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Effects of resveratrol, piceatannol, tri-
acetoxystilbene, and genistein on the inflammatory
response of human peripheral blood leukocytes
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Inflammatory processes are involved in the etiology of diseases. We analyzed the effect of resveratrol,
piceatannol, synthetic tri-acetoxystilbene (TAS), and genistein (Bonistein™) on the production of
inflammatory mediators including prostaglandin E, (PGE,), tumor necrosis factor-a (TNF-a), inter-
leukins, and chemokines, which participate in the progression of inflammation. In order to induce
inflammatory responses, human peripheral blood mononuclear and/or polymorphonuclear leukocytes
were stimulated with lipopolysaccharide (LPS) and interferon-y (IFNYy) and the production of PGE,,
interleukin-8 (IL-8), and TNF-a was determined. In response to the stimuli, genes were substantially
activated within <2 h (e. g., TNF-a, IL-1a), or at a later stage, (e.g., COX-2, IL-6, IL-8). Unlike geni-
stein, resveratrol and related compounds dose-dependently reduced PGE, production. Genistein,
piceatannol, and TAS diminished secretion of TNF-a, and IL-8. TAS reduced mRNA levels of COX-
2, TNF-a, IL-8, IL-6, and IL-1a, while resveratrol impaired early expression of IL-8 and TNF-a.
Piceatannol out-performed resveratrol, yet without matching TAS. Genistein downregulated TNF-a
and IL-8 expression. These substances altered the LPS/IFNy-induced gene expression in mononuclear
cells rather than in polymorphonuclear leukocytes. Immunoblot analyses corroborated the distinct
activity pattern of resveratrol and genistein. In conclusion, resveratrol and their derivatives attenuated
the inflammatory response of PBLs at several levels, whereas genistein acts on cytokines and pro-
inflammatory interleukins.
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1 Introduction

Inflammatory processes are involved in the etiology of,
e.g., atherosclerosis, diabetes, and arthritis. Acute inflam-
mation encompasses three phases — initiation, progression,
and resorption — which are tightly controlled by mediators.
Inflammatory stimuli, such as injury, mechanical stress, or
pathogen-derived components, provoke a rapid release of
mediators (histamin, bradykinin, complement) which trig-
ger the onset of the inflammatory response. During the pro-
gression, there is a massive recruitment of cells to the
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inflamed tissue, mainly mediated by chemokines and cyto-
kines [1, 2]. Eventually, inflammation is self-contained by
the initiation of apoptotic events in recruited cells [3, 4].
Macrophages and polymorphonuclear leukocytes (PMNLs)
are the main cellular substrates, which participate in all
three phases of inflammation. Interestingly, similar mole-
cular mechanisms (e.g., signalling pathways, eicosanoid
metabolism) seem to be involved in the onset and resolution
of inflammation [4].

The critical soluble mediators of inflammation are metabo-
lites of arachidonic acid from which prostaglandins (PGs)
and leukotrienes originate. PGE, is among the first media-
tor released from cells that are activated by bacterial consti-
tuents or specific cytokines. Concomitantly, activated cells
produce cytokines (e.g., tumor necrosis factor-o. (TNF-o)
and interleukin-1p (IL-1pB)) which participate in cell activa-
tion and recruitment, where leukotrienes and chemokines
play a dominant role.

Inflammatory responses can be attenuated at different steps
of the arachidonate metabolism (e. g., inhibiting biosynth-
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esis of PGs or lipoxygenase-dependent metabolites).
Recently, potent inhibitors of COX-2 and therefore PGE,
synthesis that belong to the group of nonsteroidal anti-
inflammatory drugs (NSAIDs) were identified (for a review
see, e.g., [5]). Similarly, some natural substances such as
stilbenes or catechins also affect PG biosynthesis. For
example, resveratrol or piceatannol, which are found in
grapes and red wine, are known to have a wide range of bio-
logical activities (anti-oxidant, anti-viral, anti-inflamma-
tory, cardioprotective, and chemopreventive properties)
[6—10]. Most of these studies have been done with appro-
priate cell lines, macrophages, or animal models. Yet,
because effector cells of inflammation (i.e., PMNL and
macrophage/monocytes) are blood-borne, it is of particular
interest to monitor inflammatory events in cells of the per-
ipheral blood. Although inflammation does not build up in
the dynamic environment of the blood, all necessary cellu-
lar ingredients for inflammation are contained in the blood,
from which they are recruited to the sites of insults. In addi-
tion, blood cells offer a convenient source to test substances
with anti-inflammatory properties ex vivo. In this study, the
putative anti-inflammatory effect of resveratrol, piceatan-
nol, and the isoflavone genistein on chemokine and PGE,
production was tested in peripheral blood leukocytes
(PBLs) and associated to changes in the expression of genes
of the inflammatory pathway.

2 Materials and methods
2.1 Reagents

Escherichia coli LPS (serotype 055:B5) was from Sigma,
(St. Louis, MO, USA). Ficoll-Isopaque was from Nycomed
Pharma AS (Oslo, Norway). RPMI medium 1640, PBS, and
fetal calf serum (FCS) were from GIBCO™ (Grand Island,
NY, USA). Human recombinant interferon-y (IFNy) was
from Peprotech (London, UK). Resveratrol was purchased
from Sigma or synthesized by Dr. D. Burdick, Roche Vita-
mins Ltd. Tri-acetoxystilbene (TAS) was synthesized by
DSM Nutritional Products. Piceatannol and NS398 were
purchased from Cayman Chemicals (Ann Harbor, MI,
USA). Genistein (Bonistein™) was a gift of Dr. 1. Bendik,
DSM Nutritional Products. Primers and probes were
designed with the Primer Express program (Applied Bio-
systems, Foster City, CA, USA) and synthesized by
Genosys or by Qiagen. Antibodies were purchased from
Cayman Chemicals, Santa Cruz Biotechnology (Santa
Cruz, CA, USA), and Sigma.

2.2 Isolation of peripheral blood cell populations

Human blood from healthy volunteers was sterilely col-
lected into heparinized tubes and diluted with one volume
of sterile PBS. Mononuclear cells (MNCs) were isolated by

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Mol. Nutr. Food Res. 2005, 49, 431—-442

Ficoll-Isopaque gradient centrifugation (at 400 x g for 30
min at room temperature) and resuspended in culture med-
ium (RPMI medium 1640, 0.25% fetal bovine serum
(FBS), nonessential amino acids (Life Technologies,
Gaithersburg, MD, USA), 50 U/mL penicillin, 50 pg/mL
streptomycin, 5x 10° M 2-mercaptoethanol). In some
cases, cell viability was determined by the Trypan Blue
exclusion test. Cells were adjusted to 1x 10° cells/mL.
Alternatively, human blood was sterilely collected into
heparinized tubes and mixed with one volume of dextran/
NaCl solution (3% dextran in 0.9% NaCl). The diluted
blood was kept at room temperature for 30 min. PBLs were
recovered from the upper layer into an excess volume of
PBS. Cells were centrifuged at 200 x g for 10 min at 4°C. In
order to lyse residual erythrocytes, the cell pellet was resus-
pended in 0.2% NaCl for 30 s and isotonic osmolarity re-
established by adding one volume of 1.6% NaCl. Cells were
washed twice, resuspended in culture medium, and adjusted
to 1x10° cells/mL. PBLs were further separated into
MNCs and PMNLs by Ficoll gradient centrifugation (at
400 x g for 30 min at room temperature). MNCs were
recovered from the interface and PMNLSs from the cell pel-
let. Each cell population was washed 3 times with PBS,
resuspended in culture medium, and adjusted to 1 x 10°
cells/mL.

2.3 Cell stimulation and generation of
supernatants

One mL of cell suspension was seeded into 12-well plates
and stimulated with 100 ng/mL lipopolysaccharide (LPS)
and 20 U/mL IFNy for up to 24 h. Test substances, prepared
in DMSO, were added concomitantly with LPS/IFNy.
Where appropriate, DMSO was added to adjust for the vehi-
cle concentration. After different times of incubation cell
suspension was collected and centrifuged. The cell culture
supernatant was recovered and stored at —80°C until further
analysis.

2.4 Cytotoxicity

Supernatants were harvested and lactate dehydrogenase
(LDH) activity was determined by a spectrometric assay of
unfrozen samples, using enzyme controls as standards
(Sigma No. 2-E S1005). Briefly, 20 pL undiluted samples
or standards was added to microtiter wells. A mixture con-
taining B-NAD (172 mM) in Tris-acetate buffer (13.6 g/L
Tris-base, 12.8 g/L KCl, 5.08 g/L L-lactate, 1 g/L NaN,, pH
9.3) was added and the kinetics of the reaction was meas-
ured at 340 nm for 5 min. Results are expressed as mOD/
min. In some cases, the total LDH contents of cells were
determined by lysing cells with lysis buffer (Promega,
Madison, WI, USA).
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2.5 Immunoblots

Cells were lysed in NETT- C (0.1 M NaCl, 1 mMm EDTA,
10 mM Tris-HCI, pH 8.0, 1% Triton X-100) and a cocktail
of proteinase inhibitors (Complete™; Roche, Basel, Swit-
zerland). Lysates were kept on ice for 15 min, sonicated
(Branson Sonifier, 30% duty cycle, output control 3—4),
cleared by centrifugation (20800 x g for 2 min at 4°C) and
stored at —80°C until use. Protein concentrations were
determined with the bicinchoninic acid (BCA) reagents
according to the manufacturer’s instructions (Pierce, Rock-
ford, IL, USA). Protein samples were mixed with one
volume Tricine-SDS sample buffer (Invitrogen, Carlsbad,
CA, USA) containing 10% 2-mercaptoethanol and heated
at 95°C for 5 min. Proteins (3—5 pg) were separated by
electrophoresis in 10—20% Tricine gels (Novex, San Diego,
CA, USA) and transferred to a nitrocellulose membrane.
Membranes were incubated for 2 h in blocking reagent
(BR) (Roche). Antibodies against actin, COX-1, COX-2, or
TNF-a proteins were diluted in PBS-T/0.2 x BR (final dilu-
tion 1:1000). Membranes were incubated with antibodies
for 2 h or overnight. Appropriate secondary antibody conju-
gated to horseradish peroxydase (i.e., goat anti-rabbit
immunoglobulin G (IgG) or donkey anti-goat IgG) was
diluted 1:10000 in PBS-T (PBS, 0.05% Tween 20). After
incubation for 1 h, immune complexes were visualized by
enhanced chemiluminescence (ECL; Amersham, Piscat-
away, NJ, USA).

2.6 RNA isolation and reverse transcription (RT)

RNA was extracted using the RNeasy® Mini Kit (Qiagen,
Hilden, Germany). For reverse transcription, 1-1.5 pg total
RNA was adjusted to a volume of 8 pL.. One pL random
hexamers (50 ng/uL) and 1 pL. ANTP mix (10 mM) were
added. The mixture was denatured at 70°C for 10 min and
chilled on ice. cDNA synthesis was made by adding a mix-
ture containing RT buffer (200 mMm Tris-HCI, pH 8.4, 500
mM KCl), DTT, MgCl,, RNase OUT, and Superscript 1™
RT. The final concentrations of these reagents were 20, 50,
0.1, S mM, and 2 U/50 pL and 2.5 U/50 pL, respectively.
The samples were incubated at room temperature for
10 min, at 42°C for 50 min and at 70°C for 15 min. One pL
RNase H (2 U/uL) was added per reaction followed by incu-
bation at 37°C for 20 min. The cDNA solution was subse-
quently diluted to 100 puL in DEPC-treated water and stored
at—80°C.

2.7 Quantitative RT-PCR

In a 50 pL PCR reaction, 3 pL ¢cDNA (corresponding to
30—50 ng total RNA input) was amplified in a 7700
Sequence Detector, using the 2 x Universal Master Mix,
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50 nM primers, and 100 nM probe (VIC-TAMRA-labeled)
for the 18S rRNA internal control, and 300 nM primers and
100 nM probe (FAM-TAMRA-labeled) for the gene of
interest. Primers and probe sets were designed with the Pri-
mer Express™ software. The cycle number at which the
fluorescence exceeded the threshold of detection (Cr) for
ribosomal RNA was subtracted from that of the target genes
for each well (ACt). Messenger RNA levels were then indi-
cated as 2724Twhere AAC returns to the AC of unstimu-
lated minus treated cells. Alternatively, the percentage
change, relative to the (LPS/IFNy)-stimulated cells, was
defined as (2724°T x 100) where AACt equaled the (LPS/
IFNy)-treated ACt minus ACy of the (LPS/IFNy + com-
pound)-treated cells.

2.8 Determination of PGE,, interleukin-8,
and TNF-o

The cell culture supernatant was harvested and the level of
released prostaglandin E, (PGE,) was determined with an
EIA kit (Cayman Chemicals) according to the manufac-
turer’s instructions. TNF-a concentrations in supernatants
was measured with an ELISA kit purchased from R&D Sys-
tems (Wiesbaden, Germany). IL-8 was determined by
ELISA (Porath ef al., in preparation). Briefly, Nunc immu-
nosorb microtiter plates (Fisher Scientific, Wohlen, Swit-
zerland) were coated with capture antibody (anti-IL-8)
(Pharmigen, Basel, Switzerland). After blocking with PBS/
BSA, culture supernatants were added at various dilutions
for 4—12 h. Plates were then washed and incubated with
biotin-conjugated anti-IL-8, followed by streptavidin-
horseradish peroxidase (HRP) and the amount of immune
complexes quantified using p-nitrophenyl phosphate as a
substrate.

2.9 Statistical analysis

Two-group comparisons were performed by the Student’s
t-test for unpaired values.

3 Results

3.1 Evaluation of the impact of phenolic
compounds on cell viability

In order to determine the cytotoxicity of the cell treatments
and of the tested substances, cell culture supernatants were
harvested and LDH activity was measured (Fig. 1). For
PBLs, the amount of released LDH was similar in the differ-
ent treatments (~9 to ~ 16 mU/mL). This reflects <10% of
total LDH activity released from lysed cells. A similar pro-
file was obtained for PMNLs, although the amount of
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Figure 1. Effects of tested substances on the LDH release
by (A) PBL and (B) PMNL after 24 h of culture. PBL (2.1 x 108
cells/mL) and PMNL (3.8 x 10° cells/mL) were stimulated with
LPS (100 ng/mL) and IFNy (20 U/mL). The amounts of
released LDH are expressed in mU/mL. Where indicated, sub-
stances were added at 25 um.

released LDH was higher. When normalized on cell num-
bers, cytotoxicity of the treatments was comparable for
PBLs and PMNLs. The data indicate that treating cells with
inflammatory stimuli and selected natural substances did
not significantly alter LDH release and therefore cell viabil-

1ty.

3.2 PGE; production is markedly reduced
by stilbenes

PGE, production by PBLs was measured to assess the in
vitro inflammatory response. To this aim, PBLs were iso-
lated by dextran sedimentation; this cell population was
further separated into MNCs and PMNLSs (see Section 2).
Blood cells were stimulated with LPS and IFNy for 24 h
and the secreted PGE, was determined by ELISA. LPS/
IFNy-stimulated MNCs produced 5033 + 656 pg/mL (two
independent determinations), whereas PBLs, which con-
tained also PMNLs, produced significantly less PGE,
(Fig. 2A). Under the chosen experimental conditions,
PMNLs did not produce PGE,. Furthermore, we compared
the production of PGE, by PBLs and MNCs from four
different donors (not shown). LPS/IFNy induced PGE,
secretion by MNCs and PBLs; MNCs produced ~ 5-fold
more PGE, than did PBLs. Since MNCs contain mono-
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Figure2. (A)PGE: production by unstimulated and LPS/IFNy
stimulated PBLs, MNCs, and PMNLs. Cells were cultured for 24
h and the amount of PGE; in supernatants determined by
enzyme immoassay (EIA). Results from one of five independent
experimental series are shown. (B) Phenolic compounds dose-
dependently inhibit PGE, production by MNCs. Cells were cul-
tured for 24 h without or with LPS/IFNYy in the presence of indi-
cated concentrations of compounds. The amount of PGE, was
determined in supernatants by EIA. Values are expressed as a
percentage of PGE, produced by LPS/IFNy-stimulated cells
(4139 163 pg/mL). (C) Influence of various substances on
PGE: production by MNCs. Cells were stimulated for 24 h with-
out or with LPS/IFNYy in the presence of various compounds (at
10 uM). The amount of PGE, was determined in supernatants by
EIA. The values are expressed as a percentage of PGE, pro-
duced by LPS/IFNy-stimulated cells.
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cytes/macrophages and thus LPS/IFNy-responsive cells,
which are the major cellular source of PGE,, subsequent
experiments focused mainly on this cell population.

In order to test whether PGE, production could be modu-
lated by natural substances such as resveratrol, two related
stilbenes, and isoflavones, blood cells were stimulated with
LPS/IFNY in the presence of candidate substances at vari-
ous concentrations and their impact on secreted PGE, was
determined. LPS/IFNy-induced PGE, production was dose-
dependently inhibited by resveratrol, piceatannol, and a
synthetic derivative of resveratrol, TAS although to various
degrees (Fig. 2B). ICs, values varied between 1.0 and
3.0 uM (TAS > piceatannol > resveratrol), indicating that
TAS was the most potent inhibitor. In contrast, the ICs, for
genistein was > 10 uM. Additional substances were tested at
10 uM (Fig. 2C). Like NS398 (. e., a specific COX-2 inhibi-
tor), stilbenes reduced significantly the PGE, production
(to 3.5—16% of LPS/IFNY control), whereas the isoflavone
genistein had a less pronounced effect (maximal reduction
to 51% of LPS/IFNY control).

3.3 Phenolic compounds impair the production
of IL-8 and TNF-a

Human MNCs responded to LPS/IFNy stimulation by a
burst of secreted TNF-a (Fig. 3A), while unstimulated cells
did not secrete this cytokine. At 10 uMm, resveratrol inhibited
TNF-a production by only 20%, whereas piceatannol or
TAS had significant effects. In marked contrast to its conse-
quence on PGE, production, genistein abrogated cytokine
production. Using PBLs as cellular substrate, similar results
were obtained (data not shown). Upon activation, PBLs (not
shown) and MNCs secreted large amounts of IL-8
(Fig. 3B). IL-8 production was unaltered by resveratrol,
whereas piceatannol and TAS (at 10 uM) inhibited IL-8 pro-
duction by >60%. Unlike its effect on TNF-0, genistein
only moderately impaired the levels of secreted IL-8. Col-
lectively, stilbene compounds and genistein exerted differ-
ent and even opposed effects on the production of PGE,,
chemokines, and cytokines.

3.4 Inflammatory stimuli induced dramatic
increases in mRNA levels of different genes
in blood cell populations

During the onset of inflammation, a large panel of genes
are activated. These changes were determined by quantify-
ing mRNA levels with RT-PCR technology in unstimulated
and stimulated cells. In order to evaluate basal gene expres-
sion in PBLs, MNCs, and PMNLs, mRNA levels relative to
rRNA were determined in unstimulated cells (Fig. 4). Com-
pared to PBLs and MNCs, PMNLs contained more COX-2
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Figure 3. Effect of stilbenes and genistein on cytokine and
chemokine production. (A) Levels of TNF-a in supernatants of
unstimulated and stimulated MNC cultured for 24 h in the
absence or presence of the indicated compounds (at 10 pm).
(B) Levels of IL-8 in supernatants of unstimulated and stimu-
lated MNCs cultured for 24 h in the absence or presence of
the indicated compounds (at 10 pm). Similar results were
obtained in an independent experimental series.

and IL-8 mRNA. In the case of IL-6, IL-1a, and IL-1
expression, MNCs and PBLs revealed almost identical
amounts of mRNA but 10-fold more than did PMNLs. With
regard to TNF-o and 5-lipoxygenase (5-LOX), expression
was similar in all three cell populations.

Stimulation of cells with LPS/IFNy upregulated numerous
genes in MNCs and PBLs, but less in PMNLSs (Fig. 5). The
changes observed in PBLs roughly amounted to the sum of
changes in MNCs and PMNLs (see, e.g., IL-1a, IL-1f, or
IL-6 in Fig. 5). The induction of COX-2 expression was
comparable in MNCs and PBLs (~20-fold increase) but
weak in PMNLs. Stimulated PBLs and MNCs produced
similar amounts of TNF-o. mRNA, which exceeded that of
PMNLs 3-fold. Although the induction of IL-8 was low,
PBLs had higher IL-8 mRNA than did MNCs and PMNLs.
In comparison to these, stimulated PBLs contained more
IL-6, IL-1a, and IL-1p mRNA. While we observed a
decrease of the 5-LOX gene expression in all analyzed cell
populations (Fig. 5), mRNA levels for other genes (e.g.,
COX-1, PPAR-B) were unaffected by LPS/IFNy stimulation
(not shown).
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Figure 4. Expression of selected genes in leukocytes (i. e.,
total peripheral blood leukocytes, MNCs, and PMNLs). RNA
was isolated from cells which were cultured for 2 h and expres-
sion quantified by RT-PCR. The mRNA level in unstimulated
cells is indicated relative to 18S rRNA.

3.5 Kinetics of the expression of genes during
the inflammatory response and the influences
of natural substances

The kinetics of expression of various genes in LPS/IFNy-
stimulated MNCs was determined and is shown in Fig. 6.
Induction of TNF-a gene expression was vigorous and
early; it peaked at 4 h of stimulation. For COX-2 and IL-6
genes, there was a continuous increment of mRNA levels
during the 6 h period studied. In the case of IL-1a and IL-8
genes, expression augmented until 4h followed by a
decrease at 6 h. Comparable features were observed for at
least ten additional genes (data not shown).

Next, we determined the impact of phenolic compounds on
gene expression in MNCs at various time points (Fig. 6).
Clearly, the TNF-a mRNA level was most affected by the
tested phenolic compounds. In particular, TAS and genis-
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Figure 5. Effect of LPS/IFNy stimulation on gene expres-
sion. The indicated cell populations were cultured without or
with LPS/IFNy for 2 h. The gene expression was determined
by quantitative RT-PCR and the increase of mMRNA quantities
(relative to unstimulated cells) calculated as described in Sec-
tion 2.

tein reduced the expression almost completely. In contrast,
resveratrol, piceatannol, and genistein had only a small
impact on COX-2 mRNA levels, while TAS significantly
diminished the COX-2 expression at each time point. Con-
cerning IL-8 expression, only TAS had a strong effect at
each time point. For the IL-6 gene, substances (except TAS)
increased IL-6 mRNA levels in stimulated MNCs. In the
case of the IL-1a gene, the tested compounds (except TAS)
reduced its expression only at early phases (up to 4 h) post
stimulation.

3.6 Dose-dependent effects of resveratrol and TAS
on gene expression

The effect of various concentrations of resveratrol and TAS
on expression levels was tested during a 4 h incubation per-
iod (Fig.7). For COX-2 gene, LPS/IFNy stimulation
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Figure 6. Kinetics of gene expression in LPS/IFNy-stimu-
lated blood leukocytes. The expression of different genes in
MNC was determined by quantitative RT-PCR. After 2, 4, and
6 h of culture and the changes relative to time-matched un-
stimulated cells calculated as described. Where indicated,
cells were stimulated in the presence of compounds (at 25
um). *p < 0.1, ** p < 0.01 when compared to time-matched sti-
mulated cells.
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and TAS. mRNA levels were quantified relative to unstimu-
lated cells. See text for relative amounts of mRNA in LPS/
IFNy-stimulated cells. * p < 0.1, ** p < 0.01 when compared to
stimulated cells.
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resulted in >200-fold increase of mRNA relative to unsti-
mulated cells. Consistent with the data presented above,
resveratrol had no major effect on the COX-2 expression,
even at high concentration. Conversely, TAS (at >5 um)
diminished this expression by >50%. As to TNF-a, stimula-
tion of cells with LPS/IFNYy enhanced its expression (130-
fold increase). Resveratrol and TAS reduced it dose-de-
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PMNL

Figure 8. Effects of different sub-
stances on the expression of
7 genes in MNCs and PMNLs. Cells
l » were cultured for 2 h with or with-
ol out LPS/IFNYy in the presence or

absence of the indicated com-
pounds (25 pm). The gene expres-

+ + + +
+ sion was quantified as described in
+ the previous legend.
+ *p<0.1, ™ p<0.01 when com-
+ pared to stimulated cells.

pendently, but the inhibition was more marked by TAS. IL-
6 mRNA levels drastically rose by LPS/IFNy stimulation
(6400-fold increase). TAS impeded it in a dose-dependent
way. Conversely, resveratrol modulated IL-6 expression at
low and enhanced it at high concentration. For IL-8 gene,
we observed a 16-fold mRNA increase by LPS/IFNy stimu-
lation. Unlike resveratrol, TAS lowered IL-8 expression at
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each tested concentration. In the case of 5-LOX expression,
LPS/IFNy stimulation resulted in a downregulation of the
gene (to ~20% of the expression level in unstimulated
cells). The addition of either substance enhanced the gene
expression towards prestimulation values.

3.7 MNCs and PMNLs are distinct target
populations for anti-inflammatory substances

We further compared the effects of the selected substances
on activated MNCs and PMNLs. To this aim, cells were sti-
mulated without or with 25 uM of the compounds. Gene
expression was analyzed after 2 h (Fig. 8). With regard to
mRNA levels in stimulated MNCs, the impact of phenolic
compounds matched the results obtained at other time
points and concentrations (see Figs. 6 and 7), confirming
the ranking of compounds according to their global impact:
TAS > piceatannol > resveratrol. Genistein revealed an
activity pattern similar to that of resveratrol or piceatannol,
with the notable exception on TNF-a expression. In con-
trast, LPS/IFNy stimulation of PMNLs upregulated the
respective genes to a much lower extent (see also Fig. 5).
This is best illustrated for COX-2 and IL-6 and is further
indicative for efficient although not complete separation of
mononuclear cells from polymorphonuclear cells. In
PMNLs, the tested substances had no inhibitory effect on
the expression of COX-2, or IL-8. Taken together, the data
reveal that expression of inflammatory response genes in
MNCs and PMNLs follows a cell-specific pattern and that
PMNLs are rather inert to modulatory effects of anti-
inflammatory compounds.

3.8 Effects of natural substances on the protein
expression of COX-2 and TNF-a

In order to determine the expression of proteins related to
the in vitro inflammatory response, lysates were prepared
from cells cultured for 24 h and the amount of TNF-a and
COX-2 determined by immunoblot analysis. Unlike unsti-
mulated cells, LPS/IFNy-stimulated cells contained readily
detectable quantities of COX-2 and TNF-o proteins
(Fig. 9). This corroborates that in PBLs, the LPS-induced
PGE, production was COX-2 dependent. Cells stimulated
in the presence of resveratrol, NS398, or genistein (at 10
uM) expressed comparable amounts of COX-2 protein; yet,
at 50 uM genistein diminished cellular COX-2. Immunoblot
analysis also revealed the presence of TNF-a protein in sti-
mulated — but not in unstimulated — cells (Fig. 9). Resvera-
trol and genistein (at 30 pM and 50 pM) decreased the
amount of TNF-a protein; unexpectedly, TNF-a protein
expression was also affected by NS398.
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Figure 9. Immunoblot analysis of unstimulated and stimu-
lated MNC. Cells were cultured for 24 h at the indicated condi-
tions and lysates prepared. Total cellular proteins were ana-
lyzed for TNF-a (upper panel) and COX-2 (lower panel). Con-
centrations of the tested compounds are given in uMm. The blot
was further incubated with anti-actin (not shown) and the
obtained signal used to normalize for the protein load. Num-
bers below the lanes indicate the ratio of TNF-o. and COX-2
compared to the amount detected in LPS/IFNy-stimulated
cells.

4 Discussion

In this study, we present evidence that stilbenes and genis-
tein modulated the inflammatory response of peripheral
blood leukocytes. The effects of these substances were
determined at various levels: (i) expression of genes
induced by inflammatory stimuli, (ii) effect on protein
expression, and (iii) amount of produced metabolites that
are associated with inflammation. Resveratrol, piceatannol,
and TAS markedly diminished COX-2-dependent PGE,
production. In contrast, the flavonoid genistein had only a
marginal effect on the PGE, production; yet, it influenced
the expression of genes involved in the cytokine/interleukin
pathways. These observations suggest multiple modes of
action of the substances on cellular metabolism.

Stimulation of peripheral blood leukocytes has been a ver-
satile tool to evaluate effects of compounds on eicosanoid
metabolites (see, e.g. [11, 12]), while various cell lines or
macrophages were widely used to determine the effects on
cell cycle and regulation of gene expression. Phenolic com-
pounds inhibited COX-1 and COX-2 PGE, enzyme activ-
ities (Raederstorff, unpublished data; [6, 7]). Both cyclo-
oxygenases are bifunctional and have cyclooxygenase and
peroxidase activity [13]. Resveratrol is a cosubstrate for
COX-2, while it is a potent inhibitor of the peroxidase activ-
ity in COX-1; tri-methoxystilbene, which is structurally
closely related to TAS, had no inhibitory effect on COX-1
or COX-2 [14]. Under our experimental conditions, COX-1
could not be detected in activated PBLs after a 24 h culture
period suggesting that produced PGE, was entirely due to
COX-2 activity. Cellular COX-2 contents were not altered
by the substances after a 24 h culture period. This contrasts
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with data obtained from peritoneal macrophages that were
stimulated for 2 h only [15] and where resveratrol markedly
reduced the amount of cellular COX-2. It is possible that
resveratrol solely slowed down the synthesis of the respec-
tive proteins and that at > 12 h culture period the delay was
compensated. Since after prolonged culture periods COX-2
gene and protein expression were not markedly affected by
the phenolic compounds tested, we conclude that the inhibi-
tion of enzyme activity in PBLs largely accounts for the
observed abrogation of PGE, secretion. Conversely, genis-
tein did not inhibit PGE, production (Fig. 2 and [16]). Gen-
istein’s effect seems to be species-specific, since we
observed that the eicosanoid production by RAW 264.7
cells, a murine macrophage line, was sensitive to genistein,
whereas human THP-1 cells or PBLs were refractory to the
isoflavone.

In PBLs, LPS/IFNy induced the release of ILs and cyto-
kines. Here, we show that activated MNCs produced TNF-a
and IL-8, as did PMNLs which are recruited by IL-8 to the
sites of injury [17-20, 21]. The production of these inflam-
matory mediators was impaired by piceatannol, TAS, and
genistein but not by resveratrol. This reflects distinct effects
of these compounds on cellular functions. Piceatannol and
genistein are tyrosine kinase inhibitors [22]; this shared
property might account for the inhibition of TNF-a and
IL-8 [23, 24]. Phenolic compounds tested in this study also
revealed cell-specific differences in modulating cytokine
expression (Fig. 8). It is plausible that in MNCs and PMNLs
the activation of cytokines is ruled by distinct mechanisms.

LPS/IFNy stimulation induced rapid and vigorous expres-
sion of TNF-a and IL-1a, whereas COX-2 and IL-6 were
activated later (Fig. 6). Concomitantly, early induced genes
were more susceptible to the inhibitory activity of the tested
substances than genes that were upregulated with a delay of
some hours. As illustrated for TNF-a, the consequences of
reducing mRNA levels are far reaching, since they affect
the TNF-a protein production (Fig. 9). This observation
could be explained by a short transient effect of compounds
thus impeding early gene activation, followed by a rapid
loss of their ability to influence gene transcription, that
occurs relatively late after cell stimulation. Alternatively,
delayed gene upregulation implies the involvement of mul-
tiple regulatory elements or IL-cytokine cross-talks that are
elusive to the influence of one substance [25, 26].

Various studies have shown the impact of stilbenes and iso-
flavones on NF-«kB signalling pathway (for a review see,
e.g., [27]). Antioxidants prevent the dissociation of NF-xB/
I-xB complexes, and thus gene activation. In the human
macrophage cell line U937, piceatannol acts on the nuclear
transcription factor NF-kB and therefore on NF-xB
dependent expression of, e. g., COX-2 [28]. 1t also impaired
IKK activation, phosphorylation of I-kBa, NF-kBp65, and
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its subsequent nuclear translocation. In contrast, resveratrol
inhibited the TNF-induced NF-kBp65 activation and pre-
vented kinase activities including c-Jun and MEK activa-
tion [29]. In human monocytes, inhibition of the extracellu-
lar signal-regulated kinase (ERK)/MAP kinase pathway
resulted in a coordinate reduction of cytokine, IL and PGE,
secretion [30, 31]. Presumably, some of the substances
tested in this study interfere in the cellular pathways of
MNCs and PMNLs at a similar level. Conversely, since
TAS lacks hydroxyl groups and therefore antioxidant prop-
erties, it is thought to affect transcription factors by a differ-
ent mode of action. Collectively, these observations suggest
that stilbenes and genistein modulate the inflammatory
response in at least two ways: (i) the amplitude of inflam-
mation is attenuated due to the reduced production of PGE,
and cytokines; (ii) chronic inflammation due to excessive
or uncontrolled cytokine and IL production is contained.

It is noteworthy that the regulation of IL-1a and IL-6 by the
tested compounds is somehow controversial. IL-1a is a
potent pro-inflammatory cytokine, as evidenced by its upre-
gulation in LPS/IFNy-activated PBL. Except resveratrol,
all tested substances impaired its expression. In contrast,
IL-6, which is a pro-inflammatory IL for, e. g., hepatocytes,
was the only gene, where all substances (with the exception
of TAS) augmented mRNA levels in blood cells. Since IL-6
acts as a differentiation factor for B lymphocytes, its
increased expression might be beneficial for an improved
immune response by circulating B lymphocytes. This is
reminiscent of the opposed effect of resveratrol on nitric
oxide production in endothelial and macrophages ([32] and
unpublished observations).

The physiological relevance of these data has to be exam-
ined in the light of achievable plasma concentrations of the
tested phenolic compounds by dietary intake. Absorption of
resveratrol in healthy human subjects revealed that nano-
molar to micromolar plasma concentrations were achieved
[33, 34]. In individuals that consumed 60 mg genistein,
plasma levels of 2—3 puM were measured (our unpublished
results). These values contrast with efficacious concentra-
tions used in most in vitro experiments including those used
in this study, where significant effects were observed at
concentrations >10 uM. Nevertheless, in vivo effects like
those suggested for resveratrol and isoflavones might result
from the synergism of multiple subtle effects at sub-thresh-
old concentrations.

In conclusion, we showed in this study that natural sub-
stances or derivatives thereof attenuate the inflammatory
response of peripheral blood leukocytes by modulating the
expression of pro-inflammatory genes and the PGE, pro-
duction. Based on the obtained results, TAS, a synthetic
derivative of resveratrol, is the most potent substance with a
large panel of effects. Stilbenes appear to influence cell
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metabolism at a relatively high hierarchical level and thus
exert pleiotropic effects, whereas genistein, a representative
of isoflavones, acts more specifically on cytokines and pro-
inflammatory interleukins. We infer that the two groups of
natural substances will unveil different potentials in treat-
ment and prevention of inflammatory processes.

We are grateful to Drs. I. Bendik and D. Burdick for com-
pounds and reagents, Dr. D. Raederstorff for continuous
interest in the work and sharing unpublished data. We thank
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