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Abstract: Population studies suggest that moderate red wine intake correlates with reduced risk of cardiovascular
disease (CVD); cardioprotection may attribute to consumption of red wine polyphenol resveratrol. Since inflammation
plays a key role in CVD, we investigated modulation of inflammation by resveratrol and its metabolites by determining
the expression and release of chemokine, eotaxin-1, in cultured human pulmonary artery endothelial cells (HPAEC)
treated with proinflammatory cytokines IL-13 and TNF-a. Up-regulation of eotaxin-1 gene expression by IL-13 or TNF-a
was confirmed by RT-PCR, by reporter assays using eotaxin-1 gene promoter constructs, and by the changes in tran-
scriptional factors STAT6 and NF-kB. Exposure to resveratrol suppressed IL-13 and TNF-a induced eotaxin-1 gene
expression as well as attenuated the eotaxin-1 promoter activity, in coordination with inhibition of expression of JAK-
1, reduction in phosphorylated-STAT6 and decreased p65 subunit of NF-kB. In addition, quantitative determination of
eotaxin-1 release using enzyme-linked immunosorbent assay (ELISA) showed increased eotaxin-1 release in response
to treatment by IL-13 and TNF-a, which was effectively inhibited by resveratrol. Whether resveratrol metabolites af-
fected eotaxin-1 was also tested; piceatannol showed potency similar to resveratrol. We propose that control of eo-
taxin-1 expression and release by proinflammatory cytokines in HPAEC may be considered as an in vitro model for
screening and discovering polyphenols with anti-inflammatory activities and cardioprotective potentials.
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Introduction The chemokines are low molecular weight

Atherosclerosis (AS) is a major risk factor for
CVD, inflammation plays a prominent role in AS
[1-3]. According to the “response-to-injury” hy-
pothesis first introduced by Ross and coworkers
in the mid 1970s, AS is a progressive disease
initiated by coalescence of inflammation and a
dysfunctional endothelium [4-7]. Immune cells
migrate to the endothelium at the injured, in-
flamed site, in response to effectors elaborated
by the immune cells per se or through their dy-
namic, reciprocal interplay with endothelial cells
[8-10]. Therefore, in recent years considerable
efforts have been directed towards the discov-
ery of agents, particularly ones derived from
dietary sources, with anti-inflammatory poten-
tials as an adjunctive approach to prevent dam-
aging effects of CVD [11-14].

chemotactic cytokines grouped according to the
spacing of the first two cysteine residues into C,
CC, CXC and CXXXC subfamilies [15, 16]. Eo-
taxin, a CC chemokine discovered in the ovalbu-
min-sensitized guinea pig inflammation model
[17], exists in humans as eotaxin-1/CCL11, eo-
taxin-2/CCL24 and eotaxin-3/CCL26 [18-20].
The synthesis and secretion of eotaxin by der-
mal fibroblast and bronchial epithelial cells [21-
23], play a significant role in inflammation as-
cribed to these cell types [24-27]. For example,
eotaxin is robustly expressed in the epithelium
of asthmatic mice, and acts to recruit eosino-
phils to the site of inflammation by interacting
with its cognate receptor CCR3 [28, 29]. Studies
on mechanism of expression of eotaxin have
identified participation by STAT6 and NF-«kB [30,
31]; binding sites for these transcription factors
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have been located in the eotaxin gene promoter
[30]. Exposure to cytokines IL-4 or IL-13 induces
the phosphorylation and nuclear translocation
of STAT6, in coordination with up-regulation of
eotaxin expression [31-33]. TNF-a treatment
results in increased phosphorylation and degra-
dation of IkBa, accompanied by nuclear translo-
cation of NF-kB, and concomitant with in-
creased eotaxin expression [27, 34, 35].

Resveratrol, a polyphenol found abundantly in
grapes, red wine, and various food items [36],
exhibits chemopreventive and chemotherapeu-
tic activities [36-38], and also confers protec-
tion against oxidative stress, CVD [39-41], and
inflammation [42-45]. Anti-inflammatory and
anti-carcinogenic effects of resveratrol may at-
tribute to suppression of transcription factors,
e.g., NF-kB [46, 47], AP-1 [46], and STAT3 [47,
48]. Thus, resveratrol reportedly inhibit TNF-o
induced phosphorylation of the NF-kB-p65 sub-
unit, and inhibits activation of IkB kinase (IKK)
accompanied by attenuated translocation of NF-
kB to the nucleus [486].

Few studies have investigated the control of
eotaxin-1 expression and release in culture
HPAEC [25]. Because endothelial cells and in-
flammation play critical role in the pathogenesis
of AS [7, 49], we tested whether resveratrol may
modulate inflammation in CVD by studying their
effects on eotaxin-1 expression in HPAEC
treated with proinflammatory cytokines IL-13
and TNF-a as mediated by transcription factors,
STAT6 and NF-kB. Since use of resveratrol for
chronic disease prevention and treatment has
been marred by issues of limited bioavailability
and biotransformation to other metabolites with
ill-defined biological properties [50-52], the ef-
fects of resveratrol metabolites on eotaxin ex-
pression and secretion were also included in
our analysis.

Materials and methods
Reagents

Resveratrol (trans-3, 5, 4’-trihydroxystilbene)
was obtained from LKT Laboratories (St Paul,
MN, USA) and piceatannol was obtained from
A.G. Scientific, Inc. (San Diego, CA, USA). Piceid,
and 3-O- and 4’-O-glucuronide derivatives of
resveratrol were obtained from Cayman Chemi-
cal Company (Ann Arbor, MI, USA). Primary and
secondary antibodies were obtained from vari-
ous commercial vendors. Fetal bovine serum,
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RPMI-1640, streptomycin and penicillin were
obtained from Cellgro, Inc (Herndon, VA, USA).
All other chemicals and solvents used were of
analytical grade. Plasmids containing eotaxin-1
promoters, pEotx 1363 and pEotx 300 were
generously provided by Dr. Robert Schleimer,
Professor and Chief of Allergy-lmmunology at
Northerwestern Feinberg School of Medicine.

Cell culture

HPAEC cells (isolated from normal human pul-
monary arteries and cryopreserved at passage
2) were obtained from Cell Applications, Inc.
(San Diego, CA, USA) and maintained using en-
dothelial cell media supplemented with subcul-
ture Reagent kit. Cells were passaged using
instructions provided by the manufacturer. Only
passage 5 cells were used for experiments.

Treatment of HPAEC by cytokines, resveratrol,
and its metabolites

The cells were seeded in 6- or 24-well plates at
a density of 1x105cells/ml and incubated for
12-14 h in serum-containing cultured media.
The cells were then switched to serum-free me-
dia and maintained overnight in a CO2 incuba-
tor. Next, the cells were treated with recombi-
nant human IL-13 or TNF-a (PeproTech Inc.,
Rocky Hill, NJ, USA), alone or in combination, for
an additional 4 h. To test the effects of resvera-
trol or its metabolites, cells were pretreated with
resveratrol or metabolites at the dose indicated,
for 1 h prior to the addition of cytokines. Control
and treated cells were harvested and changes
in specific gene expression were evaluated by
enzyme-linked immunosorbent assay (ELISA),
RT-PCR and Western blot analysis.

RT-PCR analysis and determination of gene-
specific mMRNA expression

Total RNA was extracted from HPAEC using the
TriZol reagent (Invitrogen, Carlsbad, USA). Iso-
lated RNA (0.5ug) was reverse transcribed (RT)
with one-step RT-polymerase chain reaction
(PCR) kit (Promega Corp., Madison, WI, USA).
The PCR primer sequences used were: eotaxin-
1, forward 5’-CTC CAA CAT GAA GGT CTC C-3’,
reverse 5'-CAT GCC CTT TGG ACT GA-3’; GAPDH,
forward 5’-CCA CCC ATG GCA AAT TCC ATG GCA-
3’, reverse 5-TCT AGA CGG CAG GTC AGG TCC
ACC-3'. The expression of GAPDH was used as a
control for normalizing mRNA expression re-
sults. PCR condition for eotaxin-1 mRNA expres-
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sion: denaturation, 95°C, 5 min, followed by 35
cycles of denaturation at 95°C for 30 s, anneal-
ing at 56°C for 30 s, and extension at 72°C for
30 s. Correspondingly, PCR condition for
GAPDH: denaturation at 95°C, 5 min, followed
by 28 cycles of denaturation at 95°C for 30 s,
annealing at 60°C for 30 s, and extension at
72°C for 30 s.

Transient transfection of HPAEC with eotaxin-1
promoter linked to luciferase reporter

Cells were grown to 50-70% confluence in 24-
well plates. A transfection solution was pre-
pared by adding 0.5 yg pGL-3 controls or eo-
taxin-1 promoter plasmid DNA dissolved in 50ul
serum-free medium, to lipofectamine-2000 so-
lution prepared by dissolving 2 ul lipofectamine-
2000 reagents (Invitrogen, Carlsbad, CA, USA)
in 50 yl serum-free medium, and incubating the
transfection solution for 20 min at room tem-
perature. Transient transfection experiments
were initiated by removing media from HPAEC-
containing wells, followed by addition of a mix-
ture containing 400 ul serum-free medium and
100 pl transfection solution, and incubation at
37°C for 5 h in a CO2 humidified incubator. The
transfection mixture was removed from individ-
ual wells, replaced with 1 ml serum-containing
culture media, and cells were incubated for an
additional 48 h before treating for 1 h with res-
veratrol or piceatannol, and addition of IL-13
and TNF-«, single or combined, and incubation
for another 4 h before harvest. The control and
cytokine/polyphenol-treated HPAEC was next
processed for determination of luciferase using
the dual-luciferase reporter assay kit (Promega
Corp., Madison, WI, USA). Briefly, the cells were
lysed in 50 pl passive lysis buffer provided by
the manufacturer, incubated at room tempera-
ture for 15 min, and aliquots (20 pl lysate) were
added to luminometer tubes, mixed with 50 ul
of Luciferase Assay Reagent and readings re-
corded. Next, 50 pl of Stop & Glo® Reagent was
added and a second reading was taken. The
luciferase results were normalized using the
pRL-CMV (Promega Corp., Madison, WI, USA)
activity.

Preparation of cell lysates and Western blot
analysis

For immunoblotting experiments, cells were
harvested by centrifugation and lysed in ice-cold
RIPA buffer (50 mM Tris, pH 7.4, 150 mM NaCl,
1 mM EDTA, 1% Triton® X-100, 1% deoxycho-
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late, 0.1% sodium dodecyl sulfate (SDS), 1 mM
dithiothreitol and 10 pl/ml protease inhibitor
cocktail). The lysates were centrifuged and the
clear supernatants were aliquoted and stored at
-70°C, for determination of protein content
using Coomassie Protein Assay kit (Pierce,
Rockford, IL, USA) and BSA as standard. Control
and treated cell extracts containing 10 pg total
proteins were electrophoresed on 10% SDS-
polyacrylamide gel, separated proteins were
transferred to nitrocellulose membranes and
membranes were blocked for 1 h with 3% non-
fat powder milk dissolved in TBST buffer (10
mM Tris, pH 7.5, 100 mM NaCl and 0.05%
Tween-20). The blots were incubated with pri-
mary antibodies for 12-15 h, 4°C and with
horseradish peroxidase-conjugated secondary
antibodies, diluted in TBST. Various immunore-
active bands were identified by enhanced
chemiluminescence (ECL), and the intensity of
signals was quantified by densitometry and ex-
pressed as a ratio to the expression of actin as
loading control.

Determination of secreted eotaxin-1 in culture
media

Eotaxin-1 in cell culture media was assayed
using ELISA (R&D Systems, Inc., Minneapolis,
MN, USA). Briefly, 96-well plates (Maxisorb,
Nunc) were coated with capture antibody (100
ml/well) overnight at room temperature,
washed with phosphate buffered saline supple-
ment with Tween-20 (PBST), blocked with 1%
bovine serum albumin (BSA) for 1 h at room
temperature and repeated washing. Aliquots
(300 ul) of culture media from control and
treated HPAEC were added to the antibody-
coated plates, incubated first at room tempera-
ture for 2 h, and then with added detection anti-
body and an additional 2 h at room tempera-
ture. Individual wells were next incubated with
streptavidin-conjugated horseradish peroxidase
and substrate solution, for 30 min at room tem-
perature, in the dark. The reaction was termi-
nated and absorbance at 450 nm was meas-
ured using Tecan Sunrise plate reader (Phoenix
Research Products, Hayward, CA, USA). Eotaxin-
1 levels were determined using a standard
curve generated with the reference eotaxin-1
supplied by the manufacturer.

Statistical analysis

Results were presented as means + SEM and
analyzed using the nonparametric t-test. A two-

Am J Cardiovasc Dis 2011;1(1):16-30



Eotaxin-1 expression in endothelial cells treated with resveratrol

tailed p value < 0.05 was considered statisti-
cally significant.

Results

Eotaxin-1 mRNA levels in HPAEC are increased
by exposure to IL-13 and TNF-a; the induction is
partially inhibited by addition of resveratrol

Eotaxin is initially thought to play a specific role
in functioning of eosinophils, however, recent
studies show that eotaxin is also secreted by
HPAEC and is localized in AS lesions [53-55].
Eotaxin expression reportedly is induced by cy-
tokines in multiple cell types including fibro-
blasts and airway epithelial cells; by contrast,
little information is currently available on regula-
tion of eotaxin in HPAEC, notably in response to
proinflammatory cytokines. To investigate the
control of eotaxin by cytokines IL-13 and TNF-a,
HPAEC cells at 50-60% confluence were serum-
starved overnight and treated with increasing
dose of IL-13 and TNF-a, alone or in combina-
tion for 3 h. Changes in the level of eotaxin-1
MRNA were assayed by RT-PCR and quantified
by densitometry. Minimally detectable eotaxin-1
MRNA was evident in untreated HPAEC, while a
copious increase in eotaxin-1 mMRNA occurred in
cells treated with 50-100 ng/ml IL-13 (3-to 11-
fold increase), or 10 ng/ml TNF-a (12- to 14-fold
increase); maximum induction was observed in
cells exposed to 50 ng/ml IL-13 combined with
10 ng/ml TNF-a (~22-fold increase) (Figure 1A).
Time course analysis of change in eotaxin-1
mMRNA showed ample increase at 3 h in IL-13- or
TNF-a-exposed HPAEC, followed by a precipitous
decline at 6 h of treatment (Figure 1B). In cells
treated with both cytokines, the eotaxin-1 mRNA
increase at 3 h was additive, while the decrease
at 6 h observed in single cytokine-treated cells
(from 12.3-fold at 3 h to 3.8fold at 6 h for IL-
13, and 15-fold at 3 h to 8.8-fold at 6 h for TNF-
a) was largely abolished (elevated ~26-fold at
both 3 and 6 h). These results suggest that IL-
13 and TNF-a exert complex effects on eotaxin-
1 mRNA expression in HPAEC.

Resveratrol reportedly display potent anti-
inflammatory activities [56, 57], and accordingly
might modulate the proinflammatory cytokine-
induction of eotaxin-1 mRNA in HPAEC. To test
this hypothesis, HPAEC was pretreated with res-
veratrol and then stimulated with IL-13 (50 ng/
ml) or TNF-a (10 ng/ml), as a single agent or
combined. Changes in eotaxin-1 mRNA were

19

determined by RT-PCR. The increase in eotaxin-
1 mRNA expression in combined cytokine-
exposed cells was inhibited by 18% with pre-
treatment by 25 uM resveratrol (Figure 1C), sug-
gesting that the red wine polyphenol partially
attenuated the induction of eotaxin-1 mRNA
expression by the combination of IL-13 and TNF-
o

Eotaxin-1 gene promoter activity is induced by
IL-13/TNF-a and modulated by resveratrol

Studies have shown that STAT6 contributes to IL
-13-mediated induction of eotaxin-1 expression
by binding to its gene-specific DNA responsive
elements [30, 31]. Similarly, exposure to TNF-o
effects nuclear translocation of NF-kB and its
subsequent interaction with NF-kB-responsive
genes including the eotaxin-1, at its promoter
sequences overlapping with those targeted by
the STAT6 [34]. To investigate transcriptional
control of eotaxin by IL-13 and TNF-a in HPAEC,
transfection experiments were performed using
the eotaxin promoter construct (pEotx) contain-
ing binding site for STAT6, NF-kB and AP-1 as
illustrated in Figure 2A. Moreover, to define re-
gion of the promoter responsible for transcrip-
tional activation by IL-13 and TNF-a., HPAEC
was transfected with control plasmid pGL3 or
reporter plasmids containing eotaxin-1 gene
promoter spanning its upstream 1363 nucleo-
tides (denoted pEotx-1363 containing AP-1 plus
STAT6/NF-kB binding sites) or alternatively up-
stream 300 nucleotides (denoted pEotx-300
containing STAT6/NF-kB binding sites), followed
by assay of luciferase activity. Results in Figure
2B showed that treatment by the combination
of IL-13 (50 ng/ml) and TNF-a (10 ng/ml)
greatly increased luciferase activity compared to
control, being maximally observed using pEotx-
300 and to a lesser degree also with pEotx-
1363 (Figure 2B). The addition of 25 uM res-
veratrol significantly inhibited the 1363-bp eo-
taxin-1 gene promoter activity (by >60%) and
also reduced the 300-bp eotaxin-1 gene pro-
moter-driven effects (by ~35%) (Figure 2B). The
promoter analysis results suggest that the in-
crease in eotaxin-1 mRNA levels by the com-
bined chemokines was in part mediated by tran-
scriptional control targeting the eotaxin-1 gene
promoter, an effect that was substantially
modulated by resveratrol.

Role of transcription factors on eotaxin-1 mRNA
expression induced by IL-13 and TNF-a and
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Figure 1 Control of eotaxin-1 expression in HPAEC. (A) Dose-dependent effect of IL-13 and TNF-a on the induction of
eotaxin-1 expression. Cultured HPAEC were treated with different concentrations of IL-13 and TNF-, individually or
combined. Total RNA was isolated from control and treated HPAEC at 3 h following stimulation and eotaxin-1 mRNA
was assayed by RT-PCR. The PCR products were separated on agarose gels according to size and visualized by
ethidium bromide staining (top panel). Eotaxin-1 mRNA levels following treatments were quantified and presented as
fold differences against control shown in the bottom panel. Asterisks (*) indicate statistically significant difference
between cytokine-treated groups compared with vehicle controls. (B) Time-dependent effect of IL-13 and TNF-a on
the expression of eotaxin-1 mRNA. Following treatment, control and treated HPAEC cells were harvest at 3 or 6 h, the
changes on eotaxin-1 expression was assayed by RT-PCR. Densitometric data presented under the respective eotaxin
-1 PCR signals were normalized against the value of GAPDH for each treatment condition; a value of 1.0 was set as
the baseline for normalized eotaxin-1 level in control cells. (C) Modulation of IL-13 and TNF-a induced eotaxin-1 ex-
pression by resveratrol. HPAEC was pretreated by 25 uM resveratrol for 1 h and stimulated with IL-13 (50 ng/ml),
TNF-ax (10 ng/ml), alone or in combination, for 3 h. Eotaxin-1 mRNA levels were assayed by RT-PCR, quantified by
densitometry, and expressed as fold differences by normalization against GAPDH.
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Figure 2 Control of eotaxin promoter. (A)
Eotaxin-1 promoter construct and binding
site for putative response elements in this
promoter. (B) Effect of resveratrol on the
induction of eotaxin-1 gene promoter ac-
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Previous studies showed that STAT6 and NF-«kB
participated in transcription control of eotaxin-1
in cultured human fibroblasts and epithelial
cells by proinflammatory cytokines [30, 34]. To
determine whether these transcription factors
also played a role in IL-13 and TNF-a-induced
eotaxin-1 expression in HPAEC, time-dependent
changes on STAT6 and NF-kB protein expres-
sion were assayed by immunoblot analysis.
Combined cytokines caused a 4- to 6-fold in-
crease in Y641-phosphorylated STAT6 at 10
min which remained variably elevated through-
out the 60 min experiment; by contrast, total
STAT6 and NF-kB subunits were largely un-
changed while JAK-1 acting upstream of STAT6
phosphorylation actually steadily declined
(Figure 3A). Since the eotaxin-1 gene promoter
spanning the upstream 1363 nucleotides also
contained sequences targeted by AP-1, under
the control of ERK and JNK, immunoblot analy-
sis was also performed on changes in phos-
phorylated ERK and JNK, which showed marked
increases as early as 10 min, were sustained at
20 min and subsequently declined in combined
cytokine-treated HPAEC (Figure 3A).

Since the eotaxin-1 gene promoter activity was
effectively attenuated by resveratrol (Figure 2),
we tested whether resveratrol also affected pro-
tein expression of STAT6 and NF-kB subunits.
Figure 3B showed that increase in phosphory-
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tivity in response to treatment by IL-13/
Eotaxin- TNF-a. HPAEC cells were transfected with
control plasmid (pGL3) or plasmids har-
boring the eotaxin-1 promoter-luciferase
reporter (pEotx-1363, 300). After transient
transfection as described in Materials and
Methods followed by an additional 48 h
culture, the cells were pretreated with
resveratrol for 1 h and stimulated with IL-
13 (50 ng/ml) and TNF-& (10 ng/ml) for 4
h. The luciferase activity was normalized
to pRL-CMV activity and calculated as a
fold against control. Values are expressed
as mean+SEM for three experiments.

lated STAT6/STATG ratio elicited by 50 ng/ml IL-
13 (arbitrary value of 19.95+0.27, compared to
1.0 in untreated HPAEC) or combined IL-13 and
10 ng/ml TNF-a (32.90+1.07) was ~50% inhib-
ited by 50 yM resveratrol. JAK-1, an upstream
activator of STAT6 showing no change in HPAEC
treated with IL-13 or TNF-a, alone or combined,
was reduced by 40-70% in response to resvera-
trol in untreated and cytokine-stimulated cells.
Moreover, pretreatment by resveratrol lowered
NF-kB p65 expression to barely detectable lev-
els, in contrast to the essentially unchanging
level of NF-kB p50, in all conditions tested
(Figure 3B). Addition of 50 puM resveratrol sig-
nificantly inhibited JNK phosphorylation induced
in 10 ng/ml TNF-a or combined cytokine ex-
posed cells, and also blocked ERK phosphoryla-
tion in HPAEC exposed to 50 ng/ml IL-13. Inter-
estingly, cells treated with combined IL-13 and
TNF-o0 showed reduced phosphorylation of ERK
(Figure 3B).

IL-13 and TNF-a induces copious increase in
eotaxin-1 secretion, which is effectively inhib-
ited by resveratrol

Time course study was performed on eotaxin-1
release in HPAEC incubated with 50 ng/ml of IL-
13, 10 ng/ml of TNF-a, or their combination.
Secreted eotaxin-1, barely detectable in the
media of unstimulated cells at both 24 and 48
h, was markedly increased in cells stimulated
with either cytokine (IL-13: 12.68+0.23 and
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Figure 3 Effects of IL-13 and TNF-a on eotaxin-1 transcriptional control via changes on JAK-1/STAT6, NF-kB and p-
JNK/p-ERK expression. (A) Western blot analysis was performed to measure the changes in protein expression of JAK
-1, p-STAT6/STAT6 and two subunit of NF-kB as well as p-JNK/p-ERK on cells treated with combined 50 ng/ml IL-13
and 10 ng/ml TNF-a for O, 10, 20, and 60 min. Intensity of the protein bands from control and treated cells was nor-
malized to actin and the difference in protein expression at each time points were expressed as a fold difference
against time O (lower panel). (B) Effects of resveratrol on IL-13 and TNF-at induced protein changes were investigated.
HPAEC cells were pretreated by resveratrol for 1 h and stimulated with IL-13 (50 ng/ml), TNF-a (10 ng/ml), alone or
combined, for 3 h. Changes in protein levels of JAK-1, p-STAT6, STAT6, NF-kB p65, NF-kB p50, p-JNK and p-ERK were
determined by western blots. The intensity of the signals corresponding to various proteins analyzed was quantified
and expressed as fold differences against actin. Values are expressed as mean+SEM for three experiments. Asterisks
(*) indicate statistically significant difference between cells pre-treated with resverartrol followed by exposure to cyto-
kines, alone or in combination compared with cells treated with single or combined cytokines.
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20.4145.23 pg/ml; TNF-a: 24.05+0.68 and
22.00+£2.73 pg/ml, at 24 and 48 h, respec-
tively), and synergistically elevated in cells incu-
bated with both cytokines (52.46+1.36 and
52.68+2.05 pg/ml, at 24 and 48 h) (Figure 4A).
Secreted eotaxin-1, in response to 24 h treat-
ment by 50 ng/ml IL-13 or 10 ng/ml TNF-q,
alone or combined, was almost completely abol-
ished by 25 uM resveratrol (Figure 4B).

Effects of resveratrol metabolites on IL-13 and
TNF-a induced eotaxin-1 mRNA

Little work has been performed on bioefficacy of
resveratrol derivatives and/or metabolites,
prompting a study of effects of resveratrol me-
tabolites on IL-13 and TNF-a induced eotaxin-1
MRNA in HPAEC. Four resveratrol metabolites:
piceid (glycosylated resveratrol), 3-O- and 4’-O-
glucuronidated resveratrol (glucuronidated res-
veratrol) and piceatannol (hydroxylated resvera-
trol) shown in Figure 5A were tested. Cells were
pretreated with resveratrol metabolites followed
by stimulation with combined IL-13 (50 ng/ml)
and TNF-a (10 ng/ml) and changes in eotaxin-1
MRNA expression were assayed by RT-PCR. The
marked increase in eotaxin-1 mRNA level in
combined cytokine-stimulated cells was inhib-
ited by 25 yuM piceatannol (>20%); less reduc-
tion (~10%) resulted from exposure to piceid or
3-0- and 4’-O-glucuronidated resveratrol (Figure
5B).
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Bl Resveratrol (25 uM)

cells treated with resveratrol

Figure 4 Control of eotaxin-1 secretion
in HPAEC. (A) Effect of IL-13 and TNF-a
on eotaxin-1 secretion. Cells were
treated with IL-13 (50 ng/ml) and TNF-a
(10 ng/ml), alone or in combination for
24 and 48 h, and cultured medium
were harvested and secreted eotaxin-1
levels from control and treated HPAEC
culture media were determined by
ELISA. Values are expressed as
mean+SEM for three experiments. As-
terisks (*) indicate statistically signifi-
cant difference between 24 h or 48 h
cytokine-treated groups compared with
vehicle controls at the same time
points. (B) Modulation of IL-13 and TNF-
o induced eotaxin-1 secretion by res-
veratrol was investigated. Secreted
eotaxin-1 levels were assayed with
ELISA. Values are expressed as
meanzSEM for three experiments.

Resveratrol metabolite piceatannol attenuates
IL-13/TNF-o induced eotaxin-1 gene promoter
activity and eotaxin-1 protein secretion in
HPAEC

Since piceatannol inhibited IL-13/TNF-& in-
duced eotaxin-1 mRNA expression, we exam-
ined its effects on transcriptional control of eo-
taxin by IL-13 and TNF-a in HPAEC using re-
porter assays. Cells were transfected cells with
plasmids containing a pEotx-1363, pEotx-300 or
vector pGL3. Treatment by combined IL-13 (50
ng/ml) and TNF-a (10 ng/ml) greatly increased
luciferase activity; addition of 25 uM piceatan-
nol inhibited the pEotx-1363 and pEotx-300
eotaxin-1 gene promoter activity by ~75% and
~15% (Figure 6A), and almost completely inhib-
ited secreted eotaxin-1 into culture media, in
response to 50 ng/ml IL-13 or 10 ng/ml TNF-q,
alone or combined (Figure 6B).

Discussion

In this study, we have examined eotaxin-1 gene
expression in cultured HPAEC in response to
stimulation by proinflammatory cytokines TNF-a
and IL-13. Using RT-PCR analysis we show that
the eotaxin-1 mRNA is rapidly and dynamically
induced upon stimulation by TNF-a and IL-13
and that this increase is associated with time-
dependent and sustained secretion of eotaxin-1
into the culture media. We also show that the
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Figure 5 Effect of the metabolites of resveratrol on IL-13 and TNF-a induced eotaxin-1 expression. (A) List of resvera-
trol metabolites used in this study including piceid, 4'-O-D-glucuronide, 3-O-D-glucuronide and piceatannol. (B) HPAEC
cells were pretreated with 25 uM piceid, 4'-O-D-glucuronide, 3-O-D-glucuronide or piceatannol for 1 h and stimulated
with IL-13 (50 ng/ml) and TNF-a (10 ng/ml) for 3 h. Changes in mRNA of eotaxin-1 were assayed by RT-PCR and
quantified by densitometry and expressed as a fold difference against GAPDH (lower panel). Values are expressed as
meanzSEM for three experiments. Asterisks (*) indicate statistically significant difference between cells pre-treated
with piceatannol followed by exposure to both IL-13 and TNF-a compared with cells treated with both cytokines.

cytokine-mediated up-regulation of eotaxin-1
gene expression is effectively modulated by red
wine polyphenol, resveratrol and its metabolite
piceatannol. These findings are significant since
evidence points to eotaxin-1, in addition to its
established role as an eosinophil-specific
chemo-attractant, also plays a role in the cardio-
vascular system and AS. Notably, increase in
eotaxin levels correlates with human AS
plagues and endothelial inflammation [54, 58];
eotaxin levels in circulation are elevated in pa-
tients with CHD [25, 59, 60]; eotaxin gene poly-
morphism shows an association with an in-
creased risk for myocardial infarction [61] and
with vascular smooth muscle cell proliferation
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and migration [62]; vascular smooth muscle
cells in human atheroma exhibit copious expres-
sion of eotaxin suggesting involvement in AS
progression [54]. However, molecular mecha-
nisms underlying eotaxin gene expression by
endothelial cells, in response to proinflamma-
tory cytokines remain incompletely understood.

As has been previously reported that cytokines,
such as TNF-a and IL-4 increase eotaxin expres-
sion in vascular endothelial cells [63], fibro-
blasts [64, 65] and bronchial epithelial cells
[63, 66], our studies show that TNF-ac and IL-13
induce the eotaxin-1 mMRNA expression in
HPAEC accompanied by increased secretion of
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Figure 6 Effect of piceatannol on IL-13 and TNF-o induced eotaxin promoter
activity and eotaxin-1 secretion. (A) Effect of piceatannol on the induction of
eotaxin-1 gene promoter activity in response to treatment by IL-13/TNF-a.
HPAEC cells were transfected with control plasmid (pGL3) or plasmids har-
boring the eotaxin-1 promoter-luciferase reporter (pEotx-1363, 300). After
transient transfection as described in Materials and Methods followed by
an additional 48 h culture, the cells were pretreated with piceatannol for 1
h and stimulated with IL-13 (50 ng/ml) and TNF-a (10 ng/ml) for 4 h. The
luciferase activity was normalized to pRL-CMV activity and calculated as a
fold against control. Values are expressed as mean+SEM for three experi-
ments. Asterisks (*) indicate statistically significant difference between
cells pre-treated with piceatannol followed by exposure to both IL-13 and
TNF-a compared with cells treated with both cytokines. (B) Modulation of IL-
13 and TNF-a induced eotaxin-1 secretion by piceatannol. Cells were
treated with IL-13 (50 ng/ml) and TNF-& (10 ng/ml), alone or in combina-
tion for 24 h, and cultured medium were harvested and secreted eotaxin-1
levels from control and treated HPAEC culture media were determined by
ELISA. Values are expressed as mean+SEM for three experiments.

eotaxin-1 gene promoter
analysis shows a 6-7-fold in-
crease in luciferase reporter
activity (Figure 2B), which is
substantially less than the 26-
fold increase in eotaxin-1
mMRNA, in HPAEC exposed to
both TNF-a and IL-13 (Figure
1). It is also noteworthy that
previous studies have shown
that half-life of eotaxin-1
mRNA was significantly pro-
longed with IL-4 or TNF-a treat-
ment [67]. Thus, it may be
surmised that a similar
mechanism operative in
HPAEC sustained synthesis
and release of eotaxin-1 pro-
tein to the culture at 24-48 h
(Figure 4A) despite a decrease
in its mMRNA levels at 6 h com-
pared to 3 h (Figure 1B).

The molecular mechanisms on
the induction of eotaxin-1 ex-
pression by IL-13 and TNF-a
were further elucidated by
focusing on transcription fac-
tors STAT6 and NF-kB. In IL-4
or IL-13 stimulated airway
epithelial cells [30], STAT6
phosphorylation was found to
be an obligatory step preced-
ing its homodimerization, nu-
clear translocation and bind-
ing to STAT6-mediated pro-
moter elements for transcrip-
tion of cytokine-responsive
genes including eotaxin [30,
31, 68, 69]. Our studies
showed that in HPAEC chal-

eotaxin-1 protein into the culture media. TNF-«
or IL-13 alone induced maximum increase in
eotaxin-1 mRNA at 3 h, followed by a noticeable
decline at 4-6 h; in contrast, additive increase in
eotaxin-1 mRNA occurred in HPAEC exposed to
both TNF-a and IL-13, and moreover, the added
combined cytokines also substantially attenu-
ated the eotaxin-1 mRNA decline in HPAEC chal-
lenged with either cytokine alone (Figure 1).
These results suggest that TNF-a or IL-13 regu-
lates eotaxin-1 mRNA transcriptionally while
both cytokines control eotaxin-1 gene expres-
sion by transcription and post-transcription
mechanisms. Consistent with this possibility,
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lenged with both cytokines, a time-dependent
increase in Y641-STAT6 phosphorylation, eleva-
tion in phosphorylated STAT6/STAT6 ratio, and
upstream JAK-1 expression was observed
(Figure 3).

Our studies also showed that proinflammatory
cytokine mediated induction of eotaxin-1 mRNA
and protein secretion was partially and almost
completely inhibited by the red wine polyphenol,
resveratrol. Hitherto, little information is avail-
able on the effect of red wine polyphenols on
the regulation of STAT6 expression. We also
found that IL-13 and TNF-a-induced STAT6 acti-
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Figure 7 A proposed mechanistic scheme illustrating induction of eotaxin-1 gene transcription by IL-13 and TNF-a and
modulation by resveratrol. The proposed mechanism of resveratrol reduced eotaxin-1 promoter activity and expres-
sion. The expression of eotaxin-1 induced by IL-13 and TNF-a was suppressed by resveratrol which partially mediated
through the inhibition of JAK-1/STAT6 and NF-kB p65 expression and the involvement of AP-1 on the inhibition of
directly inhibited eotaxin-1 expression by incompletely defined mechanisms is also considered.

vation presumably via upstream JAK-1 expres-
sion resulting in Y641-phosphorylation were
significantly decreased by resveratrol (Figure
3A, B). Since in vitro reporter construct assays
have suggested that eotaxin-1 gene promoter
contains overlapping elements targeted for
binding by NF-kB and STAT6 [34], and because
NF-kB also regulates eotaxin-1 expression [65],
we analyzed changes in the eotaxin-1 promoter
activity and p50 and p65 subunits of NF-kB and
showed that the eotaxin-1 promoter activity in-
ducible by IL-13 and TNF-a was reduced by res-
veratrol (Figure 2B) as was induction of NF-kB
by IL-13 and TNF-a (Figure 3B). Notably, the
p65 subunit of NF-kB decreased to below detec-
tion levels (Figure 3B). These results could ex-
plain, at least in part, why the protein expres-
sion of eotaxin-1 was almost completely sup-
pressed by treatment with resveratrol, and sug-
gest that both STAT6 and NF-«kB targeting the
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eotaxin-1 gene promoter and driving its tran-
scription were suppressed by resveratrol.

Our studies also attempted to address issues of
bioefficacy and biotargeting of resveratrol, in
the context of its limited bioavailability and en-
zymatic conversion to metabolites with largely
unknown activities. Since resveratrol has been
shown to convert to its glucuronidated and sul-
fated metabolites in isolated rat intestine stud-
ies sections or in human feeding experiments
[50, 70-74], and because resveratrol is found in
red wine or grape juice mostly as piceid
(resveratrol glycosides) [75], we tested effects
of piceid, 3-0- and 4’-O-glucuronidated resvera-
trol and piceatannol on the induction of HPAEC
eotaxin-1 by combined IL-13/TNF-a. Only a
small reduction in eotaxin-1 mRNA levels by the
resveratrol metabolites was observed (Figure 5),
a notable exception was found in piceatannol
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which suppressed the expression and release of
eotaxin-1 in HPAEC, induced by IL-13 and TNF-
«, as effectively as resveratrol.

In summary, the proinflammatory cytokines TNF
-a and IL-13 induce eotaxin-1 mRNA expression
and secretion in HPAEC, in coordination with
transcriptional control mediated by JAK-1/
STAT6 and NF-kB expression targeting promoter
sequences of the eotaxin-1 gene, all of which
are effectively suppressed by resveratrol or
piceatannol. The mechanistic scheme pre-
sented in Figure 7 provide a framework linking
endothelial damage and inflammation with syn-
thesis and release of cytokines and chemokines
relevant to AS and CVD and also cardioprotec-
tion by red wine polyphenols, resveratrol,
piceatannol and resveratrol metabolites.

Acknowledgements

We thank Dr. Robert Schleimer, Professor and
Chief of Allergy-Immunology at Northerwestern
Feinberg School of Medicine and his colleagues
Drs. James and Norton and Satoshi Matsukura
for providing us with the plasmids containing
eotaxin-1 promoters, respectively, pEotx 1363
and pEotx 300.

Results reported in this communication and
studies on cardioprotection by resveratrol in our
laboratories over the years were supported in
part by: the Intramural Sponsored Research
Program of New York Medical College, California
Grape Trade Commission, Phillip Morris USA Inc.
and Phillip Morris International, to JMW.

The authors have declared no conflict of inter-
est.

Abbreviations: AS, atherosclerosis; CVD, cardio-
vascular disease; ELISA, enzyme-linked immu-
nosorbent assay; CCL11, CC chemokine ligand
11; STATS6, signal transducer and activators of
transcription 6; NF-kB, nuclear factor-kappa B;
TNF-a, tumor necrosis factor-alpha; JAK-1,
Janus kinase 1; CCR3, chemokine receptor 3;
HPAEC, human pulmonary artery endothelial
cells; AP-1, transcription factor activator protein
1; STAT3, signal transducer and activators of
transcription 3; PBST, phosphate buffered sa-
line supplement with Tween-20; BSA, bovine
serum albumin

Address correspondence to: Dr. Joseph M. Wu, De-
partment of Biochemistry & Molecular Biology, New

27

York Medical College, Valhalla, New York 10595,
USA. Tel: 914-594-4891 Fax: 914-594-4058 Email:
JOSEPH_WU@NYMC.EDU

References

[1] Stoll G and Bendszus M. Inflammation and
atherosclerosis: novel insights into plaque for-
mation and destabilization. Stroke 2006; 37:
1923-1932.

[21 Mahmoudi M, Curzen N and Gallagher PJ.
Atherogenesis: the role of inflammation and
infection. Histopathology 2007; 50: 535-546.

[3] Spagnoli LG, Bonanno E, Sangiorgi G and
Mauriello A. Role of inflammation in atheroscle-
rosis. J Nucl Med 2007; 48: 1800-1815.

[4] Ross R and Glomset JA. The pathogenesis of
atherosclerosis (second of two parts). N Engl J
Med 1976; 295: 420-425.

[5] Ross R and Glomset JA. The pathogenesis of
atherosclerosis (first of two parts). N Engl J Med
1976; 295: 369-377.

[6] Ross R, Glomset J and Harker L. Response to
injury and atherogenesis. Am J Pathol 1977;
86: 675-684.

[7] Ross R. Atherosclerosis—-an inflammatory dis-
ease. N Engl J Med 1999; 340: 115-126.

[8] Hansson GK. Inflammation, atherosclerosis,
and coronary artery disease. N Engl J Med
2005; 352: 1685-1695.

[9] Hansson GK. Atherosclerosis--an immune dis-
ease: The Anitschkov Lecture 2007. Atheroscle-
rosis 2009; 202: 2-10.

[10] Quehenberger O. Thematic review series: the
immune system and atherogenesis. Molecular
mechanisms regulating monocyte recruitment
in atherosclerosis. J Lipid Res 2005; 46: 1582-
1590.

[11] Steinbrecher UP. Dietary antioxidants and car-
dioprotection—fact or fallacy? Can J Physiol
Pharmacol 1997; 75: 228-233.

[12] Labinskyy N, Csiszar A, Veress G, Stef G, Pacher
P, Oroszi G, Wu J and Ungvari Z. Vascular dys-
function in aging: potential effects of resvera-
trol, an anti-inflammatory phytoestrogen. Curr
Med Chem 2006; 13: 989-996.

[13] Peart JN and Headrick JP. Sustained cardiopro-
tection: exploring unconventional modalities.
Vascul Pharmacol 2008; 49: 63-70.

[14] Mukherjee S, Lekli |, Goswami S and Das DK.
Freshly crushed garlic is a superior cardiopro-
tective agent than processed garlic. J Agric
Food Chem 2009; 57: 7137-7144.

[15] Balkwill F. Cancer and the chemokine network.
Nat Rev Cancer 2004; 4: 540-550.

[16] Mantovani A, Savino B, Locati M, Zammataro L,
Allavena P and Bonecchi R. The chemokine
system in cancer biology and therapy. Cytokine
Growth Factor Rev 21: 27-39.

[17] Jose PJ, Griffiths-Johnson DA, Collins PD, Walsh
DT, Mogbel R, Totty NF, Truong O, Hsuan JJ and

Am J Cardiovasc Dis 2011;1(1):16-30



(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

28

Eotaxin-1 expression in endothelial cells treated with resveratrol

Williams TJ. Eotaxin: a potent eosinophil
chemoattractant cytokine detected in a guinea
pig model of allergic airways inflammation. J
Exp Med 1994; 179: 881-887.

Ponath PD, Qin S, Ringler DJ, Clark-Lewis I,
Wang J, Kassam N, Smith H, Shi X, Gonzalo JA,
Newman W, Gutierrez-Ramos JC and Mackay
CR. Cloning of the human eosinophil chemoat-
tractant, eotaxin. Expression, receptor binding,
and functional properties suggest a mechanism
for the selective recruitment of eosinophils. J
Clin Invest 1996; 97: 604-612.

Forssmann U, Uguccioni M, Loetscher P, Dahin-
den CA, Langen H, Thelen M and Baggiolini M.
Eotaxin-2, a novel CC chemokine that is selec-
tive for the chemokine receptor CCR3, and acts
like eotaxin on human eosinophil and basophil
leukocytes. J Exp Med 1997; 185: 2171-2176.
Kitaura M, Suzuki N, Imai T, Takagi S, Suzuki R,
Nakajima T, Hirai K, Nomiyama H and Yoshie O.
Molecular cloning of a novel human CC
chemokine (Eotaxin-3) that is a functional
ligand of CC chemokine receptor 3. J Biol Chem
1999; 274: 27975-27980.

Watanabe K, Jose PJ and Rankin SM. Eotaxin-2
generation is differentially regulated by lipopoly-
saccharide and IL-4 in monocytes and macro-
phages. J Immunol 2002; 168: 1911-1918.
Kobayashi I, Yamamoto S, Nishi N, Tsuji K,
Imayoshi M, Inada S, Ichiamaru T and Hama-
saki Y. Regulatory mechanisms of Th2 cytokine-
induced eotaxin-3 production in bronchial
epithelial cells: possible role of interleukin 4
receptor and nuclear factor-kappaB. Ann Allergy
Asthma Immunol 2004; 93: 390-397.

van Wetering S, Zuyderduyn S, Ninaber DK, van
Sterkenburg MA, Rabe KF and Hiemstra PS.
Epithelial differentiation is a determinant in the
production of eotaxin-2 and -3 by bronchial
epithelial cells in response to IL-4 and IL-13.
Mol Immunol 2007; 44: 803-811.

Komiya A, Nagase H, Yamada H, Sekiya T, Ya-
maguchi M, Sano Y, Hanai N, Furuya A, Ohta K,
Matsushima K, Yoshie O, Yamamoto K and
Hirai K. Concerted expression of eotaxin-1,
eotaxin-2, and eotaxin-3 in human bronchial
epithelial cells. Cell Immunol 2003; 225: 91-
100.

Farahi N, Cowburn AS, Upton PD, Deighton J,
Sobolewski A, Gherardi E, Morrell NW and
Chilvers ER. Eotaxin-1/CC chemokine ligand
11: a novel eosinophil survival factor secreted
by human pulmonary artery endothelial cells. J
Immunol 2007; 179: 1264-1273.

Schaefer D, Meyer JE, Pods R, Pethe W, Hed-
derich J, Schmidt C and Maune S. Endothelial
and epithelial expression of eotaxin-2 (CCL24)
in nasal polyps. Int Arch Allergy Immunol 2006;
140: 205-214.

Rokudai A, Terui Y, Kuniyoshi R, Mishima Y,
Aizu-Yokota E, Sonoda Y, Kasahara T and
Hatake K. Differential regulation of eotaxin-1/

(28]

[29]

(30]

(31]

[32]

[33]

(34]

[35]

(36]

(37]

(38]

[39]

CCL11 and eotaxin-3/CCL26 production by the
TNF-alpha and IL-4 stimulated human lung
fibroblast. Biol Pharm Bull 2006; 29: 1102-
1109.

Conroy DM and Williams TJ. Eotaxin and the
attraction of eosinophils to the asthmatic lung.
Respir Res 2001; 2: 150-156.

Pope SM, Zimmermann N, Stringer KF, Karow
ML and Rothenberg ME. The eotaxin chemoki-
nes and CCR3 are fundamental regulators of
allergen-induced pulmonary eosinophilia. J
Immunol 2005; 175: 5341-5350.

Matsukura S, Stellato C, Plitt JR, Bickel C, Miura
K, Georas SN, Casolaro V and Schleimer RP.
Activation of eotaxin gene transcription by NF-
kappa B and STAT6 in human airway epithelial
cells. J Immunol 1999; 163: 6876-6883.
Matsukura S, Stellato C, Georas SN, Casolaro
V, Plitt JR, Miura K, Kurosawa S, Schindler U
and Schleimer RP. Interleukin-13 upregulates
eotaxin expression in airway epithelial cells by a
STAT6-dependent mechanism. Am J Respir Cell
Mol Biol 2001; 24: 755-761.

Inomata M, Into T, Nakashima M, Noguchi T
and Matsushita K. IL-4 alters expression pat-
terns of storage components of vascular endo-
thelial cell-specific granules through STAT6-
and SOCS-1-dependent mechanisms. Mol Im-
munol 2009; 46: 2080-2089.

Blanchard C, Durual S, Estienne M, Emami S,
Vasseur S and Cuber JC. Eotaxin-3/CCL26 gene
expression in intestinal epithelial cells is up-
regulated by interleukin-4 and interleukin-13
via the signal transducer and activator of tran-
scription 6. Int J Biochem Cell Biol 2005; 37:
2559-2573.

Hoeck J and Woisetschlager M. STAT6 medi-
ates eotaxin-1 expression in IL-4 or TNF-alpha-
induced fibroblasts. J Immunol 2001; 166:
4507-4515.

Lee J, Jung E, Kim Y, Park J, Hong S, Hyun CG,
Park D and Kim YS. Rosmarinic acid as a down-
stream inhibitor of IKK-beta in TNF-alpha-
induced upregulation of CCL11 and CCR3. Br J
Pharmacol 2006; 148: 366-375.

Jang M, Cai L, Udeani GO, Slowing KV, Thomas
CF, Beecher CW, Fong HH, Farnsworth NR,
Kinghorn AD, Mehta RG, Moon RC and Pezzuto
JM. Cancer chemopreventive activity of resvera-
trol, a natural product derived from grapes.
Science 1997; 275: 218-220.

Delmas D, Lancon A, Colin D, Jannin B and
Latruffe N. Resveratrol as a chemopreventive
agent: a promising molecule for fighting cancer.
Curr Drug Targets 2006; 7: 423-442.

Baur JA and Sinclair DA. Therapeutic potential
of resveratrol: the in vivo evidence. Nat Rev
Drug Discov 2006; 5: 493-506.

Aggarwal BB, Bhardwaj A, Aggarwal RS, Seeram
NP, Shishodia S and Takada Y. Role of resvera-
trol in prevention and therapy of cancer: pre-
clinical and clinical studies. Anticancer Res

Am J Cardiovasc Dis 2011;1(1):16-30



[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

29

Eotaxin-1 expression in endothelial cells treated with resveratrol

2004; 24: 2783-2840.

Kundu JK and Surh YJ. Cancer chemopreven-
tive and therapeutic potential of resveratrol:
mechanistic perspectives. Cancer Lett 2008;
269: 243-261.

Das M and Das DK. Resveratrol and cardiovas-
cular health. Mol Aspects Med 31: 503-512.
Lee M, Kim S, Kwon OK, Oh SR, Lee HK and
Ahn K. Anti-inflammatory and anti-asthmatic
effects of resveratrol, a polyphenolic stilbene,
in a mouse model of allergic asthma. Int Im-
munopharmacol 2009; 9: 418-424.

Tan Y and Lim LH. trans-Resveratrol, an extract
of red wine, inhibits human eosinophil activa-
tion and degranulation. Br J Pharmacol 2008;
155: 995-1004.

Rius C, Abu-Taha M, Hermenegildo C, Piqueras
L, Cerda-Nicolas JM, Issekutz AC, Estan L, Cor-
tijo J, Morcillo EJ, Orallo F and Sanz MJ. Trans-
but not cis-resveratrol impairs angjiotensin-ll-
mediated vascular inflammation through inhibi-
tion of NF-kappaB activation and peroxisome
proliferator-activated receptor-gamma upregu-
lation. J Immunol 185: 3718-3727.

Donnelly LE, Newton R, Kennedy GE, Fenwick
PS, Leung RH, Ito K, Russell RE and Barnes PJ.
Anti-inflammatory effects of resveratrol in lung
epithelial cells: molecular mechanisms. Am J
Physiol Lung Cell Mol Physiol 2004; 287: L774-
783.

Manna SK, Mukhopadhyay A and Aggarwal BB.
Resveratrol suppresses TNF-induced activation
of nuclear transcription factors NF-kappa B,
activator protein-1, and apoptosis: potential
role of reactive oxygen intermediates and lipid
peroxidation. J Immunol 2000; 164: 6509-
6519.

Bhardwaj A, Sethi G, Vadhan-Raj S, Bueso-
Ramos C, Takada Y, Gaur U, Nair AS, Shishodia
S and Aggarwal BB. Resveratrol inhibits prolif-
eration, induces apoptosis, and overcomes
chemoresistance through down-regulation of
STAT3 and nuclear factor-kappaB-regulated
antiapoptotic and cell survival gene products in
human multiple myeloma cells. Blood 2007;
109: 2293-2302.

Wung BS, Hsu MC, Wu CC and Hsieh CW. Res-
veratrol suppresses IL-6-induced ICAM-1 gene
expression in endothelial cells: effects on the
inhibition of STAT3 phosphorylation. Life Sci
2005; 78: 389-397.

Ross R. The pathogenesis of atherosclerosis: a
perspective for the 1990s. Nature 1993; 362:
801-809.

Walle T, Hsieh F, DeLegge MH, Oatis JE, Jr. and
Walle UK. High absorption but very low bioavail-
ability of oral resveratrol in humans. Drug Me-
tab Dispos 2004; 32: 1377-1382.

Burkon A and Somoza V. Quantification of free
and protein-bound trans-resveratrol metabo-
lites and identification of trans-resveratrol-C/0O-
conjugated diglucuronides - two novel resvera-

[52]

(53]

(54]

(53]

[56]

(57]

(58]

(59]

(60]

[61]

(62]

[63]

trol metabolites in human plasma. Mol Nutr
Food Res 2008; 52: 549-557.

de Santi C, Pietrabissa A, Mosca F and Pacifici
GM. Glucuronidation of resveratrol, a natural
product present in grape and wine, in the hu-
man liver. Xenobiotica 2000; 30: 1047-1054.
Abi-Younes S, Sauty A, Mach F, Sukhova GK,
Libby P and Luster AD. The stromal cell-derived
factor-1 chemokine is a potent platelet agonist
highly expressed in atherosclerotic plaques.
Circ Res 2000; 86: 131-138.

Haley KJ, Lilly CM, Yang JH, Feng Y, Kennedy
SP, Turi TG, Thompson JF, Sukhova GH, Libby P
and Lee RT. Overexpression of eotaxin and the
CCR3 receptor in human atherosclerosis: using
genomic technology to identify a potential novel
pathway of vascular inflammation. Circulation
2000; 102: 2185-2189.

Schober A, Knarren S, Lietz M, Lin EA and We-
ber C. Crucial role of stromal cell-derived factor-
lalpha in neointima formation after vascular
injury in apolipoprotein E-deficient mice. Circu-
lation 2003; 108: 2491-2497.

Avellone G, Di Garbo V, Campisi D, De Simone
R, Raneli G, Scaglione R and Licata G. Effects
of moderate Sicilian red wine consumption on
inflammatory biomarkers of atherosclerosis.
Eur J Clin Nutr 2006; 60: 41-47.

Hansen AS, Marckmann P, Dragsted LO, Finne
Nielsen IL, Nielsen SE and Gronbaek M. Effect
of red wine and red grape extract on blood lip-
ids, haemostatic factors, and other risk factors
for cardiovascular disease. Eur J Clin Nutr
2005; 59: 449-455.

Cheng SS, Lukacs NW and Kunkel SL. Eotaxin/
CCL11 suppresses IL-8/CXCL8 secretion from
human dermal microvascular endothelial cells.
J Immunol 2002; 168: 2887-2894.

Kaehler J, Tuleweit A, Steven D, Krempl T, Haar
A, Carstensen M, Koester R, Terres W and
Meinertz T. Association between eotaxin
(CCL11), C-reactive protein, and antimicrobial
antibodies in patients undergoing coronary
angioplasty. J Investig Med 2006; 54: 446-454.
Economou E, Tousoulis D, Katinioti A, Stefa-
nadis C, Trikas A, Pitsavos C, Tentolouris C,
Toutouza MG and Toutouzas P. Chemokines in
patients with ischaemic heart disease and the
effect of coronary angioplasty. Int J Cardiol
2001; 80: 55-60.

Zee RY, Cook NR, Cheng S, Erlich HA, Lindpaint-
ner K, Lee RT and Ridker PM. Threonine for
alanine substitution in the eotaxin (CCL11)
gene and the risk of incident myocardial infarc-
tion. Atherosclerosis 2004; 175: 91-94.

Kodali RB, Kim WJ, Galaria, Il, Miller C, Schec-
ter AD, Lira SA and Taubman MB. CCL11
(Eotaxin) induces CCR3-dependent smooth
muscle cell migration. Arterioscler Thromb Vasc
Biol 2004; 24: 1211-1216.

Garcia-Zepeda EA, Rothenberg ME, Ownbey RT,
Celestin J, Leder P and Luster AD. Human eo-

Am J Cardiovasc Dis 2011;1(1):16-30



[64]

[65]

[66]

[67]

[68]

[69]

30

Eotaxin-1 expression in endothelial cells treated with resveratrol

taxin is a specific chemoattractant for eosino-
phil cells and provides a new mechanism to
explain tissue eosinophilia. Nat Med 1996; 2:
449-456.

Bartels J, Schluter C, Richter E, Noso N, Kulke
R, Christophers E and Schroder JM. Human
dermal fibroblasts express eotaxin: molecular
cloning, mRNA expression, and identification of
eotaxin sequence variants. Biochem Biophys
Res Commun 1996; 225: 1045-1051.
Mochizuki M, Bartels J, Mallet Al, Christophers
E and Schroder JM. IL-4 induces eotaxin: a
possible mechanism of selective eosinophil
recruitment in helminth infection and atopy. J
Immunol 1998; 160: 60-68.

Lilly CM, Nakamura H, Kesselman H, Nagler-
Anderson C, Asano K, Garcia-Zepeda EA, Roth-
enberg ME, Drazen JM and Luster AD. Expres-
sion of eotaxin by human lung epithelial cells:
induction by cytokines and inhibition by gluco-
corticoids. J Clin Invest 1997; 99: 1767-1773.
Atasoy U, Curry SL, Lopez de Silanes |, Shyu AB,
Casolaro V, Gorospe M and Stellato C. Regula-
tion of eotaxin gene expression by TNF-alpha
and IL-4 through mRNA stabilization: involve-
ment of the RNA-binding protein HuR. J Immu-
nol 2003; 171: 4369-4378.

Ihle JN. STATs: signal transducers and activa-
tors of transcription. Cell 1996; 84: 331-334.
Kisseleva T, Bhattacharya S, Braunstein J and
Schindler CW. Signaling through the JAK/STAT
pathway, recent advances and future chal-
lenges. Gene 2002; 285: 1-24.

[70]

[71]

[72]

(73]

[74]

[75]

Kuhnle G, Spencer JP, Chowrimootoo G, Schro-
eter H, Debnam ES, Srai SK, Rice-Evans C and
Hahn U. Resveratrol is absorbed in the small
intestine as resveratrol glucuronide. Biochem
Biophys Res Commun 2000; 272: 212-217.
Boocock DJ, Faust GE, Patel KR, Schinas AM,
Brown VA, Ducharme MP, Booth TD, Crowell JA,
Perloff M, Gescher AJ, Steward WP and Brenner
DE. Phase | dose escalation pharmacokinetic
study in healthy volunteers of resveratrol, a
potential cancer chemopreventive agent. Can-
cer Epidemiol Biomarkers Prev 2007; 16: 1246
-1252.

Patel KR, Brown VA, Jones DJ, Britton RG, He-
mingway D, Miller AS, West KP, Booth TD, Per-
loff M, Crowell JA, Brenner DE, Steward WP,
Gescher AJ and Brown K. Clinical pharmacology
of resveratrol and its metabolites in colorectal
cancer patients. Cancer Res 70: 7392-7399.
Wenzel E, Soldo T, Erbersdobler H and Somoza
V. Bioactivity and metabolism of trans-
resveratrol orally administered to Wistar rats.
Mol Nutr Food Res 2005; 49: 482-494.

Wenzel E and Somoza V. Metabolism and
bioavailability of trans-resveratrol. Mol Nutr
Food Res 2005; 49: 472-481.

Romero-Perez Al, lbern-Gomez M, Lamuela-
Raventos RM and de La Torre-Boronat MC.
Piceid, the major resveratrol derivative in grape
juices. J Agric Food Chem 1999; 47: 1533-
1536.

Am J Cardiovasc Dis 2011;1(1):16-30




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


