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Flavonoids exert distinct modulatory actions on
cyclooxygenase 2 and NF-kB in an intestinal
epithelial cell line (IEC18)bph_827 1714..1726
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Background and purpose: Cyclooxygenase 2 (COX-2) is involved in inflammatory bowel disease, but the effect of flavonoids
at the intestinal epithelial level is unknown. We aimed to characterize the effect and structure-activity relationship of nine
selected flavonoids on COX-2 expression in intestinal epithelial cell (IEC)18 cells. We also investigated the signal transduction
pathway(s) responsible for the effects observed.
Experimental approach: Intestinal epithelial cell 18, a non-tumour cell line with intestinal epithelial phenotype, was used.
COX-2 was measured by Western blot and the involvement of the NF-kB pathway assessed by Western blot, pharmacological
inhibition, luciferase reporter assays and nuclear translocation experiments.
Key results: The effect of flavonoids on COX-2 expression depended on the experimental conditions tested [non-stimulated
and lipopolysaccharide (LPS)-stimulated]. Flavonoids caused an increase in COX-2 expression and NF-kB-dependent gene
transcription under basal conditions. Conversely, under LPS stimulation flavonoids increased, decreased or did not affect COX-2
levels depending on the specific type. Variable effects were observed on extracellular signal regulated kinase/p38/c-Jun
N-terminal kinase phosphorylation and p50/65 nuclear translocation.
Conclusion and implications: The effect of flavonoids on COX-2 expression depended on the balance of the interference with
IkB-a phosphorylation and other signalling targets, and therefore depends on the experimental conditions and on the type of
flavonoids. This is expected to result in different effects in inflammatory conditions. In general, flavonoids may limit epithelial
COX-2 expression in inflammatory conditions while favouring it when inflammation is not present.
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Introduction

The intestinal mucosa, the innermost layer of the intestine,
plays an important physiological role by mediating water and
nutrient transport and acting as interphase with the complex
luminal milieu, which comprises a combination of diverse
bacteria and their products as well as derivative products of

the diet. The luminal flora present a formidable challenge to
the mucosa, which is met efficiently by a state of mild leuko-
cyte infiltration which has been referred to as ‘physiological
inflammation’. The surface epithelium serves as the mucosal
frontier, by constituting a physical as well as an immunologi-
cal barrier to microorganism access. Thus intestinal epithelial
cells (IECs) express various immune receptors, traditionally
believed to be expressed primarily by myeloid cell lineages
(Reinecker and Podolsky, 1995) and, accordingly, they can
produce a wide array of immunomodulatory substances such
as cytokines and complement factors. Specific perturbation of
the intestinal epithelium can lead to intestinal inflammation;
in fact, cytokine production from IECs is enough to cause
inflammation in vivo (Ohtsuka et al., 2001). In addition,

Correspondence: F Sánchez de Medina, Department of Pharmacology, Centro
de Investigación Biomédica en Red en Enfermedades Hepáticas y Digestivas
(CIBERehd), School of Pharmacy, University of Granada, Campus de Cartuja
s/n, 18071 Granada, Spain. E-mail: fsanchez@ugr.es
*Both authors contributed equally to this study.
Received 31 October 2009; revised 5 January 2010; accepted 22 March 2010

British Journal of Pharmacology (2010), 160, 1714–1726
© 2010 The Authors
Journal compilation © 2010 The British Pharmacological Society All rights reserved 0007-1188/10
www.brjpharmacol.org



defects in epithelial permeability may facilitate antigen pen-
etration and subsequent intestinal inflammation, as has been
proposed for Crohn’s disease

Intestinal epithelial cells express cyclooxygenase (COX)-2
when stimulated by pro-inflammatory factors, including
lipopolysaccharide (LPS), tumour necrosis factor-a, oxidative
stress, etc. (Longo et al., 1998). Cyclooxygenases are rate lim-
iting enzymes in the biosynthesis of a number of eicosanoids
such as PGE2 from arachidonic acid and other precursors.
Their main product in IECs appears to be PGE2, followed by
PGF2a and PGD2 (Eckmann et al., 1997; Longo et al., 1998).
COX-2 induction evokes a dramatic increase in eicosanoid
release compared with the basal COX-1 dependent produc-
tion. COX-1 and COX-2 have similar structures but with an
important difference in the tunnel through which arachi-
donic acid gains access to the active site of the enzyme. This
structural difference explains the particular selectivity of each
isoform. COX-2-derived prostaglandins have been classically
assigned a pro-inflammatory effect, restricted in time and
space to local inflammatory responses. However, it is well
known that COX-2 is constitutively expressed in some cell
types, including endothelial and macula densa cells. This
explains many of the adverse effects of the COX-2 selective
inhibitors (coxibs). Basal expression of COX-2 in IECs is typi-
cally low (Singer et al., 1998). The effects of prostaglandins in
the intestine include enhanced water and ionic secretion,
contractility and vasodilation (MacNaughton and Cushing,
2000; Fornai et al., 2005). Thus the role of epithelial COX-2
apparently conforms to the classical paradigm. However,
COX inhibitors (coxibs and non-steroidal anti-inflammatory
drugs (NSAIDs) in general) are notoriously ineffective in the
management of inflammatory bowel disease and they may
actually precipitate inflammatory relapse of these chronic
conditions. In fact, epithelial prostaglandins seem to be
involved in the resolution of inflammation and the healing
process (Wallace, 2006) as well as in intestinal homeostasis
(Newberry et al., 1999). In particular, prostaglandin (PG)E2

acting on EP2 or EP4 receptors has been involved in these
effects (Stenson, 2007; receptor nomenclature follows Alex-
ander et al., 2009). Hence it is possible that agents that
promote COX-2 induction could be useful in the therapy of
inflammatory bowel disease by hastening the resolution of
the inflammatory process. On the other hand, COX-2-derived
prostaglandins have been involved in colorectal cancer, and
there is some evidence that COX inhibition may have chemo-
preventive effects. Colorectal cancer is a known risk of long
standing inflammatory bowel disease, although COX-2
induction is probably only one of several mechanisms. Thus
COX-2 must be regarded as a double-edged sword with both
beneficial and detrimental effects in the intestine.

Among the inflammatory bowel diseases, ulcerative colitis
and Crohn’s disease have received special attention because of
their poorly understood etiology and pathophysiology and
their unsatisfactory management. Treatment is largely phar-
macological and of empirical nature, based on immunomodu-
latory drugs (corticoids, tacrolimus, azathioprine, infliximab)
and aminosalicylates, all of which have significant adverse
effects and are not effective in all patients. Flavonoids are
polyphenolic compounds of natural origin which are a sig-
nificant part of the diet. Flavonoids exhibit a wide array of

pharmacological activities, including anti-inflammatory, anti-
cancer and radical scavenging properties (Ballester et al.,
2006). There is evidence of the anti-inflammatory properties
of these compounds, including intestinal anti-inflammatory
activity (Sanchez de Medina et al., 1996; Galvez et al., 1997;
Mochizuki and Hasegawa, 2004; Kwon et al., 2005). There
have been several in vitro studies investigating the inhibitory
activity of flavonoids on pro-inflammatory mediator produc-
tion in different cell lines, mainly macrophages or monocytes
such as RAW 264.7 (Xagorari et al., 2001; Comalada et al.,
2006) and J774.1 (Blonska et al., 2004) cells, as well as primary
splenocytes (López-Posadas et al., 2008). However, few studies
have examined their potential effect on the epithelium and
little information about the mechanism of action of these
flavonoids is available. Here we report the effects and
structure-activity relationship of nine different flavonoids (see
Table 1) on COX-2 expression in IEC18 cells, a non-tumour
model IEC line. The different categories of flavonoids assayed
differ mainly in the presence or absence of a double bond
between C2 and C3, the 3-hydroxyl, and the position of the
phenol group (also known as B ring). The substitutions
in these basic structures give rise to the different flavonoid
compounds.

Methods

Cell lines and culture conditions
IEC18 cells (passages 20–32) were obtained from the Cell
Culture service of the University of Granada and were cul-
tured in Dulbecco’s modified Eagle’s medium containing fetal
calf serum (10%), 2 mM L-glutamine, 100 U·mL-1 penicillin,
0.1 mg·mL-1 streptomycin and 2.5 mg·mL-1 amphotericin B.
Cells were seeded in 78 cm2 plates to confluence and cultured
at 37°C in a 5% CO2-air atmosphere. The culture medium was
changed every 2 days. In all the experiments, except where
indicated, we followed the same protocol. Flavonoids were
dissolved in DMSO to make stock solutions and added to cell
culture medium to a final DMSO concentration <0.1% 1 h
before the addition of LPS (from Escherichia coli 055:B5).

Viability assay
Cells were cultured in 24-well culture plates to confluency
and treated with the indicated flavonoids for 24 h, after
which cells were stained with crystal violet as previously
described (Bonnekoh et al., 1989) to measure cell viability.
Cells were first washed with PBS and then stained and fixed
with 0.2% crystal violet in 2% ethanol during 30 min at room
temperature. After four washes with PBS, the cells were
scraped with 1% SDS for 30 min and then harvested and
centrifuged at 3000 g during 5 min. Finally, the colour inten-
sity was quantitated using a Bio-Rad 680XR microplate reader
at 540 nm. Each assay condition was performed in at least
three independent experiments and the results were repre-
sented as mean (% of cell viability) � SEM.

Assay for lactate dehydrogenase (LDH) release
Cell toxicity was quantitatively assessed by the measurement
of LDH, released from damaged cells in the extracellular
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medium 24 h after flavonoid exposure. Cells were treated
with flavonoids exactly as in the COX-2 expression experi-
ments. Samples were centrifuged at 3000 g for 10 min at 4°C.
Measurement was carried out in a 96 well-plate by adding
30 mL of the sample and 80 mL of b-NADH (145 mM) in
sodium phosphate buffer (50 mM, pH 7.5). After 5 min of
incubation at 37°C, 20 mL of sodium pyruvate (25 mM) were
added and pyruvate dependent b-NADH disappearance was
monitored at 340 nm using a Bio-Rad 680XR microplate spec-
trophotometer. Values are expressed as U·mL-1.

Extraction of nuclear proteins
Cell monolayers were culured in 75 cm2 flasks. Flavonoids
were added 1 h before LPS (1 mg·mL-1) or vehicle (water).
Whole cell homogenates were obtained 30 min after LPS/
vehicle stimulation. Monolayers were collected in PBS with
freshly added phosphatase inhibitors (125 mM NaF, 250 mM
b-glycerophosphate, 250 mM p-nitrophenyl phosphate,
25 mM NaVO3). Cells were scraped and the suspension was
transferred to a 15 mL Falcon tube and centrifuged at 300 g
for 5 min at 4°C. The pellet was resuspended in ice-cold hypo-

tonic buffer (20 mM HEPES, 5 mM NaF, 10 mM Na2MoO4 and
0.1 mM EDTA, pH = 7.5). After incubation on ice for 15 min,
0.5% Igepal CA-630 was added and the suspension was mixed
by gentle pipetting. Samples were then centrifuged for 30 s at
14000 g. The supernatant was collected as cytoplasmic extract
and the nuclear pellet was resuspended in lysis buffer (pro-
vided by Active Motif, Rixensart, Belgium) and rocked on ice
for 30 min on a shaking platform prior to being centrifuged
for 10 min at 14000 g. Protein concentration in nuclear
extracts was measured by the bicinchoninic acid assay (Smith
et al., 1985), using bovine serum albumin as standard. The
supernatant (nuclear cell extract) was aliquoted and stored at
-80°C until measurement. The samples were either analysed
by Western blot or subjected to TransAM measurement
(Active Motif, Rixensart, Belgium), which detects different
NF-kB subunits in microtiter plates labelled with NF-kB target
sequence DNA oligomers.

Western blot
Cell samples were washed with cold PBS and homogenized in
cold lysis buffer containing 1% Igepal CA-630, 20 mM HEPES-

Table 1 Structural features of the flavonoids tested

Chemical formula Name Substitution

Flavonols 5 7 3′ 4′

O

 OH

2

3

5

6

7
8

2'
3'

4'

5'
6'

O

Kaempferol OH OH H OH
Quercetin OH OH OH OH

Flavones 5 7 3′ 4′

O

O

Apigenin OH OH H OH
Chrysin OH OH H H

Diosmetin OH OH OH OCH3
Luteolin OH OH OH OH

Isoflavones 5 7 3′ 4′
O

O

Daidzein H OH H OH
Genistein OH OH H OH

Flavanones 5 7 3′ 4′

O

O

Hesperetin OH OH OH OCH3
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Na, 10 mM EGTA, 40 mM b-glycerophosphate, 25 mM MgCl2

and 2 mM sodium orthovanadate (pH = 7.5) with freshly
added protease inhibitors (phenyl-methylsulphonyl fluoride,
aprotinin, leupeptin, 1,10-phenanthroline). The protein
content was measured as above. Samples were boiled for
5 min in Laemli buffer and separated by SDS-PAGE. After
transferring to nitrocellulose (COX-2) or PVDF membranes, a
Ponceau red incubation was performed to check for equal
loading. Membranes were blocked for 1.5 h at room tempera-
ture in Tris-buffered saline-0.1% Tween-20 (TBS-T) containing
5% (w/v) nonfat dry milk and then incubated with TBS-T
containing 5% BSA and the primary antibody at 4°C over-
night. The dilutions of antibodies used were: 1:1000 for
phospho-p38, phospho-(stress-activated protein kinase/c-Jun
N-terminal kinase; SAPK/JNK) and phospho-Akt (Cell Signal-
ing, Beverly, MA, USA); 1:2500 for phospho-(inhibitor of kB;
IkB)-a (Cell Signaling) and extracellular signal regulated
kinase (ERK; Sigma); 1:3000 for COX-2 (Cayman Technolo-
gies); and 1:500 for p50 and p65 (Santa Cruz Biotechnology).
After three washes of 5 min with TBS-T, peroxidase-
conjugated anti-mouse (phospho-ERK) or anti-rabbit
(phospho-p38, phospho-SAPK/JNK, COX-2, p50, p65 and
phospho-IkB-a) IgG was used as secondary antibody. Then,
enhanced chemiluminiscence (Perkin Elmer™, Life Sciences,
Boston, MA, USA) detection was performed. Densitometry
was carried out with NIH software (Image J).

Transfection assays
IEC18 cells were transfected by the lipofectamine method
with a plasmid encoding luciferase under the control of either
an NF-kB or a TATA-like promoter (pTAL, control; Clontech,
Palo Alto, CA, USA). Transfected cells were selected by G418
(Invitrogen, Carlsbad, CA, USA) resistance, which was
cotransfected in a separate plasmid in a 10:1 ratio. Luciferase
activity was measured with a Lumat LB9507 Luminometer.

Statistical analysis
All results are expressed as mean � SEM. Differences among
means were tested for statistical significance using one way
analysis of variance and a posteriori least significance tests.
P-values <0.05 were considered significant. All analyses were
carried out with SigmaStat 2.03 (Jandel Corporation, San
Rafael, CA, USA).

Materials
Except where indicated, all chemicals were obtained from
Sigma (Madrid, Spain).

Results

Effect of flavonoids on cell viability
Crystal violet staining was used to assess the impact of fla-
vonoids (50 mM) on cell viability. No effect was detected (Fig-
ure S1) and flavonoids were considered non-toxic to IEC18
cells at this concentration.

Effect of flavonoids on basal COX-2 expression
Cyclooxygenase 2 expression in IEC18 cells was assessed by
Western blot. In basal conditions neither isoflavones nor the
flavanone hesperetin showed any effect. Flavones and fla-
vonols increased COX-2 expression, except in the case of
diosmetin (Figure 1). The effect of flavones was relatively
minor compared with the effect of flavonols. Thus kaempferol
and quercetin almost doubled the expression of the enzyme
(P < 0.05). Luteolin evoked a twofold increase, with smaller
effects for apigenin and chrysin (P < 0.05 in all cases).

In order to understand the regulation that flavonoids exert
over COX-2 expression, we studied the activation of NF-kB, a
transcription factor involved in the regulation of expression

Figure 1 Flavonoid effect on basal COX-2 expression. IEC18 were cultured with nine different flavonoid compounds (50 mM) for 24 h. Whole
cell proteins were isolated and separated using acrylamide gels, and COX-2 expression was assessed by Western blot. Data are representative
of three different experiments. Results were expressed as fold increase comparing with non-treated cells (mean � SEM). +P < 0.05 versus
control. Here and in following the figures, the flavonoids are indicated as follows: Api, apigenin; Chrys, chrysin; Daidz, daidzein; Diosm,
disometin; Gen, genistein; Hesp, hesperidin; Kaemp, kaempferol; Lut, luteolin; Quer, quercetin. COX, cyclooxygenase; IEC, intestinal epithelial
cell.
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of multiple genes that participate in immunity and inflam-
mation, cell proliferation and apoptosis, including inducible
COX (Jobin et al., 1998). NF-kB is activated in response to
several external stimuli, including interleukins, growth
factors, viral and bacterial infections, physical factors (e.g. UV
light), and LPS. The main transduction pathway leading to
NF-kB activation, the classical pathway, involves Ser32 phos-
phorylation of the inhibitor protein IkB-&alpha, which in the
absence of stimuli is bound to NF-kB, preventing its migration
to the nucleus (see Figure 8). Quercetin was selected as a
representative active flavonoid for further testing. Despite its
inducing effect on COX-2 expression, IkB-a was not phospho-
rylated at all by the flavonoid (Figure 2A). Quercetin,
however, elicited the nuclear translocation of NF-kB p50 (but
not p65) as efficiently as LPS, as shown by Western blot
analysis (Figure 2A). Conversely, LPS evoked both p50 and
p65/RelA translocation. Thus LPS and quercetin produce dis-
tinct effects on IEC18 cells. In order to assess whether other
NF-kB proteins are involved in the transcriptional regulation
of COX-2, we used a variant ELISA kit to measure the possible
translocation of all five members to the nucleus. Quercetin
did not induce the translocation of other subunits to the
nucleus (not shown). We also assessed the phosphatidyl inosi-
tol 3-kinase (PI3K)/Akt pathway by examining Akt phospho-

rylation, as this is an alternative route to NF-kB stimulation.
LPS augmented Akt phoshorylation in a Bay11-7082 indepen-
dent way, while quercetin actually inhibited basal Akt phos-
phorylation (Figure 2B). Thus quercetin is unlikely to induce
COX-2 acting on this pathway.

We additionally examined the effect of flavonoids on NF-kB
dependent gene expression in a luciferase reporter IEC18
system. All the compounds tested increased the luciferase
signal, albeit to a different extent, ranging from approxi-
mately twofold for chrysin and daidzein to only 26% for
quercetin (Figure 2C). LPS produced a relatively minor effect
in comparison, which was fully reversible by Bay11-7082 pre-
treatment, as expected (Figure 2D).

Effects of flavonoids on LPS-induced COX-2 expression
We sought to determine the effect of flavonoids when COX-2
was induced by pro-inflammatory stimuli. To this end, cells
were treated with vehicle or flavonoids and after 1 h exposed
to 1 mg·mL-1 LPS. As expected, LPS increased COX-2 immu-
noreactivity (twofold over the control cells, Figure 3). The
most remarkable effect of all flavonoids was the dramatic
increase in COX-2 expression brought about by diosmetin.
Chrysin and apigenin also increased COX-2 immunoreactiv-

Figure 2 Flavonoid effects on the NF-kB pathway. (A) Effect of LPS and quercetin on IkB-a phosphorylation and p50/p65 nuclear translo-
cation in IEC18 assessed by Western blot. (B) Effect of LPS (with and without Bay11-7085 pretreatment) and quercetin on Akt phosphorylation
in IEC18 cells by Western blot. (C) Effect of flavonoids on NF-kB dependent gene expression in a luciferase reporter IEC18 system. (D) Effect
of LPS (with and without Bay11-7085 pretreatment) on NF-kB dependent gene expression. +P < 0.05 versus control; *P < 0.05 versus LPS. IEC,
intestinal epithelial cell; LPS, lipopolysaccharide.
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ity, but to a lower extent. In contrast, all other flavonoids
except genistein, i.e. flavonols, the flavanone hesperitin and
the isoflavone daidzein, failed to augment COX-2 but actually
tended to produce the opposite effect, showing COX-2 levels
intermediate between those of quiescent and LPS-treated
cells. Thus the effects of flavonoids are different depending on
the cell status. We additionally examined the concentration
dependent effects in the case of apigenin and daidzein
(Figure 3D). Apigenin exhibited an apparent trend for higher
induction of COX-2 at 100 mM, while daidzein essentially
did not affect COX-2 expression regardless of flavonoid
concentration.

Flavonoid effect on IkB-a phosphorylation
As expected, LPS induced rapid (30 min) phosphorylation of
IkB-a, which was fully prevented by the specific inhibitor Bay
11-7082 at a concentration of 10 mM (Figure 4). Several fla-
vonoids inhibited IkB-a phosphorylation, including querce-
tin, hesperetin, genistein and apigenin, all of which inhibited
completely the effect of LPS at this level (Figure 4). Diosmetin
and luteolin showed phosphorylation levels intermediate

between those of the control and LPS groups. Chrysin, daid-
zein and kaempferol had no effect whatsoever.

Effect of flavonoids on NF-kB p50 and p65 nuclear translocation
Subsequent to IkB-a phosphorylation, the protein is ubiquiti-
nated and then degraded by proteasomal machinery, leaving
NF-kB dimers free to translocate to the nucleus and exert their
transcriptional actions. In enterocytes, NF-kB dimers are com-
posed chiefly of p50 and p65, usually as heterodimers (Inan
et al., 2000; Jobin and Sartor, 2000). Hence we focused on this
step of the NF-kB pathway by assessing p50/p65 presence in
nuclear extracts. As expected, p50 and p65 immunoreactivity
was markedly increased (three- and twofold, respectively, P <
0.05) 30 min after LPS stimulation (Figures 2 and 5). Thus the
NF-kB classical or canonical pathway appears to be fully
operative in IEC18 cells. Surprisingly, however, the inhibitor
Bay 11-7802 only blocked partially (~40%) p50/p65 migration
in response to LPS, suggesting that there are non-redundant
alternative activation pathways in response to LPS. Even more
surprisingly, LPS-evoked COX-2 expression was significantly

Figure 3 Flavonoid effect on LPS-induced COX-2 expression. (A) Effect of flavonoids on COX-2 expression elicited. by LPS. (B) Quantitation
of LPS effect. (C) Quantitation of flavonoid effects. (D) Concentration response for apigenin and daidzein. COX-2 expression was measured on
LPS-stimulated cells. After 1 h of flavonoid treatment (50 mM except where indicated), cells were stimulated with LPS (1 mg·mL-1) during 24 h.
Expression of COX-2 was analysed by Western blot in protein samples obtained. Data were expressed as fold increase comparing
with LPS-stimulated and non-treated cells (mean � SEM). +P < 0.05 versus control; *P < 0.05 versus LPS. COX, cyclooxygenase; LPS,
lipopolysaccharide.

Flavonoids modulate COX-2 in enterocytes
R López-Posadas et al 1719

British Journal of Pharmacology (2010) 160 1714–1726



Figure 4 Effect of flavonoids on IkB-a phosphorylation. Cytoplasmic proteins were used to assess IkB-a phosphorylation. After 1 h of
flavonoid treatment (50 mM), cells were stimulated with LPS (1 mg·mL-1) for 30 min. IkB-a phosphorylation was analysed by Western blot in
protein samples obtained. Top: representative Western blot of the effect of LPS � Bay11-7085 on IkB-a phosphorylation. Bottom: quantitation
of flavonoid effects. Data were expressed as fold increase comparing with LPS-stimulated and non-treated cells (mean � SEM). +P < 0.05 versus
control; *P < 0.05 versus LPS. LPS, lipopolysaccharide.

Figure 5 Effect of flavonoids on NF-kB p50 and p65 nuclear translocation. Cells were treated with or without flavonoids (50 mM) and
stimulated with LPS for 30 min. Nuclear protein extracts were analysed by Western blot. Top: representative Western blot of the effect of LPS
� Bay11-7085 on p50/p65 translocation. Bottom: quantitation of flavonoid effects. Data are expressed as mean � SEM. +P < 0.05 versus
control; *P < 0.05 versus LPS. LPS, lipopolysaccharide.
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higher in the presence than in the absence of Bay11-7082
(Figure 6). This was a consistent effect, as it was detected in
three different occasions.

This lack of correlation between the inhibition of IkB-a
phosphorylation and NF-kB nuclear translocation was also
observed with flavonoids, which generally did not modify the
effect of LPS on p50/p65, with the sole exception of genistein,
which enhanced migration of p50 to the nucleus, and hes-
peretin, which had the opposite effect on p65.

Effect of flavonoids on mitogen-activated protein kinase (MAPK)
signalling pathways
The MAPKs are serine/threonine specific protein kinases that
respond to extracellular stimuli and regulate various cellular
activities, such as gene expression, proliferation, differentia-
tion, cell survival and apoptosis. To date, four distinct groups
of MAPKs have been characterized in mammals. Here we
studied the effect of flavonoids on three of the most studied
MAPK pathways: ERK, JNK and p38/SNPK. All three of them
were strongly activated upon 30 min of LPS stimulation
(Figure 7, top), and phosphorylation was partially prevented
when a specific inhibitor of ERK (PD098059), JNK (SP600125)
or p38 (SB-203580) was applied, reflecting blockade of auto-
phosphorylation.

c-Jun N-terminal kinase phosphorylation was unaffected by
flavonoids. ERK phosphorylation was enhanced by the fla-
vones diosmetin and apigenin (chrysin did not reach statisti-
cal significance), but not luteolin, and the isoflavone
genistein, but not daidzein (Figure 7, bottom). The increase
was ~60%. Interestingly, quercetin exhibited a complete inhi-
bition of ERK phosphorylation, while the other flavonol,
kaempferol, had no effect.

Next we studied the effect of the selected flavonoids on p38
phosphorylation. The results show that the flavonols, quer-
cetin and kaempferol, the flavone luteolin and the flavanone
hesperetin were able to increase p38 phosphorylation (P <
0.05), whereas all other flavonoids were inactive (Figure 7,
bottom).

Unexpectedly, however, none of the MAPK inhibitors
affected LPS-induced COX-2 expression (Figure 4). Hence the
effects of flavonoids on these signalling pathways are unlikely
to be relevant for the modulation of COX-2, although they
must affect other molecular endpoints of LPS.

Discussion and conclusions

The prevalence and burden of chronic inflammatory condi-
tions, including inflammatory bowel disease, is increasing in

Figure 6 Effect of inhibitors of NF-kB and MAPK on COX-2 expression. After 1 h of inhibitor treatment, cells were stimulated with LPS
(1 mg·mL-1) for 24 h. Expression of COX-2 was analysed by Western blot in protein samples obtained. Data were expressed as fold increase
comparing with LPS-stimulated and non-treated cells (mean � SEM). +P < 0.05 versus control; *P < 0.05 versus LPS. COX, cyclooxygenase; LPS,
lipopolysaccharide; MAPK, mitogen-activated protein kinase.
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Figure 7 Effect of flavonoids on MAPK. Effect of flavonoids on MAPK. Cells were treated with or without flavonoids (50 mM) for 1 h and
stimulated with LPS for 30 min. Western blot analysis was used to assess phosphorylation of three main MAPK: ERK, p38 and JNK. (A)
representative Western blot of the effect of LPS � MAPK inhibitor. (B, C, D) quantitation of flavonoid effects on ERK, p38 and JNK respectively.
Data are expressed as mean � SEM. +P < 0.05 versus control; *P < 0.05 versus LPS. JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; MAPK,
mitogen-activated protein kinase.
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the last few years. COX-2, the enzyme that catalyses the
limiting step in the biosynthesis of prostaglandins in inflam-
matory sites, is a very interesting drug target because it has a
role both in the development of the inflammatory response
and in its recovery. The former is the basis of therapeutic
interventions in inflammatory/painful conditions with
NSAIDs and COX-2 selective inhibitors (referred to as Coxibs).
Coxibs allow a better profile of gastric safety, although they
have important cardiovascular adverse effects. Both NSAIDs
and Coxibs appear to be deleterious for intestinal inflamma-
tion, and it is now widely accepted that prostaglandins, in
particular PGE2, are essential in the control of epithelial pro-
liferation and apoptosis (Stenson, 2007). For instance, epithe-
lial proliferation is diminished in dextran sulphate sodium
colitis induced in COX-2-/- mice but rescued by exogenous
PGE2 administration (Brown et al., 2007). In addition, the
prostaglandin production profile changes during the different
phases of inflammation. Thus PGE2 is initially increased,
while PGD2 is the main COX-2-derived mediator in the later
stages, corresponding with the healing process (Zamuner
et al., 2003). It has been suggested that the latter may play an
anti-inflammatory role (Ajuebor et al., 2000). It should be
noted that COX-1 is also involved in prostaglandin genera-
tion in inflammation, and other eicosanoids such as lipoxins
may exert anti-inflammatory/tissue repair functions (Wey-
landt et al., 2007).

Based on these assumptions, it may be argued that the
modulation of COX-2 expression may constitute a novel
therapeutic strategy in inflammatory bowel disease. Fla-
vonoids are natural compounds which are consumed as part
of the normal human diet and exhibit intestinal anti-
inflammatory activity, as demonstrated by ourselves and
other groups. This effect has been ascribed to their anti-
oxidative properties and on actions on different cell types
involved in the inflammatory reaction, such as macrophages
(Comalada et al., 2006), lymphocytes (López-Posadas et al.,
2008) and enterocytes (Ruiz et al., 2007), and the inhibition of
enzymes such as COX-2 itself. However, to the best of our

knowledge the effects and structure-activity relationship for
COX-2 induction in IECs had not been studied hitherto. We
selected IEC18 cells because they constitute a non-
tumorigenic cell line. COX-2 is expressed at very low levels in
quiescent IEC18 but is readily induced by pro-inflammatory
stimuli including oxidative stress and LPS.

The flavonoid structure consists of three phenolic rings, A,
B and C, with a variety of substituents (see Table 1). Based on
modifications of this basic structure, there are many sub-
groups or families of flavonoids. We have studied the effects
of nine different flavonoids in order to identify structural
requirements for each of the main activities examined (see
Table 2). Flavonoids exerted distinct effects on COX-2 expres-
sion depending on the experimental setting. Thus all fla-
vonols and flavones tested induced COX-2 in the basal state,
with the exception of the methylated derivative diosmetin.
The magnitude of this increase was similar to that induced by
LPS and thus it must be considered relevant. The double bond
between positions 2 and 3, the 2-position of the C ring and
the presence of an intact 4′-OH group are the major determi-
nants of activity, while 3- and 3′-hydroxylation are apparently
without effect on this biological activity.

In contrast, most flavonoids, including kaempferol, querce-
tin and luteolin, which exhibited the greatest induction effect
in quiescent cells, did not increase COX-2 levels as induced by
LPS and actually tended to decrease them, as they were not
significantly different from the control. Conversely, chrysin
and diosmetin had the opposite, enhancing effect. Flavones
are the only flavonoids that favour COX-2 expression under
LPS stimulation, with the important exception of luteolin
(perhaps because hydroxylation may be detrimental). This
suggests that 4′-methoxylation is important for this activity.
In addition, the 2-3 double bond is necessary for activity
(diosmetin vs. hesperetin), as well as the lack of 3-OH char-
acteristic of flavonols. We focused on the mechanistic aspects
of flavonoid modulation of COX-2 expression.

Previous studies have shown that JNK, p38 and ERK1/2
(Cario et al., 2000) and NF-kB (Kim et al., 2005; Cheon et al.,

Table 2 Summary of flavonoid activities

Basal LPS-induced

COX-2 NF-kB luciferase COX-2 IkBa-P p50/p65 translocation ERK-P p38-P JNK-P

Flavonols
Kaempferol + ++ = = =/= = + =
Quercetin + + = - =/= --- + =

Flavones
Apigenin + + + - =/= + = =
Chrysin + +++ ++ = =/= = = =
Diosmetin = ++ +++ = =/= + = =
Luteolin + + = = =/= = + =

Isoflavones
Daidzein = +++ = = =/= = = =
Genistein = ++ + - +/= + = =

Flavanone
Hesperetin = ++ = - =/- - + =

In the two first columns the effect of flavonoid treatment is compared with basal effect (no stimulation) and in the rest of the columns it is compared with the
LPS-treated control. Only statistically significant effects are indicated.
=, no significant modification; +, mild increase; ++, moderate increase; +++, great increase; -, moderate inhibition; - - -, great inhibition; COX, cyclooxygenase;
JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide.
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2006) are involved in LPS activation and signal transduction
in IECs. In particular, COX-2 has been reported to be regu-
lated by NF-kB at the posttranscriptional level and by p38
MAPK in IECs (Grishin et al., 2006; Yan et al., 2006). Thus we
examined the effects of flavonoids on these signalling path-
ways. The results obtained were to a great extent surprising.
Thus, our data indicate that: (i) flavonoids show structure-
dependent effects on ERK/p38/JNK phosphorylation; (ii)
several flavonoids prevent IkB phosphorylation completely;
(iii) none of the flavonoids prevented p50/p65 nuclear trans-
location, and genistein actually increased it; and (iv) fla-
vonoids generally augment NF-kB dependent gene
transcription (luciferase reporter data). The structural require-
ments for some of these activities can be delineated. For
inhibition of IkB-a phosphorylation, the only structural fea-
tures required that can be clearly established are the presence
of 4′-OH (apigenin vs. chrysin) and 5-OH (genistein vs. daid-
zein), while the position of the B ring (genistein vs. apigenin)
and 4′-methoxylation (diosmetin vs. luteolin) are irrelevant.
The 2-3 double bond seems to impair the activity (diosmetin
vs. hesperetin). The contribution of the 3-OH group is
obscure, because it favours inhibition in one case (quercetin
vs. luteolin), but hinders it in the other (kaempferol vs.
apigenin).

Similarly, the double bond 2-3 (diosmetin vs. hesperetin), B
ring hydrolylation (apigenin vs. chrysin) and the 5-OH
(genistein vs. daidzein) appear to promote ERK phosphoryla-
tion, while the 2/3 position of the B ring seems to be indif-
ferent (genistein vs. apigenin). Double hydroxylation in the B
ring impairs the effect (luteolin vs. apigenin) unless one of
them is methoxylated (diosmetin). On the other hand, the
3-OH skews activity towards inhibition (kaempferol vs. api-
genin), which is much enhanced by 3′-hydroxylation. For p38
inhibition, the 2- instead of the 1-hydroxyl group in the B
ring (luteolin vs. apigenin) and 3-hydroxylation (kaempferol
vs. apigenin) or, alternatively, total hydroxylation, are the key
structural features for activity. Interestingly, the 2-3 double
bond seems to oppose to this effect (diosmetin vs. hesperetin),
suggesting that higher increases in p38 phosphorylation are
feasible. The influence of the regular or iso position of the B
ring cannot be assessed based on current data.

The NF-kB-related data are particularly intriguing, because
flavonoids have been usually shown to down-regulate this
pathway (Comalada et al., 2006). Because NF-kB translocation
and transcriptional regulation takes place even with total
blockade of IkB-a phosphorylation, it must be assumed that
IEC18 cells do not depend on the classical pathway for the
regulation of NF-kB target genes. Alternative routes have been
long known to exist in some cell types (Kawai and Akira,
2007). We examined the possible role of the Akt pathway, but
it is apparently not involved. An additional unexpected result
was the finding that Bay 11-7082, a specific inhibitor of the
classical pathway, increased COX-2 expression in spite of
complete inhibition of IkB-a phosphorylation. Bay 11-7082 is
considered an inhibitor of IkB kinase (IKK)-b/a, but it can also
potentially activate p38, JNK1 and tyrosine phosphorylation
(Pierce et al., 1997; Gasparian et al., 2009). It has been shown
recently that the composition of the NF-kB dimers which
translocate to the nucleus may be affected by pharmacologi-
cal modulation. Thus, blockade of the proteasome inhibits

the formation of both p50/p65 and p50/p50 dimers, while
IKK blockade only decreases the heterodimer (Gasparian et al.,
2009). Indeed, p65 translocation was reduced to a greater
extent than that of p50 by Bay 11-7085 in our study
(Figure 5). Because quercetin only augmented p50 nuclear
levels and it also increased basal COX-2 expression in basal
conditions, increased translocation of p50/p50 homodimers
may account for this effect in both cases. Although this form
of NF-kB is commonly associated with repression of transcrip-
tion, it has also been reported to activate transcription. Con-
versely, quercetin (and possibly other flavonoids) would tend
to decrease LPS-evoked COX-2 transcription in part through
the effect on not only IkB-a phosphorylation but also Akt and
perhaps other targets, some of which are shown in Figure 8.
For instance, quercetin has been shown to down-regulate
signalling through Toll-like receptor 4 (TLR4) via changes in
lipid rafts (Kaneko et al., 2008). Ultimately, the overall effect
of flavonoids on COX-2 expression and NF-kB driven tran-
scription would depend on the balance between the different
molecular targets. Further support for this hypothesis comes
from the poor correlation between inhibition of IkB-a phos-
phorylation and COX-2 expression.

Alternatively, the paradoxical effect of Bay 11-7082 may be
interpreted to indicate a dual role of NF-kB on COX-2 expres-

Figure 8 Proposed mechanism of action of COX-2 modulation. The
canonical NF-kB pathway activated by LPS via TLR4 is shown. Bay
11-7082 may favour the formation of p50/p50 rather than p65/p50
dimers under LPS stimulation, while quercetin (and perhaps other
flavonoids) increases only p50/p50 in basal conditions. Flavonoids
may act at different levels (thick arrows) to reduce IkB-a phosphory-
lation after LPS treatment while at the same time modulating other
pathways. This scheme is a simplification of the pathways involved.
Normal arrows indicate activation, broken arrows denote inhibition.
COX, cyclooxygenase; LPS, lipopolysaccharide; NIK, NF-kB-inducing
kinase; TAK, transforming growth factor-b-activated kinase; TBK, Traf
family member-associated NF-kB activator (TANK)-binding kinase 1.
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sion, including an inhibitory influence in addition to the
known stimulatory effect. This is an unlikely possibility. On
the other hand, none of the MAPK inhibitors, which have
been previously shown to work effectively in multiple cell
types including IEC18 cells (Grishin et al., 2006; Yan et al.,
2006), had any effect on COX-2. Thus it is unlikely that these
pathways are involved in the regulation of COX-2 expression.

Whatever the exact mechanism, it is clear that flavonoids
modulate COX-2 expression with effects depending on fla-
vonoid structure and co-stimuli. The effect in vivo is difficult
to predict, but we may speculate that some flavonoids may
enhance COX-2 expression and prostaglandin generation in
normal or minimally inflammatory conditions but have no
effect or even down-regulate it in conditions of intense oxi-
dative stress, as in full blown inflammatory reactions.
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Figure S1 Effects of flavonoids on viability of IEC18 cells.
IEC18 cells were cultured with nine different flavonoids
(50 mM) or the positive control for cell toxicity, anisomycin
(Anis), for 24 h and processed as described in Methods.
Results were expressed as percent-increase comparing with
vehicle-treated cells (mean � SEM). +P < 0.05 versus control.
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