 55
T Q0
@ %X O
=%«
& S © 200
23R
25
s
1004

4 7

Days after the treatment (days)

sults were the mean * S.E.M. from
three independent experiments per-
formed in triplicate. #, p < 0.05 com-
pared with control cultures; *, p < 0.05
compared with LPS-treated cultures.
Seven days after LPS treatment, the

C cultures were immunostained with anti-
o X T P ¥ w . Iba-1 antibody (C). Activated microglia
2 WQ'_C_, Yo, " RE vefatrol ko_.liwl) Wz exhibited an enlarged cell body and ir-
Al et ,‘:_'.‘;.(‘ - b VR e o, N regular shapes, a shift from resting
B g e 4TS 'ﬁ-‘- e 3 ¥ = o L round and small cells to the highly acti-
[ S E SR TN e AL ST vated amoeboid status. Images presented
ot el By . et e NS . .
B i o Fl o T RO were representative of three independent
e VAR S '5: S B e Bl 'g-\l"‘ e experiments. Scale bar, 200 um.
gL /0 F PRt ol v Ty INLr
a Vv v l“ L _I!" ‘% » ‘_l“:“,.l % o ."‘v-‘}
4’\“1_.'\1" i ¥ N ”\,lq’ Saa i *a

i . o .

. -
}?@@if 54y BPS RIS eriblicPuty
| ; o | 1 S E ¢ \
R T = T M T T g

2t “
‘xﬁ,";‘* e SRl S VAR NS iy L,
4 ,l"lﬂ ,:t!"\.\,'“‘ L 'fk",‘{‘ U T o ’
£ S0 s T i SR T
¥ .‘1’.0 e T y'\‘"o# W
B S et ¥ i (T RS
+ 4 p i v ™ o™ IR, -

- - g A £ . A T e B
EEEERCRY . D k) hER A ST TEY 2

2T0Z ‘T Jeqwiadaq uo 1sanb Aq 6o sjeuinofjadse weydjow wol} papeojumod


http://molpharm.aspetjournals.org/

aspet’

472  Zhang et al.

A 2000-

1500
1000+

5004

TNFa production (pg/ml)

0-
Resveratrol (uM)
LPS (10 ng/ml)

mRNA expression (% of LPS)

8- #
# —_—
=
* = 64
c
* K]
S 4 *
k-]
o *
o
o
z
0_.
- 60 - 15 30 60 Resveratrol (M) - 60 - 15 30 60
- - + + + + LPS (10 ng/ml) - - + + + +
__ 15007
£ #
=]
£
g 10004
.g *
3
9 5001 *
Q.
=
=
0_
Resveratrol (uM) - 60 - 15 30 60
LPS (10 ng/ml) - - + + + +
1 Control EEm LPS (10 ng/ml) LPS + Resveratrol (30 uM)

125+

100+

75+

50

B Resveratrol (60 uM) == LPS +Resveratrol (15pM) = LPS +Resveratrol (60 uM)

TNFq iNOS IL-18
12 h 24 h

Resveratrol - + - o+ -+ - +
+

LPS

+
iINOS S S ﬁ

- -+ o+

Factin s saem——————

iNOS/B-actin

(% of control)

250+

200+

1504

1004

504

[ cControl EEl LPS (10 ng/ml)
B Resveratrol (60 pM) EEI LPS+Resveratrol (60 uM)
#

Fig. 5. Resveratrol inhibited
the levels of proinflammatory
factors produced by LPS-acti-
vated microglia. Primary neu-
ron-glia cultures were pre-
treated with resveratrol for 30
min before 10 ng/ml LPS stim-
ulation. The supernatant was
collected in the following time
point after LPS treatment: 3 h
for TNFa assay; and 24 h for
nitrite (an indicator of NO
production) and IL-18 assays.
The release of TNFa and
IL-1B8 was detected by en-
zyme-linked immunosorbent
assay and the production of NO
was accessed by Griess reagent
(A). The mRNA expression of
proinflammatory factors was
measured by real-time RT-PCR
at different time after LPS
treatment: 1 h for TNFa and
3 h for IL-18 and iNOS (B).
Twelve and 24 h after LPS
treatment, the total protein
was harvested, respectively, to
detect the levels of iNOS using
Western blotting assay (C). Re-
sults were the mean = S.E.M.
from three independent experi-
ments performed in triplicate. #,
p < 0.05 compared with control
cultures; *, p < 0.05 compared
with LPS-treated cultures.
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Fig. 6. NADPH oxidase participated in resveratrol-mediated neuroprotection against LPS-induced neurotoxicity. Primary microglia-enriched cultures
were pretreated with resveratrol for 30 min before LPS treatment. The production of extracellular superoxide was detected by SOD-inhibitable
reduction of WST-1 (A), and the levels of intracellular ROS were measured with DCFH-DA (B). After LPS treatment for 15 min, subcellular fractions
were isolated to perform Western blot analysis for p47°%9¥ Jevels in membrane and cytosolic fractions of microglia. B-Actin and gp917#°X were used
as internal cytosolic and membrane controls, respectively (C). Primary neuron-glia cultures from PHOX"* and PHOX /~ mice were pretreated with
resveratrol (60 uM) for 30 min and then stimulated with 10 ng/ml LPS. Seven days later, the neurotoxicity was accessed by [*H]DA uptake assay (D).
Results are expressed as a percentage of the control cultures and are the mean = S.E.M. from three independent experiments performed in triplicate.

#, p < 0.05 compared with control cultures; *, p < 0.05 compared with LPS-treated cultures.
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and p65 (¢ = 4.911, p < 0.05) (Fig. 8). Furthermore, a Pear-
son’s coefficient test (Table 1) indicated a positive correlation
between the suppression of MAPKs and NF-«B pathway
activation (Figs. 7B and 8B) and the attenuated production of
proinflammatory factors (Fig. 5A). Thus, the inhibition of
LPS-elicited MAPKs and NF-«B activation by resveratrol is
well correlated to the attenuated release of TNFq, IL-18, and
NO (Fig. 5). In addition, a positive correlation between the
attenuation of membrane translocation of p4777°X and the
inhibition of MAPKSs and NF-«B activation suggests a cross-
talk between these signaling pathways.

Discussion

In this study, we demonstrate that resveratrol produced
significant neuroprotection on DA neurons against LPS-in-
duced neurotoxicity. Using multiple primary cell cultures, we
have elucidated novel mechanisms and advanced our under-
standing of the relationship between the anti-inflammatory
and the neuroprotective effects of resveratrol. First, our
study showed that resveratrol protected DA neurons against
LPS-induced neurotoxicity in the midbrain neuron-glia cul-
tures through inhibiting the activation of microglia and the

A
Resveratrol (60 pM) - + - +
LPS (10 ng/ml) - - .+ +
p-p38
p38
p-JNK
B

3 Control
8- 3 Resveratrol (60 pM)

B LPS (10 ng/ml)

Fold increase
‘.‘

p-ERK1/2/ERK1/2 p-p38/p38 p-JNK/JNK

production of proinflammatory factors. Second, our study is
the first report indicating that microglial NADPH oxidase is
a major target mediating resveratrol-elicited anti-inflamma-
tion and neuroprotection. Further mechanistic study showed
that resveratrol reduced the ROS production through sup-
pressing the translocation of cytosolic subunit p4777°X to the
cell membrane. Third, our results also suggest that inhibition
of NADPH oxidase by resveratrol may link to the inhibition
of attenuated activation of MAPKs and NF-«B and subse-
quent decreases of proinflammatory factors, TNFa and NO.
These findings strongly suggest that anti-inflammatory ac-
tions underlie resveratrol-mediated neuroprotection.

It is interesting to note that resveratrol afforded neuropro-
tection against both LPS- and MPP*-induced dopaminergic
neurotoxicity, two toxins with different modes of actions.
LPS directly induced microglial activation and the subse-
quent release of various proinflammatory factors, which
eventually caused DA neuronal damage. In contrast,
MPP" directly led to dopaminergic neuronal damage ini-
tially and then damaged neurons released toxic soluble
factors such as a-synuclein, which in turn induced micro-
glial activation termed reactive microgliosis (Gao et al.,

Fig. 7. Resveratrol inhibited LPS-induced MAPKs activa-
tion in microglia. Primary microglia-enriched cultures were
pretreated with resveratrol (60 uM) for 30 min followed by
LPS (10 ng/ml) treatment for 15 min. The whole-cell pro-
tein was harvested to perform Western blotting assay (A).
The ratio of densitometry values of phosphorylated MAPKs
compared with total MAPKs was analyzed and normalized
to each respective control group (B). Results are the
mean * S.E.M. from three independent experiments. #, p <
0.05 compared with control cultures; *, p < 0.05 compared
with LPS-treated cultures.

3 LPS + Resveratrol (60 pM)
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2003a). We have reported previously that these reacti-
vated microglia also produced proinflammatory factors and
contributed to additional neuronal damage (Gao and Hong,
2008). Here, we propose that resveratrol prevented MPP*-
induced neurotoxicity through the inhibition of reactive mi-
crogliosis. Either direct microglial activation induced by LPS

p-IKKB

e e g o T
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TABLE 1

B LPS (10 ng/ml)
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p-lkBa/B -actin  hcBa/f -actin

or reactive microgliosis induced by MPP™ caused DA neuro-
nal damage. Based on the requirement of microglia in res-
veratrol-mediated neuroprotection (Fig. 3), we concluded
that microglia were the target of resveratrol action and res-
veratrol exerted neuroprotection through the inhibition of
microglial activation (Figs. 4—8).

Fig. 8. Resveratrol prevented LPS-induced activation of
microglia NF-kB signaling pathway. Primary microglia-
enriched cultures were pretreated with resveratrol (60 M)
for 30 min and then incubated with LPS (10 ng/ml) for 15
min. The whole-cell lysates were analyzed by Western blot-
ting assay (A). The ratio of densitometry values of phos-
phorylated p65 and IKKB compared with total p65 and
IKKp and phosphorylated IkBa and total IkBa relative to
B-actin was analyzed and normalized to each respective
control group (B). Results are the mean = S.E.M. from
three independent experiments. #, p < 0.05 compared with
control cultures; *, p < 0.05 compared with LPS-treated
cultures.

Correlation between MAPKs and NF-«B activation and proinflammatory factor production as well as p47 activation

Primary microglia-enriched cultures were pretreated with resveratrol (60 nM) for 30 min and then incubated with LPS (10 ng/ml) for 15 min. The activation of various
molecular signaling molecules (Figs. 7B, 8B, and 6C) and the production of proinflammatory factors (Fig. 5A) were described in detail in corresponding figure legends. A
Pearson’s coefficient test was conducted using GraphPad Prism software. The coefficient of determination (r%; square of the correlation coefficient, r) and P value (two-tailed)
were displayed in the table to indicate the correlation between groups. P < 0.05 was considered statistically significant. P < 0.05 and r > 0 (first four columns, data not shown)
indicate a positive correlation, whereas P < 0.05 and r < 0 indicate a negative correlation.

r2/P
r/r?/P Cytosol p47/B-Actin
TNF« 1L-18 NO Membrane p47/gp91
p-p65/p65 0.9674/0.0164 0.9671/0.0166 0.9459/0.0274 0.9646/0.0179 0.9891/0.9783/0.0109
p-Erk/Erk 0.9522/0.0242 0.9806/0.0098 0.9627/0.0188 0.9664/0.0170 0.9906/0.9813/0.0094
p-p38/p38 0.9485/0.0261 0.9815/0.0093 0.9651/0.0176 0.9800/0.0100 0.9935/0.9870/0.0065
p-JNK/p-JNK 0.9656/0.0173 0.9696/0.0153 0.9488/0.0259 0.9664/0.0170 0.9906/0.9813/0.0094
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Among various neurotoxic factors produced by activated
microglia, superoxide reacts with NO to form highly reactive
intermediates peroxynitrite to causes dopaminergic neurode-
generation (Gao et al., 2002b). Recent studies have suggested
that ROS serve as secondary messengers to enhance the gene
expression, encoding a variety of proinflammatory factors
(Qin et al., 2004). Although resveratrol has been reported to
attenuate oxidative insults by functioning as an ROS scav-
enger (Leonard et al., 2003), a new finding from the present
study was that resveratrol inhibited LPS-induced activation
of microglial NADPH oxidase and consequent production of
superoxide. The LPS-induced neurotoxicity was prevented by
resveratrol in neuron-glia cultures from wild-type mice but
not from NADPH oxidase-deficient mice, indicating that the
inhibition of NADPH oxidase-derived superoxide and its
down-stream products was critical for resveratrol-elicited
neuroprotective effects. Further molecular mechanistic stud-
ies revealed that resveratrol inhibited LPS-induced translo-
cation of p477H#9X in microglia from the cytosol to the mem-
brane, leading to the decrease of superoxide production.
Previously, Spanier et al. (2009) reported that resveratrol
down-regulated mRNA expression of Nox4, a homolog of
gp917"°* and the most abundant NADPH oxidase catalytic
subunit in human umbilical vein endothelial cells and hu-
man umbilical vein endothelial cell-derived EA.hy 926 cells.
Likewise, resveratrol has been shown to reduce LPS-induced
ROS generation in Raw 246.7 macrophage cell line, in which
resveratrol seems to suppress the mRNA expression of Nox1,
a homolog of gp917° (Park et al., 2009). However, although
it is unclear whether resveratrol affects Nox2 (gp917”°%), the
dominant NADPH oxidase and the major superoxide-gener-
ating enzyme in inflamed macrophages and microglia, the
action of resveratrol on the protein expression of NADPH
oxidase subunits to influence NADPH oxidase activity re-
mains to be confirmed and to be further investigated. More-
over, resveratrol protects vascular endothelial cells from ox-
idative damages induced by oxidized low-density lipoproteins
through both direct ROS scavenging and inhibition of
NADPH oxidase activity by reducing the membrane associa-
tion of gp917°* and Racl (Chow et al., 2007). Nevertheless,
overwhelming evidence has confirmed that NADPH oxidase
plays an important role in inflammation-induced neurode-
generation and may become an ideal therapeutic target for
the treatment of PD (Gao et al., 2003b).

Further analysis of cascade signaling events mediating the
anti-inflammatory effects and the consequent neuroprotec-
tion of resveratrol indicates the involvement of the MAPK
pathway. MAPKs are a highly conserved family of serine/
threonine kinases including ERK1/2, p38, and JNK subtypes
and activate many enzymatic pathways, contributing to oxi-
dative stress and inflammatory responses (Bardwell, 2006).
These signals are responsive to different environmental stim-
uli. ERK1/2 can be activated by oxidative stress, LPS, and
cytokines (Miller et al., 2009). Myriad studies show that
ERK1/2 plays a pivotal role on NADPH oxidase activation
based on the following findings: 1) ERK1/2 is a crucial
mediator of granulocyte macrophage—colony-stimulating
factor-induced activation of p47°7°%X in neutrophils (Dang
et al., 2006); 2) ERK1/2 becomes a central contributor in
LPS-induced phosphorylation of p477#°X in microglia
(Qian et al., 2007); and 3) a specific ERK inhibitor, U0126,
produces significant neuroprotective effects against LPS-

induced neurodegeneration by inhibiting p47°#°X translo-
cation and subsequent superoxide production (Qian et al.,
2008). Therefore, these results suggest that ERK1/2 is an
ideal target for developing anti-inflammatory drugs via
the inhibition of p477H79X activation. In this study, we
observed that resveratrol suppressed LPS-induced phos-
phorylation of ERK1/2. Based on the mechanistic studies
mentioned above, we suggest that resveratrol blocked the
activation of NADPH oxidase through the regulation of the
ERK1/2 signaling pathway.

We next investigated the effects of resveratrol on LPS-
induced activation of p38 and JNK as well as NF-«B path-
ways. Because the key signaling pathway mediating inflam-
matory responses, from MAPKs to NF-«kB transcription
factor, has been established in various inflammatory dis-
eases (Akira et al., 2001), attempts to develop drugs that
target these signaling pathways is an area of great interest.
It has been reported that JNK is an essential mediator of
relevant proinflammatory functions in microglia, and the
intervention of JNK pathway may be a therapeutic approach
for treating inflammatory neurological diseases (Jang et al.,
2008). Likewise, p38 has also been postulated to play an
important role in the regulation of NO and TNF« production
after LPS stimulation (Bhat et al., 1998). In addition, NF-«xB
is the key transcription factor regulating cell survival, im-
munity, and inflammation. It is broadly expressed in the
central nervous system, including neurons and glia. Once
activated, in collaboration with other proinflammatory fac-
tors, NF-«B drives the transcription of several proinflamma-
tory factors such as iNOS, TNFq, IL-18 in microglia, which
have been documented in patients with PD (Sriram et al.,
2002). Increasing evidence has shown that intracellular ROS
can induce the activation of MAPKs cascades and NF-«B
pathway in activated microglia (Ramanan et al., 2008). In
agreement with these studies, the inhibitor of NADPH oxi-
dase (diphenylene iodonium) and the ROS-scavenging en-
zyme catalase significantly inhibit the activation of MAPKSs
as well as NF-«B, thereby linking NADPH oxidase-derived
ROS with LPS-induced signaling transduction and transcrip-
tional activation (Pawate et al., 2004). Moreover, Pearson’s
coefficient test indicated that the activation of both MAPKs
and NF-«B pathways correlated positively with membrane
p47PHOX and negatively with cytosol p47779X (table 1). Thus,
the membrane translocation of p47°7°X and consequent ac-
tivation of NADPH oxidase (Fig. 6C) positively correlated
with the activation of MAPKs and NF-«B pathways (Figs. 7
and 8). Although this correlation did not necessarily mean a
direct causative relationship between these two events, the
inhibitory effects of resveratrol on LPS-induced activation of
p38 and JNK and NF-«B cascade pathways would probably
result from the decreased production of ROS via the inhibi-
tion of NADPH oxidase activity.

Furthermore, we found that resveratrol showed potent in-
hibitory effects on LPS-induced production of NO, TNF«, and
IL-1B in neuron-glia cultures. These findings agree with the
previous studies in which resveratrol inhibited LPS-induced
production of these three proinflammatory factors in primary
microglia or microglial cell lines (Bi et al., 2005; Candelario-
Jalil et al., 2007; Meng et al., 2008). Of the numerous neu-
rotoxic factors released by activated microglia, the conse-
quences of production of NO, TNF«a, and ROS have been
relatively well studied (McGuire et al., 2001). In addition,
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increased levels of cytokines such as TNF«, IL-13, and inter-
feron-y have been demonstrated in the substantia nigra of
patients with PD (Nagatsu et al., 2000). Hence, the inhibition
of the accumulation of these proinflammatory factors con-
ferred resveratrol-mediated significant neuroprotection on
DA neurons.

In summary, our study has demonstrated that resveratrol
protects DA neurons against LPS-induced neurotoxicity
through inhibiting the activation of microglia and the pro-
duction of proinflammatory factors. These neuroprotective
effects of resveratrol are at least mediated by suppressing the
activity of NADPH oxidase and further decreasing ROS pro-
duction and inhibiting the activation of MAPKs and NF-«B
cascade signaling pathways. This study extends our under-
standing of anti-inflammatory activities mediated by res-
veratrol and suggests that NADPH oxidase is an important
action site for its neuroprotection.
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Correction to “Resveratrol Protects Dopamine
Neurons against Lipopolysaccharide-Induced
Neurotoxicity through Its Anti-Inflammatory
Actions”

In the above article [Zhang F, Shi JS, Zhou H, Wilson B, Hong JS, and Gao HM (2010)
Mol Pharmacol 78:466—477], the grant footnote on the first page contained text not
intended for publication. This was the result of a copyediting error. The correct grant
footnote reads:

This work was supported by the Intramural Research Program of the National Insti-
tutes of Health National Institute of Environmental Health Sciences; the National Nat-
ural Science Foundation of China [Grant 30960447]; and the Science and Technology
Foundation of Guizhou Province of China [Grant 2010INT].

The online version of this article has been corrected in departure from the print version.

The printer regrets this error and apologizes for any confusion or inconvenience it may
have caused.
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