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Abstract

Resveratrol (trans-3,5,4’-trihydroxystilbene), a polyphenolic compound found in plant products,
including red grapes, exhibits anticancer, antioxidant, and anti-inflammatory properties. Using an
animal model of multiple sclerosis (MS), we investigated the use of resveratrol for the treatment
of autoimmune diseases. We observed that resveratrol treatment decreased the clinical symptoms
and inflammatory responses in experimental allergic encephalomyelitis (EAE)-induced mice.
Furthermore, we observed significant apoptosis in inflammatory cells in spinal cord of EAE-
induced mice treated with resveratrol compared with the control mice. Resveratrol administration
also led to significant down-regulation of certain cytokines and chemokines in EAE-induced mice
including tumor necrosis factor-q, interferon-y, interleukin (IL)-2, IL-9, IL-12, IL-17, macrophage
inflammatory protein-1a (MIP-1a), monocyte chemoattractant protein-1 (MCP-1), regulated on
activation normal T-cell expressed and secreted (RANTES), and Eotaxin. In vitro studies on the
mechanism of action revealed that resveratrol triggered high levels of apoptosis in activated T
cells and to a lesser extent in unactivated T cells. Moreover, resveratrol-induced apoptosis was
mediated through activation of aryl hydrocarbon receptor (AhR) and estrogen receptor (ER) and
correlated with up-regulation of AhR, Fas, and FasL expression. In addition, resveratrol-induced
apoptosis in primary T cells correlated with cleavage of caspase-8, caspase-9, caspase-3,
poly(ADP-ribose) polymerase, and release of cytochrome c. Data from the present study
demonstrate, for the first time, the ability of resveratrol to trigger apoptosis in activated T cells and
its potential use in the treatment of inflammatory and autoimmune diseases including, MS.

Resveratrol (trans-3,5,4’-trihydroxystilbene), a nonflavinoid polyphenolic compound found
in a large number of plant products including mulberries, peanuts, and red grapes (Jang et
al., 1997), is a member of the class of plant antibiotic compounds produced as a part of a
plant’s defense system against fungal infection (Soleas et al., 1997). In recent years, it got
attention not only for its usefulness in “French Paradox” as a phytoestrogen agent (Kopp,
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1998) but also for its anticancer (Clément et al., 1998; Bernhard et al., 2000; Dorrie et al.,
2001; Delmas et al., 2003; Atten et al., 2005), antioxidant (Kim et al., 2006b; Notas et al.,
2006; Ovesn a et al., 2006), and an anti-inflammatory properties (Donnelly et al., 2004; de la
Lastra and Villegas, 2005; Cignarella et al., 2006; Notas et al., 2006). Resveratrol is also an
essential component of Ko-jo-kon, an oriental medicine used to treat diseases of the blood
vessels, heart (Celotti et al., 1996; Soleas et al., 1997), and liver (Soleas et al., 1997).

Resveratrol has been the focus of recent studies of its pharmacological and beneficial
properties on a wide range of diseases, including neurological, hepatic, cardiovascular, and
autoimmune (Baur and Sinclair, 2006). Resveratrol has been shown to exhibit anti-
inflammatory properties, and the possible mechanisms include inhibition of synthesis and
release of pro-inflammatory mediators, modification of eicosanoid synthesis, and/or
blockade of inducible nitric-oxide synthase and cyclo-oxygenase-2 pathways via its
inhibitory effects on nuclear factor-xB or activator protein-1 (AP-1) (de la Lastra and
Villegas, 2005). Resveratrol has been shown to improve health and survival of mice on a
high-calorie diet and was found to mediate its effects through insulin sensitivity, reduced
insulin-like growth factor-1 levels, increased AMP-activated protein kinase and peroxisome
proliferator-activated receptor-y coactivator 1« activity, increased mitochondrial number,
and improved motor function (Baur et al., 2006). The beneficial effects of resveratrol have
led to introduction of resveratrol as a nutritional supplement in the market and its extensive
use.

Several reports demonstrate that resveratrol induces apoptosis in various cancer cells
(Clément et al., 1998; Bernhard et al., 2000; Dorrie et al., 2001; Delmas et al., 2003; Atten et
al., 2005). Although resveratrol has been shown to induce apoptosis in various cancer cells,
the precise mechanisms and pathways involved in apoptosis of cancer cells are not similar.
There are reports demonstrating that resveratrol acts as a ligand for aryl hydrocarbon
receptor (AhR) and promotes translocation of AhR from cytosol to the nucleus and binding
to DNA at dioxin-responsive elements of various genes (Casper et al., 1999). Resveratrol
has also been shown to interact with estrogen receptors (ER) and acts as a mixed agonist-
antagonist for ER (Gehm et al., 1997; Bowers et al., 2000). In addition, resveratrol has been
shown to trigger CD95 signaling-dependent apoptosis in human tumor cells (Clément et al.,
1998; Delmas et al., 2003). Dorrie et al. (2001) have shown that resveratrol induces
apoptosis by depolarizing mitochondrial membrane and activating caspase-9 in acute
lymphoblastic leukemia cells. Resveratrol may also induce FasL-related apoptosis through
Cdc4z2 activation of ASK1/c-Jun NH,-terminal kinase-dependent signaling pathway in
human leukemia HL-60 cells (Su et al., 2005).

In the current study, we demonstrate for the first time that the anti-inflammatory properties
of resveratrol can be attributed, at least in part, to its ability to induce apoptosis in activated
T cells. Furthermore, using a murine model of MS, we demonstrate that resveratrol can
ameliorate the inflammation and clinical disease of EAE.
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Materials and Methods

Mice

Cell Line

We purchased C57BL/6 (H-2°), AhR KO on C57BL/6 background, B6.129P2Esr1 (ER-a
KO), and B6.129P2Esr2 (ER-£ KO) mice from The Jackson Laboratory (Bar Harbor, ME).
OT Il.2a (C57BL/6-TgN (OT-11.2a)-RAG1MIMOM) mjce were purchased from Taconic
Farms (Garmantown, NY). The animals were housed in University of South Carolina
Animal facility. Care and maintenance of the animals were in accordance with the
declaration of Helsinki and according to guide for the care and use of laboratory animals as
adopted by Institutional and National Institutes of Health guidelines.

EL4 (mouse T lymphoma cell line) cells, maintained in complete RPMI 1640 medium
supplemented with 10% heat-inactivated fetal bovine serum, 10 mM L-glutamine, 10 mM
HEPES, and 100 pg/ml penicillin/streptomycin at 37°C and 5% CO», were used in this
study.

Reagents and Antibodies

RPMI 1640, L-glutamine, HEPES, Gentamicin, Dulbecco’s modified Eagle’s medium,
phosphate-buffered saline (PBS), and fetal bovine serum, were purchased from Invitrogen
(Carlsbad, CA). ConA was purchased from Sigma-Aldrich (St. Louis, MO). The following
mAbs were purchased from BD Pharmingen (San Diego, CA): anti-mouse 1gG-PE,
FcBlock, CD3-PE (chain) purified anti-FasL (k-10), anti-FasL-PE (Kay-10), and anti-Fas-
PE (Jo2). Inhibitors against caspase 3 (Z-DEVD), caspase 8 (Z-IETD-FMK), and caspase 9
(Z-LEHD-FMK) were purchased from R & D Systems (Minneapolis, MN). The primary
Abs caspase-2, caspase-3, caspase-8, caspase-9, cytochrome ¢, PARP, Bax, Bad, Bcl-xl, c-
FLIP (all from Cell Signaling Technologies, Danvers, MA), Bid (R & D Systems), and £
actin (Sigma-Aldrich) for Western blots were used. HRP-conjugated secondary Ab was
purchased from Cell Signaling Technologies (Danvers, MA). RNeasy Mini kit and iScript
cDNA synthesis kit were purchased from QIAGEN (Valencia, CA). Epicenter’s PCR
premix F and Platinum Taq Polymerase kits were purchased from Invitrogen. TUNEL Kits
were purchased from Roche (Indianapolis, IN). a-Naphthoflavone (ANF), an antagonist for
AhR, and tamoxifen, an antagonist for ER, were purchased from Sigma-Aldrich. Resveratrol
was purchased from Sigma-Aldrich. Resveratrol suspended in DMSO was used in the in
vitro studies. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) was a generous gift from Dr. K
Chae (National Institute of Environmental Health Sciences, Research Triangle Park, NC).
TCDD dissolved in DMSO was used in the in vitro studies.

Effect of Resveratrol on Experimental Autoimmune Encephalomyelitis (EAE) in Mice

EAE was induced in C57BL/6 mice (8-10 weeks old) by subcutaneous immunization with
100 pl of 20 mg or 150 mg of myelin oligodendrocyte glycoprotein (MOGg3s.55) peptide
emulsified in complete Freund’s adjuvant (Difco, Detroit, MI) containing 4 mg/ml killed
Mycobacterium tuberculosis (strain H37Ra; Difco). After immunization, 400 ng of pertussis
toxin (Sigma-Aldrich) was i.p. injected into mice on Days 0 and 2. Next, the mice received
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resveratrol (100 mg/kg of body weight) on a daily basis after day 2. Resveratrol was
administered as a suspension in water (0.2 ml) by oral gavage. Body weight and clinical
score (0, no symptoms; 1, limp tail; 2, partial paralysis of hind limbs; 3, complete paralysis
of hind limbs or partial hind and front limb paralysis; 4, tetraparalysis; 5, moribund; 6,
death) were recorded on daily basis. The mean clinical score was calculated for each group
every day.

Histopathological Examination of EAE

Spinal cords from control or resveratrol treated mice were collected 25 days after
immunization. The spinal cord was fixed, paraffin blocks were prepared, microtome sections
were generated, and tissue sections were stained using hematoxylin and eosin. The sections
were examined for inflammatory cell infiltrates under a microscope.

In Situ Apoptosis in Spinal Cord of EAE Mice

Spinal cords from control or resveratrol-treated mice were collected 25 days after
immunization. The spinal cord was fixed, paraffin blocks were prepared, microtome sections
were generated, and in situ TUNEL assays were performed (DeadEnd Colorometric TUNEL
System, Promega, Madison, WI) on tissue sections. The sections were examined for
apoptosis in inflammatory cell infiltrates under a microscope.

Detection of Foxp3 Expression by RT-PCR

Total RNAs from spleen harvested from EAE mice treated with vehicle or resveratrol were
prepared using the RNeasy minikit (QIAGEN, Germantown, MD). First-strand cDNA
synthesis was performed in a 20-pl reaction mix containing 2 pg total RNA using iScript Kit
and following the protocol of the manufacturer (Bio-Rad Laboratories, Hercules, CA). After
first-strand synthesis, 2 pl (10% of the reaction volume) was used as a template for PCR
amplification. To detect the expression of Foxp3, forward (5’-GGG GAA GCC ATG GCA
ATA GTT-3) and reverse (5-TGA AGT AGG CGA ACA TGC GAG TAA-3') primers
specific to mouse Foxp3 were used. PCR was performed for 35 cycles using the following
conditions: 30 s at 95°C (denaturing temperature), 40 s at 56.7°C (annealing temperature),
and 60 s at 72°C (extension temperature), with a final incubation at 72°C for 10 min. The
PCR products, generated from mouse Foxp3 primer pairs, were normalized against PCR
products generated from factin (427 bp) forward (5-AAG GCC AAC CGT GAA AAG
ATG ACC-3) and reverse (5’-ACC GCT CGT TGC CAA TAG TGA TGA-3') primers after
electrophoresis on 1.5% agarose gel and visualization with UV light. The band intensity of
PCR products was determined using Bio-Rad image analysis system (Bio-Rad
Laboratories).

Determination of Various Cytokines/Chemokines in Serum

Blood was collected on day 25 from vehicle or resveratrol-treated EAE mice. Various
cytokines/chemokines present in blood serum were determined using Bio-Plex cytokine
assay kit and according to the protocol of the company (Bio-Rad).
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Determination of Anti-MOG Antibody in Serum

Blood samples were collected on day 25 from control (MOG) and resveratrol-treated (MOG
+ resveratrol) mice and anti-MOG antibody in blood sera was determined by performing
ELISA. In brief, ELISA was performed in 96-well ELISA plates (BD Biosciences, San Jose,
CA). The wells were coated with MOG peptide (1 mg/ml, 50 ml/well) in coating buffer (50
mM carbonate-bicarbonate buffer, pH 9.6) for 2 h at room temperature followed by
overnight at 4°C. Blocking was done using 2% BSA in PBS for 1 h at room temperature.
Wells were washed three times using wash buffer (PBS/0.05% Tween 20) followed by
incubation with “serum ” diluted in wash buffer containing 1% BSA for 2 h at room
temperature. After washing, wells were further incubated together with secondary antibody
(goat anti-mouse 1gG-peroxidase conjugate) diluted 1:20,000 in wash buffer containing 1%
BSA. After washing, ABTS substrate solution was added for color development and the
plate was read at 405 nm using a microplate reader. Values are represented after appropriate
blank corrections.

Detection of Resveratrol-Induced Apoptosis in Primary T Cells

To determine resveratrol-induced apoptosis in primary T cells, T cells from C57BL/6 mice
were purified from the spleens using nylon wool column (Polysciences, Inc., Warrington,
PA) followed by depletion of B cells and macrophages. The purity of T cells was more than
90% as determined by flow cytometry (Cytomics FC 500; Beckman Coulter). T cells,
unactivated or activated with ConA (2.5 pg/ml) for 24 h, were treated with vehicle (DMSO)
or different concentrations (1-100 uM) of resveratrol for 12 to 24 h. Apoptosis in
unactivated or activated T cells after resveratrol exposure was determined by performing
TUNEL assays (fluorescein isothiocyanate-dUTP nick-end labeling) using In situ Cell-
Death Detection kit (Roche, Indianapolis, IN) as described previously (Camacho et al.,
2004; Camacho et al., 2005) and/or using fluorescein isothiocyanate-labeled Annexin V and
P1 kit and following the company’s protocol (BD Pharmingen). In some experiments,
purified T cells were cultured in the absence or presence of ConA and mature syngeneic
dendritic cells (DCs), generated from bone marrow of C57BL/6 mice as described
previously (Inaba et al., 1992) for 24 h, and apoptosis was determined 24 h after vehicle or
resveratrol treatment. Furthermore, we also examined resveratrol-induced apoptosis in
antigen-specific activated T cells. For analysis of ovalbumin peptide (Ova323-339:
ISQAVHAAHAEINEAGR)-specific activated T cells, we used purified T cells from OT.II.
2a mice and cultured them in the absence or presence of mature syngeneic DCs pulsed with
agonist ovalbumin peptide for 2 days followed by treatment with vehicle or resveratrol for
24 h and analyzed for proliferation and apoptosis. To investigate the effect of resveratrol on
MOG-specific activated T cells, mice were immunized into the footpads with MOG (150 pg/
mice) + Freund’s complete adjuvant. Seven days after immunization, popliteal-draining
lymph nodes were harvested, single-cell suspensions were prepared, and the cells (5 x 10%/
well) were cultured in the presence of MOG (10 pg/ml) + various doses (10-50 uM) of
resveratrol or vehicle for 3 days in vitro. Proliferation was determined by incorporation of
[3H]thymidine.
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Reverse Transcriptase PCR to Determine the Expression of AhR, Fas, and FasL in T Cells

Total RNA was isolated from unactivated or ConA-activated primary T cells treated with
vehicle (DMSO) or resveratrol using RNeasy Mini Kit and following the protocol of the
company (QIAGEN). First-strand cDNA synthesis was performed in a 20-pl reaction mix
containing 2 pg of total RNA using iScript Kit and following the protocol of the
manufacturer (Bio-Rad Laboratories). After first-strand synthesis, 2 pl (10% of the reaction
volume) was used as a template for PCR amplification. To detect the expression of mouse-
specific AhR (482 bp), FasL (435 bp), and Fas (486 bp), the protocols described previously
(Singh et al., 2007) were followed. The PCR products, generated from mouse AhR, Fas, and
FasL primer pairs, were normalized against PCR products generated from mouse 18S
forward (5’-GCC CGA GCC GCC TGG ATA C-3’) and reverse (5’-CCG GCG GGT CAT
GGG AAT AAC-3) primers after electrophoresis on 1.5% agarose gel and visualization
with UV light. The band intensity of PCR products was determined using Bio-Rad
Laboratories image analysis system.

Determination of the Role of AhR in Resveratrol-Induced T-Cell Apoptosis

To determine the role of AhR in resveratrol-mediated early signaling, we performed a series
of in vitro assays using T cells from wild-type (C57BL/6) and AhR knock out (AhR KO)
mice. In brief, purified T cells from wild-type or AhR KO mice were not activated or
activated with ConA (2.5 pg) for 24 h and then treated with vehicle (DMSO) or resveratrol
(5-50 uM). Apoptosis in T cells 12 and/or 24 h after resveratrol treatments was determined
by performing TUNEL assays and using flow cytometry as described previously (Camacho
et al., 2004, 2005). Furthermore, 1 pM/ml ANF, an antagonist for AhR, was added in the
culture of wild-type T cells 1 h before resveratrol treatment. The role of AhR in resveratrol-
mediated early signaling was further determined by performing luciferase assays in the
presence mouse Fas or FasL promoter in an expression vector (pGL-3) as described
previously (Singh et al., 2007). Luciferase expression was also determined in the absence or
presence of ANF, an antagonist for AhR, in the culture. Data from three to four independent
experiments were depicted as mean fluorescence units + S.E.M.

Determine the Role of ER in Resveratrol-Induced T-Cell Apoptosis

To determine the role of ER in resveratrol-mediated early signaling, we performed a series
of in vitro assays using T cells from wild-type (C57BL/6) and ER-a and ER-f knockout
mice. In brief, purified T cells from wild-type and ER-a and ER-£ knockout mice,
unactivated or activated with ConA (2.5 ug) for 24 h, were treated with vehicle (DMSO) or
resveratrol (5-50 pM). Apoptosis in T cells was determined by performing TUNEL assays
and using flow cytometry 24 h after resveratrol treatments. Furthermore, 1 uM tamoxifen
(TAM), an antagonist for ER, was added in the culture of wild-type T cells 1 h before
resveratrol treatment and apoptosis was determined. The role of ER in resveratrol-mediated
signaling was further determined by performing luciferase assays in the presence mouse Fas
or FasL promoter in an expression vector (pGL-3) as described previously (Singh et al.,
2007). Luciferase expression was also determined in the absence or presence of TAM. Data
from three to four independent experiments were depicted as mean fluorescence units +
S.E.M.
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Role of FasL in Resveratrol-Induced T-Cell Apoptosis

Primary T cells from C57BL/6 mice were cultured in the absence or presence of antibody
against mouse FasL (5 pg/ml) 1 h before resveratrol treatment. Apoptosis in T cells 24 h
after resveratrol treatments was determined by performing TUNEL assays as described
previously (Camacho et al., 2004, 2005). At least three independent experiments were
performed and the data shown represent one representative experiment. Data from three to
four independent experiments were also depicted as mean fluorescence units + S.E.M.

Analysis of Caspase 3/7, Caspase 8, and Caspase 9 Activity

Caspases 3/7, 8, and 9 were measured in T cells exposed to resveratrol using the Apo-ONE
Homogeneous Caspase-3/7, caspase-8, and caspase-9 Assays according to manufacturer’s
instructions (Promega, Madison, WI). In brief, ConA-activated T cells were treated with
various concentrations (5-50 uM) of resveratrol or vehicle (DMSO) for 24 h at 37°C, 5%
CO». The following day, the cells were collected and used for caspase assays. A Wallac
1420 multilabel counter, Victor? (PerkinElmer Life and Analytical Sciences, Waltham, MA)
was used to measure the relative fluorescence units of each sample at an excitation
wavelength of 485 nm and at an emission wavelength of 535 nm. Luminescence of
caspase-8 and caspase-9 was measured using Wallac 1420 multilabel counter, Victor2
(PerkinElmer Life and Analytical Sciences). Data from three to four independent
experiments were depicted as mean fluorescence units = S.E.M.

Caspase Blocking Assays to Determine the Role of Various Caspases in Resveratrol-
Induced T-Cell Apoptosis

To investigate the role and participation of caspases in resveratrol-induced apoptosis in
primary T cells, we performed in vitro assays as described above (under Detection of
Resveratrol-Induced Apoptosis in Primary T Cells) with inhibitors specific to mouse
caspase-3 (Z-DEVD), caspase-8 (Z-IETD-FMK), and caspase-9 (Z-LEHD-FMK) at a
concentration of 20 pM. The cells were incubated with various caspase inhibitors for at least
1 h before resveratrol treatment. T cells were harvested 24 h after vehicle or resveratrol
treatment, and TUNEL assays were performed to determine apoptosis as described
previously (Camacho et al., 2004, 2005). At least three independent experiments were
performed and the data shown represent one of the experiments.

Immunoblot Analysis

Immunoblotting was performed as described previously (Camacho et al., 2005). The source
of antibodies was as follows (all from Cell Signaling Technologies unless otherwise
specified): caspase-2 (1:1000; Alexis Laboratories, San Diego, CA), caspase-3, caspase-8,
and caspase-9 (1:2000), Bid, (1:1000; R & D Systems), cytochrome ¢ (1:2000), PARP
(1:2000), Bax (1:2000), Bad (1:2000; Cell Signaling), Bcl-xI (1:2000), Smac (1:2000), c-
FLIP (1: 2000), and f-actin (1:50,000; Sigma-Aldrich). HRP-conjugated secondary Ab was
used at 1:4000 dilution (Cell Signaling Technologies). Lysates from resveratrol-treated cells
were prepared by freezing and thawing, and the protein concentration was measured using
standard Bradford assay (Bio-Rad Laboratories). The proteins were fractionated in SDS-
polyacrylamide gel electrophoresis and transferred onto polyvinylidene difluoride
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membranes using a dry-blot apparatus (Bio-Rad Laboratories). The membrane was
incubated in blocking buffer for 1 h at room temperature, followed by incubation in primary
antibody at 4°C overnight. The membrane was then washed three times (10-15 min) with
washing buffer (PBS + 0.2% Tween 20) and incubated for 1 h in HRP-conjugated secondary
antibody (Cell Signaling Technology) in blocking buffer. The membranes were then washed
several times and incubated in developing solution (equal volume of solution A and B; ECL
Western blotting detection reagents; GE Healthcare, Chalfont St. Giles, Buckinghamshire,
UK) and signal was detected using ChemiDoc System (Bio-Rad Laboratories).
Densitometric analyses of the Western blots were performed using ChemiDoc software
(Bio-Rad Laboratories).

Analysis of Mitochondrial Membrane Potential

Mitochondrial membrane potential (Awy,) of T cells after vehicle (DMSO) or resveratrol
treatment was determined using 3,3’-dihexyloxacarbocyanine iodide (DiOCg) dye as
described previously (Camacho et al., 2004, 2005). Propidium iodide (PI) was used to
differentiate the dead cells. At least three independent experiments were performed.

Statistical Analysis

Results

Results presented here represent at least three independent experiments and are presented as
the mean + S.E.M. Statistical analyses were performed using Student’s t test or two-factor
ANOVA as appropriate, with a P value of < .05 considered to be statistically significant. For
EAE, significant difference between control and experimental groups was determined using
the Mann-Whitney U test (*, p < 0.01).

Resveratrol Suppressed the Development of EAE in Mice

Resveratrol is known to exhibit anti-inflammatory properties. In the current study, therefore,
we investigated whether resveratrol would be effective in the tretament of EAE, a model for
human multiple sclerosis. To this end, EAE was induced in C57BL/6 mice (8-10 weeks of
age) by subcutaneous immunization with 100 pl of 20 ug MOGg3s_ 55 peptide emulsified in
complete Freund’s adjuvant containing 4 mg/ml killed M. tuberculosis. Next, mice were
injected i.p. with 400 ng of pertussis toxin on days 0 and 2. These mice received resveratrol
(100 mg/kg) daily from day 2 until the termination of experiment. Clinical scores of disease
were recorded daily. A mean clinical score was calculated for each group for each day. As
seen from Fig. 1A, with 20 pg of MOG, the symptoms started to develop around day 19 and
resveratrol at 100 mg/kg caused significant suppression of clinical symptoms of EAE (p <
0.001; by Mann-Whitney U test). For example, in resveratrol-treated mice, the clinical
scores never reached above 2, whereas in control mice, the score reached a peak of 4. The
clinical score correlated well with histopathological data showing that there was a dose-
dependent decrease in inflammatory response seen in the spinal cord of EAE-induced mice
that were administered resveratrol (Fig. 1C). Next, we tested whether resveratrol would be
effective against EAE induced with a higher dose of MOG, which triggers an early onset of
clinical disease. To this end, we repeated experiments described above except that we
injected a higher dose of MOG (150 pg) and tested the effect of resveratrol at two doses
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(100 and 250 mg/kg body weight). In these experiments we noted that the vehicle-treated
mice showed symptoms of paralysis much earlier, by day 10 (Fig. 1B). It is noteworthy that
when similar groups of MOG-injected mice were treated with resveratrol, there was not only
a delay in the onset of the symptoms (> 6 days) but also a dramatic, dose-dependent
reduction in the clinical disease (Fig. 1B; p = 0.0094 by Mann-Whitney U test). Resveratrol
was more effective in delaying the onset of clinical disease when EAE was induced using a
higher dose of MOG. This might be because the anti-inflammatory properties of resveratrol
may be more effective at early stages of administration, an aspect that needs further
investigation.

Resveratrol-Mediated Apoptosis Reduced Inflammatory Cells in Spinal Cord

Histological studies revealed that resveratrol treatment significantly inhibited the
inflammation induced by MOG (Fig. 1C, compare b and c). Next, we performed in situ
TUNEL assays to determine apoptosis in migrating inflammatory cells in spinal cord as
described under Materials and Methods. When we counted the number of apoptotic cells at
sites of inflammation at 20 different fields using a microscope, we noted six apoptotic cells
in untreated mice, 17 in MOG + vehicle-treated mice and 49 in MOG + resveratrol-injected
mice (Fig. 1D). These data suggested that presence of less inflammation in spinal cord of
resveratrol-treated EAE mice compared with vehicle-treated EAE mice might result from
resveratrol-mediated apoptosis in inflammatory cells.

Effect of Resveratrol on Cytokine/Chemokine Profile and Foxp3 Expression in EAE-
Induced Mice

Next, we examined the presence of various cytokines in the sera of EAE-induced mice and
observed significant reduction in certain cytokines [tumor necrosis factor-a (TNF-a),
interferon-y (INF-y), interleukin (IL)-2, IL-9, IL-12, IL-17, macrophage inflammatory
protein-1a (MIP-1a), monocyte chemoattractant protein-1 (MCP-1), regulated on activation
normal T-cell expressed and secreted (RANTES)] and a modest increase in other cytokines
(IL-6, IL-17, and granulocyte cell-stimulating factor) in the serum of mice treated with
resveratrol (Fig. 1E), compared with vehicle-treated mice with EAE, demonstrating that
resveratrol treatment decreased the induction of a majority of cytokines screened. Of
particular interest was the demonstration that vehicle-treated mice with EAE exhibited very
high levels of eotaxin, which was dramatically decreased after resveratrol treatment. Recent
studies have shown that IL-17 plays a critical role in EAE. Thus, we were surprised at the
low levels of IL-17 seen during EAE in the serum and the fact that resveratrol did not
decrease the levels. This may be because the serum was analyzed for cytokines on day 25 of
EAE. It is noteworthy that when we measured the levels of IL-17 on day 9 of EAE, we
found that IL-17 levels were increased in vehicle-treated EAE mice and that resveratrol
treatment caused a significant decrease in IL-17 levels (Fig. 1F). Furthermore, we also
examined the effect of resveratrol on induction of Foxp3, an important transcription factor
of Treg cells during EAE development. We observed significant up-regulation of Foxp3
gene in splenocytes of mice treated with resveratrol, compared with control mice (Fig. 1G).
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Effect of Resveratrol on Production of Anti-MOG Antibody in EAE Mice

We determined whether resveratrol had any effect on the production of antibody against
MOG peptides in EAE-developing mice. Upon analysis of anti-MOG antibody production,
we observed significantly less production of anti-MOG antibody in resveratrol-treated EAE
mice compared with vehicle-treated EAE mice (Fig. 1H). These data demonstrated that
resveratrol effectively blocked the production of anti-MOG antibody in EAE mice.

Effect of Resveratrol on Unactivated and Activated Primary T Cells

We next performed in-depth analysis of the mode of action of resveratrol using in vitro
assays. To this end, purified T cells from C57BL/6 mice were either unactivated or activated
with ConA for 24 h and treated with various concentrations of resveratrol (5-100 uM).
These concentrations were selected based on pilot studies in which we noted that resveratrol
at <5 uM concentrations did not induce significant apoptosis in T cells. First, we determined
the survival of primary T cells after resveratrol or vehicle treatments using trypan blue dye
and observing the cells under an inverted phase contrast microscope. We observed a
statistically significant effect of resveratrol on survival of T cells (data not shown); the total
number of viable unactivated or ConA-activated primary T cells was reduced in a dose-
dependent manner. However, we observed significantly higher reduction in survival of
ConA-activated primary T cells after resveratrol treatment at all doses (data not shown). The
data obtained from TUNEL assays demonstrated that primary T cells unactivated or
activated with ConA and cultured in the presence of resveratrol underwent apoptosis in a
dose-dependent fashion (Fig. 2, A and B). The induction of apoptosis by resveratrol was also
confirmed using Annexin V/PI staining (Fig. 2C). We observed 5 to 6% necrotic (Pl
positive) cells (data not shown). These data demonstrated that resveratrol can induce
apoptosis in primary T cells and that activated T cells are more sensitive to resveratrol-
induced apoptosis compared with unactivated T cells.

Resveratrol Induced Apoptosis in Antigen-Specific Activated T Cells

Next, we investigated whether resveratrol would induce apoptosis in antigen-specific T cells
activated by DCs. To this end, we used purified T cells from OT.Il.2a mice, which recognize
specific ovalbumin peptides, cultured them alone or in the presence of syngeneic mature
DCs or DCs pulsed with agonist ovalbumin peptides (Ova323-339:
ISQAVHAAHAEINEAGR) for 3 days and then treated with various concentrations (5-50
M) of resveratrol for 24 h. The T cell proliferation was measured by thymidine (3H)
incorporation and apoptosis in T cells was determined by gating CD3 positive T cells and
detecting TUNEL positive T cells. We noted a dose-dependent decrease in antigen-specific
T cell proliferation upon resveratrol treatment (Fig. 3A). Using TUNEL analysis, we noted
dose-dependent apoptosis in unactivated T cells and in T cells cultured with DCs. Moreover,
significant apoptosis was also noted in T cells cultured with DCs + ovalbumin peptide (Fig.
3, B and C). We noted that the levels of apoptosis, particularly at higher concentrations of
resveratrol, were slightly higher in cultures consisting of T + DCs + ova compared with T
cells alone. However, these differences in susceptibility of antigen-activated T cells versus
unactivated T cells were less dramatic than ConA-activated T cells. This may be because in
the ova experiments, the T cells had been cultured in vitro for 2 days before resveratrol
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treatment. Furthermore, upon examination of the effect of resveratrol on MOG-specific
activated T cells, we observed significant reduction in proliferation of MOG-specific
activated T cells in the presence of resveratrol, compared with vehicle treatment (Fig. 3D).
Together, these data demonstrated that antigen-specific activated T cells became more
susceptible to resveratrol-induced apoptosis.

Resveratrol Up-Regulated AhR, Fas, and FasL Expression in T Cells

Next, we determined whether resveratrol regulated the expression of AhR, Fas, and FasL in
T cells in vitro by staining the cells with mouse-specific anti-Fas and FasL antibodies,
respectively, and performing RT-PCR. Vehicle-exposed activated but not unactivated T
cells expressed significant levels of FasL (Figs. 4A and C). Furthermore, resveratrol
treatment caused significant and dose-dependent increase in FasL in both unactivated and
activated T cells (Fig. 4, A and C). We also observed a significant increase in expression of
Fas in both unactivated and activated upon resveratrol treatment (Fig. 4, B and C). Data
obtained from RT-PCRs for the expression of Fas, and FasL in T cells after reseveratrol/
vehicle treatments corroborated flow cytometry data (Fig. 4D). In addition, resveratrol
treatment caused a significant increase in expression of AhR in both unactivated and
activated T cells, compared with vehicle (DMSQO)-treated T cells as determined by RT-PCR
(Fig. 4D). We observed similar 18S (a house keeping gene) expression between resveratrol-
and vehicle-treated T cells (Fig. 4D).

FasL Played a Significant Role in Initiating Death-Receptor Pathway during Resveratrol-
Induced T-Cell Apoptosis

To test the role of FasL in resveratrol-induced apoptosis in T cells, we performed in vitro
assays using primary T cells from C57BL/6 mice. Purified T cells were activated with ConA
for 24 h followed by culture in the absence or presence of anti-mouse FasL mAb (5 pg/ml).
We observed significant reduction in resveratrol-induced T-cell apoptosis when Abs against
FasL mAb was added to the culture (Figs. 5A and B). Addition of isotype control Abs failed
to exhibit any significant effect on resveratrol-induced apoptosis (data not shown). The data
suggested a role for FasL in initiating resveratrol-mediated death-receptor pathway.

Role of AhR In Resveratrol-Induced Apoptosis in T Cells

We tested the role of AhR in resveratrol-induced apoptosis in T cells. To this end, we
performed a series of in vitro assays using primary T cells from wild-type (C57BL/6) or
AhR KO mice. We observed significantly less resveratrol-induced apoptosis in T cells from
AhR KO mice compared with AhR wild-type mice at all resveratrol doses tested (Fig. 6, A
and B). Likewise, we observed significant reduction in resveratrol-induced apoptosis in T
cells from wild-type mice in the presence of ANF, an antagonist for AhR compared with T
cells that were cultured in the absence of ANF (Fig. 5C). These data together demonstrated
that AhR plays an important role in initiating early signals leading to resveratrol-induced T-
cell apoptosis. Furthermore, upon examination of luciferase expression under the control of
mouse Fas or FasL promoter after resveratrol treatments, we observed up-regulation of
luciferase expression under the control of Fas or FasL promoter (Fig. 6D), but the
expression of luciferase was significantly reduced in the presence of ANF (Fig. 6D) thereby
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suggesting that AhR activation may regulate the expression of Fas and FasL by resveratrol.
In these experiments, we used TCDD as a positive control because our previous studies
demonstrated that it up-regulates FasL expression (Singh et al., 2007). It should be noted
that T cells from AhR KO mice did exhibit decreased apoptosis at all doses of resveratrol
(Fig. 6, A and B), and ANF was only partially able to block resveratrol-induced apoptosis.
These data suggested that in addition to AhR, other molecules might also play a role in
initiating resveratrol-induced apoptosis.

Resveratrol Also Used Estrogen Receptor (ER) to Initiate Early Signaling Leading to

Apoptosis

To examine the role of ER in resveratrol-induced early signaling, we purified T cells from
wild-type (C57BL/6), ER-qa, and ER-£ KO mice and cultured them in the absence or
presence of TAM and treated the cells with vehicle or various concentrations (5-50 uM) of
resveratrol. We observed significantly lower resveratrol-induced apoptosis in T cells from
ER-a KO, compared with wild-type mice (Figs. 7, A and B). However, we observed no
difference in resveratrol-induced apoptosis in T cells from wild-type (Fig. 7A) and ER-F KO
mice (Fig. 7B). These data demonstrated that ER-« plays an important role in resveratrol-
induced apoptosis. Furthermore, when T cells from wild-type mice were cultured in the
presence of TAM and treated the cells with vehicle or various concentrations of resveratrol
(10-50 uM), we observed significant reduction in T-cell apoptosis in the presence of TAM
(Fig. 7C), further demonstrating the role of ER in resveratrol-induced apoptosis. Because
addition of ANF (Fig. 6C) or TAM (Fig. 7C) separately to cultures had partially blocked
resveratrol-induced apoptosis, we further investigated the effect of a combination of ANF +
TAM (Fig. 7C). The data demonstrated that combination treatment with TAM + ANF
completely reversed the resveratrol-induced apoptosis in T cells and brought the apoptosis to
the level seen with the vehicle-treated groups. Upon examination of luciferase expression
under the control of mouse Fas or FasL promoter after resveratrol treatments, we observed
up-regulation of luciferase expression under the control of Fas or FasL promoter (Fig. 7D),
but the expression of luciferase was significantly reduced in the presence of TAM (Fig. 7D)
demonstrating the role of ER in activation of Fas and FasL. Furthermore, a combination of
TAM + ANF (Fig. 7D) was further able to decrease the luciferase activity, thereby
corroborating the involvement of both ER and AhR in the regulation Fas and FasL by
resveratrol.

Resveratrol Triggered Both Death-Receptor (Extrinsic) and Mitochondrial (Intrinsic)
Pathways to Cause Apoptosis in T Cells

To investigate the role of various apoptotic pathways in resveratrol-induced T-cell
apoptosis, we determined the role of various caspases (caspase-3/7, caspase-8, and
caspase-9). Standard enzymatic assays using caspase assays reagents from Promega and
following the company’s protocols were performed after vehicle or resveratrol exposure of
T cells for 24 h. We observed significantly increased caspase enzymatic activities for all
three caspases examined in ConA-activated, resveratrol-treated T cells compared with
vehicle-treated T cells (Fig. 8A). The role of various caspases was further confirmed by
blocking caspase activity using various caspase inhibitors (caspase-3, Z-DEVD; caspase-8,
Z-IETD-FMK; and caspase-9; Z-LEHD-FMK). TUNEL assays performed on ConA-
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activated T cells that were cultured in the presence of various caspase inhibitors and treated
with reveratrol (10-50 uM) demonstrated almost complete blocking (~90%) of resveratrol-
induced T-cell apoptosis in the presence of caspase-3 inhibitor (Fig. 8B), significant
blocking (~65%) in the presence of caspase-8 inhibitor (Fig. 8B), and partial blocking
(~50%) in the presence of caspase-9 inhibitor (Fig. 8B). These data demonstrated that
resveratrol-induced apoptosis in T cells was caspase-dependent and that caspases-3, -8, and
-9 participated in resveratrol-induced T-cell apoptosis.

To further corroborate the role of caspases, Western blot analysis for various caspases was
performed. The data demonstrated that resveratrol treatment caused cleavage of caspases-8,
-3, and -9 (Fig. 9A). Resveratrol treatment also caused a decrease in c-FLIP and cleavage of
PARP (Fig. 9A).

We also examined the expression of BAD, Bcl-xl, and Smac in resveratrol-treated activated
T cells and observed significant reductions after resveratrol exposure. These data
demonstrated that resveratrol caused decrease in expression of antiapoptotic genes such as
Bcel-xI and Smac and thus allowed apoptosis in T cells. As shown in Fig. 9C, cytochrome ¢
was released from mitochondria to cytoplasm in resveratrol-treated T cells, thus
demonstrating the role of the mitochondrial pathway in resveratrol-induced T cell apoptosis.

To further corroborate the role of mitochondrial pathway, we examined mitochondrial
membrane potential loss (Au,) using DiOCg dye after resveratrol or vehicle treatment. We
observed significant reduction in Ay, in resveratrol-treated T cells compared with vehicle-
treated T cells (Fig. 9D). However even at a high dose of 50 pM resveratrol, we noted
moderate levels of reduction in Ay, (in ~24% cells), suggesting that mitochondrial pathway
plays only a partial role in resveratrol-mediated apoptosis.

Discussion

Multiple sclerosis is an autoimmune disease that affects the central nervous systems of
patients and is triggered by myelin-specific T cells that cause inflammation, resulting in
demyelinated plaques and neurological symptoms (Sospedra and Martin, 2005). In the
current study, we investigated the effect of resveratrol on EAE by triggering the clinical
disease in C57BL/6 mice through injection of MOG. We noted that resveratrol treatment
had the following beneficial effects on EAE compared with vehicle-treated control mice: 1)
Significant decrease in severity and delayed onset of clinical disease (Fig. 1, A and B), 2)
presence of less number of inflammatory cells in the spinal cord (Fig. 1C), 3) increased
numbers of apoptotic inflammatory cells in the spinal cord (Fig. 1D), 4) down-regulation of
a majority of cytokines tested (Fig. 1E) and IL-17 (Fig. 1F), 5) up-regulation of Foxp3 (Fig.
1G), and 6) Reduced anti-MOG antibody production (Fig. 1H). The presence of fewer
inflammatory cells in spinal cords of resveratrol-treated EAE-induced mice correlated with
increased apoptosis, thereby suggesting that resveratrol may act in vivo through induction of
apoptosis in activated T cells. Up-regulation of Foxp3 in resveratrol-treated mice
demonstrates an increase in the regulatory T cell activity, which has been shown to play
important role in immunosuppression (Humrich and Riemekasten, 2006; Jiang et al.,
2006a,b; Kim et al., 2006a; Seo et al., 2007).
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We noted significant reduction in certain cytokines (TNF, IFN-y, IL-2, IL-9, IL-12, MIP-1q,
MCP-1, and RANTES) and a modest increase in other cytokines (IL-6, IL-17, and
granulocyte cell-stimulating factor) in serum of EAE-induced mice treated with resveratrol
(Fig. 1E). These data are consistent with reports demonstrating resveratrol-mediated
suppression of various cytokines such as IFN-y (Wirleitner et al., 2005), TNF-q, IL-15,

IL-2, and IL-6 (Marier et al., 2005; Schroecksnadel et al., 2005; Wirleitner et al., 2005).
Recent studies have shown that IL-17 plays a critical role in induction of EAE (Lock et al.,
2002; Iwakura and Ishigame, 2006). It is noteworthy that EAE-bearing mice had low levels
of IL-17 and, in fact, resveratrol treatment caused a modest increase in IL-17. This may be
because we measured IL-17 much later in the disease course. When we measured the levels
of IL-17 on day 9 of EAE, we found that IL-17 levels were increased in vehicle-treated EAE
mice and resveratrol treatment caused a significant decrease in IL-17 levels (Fig. 1F). In the
central nervous systems of EAE mice, mMRNAs for RANTES, eotaxin, MIP-1a, MIP-15,
MIP-2, inducible protein-10, and MCP-1 were detected at disease onset, increased as disease
progressed, and fell as clinical signs improved (Rajan et al., 2000). The decrease in
cytokines may result from inhibitory effects on nuclear factor-xB and AP-1 (de la Lastra and
Villegas, 2005) or induction of apoptosis in T cells, as seen in the current study. Eotaxin, a
recently described chemotactic factor belonging to the CC chemokine family, has been
implicated in animal and human eosinophilic inflammatory states (Rothenberg et al., 1996;
Fukuyama et al., 2000). In the present study, we observed a robust induction of eotaxin in
animals exhibiting EAE and a dramatic reduction of eotaxin upon resveratrol treatment (Fig.
1D). At present, we do not know the precise role played by eotaxin in the development of
EAE in mice; additional studies are clearly necessary.

Resveratrol has been previously identified as an AhR mixed agonist/antagonist (de Medina
et al., 2005). In addition, we have earlier shown that activation of AhR induces Fas and FasL
expression and consequent apoptosis in T cells (Camacho et al., 2005). Resveratrol
treatment caused significant and dose-dependent increase in FasL in both unactivated and
activated T cells (Fig. 4, A and C). We also observed a significant increase in expression of
Fas in both unactivated and activated T cells upon resveratrol treatment (Fig. 4, B and C).
Data obtained from RT-PCR for the expression of FasL and Fas in T cells after reseveratrol/
vehicle treatment corroborated flow cytometry data (Fig. 4D). In addition, resveratrol
treatment caused a significant increase in expression of AhR in both unactivated and
activated T cells, compared with vehicle-treated T cells as determined by RT-PCR (Fig.
4D). Next, we tested whether up-regulation of Fas and FasL was directly involved in
resveratrol-induced apoptosis. We observed significant reduction in resveratrol-induced
apoptosis in T cells in the presence of Abs against FasL (Fig. 5, A and B), whereas isotype
control Abs failed to mediate an effect. The data suggested a role for FasL in initiating
resveratrol-mediated death-receptor pathway of apoptosis.

In the current study, we noted that AhR played a significant role in resveratrol-induced
apoptosis in T cells. However, it should be noted that T cells from AhR KO mice did exhibit
decreased apoptosis at all doses of resveratrol (Fig. 6, A and B), and ANF was able to block
resveratrol-induced apoptosis only partially, suggesting that other molecules in addition to
AhR might also be involved in initiating resveratrol-induced apoptosis.
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Resveratrol is a phytoestrogen that exhibits variable degrees of estrogen receptor agonism in
different test systems (Gehm et al., 1997). We therefore examined the role of ER in
resveratrol-induced apoptosis using T cells from wild-type, ER-q, and ER-£ KO mice in the
absence or presence of TAM, an ER antagonist. We observed significantly lower
resveratrol-induced apoptosis in T cells from ER-a KO compared with wild-type mice (Fig.
7, A-C). However, we observed no significant difference in resveratrol-induced apoptosis in
T cells from wild-type and ER-£ KO mice (Fig. 7C). These data demonstrated that ER-«
plays an important role in resveratrol-induced apoptosis.

Mor et al. (2003) showed that estrogen treatment increased FasL expression in monocytes
through the binding of ER to the estrogen responsive elements and AP-1 motifs present on
FasL promoter. To test whether resveratrol regulated Fas and FasL promoter activity
through AhR and/or ER, we performed luciferase assays in the presence mouse Fas or FasL
promoter in an expression vector (pGL-3). We observed that resveratrol induced luciferase
expression under the control of Fas or FasL promoter (Figs. 6D and 7D), and the expression
of luciferase was significantly reduced in the presence of ANF (Fig. 6D) and TAM (Fig.
7D). In these experiments, we used TCDD, a potent AhR agonist as a positive control shown
to up-regulate FasL expression (Singh et al., 2007). Furthermore, a combination of TAM +
ANF (Fig. 7D) was further able to decrease the luciferase activity, thereby corroborating the
involvement of both AhR and ER in the regulation Fas and FasL by resveratrol.

Upon examination of apoptotic pathways, we noted that both death-receptor (Fas/FasL-
mediated) and mitochondrial pathways are involved in resveratrol-induced T-cell apoptosis.
However, only a small proportion of apoptotic cells showed loss of mitochondrial membrane
potential, and Abs against FasL could almost completely block resveratrol-mediated
apoptosis in T cells, both of which suggest that the death receptor pathway may play more
critical role and that the mitochondrial pathway may be activated through cross-talk via Bid.

In the current study, we used resveratrol dosed of 10, 100, and 500 mg/kg administered by
oral gavage, similar to the doses used in other studies (Gao et al., 2002). Previous in vivo
studies to treat cancer suggested that low doses such as 40 mg/kg are not effective, whereas
higher doses, such as 80 mg/kg were partially effective (Gao et al., 2002). In another study,
resveratrol was shown to inhibit tumor growth in BALB/c mice at 500, 1000 and 1500
mg/kg in a dose-dependent manner when administered for 10 days (Liu et al., 2003). In
addition, in a rat model, 100 mg/kg of resveratrol was very effective in delaying
tumorigenesis (Bhat et al., 2001). It is feasible to achieve in vivo 25 to 50 pM, a dose that
we found to be effective in vitro. Thus, in vivo, doses greater than 100 mg/kg may be
necessary to study the efficacy of resveratrol. In addition, in humans, a dose of 1 g of
resveratrol has been tested (Zhou et al., 2005).

Use of resveratrol to treat inflammatory and anti-immune diseases may hold significant
promise because resveratrol was more effective in inducing apoptosis in activated T cells.
Thus, resveratrol may be less toxic to normal immune cells. Data from the current study
demonstrate that the anti-inflammatory properties of resveratrol can be attributed, at least in
part, to its ability to trigger apoptosis in activated T cells. The current study demonstrates
that resveratrol may serve as a novel therapeutic agent against multiple sclerosis.
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Fig. 1.
Resveratrol treatment diminishes clinical symptoms of EAE. A and B, C57BL/6 mice were

immunized with 20 ug (A) or 150 ug (B) of MOG3s.55 peptide emulsified in complete
Freund’s adjuvant and 400 ng of pertussis toxin. These immunized mice received 100 mg/kg
(A and B) or 250 mg/kg (B) of resveratrol daily from day 2 until the termination of the
experiment. C, images from immunohistopathological examination of spinal cord of EAE-
induced mice. Spinal cords were collected from: a, normal mice; b, EAE-induced vehicle-
treated mice; ¢, EAE-induced resveratrol-treated mice. Arrows indicate infiltration of
polymorphonuclear cells. D, in situ TUNEL assays for apoptosis in spinal cord of EAE-
induced mice. Spinal cords from normal mice (a), EAE-induced vehicle-treated mice (b),
EAE-induced resveratrol-treated mice (c) were collected and in situ apoptosis was
determined using DeadEnd colometric TUNEL system. E, expression of various cytokines
and chemokines in serum of EAE-induced mice on day 25 after immunization that were
treated with vehicle or resveratrol. F, expression of cytokine IL-17 in serum of EAE-induced
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mice on day 9. G, expression of Foxp3 in splenocytes harvested from EAE induced mice
(C57BL/6) treated with vehicle or resveratrol on day 25 after immunization. Lane 1, normal
spleen; lane 2, MOG + Vehicle; lane 3, MOG + resveratrol (100 mg/kg), and lane 4: MOG +
resveratrol (500 mg/kg). f-Actin was used as a positive control. H, presence of anti-MOG
antibody in the sera of EAE induced mice (C57BL/6) treated with vehicle or resveratrol on
day 25 after immunization. Data represent mean + S.E.M. of six animals and asterisks (*)
represent significant differences between resveratrol-treated groups compared with vehicle
controls.
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Fig. 2.

Rgsveratrol triggers apoptosis in primary T cells. Purified primary T cells from C57BL/6
mice were activated or not with ConA for 24 h followed by treatment with resveratrol or
vehicle for 12 to 24 h (A-C). T cells were analyzed for apoptosis by TUNEL assays (A and
B) and Annexin V/PI (C). A demonstrates representative experiment for apoptosis and B
shows mean = S.E.M. of four independent experiments. C demonstrates representative
experiment on apoptosis determined using Annexin V/PI. Cells stained for Annexin but
negative for Pl alone have been depicted. We observed 5 to 6% dead (Pl-positive) cells (data
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not shown). Asterisks (*) indicate statistically significant difference between resveratrol-
treated groups compared with vehicle controls.
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Fig. 3.

Resveratrol causes apoptosis in antigen-specific activated T cells in vitro. Purified primary T
cells from OT.Il.2a mice were activated with ovalbumin-specific peptide
(ISQAVHAAHAEINEAGR) by coculturing T cells and peptide-pulsed mature DCs for 2
days and then treated with various doses of resveratrol (5-50 uM; A—C). Proliferation of T
cells was determined by [3H]thymidine incorporation (A) 24 h after resveratrol or vehicle
exposure and apoptosis as determined by TUNEL assays (B and C). A represents mean *
S.E.M. of triplicate cultures and data were expressed as change in counts per minute.
Asterisks (*) represent significant difference in proliferation of antigen-specific (ova-
peptides) activated OT.11.2a T cells treated with resveratrol compared with vehicle controls.
B is a representative of three independent TUNEL assays, and C represents mean + S.E.M.
of three independent TUNEL experiments and asterisks (*) represent significant difference
in apoptosis between resveratrol-treated groups compared with vehicle controls. D, popliteal
draining lymph nodes were harvested from mice immunized with MOG (150 pg/mice) on
day 7 and cultured in the presence of MOG (10 pg/ml) and vehicle or resveratrol (10-50
uM) for 3 days. Proliferation of lymph node cells was determined by [3H]thymidine
incorporation (D). D represents mean + S.E.M. of triplicate cultures. Asterisks (*) represent
significant difference in proliferation of MOG-specific activated lymph node cells treated
with resveratrol compared with vehicle controls.
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Role of Fas and FasL in resveratrol-mediated apoptosis in T cells. Expression of Fas and
FasL in unactivated or ConA-activated T cells was determined by staining the cells with
anti-mouse Fas-PE and anti-mouse FasL-PE antibodies and analyzed by Flow cytometry and
RT-PCR. A, expression of FasL in unactivated or ConA-activated T cells 12 and 24 h after
resveratrol or vehicle treatment (flow cytometry). B, expression of Fas in unactivated or
ConA-activated T cells 12 and 24 h after resveratrol or vehicle treatment. C, mean
fluorescent intensity of FasL and Fas expression after resveratrol or vehicle treatment. C
represents mean = S.E.M. of three independent experiments and asterisks (*) represent
significant difference between resveratrol-treated groups compared with vehicle controls. D,
expression of AhR, Fas, and FasL in unactivated T cells and activated T cells (T cells +
ConA) using RT-PCR. 18S, a housekeeping gene, was used as a positive control.
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Fig. 5.
FasL plays critical role in induction of death-receptor pathway of apoptosis by resveratrol. T

cells purified from C57BL/6 (wild-type) mice were activated with ConA and cultured in the
presence of vehicle or resveratrol (5-50 puM) and incubated in the absence or presence of
mouse-specific anti-FasL Ab. Apoptosis in T cells was determined by TUNEL assays. The
data presented in A are representative of three independent experiments. B represents mean
of three independent experiments, and asterisks (*) represent significant reduction in
resveratrol-induced apoptosis of T cells cultured in the presence of FasL Ab compared with
the controls.
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Fig. 6.

Role of AhR in resveratrol-induced apoptosis in T cells. A, unactivated or ConA-activated
purified T cells from AhR wild-type or AhR KO mice were treated with vehicle or
resveratrol, and apoptosis was determined by performing TUNEL assays as described in Fig.
2. B, mean £ S.E.M. of three independent experiments; asterisks (*) represent significant
difference of resveratrol-induced apoptosis in AhR KO T cells compared with wild-type T
cells. C, unactivated or ConA-activated T cells were cultured with resveratrol (10-50 pM) or
vehicle (DMSO) for 24 h in the absence or presence of ANF in the culture and TUNEL
assays were performed. The data presented are representative for 3 independent assays. D,
ConA-activated EL4 cells were transfected with pGL-3-Fas or pGL-3-FasL promoter,
cultured in the presence of resveratrol (5-25 UM) or vehicle for 24 h in the absence or
presence of ANF in the culture, and luciferase assays were performed. Data represent mean
of three independent experiments, and asterisks (*) indicate significant down-regulation of
luciferase expression in the presence of ANF compared with cultures that did not receive
ANF. Expression of luciferase in the presence of FasL promoter and treated with TCDD
represents positive control.
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Fig. 7.

Rgle of ER in resveratrol-induced apoptosis in T cells. A, unactivated T cells from wild-type
(C57BL/6), ER-a knockout, ER- knockout mice were cultured in the presence of various
concentration (5-50 uM) of resveratrol (Res) or vehicle (DMSO) for 24 h, and TUNEL
assays were performed 24 h after treatment. The data presented are representative of three
independent assays. B, ConA-activated T cells from wild-type (C57BL/6), ER-a knockout,
and ER-f knockout mice were cultured in the presence of various concentration (5-50 pM)
of resveratrol (Res) or vehicle (DMSO) for 24 h, and TUNEL assays were performed 24 h
after treatment. The data presented are representative of three independent assays. C,
unactivated or ConA-activated T cells were cultured with resveratrol (10-50 uM) or vehicle
(DMSO) for 24 h in the absence or presence of TAM alone or in combination with ANF
(TAM+ANF) in the culture and TUNEL assays were performed. The data presented are
representative for three independent assays. D, ConA-activated EL4 cells were transfected
with pGL-3-Fas or pGL-3-FasL promoter, cultured in the presence of resveratrol (5-25 uM)
or vehicle for 24 h in the absence or presence of TAM alone or in combination of ANF
(TAM+ANF) in the culture, and luciferase assays were performed. D, mean + S.E.M. of
three independent experiments; asterisks (*) represent significant down-regulation of
luciferase expression compared with controls.
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Fig. 8.
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Resveratrol activates and cleaves various caspases to cause apoptosis in primary T cells.
Enzymatic activities of caspase-3/7, -8, and -9 were determined in ConA-activated primary
T cells 24 h after resveratrol treatment. A, caspase-3/7, -8, and -9 activities, and the data
represent mean of three independent experiments. Vertical bars represent S.E. of three
experiments. Asterisks (*) represent statistically significant (p < 0.02) increase in enzymatic
activities of caspase-3, -8, and -9 in resveratrol-treated groups compared with vehicle-treated
T cells. B, ConA-activated T cells were cultured with vehicle or resveratrol in the presence
or absence of inhibitors of caspase-3, -8, and -9. The data presented are representative of
three independent experiments.
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Fig. 9.

Rgsveratrol activates members of death-receptor and mitochondrial pathways. Cell lysates
prepared from resveratrol-treated (24 h) unactivated primary T cells (A and B) and
unactivated (—ConA) or activated primary T cells (+ConA) (C) were resolved by SDS-
polyacrylamide gel electrophoresis and probed with primary Abs against various appropriate
molecules. A and B, cell lysates prepared from unactivated and resveratrol-treated T cells
were probed with caspase-8, caspase-3, caspase-9, caspase-2, c-FLIP, PARP (A), Bad, Bcl-
xl, and Smac (B) antibodies. C, cell lysates prepared from unactivated and ConA-activated
and resveratrol-treated T cells were probed with cytochrome c antibodies. f~Actin was used
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as a control. D, effect of resveratrol on Ay, in primary T cells. Unactivated primary T cells
were treated with vehicle (DMSO) or resveratrol (5-50 uM) and stained with DIOCg to
evaluate Ay, Results are representative of at least three independent experiments.
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