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1 We have previously shown that the ¯avonoid luteolin inhibits the expression of pro-in¯ammatory
molecules induced by LPS. In the present study we tested the ability of luteolin to block signalling
pathways implicated in LPS-induced in¯ammatory gene expression in macrophages.

2 Exposure of the murine macrophage cell line RAW 264.7 to LPS increased phosphorylation of
the mitogen-activated protein kinase family members ERK1/2, p38 and JNK1/2 in a time-dependent
manner. Pretreatment of RAW 264.7 with luteolin inhibited the LPS-induced ERK1/2 and p38, but
not JNK1/2, phosphorylation, and blocked the LPS-induced TNF-a release.

3 To investigate which of these pathways contribute to the inhibitory e�ects of luteolin on TNF-a
release, cells were pretreated with pharmacological inhibitors of these pathways; PD98059 and
SB203580 when used alone failed to inhibit TNF-a release, whereas pretreatment with both agents
attenuated TNF-a release.

4 We have previously shown that luteolin blocks Akt phosphorylation in response to LPS in RAW
264.7 macrophages. To determine the role of Akt in TNF-a release, cells were transiently transfected
with a dominant negative form of Akt (K179M). Overexpression of K179M Akt did not alter LPS-
induced TNF-a release, suggesting that inhibition of this kinase does not mediate the inhibitory
action of luteolin.

5 In addition, DRB (a pharmacological inhibitor of CK2) blocked TNF-a release in a
concentration-dependent manner, whereas co-treatment of cells with luteolin and DRB did not
have an additive e�ect.

6 We conclude that luteolin interferes with LPS signalling by reducing the activation of several
MAPK family members and that its inhibitory action on TNF-a release correlates with inhibition of
ERK, p38 and CK2 activation.
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Introduction

Lipopolysaccharide (LPS) is a component of the cell wall of
Gram-negative bacteria that binds to mammalian cell
membrane molecules such as CD14 and toll-like receptors

(TLR) (Hoshino et al., 1999; Wright et al., 1990). Among the
ten members of the TLR family reported so far, TLR-4 and
TLR-2 play an important role in the LPS response; TLR-4 is

thought to be the principal LPS receptor, whereas TLR-2
recognizes primarily lipoproteins and glycolipids that are
often found in commercially available LPS preparations

(Akira et al., 2001). Binding of LPS to its cognate receptors
activates several signalling cascades driving the expression of
pro-in¯ammatory cytokines and adhesion molecules that
contribute to the pathogenesis of septic shock (Karima et

al., 1999). One cytokine that plays a key role in sepsis is
tumour necrosis factor a (TNF-a) (Vassalli, 1992). Various

therapeutic strategies, including administration of neutraliz-
ing antibodies and soluble receptors for TNF-a, as well as
pharmacological agents that block its production have been

employed in animal models of sepsis improving survival
(Baumgartner & Calandra, 1999; Novogrodsky et al., 1994).

Macrophages are an important source of TNF-a during

sepsis and a number of pathways have been suggested to
contribute to the LPS-induced TNF-a production in this cell
type (Geppert et al., 1994; Kontoyiannis et al., 1999;

Novogrodsky et al., 1994). Following exposure to LPS, several
proteins become tyrosine phosphorylated and broad-spectrum
tyrosine kinase inhibitors, such as the tyrphostins, block LPS-
induced activation of downstream kinases and TNF-a release

(Novogrodsky et al., 1994). A group of downstream ser/thr
kinases that become activated in response to LPS regulating
TNF-a release in macrophages are the mitogen-activated

protein kinase (MAPK) family members (Chang & Karin,
2001). Many studies have demonstrated that inhibition of
extracellular signal-regulated (ERK) 1/2 and p38 activation
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a�ects LPS-stimulated TNF-a production from macrophages,
although di�erences have been observed between cell lines and
cells isolated from di�erent tissues (Baldassare et al., 1999;

Carter et al., 1999; Feng et al., 1999; Means et al., 2000; van-
den-Blink et al., 2001). Activation of the di�erent MAPK
signalling cascades is believed to control di�erent steps in the
TNF-a production process. Activation of ERK1/2 has been

reported to stimulate TNF-a transcription and control the
transport of TNF-a mRNA from the nucleus to the cytoplasm
(Dumitru et al., 2000; Geppert et al., 1994). On the other hand,

p38 and JNK control TNF-a mRNA stability and TNF-a
translation (Kontoyiannis et al., 1999; Swantek et al., 1997).
Flavonoids are naturally occurring compounds with anti-

in¯ammatory properties (Middleton et al., 2001). Others and
we, have previously reported that ¯avonoids inhibit LPS-
induced expression of TNF-a, interleukin-6, nitric oxide and

intercellular adhesion molecule-1 (Gerritsen et al., 1995;
Wadsworth & Koop, 1999; Xagorari et al., 2001). In a previous
study we identi®ed luteolin as the most potent and e�cacious
of the ¯avonoids tested in inhibiting TNF-a release in murine

macrophages, and showed that luteolin blocks LPS-induced
activation of nuclear factor kB (NF-kB), as well as NF-kB-
driven gene expression (Xagorari et al., 2001). Moreover, we

have recently demonstrated that luteolin increases survival in
an animal model of sepsis (Kotanidou et al., 2002). The aim of
the present study was to identify additional molecular targets

for luteolin and correlate inhibition of speci®c signalling
molecules with the inhibitory action on TNF-a release.

Methods

Reagents

Luteolin and myricetin were obtained from Roth Chemicalien
(Karlsruhe, Germany). TNF-a ELISA kits were from R&D

Systems (Minneapolis, MN, U.S.A.). Tissue culture plates
were from Greiner GmbH (Germany). Dulbecco's modi®ed
Eagle's medium (DMEM), foetal calf serum, antibiotics, and

LipofectAmine were obtained from Life Technologies
(Paisley, U.K.). The nitrocellulose membrane was obtained
from Bio-Rad (Hercules, CA, U.S.A.) and the Supersignal
Chemiluminescent Substrate from Pierce (Rockford, K,

U.S.A.). The pharmacological inhibitors SB203580,
PD98059, LY294002, wortmannin and DRB were purchased
by Calbiochem-Novabiochem GmbH (Germany). Rabbit

polyclonal antibodies directed against the phosphorylated
forms of MEK1/2, MKK3/6, ERK1/2, p38 and JNK as well
as the total forms of the above-mentioned kinases were

purchased from Cell Signalling (Beverly, MA, U.S.A.). Anti-
rabbit IgG (Goat), HRP-labelled antibody was purchased
from NEN Life Science Products, Inc (Boston, MA, U.S.A.).

Reagents for SDS-polyacrylamide gel electrophoresis were
obtained from Biorad (Hercules, CA, U.S.A.). All other
reagents including LPS (E. coli 026 : B6) were obtained from
Sigma Chemical Co. (St Louis, MO, U.S.A.).

Cell culture and cytokine measurements

RAW264.7 murine macrophages were cultured in Dulbecco's
MEM containing 10% foetal bovine and 2 mM L-glutamine
serum supplemented with penicillin and streptomycin, at 378C

in a humidi®ed incubator with 5% CO2. For the cytokine
measurements cells were exposed to the indicated concentra-
tion of luteolin, myricetin, SB203580, PD98059, LY294002 or

wortmannin for 30 min or 60 min before the LPS challenge
(10 ng ml71). After 24 h supernatants were collected and
centrifuged for 10 min at 3000 r.p.m. in a tabletop micro-
centrifuge to remove non-adherent cells. Following centrifuga-

tion, pellets were discarded and supernatants used for ELISA
in accordance to the manufacturer's instructions.

Immunoblotting

RAW 264.7 cells were serum starved for 10 h (for the ERK1/

2, JNK1/2 and p38 experiments) or 20 h (for the MEK1/2
and MKK3/6 experiments) and treated as described in the
®gure legends. Cells were then lysed in a bu�er containing

1% NP40, 50 mM NaCl, 0.1% SDS, 50 mM NaF, 1 mM

NaVO4, 50 mM Tris-HCl, 0.1 mM EGTA, 0.5% deoxycholic
acid, 1 mM EDTA, 1 mg ml71 aprotinin, 1 mg ml71 leupeptin,
1 mg ml71 pepstatin and 1 mM PMSF. Sample aliquots

(50 mg/lane) were subjected to standard SDS±PAGE.
Following antibody exposure, immunoreactive protein bands
were visualized using a chemiluminescent substrate.

Transfections

RAW 264.7 cells were plated in 6 well plates at a density of
26104 per square centimeter and allowed to reach 40 ± 60%
con¯uence. Cells were transfected with vector alone (pCMV±

bgal) or a dominant negative form of Akt (K179M).
Transfections were performed using LipofectAMINE at a
DNA/lipid of 2 mg plasmid DNA/3 ml lipid; transfection
e�ciency was typically 65% or greater. Twenty-four hours

after the initiation of transfection, cells were challenged with
LPS (10 ng ml71) for an additional 24 h; cell culture
supernatants were then collected and TNF-a measured.

Data analysis and statistics

Data are presented as means+s.e.mean of the indicated
number of observations. Cytokine values are expressed as
ng ml71 or as per cent of the LPS value. Statistical
comparisons between groups were performed using the one-

way Anova followed by the Dunnett's or Newman-Keuls post
hoc test or the Student's t-test, as appropriate. Di�erences
among means were considered signi®cant when P50.05.

Results

Effects of luteolin on LPS-induced MAPK
phosphorylation

Exposure of RAW 264.7 to LPS (10 ng ml71) stimulated the
phosphorylation of MAPK signalling cascades in a time-
dependent manner (Figure 1). Activation of ERK1/2 and p38

is an earlier event than JNK1/2 activation as it was evident
within 5 min of the LPS challenge, whereas phosphorylation
of JNK was more pronounced after 20 min. To determine if

luteolin has the ability to block the activation of MAPKs,
macrophages were pretreated with 10 mM luteolin 30 min
prior to the LPS challenge. Such pretreatment resulted in the
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blockade of LPS-induced ERK1/2 and p38, but not JNK
phosphorylation, without a�ecting the total levels of these

kinases (Figure 2). In addition, luteolin blocked the LPS-
induced MEK1/2 and MKK3/6 phosphorylation, suggesting
that this ¯avonoid acts upstream of the MAPKKs (Figure 3).

Effect of inhibition of ERK and p38 pathways on
LPS-induced TNF-a release

To determine if inhibition of ERK or p38 kinase contributes
to the inhibitory action of luteolin, cells were pretreated with

the MEK1/2 and p38 kinase inhibitors PD98059 and
SB203580, respectively. Over the concentration range used
(0.1 ± 10 mM for PD98059 and 0.1 ± 2.5 mM for SB203580)
neither inhibitor had any signi®cant e�ect on LPS-induced

TNF-a release when used alone (Figure 4). However,
pretreatment of cells with a combination of 10 mM PD98059
and 2.5 mM SB203580 blocked the LPS-response by 67.7%.

Effect of inhibition of the PI3-K and Akt on LPS-induced
TNF-a release

Flavonoids are known to inhibit PI3-K activity (Gamet-
Payrastre et al., 1999). Moreover, we have demonstrated that

luteolin blocks LPS-induced Akt phopshorylation (Xagorari
et al., 2001). To determine if inhibition of PI3-K contributes
to the inhibitory action of luteolin on TNF-a release, we
pretreated cells with two chemically distinct PI3-K inhibitors,

LY294002 or wortmannin (Figure 5). Pretreatment of the
cells with LY294002 resulted in signi®cant inhibition of TNF-
a release only at the highest concentration used (25 mM),

whereas wortmannin was ine�ective in blocking the produc-
tion of this cytokine. Moreover, pretreatment of cells with
myricetin, a ¯avonoid known to inhibit PI3-K (Gamet-

Payrastre et al., 1999) did not a�ect LPS-induced TNF-a
release, providing further evidence that inhibition of PI3-K
does not lead to a reduction in TNF-a production in response
to LPS (Figure 6). To characterize the role of Akt on TNF-a
release, cells were transiently transfected with a dominant
negative form of Akt (K179M). Overexpression of this
kinase-dead form of Akt did not block the e�ects of LPS
on TNF-a release (Figure 7), suggesting that activation of

Akt does not play a major role in the production of TNF-a.

Effect of CK2 inhibition on LPS-induced TNF-a release

Although LY294002 is considered a speci®c PI3-K inhibitor
it can also block CK2 activity (Davies et al., 2000). To

Figure 1 LPS induces phosphorylation of p38, ERK1/2 and JNK1/
2 in a time-dependent manner. RAW 264.7 cells were incubated with
LPS (10 ng ml71) for the indicated time. Total cell lysates were
processed by SDS±PAGE and membranes blotted with phosphos-
peci®c antibodies for p38, ERK1/2, JNK or an antibody that
recognizes all actin isoforms. Similar results were obtained in three
di�erent experiments.

Figure 2 Luteolin inhibits LPS-induced ERK1/2 and p38 phosphor-
ylation. RAW 264.7 cells were pretreated with luteolin (10 mM,
30 min) or PD98059 (10 mM, 1 h) and then exposed to LPS
(10 ng ml71) for 15 min (ERK1/2) or 20 min (p38 and JNK). Total
cell lysates were processed by SDS±PAGE and membranes blotted
with a phosphospeci®c ERK1/2, p38 or JNK1/2 antibody.
Membranes run in parallel were blotted with antibodies that
recognize total cellular ERK1/2, JNK1/2 or p38. Similar results
were obtained in two di�erent experiments.

Figure 3 Luteolin inhibits LPS-induced MAPKK phosphorylation.
RAW 264.7 cells were pretreated with luteolin (10 mM, 30 min) prior
to LPS (10 ng ml71) and MEK1/2 and MKK3/6 phosphorylation
was determined after 20 min using phospho-speci®c antibodies.
Membranes run in parallel were blotted with antibodies that
recognize total cellular MEK1/2 or MKK3. Similar results were
obtained in three di�erent experiments.
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address the role of CK2 on TNF-a production, cells were
pretreated with the pharmacological inhibitor of CK2 5,6-

dichlororibifuranosylbenzimidasole (DRB). Pretreatment with
DRB resulted in a concentration-dependent inhibition of
LPS-induced TNF-a production (Figure 8). Moreover, the
inhibitory e�ect of luteolin and DRB co-treatment on TNF-a
release was not greater than that observed with luteolin
alone, suggesting that part of the action of luteolin is
mediated through inhibition of CK2.

Discussion

The MAPK family of proteins comprises of three-tiered
cascades involved in the regulation of multiple cellular

processes ranging from gene expression to cell death (Chang
& Karin, 2001; Davis, 2000). Exposure of mammalian cells to
LPS has been shown to activate all known MAPK signalling
cascades (Feng et al., 1999). In agreement to previous

observations, exposure of RAW 264.7 cells to LPS caused a
time-dependent phosphorylation of ERK1/2, p38 and JNK
pathways. Interestingly, pretreament of cells with luteolin

abolished the LPS-induced stimulation of ERK1/2 and p38,
but not JNK, phosphorylation. The ®nding that pretreatment
with luteolin also blocks phosphorylation of the MAPKKs

MEK1/2 and MKK3/6 suggests that luteolin might act by
inhibiting upstream activators of the ERK and p38 pathways.
The potential upstream targets for luteolin include several

tyrosine kinases, as it is known that tyrosine kinase inhibitors
block LPS-induced MAPK activation (Novogrodsky et al.,
1994) and we have demonstrated an inhibitory e�ect for
luteolin on total tyrosine phosphorylation in response to LPS

challenge (Xagorari et al., 2001).
The contribution of ERK1/2 and p38 pathways in

stimulated TNF-a production in macrophages depends on

the origin of macrophages, as well as the nature of the
stimulus. For example, the MEK1/2 inhibitor PD98059
blocks LPS-induced TNF-a release from alveolar, but not

Figure 4 E�ects of p38 and MEK1/2 inhibition on LPS-induced
TNF-a release from mouse macrophages. Cells were pretreated for
1 h with vehicle (DMSO), SB203580 (SB) or PD98059 (PD) at the
indicated concentration or a combination of SB plus PD (2.5 mM and
10 mM). At the end of pretreatment, macrophages were challenged
with LPS (10 ng ml71) for 24 h and media collected and processed
as described in the Methods section. Data are presented as
means+s.e.mean; n=11; *P50.05 from LPS.

Figure 5 E�ects of PI3-K inhibition on LPS-induced TNF-a release
from mouse macrophages. Cells were pretreated with the indicated
concentration of LY294002 for 1 h (top) and luteolin (Lut, 10 mM) or
wortmannin (WM, 10 nM) for 30 min (bottom). At the end of
pretreatment, macrophages were exposed to LPS (10 ng ml71) for
24 h. Culture supernatants were collected and TNF-a levels
determined by ELISA. Data are presented as means+s.e.mean;
n=7±12; *P50.05 from LPS.

Figure 6 E�ects of myricetin on LPS-induced TNF-a release from
mouse macrophages. Cells were pretreated for 30 min with 10 mM
myricetin (Myr), 10 mM luteolin (Lut), or vehicle (DMSO :EtOH;
1 : 1,v v71). At the end of pretreatment, macrophages were incubated
with LPS (10 ng ml71) for 24 h and media collected and analysed as
described in Methods. Data are presented as means+s.e.mean;
n=8±12; *P50.05 from LPS.
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non-pulmonary macrophages (Means et al., 2000). In

addition, pharmacological inhibition of the p38 kinase in
macrophage cell lines or targeted disruption of the MKK3
gene, that leads to reduced p38 activation, did not alter LPS-

induced TNF-a production in peritoneal macrophages
(Baldassare et al., 1999; Lu et al., 1999). In one report,
treatment of freshly isolated peritoneal macrophages and 4-4
macrophages with the p38 inhibitor SB203580 resulted in

increased TNF-a release (van-den-Blink et al., 2001).
However, in other studies, blockade of the ERK1/2 or p38
pathways blocked LPS-stimulated TNF-a production (Kon-

toyiannis et al., 1999). To determine if inhibition of ERK1/2
and p38 phosphorylation by luteolin contributes to the
reduction of TNF-a release in RAW 264.7 cells, we used

speci®c inhibitors of the two pathways and determined their
ability to block TNF-a release in our system. PD98059, a
MEK1/2 inhibitor, when used at a concentration that blocks

ERK1/2 phosphorylation, was ine�ective in blocking LPS-
induced TNF-a release. Similarly, SB203580 at 2.5 mM was
also ine�ective in reducing TNF-a production. It should be
noted that although SB203580 has an IC50 for p38 in the

nanomolar range, it is commonly used at 20 ± 100 mM, in spite
of reports demonstrating that at high concentrations
SB203580 looses its speci®city inhibiting PDK1 and enhan-

cing NF-kB transcriptional activity by a non-speci®c e�ect on
the ERK pathway (Lali et al., 2000). Concentrations of
SB203580 up to 20 mM in our system caused a minimal

inhibition (25%) in TNF-a release (data not shown).
Interestingly, simultaneous inhibition of the two MAPK
pathways, using a combination of SB203580 and PD98059,

drastically reduced TNF-a release. Similar results have been
obtained with alveolar macrophages, where activation of
both ERK and p38 is necessary for the optimal TNF-a
production (Carter et al., 1999). Since luteolin blocks LPS-

induced phosphorylation of both MAPK pathways, its ability
to inhibit TNF-a production could result from simultaneous
inhibition of the ERK1/2 and p38 pathways.

LPS challenge of the RAW 264.7 macrophage cell line has
been demonstrated to lead to activation of phosphatidylino-
sitol 3-kinase (PI3-K) (Salh et al., 1998). While PI3-K has

been mostly studied in the context of inhibition of apoptosis,
there is evidence that PI3-K regulates cytokine gene
expression in many cell types (Carpenter & Cantley, 1996).

In addition, cross-talk between the MAPK and PI3-K
pathways has been observed (Clauss et al., 2001; Madrid et
al., 2001; Sutor et al., 1999). To determine whether inhibition
of PI3-K contributes to the inhibitory action of luteolin on

LPS-induced TNF-a release we used two pharmacological
inhibitors of PI3-K. Cells pretreated with LY294002 prior to
the LPS exposure showed reduced TNF-a release only at the

highest concentration used. In addition, a chemically distinct
PI3-K inhibitor, wortmannin, failed to block LPS-induced
TNF-a release. Di�erences in the ability of the two PI3-K

inhibitors, LY294002 and wortmannin, to block inducible
molecule expression have been previously reported; exposure
of RAW 264.7 to LY294002 abolished nitrite production in
response to LPS, whereas wortmannin was ine�ective (Salh et

al., 1998). To help clarify the di�erence observed between the
two PI3-K inhibitors, we used myricetin, a ¯avonoid known
to inhibit PI3-K (Gamet-Payrastre et al., 1999). Pretreatment

of cells with myricetin did not a�ect TNF-a production. The
above observations taken together suggest that although
luteolin is an inhibitor of PI3-K (Gamet-Payrastre et al.,

1999), its action on LPS-induced TNF-a release is not related
to its ability to block PI3-K.

We have previously shown that luteolin blocks Akt

phosphorylation in response to LPS in RAW 264.7
macrophages (Xagorari et al., 2001). In mast cells, Akt
activation stimulates transcriptional activity from the TNF-a
promoter and production of TNF-a (Kitaura et al., 2000).

Although Akt is a well accepted downstream target of PI3-K,
activation of Akt in LPS-stimulated RAW 264.7 has been
reported to be PI3-K-independent (Salh et al., 1998). To

address the role of Akt in LPS-induced TNF-a release, cells
were transiently transfected with a dominant negative form of
Akt and exposed to LPS. Overexpression of K179M Akt did

Figure 7 Inhibition of Akt does not a�ect LPS-induced TNF-a
release from macrophages. RAW 264.7 cells were transfected with a
dominant negative form of Akt (K179M) or a plasmid expressing b-
galactosidase as control. After 24 h cells were challenged with LPS
(10 ng ml71; 24 h). Culture supernatants were collected and TNF-a
levels determined by ELISA. The inset con®rms expression of the
dominant negative Akt. Data are presented as means+s.e.mean;
n=5; *P50.05 from respective control values.

Figure 8 Inhibition of CK2 attenuates LPS-induced TNF-a release.
Cells were pretreated for 60 min with vehicle or the indicated
concentration of the pharmacological inhibitor of CK2 DRB (25 mM
or 40 mM) in the presence and absence of luteolin (10 mM, 30 min),
and then challenged with LPS (10 ng ml71). After 24 h cells TNF-a
was measured in the supernatants as described above. Data are
presented as means+s.e.mean; n=10± 16; *P50.05 from LPS.
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not alter LPS-induced TNF-a release, suggesting that
inhibition of this kinase does not mediate the inhibitory
action of luteolin on LPS-induced TNF-a production in this

macrophage cell line.
While LY294002 is generally regarded as a speci®c PI3-K

inhibitor, Davies et al. (2000) reported that it also inhibits
CK2. Casein kinase 2 is a ubiquitously expressed ser/thr

kinase with high basal activity, whose targets include enzymes
involved in DNA, RNA and protein synthesis, transcription
factors, signal transduction mediators, cytoskeletal and

structural proteins (Guerra et al., 1999). Moreover, it has
been suggested that CK2 promotes transition of inactive
nucleosomes to the active conformation (Guo et al., 1998). In

spite of the high basal activity, exposure of RAW 264.7
macrophages to LPS has been shown to lead to further
activation of CK2 (Lodie et al., 1997). As LY294002 was the

only PI3-K inhibitor that blocked TNF-a production, we
postulated that its action might be due to CK2 inhibition
rather than PI3-K inhibition. To determine the role of CK2
in LPS-induced TNF-a release we pretreated cells with the

pharmacological inhibitor of CK2 DRB. Indeed, DRB-
pretreated cells showed a concentration-dependent reduction
in TNF-a production in response to LPS and co-treatment of

cells with luteolin and DRB did not result in a greater
inhibition than that observed with luteolin alone. This data,
taken together with the observation that chrysin, a related

¯avonoid binds and inhibits CK2 (Critch®eld et al., 1997),

suggest that luteolin might reduce TNF-a production by
inhibiting CK2. Direct evidence that luteolin is a pharmaco-
logical inhibitor of CK2 is o�ered by the observation that

luteolin blocks more than 90% of CK2 activity in in vitro
kinase reactions and abolishes CK2-induced p65 phosphor-
ylation (T. Fotsis & E. Bagli, personal communication).
In conclusion, we have shown that luteolin interferes with

multiple LPS-stimulated signaling cascades. Although luteolin
blocks PI3-K activity and Akt phosphorylation (Gamet-
Payrastre et al., 1999; Xagorari et al., 2001), inhibition of this

pathway does not contribute to the inhibitory action of
luteolin on LPS-induced TNF-a release. On the other hand,
simultaneous blockade of ERK and p38, as well as CK2

inhibition by luteolin is linked to reduced production of
TNF-a. The existence of multiple intracellular targets for
luteolin can be explained by the fact that ¯avonoids compete

with ATP binding and are thus able to inhibit several kinases
(Middleton et al., 2001). Blockade of cascades involved in
pro-in¯ammatory molecule expression by luteolin might be
useful in preventing cytokine expression in pathophysiologi-

cal conditions.

We wish to thank Dr W.C. Sessa for providing the dominant
negative Akt. This study was supported by a grant from the Greek
Secretariat of Research and Technology and by the Thorax
Foundation.
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