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ABSTRACT
Up-regulation of fractalkine is involved in vascular and tissue
damage in inflammatory conditions. Resveratrol has been
shown to have anti-inflammatory, antioxidant, and antitumor
activities. Its regulatory effects on expression of fractalkine in
vascular endothelial cells and fractalkine receptor CX3CR1 in
monocytes have not been studied. We evaluated the effects of
resveratrol on fractalkine expression in human umbilical vein
endothelial cells and CX3CR1 expression in THP-1 cells in
response to treatment with tumor necrosis factor (TNF)-�.
TNF-� significantly induced fractalkine mRNA and protein ex-
pression in endothelial cells. Resveratrol strongly suppressed
TNF-�-induced fractalkine expression in endothelial cells

through suppression of nuclear factor-�B and Sp1 activities.
Resveratrol decreased the number of TNF-�-induced fractal-
kine-positive endothelial cells and CX3CR1-positive cells de-
termined by flow cytometric analysis. Resveratrol suppressed
TNF-�-stimulated monocytes adhesion to human umbilical vein
endothelial cells. Immunohistochemical analysis revealed that
resveratrol suppressed TNF-�-induced arterial endothelial frac-
talkine expression in heart, kidney, and intestine and decreased
ED-1-positive cell infiltration in intestinal villi. Resveratrol may
provide a new pharmacological approach for suppressing frac-
talkine/CX3CR1-mediated injury in inflammatory conditions.

Adherence of circulating inflammatory cells and migration
to the subendothelial space is an initial process in inflamma-
tory conditions (Gimbrone et al., 1997; Cines et al., 1998).
Chemokines in endothelial cells and those receptors in in-
flammatory cells are critical in the initiation, maintenance,
and resolution of inflammation (Fujiwara and Kobayashi,
2005). Fractalkine (CX3CL1) is the only CX3C-chemokine in
which a soluble chemokine-like domain is fused to a mucin
stalk that extends across the cell membrane into the cyto-
plasm (Bazan et al., 1997; Pan et al., 1997). The expression of
membrane-bound fractalkine can be markedly induced on
primary endothelial cells by inflammatory cytokines, such as
interferon-�, interleukin-1 and tumor necrosis factor (TNF)-�
(Garcia et al., 2000). Fractalkine can function as both a

chemoattractant and an adhesion molecule for its receptor,
CX3CR1 (Imai et al., 1997; Haskell et al., 1999).

Expression of CX3CR1 and migration toward fractalkine
have been demonstrated for monocytes/macrophages, some T
cells, and natural killer cells (Imai et al., 1997; Fong et al.,
1998; Harrison et al., 1998; Foussat et al., 2000). Thus, frac-
talkine expressed on inflamed endothelium may be a vascu-
lar gateway for CX3CR1-expressing cells by rapidly captur-
ing them from the blood and promoting their migration into
tissue. Because up-regulation of fractalkine is involved in
vascular and tissue damage in various diseases, such as
atherosclerosis (Lesnik et al., 2003), glomerulonephritis
(Segerer et al., 2002), cardiac allograft rejection (Robinson et
al., 2000), HIV infection (Foussat et al., 2001), and rheuma-
toid arthritis (Nanki et al., 2004), down-regulation of fractal-
kine expression can be important in preventing and treating
these diseases. Only a few substances—the soluble form of
interleukin-6 receptor-� (Matsumiya et al., 2001) and 15-
deoxy-�12,14-prostaglandin J2 (Imaizumi et al., 2002)—and
hypoxia (Yamashita et al., 2003) were reported to inhibit
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fractalkine expression in endothelial cells. We have reported
that �-lipoic acid reduces fractalkine-mediated inflammatory
processes in endotoxemia (Ahn et al., 2004; Sung et al., 2005).
It is well known that CX3CR1 is expressed in monocytes/
macrophages and is the mechanism of monocytes/macro-
phages capture, firm adhesion, and activation (Fong et al.,
1998). A polymorphism in the CX3CR1 gene was also re-
ported to be associated with low CX3CR1 expression and
reduced risk of acute coronary disease in humans (Comba-
diere et al., 2003). Because fractalkine and CX3CR1 are
critical to inflammation, therapeutic interventions that tar-
get fractalkine in endothelial cells and CX3CR1 in mono-
cytes/macrophages may open new avenues for controlling
inflammatory diseases.

Resveratrol (trans-3,4�,5-trihydroxy-trans-stilbene), a
polyphenolic compound present in grapes and red wine, has
been reported to have a cardioprotective effect via an antiox-
idant effect (Frankel et al., 1993; Fauconneau et al., 1997),
cancer chemopreventive activity (Jang et al., 1997), suppres-
sion of cellular smooth muscle proliferation/migration (Araim
et al., 2002), and inhibition of platelet aggregation (Pace-
Asciak et al., 1996). At concentrations present in human
plasma after moderate wine consumption, resveratrol inhib-
its the expression of adhesion molecules such as intercellular
adhesion molecule-1, vascular cell adhesion molecule-1, and
E-selectin by agonist-stimulated endothelial cells (Bertelli et
al., 2001; Pendurthi and Rao, 2002). Ferrero et al. (1998) also
have reported that resveratrol reduces granulocyte and
monocyte adhesion to endothelial cells. The anti-inflamma-
tory activity of resveratrol may be related to interference
with the nuclear factor (NF)-�B signaling pathway, which
regulates the expression of various genes involved in inflam-
mation (Tsai et al., 1999; Manna et al., 2000). However,
effects of resveratrol on fractalkine expression and its signal
pathway in endothelial cells and on CX3CR1 expression in
monocytes/macrophages have not been examined.

In this study, we examined whether resveratrol decreases
the expressions of TNF-�-induced fractalkine in human um-
bilical vein endothelial cells (HUVECs) and TNF-�-induced
CX3CR1 in THP-1 cells. Furthermore, we evaluated the role
of resveratrol in TNF-�-induced endothelial fractalkine ex-
pression in vivo. Our results show that resveratrol prevents
TNF-�-induced up-regulation of fractalkine in endothelial
cells and CX3CR1 in monocytes/macrophages, identifying
a novel mechanism of resveratrol for preventing vascular
inflammation.

Materials and Methods
Materials and Cell Culture. Anti-fractalkine antibody (full-

length) and anti-CX3CR1 antibody were purchased from Torrey
Pines BioLabs (Houston, TX). Anti-phospho-p65 (Ser536) and anti-
p65 antibodies were from Cell Signaling Technology (Beverly, MA).
Anti-p65, anti-p50, and anti-Sp1 for gel supershift assay were from
Santa Cruz Biotechnology (Santa Cruz, CA). Mitogen-activated pro-
tein kinase kinase 1/2 inhibitor PD98059, NF-�B inhibitor MG-132,
protein kinase C inhibitor calphostin C and H-89 were purchased
from Calbiochem (San Diego, CA). Resveratrol, the phosphatidylino-
sitol 3�-kinase inhibitor wortmannin, the NF-�B inhibitor pyrroli-
dine dithiocarbamate, TNF-�, media, sera, and most other biochem-
ical reagents were from Sigma-Aldrich (St. Louis, MO) unless
otherwise specified. HUVECs were prepared from human umbilical
cords by collagenase digestion as described previously (Ahn et al.,

2004). THP-1 cells were from American Type Culture Collection
(Manassas, VA).

RNase Protection Assay and Immunoblotting. RPA and im-
munoblotting were performed as described previously (Ahn et al.,
2004). The membrane was reblotted with anti-actin antibody to
verify equal loading of protein in each lane.

Monocyte Isolation and Adhesion Assay. The study protocol
and informed consent forms were approved by the Chonbuk National
University Hospital Review Board, and subjects were given informed
consent. Human peripheral blood monocytes were isolated from
fresh blood from healthy volunteers by Ficoll-Paque gradient centrif-
ugation. Monocytes were further purified by negative selection using
magnetic beads (Miltenyi Biotec, Bergisch Gladbach, Germany) (An-
cuta et al., 2003). Monocyte-endothelial adhesion was determined by
previously used methods (Kim et al., 2003).

Mononuclear cells from circulating rat blood were separated by
according to a previously described method (Mazzucchelli et al.,
2004). Gradient centrifugation with a Histopaque-1083 (Sigma) was
undertaken to optimize recovery of viable mononuclear cells. After
centrifugation, the opaque interface containing mononuclear cells
was transferred to a new tube and washed twice with phosphate-
buffered saline by centrifugation at 250g for 10 min. Finally, viable
cells were counted using the trypan blue exclusion test.

Flow Cytometry. For flow cytometry analysis for fractalkine,
HUVECs were treated as described previously (Sung et al., 2005).
For flow cytometry analysis for CX3CR1, THP-1 cells and rat ED-1-
positive monocytes/macrophages were used according to a method
described previously (Sung et al., 2005).

Electrophoretic Mobility Shift Assay. EMSA for NF-�B and
Sp1 proteins were performed as described previously (Ahn et al.,
2004). Signals were detected by chemiluminescent imaging accord-
ing to the manufacturer’s protocol (EMSA Gel-Shift kit; Panomics,
Redwood City, CA).

Luciferase Assay. HUVECs were plated at a density of 5.0 � 104

cells per well on 24-well plates and transfected using SuperFectant
transfection reagent (QIAGEN, Hilden, Germany) in serum-free me-
dium according to the manufacturer’s protocol. Cells were cotrans-
fected with 1 �g/well pNF-�B-Luc or pSp1-Luc, firefly luciferase
reporter constructs, and 0.25 �g of a Renilla reniformis luciferase
control reporter vector (pRL-TK; Promega, Madison, WI) to normal-
ize transfection efficiency. At 6 h after transfection, the medium was
changed and cells were further cultured for another 24 h. Cells were
treated for an additional 6 h with stimulant and then lysed with
Passive Lysis Buffer (Promega). Firefly and R. reniformis luciferases
activities were assayed using a MiniLumat LB 9506 (Berthold Tech-
nologies, Bad Wildbad, Germany) with the Dual-Luciferase Reporter
Assay System (Promega). Relative luciferase activity represents the
ratio of the activity of firefly to R. reniformis luciferase activity.

Animal Experiments. Inbred male Sprague-Dawley rats (180–
200 g) were obtained from Orient (Charles River Korea, Seoul, Ko-
rea) and were maintained on standard laboratory diet and water ad
libitum. All animal studies were reviewed and approved by the
Institutional Animal Care and Use Committee of Chonbuk National
University Medical School. The rats were divided into three groups:
vehicle (0.1% DMSO; n � 5), TNF-� (10 �g/kg; n � 5), and TNF-� (10
�g/kg) plus resveratrol (50 mg/kg) (n � 5). Resveratrol was sus-
pended in 0.3% carboxymethyl cellulose solution and given to rats by
oral intubation at a dose of 50 mg in 0.5 ml of 0.3% solution/kg daily
for 14 days (Arichi et al., 1982). Control (vehicle) rats similarly
received 0.3% carboxymethyl cellulose solution alone. Control buffer
and TNF-� were then injected intravenously through the tail vein.
Twelve hours after injection of vehicle or TNF-�, rats were anesthe-
tized with ketamine (100 mg/kg) and xylazine (10 mg/kg) and sacri-
ficed by cervical dislocation. Heart, kidney, and intestine were har-
vested for immunohistochemical analysis.

Immunohistochemical Analysis of Fractalkine and ED-1.
Immunohistochemical analysis were performed as described previ-
ously (Sung et al., 2005).
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Densitometric Analyses and Statistics. Data are expressed as
mean � S.D. Statistical significance was tested using Student’s t test
or one-way analysis of variance followed by the Student-Newman-
Keuls test. Statistical significance was set at p � 0.05.

Results
TNF-� Increased Expression of Fractalkine mRNA

and Protein in HUVECs. We reported previously that
TNF-� produces a maximal effect on the expression of frac-
talkine mRNA in HUVECs at 4 h (Ahn et al., 2004). There-
fore, we examined the effect of various concentrations of
resveratrol on TNF-�-induced fractalkine mRNA at this
time. TNF-� (10 ng/ml) also increased the expression of frac-
talkine mRNA in a dose-dependent manner.

Addition of TNF-� (10 ng/ml) maximally increased expres-
sion of fractalkine protein at 6 h, and the level continued to
be higher than control for up to 24 h. The maximum mean
increase in fractalkine was 9.5-fold.

Inhibitors Changed TNF-�-Stimulated Expression of
Fractalkine mRNA. We reported previously that NF-�B
inhibitor MG-132 and pyrrolidine dithiocarbamate sup-
pressed TNF-�-induced expression of fractalkine mRNA
(Ahn et al., 2004). However, the phosphatidylinositol 3�-ki-
nase inhibitor wortmannin, the mitogen-activated protein
kinase kinase 1/2 inhibitor PD98059, the protein kinase C
inhibitor calphostin C, and the protein kinase A inhibitor
H-89 produced no changes. These results suggest that TNF-
�-stimulated expression of fractalkine might be mediated
mainly through activation of NF-�B pathways.

Resveratrol Suppressed TNF-�-Induced Fractalkine
mRNA and Protein in HUVECs. Because TNF-� produces
a maximal effect on the expression of fractalkine mRNA in

HUVECs at 4 h, we examined the effect of various concen-
trations of resveratrol on TNF-�-induced fractalkine mRNA
at this time. Resveratrol suppressed TNF-�-induced expres-
sion of fractalkine mRNA in a dose-dependent manner (Fig.
1A). Resveratrol at 0.5 �M suppressed approximately 20 to
30% of TNF-�-induced expression of fractalkine mRNA;
higher concentrations of resveratrol (5 and 10 �M) almost
completely suppressed TNF-�-induced fractalkine mRNA ex-
pression. However, a high concentration of resveratrol (5 �M)
alone did not significantly affect on the mRNA levels of
fractalkine. In agreement with the RPA data, resveratrol at
1 �M suppressed approximately 30 to 40% of TNF-�-induced
expression of fractalkine protein, whereas resveratrol at 5
and 10 �M almost completely suppressed TNF-�-induced
fractalkine protein expression (Fig. 1B).

Resveratrol Reduced the Number of Fractalkine-
Positive Cells in TNF-�-Stimulated HUVECs. The num-
ber of fractalkine-positive cells was increased approximately
6-fold in HUVECs after stimulation with TNF-�; after res-
veratrol treatment, the number was decreased to the control
level by flow cytometry (Fig. 1C). These data suggest that
resveratrol inhibited TNF-�-induced fractalkine expression
in HUVECs.

Resveratrol Reduced CX3CR1 Protein and the Num-
ber of CX3CR1-Positive Cells in TNF-�-Stimulated
THP-1 and ED-1-Positive Monocytes/Macrophages. In
Western blot analyses, TNF-� increased CX3CR1 protein
level approximately 3.0-fold at 6 h in THP-1 cells (Fig. 2A).
Resveratrol suppressed TNF-�-induced expression of
CX3CR1 protein in a dose-dependent manner (Fig. 2A). Ad-
dition of resveratrol at 1 �M suppressed approximately 17%
of TNF-�-induced expression of CX3CR1 protein, whereas

Fig. 1. Resveratrol suppressed TNF-�-induced fractalkine
expression. A, RPA of fractalkine mRNA in TNF-�-stimu-
lated HUVECs cotreated with resveratrol (Res). HUVECs
were incubated for 4 h with control buffer (CB), Res (5 �M),
TNF-� (10 ng/ml), or TNF-� plus various concentration of
Res. Total RNA (10 �g) isolated from the cells was sub-
jected to RPA. Densitometric analyses are presented as the
relative ratio of fractalkine mRNA level to cyclophilin
mRNA level. B, Western blot analyses of fractalkine pro-
tein in TNF-�-stimulated HUVECs cotreated with Res.
HUVECs were incubated for 6 h with CB, TNF-� (10 ng/
ml), or TNF-� plus the indicated amount of Res. Western
blot was probed with an anti-fractalkine antibody and re-
probed with an anti-actin antibody to verify equal loading
of protein in each lane. Densitometric analyses are pre-
sented as the relative ratio of each protein to actin. The
ratio relative to CB is arbitrarily presented as 1. Bars
represent the mean � S.D. from three experiments. �, p �
0.05 versus CB; #, p � 0.05 versus TNF-� only. C, analysis
of fractalkine expression in HUVECs detected by flow cy-
tometry. HUVECs incubated with control buffer (CB), Res
(5 �M), TNF-� (10 ng/ml), or TNF-� (10 ng/ml) plus Res (5
�M) for 6 h.
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Fig. 2. Resveratrol decreased the number of CX3CR1-pos-
itive cells in TNF-�-stimulated THP-1 cells. A, Western
blot analyses of CX3CR1 protein in TNF-�-stimulated
THP-1 cells cotreated with resveratrol (Res). THP-1 cells
were incubated for 6 h with CB, TNF-� (10 ng/ml), or
TNF-� plus the indicated amount of Res. Western blot was
probed with an anti-CX3CR1 antibody and reprobed with
an anti-actin antibody to verify equal loading of protein in
each lane. Densitometric analyses are presented as the
relative ratio of each protein to actin. The ratio relative to
CB is arbitrarily presented as 1. Results were similar in
three independent experiments. Bars represent the mean
� S.D. �, p � 0.05 versus CB; #, p � 0.05 versus TNF-�
only. B, analyses of CX3CR1 expression in HUVECs de-
tected by flow cytometry. THP-1 cells incubated with con-
trol buffer (CB), Res (5 �M), TNF-� (10 ng/ml), or TNF-�
(10 ng/ml) plus Res (5 �M) for 6 h.

Fig. 3. Resveratrol suppressed TNF-�-induced endothelial
adhesiveness for monocytes. A, fluorescent microscopic
findings of endothelial adhesiveness for monocytes. Scale
bar, 50 �m. B, quantification of monocytes adhesion to
HUVECs. Monocytes, fluorescently labeled with cal-
cein-AM (50 �M), were added to confluent monolayers of
HUVECs, which were treated with TNF-� (10 ng/ml) for
6 h and were also treated with control buffer (CB), resvera-
trol (Res, 5 �M), or anti-fractalkine antibody (20 �g/ml).
More monocytes were found in HUVECs treated with
TNF-� than with CB. Note that treatment with TNF-� plus
Res or anti-fractalkine antibody decreased the TNF-�-in-
duced increase of monocyte adhesion to HUVECs. Bars
represent the mean � S.D. from four experiments. �, p �
0.05 versus CB; #, p � 0.05 versus TNF-�.
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higher concentrations of resveratrol (5 �M) suppressed to the
control level. However, a high concentration of resveratrol (5
�M) alone did not significantly affect the protein levels of
CX3CR1 (Fig. 2A).

The number of CX3CR1-positive cells was increased ap-
proximately 2.5-fold in THP-1 cells after stimulation with
TNF-�; after resveratrol treatment, the number was de-
creased to the control level by flow cytometry (Fig. 2B). We
also used flow cytometry to evaluate the change in the num-
ber of CX3CR1-positive cells in ED-1-positive monocytes/
macrophages prepared from rats treated with TNF-�. Com-
pared with the control cells, the number of CX3CR1-positive
cells in ED-1-positive monocytes/macrophages was increased
approximately 2.7-fold at 12 h. Pretreatment with resvera-
trol (50 mg/kg per day) decreased the number of TNF-�-
induced CX3CR1-positive cells in ED-1-positive monocytes/
macrophages by approximately 47%. These results indicate
that resveratrol inhibits the TNF-�-induced CX3CR1 expres-
sion in THP-1 cells and in ED-1-positive monocytes/macro-
phages in rat blood.

Resveratrol Suppressed TNF-�-Induced Monocyte
Adhesiveness to HUVECs. Because the induction of frac-
talkine in endothelial cells induces monocyte adhesion (An-
cuta et al., 2003), we examined whether resveratrol de-
creases monocyte adhesion to TNF-�-stimulated HUVECs.
Stimulation of HUVECs with TNF-� (10 ng/ml) for 6 h in-
duced a significant increase (�4.7-fold) in monocyte adhesion

compared with treatment with control buffer but treatment
with resveratrol led to a 58% decrease in monocyte adhesion
(Fig. 3). Furthermore, treatment of TNF-�-stimulated cells
with an anti-fractalkine antibody led to a 50% decrease in
monocyte adhesion; resveratrol or the anti-fractalkine anti-
body alone had no effect. These findings suggest that resvera-
trol decreases monocyte adhesion to TNF-�-stimulated
HUVECs through fractalkine expression.

Resveratrol Suppressed TNF-�-Induced NF-�B and
Sp1 Activities. We demonstrated previously that TNF-�
stimulated the expression of fractalkine mRNAs mainly
through activation of NF-�B (Ahn et al., 2004). Therefore, we
examined the effect of resveratrol on NF-�B activities using
a phosphospecific anti-p65 antibody that detects only the p65
subunit of NF-�B when it is phosphorylated at Ser536.
TNF-� induced the phosphorylation of the p65 subunit (�3.1-
fold) at 15 min; this phosphorylation was nearly completely
inhibited by cotreatment with resveratrol (5 �M) for 4 h (Fig.
4, A and B); resveratrol alone had no effect. To identify
NF-�B and Sp1-binding complexes induced by TNF-�, nu-
clear extracts of HUVECs were subjected to a supershift
assay. As shown in Fig. 4, C and F, incubation with p65, p50,
or Sp1 antibodies produced slowly migrating complexes, in-
dicating that NF-�B p65/p50, p50/p50, and Sp1 complexes
were activated by TNF-� treatment. We also used EMSA to
examine whether resveratrol inhibits NF-�B and Sp1 activ-
ities in nuclear extracts of HUVECs stimulated with TNF-�

Fig. 4. Resveratrol suppressed TNF-�-induced NF-�B and
Sp1 activities. A, Western blot analyses of phospho-p65
subunit of NF-�B in protein extracts of HUVECs. HUVECs
were pretreated with resveratrol (Res, 5 �M) for the indi-
cated time and treated for 15 min with control buffer (CB)
or TNF-� (10 ng/ml). B, densitometric analyses are pre-
sented as the relative ratio of each protein to the p65
subunit of NF-�B. The ratio relative to CB is arbitrarily
presented as 1. Bars represent the mean � S.D. from three
experiments. �, p � 0.05 versus CB; #, p � 0.05 versus
TNF-� only. C and F, gel supershift assay demonstrating
specific activation of NF-�B (C) or Sp1 (F) by TNF-�. Nu-
clear extracts of HUVECs treated with TNF-� (10 ng/ml)
were preincubated for 1 h with antibodies to p65, p50, or
Sp1. Comp, 100 � cold NF-�B competitor probe; cold-pb,
unlabeled probes; SS, supershift; NS, nonspecific bands;
FP, free probes. D and G, EMSA of NF-�B (D) or Sp1 (G) in
nuclear extracts of HUVECs. HUVECs were incubated
with CB, Res (5 �M), or TNF plus Res for 2 h. E and H,
luciferase activity of NF-�B (E) or Sp1 (H). HUVECs were
transiently transfected using reporter plasmids, and 24 h
after transfection, cells were treated with Res (5 �M),
TNF-� (10 ng/ml), or TNF-� plus Res. Whole-cell lysates
were assayed for luciferase activity. �, p � 0.05 versus CB;
#, p � 0.05 versus TNF-� only.
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(10 ng/ml). NF-�B (p65/p50) and Sp1 binding was increased
in nuclear extracts from TNF-�-stimulated HUVECs,
whereas cotreatment with TNF-� and resveratrol suppressed
NF-�B and Sp1 binding (Fig. 4, D and G). To examine NF-�B-
and Sp1-dependent transcriptional activities, we transiently
transfected HUVECs with NF-�B- or Sp1-responsive lucif-
erase reporter constructs. The day after transfection, cells
were treated with TNF-�, resveratrol, or TNF-� plus resvera-
trol for 6 h, and then luciferase activity was determined.
Treatment with resveratrol reduced NF-�B and Sp1 tran-
scriptional activities induced by TNF-� (Fig. 4, E and H).
These data suggest that resveratrol suppressed fractalkine
expression through suppression of NF-�B and Sp1 activities
in HUVECs.

Resveratrol Suppressed TNF-�-Induced Fractalkine
Expression in Cardiac, Kidney, and Small Intestinal
Endothelial Cells. Similar to our previous report (Ahn et
al., 2004), intravenous injection of TNF-� (10 �g/kg) mark-
edly increased fractalkine expression at 12 h in arterial en-
dothelial cells in the heart. In the kidney, TNF-� increased
fractalkine expression in arterial endothelial cells but not in
glomerular endothelial and tubular epithelial cells. In the

small intestine, TNF-� increased fractalkine expression in
arteriolar endothelial cells and villous endothelium but not
in lymphatic endothelial cells and epithelial cells. Pretreat-
ment with resveratrol (50 mg/kg per day) dramatically sup-
pressed TNF-�-induced fractalkine expression in arterial en-
dothelial cells in heart, kidney, and small intestine (Fig. 5).
Resveratrol also decreased TNF-�-induced villous endothe-
lial fractalkine expression (Fig. 5). These findings suggest
that resveratrol suppresses TNF-�-induced fractalkine ex-
pression in cardiac, kidney, and small intestinal endothelial
cells.

Resveratrol Suppressed TNF-�-Induced ED-1-Posi-
tive Cell Infiltration in Intestinal Villi. Immunohisto-
chemical examination of rat intestinal villi revealed a 5.2-
fold increase in ED-1-positive cell infiltration after TNF-�
treatment (Fig. 6). Resveratrol treatment prevented TNF-�-
induced accumulation of ED-1-positive cells in intestinal villi
by approximately 60%, whereas resveratrol alone had no
effect. There were significantly fewer infiltrated ED-1-posi-
tive cells in jejunal sections from rats treated with TNF-�
and anti-fractalkine antibody than in those treated with
TNF-� and control antibody (Fig. 6). Anti-fractalkine anti-
body alone had no effect on ED-1-positive cell infiltration in
jejunum. These results suggest that resveratrol decreased

Fig. 5. Resveratrol suppressed TNF-�-induced fractalkine expression in
vivo. A, immunohistochemical analyses of arterial endothelial fractalkine
expression in rat heart, kidney, small intestinal wall, and intestinal villi.
Rats were given control buffer (CB), TNF-� (10 �g/kg), or TNF-� plus
resveratrol (Res, 50 mg/kg per day). Scale bar, 50 �m. B, semiquantita-
tive analysis of fractalkine expression in heart, kidney, and small intes-
tine. For each section, three to five endothelial portions of the tissue were
graded on a scale from 1 (no staining) to 5 (very strong). Bars represent
the mean � S.D. from three experiments. �, p � 0.05 versus CB; #, p �
0.05 versus TNF-� only.

Fig. 6. Resveratrol inhibits ED-1-positive cell infiltration in intestinal
villi. A, immunohistochemical analyses of ED-1 in rat intestinal villi.
Rats were given control buffer (CB), TNF-� (10 �g/kg), or TNF-� plus
resveratrol (Res, 50 mg/kg per day), TNF-� plus control antibody (rabbit
IgG, 500 �g/kg) or TNF-� plus anti-fractalkine antibody (500 �g/kg). Five
days after injection of CB, TNF-�, Res, or antibodies, jejunums were
harvested for immunohistochemical analyses. Scale bar, 50 �m B, quan-
titative analysis of ED-1-positive cells in intestinal villus. Bars represent
the mean � S.D. from three experiments. �, p � 0.05 versus CB; #, p �
0.05 versus resveratrol; #, p � 0.05 versus TNF-� plus control antibody.
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ED-1-positive macrophage infiltration into jejunum after
TNF-� injection through regulation of fractalkine expression.

Discussion
In this study, we demonstrate that resveratrol suppressed

endothelial fractalkine expression through the NF-�B-depen-
dent signaling pathway and also decreased TNF-�-induced
expression of CX3CR1 in monocytes. We also demonstrate
that resveratrol decreases arterial endothelial fractalkine
expression in heart, kidney, jejunum, and intestinal villous
endothelial cells after TNF-� stimulation. Resveratrol also
decreased TNF-�-induced ED-1-positive cell infiltration in
intestinal villi. To our knowledge, this is a novel mechanism
of the anti-inflammatory effect of resveratrol through the
down-regulation of fractalkine.

Fractalkine can mediate adherence of leukocytes express-
ing CX3CR1, which include monocytes, natural killer cells,
and some T lymphocytes (Imai et al., 1997; Fong et al., 1998;
Harrison et al., 1998; Foussat et al., 2000). Atherosclerosis is
a chronic inflammatory disease (Ross, 1999). Recruitment of
circulating monocytes to the arterial intima can contribute to
the formation of atherosclerotic lesions (Ross, 1999). A high
expression of fractalkine in smooth muscle cells located in
macrophage-rich areas of atherosclerotic plaques was ob-
served in apoE�/� mice on a high-fat diet (Moatti et al.,
2001). Moreover, CX3CR1�/� mice have less atheroma for-
mation (Moatti et al., 2001). Thus, fractalkine/CX3CR1
played an important role in inflammation and formation of
atherosclerosis. Our immunohistochemical analyses in heart,
small intestine, and kidney revealed that administration of
resveratrol suppressed TNF-�-induced fractalkine expres-
sion in cardiac, kidney, and small intestinal endothelial cells.
Our data also demonstrated that resveratrol suppressed the
CX3CR1 expression in monocytes after stimulation with
TNF-�. Because fractalkine and CX3CR1 have an important
role in inflammatory conditions, the down-regulation of frac-
talkine is important in preventing and treating these inflam-
matory diseases, including atherosclerosis.

Our results demonstrate that resveratrol significantly de-
creased TNF-�-induced mRNA and protein expression of
fractalkine in HUVECs (Fig. 1). Our results indicate that 5
�M resveratrol is sufficient to suppress most of the TNF-�-
mediated fractalkine expression. Previous studies showed
that as little as 19 �M resveratrol can block the progression
of carcinogenesis and induce terminal differentiation by 50%
(Jang et al., 1997). Likewise, topical application of resvera-
trol at 25 �M can inhibit 98% of skin tumors in mice induced
by 7,12-dimethylbenz(a)anthracene plus 12-O-tetradecanoyl-
phorbol-13-acetate (Jang et al., 1997). Considering that each
gram of fresh grape skin contains 50 to 100 �g (200–400 �M)
resveratrol and red wine has 1.5 to 3 mg/l (Goldberg et al.,
1995; Jang et al., 1997), the resveratrol concentration used in
our studies is achievable in vivo by consumption of grapes or
wine.

A possible anti-inflammatory role of resveratrol could be
related to an interference with the NF-�B signaling path-
way, which regulates the expression of various genes in-
volved in inflammation (Manna et al., 2000). However, it
has been reported that short-term resveratrol treatment
(30 min) does not inhibit NF-�B in HUVECs, but overnight
treatment does (Pellegatta et al., 2003). Our results were

similar to these data in short-term treatment (30 – 60 min)
with resveratrol, but longer treatment with resveratrol (5
�M for 4 h) blocked the phosphorylation of the p65 subunit
of NF-�B (Fig. 4).

We demonstrate that resveratrol has a novel mechanism
of the anti-inflammatory effect through the down-regula-
tion of fractalkine and CX3CR1. Thus, our data add new
evidence of resveratrol as an inflammation-modulating
agent or adjunctive therapy in inflammatory diseases, in-
cluding atherosclerosis.
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