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Abstract

Activation of microglia, the resident macrophages of the brain, around the amyloid plaques is a
key hallmark of Alzheimer’s disease (AD). Recent evidence in mouse models indicates that
microglia are required for the neurodegenerative process of AD. Amyloid-p (ApB) peptides, the
core components of the amyloid plaques, can trigger microglial activation by interacting with
several Toll-like receptors (TLRS), including TLR4. Here, we show that resveratrol, a natural
polyphenol associated with anti-inflammatory effects and currently in clinical trials for AD,
prevented the activation of murine RAW 264.7 macrophages and microglial BV-2 cells treated
with the TLR4 ligand, lipopolysaccharide (LPS). Resveratrol preferentially inhibited NF-xB
activation upon LPS stimulation by interfering with IKK and kB phosphorylation, an effect that
potently reduced the transcriptional stimulation of several NF-«xB target genes, including TNF-a
and IL-6. Consequently, downstream phosphorylation of STAT1 and STAT3 upon LPS
stimulation was also inhibited by resveratrol. We found that resveratrol acted upstream in the
activation cascade by interfering with TLR4 oligomerization upon receptor stimulation.
Resveratrol treatment also prevented the pro-inflammatory effect of fibrillar AB on macrophages
by potently inhibiting the effect of Ap on IxB phosphorylation, activation of STAT1 and STATS3,
and on TNF-o and IL-6 secretion. Importantly, orally administered resveratrol in a mouse model
of cerebral amyloid deposition lowered microglial activation associated with cortical amyloid
plaque formation. Together this work provides strong evidence that resveratrol has in vitro and in
vivo anti-inflammatory effects against AB-triggered microglial activation. Further studies in cell
culture systems showed that resveratrol acted via a mechanism involving the TLR4/NF-«xB/STAT
signaling cascade.
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INTRODUCTION

Alzheimer’s disease is a neurodegenerative disorder characterized by selective and
progressive loss of specific neuronal populations in the neocortex and hippocampus. The
exact mechanism triggering neurodegeneration in AD remains unclear, but characteristic
lesions implicating specific protein aggregates are invariably observed (Duyckaerts et al.,
2009). These lesions include the amyloid plaques formed by the aggregation of amyloid-f
(AP), a series of peptides derived from the sequential endoproteolysis of a longer precursor,
the amyloid precursor protein (APP) (Marambaud and Robakis, 2005; Selkoe, 2001). APP is
genetically linked to early-onset familial forms of AD and AB is thus considered to be a
causative factor in AD. Cerebral ApB deposition, however, is also observed in elderly non-
demented individuals, suggesting that amyloid formation per se is not sufficient to trigger
neurodegeneration. AD is also associated with the formation of lesions containing the tau
protein called neurofibrillary tangles (NFTs) (Buee et al., 2000). Another key hallmark of
AD is brain inflammation (Akiyama et al., 2000; Galimberti and Scarpini, 2011; Wyss-
Coray and Mucke, 2002). Indeed, amyloid deposition is associated with activation of the
surrounding microglia and the presence of a robust microglia-mediated inflammatory
response (Landreth and Reed-Geaghan, 2009). Several inflammatory markers, such as
cytokines and chemokines or proteins of the acute phase and complement are elevated in the
AD brain. Extensive oxidative damage due to the production of reactive oxygen and
nitrogen species is also observed within the AD brain. Furthermore, recent genome-wide
association studies identified complement receptor type 1 (CR1), a protein implicated in the
activated complement response, and CD33, a receptor expressed on cells of myeloid or
lymphoid lineage and involved in the immune response, as significant susceptibility genes
controlling the risk of developing AD (Harold et al., 2009; Lambert et al., 2009; Naj et al.,
2011).

Microglia cells are derived from myeloid lineage progenitors and represent the resident
mononuclear phagocytes of the central nervous system parenchyma. These cells are
critically involved in cerebral inflammatory and immune responses (Ransohoff and Cardona,
2010). Like peripheral macrophages, microglial cells are activated by cytokines and other
pro-inflammatory stimuli. This activation leads to specific intracellular signaling controlling
the production by microglia of specific cell surface receptors, cytokines, and chemokines.
The endotoxin lipopolysaccharide (LPS) for instance, a molecule found at the outer
membrane of bacteria, can trigger stimulation of macrophages and microglial cells by
activating an array of signal transduction pathways, which include the nuclear factor x-light-
chain-enhancer of activated B cells (NF-xB), activator protein 1 (AP-1), and interferon
regulatory factor 3 (IRF3). These transcriptional responses control the production of several
cytokines, such as tumor necrosis factor-a (TNF-a) or interleukin-6 (IL-6). IL-6, in turn,
promotes the activating phosphorylation of the STATSs (signal transducer and activator of
transcription), key transcription factors involved in the strengthening of the inflammatory
response.

LPS specifically binds one type of receptor of the Toll-like receptor (TLR) family, TLRA4.
Following binding to LPS, TLR4 promotes signal transduction by activating intracellular
pathways specific to two different adaptor proteins, myeloid differentiation primary
response gene 88 (MyD88) and TIR domain-containing adapter molecule 1 (TRIF) (Kawai
and Akira, 2007). The MyD88-dependent pathway activates the mitogen-activated protein
kinase (MAPK) pathway and via 1xB kinase (IKK) activation and IkxBa inactivation leads to
NF-«kB transcriptional activation (Sanjo et al., 2003; Shim et al., 2005; Wang et al., 2001).
On the other hand, the TRIF-dependent pathway activates the IKK-related kinases TRAF
family member-associated NF-«B activator binding kinase-1 (TBK1) to activate IRF3
(Fitzgerald et al., 2003; Sharma et al., 2003).
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Microglia are activated around the amyloid plaques in the AD brain (Bolmont et al., 2008;
Bornemann et al., 2001). In cell cultures and animal models, fibrillar Ap was found to
interact with TLR4, TLR2, or the TLR co-receptor CD14 to activate the classical signaling
pathways required for microglial activation, including NF-xB (Fassbender et al., 2004;
Hanisch and Kettenmann, 2007; Udan et al., 2008; Walter et al., 2007). The role played by
activated microglia in AD pathogenesis is unclear. On one hand, activation of microglia by
AP may be beneficial by promoting CD14-, TLR4-, or TLR2-dependent phagocytosis and
clearance of AP (Chen et al., 2006; Iribarren et al., 2005; Liu et al., 2005). On the other
hand, microglial activation via TLR4- or CD14-dependent stimulation was proposed to lead
to neuronal death by releasing potentially neurotoxic soluble factors or by contact-dependent
neurotoxic mechanisms. Furthermore, monocytes activated by Ap can induce neuronal death
in vitro (London et al., 1996) and neurons cultured without microglia appear to be resistant
to AB-induced neurotoxicity (Giulian et al., 1996). Recently, using two-photon in vivo
imaging of neuronal loss in the intact brain, deletion of Cx3cr1, a microglial chemokine
receptor critical for neuron-microglia communication, was found to prevent neuronal loss in
a mouse model of amyloid deposition, demonstrating that microglia are involved in ApB-
mediated neuronal death in vivo (Fuhrmann et al., 2010).

Resveratrol (trans-3,4',5-trihydroxystilbene) is a naturally occurring polyphenol found in
abundance in red wine (Fremont, 2000). We and others have recently shown that this
polyphenol is associated with anti-amyloidogenic and neuroprotective properties in vitro in
cell lines and in vivo in mice (Karuppagounder et al., 2009; Marambaud et al., 2005;
Vingtdeux et al., 2008; Vingtdeux et al., 2010). Resveratrol was also proposed to have anti-
inflammatory effects in several systems, including in activated microglia (Zhang et al.,
2010). However, the exact molecular mechanism by which resveratrol controls microglial
activation remains uncertain. Furthermore, evidence is missing to support the notion that
orally administered resveratrol can control microglial function in the brain. Here, we show
that resveratrol is a potent inhibitor of the LPS-triggered inflammatory response in RAW
264.7 macrophages and microglial BV-2 cells. Resveratrol acted by preferentially
antagonizing with the IKK/IxBa/NF-xB pathway upon LPS stimulation, an effect that
inhibited NF-«B transcription and expression of several NF-xB target genes, including TNF-
a and IL-6. Moreover, downstream activation of STAT1 and STAT3 upon stimulation with
LPS was inhibited by resveratrol. Further studies showed that resveratrol also prevented the
pro-inflammatory properties of fibrillar AB on macrophages by potently inhibiting the effect
of AP on IkB phosphorylation, STAT1 and STAT3 activation, and on TNF-a and IL-6
secretion. Importantly, we found that resveratrol acted upstream in the activation cascade by
interfering with TLR4 oligomerization upon TLR4 stimulation. Strikingly, in vivo studies in
a mouse model of cerebral amyloid deposition showed that orally administered resveratrol
lowered microglial activation associated with cortical amyloid plaque formation. Together,
this work provides strong evidence that resveratrol has anti-inflammatory effects in vitro and
in vivo against AB-triggered microglial activation. In vitro studies in cell culture systems
also showed that resveratrol acted via a mechanism involving the TLR4/NF-xB/STAT
signaling cascade. Because recent evidence in mouse models suggests that microglia are
required for the neurodegenerative process of AD, this work provides further support for the
current clinical trials aimed at assessing the beneficial effects of resveratrol intake against
AD pathogenesis (see NIH registry of current clinical trials at http://clinicaltrials.gov/).

MATERIALS AND METHODS

Materials and Antibodies

Antibodies directed against total STAT3 and phospho-Tyr705 STAT3 (pSTAT3), total
STAT1 and phospho-Tyr701 STAT1 (pSTAT1), total Akt and phospho-Ser473 Akt (pAkt),
total IRF3 and phospho-Ser396 IRF3 (pIRF3), total IKKa and phospho-Ser176/180 IKKa/p
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(pIKKoa/B), total 1xBa and phospho-Ser32 IxBa (plkBa), phospho-Ser536 NF-xB (pNF-«B),
iNOS, Cox2, and TBK1 were obtained from Cell Signaling Technology (Danvers, MA).
Antibody against phospho-Ser172 TBK1 (pTBK1) was from Epitomics (Burlingame, CA).
Anti-actin antibody was from BD Transduction Laboratories (San Deigo, CA). Anti-AB-(1-
17) 6E10 antibody was from Covance (Princeton, NJ). Anti-GFP antibody was from
Molecular Probes, Invitrogen (Carlsbad, CA). Anti-FLAG M2 antibody, synthetic
resveratrol (trans-resveratrol), and E. coli LPS were from Sigma-Aldrich (St. Louis, MO).

Cell culture and cell treatments

Murine macrophage cell line RAW 264.7 (American Type Culture Collection, Manassas,
VA) and murine microglial cell line BV-2, kindly provided by Dr. Dennis J. Selkoe
(Brigham and Women’s Hospital and Harvard Medical School, Boston, MA), were
maintained in DMEM plus 10% FBS, penicillin, streptomycin, and 5 ug/ml puromycin at
37°C, 5% CO,. All cell lines were tested negative for mycoplasma contaminants (Zhao et
al., 2008). RAW 264.7 and BV-2 cells were treated at a density of 2x108 cells per 35-mm
well with the different drugs and for the indicated concentrations and incubation times.
Murine bone marrow-derived pro-B cell line Ba/F3 stably expressing TLR4-GFP, TLR4-
FLAG, MD-2, and CD14 were kindly provided by Dr. Kensuke Miyake (University of
Tokyo, Tokyo, Japan) and were cultured in 10% FCS RPMI11640 supplemented with
recombinant murine IL-3 (~70 U/ml). RAW 264.7 cells were stimulated with 10 ng/ml LPS,
BV-2 cells with 100 ng/ml LPS, and Ba/F3 cells with 50 ng/ml LPS for the indicated periods
of time. Before LPS stimulation, BV-2 and RAW 264.7 cells were pre-treated for 30 min
with resveratrol (from a 100 mM stock solution in DMSO).

Immunoblotting

ELISA

Protein extracts were analyzed by Western blotting (WB) using the antibodies listed above.
Cell extracts obtained in Laemmli buffer were resolved on SDS-PAGE, followed by
electrotransfer to nitrocellulose membranes. Following a blocking step in 5% milk in
Tween-TBS, membranes were incubated with primary and secondary antibodies.
Membranes were then developed and visualized with ECL (Pierce, Thermo Fisher Scientific
Inc., Waltham, MA).

Conditioned medium from cell cultures were collected and spun for 5 min at 14,000 x g at
room temperature. Supernatants were analyzed for IL-6, TNF-q, and IL-1p levels by ELISA
(R&D duo kits, R&D Systems, Minneapolis, MN), according to the manufacturer’s
instructions.

TLR4 oligomerization assay

Ba/F3 cell lines stably expressing TLR4-GFP, TLR4-FLAG, MD-2, and CD14 (at a density
of 40x10° cells/condition) were pre-treated or not with resveratrol for 2 hrs at the indicated
concentrations. Cells were then incubated in the absence or presence of LPS for 20 min.
Cells were rinsed once with ice-cold PBS, lysed with 1.5 ml lysis buffer [50 mM Tris-HCI
(pH 7.6), 150 mM NaCl, 4 mM EDTA, 1% Brij, 0.5% n-octyl-b-d-glucoside, 1x Complete
protease inhibitor mixture (Roche Applied Sciences, Indianapolis, IN)] for 3 hrs at 4°C, and
pre-cleared with protein-G beads for an additional 2 hrs. The samples were
immunoprecipitated with anti-GFP antibody overnight at 4°C followed by addition of
protein-G beads for 3 hrs at 4°C. The immunoprecipitates were washed twice in wash buffer
[50 mM Tris-HCI (pH 7.6), 150 mM NacCl, 0.1% Brij, 0.1% n-octyl-b-d-glucoside, 1x
Complete protease inhibitor mixture] and then subjected to SDS-PAGE and WB using anti-
FLAG and anti-GFP antibodies.
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NF-kB reporter assay

RAW 264.7 macrophages expressing a secreted embryonic alkaline phosphatase (SEAP)
reporter construct inducible by NF-xB (RAW-Blue cells, Invivogen, San Diego, CA) were
pre-incubated with resveratrol for 30 min and then treated with LPS for 8 hrs (1x10° cells/
well). SEAP secretion was determined using the alkaline phosphatase substrate QUANTI-
Blue (Invivogen), according to the manufacturer’s instructions. Absorbance was measured at
620 nm in a plate reader.

Fibrillar AB preparation and treatment

One milligram of Ap1-42 (AnaSpec, Fremont, CA) was dissolved in 1000 pl HFIP (Hexa-
Fluor-2-Propanol) in the manufacturer’s vial, vortexed briefly, incubated for 15 min in an
ultra sonic water bath, and distributed into siliconized centrifuge tubes (100 — 200 pl per
tube). Tubes were left at room temperature overnight to allow evaporation of the HFIP
solution and stored at —20°C until use. 24 hrs before an experiment, one tube of Af
preparation was resuspended in HFIP, followed by water [ratio H,O:HFIP (7:3)], sonicated
in an ultra sonic water bath for 15 min. Tubes were stirred for 24 hrs and subjected to speed-
vac for 10 min to allow evaporation of the HFIP solution. About 100 uM of fibrillar AB is
recovered in the final solution. RAW 264.7 cells (at 0.8x106 cells/well) were treated for 24
hrs with 5 uM fibrillar Ap.

Nuclear fractionation

Cells plated in 100-mm dishes were rinsed with ice-cold PBS and scrapped in 5 ml of ice-
cold PBS. Cells were pelleted by centrifugation at 500 x g at 4°C for 5 min. Cell pellets
were resuspended in 1 ml of sucrose buffer [20 mM Tris-HCI (pH 7.5), 0.25 M sucrose, 10
mM EGTA, 2 mM EDTA, and 1x Complete protease inhibitor mixture]. Cell suspension
was homogenized with 15 strokes in a glass Dounce homogenizer with a Teflon pestle and
centrifuged at 4°C at 750 x g for 10 min. Pellets (nuclear fractions) were washed 4 times
with 1 ml of sucrose buffer containing 0.1 % Triton X-100, rinsed with 1ml of sucrose
buffer, and lysed by sonication in 250 pl of 1% SDS PBS. Nuclear fractions were then
analyzed by WB, as described above.

Mouse cytokine array

Conditioned medium from BV-2 and RAW 264.7 cell cultures pre-incubated with
resveratrol and stimulated with LPS were analyzed for the secretion of selected mouse
cytokines and chemokines on membrane arrays (Proteome Profiler Mouse Cytokine Array
Panel A, R&D Systems), as per the manufacturer’s instructions.

Animal treatments and Immunohistochemistry

All animal experiments were performed according to procedures approved by the Feinstein
Institute for Medical Research Institutional Animal Care and Use Committee. Fifteen-week-
old male APP/PSL1 transgenic mice (B6C3-Tg(APPswe, PSEN1dE9)85Dbo/J, The Jackson
Laboratory, Bar Harbor, ME) were treated as described before (Vingtdeux et al., 2010).
Briefly, mice were randomly assigned to resveratrol or control groups. The control groups
received a standard AIN-93G diet (Testdiet), and the resveratrol groups received a standard
AIN-93G diet supplemented with 0.35% resveratrol (Sigma-Aldrich). Supplemented diet
was obtained as described before (Vingtdeux et al., 2010). Food intake and body weight
were monitored weekly throughout the study. At 30 weeks of age, mice were sacrificed.
Brains were excised and hemispheres were immediately fixed with 4% paraformaldehyde in
0.1 M PBS, pH 7.6. Paraformaldehyde-fixed brain hemispheres were then paraffin-
embedded. Sections were incubated in 70% formic acid for 30 min before blocking in 5%
milk in 0.25% Triton X-100 PBS for 1 h at room temperature. Sections were then incubated
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in the presence of primary antibody directed against Ibal for 16 hrs at 4 °C. After washing,
sections were incubated with 6E10 antibody for 2 hrs at room temperature. After washing,
sections were then incubated with the appropriate secondary antibodies conjugated to Alexa
fluorophores (Invitrogen). Finally, sections were stained with DAPI, mounted on glass slides
using Vectashield (Vector laboratories, Burlingame, CA) and observed using a confocal
microscope.

Statistical analyses

RESULTS

All data sets were analyzed using unpaired Student’s t-test. For the analysis of in vivo
microglia activation, Wilcoxon test was used. Correlation between activated microglial cell
number and plaque area was computed using Pearson correlation in the untreated and
resveratrol-treated groups, separately. ANCOVA was used to test interaction between the
groups.

Resveratrol inhibits cytokine secretion in LPS-stimulated BV-2 and RAW 264.7 cells

In order to assess the anti-inflammatory properties of resveratrol in microglial cells, we first
assessed the effect of resveratrol treatment on cytokine production in LPS-stimulated BV-2
cells. Using cytokine arrays, we found that 50 uM resveratrol led to a robust decrease in the
levels of multiple cytokines, including IL-6, M-CSF, MCP-1, MCP-5, CD54, IL-1ra, IL-27,
and TNF-a (Figs. 1a and 1b). Resveratrol treatment had a very similar inhibitory effect on
cytokine production in LPS-stimulated RAW 264.7 macrophages (Fig. 1c and 1d). IL-6, M-
CSF, CD54, and IL-1ra levels, which were significantly reduced by resveratrol treatment in
both BV-2 and RAW 264.7 cells, are transcriptionally controlled by NF-kB, suggesting that
resveratrol may affect NF-kB activation upon LPS treatment.

Resveratrol inhibits NF-kB signaling in LPS-stimulated BV-2 and RAW 264.7 cells

Using a NF-xB reporter assay and as previously reported (Youn et al., 2005), we found that
resveratrol dose-dependently inhibited NF-«xB activation in LPS-stimulated RAW 264.7
cells (Fig. 2a). TLR4 activation upon LPS binding leads to NF-«xB activation via a MyD88-
dependent pathway or a TRIF-dependent pathway. Previous work provided evidence
indicating that resveratrol acts by specifically inhibiting the TLR4-mediated TRIF-
dependent pathway, without affecting the MyD88-dependent pathway (Youn et al., 2005). In
line with this previous study, we found a reduction in constitutively phosphorylated IRF3 in
cells treated with resveratrol in the absence of LPS stimulation (Fig. 2b). We failed,
however, to see any significant effect of resveratrol treatment on the levels of
phosphorylated TBK1 or IRF3 upon LPS stimulation in both RAW 264.7 and BV-2 cells
(Fig. 2b), suggesting that resveratrol did not inhibit NF-«xB activation by interfering with the
TRIF-dependent pathway. We confirmed the inhibitory effect of resveratrol on NF-xB
activation in RAW 264.7 and BV-2 cells, by showing that resveratrol lowered the levels of
phosphorylated IKKa, IxBa, and NF-«B in these cells upon stimulation with LPS (Figs. 2b
and 2c). Furthermore, in LPS-stimulated BV-2 or RAW 264.7 cells, resveratrol potently
inhibited the phosphorylation of Akt (Fig. 2d), a kinase controlled by MyD88 upon TLR4
activation (Monick et al., 2001; Salh et al., 1998). No cytotoxicity was observed in RAW
264.7 or BV-2 cells upon resveratrol treatment at concentrations required to inhibit NF-xB
signaling (Fig. 2e).

Resveratrol inhibits STAT1/3 signaling in LPS-stimulated BV-2 and RAW 264.7 cells

Cytokine arrays indicated that 1L-6 and TNF-a secretion upon LPS stimulation were
inhibited by resveratrol (Fig. 1). TNF-a and IL-6 are among the main pro-inflammatory
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cytokines released upon microglial activation and for which there is strong evidence of
deregulation in AD (Sugama et al., 2009). Notably, TNFa and IL-6 are robustly elevated
after AP treatment in cell culture systems or upon Ap overexpression in APP transgenic
organotypic brain slices (Patel et al., 2005; Udan et al., 2008). IL-6, upon binding to its
receptor, is involved in the strengthening of the inflammatory response via the activation of
the transcription factors STATSs. Using ELISA, we confirmed the inhibitory effect of
resveratrol treatment on LPS-stimulated IL-6 and TNF-a secretion in RAW 264.7 and BV-2
cells (Figs. 3a-3d), and on IL-1p secretion in RAW 264.7 cells (Fig. 3e). In line with these
results, we observed a strong inhibition by resveratrol of STAT1 and STAT3 activation by
LPS in these two cell lines (Fig. 3f). Furthermore, resveratrol dose-dependently lowered the
expression of two downstream pro-inflammatory mediators, iNOS and COX-2, in both
RAW 264.7 and BV-2 cells (Fig. 3f).

Resveratrol inhibits the LPS-mediated pro-inflammatory response by interfering with TLR4
oligomerization

Because our data suggest that resveratrol acted upstream in the TLR4 activation cascade, we
asked whether the natural polyphenol interferes with TLR4 oligomerization, a necessary
step in the activation of the receptor upon ligand binding (Medzhitov et al., 1997; Rhee and
Hwang, 2000; Zhang et al., 2002). To assess TLR4 oligomerization, we performed co-
immunoprecipitation experiments in protein homogenates from pro-B Ba/F3 cells
coexpressing two differently tagged versions of TLR4 (Saitoh et al., 2004). As expected,
LPS treatment of Ba/F3 cells expressing TLR4 resulted in the phosphorylation of Akt, 1xBa,
STATL, and STAT3 (Fig. 4a), confirming that these cells respond to LPS treatment by
triggering NF-xB signaling activation. In line with our results in BV-2 and RAW 264.7
cells, resveratrol pre-incubation inhibited the phosphorylation of these proteins upon LPS
stimulation (Fig. 4a). Under these conditions, we found that resveratrol treatment strongly
reduced the levels of FLAG-tagged TLR4 co-immunoprecipitating with GFP-tagged TLR4,
showing that resveratrol interfered with TLR4 oligomerization upon LPS stimulation, and
this at concentrations consistent with its inhibitory effect on the Akt/NF-xB/STAT signaling
cascade (Figs. 4b and 4c).

Resveratrol inhibits AB-mediated microglial activation in vitro and in vivo

Microglial activation around amyloid plaques is a hallmark of AD. Strong evidence in cell
cultures and mouse models indicates that aggregated Ap is responsible for the activation of
microglial cells. We found that treatment with fibrillar Ap preparations resulted in a
significant elevation of the phosphorylation of STAT1, STAT3, and IxBa (Fig. 5a), and of
the secretion levels of TNF-a (Fig. 5b) and IL-6 (Fig. 5¢). Importantly, pre-incubation with
resveratrol dose-dependently inhibited the fibrillar AB-triggered increase of STAT1, STATS3,
and IkBa phosphorylation (Fig. 5a), and of TNF-a and 1L-6 secretion (Figs. 5b and 5c). No
cytotoxicity was observed upon resveratrol and AP treatments at the tested concentrations
(Fig. 5d). Thus, resveratrol can inhibit the microglial inflammatory responses triggered by
both LPS and Ap.

Based on these in vitro results in cell lines, we then tested the ability of resveratrol to
prevent microglial activation in the brain of APP/PS1 mice, a model of cerebral amyloid
deposition. These mice co-express two familial AD-linked mutant proteins, APP (carrying
the Swedish mutation) and presenilin-1 (PSEN1AE9 mutation) (Jankowsky et al., 2004). By
30 weeks of age, these mice develop robust amyloid deposition in different brain regions,
including the cerebral cortex (Jankowsky et al., 2004). These mice also develop strong
microglial activation that accompanies cerebral amyloid plaque formation. Recently, we and
others have reported that oral administration of resveratrol can significantly lower amyloid
deposition in APP transgenic mice (Karuppagounder et al., 2009; Vingtdeux et al., 2010).
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We found that resveratrol, orally administered in mice for 15 weeks, can reach the brain to
reduce AP levels and amyloid deposition in the cerebral cortex, showing that resveratrol is
both bioavailable and bioactive in the brain after oral dosing (Vingtdeux et al., 2010). We
followed the same protocol to evaluate the in vivo efficacy of resveratrol against Ap-
associated microglial activation in APP/PS1 mice. Two independent groups of 15-week-old
male mice were fed an AIN-93G diet supplemented or not with 0.35% resveratrol for a
period of 15 weeks. We determined that the mice ingested about 350 mg/kg of body weight
daily of resveratrol from the supplemented diet during the 15-week period (Vingtdeux et al.,
2010). The cortical region was analyzed by immunohistochemistry using an antibody
directed against Ibal, a specific marker for activated macrophage/microglia (Imai and
Kohsaka, 2002). We found a significant decrease in the total number of Ibal-positive cells
surrounding the amyloid plaques (P < 0.05, Figs. 6a and 6b). In order to determine whether
the reduction in the number of activated microglia is simply due to the anti-amyloidogenic
effect of resveratrol in these mice (Vingtdeux et al., 2010), we also analyzed the correlation
between Ibal-positive cell number and plaque area in the untreated and resveratrol-treated
groups. As expected, cell numbers significantly correlated with plaque area in both groups
(Fig. 6¢). A clear trend towards a reduction in the number of activated microglia for the
same plaque size was observed in resveratrol-treated mice, as compared to untreated
controls (Fig. 6¢), suggesting that resveratrol lowered inflammation, at least in part,
independently of its effect on amyloid deposition. It is important to note that this effect was
not statistically significant and thus will require careful validation in subsequent studies on
additional groups. Together these data showed that resveratrol has in vivo efficacy against
Ap-associated microglial activation in mice.

DISCUSSION

Several epidemiological data now suggest that moderate consumption of red wine is
associated with a lower incidence of dementia and AD (Lindsay et al., 2002; Luchsinger et
al., 2004; Orgogozo et al., 1997; Truelsen et al., 2002). Studies in AD mouse models have
also shown that red wine intake may attenuate cerebral amyloid deposition and Ap-
associated cognitive deterioration (Ho et al., 2009; Wang et al., 2006). Resveratrol is found
in relative abundance in red wine and has been associated with potential neuroprotective
properties and thus could explain the beneficial effect of wine intake against AD
(Marambaud et al., 2005; Ramassamy, 2006; Vingtdeux et al., 2008); however, the
underlying mechanism responsible for this effect is uncertain. Resveratrol was found to
delay Ap-induced toxicity in different neuronal cell culture models (Han et al., 2004; Jang
and Surh, 2003; Savaskan et al., 2003) and to exert anti-aggregation and anti-fibrillogenic
effects on Ap in vitro (Ono et al., 2003; Riviere et al., 2007). Furthermore, studies from our
group and others have demonstrated the anti-amyloidogenic effect of resveratrol in cell
cultures and mouse models for amyloid formation (Karuppagounder et al., 2009;
Marambaud et al., 2005; Vingtdeux et al., 2010). In the current study, we provide strong
evidence that resveratrol can significantly lower in vitro and in vivo the microglial
inflammation triggered by AB. In vitro, we showed that this polyphenol prevented the
activation of RAW 264.7 macrophages and microglial BV-2 cells by LPS or fibrillar A
treatments. At the molecular level, resveratrol appeared to act upstream in the activation
cascade by interfering with TLR4 oligomerization upon stimulation of the receptor (Fig. 4).
This inhibitory effect of resveratrol resulted in a significant attenuation of the signal
transduction pathways downstream from MyD88, which include NF-xB, STAT1/3, and Akt
(Figs. 2 and 3). In vivo, we found a robust decrease in the number of activated microglial
cells surrounding amyloid plaques in APP/PS1 mice treated with resveratrol. This work not
only confirmed that resveratrol is bioavailable and bioactive in the brain after oral dosing
but also revealed the anti-inflammatory potential of this polyphenol in vivo against Ap-
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mediated microglial activation. Together these data increase our understanding of the
different neuroprotective properties of resveratrol against Ap-associated toxicity.

Our previous work showed that, in neurons, resveratrol acts by promoting autophagic
clearance of AP via a mechanism implicating the Ser/Thr protein kinase AMPK (Vingtdeux
etal., 2010; Vingtdeux et al., 2011). The direct molecular target of resveratrol in vitro and in
vivo and the exact mechanism by which AMPK is activated is not firmly established.
Resveratrol was initially proposed to bind in vitro to the deacetylase SIRT1 and to activate
its enzymatic activity (Borra et al., 2005; Howitz et al., 2003). SIRT1 may also represent a
target for resveratrol metabolic functions in vivo in muscle tissue (Lagouge et al., 2006).
Moreover, SIRT1 activation by resveratrol can lead to AMPK activation in several cell lines,
including HepG2 hepatocytes and HEK293T cells (Hou et al., 2008; Lan et al., 2008).
SIRT1 activation by resveratrol was also proposed to be required for the beneficial effect of
this polyphenol against NF-xB activation in microglia stimulated by AB (Chen et al., 2005).
It is important to note, however, that recent studies have shown that resveratrol can also
activate AMPK independently of SIRT1 (Dasgupta and Milbrandt, 2007; Um et al., 2009)
and that SIRT1 may not be a direct target of this polyphenol (Borra et al., 2005; Kaeberlein
et al., 2005; Pacholec et al., 2010). In this context, it will be important to determine whether
the inhibitory effect of resveratrol on TLR4 oligomerization and NF-kB/STAT signaling
activation in microglial cells is due to direct interference via resveratrol binding to TLR4 or
one of its co-receptors, or to indirect mechanisms implicating AMPK or SIRT1 activation.

Several naturally occurring polyphenols, including flavonoids, are characterized by their
anti-inflammatory and immunomodulatory properties. The effects of theses polyphenols on
inflammation has often been attributed to their actions on the NF-«xB pathway (Gonzalez et
al., 2011). The mechanism by which these different polyphenols interfere with NF-xB
activation is, however, not fully elucidated. For instance, several flavonoids, such as EGCG
(Youn et al., 2006), butein (Pandey et al., 2007), morin (Manna et al., 2007), fisetin (Sung et
al., 2007), or gossypin (Kunnumakkara et al., 2007) have been shown to interfere with the
NF-xB pathway by inhibiting IKK. Resveratrol has been proposed to act at another level by
inhibiting the MyD88-independent pathway (Youn et al., 2005). The present study
confirmed the inhibitory effect of resveratrol on the NF-«xB pathway but failed to see any
significant effect of resveratrol treatment on the levels of phosphorylated TBK1 or IRF3
upon LPS stimulation in both RAW 264.7 and BV-2 cells, suggesting that resveratrol acted
without interfering with the TRIF-dependent pathway. Further studies focusing on the
different cross talks between the MyD88- and TRIF-dependent pathways will be required to
elucidate this apparent discrepancy in the mechanism of action of resveratrol on NF-xB
activation.

We provided strong evidence that resveratrol acted upstream in the activation cascade by
interfering with TLR4 oligomerization upon receptor stimulation. Activation of NF-«B in
macrophages requires the phosphorylation of IKK by Akt and several flavonoids have been
proposed to inhibit this pathway by interfering with the Akt activating kinase PI3K (Chen et
al., 2007; Lee et al., 2006). Because our results also showed that resveratrol treatment
interfered with Akt activation (Figs. 2d and 4a), it will be interesting to determine in future
studies whether the effect of resveratrol on NF-«kB activation could also be the result of a
direct inhibitory effect on PI3K activity.

In summary, the present study provides strong evidence that resveratrol negatively
controlled in vitro and in vivo microglial inflammation triggered by Ap. Studies in cell
cultures showed that resveratrol acted, at least in part, by interfering with TLR4
oligomerization upon activation of the receptor, a mechanism of action that resulted in the
inhibition of the NF-xB/STAT/AKkt signaling cascades. These findings provide further
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support for the current clinical trials aimed at assessing the beneficial effects of resveratrol
administration against AD development.
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Figure 1. Effect of resveratrol on cytokine secretion in LPS-stimulated BV-2 and RAW 264.7

cells

Conditioned medium from BV-2 (a and b) and RAW 264.7 (c and d) cells pre-incubated in
the absence (Control) or presence of resveratrol (50 uM, 30 min) and then stimulated for 8
hrs with LPS, was analyzed on cytokine arrays. Representative array analyses are shown in
a and c. Histograms in b and d show the densitometric analysis and quantification of the
immunoreactivity for the indicated cytokines from two independent experiments as in (a)

and (c).
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Figure 2. Resveratrol inhibits NF-kB signaling in LPS-stimulated BV-2 and RAW 264.7 cells

a, Conditioned medium from NF-«kB reporter RAW 264.7 cells (RAW-Blue cells) pre-
treated for 30 min with the indicated concentrations of resveratrol (RSV) and then
stimulated or not for 8 hrs with LPS, was analyzed for SEAP reporter activity. Histogram
shows the mean £ S.D. (*P < 0.001, n = 3 independent experiments). b, RAW 264.7 (left
panels) and BV-2 (right panels) cells were pre-treated for 30 min with the indicated
concentrations of RSV and then were stimulated (LPS) or not (Control) for 8 hrs with LPS.
Total protein extracts were then analyzed by WB using antibodies directed against the
indicated proteins. ¢, Nuclear protein extracts from RAW 264.7 (left panels) and BV-2 (right
panels) cells treated as in (b) were analyzed by WB using antibodies directed against actin
and phospho-NF-kB (pNF-kB). d, Total protein extracts from RAW 264.7 (left panels) and
BV-2 (right panels) cells treated as in (b) were analyzed by WB using antibodies directed
against total Akt and phospho-Akt (pAkt). e, Viability was evaluated by Trypan blue
exclusion assays in RAW 264.7 and BV-2 cells treated as in (b). Histograms show the mean
+ S.D. of two independent experiments using triplicate samples. Figs. 2b—2d show
representative blots of three independent experiments.
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Figure 3. Resveratrol inhibits STAT1/3 signaling in LPS-stimulated BV-2 and RAW 264.7 cells
a—d, Conditioned medium from RAW 264.7 (a and b) and BV-2 (c and d) cells pre-treated
for 30 min with the indicated concentrations of resveratrol (RSV) and then stimulated for 8
hrs with LPS, was analyzed by ELISA for IL-6 (a and ¢) and TNF-a (b and d) secretion. e,
Conditioned medium from RAW 264.7 cells pre-treated for 30 min with the indicated
concentrations of RSV and then stimulated for 24 hrs with LPS, was analyzed by ELISA for
IL-1p secretion. Histograms show the mean + S.D. (*p<0.01, **p<0.001, n = 3 independent
experiments). f, RAW 264.7 (left panels) and BV-2 (right panels) cells were pre-treated for
30 min with the indicated concentrations of RSV and then were stimulated (LPS) or not
(Control) for 8 hrs with LPS. Protein extracts were analyzed by WB using antibodies
directed against the indicated proteins. Fig. 3f shows representative blots of three
independent experiments.
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Figure 4. Resveratrol inhibits TLR4 oligomerization in LPS-stimulated Ba/F3 cells

a, Ba/F3 cell lines stably expressing TLR4-GFP and TLR4-FLAG were pre-treated for 30
min with the indicated concentrations of resveratrol (RSV). Cells were then stimulated
(LPS, 50 ng/ml) or not (Control) for 8 hrs with LPS. Protein extracts were analyzed by WB
using antibodies directed against the indicated proteins. b, Transfected Ba/F3 cells were pre-
treated for 2 hrs with the indicated concentrations of RSV and then were stimulated (LPS) or
not (Control) for 20 min with LPS. Cell lysates were subjected to immunoprecipitation with
anti-GFP antibody and immunoprecipitates were analyzed by WB using anti-GFP and anti-
FLAG antibodies. ¢, Densitometric analysis and quantification of the ratio TLR4-FLAG/
TLR4-GFP obtained from three independent experiments performed as in (b). Histogram
shows the mean £ S.D (*p < 0.05, **p < 0.01). Figs. 4a and 4b show representative blots of
three independent experiments.
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Figure 5. Resveratrol inhibits the AB-mediated pro-inflammatory response in RAW 264.7 cells
a, RAW 264.7 cells pre-treated for 30 min with the indicated concentrations of resveratrol
(RSV) were incubated for 24 hrs in the absence (Control) or presence of fibrillar AB1-42
preparations (5 uM, see Methods). Protein extracts were then analyzed by WB using
antibodies directed against the indicated proteins. Representative blots of three independent
experiments are shown. b and c, conditioned medium from RAW 264.7 cells treated as in
(a) was analyzed by ELISA for TNF-a (b) and IL-6 (c) secretion. d, Viability was evaluated
by Trypan blue exclusion assays in RAW 264.7 cells treated as in (b and c). Histograms
show the mean + S.D. (*p<0.05, **p<0.01, ***p<0.001, n=3 independent experiments).
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Figure 6. Resveratrol inhibits AB-mediated microglial activation in APP/PS1 mice

a, Shown are representative amyloid deposition and surrounding microglial activation
staining in the cortex of control (CTRL, n = 5) and resveratrol-fed (RSV, n = 5) mice by
immunohistochemistry using anti-lbal (green) and anti-Af (6E10, red) antibodies.
Histogram in (b) shows the number of Iba-positive activated microglial cells per amyloid
plaque. Histogram indicates the mean = S.D. of counts taken in four independent sections
per brain. *p < 0.05 (Wilcoxon test). ¢, Graph showing the interaction between the number
of Ibal-positive cells and amyloid plaque area for the resveratrol-treated and untreated
mouse groups. Correlation between cell number and plague area was computed using
Pearson coefficient in the untreated and treated groups, separately. ANCOVA was used to
test interaction of treatment with area. Untreated group: Correlation = 0.47, p = 0.047;
Treated group: Correlation = 0.45, p = 0.036; Interaction between the two groups: p = 0.42.
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