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trans-Resveratrol, an extract of red wine, inhibits
human eosinophil activation and degranulation

Y Tan and LHK Lim

Inflammation and Cancer Laboratory, Department of Physiology and NUS Immunology Program, Yong Loo Lin School of Medicine,
National University of Singapore, Singapore, Singapore

Background and purpose: trans-Resveratrol, a non-flavonoid polyphenol found abundantly in red wine possesses
antiproliferative and anti-inflammatory activity in various inflammatory disease conditions. However, the effect of trans-
resveratrol on eosinophil activation in relation to allergy has not been investigated.

Experimental approach: Human eosinophils were isolated and purified from whole blood and incubated for 16 h with trans-
resveratrol. Eosinophil chemotaxis, activation and degranulation, and apoptosis were investigated. The effect of trans-
resveratrol on the inhibition of p38 and ERK1/2 activation was examined.

Key results: Treatment of human eosinophils with trans-resveratrol at concentrations <100um for 16 h did not induce
eosinophil apoptosis. Similar results were seen after 24h and 48 h incubations. trans-Resveratrol (<100 uMm) significantly
inhibited eosinophil peroxidase release after activation with IL-5 (IC50=2.9 £ 0.9 uM) or C5a (ICso=3.9 £ 0.5 um) after 5 min
priming with cytochalasin B (CB). Similarly, the production of leukotriene C4 after stimulation with calcium ionophore, and
eosinophil chemotaxis in response to eotaxin, as well as CD11b upregulation and CD62L shedding was also significantly
reduced by trans-resveratrol, at concentrations above 5uMm. All the activators induced p38 and ERK1/2 phosphorylation
maximal at 2 min of activation. trans-Resveratrol potently inhibited p38 and ERK1/2 activation after calcium ionophore and CB
and C5a activation.

Conclusions and implications: trans-Resveratrol is effective at inhibiting human eosinophil activation and degranulation at
concentrations <100 uM, while not inducing apoptosis. This potent anti-inflammatory activity of trans-resveratrol and possibly
its metabolites on eosinophils may be worth investigating for the treatment of eosinophil-related allergic diseases.
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Introduction

Eosinophils have an important function in the development
of many allergic diseases, such as asthma, dermatitis and
rhinitis. The association of eosinophils with the pathophy-
siology of these diseases has been intensively investigated.
The activation and recruitment of eosinophils into sites of
allergic inflammation are characteristic hallmarks of allergic
diseases (Bousquet et al., 1990). Large numbers of activated
tissue eosinophils are typically observed in airway biopsies,
sputum and bronchoalveolar lavage fluid obtained from
asthmatic patients (Wardlaw et al., 2000). Eosinophils are
recruited by specific eosinophil chemoattractants such as
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eotaxin, nonspecific chemoattractants such as PAF or even
the eosinophil chemoattractant factor for anaphylaxis
(selectively chemotactic for eosinophils) released from mast
cells. When eosinophils are activated, eosinophil degranula-
tion occurs and destructive enzymes, including major basic
protein, eosinophil peroxidase (EPO) and eosinophil cationic
protein slowly erode cilia and the underlying epithelial layer.
This can induce airway hyper-responsiveness from exposed
nerve endings and an increased sensitivity to broncho-
constricting agents, a characteristic feature of allergic asthma
(Sugimoto et al., 2003). Despite some studies which have
indicated that anti-IL-5 therapies do not inhibit airway
hyperreactivity (Leckie et al., 2000), tissue eosinophils are
still thought to have an important function in allergic
responses (O'Byrne et al., 2001).

Extensive efforts have been made to discover new
anti-inflammatory therapies, more or equally effective to
corticosteroids, which can be used in the treatment of allergy
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(Walsh et al., 2003). trans-Resveratrol is a naturally occurring
phytoalexin found in several plants, and at especially high
concentration in grapevines and red wine. trans-Resveratrol
is strongly cardioprotective and also possesses chemo-
preventive, chemotherapeutic, neuroprotective and anti-
inflammatory (Martin et al., 2006) properties. This
compound exerts many of its diverse biological effects by
acting as an antioxidant and free radical scavenger, and by
controlling crucial gene transcription factors such as nuclear
factor-kB and AP-1, upstream transcriptional regulators such
as PKC and mitogen-activated protein (MAP) kinase, as well
as downstream products such as p53, Bax and COX-2 (see
Pervaiz, 2003). trans-Resveratrol has been found to be
capable of inhibiting the release of inflammatory cytokines,
reactive oxygen species (ROS) and inflammatory gene
expression (Cavallaro et al., 2003; Birrell et al., 2005), as well
as chemotaxis from neutrophils and monocytes. trans-
Resveratrol may be useful and effective in the treatment of
asthma and chronic obstructive pulmonary disease, as it
inhibits interleukin (IL)-8 and granulocyte-macrophage
colony-stimulating factor release, as well as nuclear factor-
kB activity from A549 lung cancer cells (Donnelly et al.,
2004). However, the functional effect of trans-resveratrol on
primary human eosinophil activation and function in
relation to allergy has not been studied previously.

In this study, the effect of trans-resveratrol on eosinophil
function and activation was investigated. Our results
demonstrate that this compound potently inhibits
eosinophil activation and may be a useful compound in
the prophylactic or symptomatic treatment of allergy or
asthma.

Materials and methods

Eosinophil isolation

Venous blood was drawn from healthy non-atopic human
volunteers under informed consent approved by the Institu-
tional review board of the National University of Singapore.
Blood was centrifuged to obtain the leukocyte-rich buffy
coat, diluted in phosphate-buffered saline containing 0.2%
BSA (Sigma, St Louis, MO, USA) and 5mM EDTA before
overlaying on isotonic Percoll (1.082gmL™") (Pharmacia,
Uppsala, Sweden). After centrifugation, pellets were pooled
and erythocytes were removed by hypotonic lysis before
eosinophil purification performed using negative selection
(Miltenyi Biotec, Bergisch Gladbach, Germany). The purity
of the isolated eosinophils was more than 98% as determined
by Kimura staining, and the viability was more than 97% as
shown by Trypan blue exclusion test.

Eosinophil culture

Freshly isolated eosinophils (1 x 10° cellsmL™") were cul-
tured in RPMI medium (Sigma, St Louis, MO, USA)
supplemented with 10% foetal bovine serum, 1% L-gluta-
mine and 1% penicillin-streptomycin. Cells were incubated
with or without frans-resveratrol (Sigma) (0-500 pM in 0.05%
dimethylsulphoxide) and with or without human recombi-
nant IL-5 (0-10ngmL™") (Peprotech, Rocky Hill, NJ, USA)
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treatment, in a humidified cell culture incubator at 37 °C and
5% CO, overnight (14-16h). In some experiments, eosino-
phils were treated instead with 1pM dexamethasone in the
same conditions as above for 14-16h. All vehicle controls
were performed using media with 0.05% dimethylsulph-
oxide. Eosinophils were activated with different activating
agents, and concentration-response curves were obtained to
determine concentrations, which produced submaximal
activation. Stimuli used were calcium ionophore A23187
(107°M), eotaxin and SpgmL~' cytochalasin B (CB) for
5min, before the stimulation with C5a (10°8M) or IL-5
(20ngmL™1).

Mediator analysis

Eosinophil peroxidase was quantified using o-phenylenedia-
mine as substrate. After activation, cell-free supernatants
were obtained and mixed with an equal volume of substrate
(0.4mgmL~! o-phenylenediamine dihydrochloride (Sigma)
in 0.05M Tris-HCI pH 8 supplemented with 0.012% H,0,). A
volume of 4 M H,SO,4 was added and absorbance was read at
450nm. To determine total EPO, 0.1% Triton X-100 was
added to the substrate. Cysteinyl leukotrienes (CysLT) (LTC,/
D4/E4) were measured using an AChE competitive enzyme
immunoassay kit, following the manufacturer’s instructions
(GE Amersham, Buckinghamshire, England).

Chemotaxis assay

Eosinophils were washed once with fresh cell culture
medium before chemotaxis was performed using ChemoTx
disposable plates (5 pm pore size, NeuroProbe, Gaithersburg,
MD, USA). A volume of 25ul of cell suspension (3 x 10°
cellsmL 1) was added on each filter site with the bottom well
filled with 29l of cell culture medium with or without
10ng mL~! of eotaxin (Peprotech, Rocky Hill, NJ, USA). The
cells were then incubated for 1.5h in a humidified cell
culture incubator at 37 °C and 5% CO,. After incubation, the
cells were gently removed and the top filters were gently
cleaned. Migrated cells were viewed and counted under x 10
magnification with a microscope with imaging function
(Nikon ACT-2U, Melville, NY, USA), and the migration index
was calculated by dividing the number of cells migrated
towards eotaxin by the number of cells that migrated to
media alone.

Flow cytometric analysis

Eosinophils were stained with monoclonal mouse anti-
human CD11b antibody/anti-human CD62L antibody (BD
Biosciences, San Jose, CA, USA) followed by polyclonal PE-
conjugated rabbit anti-mouse IgG (Serotec, Oxford, UK) for
45 min. After the incubation, the cells were analysed by flow
cytometry (Dako, Glostrup, Denmark), where a total of
10000 gated cells were counted.

Western blotting
Treated cells were harvested at indicated times and lysed in a
lysis buffer containing 75 mM NaCl, 10 mM Tris-HCI, 1 mMm



EDTA, 0.5% NP40, 0.5% Triton-X100, 1pugmL™! leupeptin,
1pgmL~' aprotinin, 1uM phenylmethylsulphonyl fluoride,
1 mM NazVO, and protease inhibitor cocktail (Pierce, Rock-
ford, IL, USA). Protein concentration was determined by the
Bradford assay. A total of 30 ug of proteins per sample were
subjected to western blot analysis. Blots were incubated with
the antibodies specific for either phospho-ERK1/2 (Thr202/
Tyr204), ERK1/2, phospho-p38 (Thr180/Tyr182), p38 (all
from Cell Signaling Technology, Beverly, MA, USA) and
1:7500 horseradish peroxidase-conjugated rabbit anti-mouse
or mouse anti-rabbit secondary antibodies (Pierce). All the
primary antibodies were used at the final concentration of
1pgmL™". To detect phosphorylated proteins, the same blots
were probed with phospho-specific antibodies, stripped and
reprobed with antibodies against total proteins. All blots
were incubated with mouse antibody against -actin (Sigma)
to confirm equal protein loading. Bands were visualized with
a Chemiluminescent Reagent Plus detection system (Perkin-
Elmer, Boston, MA, USA), as described by the manufacturer.
For quantitative analysis of western blots, the density of
bands corresponding to protein blotting with the antibody
under study was normalized to the amount of respective
total protein using ImageJ software (National Institute of
Health, USA). After normalization, the expression level of
proteins was expressed as fold changes relative to the vehicle
control.

Annexin-V-FITC and propidium iodide staining

Externalization of inner membrane phosphatidylserine was
assessed by the Annexin V-FITC Apoptosis Detection Kit I
(BD Biosciences, San Jose, CA, USA) according to the
recommended protocol with slight modifications. Briefly,
after drug treatment, cells were washed twice with cold
phosphate-buffered saline and resuspended in 100 ul binding
buffer. Annexin-V-FITC and propidium iodide (PI) were
added, gently vortexed and the cells were incubated for
15min at 25°C in the dark before adding 200 ul binding
buffer. Cells were analysed by flow cytometry within 1h.
Apoptotic cells were annexin V positive, PI negative and
were expressed as a percentage of all cells.

Caspase-3 activity assay

Eosinophils were resuspended and incubated in 50 pl of Cell
Lysis Buffer (BD Biosciences Pharmingen) for 20 min before
the addition of 50ul of cold 2 x reaction buffer (20 mm
HEPES, 4 mM EDTA, 20 mM KCl and 3 mM MgCl, in distilled
water) with 10 mM dithiothreitol and 1ul of 10 mM DEVD-
AFC (substrate for caspase-3; Alexis, Lausen, Switzerland).
The sample was incubated with the substrate solution for 1 h
in a dark humidified incubator at 37 °C and 5% CO,. After
the incubation, 1 ul of the sample was used for protein assay,
whereas the rest was used to determine the caspase-3 activity
by measuring the fluorescence intensity (excitation at
400nm and emission at 505 nm) using a spectrofluorometer
(GENios, Tecan, Switzerland). The relative fluorescence unit
(RFU) for each sample was normalized against its respective
protein content to obtain RFU per pg of protein (RFU pg™").
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Statistical analyses

Data are expressed as means + s.e. mean of n human donors
per group. Data were tested for normality, and paired sets of
data (treated versus control) were compared using paired
Student’s t-test (two-tailed). Comparisons between multiple
treatment groups from the same experiment were made
using one way ANOVA. When significant differences were
found between groups, Tukey’s post hoc test was used to test
significance. In all cases, P<0.05 was accepted as statistically
significant.

Results

The effect of trans-resveratrol on eosinophil apoptosis was
first investigated. Freshly isolated human eosinophils
were cultured for 16h with or without trans-resveratrol
(1-500 u™Mm), with and without human recombinant IL-5
(0-10ngmL™") to maintain viability. Cells were immediately
analysed by flow cytometry. Viable cells were negative for
both annexin-V-FITC and PI, whereas cells in early apoptotic
stage were annexin-V-FITC positive but negative for PI, and
cells in late apoptotic and necrotic stages were positive for
both. At concentrations of trans-resveratrol of 1-100 uM, no
reduction of eosinophil viability was observed after 16 h of
incubation (Figure 1a). A significant reduction in cell
viability was observed only at higher concentrations of
trans-resveratrol (P<0.05), accompanied by an increase in
early apoptotic cells (Figure 1b). The addition of IL-5 only
partially rescued eosinophils from trans-resveratrol-induced
cell death and had no effect on cell viability when incubated
with lower concentrations of trans-resveratrol. Treatment
with IL-5 alone reduced spontaneous cell apoptosis as
compared with untreated cells.

To determine whether trans-resveratrol induced apoptosis
after a longer incubation, eosinophils were treated with low-
moderate concentrations of trans-resveratrol (1-100 um) for
24 h and 48 h. At both time points, no significant changes in
eosinophil survival were observed, when cells were treated
with trans-resveratrol at all concentrations (Figure 2). IL-5
was effective at rescuing eosinophil death, as eosinophils
progressively became more susceptible to spontaneous
apoptosis with extending time in culture. Without IL-5, the
percentage viability of eosinophils decreased drastically from
83.8+0.9% at 16h to 68.7+1.2% at 24 h and to 35.4+£2.4%
at 48 h. But in the presence of 1ngmL~' IL-5, cell viability
was more stable 87.6+2.1% at 16 h, 85.9+1.3% at 24 h and
79.7 £1.5% at 48 h.

To further confirm that moderate (1-100 uM) concentra-
tions of trans-resveratrol did not induce apoptosis, a caspase-
3 activity assay was performed after incubation with
trans-resveratrol. Once again, only high concentrations of
trans-resveratrol (250-500 uM) induced significant caspase-3
activity, causing a 2.4- and 3-fold increase in caspase-3
activity, respectively (Figure 3). These results demonstrate
that trans-resveratrol induces eosinophil apoptosis only
at concentrations higher than 100 pM. Thus, 1-100puM of
trans-resveratrol were used in subsequent functional assays.

To investigate the effect of frans-resveratrol on eosinophil
activation and degranulation, EPO release was analysed.

British Journal of Pharmacology (2008) 155 995-1004
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Effect of 16 h trans-resveratrol treatment on cell viability and apoptosis. Eosinophils were treated with or without trans-resveratrol

(0-500 pm) and with or without human recombinant interleukin (IL)-5 (0-10ng mL™"), after which the cells were immediately stained with
annexin-V-FITC and propidium iodide (Pl) and analysed by flow cytometry. (a) Cell viability was expressed as the percentage of viable
(annexin-V-FITC negative and Pl negative) in the test sample. (b) Early apoptosis was expressed as the percentage of early apoptotic cells
(annexin-V-FITC positive and Pl negative) in the test sample. Data are means * s.e.mean percent of n=5-7 per treatment group relative to the
vehicle control. *P<0.05 and **P<0.01 versus untreated dimethylsulphoxide control.

Freshly isolated human eosinophils were cultured in cell
medium with or without trans-resveratrol (1-100um) for
16 h. After removal of trans-resveratrol, eosinophils were
pretreated with CB (5 ugmL™") for 5min followed by either
C5a (10°8M) or IL-5 (20ngmL™') for 1h. Submaximal
concentrations of activators were chosen from concentra-
tion-response curves (data not shown). Stimulation with CB
and C5a induced a fivefold increase in EPO release (56.2 £ 0.5
versus 11.4+£0.5% EPO release, P<0.01) when compared
with the unactivated control. When eosinophils were treated
with trans-resveratrol, degranulation induced by CB and CSa
was markedly reduced in a concentration-dependent
manner (P<0.001; Figure 4a). The activation of eosinophils
by CB and IL-5 was also inhibited by trans-resveratrol
(P<0.001). A total of 1uM of trans-resveratrol effectively
blocked EPO release by both stimuli (C5a: 28.4+4.9%
inhibition, IL-5: 20.8+3.3% inhibition, P<0.01 versus
activated control). The trans-resveratrol ICsq (concentration
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of trans-resveratrol that produced a 50% inhibition) for EPO
release was 3.9%£0.5 and 2.9209uMm for CS5a and IL-S,
respectively. The activity of trans-resveratrol on eosinophil
activation was compared with the glucocorticoid, dexa-
methasone. Treatment of eosinophils with dexamethasone
(1 pM) induced a 75.2% inhibition of EPO release induced by
CB and C5a.

The effect of trans-resveratrol on the release of CysLTs
(LTC4/Dy4/E4; assayed as LTC,) release after calcium iono-
phore (A23187) activation was also investigated (Figure 4b).
Basal release of LTC4 in wunactivated eosinophils was
8pgmlL~!, whereas activation with A23187 for 3h induced
the release of 1235+94pgmL~' LTC4. Treatment with
trans-resveratrol significantly inhibited LTC, production
in a concentration-dependent manner, with an ICso of
18.8+3.4uM. Similarly, incubation of eosinophils with
dexamethasone (1uM) inhibited LTC, production signifi-
cantly (46.4% inhibition of LTC, production). These data



indicate that trans-resveratrol is effective at inhibiting
eosinophil degranulation and mediator production in vitro,
at a level comparable with glucocorticoids.

trans-Resveratrol was next tested for its effects on eosino-
phil migration in response to eotaxin, a potent eosinophil
chemokine (Figure 5). A migration index was obtained by
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Figure 2 Effect of longer (24 and 48 h) trans-resveratrol treatment
on eosinophil apoptosis. Eosinophils were treated with or without
trans-resveratrol (0-100 pM) and treated as indicated in Figure 1 for
(a) 24 or 48h (b). Data are means £ s.e.mean percent of n=4 per
treatment group relative to the vehicle control. Values were not
statistically significant versus dimethylsulphoxide control.
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normalizing the number of cells migrating towards eotaxin
with the number of cells migrating towards vehicle control.
The migration index of the eotaxin positive control was
6.710.3. A concentration-dependent response (P<0.001)
was observed after cells were incubated with trans-resveratrol
overnight, with a 4.8-fold inhibition in migration (1.43+
0.09 migration index, P<0.01) at the highest concentration
used (100uMm). At SpM, trans-resveratrol significantly
inhibited eosinophil migration to eotaxin (31.2+6.3%
inhibition, P<0.01 versus basal control), whereas 1puMm
dexamethasone did not significantly inhibit eosinophil
migration.

The effect of frans-resveratrol on the expression of CD11b
and CD62L on human eosinophils was next investigated.
Eosinophils were treated with trans-resveratrol (0-100 pM) for
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Figure 3 Effect of trans-resveratrol treatment on caspase-3 activity
Eosinophils were treated with trans-resveratrol (0-500 uMm) for 16 h
and cell lysates were obtained for caspase-3 activity assay. The results
were expressed in relative fluorescence unit (RFU) and normalized
against the corresponding total protein concentration (mg) in
each sample. All measurements were performed in duplicate.
Data are means * s.e.mean RFU mg*1 of n=5 per treatment group.
**P<0.001 versus untreated dimethylsulphoxide control.
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trans-Resveratrol inhibits degranulation and mediator production from activated eosinophils. Eosinophils were treated with

trans-resveratrol (0-100 um) for 16 h and activated with (a) cytochalasin B (CB, 5 pug mL™") for 5min followed by C5a (1078 M) or inter-
leukin (IL)-5 (20 ng mL~") and eosinophil peroxidase (EPO) release was measured and normalized against total cellular EPO. (b) 10™> M calcium
ionophore A23187 for 3 h and the supernatants were collected for LTC,4 ELISA. Data are expressed in the amount of LTC, released (pg mL™").
Data are means + s.e.mean percent of n=25 per treatment group in triplicate. *P<0.05, **P<0.01 versus the untreated activated control after

ANOVA analysis (P<0.01).
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Figure 5 trans-Resveratrol reduced eosinophil chemotaxis towards
eotaxin. Eosinophils were treated with trans-resveratrol (0-100 um)
or dexamethasone (1 uM) for 16 h before the chemotaxis assay was
performed with the ChemoTx chemotaxis system. Eotaxin
(10ngmL~") was used as the chemoattractant. All measurements
were performed in triplicate. The data were expressed as the
migration index, which was normalized against the number of
randomly migrated cells in the vehicle control sample. Data are
means +s.e.mean of the migration index of n=5 per treatment
group. *P<0.05 and **P<0.01 versus untreated vehicle control after
ANOVA analysis (P<0.01).

16h, followed by stimulation with 107>M calcium
ionophore A23187 for 1h. Activation of vehicle-treated
eosinophils induced a 3.5-fold upregulation of surface
CD11b expression compared with the unactivated cells
(P<0.01; Figure 6a). Pretreatment of eosinophils with
increasing concentrations of frans-resveratrol resulted in a
concentration-dependent suppression of CD11b upregula-
tion (P<0.001) upon subsequent cell activation. The inhibi-
tion was marked at 100 uM (65.3 £8.1% inhibition, P<0.01)
and statistically significant at 5SpuM (26.8 £3.6% inhibition,
P<0.01). At all the concentrations used, trans-resveratrol did
not affect the basal CD11b expression or total CD11b
expression (data not shown). Treatment of eosinophils with
dexamethasone (1 M) significantly inhibited CD11b expres-
sion after activation (28.3% inhibition, P<0.05). This was
comparable with the inhibition by frans-resveratrol at 10 pMm.

Similarly, after activation with A23187, cell surface
expression of CD62L was reduced by 2.6-fold after the cells
were activated (P<0.01; Figure 6b). After overnight incuba-
tion with trans-resveratrol, CD62L shedding was significantly
reduced (P<0.001) with 50 and 100 uMm of trans-resveratrol.
These high concentrations of frans-resveratrol significantly
inhibited CD62L shedding by 2.7- and 2.5-fold, respectively
relative to the activated control, returning the level of
surface CD62L to basal levels. As a reference, dexamethasone
(1 M) significantly inhibited CD62L shedding by 2.1-fold
(P<0.05). As observed with CD11b, trans-resveratrol did not
affect the basal expression of CD62L or total CD62L
expression (data not shown).

To elucidate the possible mechanism of action of trans-
resveratrol, the MAP kinase signalling pathways in eosino-
phils were studied using western blotting. As the MAP kinase
cascades are early upstream events and the phosphorylation
of the kinases occur rapidly after cell activation, the kinetics
of p38 and ERK1/2 MAP kinase phosphorylation was first
studied. Eosinophils were cultured in vitro for 16h and
activated with CB+ 10~®M C5a, 10~°M calcium ionophore
A23187 or 10ngmL™" eotaxin, which were all activating
stimuli used in earlier functional assays for various time
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Figure 6 trans-Resveratrol inhibits CD11b upregulation and CD62L

shedding in activated eosinophils. Eosinophils were treated with
trans-resveratrol (0-100 pM) or dexamethasone (1 um) for 16 h and
eosinophils were either immunostained immediately or activated
with 107> M calcium ionophore A23187 for 1 h before (a) CD11b-PE
or (b) CD62L-PE immunostaining and analysed by flow cytometry.
The data are represented in mean fluorescence intensity (MFI) after
isotype control was subtracted. Data are means +s.e.mean of n=7
per treatment group. *P<0.05, **P<0.01 versus the untreated
activated control after ANOVA analysis (P<0.01).

periods (0.5, 2, 5, 10min). As illustrated in Figure 7, all three
activating agents induced strong phosphorylation of p38
(Figure 7d) and ERK1/2 (Figure 7e) MAP Kkinases, as early as
0.5 min after the addition of the stimulus, maximal at 2 min
and lasting over 5 min.

The effect of trans-resveratrol on the phosphorylation of
p38 and ERK1/2 MAP kinases at 2min of cell activation
triggered by CB+ C5a, A23187 or eotaxin was examined.
Eosinophils were incubated with or without trans-resveratrol
(10, 50, 100 pM) in vitro for 16 h before stimulation with one
of the activating agents for exactly 2 min, and the whole cell
lysate extracted for SDS-polyacrylamide gel electrophoresis
followed by immunoblotting. Our findings suggest that
trans-resveratrol effectively inhibited, in a dose-dependent
manner, the phosphorylation of p38 as well as ERK1/2 MAP
kinases, for all the stimuli used (Figure 8a-c). Figure 8a
illustrates that CB alone does not activate p38 or ERK1/2,
and addition of CB with CSa additionally activates both p38
and ERK1/2 activation. trans-Resveratrol almost completely
abolished p38 and ERK1/2 phosphorylation stimulated by
CB + C5a and A23187 back to baseline levels, while it was
not as effective in eotaxin stimulated cells (Figure 8d-f,
P<0.01). In fact, trans-resveratrol was more effective at
inhibiting ERK1 activation than ERK2, as ERK2 activation
was more sustained than ERK1 activation after trans-
resveratrol treatment. These results demonstrate that
trans-resveratrol effectively inhibits p38 and ERK1/2 activation
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Figure 7 p38 and ERK1/2 MAP kinase phosphorylation in activated eosinophils. Eosinophils were cultured in vitro for 16 h and stimulated with
(a) CB+ 1078 M C5a (as described in Figure 3), (b) 107> M calcium ionophore A23187or (c) 10ngmL™" eotaxin for 0, 0.5, 2, 5 or 10 min. After
the indicated length of activating time, the cells were harvested and lysed for western blot analysis, as described in the Materials and methods.
The same membrane was used to detect phospho- and total p38, phospho- and total ERK1/2 and B-actin. Representative images of five
independent sets of experiments are shown. The bar graphs below each blot summarize (n=5) the fold change of phospho p38 (d) or ERK1/2
(e) versus no activation control after normalization to total p38 or ERK1/2, respectively. *P<0.05, **P<0.01 versus the untreated activated
sample after ANOVA analysis (P<0.01).
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Figure 8 Effect of trans-resveratrol on p38 and ERK1/2 MAP kinase phosphorylation. Eosinophils were treated for 16 h with the indicated
concentrations of trans-resveratrol before stimulation with CB + C5a (a,d), A23187 (b,e) or eotaxin (c,f) for 2min (as described in Figure 7).
The same membrane was used to detect phospho-p38/total p38, phospho-ERK1/2/total ERK1/2 and B-actin. Representative images of four
independent sets of experiments are shown. The bar graphs below each blot summarize (n=4) the fold change of phospho p38 or ERK1/2
versus no activation control after normalization to total p38 or ERK1/2, respectively. #P<0.05, #*P<0.01 versus the negative control after
ANOVA analysis (P<0.01); *P<0.05, **P<0.01 versus the untreated activated sample after ANOVA analysis (P<0.01).

after eosinophil activation, which may suggest a possible
mechanism of action of its inhibitory functions in eosino-

migration and chemotaxis in human eosinophils, cells
important in the pathogenesis of asthma (Gleich and

phils. Adolphson, 1986). Eosinophils contain granules of EPO
and major basic protein, which are released upon degranula-
tion. These mediators damage respiratory epithelium and
Discussion provoke bronchospasm in asthmatic patients (Agosti et al.,

1987). We found that trans-resveratrol was a potent inhibitor

In this study, we show that trans-resveratrol inhibits a
number of inflammatory functions, such as degranulation,

of eosinophil degranulation, indicated by the concentration-
dependent inhibition of EPO release. Increased amounts of
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eosinophil granule proteins correlate with eosinophil num-
ber and clinical activity in atopic dermatitis and proteins
oxidatively modified by EPO-generated catabolites have
been detected in the lung lavage fluid of patients with severe
asthma (MacPherson et al., 2001). EPO induces non-lytic
detachment of pneumocytes, whereas major basic protein
lyses alveolar epithelial cells causing damage to the epithe-
lium (Ayars et al., 19835).

Eosinophils are also a rich source of CysLTs released
in large amounts when cells are activated through the
S-lipoxygenase (5-LO) pathway (Weller et al., 1983). CysLTs
have been implicated in the pathophysiology of asthma,
including mucus hypersecretion, increased microvascular
permeability, inflammatory cell recruitment and oedema
(Hay et al., 1995). In addition, CysLTs increase airway hyper-
responsiveness and induce smooth muscle hypertrophy in
both healthy and asthmatic patients (O’Hickey et al., 1991),
and increased production of CysLTs have been detected in
BAL samples from asthmatic patients (Lam et al., 1988). We
found that trans-resveratrol inhibited CysLTs production
significantly at low concentrations, very comparable to that
of the glucocorticoid dexamethasone used as a reference
compound. It is possible that both classes of drugs could be
affecting arachidonic acid production following stimulation
or the inhibition of PLA,, resulting in less prostaglandin and
LT production.

The generation of inflammatory mediators, including
chemotactic cytokines such as C5a and eotaxin, in response
to tissue injury or inflammation will result in leukocyte
chemotaxis and migration (Granger and Kubes, 1994). The
release of these proinflammatory mediators induces rapid
and severe changes in the adhesive properties of the
endothelial cells lining the vessel walls in the surrounding
vasculature, inducing increased adhesiveness between the
endothelium and leukocytes. The recruitment of eosinophils
from the blood into the tissues is an important coordinated
step in the inflammatory response. Leukocyte recruitment
from the blood into tissue sites of inflammation involves
initial contact with the vascular endothelium under condi-
tions of shear flow (Granger and Kubes, 1994). Next,
leukocytes roll on the endothelium through selectins and
eventually adhere and transmigrate through the endothelial
layer, mediated mainly by integrins, such as CD11b and
CD49d and their immunoglobulin-like family of ligands.
trans-Resveratrol was able to functionally block eosinophil
chemotaxis towards eotaxin in a dose-dependent manner.
The inhibition of chemotaxis by trans-resveratrol was
similarly observed in a study on human neutrophils
(Rotondo et al., 1998). One possible explanation of this
observation is that trans-resveratrol could block the shedding
of CD62L and the upregulation of CD11b after activation,
the first signs of leukocyte activation and adhesion mole-
cules important in rolling and firm adhesion. This possibility
is supported by our previous investigation (Lim et al., 2000),
which demonstrated a correlation between reduced
CD11b expression and chemotactic ability of eosinophils
after glucocorticoid treatment. Furthermore, ligation of the
B-subunit of the CD11b/CD18 complex triggers activation
and degranulation of eosinophils; thus, the inhibition of
CD11b/CD18 expression by trans-resveratrol could possibly
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reduce eosinophil activation as well. In this study, treatment
of eosinophils with dexamethasone did not significantly
inhibit eosinophil migration to eotaxin. This could have
been on account of the short incubation time (16 h) used in
this study, whereas longer incubation times (24-48 h) were
used previously (Lim et al., 2000). As glucocorticoids are
known to act through the transcriptional machinery, longer
incubation times may be necessary for the inhibition of
functional chemotaxis and migration.

The MAP kinases signalling pathway in eosinophils may be
important in mediating the chemotaxis and activation of
eosinophils (Kampen et al., 2000). Eotaxin and CS5a have
previously been shown to induce degranulation and chemo-
taxis of eosinophils through p44/42 (ERK1/2) and p38 MAP
kinases (Boehme et al., 1999; Adachi et al., 2000). Similarly,
calcium ionophore is also known to cause phosphorylation
of p38 and ERK1/2 MAP kinases in eosinophils and several
other cell types. Regulation of expression of the adhesion
molecules is dependent on Ca** mobilization, as well as the
activation of p38 and ERK1/2 MAP kinases. Either the
depletion of Ca** or the inhibition of the MAP kinases
was able to affect the rolling and adhesion of leukocytes. The
p38 and ERK1/2 kinases are crucial in modulating the
expression of adhesion molecules on the eosinophil surface.
Thus, we examined if trans-resveratrol could inhibit the MAP
kinases ERK1/2 and p38. To date, numerous reports have
suggested the importance of p38 and ERK1/2 MAP Kkinase
signalling pathways in leukocyte activation. In eosinophils,
both p38 and ERK1/2 MAP kinases have been shown to be
essential for a wide range of cellular activities such as
eosinophil differentiation, cytokine production, degranula-
tion, adhesion and chemotaxis (Boehme et al., 1999; Adachi
et al., 2000). Indeed, our results demonstrated that trans-
resveratrol effectively inhibited the dual phosphorylation of
p38 and ERK1/2 MAP kinases induced by calcium ionophore
and CB+CS5a in a dose-dependent manner. It was not as
effective on eotaxin activation, however, suggesting a
correlation between the small inhibition on chemotaxis
observed as well. Studies on the anti-inflammatory effects of
trans-resveratrol on neutrophils, macrophages and lympho-
cytes have not focused on the MAP kinase signalling
pathways, although anticancer studies have identified the
regulation of MAP kinases as one of the mechanisms of
action of trans-resveratrol (Shih et al., 2002). This is the first
report of trans-resveratrol inhibiting the activation of p38
and ERK1/2 kinases in leukocytes. The anti-inflammatory
effect of frans-resveratrol has been largely attributed to its
ability to inhibit COX-2 and iNOS expression by suppressing
the activities of transcription factors nuclear factor-xB and
AP-1 (Zangrilli et al., 2000; Birrell et al., 2005). It may be
possible that trans-resveratrol may be producing multiple
effects on eosinophils by interfering with the activation of
p38 and ERK1/2 MAP kinases, both of which have been
associated with the execution of eosinophil -effector
functions.

Eosinophils are terminally differentiated cells, which die
rapidly in culture after 2 days, and IL-5 (Rothenberg et al.,
1989) can enhance their survival in vitro for up to 2 weeks by
blocking apoptosis. Investigations have shown that binding
of these cytokines to their corresponding receptor leads to



receptor dimerization and subsequent activation of the JAK2
kinase-Statla/Stat5S pathway, and the activation of Lyn and
Syk tyrosine kinases and Src homology 2 tyrosine phospha-
tase with resulting activation of the Ras/ERK kinase pathways
(Pazdrak et al.,, 1995). The final consequence would be
upregulation of survival-promoting genes and the suppres-
sion of apoptosis-enhancing genes. In our studies, we have
shown that the addition of IL-5 significantly reduced
spontaneous apoptosis and promoted the survival of human
eosinophils. Interestingly, at low concentrations (5-10 uMm),
trans-resveratrol did not affect eosinophil viability. This is in
accordance with studies on macrophages and neutrophils,
where trans-resveratrol did not affect their survival (Rotondo
et al, 1998), and in human monocytes, where trans-
resveratrol concentrations of up to 20uM did not induce
apoptosis, whereas 50puM was slightly toxic (Losa, 2003).
However, for cancer cells, 32 uM trans-resveratrol was shown
to be lethal, causing extensive apoptosis after only 8h
incubation (Surh et al., 1999). Similarly, a previous study on
an eosinophilic leukaemia cell line demonstrated that trans-
resveratrol could induce a reduction in cell proliferation at
50uM and significant apoptosis at 100 uM (Baatout et al.,
2005). This discrepancy could be explained by the fact that
the cell line used was a cancer cell line. This differential
sensitivity of cancer versus non-cancer cells towards trans-
resveratrol may be of clinical importance, as it suggests that
chemotherapeutic doses of the compound can effectively
target cancerous cells without compromising the survival of
normal cells, therefore reducing unwanted side effects,
which many anticancer drugs possess.

The average trans-resveratrol content in red wine is
approximately 5ugmL~! (Gescher and Steward, 2003).
Although it appears impossible to attain an effective
concentration of trans-resveratrol through drinking wine, it
is conceivable that regular consumption over a long period
of time may increase trans-resveratrol concentrations within
the body, possibly reaching pharmacological relevance. In
addition, the use of red wine extract or trans-resveratrol as a
dietary supplement has been suggested for cancer (Bemis
et al., 2006) and cardiovascular diseases (Lekakis et al., 2005),
and is undergoing clinical trials. As trans-resveratrol is
metabolized after ingestion, it is not surprising that many
do not see the benefit of using trans-resveratrol as a dietary
supplement. Plasma peak levels of frans-resveratrol (30 min
after ingestion) administered at a dose of 360 ugkg ! in rats
were 20nM trans-resveratrol and 2 uM ‘total’ trans-resveratrol
(trans-resveratrol plus its metabolites) (Goldberg et al., 2003).
Other studies showed that 2 and 50 mgkg~! trans-resveratrol,
given orally to rats, generated plasma peak values of 2 and
6.6 1M, respectively (Marier et al., 2002), whereas trans-
resveratrol metabolite levels reached 105 pM. In humans, it
has been reported that after oral administration of trans-
resveratrol, only trace amounts were detected in the plasma
(Walle et al.,, 2004). However, the bioavailability of its
metabolites was not reported. Piceatannol, a hydroxylated
trans-resveratrol metabolite, also possesses anticancer prop-
erties similar to the unmetabolized molecule (Wieder et al.,
2001). Further studies are being performed to investigate
the effects of trans-resveratrol metabolites on eosinophil
function. If trans-resveratrol metabolites also possess similar
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anti-inflammatory activities to the parent compound as
shown in our study, trans-resveratrol would be very effective
when taken as a dietary supplement. Furthermore, it may
be possible to use trans-resveratrol as an inhalant therapy
similar to inhaled steroids, but its absorbance from the
airways has not been studied.

In conclusion, we report that frans-resveratrol exhibits
potent anti-inflammatory effects on eosinophils, key cells in
the pathogenesis of allergic diseases such as asthma. This
may have an impact on the current treatment of asthma and
allergy and may encourage the use of trans-resveratrol in the
prophylactic or symptomatic treatment of allergic diseases.
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