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Objectives: Bile reflux contributes to oesophageal injury and neoplasia. COX-2 is involved in both
inflammation and carcinogenesis; however, the precise mechanisms by which bile acids promote COX-2
expression in the oesophagus are largely unknown. We analysed the molecular mechanisms that govern bile
acid-mediated expression of COX-2 in Barrett’s oesophagus and oesophageal adenocarcinoma (OA).
Design: The effects of bile acids on COX-2 expression were analysed in immortalised Barrett’s oesophagus
and OA cells using immunoblotting and transient transfections. Pharmacological inhibitors, phospho-specific
antibodies, dominant-negative mutants and siRNA techniques were used to identify relevant signalling
pathways. Flow cytometry and reactive oxygen species (ROS) scavengers were used to examine ROS
involvement. Immunohistochemistry was performed on oesophageal mucosa obtained from an established rat
model of bile reflux.
Results: Unconjugated bile acids potently stimulated COX-2 expression and induced AKT and ERK1/2
phosphorylation in concert with COX-2 induction. These findings were mimicked in the in vivo rat model.
Dominant-negative (DN) AKT and LY294002 (PI3K inhibitor) or U0126 (MEK-1/2 inhibitor) blocked
chenodeoxycholic acid (CD) and deoxycholic acid (DC) mediated COX-2 induction. CD and DC also induced
CREB phosphorylation and AP-1 activity. CREB-specific siRNA and DN AP-1 blocked CD and DC-induced
COX-2 induction. Finally, CD and DC increased intracellular ROS, while ROS scavengers blocked COX-2
induction and the signalling pathways involved.
Conclusions: Unconjugated bile acids induce CREB and AP-1-dependent COX-2 expression in Barrett’s
oesophagus and OA through ROS-mediated activation of PI3K/AKT and ERK1/2. This study enhances our
understanding of the molecular mechanisms by which bile acids promote the development of oesophageal
adenocarcinoma.

A
bundant epidemiological evidence links duodenogastro-
oesophageal reflux with the development of Barrett’s
oesophagus and oesophageal adenocarcinoma (OA).1–3

Chronic exposure to both acid and bile in gastrooesophageal
refluxate promotes damage and inflammation in the oesopha-
geal epithelium. A number of studies have examined the
cellular mechanisms by which acid promotes neoplastic
transformation.4–6 Recent evidence suggests that bile acids,
major constituents of the duodenogastrooesophageal reflux,
can also promote the development of Barrett’s oesophagus and
OA. Bile reflux is particularly common in individuals with
gastrooesophageal reflux disease who subsequently develop
Barrett’s oesophagus.7 8 Barrett’s oesophagus also develops in
patients who have undergone partial or total gastrectomy:
situations in which bile reflux is common.9 Development of
Barrett’s oesophagus and subsequently OA occurs in a rat
model that uses oesophagojejunostomy to bypass exposure to
acid reflux from the stomach.10 In this model, enterooesopha-
geal reflux produces OA in 48% of rats in the absence of
exposure to exogenous carcinogens.11 The precise mechanisms
by which duodenal reflux cause oesophageal injury and
predisposes to OA are uncertain. There is considerable evidence,
however, that bile acids contribute to this process. Bile acids
can be both potent tumour promoters and carcinogens that
mediate activator protein (AP)-1 activation through extracel-
lular signal-regulated kinase (ERK)1/2 and protein kinase C
(PKC) dependent signalling pathways,12–14 and induce genetic
instability through DNA damage.15–18

A large body of knowledge has accumulated regarding the
molecular alterations associated with bile reflux in the
oesophagus. Experimental evidence suggests that cyclooxygen-
ase-2 (COX-2) is involved in the development of Barrett’s
oesophagus and OA. COX-2 is frequently overexpressed in OA
cells and tissues.19 20 COX-2 expression also increases progres-
sively in the evolution from Barrett’s oesophagus to low-grade
and high-grade dysplasia and to OA.21 Several studies have
demonstrated that bile acids increase COX-2 expression in
human Barrett’s oesophagus and OA tissues and in a preclinical
model of enterooesophageal reflux.2 22–24 Bile acid-mediated
induction of COX-2 has been reported to be blocked by
inhibitors of PKC activity;23 however, the precise mechanisms
by which bile acids enhance COX-2 expression are largely
unknown. It is also unclear which bile acids in the refluxate
contribute to COX-2 induction. The present study was designed
to investigate the detailed molecular mechanisms by which bile
acids regulate COX-2 expression in the oesophagus.

Abbreviations: AP-1, activator protein-1; CD, chenodeoxycholic acid;
CRE, cyclin AMP response element; CREB, CRE binding protein; COX-2,
cyclooxygenase 2; DC, deoxycholic acid; ERK, extracellular signal-
regulated kinase; DCHF, 2,7-dichlorohydrofluorescein diacetate; GCA,
glycocholic acid; GCDC, glycochenodeoxycholic acid; MEK-1/2, mitogen
and extracellular signal-regulated kinase kinase; NAC, N-acetyl-L-cysteine;
PI3K, phosphatidylinositol 3-kinase; OA, oesophageal adenocarcinoma;
PKC, protein kinase C; ROS, reactive oxygen species; TCDC,
taurochenodeoxycholic acid; TCA, taurocholic acid; TDC,
taurodeoxycholic acid
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Bile acids are known to increase intracellular reactive oxygen
species (ROS). The cellular effects triggered by bile acids,
including cell proliferation, apoptosis and gene regulation,
depend on the production of ROS.25–27 In rat hepatocytes, bile
acids deoxycholic acid (DC) and taurochenodeoxycholic acid
(TCDC) increase ROS production, activate receptor tyrosine
kinases and stimulate signalling through ERK1/2 and AKT
pathways.28 Bile acid-mediated COX-2 induction through ROS
production in the oesophagus has not been reported.

CREB is a 43 kD basic leucine-zipper transcription factor that
regulates gene expression through the cAMP-dependent or
independent signal transduction pathways.29 30 CREB binds to a
cAMP response element (CRE) consensus sequence in the
promoters of target genes. Indirect evidence in the literature
suggest that, in addition to AP-1, CREB is an important
transcription factor that regulates COX-2 expression.16 23 The 59-
flanking promoter region of COX-2 contains a CRE element31 32

and CREB mediates COX-2 transcriptional regulation by
proteasome inhibitors33 and clostridium difficile toxin A.34

In this study, we demonstrate that unconjugated dihydroxy
bile acids, chenodeoxycholic acid (CD) and DC are potent
stimulators of COX-2 induction in Barrett’s oesophagus and OA
cells, and that these bile acids induce CREB and AP-1
dependent COX-2 expression through ROS mediated activation
of PI3K/AKT and ERK1/2 pathways.

MATERIALS AND METHODS
Materials
Dulbecco’s modified Eagle medium (DMEM) and fetal bovine
serum (FBS) (Life Technologies, Inc, New York, USA);
LY294002 and U0126 (Calbiochem, San Diego, CA, USA);
conjugated and unconjugated bile acids, 2,7-dichlorodihydro-
fluorescein diacetate (DCHF-DA); N-acetyl-L-cysteine (NAC)
and sodium formate (Sigma, St Louis, USA); ECL-chemilumi-
nescence reagents for western blots (Amersham-Pharmacia,
New Jersey, USA); total and phosphorylated ERK1/2 anti-
bodies, total and phosphorylated AKT antibodies, and phos-
phorylated CREB antibody (Cell Signaling Technology, Beverly,
USA); COX-2 monoclonal antibody (Cayman Chemical, Ann
Arbor, USA) and c-Jun/AP-1 antibody (Santa Cruz
Biotechnology, Inc, Santa Cruz, USA).

Cell culture
Human OA cell lines SEG-1 and SKGT-4, derived from well-
differentiated adenocarcinomas arising in Barrett’s oesophagus
of the distal oesophagus35 were maintained in DMEM
supplemented with 10% FBS, 100 units/ml penicillin and
100 ml/ml streptomycin at 37 C̊ in a humidified atmosphere of
95% air and 5% CO2. The h-TERT-immortalised BE cell line CP-
A (a gift from Dr Peter Rabinovich, Fred Hutchinson Cancer
Center, Seattle, USA) was grown in MCDB-153 medium
supplemented with 5% fetal calf serum, 20 ng/ml epidermal
growth factor (Gibco, New York, USA), 140 mg/ml bovine
pituitary extract (Sigma, St Louis, USA), 5 mg/ml insulin, 5 mg/
ml transferring and 5 ng/ml selenium (Sigma) as described
previously.36 37 Treatments with vehicle (0.1% ethanol) or bile
acids were performed for 16 hours in reduced serum conditions
(0.5% FBS).23 38–40 Previous studies have demonstrated max-
imum stimulation of COX-2 protein expression by bile acids in
cultured SKGT-4 cells at 12–24 h without affecting cell
viability.23 Cellular cytotoxicity was assessed by cell number
measurements, trypan blue exclusion analysis and the MTT
assay (Promega, Madison, USA). For trypan blue analysis,
following treatment with bile acids for 16 h, cells were mixed
1:1 with 0.4% trypan blue and examined for dye exclusion.

Protein isolation and immunoblot analysis
Cells were lysed in buffer containing 30 mM Tris-HCl (pH 6.8),
150 mM NaCl, 2 mM EDTA, 100 mM NaF, 10 mM sodium
pyrophosphate, 2 mM orthovanadate, 1% Triton X-100, 1% NP-
40, 0.2 mM phenylmethylsulfonyl fluoride and one mini tablet
protease inhibitor cocktail (Roche Diagnostics Corp,
Indianapolis, USA). Equal amounts of protein were subjected
to electrophoresis on 10% Tris-glycine gels. Western analyses
were performed as previously described,36 and immunoreactive
bands were visualised by chemiluminescence detection. The
relative intensities of non-saturated signals were quantified by
densitometry using a digital imaging system (Alpha Innotech,
San Leandro, California, USA).

Plasmids, transient transfection and luciferase reporter
assays
The COX-2 promoter construct (21432/+59) has been pre-
viously described.41 Dominant-negative AP-1 (blunted
TAM67)42 and the AP-1 promoter-luciferase reporter43 were
provided by S A Reddy and J Kurie (MD Anderson Cancer
Center, Houston, USA). The cDNA plasmid for dominant-
negative mutant of AKT (AKT AAA) was provided by D Koul
(UT MD Anderson Cancer Center, Houston, USA).44 Plasmids
were prepared using the Genopure Plasmid Midi Kit (Roche,
Indianapolis, USA). Beta-galactosidase expression vector
pCH110 (Amersham-Pharmacia, Arlington Heights, USA) was
used to normalise transfection efficiency.

For transient transfection, cells were seeded at 86105 cells
per well in six-well plates. After overnight culture, cells were
transfected with 1 mg of COX-2 or AP-1-luciferase reporter
plasmid and 0.2 mg of pCH110 mixed with 3 ml of FuGENE-6
(Roche Diagnostics Corp, Indianapolis, USA) per manufac-
turer’s protocol. Cells were cultured for an additional 24 h and
harvested for luciferase activity (measurement in relative light
units normalised to beta-galactosidase), with a TD-20/20
luminometer (Turner Designs, Sunnyvale, USA) using the
Promega luciferase assay system (Promega Corp, Madison,
USA). Values shown represent the mean and standard
deviation of at least three independent experiments.

Measurement of ROS generation
A 2,7-dichlorodihydrofluorescein diacetate (DCHF-DA) is a
non-polar compound that enters the cell and is cleaved to form
DCHF. Trapped DCHF is oxidized by oxygen free radicals to
produce fluorescent DCF.34 45 26105 cells were seeded on six-
well plates 24 h prior to the experiment. A total of 200 mM
unconjugated bile acids (CD and DC) or conjugated bile acids
(taurocholic (TCA) and glycochenodeoxycholic acid (GCDC))
were added to the cell culture medium for 16 h. Cells were
washed three times with cold PBS and incubated with 10 mM
DCHF-DA in serum-free phenol red-reduced DMEM at 37 C̊ for
30 min. Cells were then washed with cold PBS three times and
scraped from the dishes in 1 ml of cold PBS. The fluorescence
intensity of the DCF-labelled cells was measured by a FACScan
flow cytometer (Becton Dickson, San Jose, USA). The mean
fluorescent intensity values were calculated using a four-decade
logarithmic scale by the CellQuest (Becton Dickson) software
and, for each sample, 16104 cells were analysed using the green
fluorescene emission parameter.

Small interfering RNA (siRNA) synthesis and
transfection
Complementary hairpin siRNA oligonucleotides targeting CREB
exon 2 and 3 (NM-004379) and a 19 bp scrambled sequence
with 39-dT overhangs (negative control for siRNA) were
synthesised by Ambion (Austin, Texas, USA). CREB-siRNA
transfections were performed by siPORTTM NeoFXTM (Ambion)
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Figure 1 Unconjugated but not conjugated
bile acids potently induce cyclooxygenase
(COX)-2 expression in oesophageal
adenocarcinoma cells. (A) SEG-1 and SKGT-
4 cells were treated with 200 mM of
conjugated (GCA, TCA, TDC, GCDC and
TCDC) and unconjugated (CD and DC) bile
acids for 16–24 h. Immunoblots were
performed to analyse COX-2 expression as
described in Materials and methods. (B)
SEG-1 and SKGT-4 cells were stimulated
with increasing concentrations of CD and DC
and immunoblots were performed as in (A).
(C) SEG-1 and SKGT-4 cells were
cotransfected with 1 mg of human COX-2
promoter plus 0.2 mg of pSV-b-gal and then
subsequently treated with 200 mM CD, DC or
vehicle (0.1% ethanol). Luciferase reporter
activities were measured after 16 h and
reported as described in Materials and
methods. *p,0.01, ** p,0.001 vs control.
CD, chenodeoxycholic acid; DC, deoxycholic
acid; GCA, glycocholic acid; GCDC,
glycochenodeoxycholic acid; luc, luciferase;
TCA, taurodeoxycholic acid; TDC,
taurodeoxycholic acid; TCDC,
taurochenodeoxycholic acid.

Figure 2 The PI3K/AKT pathway mediates cyclooxygenase (COX)-2 induction by CD and DC. (A) SEG-1 cells were treated with 200 mM of conjugated
(GCA, TCA, TDC, GCDC and TCDC) and unconjugated (CD & DC) bile acids for 16–24 h, and immunoblots were performed with phospho-AKT (S473) and
total AKT antibodies as described in Materials and methods. (B) SEG-1 cells were pre-incubated with LY294002, a PI3K-specific inhibitor, for 30 min before
stimulating with CD or DC for 16–24 h. COX-2-specific immunoblots were performed as described in Materials and methods. LY294002 blocked CD
(3.64¡0.89 fold reduction; p = 0.005) or DC (5.09¡1.0; p,0.02 fold reduction) mediated COX-2 expression. Results are based on three separate
experiments. (C) SEG-1 cells were cotransfected with 1 mg of human COX-2 promoter plus 0.2 mg of pSV-b-gal, then treated with LY294002 or vehicle, and
subsequently challenged with 200 mM CD, DC or vehicle (0.1% ethanol). Luciferase reporter activities were measured after 16 h and reported as described
in Materials and methods. *p,0.01 CD+LY vs CD, **p,0.001 DC+LY vs DC. (D) SEG-1 cells were cotransfected with 1 mg of human COX-2 promoter, 1 mg
of DN AKT (AAA) plus 0.2 mg of pSV-b-gal, and then challenged with 200 mM CD, DC or vehicle (0.1% ethanol). Luciferase reporter activities were
measured after 16 h and reported as described in Materials and methods. p,0.01 CD+AAA vs CD, **p,0.001 DC+AAA vs DC. CD, chenodeoxycholic
acid; DC, deoxycholic acid; GCA, glycocholic acid; GCDC, glycochenodeoxycholic acid; luc, luciferase; TCA, taurodeoxycholic acid; TDC,
taurodeoxycholic acid; TCDC, taurochenodeoxycholic acid.
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per manufacturer’s guidelines. After 24 h, cells were transfected
with COX-2 promoter constructs. Twenty four hours later, cells
were exposed to 200 mM bile acids. Transfected cells were
harvested for measurement of luciferase activity as described
above. Values shown represent the mean and standard
deviation of at least three independent experiments. To
ascertain the specificity of CREB siRNA in silencing CREB gene
expression, the cells were also transfected with scrambled
siRNA (negative control) and the samples were processed
identically as the above.

Rat model of Barrett’s oesophagus
Six-week-old male Sprague-Dawley rats (Harlan, Indianapolis,
USA) were housed under standard laboratory conditions and
allowed to acclimate for 2 weeks before surgical intervention.
General anaesthesia was induced by isoflurane (99.9%, 0.5 mL/
L volume), followed by maintenance anaesthesia using
intramuscular xylazine hydrochloride (12 mg/kg) and keta-
mine (75 mg/kg). Levrat’s oesophagojejunostomy technique
was used to induce enterooesophageal reflux as previously
described.46 The animal care committee (IACUC) at the Mayo
Clinic, Rochester, USA, approved this study.

Rats were euthanised using a combination of CO2 narcosis
and intramuscular injection of xylazine hydrochloride (12 mg/
kg). The site of anastomosis was identified by locating the
polypropylene sutures, freed of adhesions and dissected free of
surrounding tissue to the level of the laryngopharynx. The
oesophagus was then cut at the level of larynx and 2 mm above
the anastomosis site and opened longitudinally. After snap
freezing, a representative sample of the oesophagus was stored
at 270 C̊. The remaining oesophagus was fixed in 10% buffered
formalin for 24 h and then transferred to 80% ethanol. The
oesophagus was longitudinally divided into 6–8 well-oriented
tissue slices, each representing the entire length and full depth
of the oesophagus but (1 mm wide. These slices were
processed and fixed in paraffin to maintain tissue orientation
for histopathological analysis.

Histopathological analysis and immunohistochemistry
Histopathological analysis was carried out on tissue sectioned
into 6 mm slices and stained with haematoxylin and eosin.
Diagnosis of BE was determined by the presence of columnar
metaplasia, including intestinal-type goblet cells, and con-
firmed on mucin characteristics, periodic acid-Schiff and alcian

Figure 3 Cyclooxygenase (COX)-2 induction is also mediated by ERK1/2. (A) SEG-1 cells were treated with 200 mM of conjugated (GCA, TCA, TDC,
GCDC and TCDC) and unconjugated bile acids (CD and DC) for 16–24 h, and immunoblots were performed with phospho-ERK1/2 and beta-actin
antibodies as described in Materials and methods. (B) SEG-1 cells were stimulated with increasing concentrations of CD and DC and immunoblots for
phospho-ERK1/2 were performed as in (A). (C) SEG-1 cells were pre-incubated with MEK1/2 specific inhibitor U0126 for 30 min before stimulating with
CD or DC for 16–24 h. COX-2 specific immunoblots were performed as described in Materials and methods. U0126 almost completely blocked CD
(p,0.005) or DC (p,0.001) induced COX-2 expression. p Values are based on data from three separate experiments. (D) SEG-1 cells were cotransfected
with 1 mg of human COX-2 promoter plus 0.2 mg of pSV-b-gal, then treated with U0126 or vehicle, and subsequently challenged with 200 mM CD or
vehicle (0.1% ethanol). Luciferase reporter activities were measured after 16 h and reported as described in Materials and methods. (E) SEG-1 cells were
cotransfected with 1 mg of human COX-2 promoter plus 0.2 mg of pSV-b-gal, then treated with U0126 or vehicle, and subsequently challenged with
200 mM DC or vehicle (0.1% ethanol). Luciferase reporter activities were measured after 16 h and reported as described in Materials and methods.
*p,0.01 vs control, **p,0.001 vs CD or DC alone. CD, chenodeoxycholic acid; DC, deoxycholic acid; GCA, glycocholic acid; GCDC,
glycochenodeoxycholic acid; luc, luciferase; TCA, taurodeoxycholic acid; TDC, taurodeoxycholic acid; TCDC, taurochenodeoxycholic acid.
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blue (pH 2.5) staining. Immunohistochemistry was performed
on formalin-fixed paraffin-embedded sections (6 mm) with
antibodies against COX-2 (polyclonal antibody; dilution 1:200;
Cayman Chemical, Ann Arbor, USA), phospho-AKT (rabbit
monoclonal antibody; dilution 1:50; Cell Signaling Technology,
Boston, USA) and phospho-CREB (rabbit monoclonal antibody;
dilution 1:40; Cell Signaling) after retrieval of antigens using
10 mM sodium citrate buffer as previously described.47

Statistical analysis
Promoter assays are presented in figures as mean ¡ SD, and
represent the results of at least three experiments. Fold
reduction in COX-2 and p-CREB proteins by specific inhibitors
represents the mean values ¡ SDs of three separate experi-
ments. Significance of differences between groups was judged
using a 2-tailed Student t test. Results were considered
statistically significant if the p value was less than 0.05.

Figure 4 CREB downstream of PI3K/AKT and ERK1/2 mediates cyclooxygebase (COX)-2 induction by unconjugated bile acids. (A) SEG-1 cells were
treated with 200 mM of conjugated (GCA, TCA, TDC, GCDC and TCDC) and unconjugated bile acids (CD and DC) for 16–24 h, and immunoblots were
performed with phospho-CREB (S133), COX-2 and beta-actin antibodies as described in Materials and methods. (B) SEG-1 cells were stimulated with
increasing concentrations of CD and DC, and immunoblots for phospho-CREB (S133), COX-2 and beta-actin were performed as in (A). (C) SEG-1 cells were
pre-incubated with PI3K specific inhibitor LY294002 for 30 min (left panel) and MEK-1/2 specific inhibitor U0126 for 30 min (right panel) before
stimulating with DC for 16–24 h. Immunoblots for phospho-CREB (S133) and beta-actin were performed as described in Materials and methods. DC-
induced CREB S133 phosphorylation was blocked by both inhibitors (2.71¡0.40 fold by LY294002, p,0.005; 3.84¡0.90 fold by UO126, p,0.001).
Data are based on the results of three separate experiments. (D) SEG-1 cells were initially transfected with either CREB specific siRNA or scrambled siRNA by
siPORTTM NeoFXTM and 24 h later cotransfected with 1 mg of human COX-2 promoter plus 0.2 mg of pSV-b-gal. The transfected cells were subsequently
challenged with 200 mM DC or vehicle (0.1% ethanol). Luciferase reporter activities were measured after 16 h and reported as described in Materials and
methods. (inset) SEG-1 cells transfected with scrambled siRNA and with CREB-specific siRNA and treated with DC were lysed and immunoblots for COX-2
and CREB were performed as described in Materials and methods. Data represent the mean ¡ SD of three experiments. *p,0.05 vs control. CD,
chenodeoxycholic acid; DC, deoxycholic acid; GCA, glycocholic acid; GCDC, glycochenodeoxycholic acid; luc, luciferase; TCA, taurodeoxycholic acid;
TDC, taurodeoxycholic acid; TCDC, taurochenodeoxycholic acid.

Figure 5 AP-1 mediates cyclooxygenase
(COX)-2 induction by CD and DC. (A) SEG-1
cells were treated with 200 mM of CD and
DC for 16–24 h, and immunoblots were
performed with c-Jun/AP-1, COX-2, and
beta-actin antibodies as described in
Materials and methods. (B) SEG-1 cells were
stimulated with increasing concentrations of
DC and immunoblots were performed with c-
Jun/AP-1, COX-2, and beta-actin antibodies
as in (A). (C) SEG-1 cells were cotransfected
with 1 mg of human AP-1 promoter plus
0.2 mg of pSV-b-gal, and then stimulated
with 200 mM CD or DC or vehicle (0.1%
ethanol). Luciferase reporter activities were
measured after 16 h and reported as
described in Materials and methods. (D)
SEG-1 cells were cotransfected with 1 mg DN
AP-1 (TAM67) or vector control plus1 mg of
human COX-2 promoter + 0.2 mg of pSV-b-
gal, and then stimulated with 200 mM CD or
DC or vehicle (0.1% ethanol). Luciferase
reporter activities were measured after 16 h
and reported as described in Materials and
methods. p,0.01 vs control, **p,0.005
CD+ApDN and DC+ApDN vs CD and DC
alone. CD, chenodeoxycholic acid; DC,
deoxycholic acid; luc, luciferase.
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RESULTS
Unconjugated dihydroxy bile acids induce COX-2
expression in EA cells
As both conjugated and unconjugated bile acids are present in
the gastrooesophageal refluxate, we sought to determine which
bile acids affect COX-2 expression. We exposed SEG-1 and
SKGT-4 EA cells to various bile acids and their conjugates in
vitro. Unconjugated dihydroxy bile acids CD and DC potently
induced COX-2 expression, whereas glyco-conjugated and
tauro-conjugated bile acids (GCA, TCA, TDC, GCDC and
TCDC) had no effect on expression of COX-2 (fig 1A). The
induction of COX-2 by CD and DC was dose-dependent (fig 1B).

In order to determine whether bile acid-mediated COX-2
induction occurs at the transcriptional level, transient transfec-
tions were performed in OA cells with human COX-2 promoter-
luciferase construct. Treatment with CD or DC for 16 h led to 2–
6-fold increase in COX-2 promoter activity in SEG-1 cells and
2–3-fold increase in SKGT-4 cells (fig 1C). Since COX-2
induction was highest in SEG-1 cells, further experiments
were performed using this cell system.

PI3K/AKT pathway mediates COX-2 induction by
unconjugated bile acids
Pharmacological and genetic approaches were next used to
evaluate the potential role of the PI3K/AKT signalling pathway
in mediating bile acids-induced COX-2 expression. In a pattern

similar to COX-2 induction, phosphorylation of AKT was potently
induced only by unconjugated bile acids but not by glyco-
conjugated or tauro-conjugated bile acids, whereas total AKT did
not change (fig 2A). LY294002, a PI3K specific inhibitor, blocked
CD (3.64¡0.89 fold reduction; p = 0.005) or DC (5.09¡1.0;
p,0.02 fold reduction) mediated COX-2 expression (fig 2B) and
COX-2 transcription (fig 2C). Co-expression of dominant-negative
mutant of AKT (AKT AAA) also completely blocked CD or DC
mediated COX-2 transcription (fig 2D).

ERK1/2 pathway also mediates COX-2 induction by
unconjugated bile acids
We next evaluated the role of ERK1/2 pathway in mediating
bile acids-induced COX-2 expression in SEG-1 cells. In parallel
with COX-2 induction, CD or DC strongly induced dose-
dependent ERK1/2 phosphorylation, while glyco-conjugated
and tauro-conjugated bile acids had no effect (fig 3A,B). U0126,
a MEK-1/2 inhibitor, almost completely blocked CD (p,0.005)
or DC (p,0.001) induced COX-2 expression (fig 3C) and COX-2
transcriptional activity (fig 3D).

Role of CREB in the induction of COX-2 by unconjugated
bile acids
Previous studies have demonstrated that the unconjugated bile
acid DC increases CREB DNA binding ability, which controls
hepatocyte survival.48 The human COX-2 promoter contains a

Figure 6 Reactive oxygen species (ROS)
mediates unconjugated bile acid induced
cyclooxygenase (COX-2) expression. (A)
SEG-1 cells were treated with 200 mM of
unconjugated (CD and DC) and conjugated
(TCA and GCDC) bile acids for 16–24 h. A
total of 10 mM DCHF-DA in serum-free
phenol red-reduced DMEM was then added
for 30 min. The mean fluorescence intensity
of the DCF-labelled cells was measured on a
FACScan flow cytometer with CellQuest
software as described in Materials and
methods. The green and purple plots
represent mean fluorescence intensity values
for treated (green) and untreated (purple)
cells, respectively. (B) SEG-1 cells were
preincubated with 1 mM and 10 mM NAC
and 1 mM SOF for 30 min. The cells were
then stimulated with DC or vehicle (0.1%
ethanol), lysates were prepared, and
immunoblots were preformed with COX-2
and beta-actin antibodies as described in
Materials and methods. (C) SEG-1 cells were
treated as in (B), lysates were prepared and
immunoblots were preformed with phospho-
ERK1/2, total ERK1/2, phospho-AKT
(S473), phospho-CREB (S133) and beta-
actin antibodies as described in Materials
and methods. (D) SEG-1 cells were
stimulated with increasing concentrations of
H2O2 and immunoblots were preformed with
COX-2 and beta-actin antibodies as
described in Materials and methods. CD,
chenodeoxycholic acid; DC, deoxycholic
acid; GCDC, glycochenodeoxycholic acid;
TCA, taurodeoxycholic acid.
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cyclic AMP response-element (CRE; CREB binding site), and
CREB is a known downstream target of the ERK1/2 and PI3K/
AKT pathways.31 32 49 50 To further determine the potential role
of CREB in mediating COX-2 induction by bile acids, we
investigated bile acid-mediated serine 133 (S133) phosphoryla-
tion of CREB, since phosphorylation of this site is essential for
CREB-mediated transcription. Treatment with CD or DC
potently increased dose-dependent CREB S133 phosphoryla-
tion, whereas conjugated bile acids had no effects on CREB
phosphorylation (fig 4A,B). Next, we determined whether
blocking PI3K and ERK1/2 pathways could abrogate bile acid-
induced COX-2 expression in SEG-1 cells. Using PI3K and
MEK-1/2 inhibitors, LY294002 and U0126, respectively, we
showed that DC-induced CREB S133 phosphorylation was
blocked (2.71¡0.40 fold by LY294002, p,0.005; 3.84¡0.90 fold
by UO126, p,0.001) (fig 4C). Our results suggest that CREB is a
transcriptional factor downstream of PI3K/AKT and ERK-1/2
involved in COX-2 induction by unconjugated bile acids.

Further, using CREB-specific siRNA, we showed that
specifically silencing CREB blocks COX-2 transcription, and
abrogates DC-induced COX-2 expression in SEG-1 cells (fig 4D).

Induction of COX-2 by unconjugated bile acids involves
AP-1 activation
Bile acids are known to activate c-Jun/AP-1 and stimulate its
DNA binding ability in SKGT4 adenocarcinoma cells.51 We
therefore examined whether bile acid-mediated activation of c-
Jun/AP-1 induced COX-2 expression in SEG-1 cells. In keeping
with previous findings, treatment with CD or DC strongly
increased c-Jun/AP-1 transcriptional activity and c-Jun/AP-1
expression in a dose-dependent manner in parallel with COX-2
induction (fig 5A,B,C). Transfection of the DN AP-1 expression
vector TAM67 potently reduced CD or DC-induced COX-2
transcriptional activity (fig 5D). Thus, our results further
suggest that c-Jun/AP-1, in addition to CREB, promotes CD or
DC-mediated COX-2 expression.

Figure 7 Induction of COX-2 in
immortalised Barrett’s oesophagus (Barrett’s
oesophagus) cells (CP-A) and expression of
COX-2 in a rat model of Barrett’s
oesophagus and OA. (A) CP-A cells were
treated with 200 mM of CD or GCDC for 16–
24 h, and immunoblots were performed with
COX-2, phospho-ERK1/2, phospho-AKT
(S473), phospho-CREB (S133) and beta-
actin antibodies as described in Materials
and methods. (B) Immunohistochemical
staining for COX-2, phospho-AKT (S473)
and phospho-CREB (S133) in tissues derived
from a rat model of bile reflux-induced
Barrett’s oesophagus (left panel: 46
magnification; middle panel: 206
magnification) and oesophageal
adenocarcinoma (right panel: 206
magnification). BE, Barretts’s epithelium; Sq,
squamous epithelium.
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Role of ROS in the induction of COX-2 by bile acids
Previous studies have demonstrated that DC and TDC
stimulates ROS generation in hepatocytes, which is essential
for receptor tyrosine kinase activation and enhanced signalling
through the ERK1/2 and AKT pathways.28 Having established
that unconjugated bile acids CD and DC stimulate COX-2
expression through PI3K and ERK1/2 pathways, we investi-
gated whether ROS are involved upstream of these signalling
pathways. Using flow cytometry, we determined the effects of
exposure to different bile acids on intracellular ROS levels in
SEG-1 cells. Cells were treated with unconjugated or con-
jugated bile acids and ROS levels were measured using a
non-fluorescent dye, dichloroflurescent diacetate, which
becomes highly fluorescent upon oxidation by intracellular
ROS. ROS levels were significantly increased by CD or DC but not
by conjugated bile acids TCA and GCDC (fig 6A) in a pattern
similar to ERK1/2, AKT, CREB activation and induction of COX-2.

Pre-incubation of SEG-1 cells with N-acetyl cysteine (NAC),
a thiol reducing agent, and sodium formate (SOF), a hydroxyl
radical scavenger, prior to bile acids exposure markedly reduced
DC-mediated COX-2 expression (fig 6B) and transcriptional
activity (data not shown). Both agents also dramatically
blocked DC-induced ERK1/2, AKT and CREB phosphorylation
(fig 6C). In addition, exposure of SEG-1 cells to the strong
oxidant H2O2 showed increased expression of COX-2 (fig 6D),
further suggesting that oxidative stress plays a role in up-
regulation of COX-2 by unconjugated bile acids.

Induction of COX-2 in immortalised Barrett’s epithelial
cells
SEG-1 and SKGT-4 are useful cell-culture models for studying
tumour progression but results using such models may not be
directly applicable to non-transformed cells. CP-A is a h-TERT-
immortalised cell line derived from Barrett’s epithelium.36 37 We
therefore examined the effect of bile acids on COX-2 expression

in this cell model. In contrast to conjugated bile acid GCDC, the
unconjugated bile acid CD increased COX-2 expression and
phosphorylation of ERK1/2, AKT and CREB in CP-A cells
(fig 7A). This suggests that bile acids activate CREB-dependent
COX-2 expression through ERK1/2 and AKT signalling path-
ways even in the early stages of neoplastic progression
associated with Barrett’s oesophagus.

Expression of COX-2 and activated AKT and CREB in an
established rat model of Barrett’s oesophagus
We next examined the effects of bile acids on COX-2 expression
in the distal oesophagus using an in vivo model of bile reflux.46

In this model, bile reflux is surgically induced in rats and
produces morphological changes in the oesophageal epithelium
consistent with Barrett’s oesophagus and OA.46 COX-2,
phospho-AKT and phospho-CREB were induced in the Barrett’s
epithelium and oesophageal adenocarcinomas formed in the
distal oesophagus during bile-reflux, but were not present in the
adjacent normal squamous epithelium (fig 8B)— results similar
to those found in the cell-culture systems used in this study.

DISCUSSION
Chronic gastrooesophageal reflux results in Barrett’s oesopha-
gus, and the evolution to OA involves a step-wise progression
through dysplasia to invasive carcinoma.52 Population-based
studies show a causal relationship between chronic sympto-
matic gastrooesophageal reflux and OA in western popula-
tions.53 54 Chronic exposure of both acid and bile in the
gastrooesophageal refluxate promotes damage and inflamma-
tion in the oesophageal epithelium. Bile acids are major
constituents of the gastrooesophageal refluxate, and have been
associated with the development of Barrett’s oesophagus and
OA.7–11 We investigated the mechanisms by which bile acids
stimulate expression of COX-2—a pro-inflammatory marker
involved in the neoplastic process. Bile acids strongly induce

Figure 8 Proposed model of COX-2 induction by unconjugated bile acids in oesophageal neoplasia. (A) Summary of effects (Western analysis) of
unconjugated bile acids on signalling pathways in transformed oesophageal epithelial cells (SEG-1). (B) Proposed model of pathways by which
unconjugated bile acids induce COX-2 expression based on current data. Unconjugated bile acids generate ROS production, which activate PI3K/AKT and
ERK1/2 signalling pathways leading to AP-1 and CREB dependent COX-2 induction. The pharmacological inhibitors (LY294002 and U0126) and genetic
approaches (DN AKT, DN Ap-1 and CREB-siRNA) used to dissect these pathways are depicted here. Previous data23 and data from our laboratory
(Supplemental fig 1) indicate that COX-2 induction may be blocked by inhibitors of PKC. PKC plays a role in the bile-acid-induced generation of ROS in
colonic epithelial cells (ie acts upstream of ROS), but the precise role of PKC in COX-2-induction in oesophageal epithelial cells remains to be elucidated.
Crosstalk between PI3K and ERK1/2 is based on supplemental data not presented in the main manuscript but available as Supplemental fig 2.
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COX-2 either by transcriptional or post-transcriptional mechan-
isms in multiple gastrointestinal tract cancers, including
cancers of the colon, pancreas, stomach, liver, oesophagus
and bile ducts.23 39 40 55–59 COX-2 is significantly upregulated in
the oesophageal mucosa of a rat model of duodenooesophageal
reflux,60 further suggesting a role of bile acids in the neoplastic
progression to OA. In this study, we have demonstrated that
the unconjugated bile acids CD and DC strongly induce COX-2
expression in immortalised Barrett’s oesophagus and OA cells.
In contrast, glycol-conjugated and tauro-conjugated bile acids
did not induce COX-2 expression in these cells. Induction of
COX-2 following exposure to unconjugated bile acids involved
ROS-mediated activation of PI3K/AKT and ERK-1/2 and their
downstream effectors, CREB and AP-1.

A salient feature of our study is that the unconjugated
dihydroxy bile acids CD or DC, but not the conjugated bile
acids, dramatically increased intracellular ROS levels, subse-
quently leading to COX-2 induction in EA cells. It is known that
induction of ROS formation plays a pivotal role in bile acid-
mediated colonic epithelial cell proliferation,25–27 where bile
acids induce ROS through activation of protein kinase C.25 26

However, little is known about the function of the bile acids in
mediating ROS formation in the oesophageal mucosa. The ROS
scavengers, NAC and SOF, markedly blocked bile acid-induced
COX-2 expression in OA cells. Using genetic (DN AKT) and
pharmacological (LY294002 and U0126) approaches, we further
demonstrated that unconjugated bile acids induce ROS forma-
tion thereby stimulating COX-2 induction in immortalised
Barrett’s oesophagus and OA cells through the PI3K/AKT and
ERK-1/2 signalling pathways.

The human COX-2 promoter contains sites for the CRE, AP-1,
AP-2, NF-IL6, PEA, Sp-1, GATA-1 and NF-kB, and the AP-1 site is
located in the first intron of COX-2 gene.31 32 61 AP-1 is a known
transcription factor in the ERK1/2 pathway involved in bile acid-
mediated gene expression in squamous epithelial cells. We have
demonstrated that unconjugated bile acids increase c-Jun/AP-1
expression and AP-1-dependent COX-2 transcription in OA cells,
and that this is completely blocked by DN AP-1 (TAM67). CD and
DC also induced phosphorylation of CREB at serine 133, which is
essential for CREB-mediated transcription. Silencing of CREB by
specific siRNA decreased COX-2 transcription and bile acid-
mediated COX-2 expression in EA cells. Furthermore, the ROS
scavengers NAC and SOF markedly reduced bile acid-mediated
AKT, ERK1/2 and CREB phosphorylation. These results suggest a
mechanism by which bile acids induce CREB and AP-1 dependent
COX-2 expression through ROS mediated activation of PI3K/AKT
and ERK1/2 signalling pathways (fig 8).

We further validated our in vitro data using an in vivo rat
model of bile reflux, Barrett’s oesophagus and oesophageal
adenocarcinoma. Using this model, we demonstrated expres-
sion of COX-2, phospho-AKT and phospho-CREB in bile-reflux
induced Barrett’s mucosa. Prior studies in this rat model
demonstrated a strong correlation between COX-2 expression
and development of OA.46

In conclusion, our results indicate that the unconjugated bile
acids CD or DC potently upregulate ROS production in the
oesophagus, leading to activation of the PI3K and ERK1/2
signalling pathways, and subsequently CREB and AP-1
dependent COX-2 expression. A detailed understanding of the
mechanisms by which bile acids induce COX-2 may facilitate
the development of chemopreventive strategies to diminish the
risk of carcinogenesis within regions of the gastrointestinal
tract exposed to bile acids.
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