Prevention of Ocular Inflammation in EndotoxinInduced Uveitis with Resveratrol by Inhibiting
Oxidative Damage and Nuclear Factor–B Activation
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PURPOSE. Resveratrol is known as one of the antioxidant polyphenols contained in red wine and grape skin. The purpose of
the present study was to investigate the role of resveratrol in
ocular inflammation in endotoxin-induced uveitis (EIU).
METHODS. EIU was induced in male C57/B6 mice at the age of
6 weeks by a single intraperitoneal injection of lipopolysaccharide (LPS). Animals had received oral supplementation of resveratrol at the doses of 5, 50, 100, or 200 mg/kg for 5 days until
LPS injection. Twenty-four hours after LPS administration, leukocyte adhesion to the retinal vasculature was examined with
a concanavalin A lectin perfusion-labeling technique. Retinal
and retinal pigment epithelium (RPE)-choroidal levels of intercellular adhesion molecule (ICAM)-1, monocyte chemotactic
protein (MCP)-1, and 8-hydroxy-2⬘-deoxyguanosine (8-OHdG)
and nuclear translocation of nuclear factor (NF)-B p65 were
evaluated by enzyme-linked immunosorbent assay. Retinal and
RPE-choroidal activities of silent information regulator two
ortholog (SIRT) 1 were measured by deacetylase fluorometric
assay.
RESULTS. Resveratrol pretreatment led to significant and dosedependent suppression of leukocyte adhesion to retinal vessels
of EIU mice compared with vehicle application. Protein levels
of MCP-1 and ICAM-1 in the retina and the RPE-choroid of EIU
animals were significantly reduced by resveratrol administration. Importantly, resveratrol-treated animals showed significant decline of retinal 8-OHdG generation and nuclear NF-B
P65 translocation, both of which were upregulated after EIU
induction. RPE-choroidal SIRT1 activity, reduced in EIU animals, was significantly augmented by treatment with resveratrol.
CONCLUSIONS. Resveratrol prevented EIU-associated cellular and
molecular inflammatory responses by inhibiting oxidative damage and redox-sensitive NF-B activation. (Invest Ophthalmol
Vis Sci. 2009;50:3512–3519) DOI:10.1167/iovs.08-2666
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esveratrol (3,5,4-trihydroxystilbene), one of dietary polyphenols found in red wine and grape skin, is known to
have an antioxidant effect1 for reducing cardiovascular events.
This mechanism may contribute to the so-called French paradox, which refers to the phenomenon that the French experience a relatively low incidence of cardiovascular disease despite a high-calorie and high-fat diet.2 Resveratrol was reported
to exhibit various bioactivities, including antitumorigenic,3 antiangiogenic,4 and neuroprotective5 effects. Recently, silent
information regulator two ortholog (SIRT) 1, a known regulator of aging,6 has been shown to be activated by resveratrol.7
Indeed, administration of resveratrol extended the life spans of
yeast,7 Caenorhabditis elegans,8 Drosophila melanogaster,8,9
short-lived fish Nothobranchius furzeri,10 and mice fed a highfat diet.11 However, little is known about the effect of resveratrol on ocular disorders.
Recently, it has become widely recognized that inflammatory processes are involved in pathogenic mechanisms in vision-threatening retinal diseases such as diabetic retinopathy12
and age-related macular degeneration.13 A potential common
therapeutic strategy against those retinal diseases is likely to
consist in regulating inflammation. Various chemical mediators
are shown to play key roles in ocular inflammation, together
with retinal leukocyte adhesion and vascular leakage. These
inflammation-related molecules include proinflammatory cytokines interleukin (IL)-614 and tumor necrosis factor (TNF)-␣,15
the arachidonic acid cascade enzyme cyclooxygenase-216 and
its major metabolite prostaglandin E2,17 monocyte chemotactic protein (MCP)-1,18 angiotensin II type 1 receptor,19,20 intracellular signaling pathways JAK (Janus kinase)/STAT (signal
transducer and activator of transcription) 314,19 and IB kinase/
nuclear factor (NF)-B,21 and leukocyte adhesion molecules
such as intercellular adhesion molecule (ICAM)-122 and vascular adhesion protein-1.23 Oxidative stress is also suggested to
be pathogenic in inducing inflammation in the eye.24,25 Endotoxin-induced uveitis (EIU) is an established animal model for
ocular inflammation.26 Oxidative biomarkers are shown to be
elevated in EIU,27 suggesting that inflammation and oxidative
stress cooperatively contribute to its pathogenesis. Herein, we
report the preventive effect of the antioxidant resveratrol on
EIU-associated inflammation and oxidative stress in the eye.

METHODS
Animals and Induction of EIU
Male C57BL/6 mice (CLEA, Tokyo, Japan) at the age of 6 weeks were
used. All animal experiments were conducted in accordance with the
ARVO Statement for the Use of Animals in Ophthalmic and Vision
Research. The ethics committee of our institution approved all surgical
interventions and animal care procedures, which were in accordance
with the Guidelines and Policies for Animal Surgery provided by the
Animal Study Committees of the Central Institute for Experimental
Animals of Keio University. Each animal received a single intraperitoneal injection of lipopolysaccharide (LPS) from Escherichia coli (SigInvestigative Ophthalmology & Visual Science, July 2009, Vol. 50, No. 7
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FIGURE 1. Suppression of retinal leukocyte adhesion with resveratrol.
Flatmounted retinas from vehicletreated control mice (A, D, G), vehicle-treated EIU mice (B, E, H), and
resveratrol-treated (50 mg/kg BW)
EIU mice (C, F, I). Vehicle-treated
EIU mice showing increased adherent leukocytes (arrows) compared
with controls. (J) Quantification of
adherent retinal leukocytes. Resveratrol-treated (50, 100, or 200 mg/kg
BW) EIU mice showed significantly
fewer adherent leukocytes in a dosedependent fashion than vehicletreated EIU mice. Scale bar, 100 m.
n ⫽ 6 to 17. **P ⬍ 0.01; *P ⬍ 0.05.
ma-Aldrich, St. Louis, MO) in phosphate-buffered saline (PBS) at the
dose of 9 mg/kg body weight (BW).

Treatment with Resveratrol
Mice were orally administered vehicle (6.67% dimethyl sulfoxide
[DMSO] in PBS) or resveratrol (Sigma-Aldrich, St. Louis, MO) at the
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dose of 5, 50, 100, or 200 mg/kg BW by using gastric intubation daily
for 5 days until the injection of LPS. Preliminary experiments confirmed that the vehicle DMSO solution did not affect EIU-related parameters, including cellular (Fig. 1) and molecular (Fig. 2) inflammatory responses, oxidative damage to DNA (Fig. 3), and NF-B activation
(Fig. 4) in murine eyes (data not shown). Thus, vehicle-treated age-
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FIGURE 2. Suppression of retinal and
RPE-choroidal expression of ICAM-1
and MCP-1 with resveratrol. Retinal
ICAM-1 (A) and MCP-1 (B) protein
levels in vehicle-treated EIU mice,
significantly elevated compared with
those in vehicle-treated normal controls, were significantly suppressed
by treatment with resveratrol (50
mg/kg BW). Similarly, RPE-choroidal
ICAM-1 (C) and MCP-1 (D) protein
levels in vehicle-treated EIU mice,
significantly elevated compared with
those in vehicle-treated normal controls, were significantly suppressed
by treatment with resveratrol (50
mg/kg BW). n ⫽ 6 to 17 and 6 to 30
for ICAM-1 and MCP-1, respectively.
**P ⬍ 0.01; *P ⬍ 0.05.

matched normal mice served as controls throughout the study (Figs.
1– 4). The dose of 50 mg/kg BW was equivalent to that applied to
protect against neuronal injury associated with cerebral ischemiareperfusion in mice.28

rected for protein concentration evaluated with a spectrophotometer
(NanoDrop ND-1000; Thermo Fisher Scientific, Waltham, MA).

Quantification of Retinal Adherent Leukocytes

Oxidative stress to the retina and choroid was evaluated by quantifying
the levels of 8-hydroxy-2⬘-deoxyguanosine (8-OHdG) as oxidatively
modified DNA. Three hours after EIU induction, mice were killed with
an overdose of anesthesia, and the eyes were immediately enucleated.
The retina and the RPE-choroid complex were carefully isolated, and
total DNA was purified (DNeasy Blood & Tissue kit; Qiagen, Valencia,
CA) according to the manufacturer’s instruction. The 8-OHdG levels
were measured with a DNA oxidation kit (Highly Sensitive 8-OHdG
Check ELISA; Japan Institute for the Control of Aging, Fukuroi, Japan)
according to the manufacturer’s protocol. The 8-OHdG standard
(0.5– 40 ng/mL) or 15 to 20 g DNA purified from the retina was
incubated for 1 hour with a monoclonal antibody against 8-OHdG in a
microtiter plate precoated with 8-OHdG. After the final color was
developed with the addition of 3,3⬘,5,5⬘-tetramethylbenzidine, absorbance was then measured at 450 nm. Tissue sample concentration was
calculated from a standard curve and corrected for DNA concentration.

The retinal vasculature and adherent leukocytes were imaged by perfusion-labeling with fluorescein-isothiocyanate (FITC)-coupled concanavalin A lectin (ConA; Vector Laboratories, Burlingame, CA), as
described previously.20,21,29 Twenty-four hours after LPS injection, the
chest cavity was opened and a 24-gauge cannula was introduced into
the left ventricle under deep anesthesia. After injection of 2 mL PBS to
remove erythrocytes and nonadherent leukocytes, 2 mL FITC-conjugated ConA was perfused. After the eyes were enucleated, the retinas
were flatmounted. The flatmounts were imaged with an epifluorescence microscope (IX71; Olympus, Tokyo, Japan), and the total number of ConA-stained adherent leukocytes per retina was counted in a
masked fashion.

Enzyme-Linked Immunosorbent Assay for ICAM-1
and MCP-1
Twenty-four hours after LPS injection, the animals were killed with an
overdose of anesthesia, and the eyes were immediately enucleated.
The retina and the retinal pigment epithelium (RPE)-choroid complex
were carefully isolated and placed into 100 L lysis buffer (0.02 M
HEPES [4-(2-hydroxyethyl)-1-piperazine ethanesulfonic acid], 10% glycerol, 10 mM Na4P2O7, 100 M Na3VO4, 1% Triton, 100 mM NaF, 4 mM
EDTA [ethylenediaminetetraacetic acid], pH 8.0) supplemented with
protease inhibitors (2 mg/L aprotinin, 100 M phenylmethylsulfonyl
fluoride, 10 M leupeptin, 2.5 M pepstatin A) and then were sonicated. The lysate was centrifuged at 15,000 rpm for 15 minutes at 4°C.
ICAM-1 and MCP-1 levels in the supernatant were determined with the
mouse ICAM-1 and MCP-1 ELISA kits (R&D Systems, Minneapolis, MN),
respectively, according to the manufacturer’s protocols. The tissue
sample concentration was calculated from a standard curve and cor-

Downloaded from iovs.arvojournals.org on 02/26/2021

Quantification of Oxidative Damage to DNA

ELISA for NF-B p65 Subunit after
Nuclear Extraction
Three hours after EIU induction, mice were killed with an overdose of
anesthesia, and the eyes were immediately enucleated. The retina and
the RPE-choroid complex were carefully isolated and homogenized in
50 L hypotonic buffer (10 mM HEPES-KCl, 1 mM ␤-mercaptoethanol,
1 mM dithiothreitol). After incubation on ice for 10 minutes, the
homogenate was vortexed for 10 seconds and centrifuged. The supernatant was discarded, and the pellet was resuspended in 100 L lysis
buffer in the presence of protease inhibitors and was incubated on ice
for 10 minutes. Cellular debris was removed by centrifugation at
15,000 rpm for 15 minutes at 4°C, and 10 g protein was subjected to
ELISA for the p65 subunit of NF-B. Activation of NF-B was determined by measuring the p65 protein level in the nuclear extracts with
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chemiluminescence kit (GE Healthcare, Buckinghamshire, UK) according to the manufacturer’s protocol.

Deacetylase Fluorometric Assay for SIRT1
Twenty-four hours after LPS injection, the animals were killed with an
overdose of anesthesia, and the eyes were immediately enucleated.
The retina and the RPE-choroid complex were carefully isolated and
were placed in 100 L lysis buffer and sonicated. The lysate was
centrifuged at 15,000 rpm for 15 minutes at 4°C. SIRT1 activity in the
supernatant was determined (SIRT1/Sir2 Deacetylase Fluorometric Assay kits; CycLex, Ina, Japan) according to the manufacturer’s protocols.

Statistical Analysis
All results were expressed as mean ⫾ SD. Values were processed for
statistical analyses (Mann-Whitney U test), and differences were considered statistically significant at P ⬍ 0.05.

RESULTS
Suppression of Retinal Leukocyte Adhesion
with Resveratrol
To evaluate inflammatory cell responses in EIU, leukocytes
adherent to the retinal vasculature were imaged by perfusion
labeling with FITC-coupled ConA. Leukocyte counts were evaluated in the posterior retina around the optic disc (Figs. 1A–C),
the midperipheral retina near the equator of the globe (Figs.
1D–F), and the peripheral (anterior) retina next to the ora
serrata (Figs. 1G–I). The total number of adherent leukocytes
per retina was significantly (P ⬍ 0.01, Fig. 1J) higher in vehicletreated EIU mice (Figs. 1B, 1E, 1H; 203.5 ⫾ 63.4 cells) than in
vehicle-treated controls (Figs. 1A, 1D, 1G; 6.3 ⫾ 2.2 cells).
Resveratrol treatment (50, 100, or 200 mg/kg BW) to EIU mice
led to significant (P ⬍ 0.05 for each; Fig. 1J) suppression of
leukocyte adhesion in a dose-dependent manner (119.2 ⫾ 44.5
cells, 112.8 ⫾ 21.0 cells, 96.5 ⫾ 24.0 cells, respectively),
compared with vehicle-treated EIU animals (203.5 ⫾ 63.4
cells).
FIGURE 3. Suppression of retinal 8-OHdG generation with resveratrol.
(A) After LPS injection, retinal 8-OHdG levels significantly increased,
peaked at 3 hours, and reached a plateau from 6 to 24 hours. n ⫽ 4 to
6. **P ⬍ 0.01. (B) Retinal 8-OHdG levels in vehicle-treated EIU mice,
significantly elevated compared with those in vehicle-treated controls,
were significantly suppressed by treatment with resveratrol (50 mg/kg
BW). n ⫽ 8 to 17. *P ⬍ 0.05.
a NF-B detection kit (p65 Transcription Factor Assay kit; Active Motif,
Carlsbad, CA) according to the manufacturer’s instruction. Tissue sample concentration was calculated from a standard curve and corrected
for protein concentration and evaluated with a spectrophotometer
(NanoDrop ND-1000; Thermo Fisher Scientific).

Western Blot Analyses for IB-␣
Protein extracts were obtained from the homogenized RPE-choroid
complex 3 hours after EIU induction. Each sample containing 30 g
total protein was separated by SDS-PAGE and electroblotted to polyvinylidene fluoride membrane (ATTO, Tokyo, Japan). After blocking
nonspecific binding with 5% skim milk, the membranes were incubated with a rabbit monoclonal antibody against IB-␣ (Cell Signaling
Technology, Beverly, MA) or an anti–␣-tubulin antibody (1:2000;
Sigma) at 4°C overnight. Membranes were then incubated with biotinconjugated secondary antibodies followed by avidin-biotin complex
(1:2000; Vectastain ABC Elite Kit; Vector Laboratories) or a horseradish
peroxidase– conjugated goat antibody against rabbit IgG (1:5000; BioSource, Camarillo, CA). Signals were visualized with an enhanced
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Suppression of Retinal and RPE-Choroidal
Expression of ICAM-1 and MCP-1 with Resveratrol
To investigate molecular mechanisms underlying retinal leukocyte adhesion (Fig. 1), protein levels of ICAM-1 (Figs. 2A, 2C)
and MCP-1 (Figs. 2B, 2D) in the retina (Figs. 2A, 2B) and the
RPE-choroid (Figs. 2C, 2D) were evaluated by ELISA. Retinal
ICAM-1 and MCP-1 protein levels were significantly (P ⬍ 0.01
for both) higher in vehicle-treated EIU mice (17.5 ⫾ 1.82
ng/mg and 42.5 ⫾ 12.2 pg/mg, respectively) than in vehicletreated controls (1.97 ⫾ 0.91 ng/mg and nondetectable, respectively). Systemic administration of resveratrol (50 mg/kg
BW) to EIU animals significantly (P ⬍ 0.05 for both) reduced
ICAM-1 and MCP-1 protein levels (15.4 ⫾ 2.43 ng/mg and
33.8 ⫾ 11.7 pg/mg, respectively). RPE-choroidal ICAM-1 and
MCP-1 protein levels were significantly (P ⬍ 0.01 for both)
higher in vehicle-treated EIU mice (349.0 ⫾ 33.8 ng/mg and
42.6 ⫾ 4.60 pg/mg, respectively) than in vehicle-treated controls (104.9 ⫾ 15.7 ng/mg and nondetectable, respectively).
ICAM-1 and MCP-1 protein levels (299.3 ⫾ 18.4 ng/mg and
37.6 ⫾ 5.64 pg/mg, respectively) in the RPE-choroid were
significantly (P ⬍ 0.01 and P ⬍ 0.05, respectively) reduced by
systemic administration with resveratrol at the dose of 50
mg/kg BW to EIU animals.

Suppression of Retinal 8-OHdG Generation
with Resveratrol
To examine oxidative stress as a potential stimulus for EIUrelated cellular (Fig. 1) and molecular (Fig. 2) inflammatory
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events, retinal generation of 8-OHdG, a marker of oxidative
damage to DNA, was analyzed by ELISA (Fig. 3). After EIU
induction, retinal 8-OHdG levels significantly (P ⬍ 0.01) increased, peaked at 3 hours, and reached a plateau from 6 to 24
hours (Fig. 3A). Thus, the time point to evaluate resveratrolinduced suppression of 8-OHdG generation was determined to
be 3 hours after LPS injection. Similarly, RPE-choroidal 8-OHdG
generation tended to peak at 30 minutes after EIU induction,
but the difference was not statistically significant (data not
shown). Retinal 8-OHdG levels 3 hours after EIU induction
were significantly (P ⬍ 0.05, Fig. 3B) higher in vehicle-treated
EIU mice (22.7 ⫾ 3.61 ng/mg) than in vehicle-treated controls
(16.9 ⫾ 2.72 ng/mg). Systemic administration of resveratrol
(50 mg/kg BW) to EIU animals significantly (P ⬍ 0.05, Fig. 3B)
reduced 8-OHdG generation (20.5 ⫾ 2.81 ng/mg).

Suppression of Nuclear NF-B Translocation and
IB-␣ Degradation with Resveratrol
To investigate proinflammatory signal transduction in the
downstream of oxidative stress (Fig. 3), redox-sensitive NF-B
activation was examined with ELISA by measuring the p65
protein level in the nuclear extracts from the RPE-choroid
complex (Fig. 4). Retinal levels of NF-〉 p65 translocated in
the nucleus measured by the present method were undetectable. After EIU induction, nuclear NF-〉 p65 levels significantly (P ⬍ 0.01) increased, peaked at 3 hours, and reached a
plateau from 6 to 24 hours (Fig. 4A), which was temporally
correlated with the time course of LPS-induced oxidative damage (Fig. 3A). Thus, the time point to evaluate resveratrolinduced suppression of NF-〉 activation was determined to be
3 hours after LPS injection. Nuclear NF-B p65 levels at 3 hours
after EIU induction were significantly (P ⬍ 0.01; Fig. 4B) higher
in vehicle-treated EIU mice (6.31 ⫾ 1.61 ng/mg) than in vehicle-treated controls (1.73 ⫾ 0.18 ng/mg). Systemic administration of resveratrol (50 mg/kg BW) to EIU animals significantly
(P ⬍ 0.05; Fig. 4B) reduced NF-B p65 levels (5.15 ⫾ 1.43
ng/mg). To further confirm NF-〉 involvement in the treatment with resveratrol, we used Western blot analysis to examine the protein levels of IB-␣ that had to be degraded for
nuclear NF-B translocation. RPE-choroidal IB-␣ protein levels, substantially reduced in EIU mice 3 hours after induction,
were partially reversed by treatment with resveratrol at the
dose of 50 mg/kg BW (Fig. 4C), supporting the data on nuclear
NF-B translocation (Fig. 4B). Western blot analysis results
were comparable in three independent experiments.

Activation of SIRT1 in the RPE-Choroid
with Resveratrol
To examine a possible role played by SIRT1 in EIU-related
inflammatory events, retinal (Fig. 5A) and RPE-choroidal (Fig.
5B) SIRT1 activities were analyzed by deacetylase fluorometric
assay. Retinal (91% ⫾ 5% of control) and RPE-choroidal (92% ⫾
7% of control) SIRT1 activities were significantly (P ⬍ 0.01 for
both) lower in vehicle-treated EIU mice than in vehicle-treated
controls. Systemic administration of resveratrol (50 mg/kg BW)
to EIU animals led to a significant (P ⬍ 0.05) increase in SIRT1
activity in the RPE-choroid (99% ⫾ 7% of control), but not in
the retina (91% ⫾ 6% of control).

DISCUSSION
FIGURE 4. Suppression of nuclear NF-B translocation and IB-␣ degradation with resveratrol. (A) After LPS injection, nuclear NF-〉 p65
levels significantly increased, peaked at 3 hours, and reached a plateau
from 6 to 24 hours. n ⫽ 6 to 8. **P ⬍ 0.01. (B) Nuclear NF-B p65
levels in vehicle-treated EIU mice, significantly elevated than those in
vehicle-treated controls, were significantly suppressed by treatment
with resveratrol (50 mg/kg BW). n ⫽ 6 to 21. **P ⬍ 0.01; *P ⬍ 0.05. (C)
Protein levels of IB-␣ were substantially reduced in vehicle-treated
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The present study reveals, for the first time to our knowledge,
the inhibitory effect of resveratrol on ocular inflammation,

EIU mice compared with vehicle-treated controls. Systemic administration of resveratrol (50 mg/kg BW) to EIU animals partially inhibited
IB-␣ degradation. n ⫽ 3.
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FIGURE 5. Activation of SIRT1 in the
RPE-choroid with resveratrol. Retinal
(A) and RPE-choroidal (B) SIRT1 activities were significantly (P ⬍ 0.01
for both) lower in vehicle-treated EIU
mice than in vehicle-treated controls.
Systemic administration of resveratrol (50 mg/kg BW) to EIU animals
led to a significant (P ⬍ 0.05) increase in SIRT1 activity in the RPEchoroid (B) but not in the retina (A).
n ⫽ 11 to 12. **P ⬍ 0.01; *P ⬍ 0.05.

together with underlying molecular mechanisms. Resveratrol
ameliorated EIU-related parameters including cellular (Fig. 1)
and molecular (Fig. 2) inflammatory responses, LPS-induced
oxidative damage (Fig. 3), redox-sensitive NF-B activation
(Fig. 4), and SIRT1 deactivation (Fig. 5).
Resveratrol is one of the polyphenols contained abundantly
in red wine, grape skin, and peanut skin.2 The term polyphenol
refers to a complex group of compounds that include in their
structure a benzene ring bearing one or more hydroxyl groups
(i.e., phenolic hydroxyl groups). Phenolic hydroxyl groups are
subject to oxidation because of their low oxidoreduction
potential, accounting for the antioxidative effect of polyphenols.30 Resveratrol has been shown to have various bioactivities, including antitumorigenic,3 antiangiogenic,4 neuroprotective,5 vasodilative,31 and antioxidative1,32 effects.
Application of resveratrol is shown to prevent tumorigenesis
by inhibiting cyclooxygenase activation,3 one of the key
steps in the arachidonic acid cascade-induced inflammation.
Consistent with recent studies showing the anti-inflammatory property of resveratrol on various disease models,33,34
the present data are the first to demonstrate its inhibitory
effect on the pathogenesis of ocular inflammation in EIU.
Leukocyte adhesion, one of the most prominent pathologic
events in the inflamed retina of EIU, was successfully inhibited
by oral administration of resveratrol (Fig. 1). In addition to the
investigation into cellular responses, parallel experiments revealed that resveratrol application led to significant suppression of the inflammation-related molecules MCP-1 and ICAM-1
(Fig. 2), both of which play pivotal roles in leukocyte recruitment35 and adhesion22 during inflammatory status. Recently,
resveratrol has been shown to attenuate TNF-␣–induced MCP-1
expression in adipocytes36 and cigarette smoke-induced upregulation of ICAM-1 in rat arteries.34 In accordance with these
in vitro36 and in vivo34 data, the present study unraveled
molecular mechanisms underlying resveratrol-induced inhibition of inflammation in the eye.
Increasing evidence has suggested that oxidative stress contributes to the pathogenesis of LPS-induced inflammation in
various organs, including the brain,37 lung,38 liver39 and
joint.40 In addition, in EIU eyes, oxidative stress, evaluated by
malondialdehyde, was significantly augmented after LPS injection.27 Because oxidative stress is likely to be a potential
stimulus for inducing cellular (Fig. 1) and molecular (Fig. 2)
inflammatory events, we investigated the time course of
8-OHdG generation, the predominant marker of oxidative damage to DNA (Fig. 3A). Reasonably, 8-OHdG generation peaked
at 3 hours after EIU induction, which preceded the prominent
phase of cellular and molecular responses (24 hours, the time
point for EIU-related inflammatory parameters). Importantly,
resveratrol pretreatment led to significant suppression of
8-OHdG generation at 3 hours after EIU induction (Fig. 3B).
This is explained, at least in part, by the chemical structure of
resveratrol, which exerts antioxidative action attributed to
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multiple phenolic hydroxyl groups characteristic of polyphenols.
Recently, it has been widely recognized that NF-B, the
p65/p50 heterodimer, enters the nucleus to bind the B sequence after IB phosphorylation and degradation caused by
various stimuli and promotes the transcription of target genes,
including ICAM-1 and MCP-1.41 Given that NF-B is a known
redox-sensitive transcription factor functioning as proinflammatory signaling in the downstream of oxidative stress,42 we
investigated the role of NF-B in resveratrol-induced suppression of EIU-related inflammation (Fig. 4). Previous studies on
EIU43 showed that immunohistochemistry for the p65 subunit
of NF-B detected a large number of nuclei positive for p65 in
EIU tissue specimens, indicative of NF-B activation in EIU. In
our present study, to examine the time course of NF-B activation in EIU, we used ELISA for p65 after nuclear extraction
(Fig. 4A) as a more accurate technique to quantify the levels of
NF-B activation. Interestingly, nuclear p65 levels peaked at 3
hours and reached a plateau from 6 to 24 hours after LPS
injection (Fig. 4A), which was temporally correlated with the
time course of oxidative damage to DNA (Fig. 3A), suggesting
a close link between LPS-induced oxidative stress and redoxsensitive NF-B activation in EIU. Antioxidant resveratrol pretreatment led to significant suppression of NF-B activation at
3 hours after LPS injection (Fig. 4B). This finding is compatible
with those of several recent in vitro studies37,44 showing that
resveratrol inhibited LPS- or TNF-␣–induced NF-B activation
in vascular endothelial cells and adipocytes. The anti-inflammatory effects of resveratrol, shown in the present study, were
thought to be sequential events whereby its anti-oxidant action
led to the inhibition of NF-B–induced expression of inflammatory molecules.
In addition to its antioxidant property, resveratrol is known
to function as a potent activator of the histone deacetylase
SIRT1, a molecule responsible for regulating life span.7,11 Interestingly, resveratrol has been shown to attenuate NF-B
activation by enhancing SIRT1 activity, leading to significant
suppression of TNF-␣–induced cell death45 and amyloid ␤-induced neuronal injury.46 In accordance with these in vitro
studies, the present in vivo data (Fig. 5) show that oral application of resveratrol prevented LPS-induced deactivation of
SIRT1 in the RPE-choroid. These findings on SIRT1 are consistent with resveratrol-induced suppression of nuclear NF-B
p65 translocation and IB-␣ degradation in the RPE-choroid
(Fig. 4). In concert with the antioxidant effect of resveratrol on
the retina (Fig. 3), the present data suggest dual mechanisms of
resveratrol as an antioxidant agent and a SIRT1 activator for
suppressing NF-B–mediated inflammation in the eye (Fig. 6).
Although resveratrol has not been applied in clinical practice until recently, it has received orphan-drug designation by
the US Food and Drug Administration for MELAS (mitochondrial myopathy, encephalopathy, lactic acidosis, stroke-like episodes) syndrome. Clinically, ocular inflammation such as
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FIGURE 6. Schematic showing possible mechanisms in resveratrolinduced suppression of EIU-associated ocular inflammation. Note the
dual pathways mediated by resveratrol as an antioxidant agent and
SIRT1 activator to suppress LPS-induced NF-B activation and subsequent expression of inflammation-related molecules ICAM-1 and
MCP-1.

chronic endogenous uveitis is treated primarily with topical or
systemic application (or both) of corticosteroids. During longterm treatment with corticosteroids, however, care must be
taken to guard against ocular and systemic complications, including cataract, glaucoma, diabetes, hypertension, and osteoporosis. Accordingly, the establishment of additive and preventive anti-inflammatory approaches is desirable to decrease the
rate and degree of corticosteroid-induced complications. Our
present data provide molecular evidence of the potential validity of resveratrol supplementation as a therapeutic strategy
to suppress ocular inflammation.
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