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Celecoxib decreases expression of the adhesion
molecules ICAM-1 and VCAM-1 in a colon cancer
cell line (HT29)

M Gallicchio, AC Rosa, C Dianzani, L Brucato, E Benetti, M Collino and R Fantozzi

Department of Anatomy, Pharmacology and Forensic Medicine, University of Turin, Torino, Italy

Background and purpose: We investigated the ability of celecoxib, a selective cyclooxygenase-2 (COX-2) inhibitor, to
modulate expression of ICAM-1 and VCAM-1 in the colon cancer cell line HT29.
Experimental approach: We analysed the effect of celecoxib on ICAM-1 and VCAM-1 protein and mRNA expression in HT29
cells. Experiments were performed in the presence of mitogen-activated protein kinases (MAPK) inhibitors to evaluate the
involvement of these kinases in this phenomenon. We evaluated adhesion of HT29 cells to FCS-coated plastic wells in the
presence of celecoxib or MAPK inhibitors. Furthermore, we studied the effect of celecoxib on apoptosis.
Key results: Celecoxib down-regulated ICAM-1 and VCAM-1 expression in HT29 cells in a time- and dose-dependent way.
Celecoxib reduced activation of p38 and p55 c-Jun terminal NH2 kinase (JNK) MAPKs, but did not affect p46 JNK or p42/44
MAPK phosphorylation. Pretreatment with SB202190 or SP600125, specific inhibitors of p38 and JNK MAPKs, respectively,
reduced ICAM-1 and VCAM-1 expression in HT29 cells dose-dependently. Adhesion of HT29 cells to FCS-coated plastic wells
was inhibited dose-dependently by celecoxib, and also by SB202190 and SP600125. Celecoxib showed a pro-apoptotic effect,
inducing Bax and BID but down-regulating Bcl-2.
Conclusions and implications: Our findings show that celecoxib caused down-regulation of ICAM-1 and VCAM-1, affecting
the adhesive properties of HT29 cells in a COX-2 independent way, inhibiting p38 and p55 MAPKs and activating a pro-
apoptotic pathway.
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Introduction

Cyclooxygenase-2 (COX-2) is an enzyme that regulates

prostaglandin synthesis; it is overexpressed at sites of

inflammation and in several epithelial cancers, such as

colon and breast cancer (Eberhart et al., 1994; Hwang et al.,

1998). COX-2 is involved in resistance to apoptosis (Tsujii

and DuBois, 1995), in angiogenesis (Tsujii et al., 1998) and in

tumour-cell invasiveness (Tsujii et al., 1997; Kakiuchi et al.,

2002), suggesting that it may play a role in tumour initiation

and promotion.

Epidemiological studies have demonstrated a correlation

between the use of non-steroidal anti-inflammatory drugs

and a reduced development and growth of malignancies

(Giovannucci et al., 1995). Non-steroidal anti-inflammatory

drugs are chemopreventive against colorectal cancer, in part

through their inhibitory effects on COX-2. The selective

COX-2 inhibitors developed in recent years have in some

cases been found to be effective in the prevention of

colorectal cancer (Arber et al., 2006).

Celecoxib is a selective COX-2 inhibitor (IC50¼0.04 mM;

Penning et al., 1997) with a chemical structure characterised

by a diarylheterocycle moiety and a sulphonamide group. It

was approved in 1999 by the FDA, and in 2001 by the EMEA,

for use as an adjunct to surgery and for further endoscopic

surveillance, with the aim of reducing the number of

adenomatous intestinal polyps in familial adenomatous

polyposis (FDA, 1999; EMEA, 2001). Treatment with celecoxib

had been shown to reduce the number of polyps, both in

patients and in an animal model of familial adenomatous

polyposis (Giovannucci et al., 1995; Oshima et al., 1996). The
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mechanisms of the cancer chemopreventive action of

celecoxib and other COX inhibitors are complex and not

clearly understood (Grosch et al., 2006). Inhibition of COX-2

certainly contributes to the chemopreventive effects of these

drugs, but it is also clear that they can work even in cells

with minimal COX-2 expression and that many of the

cell-growth-inhibitory responses they induce are COX-2

independent (Smith et al., 2000; Gately and Li, 2004).

A less-studied aspect is the ability of COX-2 inhibitors to

interfere with cellular adhesion machinery. Cell adhesion is a

pivotal mechanism for the growth and spread of metastases,

and specific adhesion molecules are required by tumour

cells to localise in different tissues. Intercellular adhesion

molecule-1 (ICAM-1) and vascular cell adhesion molecule-1

(VCAM-1) are members of the immunoglobulin superfamily

of proteins and are crucially involved not only in trafficking

of leucocytes through endothelial and epithelial barriers, but

also in metastasis formation and in the immune surveillance

of tumours (Neeson et al., 2003; Yamada et al., 2006). Human

epithelial cells are normally devoid of ICAM-1 and VCAM-1

expressions, but induction of such expressions has been

reported in response to pro-inflammatory cytokines such

as IFNg, IL-1b and IL-6 (Kaiserlian et al., 1991; Parkos et al.,

1996). Ligands for ICAM-1 and VCAM-1 are, respectively,

LFA-1 (aLb2 complex) and VLA-4 (a4b1 complex), which are

expressed on blood cells and microvascular endothelial cells

(Steward et al., 1995; ten Kate et al., 2004). The interaction

between ICAM-1 and VCAM-1 and their specific ligands

expressed on microvascular endothelial cells or on peripheral

blood cells could be involved in adhesion mechanisms that

facilitate adhesion of cancer cells to specific microvascular

endothelium, such as in the lung, and subsequently in the

formation of metastases.

HT29 cells are a colon cancer cell line widely utilised as

experimental models in colon cancer research. It is known

that HT29 cells normally express not only COX-2, but also

ICAM-1 and VCAM-1, and so this cell line may be a useful

model to study drug modulation of adhesion molecules. The

present study addressed the question of whether celecoxib

affects ICAM-1 and VCAM-1 expressions in the HT29 cell

line. The time- and dose-dependence of ICAM-1 and

VCAM-1 expressions on HT29 cells evoked by celecoxib were

investigated. The involvement of mitogen-activated protein

kinases (MAPKs) in adhesion molecule expression on HT29

cells was evaluated using selective inhibitors of these kinases.

The effects of celecoxib on apoptosis in HT29 cells were also

studied, evaluating its involvement in the expression of

some of the Bcl-2 family proteins such as Bcl-2, Bax and BID.

Methods

Cell culture

Cells of the human carcinoma cell line HT29 were grown

in culture dishes as a monolayer in RPMI 1640 medium

supplemented with 10% heat-inactivated fetal calf serum

(FCS) (vol/vol), 100 U ml�1 penicillin and 100mg ml�1 strepto-

mycin and maintained at 37 1C in 5% CO2-humidified

atmosphere. Cells were subcultured following enzymatic

digestion using trypsin/EDTA solution.

Cell incubation

The incubation medium was composed of RPMI 1640

supplemented with 2% heat-inactivated FCS (vol/vol),

100 U ml�1 penicillin and 100mg ml�1 streptomycin. In

time-course experiments, HT29 cells (3�105 cells per well)

were treated with suitable stimuli from time 0 to 4 or 8 h and

the cells were processed at 30 min and then every hour for

mRNA or protein extraction, respectively. In dose–response

experiments, HT29 cells were treated with 0.001–10 mM

celecoxib or rofecoxib for 4 h. Cells were pre-incubated for

30 min with the irreversible inhibitor SB202190 for p38

MAPK and washed twice or pre-incubated with the reversible

p46/55 inhibitor SP600125 and without washing incubated

with celecoxib or rofecoxib in time course (10 mM ) or dose–

response (0.001–10 mM) experiments. In refilling experi-

ments, HT29 cells were treated with 10 mM celecoxib and

every 2 h they were washed twice. Celecoxib was then re-

added 2 hourly up to 8 h. Following the appropriate treat-

ments, cells were lysed for western blot analysis.

Protein extraction and western blot

HT29 cells were lysed with ice-cold lysis buffer (20 mM

Tris-HCl, pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton X-100,

1% sodium deoxycholate, 5 mM EDTA, 1 ml ml�1 protease

inhibitors, 0.1 mM ZnCl2 and 1 mM phenylmethylsulphonyl

fluoride) or sucrose buffer (220 mM mannitol, 70 mM sucrose,

50 mM HEPES-KOH (pH 7.2), 10 mM KCl, 5 mM EGTA, 2 mM

MgCl2 and 1 ml ml�1 protease inhibitor mixture) to obtain,

respectively, total or subcellular fractionation. Protein

concentrations were determined using a BCA protein assay

following the manufacturer’s directions. HT29 cell lysate

samples containing 50 mg of protein underwent SDS-PAGE

using an 8 or 15% gel. Proteins were transferred to a

polyvinyldenedifluoride membrane and then incubated with

SuperBlock blocking buffer. Membranes were probed with

primary antibodies diluted in PBS containing 0.1% Tween-20

(PBS-T) raised against ICAM-1 or VCAM-1 (both 1:200, 2 h

room temperature); phospho-p38, phospho-p42/44 or

phospho-p46/55 (all three 1:2000, overnight at 4 1C); Bax,

BID or Bcl-2 (all three 1:200, 1 h room temperature). The

appropriate secondary antibodies used were diluted 1:10 000

in PBS-T and incubated for 30 min at room temperature. To

confirm the homogeneity of cytosolic or mitochondrial

proteins loaded, the membranes were stripped and incu-

bated, respectively, with b-actin (1:5000) or COX 4 (cyto-

chrome c oxidase subunit IV; 1:1000) monoclonal antibodies

and subsequently with secondary antibodies for 30 min at

room temperature. The membranes were covered with

Western Lightning Chemiluminescence Reagent Plus and

then exposed to Hyperfilm ECL film. Protein bands were

quantified using the Gel Pro.Analyser 4.5, 2000 software.

RNA extraction and reverse transcription

Total RNA was isolated from HT29 cells with the NucleoSpin

RNA II kit, following the manufacturer’s directions as

described in the instructions included in the kit. About

1 mg of total RNA was reverse-transcribed into cDNA in a

total volume of 20 ml using the RevertAid H Minus M-MuLV
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Reverse Strand cDNA Synthesis kit using 0.5 mg of oligo(dT)18

primers.

About 3–5 ml of reverse transcription-PCR reactions was

subjected to 35 cycles of PCR for amplification of VCAM-1,

ICAM-1 or b-actin. PCR was performed in a 50 ml reaction

volume containing 1 mM primers, 200 mM of each dNTPs and

1.25 U of Taq DNA polymerase. After denaturing at 94 1C for

5 min, cDNA was subjected to 35 cycles of PCR amplification,

performed using a Tpersonal 48 Whatman Biometra thermal

cycler. PCR conditions were 95 1C for 30 s, 60 1C for 30 s and

72 1C for 45 s for VCAM-1 amplification; 94 1C for 30 s, 62 1C

for 30 s and 72 1C for 2 min for ICAM-1 amplification; and

95 1C for 45 s, 60 1C for 45 s and 72 1C for 90 s for b-actin

amplification, with a final extension of 70 1C for 10 min.

Positive- and negative-strand PCR primers used were as

follows: VCAM-1—forward primer, 50-TCCGTCTCATTGACT

TGCAG-30; reverse primer, 50-TTCCAGGGACTTCC TGTCT

G-30 (399 bp fragment); ICAM-1—forward primer, 50-GCAAG

CTCCCAGTGAAATGCAAAC-30; reverse primer, 50-TGTCTAC

TGACCCCAACCCTTGATG-30 (498 bp fragment); b-actin—

forward primer, 50-TGACGGGGTCACCCACACTGTGCCCAT

CTA-30; reverse primer, 50-CTAGAAGCATTTGCGGTGGACG

ATGGAGGG-30 (660 bp fragment). The PCR products were

separated by gel electrophoresis, stained with ethidium

bromide and visualised and photographed (Digital camera

Canon Power Shot G6) under UV transillumination (Vilber

Lourmat). Amplicon size was verified by comparison with a

DNA mass ladder.

Fluorescent labelling of HT29 cells

Commercial fluorescent cell linker kit PKH67 was used for

membrane labelling of HT29 cells, following the manufac-

turer’s directions as described in the kit. The staining

efficiency was monitored by fluorescent microscopy.

Adhesion assay

HT29 cells, labelled as described above, were plated at 7�104

cells per well in a final volume of 0.25 ml buffered salt

solution (138 mM NaCl, 2.7 mM KCl, 8.1 mM Na2HPO4,

1.5 mM KH2PO4, 1 mM MgCl2, 1 mM CaCl2, pH 7.4). Celecoxib

or rofecoxib were incubated with HT29 cells for 4 h at 37 1C

in 5% CO2 in 24-well plates. Some experiments were

performed pretreating HT29 cells with SB202190 or

SP600125 at 0.001–10 mM or anti-ICAM-1 or anti-VCAM-1

monoclonal antibodies (mAbs) at 5 mM for 30 min. After

incubation, non-adherent HT29 cells were removed by

washing three times with 1 ml buffered salt solution.

The centre of each well was analysed by fluorescence

image analysis (Dianzani et al., 2003). Adherent cells were

counted using Image Pro Plus Software for micro-imaging.

Single experimental points were assayed in quadruplicate,

and the standard error of the four replicates was below 10%

in all cases. Data are presented as percentage adhesion versus

the control value, control adhesion being measured on

untreated HT29 cells. Control adhesion was 65±6 cells per

microscope field (n¼15).

Statistical analysis

Data are expressed as means±s.e.m. Statistical analysis was

performed with GraphPad Prism 3.0 software. One-way

ANOVA was performed, and Dunnett’s multiple comparison

was used to determine significant differences between

means. Pp0.05 was considered significant.

Materials

Mouse mAb against b-actin, protease inhibitors cocktail,

green fluorescent cell linker kit PKH67 and heparin were

from Sigma (Chemical Co., St Louis, MO). RPMI 1640 and

FCS were from GIBCO BRL (Grand Island, NY). Celecoxib

and rofecoxib were from Sequoia Research Products Ltd.

(Pangbourne, UK). The MAPK inhibitors SB202190, PD98059

and SP600125 were from Calbiochem (San Diego, CA). The

BCA Protein Assay and SuperBlock blocking buffer were from

Pierce Biotechnology Inc. (Rockford, IL); Polyvinyldenedi-

fluoride was from Millipore (Bedford, MA). Rabbit polyclonal

antibodies against human ICAM-1, Bax, BID, Bcl-2, goat

polyclonal antibodies against VCAM-1, anti-mouse, anti-

goat and anti-rabbit Ig horseradish peroxidase-linked whole

antibodies were from Santa Cruz Biotechnology Inc. (Santa

Cruz, CA). Antibodies against the phosphorylated forms of

p38, p42/44 and p46/55 MAPKs were from Cell-Signalling

(Beverly, MA). The COX 4 anti-mouse mAb was from Abcam

plc (Cambridge, UK). Hyperfilm ECL was from Amersham

Biosciences Corp. (Piscataway, NJ) and Western Lightning

Chemiluminescence Reagent Plus was from PerkinElmer Life

Science (Cetus, Norwalk, CT). Gel Pro.Analyser 4.5, 2000 was

from Media Cybernetics Inc. (Leiden, The Netherlands).

Image Pro Plus Software for micro-imaging was from Media

Cybernetics (version 5.0). GraphPad Prism 3.0 software was

from GraphPad software (San Diego, CA). All the other

reagents utilised were from Sigma. NucleoSpin RNA II was

from Macherey-Nagel (Düren, Germany). RevertAid H Minus

M-MuLV Reverse Strand cDNA Synthesis kit and Taq DNA

Polymerase were from Fermentas (Harrington Court,

Burlington, Ontario). All primers were synthesised and

purified by MGW-Biotech (Ebersberg, Germany).

Results

Effect of celecoxib on ICAM-1 and VCAM-1 expressions on HT29

cells

HT29 cells normally express ICAM-1 and VCAM-1. We

had already shown that stimulation of HT29 cells

with 10 ng ml�1 TNF-a for 4 h did not significantly modify

VCAM-1 and ICAM-1 expressions. Thus, the following

experiments were performed without exposing the cells to

this cytokine. Time-course experiments (0–8 h) demon-

strated that the inhibitory effect of 10 mM celecoxib on

ICAM-1 and VCAM-1 expressions was maximal after 4 h

incubation and this was maintained up to 6 h (Figure 1a).

Densitometric analysis of the autoradiograms showed that

celecoxib induced maximum decreases of approximately 45

and 35%, respectively, of ICAM-1 and VCAM-1 expressions,

versus celecoxib-untreated cells, with a loss of effect after

6 h (n¼3; Figure 1c). In the same experimental conditions,
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rofecoxib, another selective COX-2 inhibitor with a different

chemical structure, did not have any significant effect on

ICAM-1 or VCAM-1 expressions (Figure 1a). When the time-

dependence of celecoxib’s effect on ICAM-1 and VCAM-1

was studied by evaluating mRNA expression, this effect was

similarly lost at longer time periods of incubation (Figures 1b

and c). However, inhibition of the expression of mRNA

showed its maximum much earlier, betweeen 30 min and 2 h

incubation (n¼3; Figures 1b and c). As shown in Figure 2,

dose–response experiments performed in the range 0.001–

10 mM gave maximum inhibition of adhesion molecules at

10 mM celecoxib with a higher inhibition (B50%) of ICAM-1.

Over this concentration range, rofecoxib did not affect

ICAM-1 or VCAM-1 expressions (n¼4; Figures 2a and b).

As the maximum inhibition of ICAM-1 and VCAM-1

expressions was achieved at 10 mM and after 4 h incubation

with celecoxib, we chose these two experimental conditions

for all following experiments.

Effect of celecoxib on MAPK activation

Based on the reported ability of celecoxib to inhibit different

MAPKs (Chun et al., 2004; Steffel et al., 2005) and the

structural analogy between celecoxib and the p38 MAPK

inhibitor SB202190 (see Discussion), we evaluated the effect

of celecoxib on p38, c-Jun terminal NH2 kinase (JNK) p46/55

and p42/44 activation in HT29 cells. Time-course experi-

ments (0–8 h) demonstrated that the inhibitory effect of

10 mM celecoxib on the activation of p38 and p55 MAPKs

started after 30 min of stimulation and was maintained up

to 4 h, returning to initial levels after 6–8 h (n¼3). Neither

p42/44 nor p46 MAPK was affected by celecoxib treatment

(Figure 3a). Treatment of HT29 cells with celecoxib (0.001–

10 mM) for 4 h resulted in the inhibition of the phosphoryla-

tion of p38 and p55 MAPKs, with a maximum of about 50

and 60%, respectively, at 10 mM (n¼3; Figures 3b and c). In

the same experimental conditions, rofecoxib showed no

effect on the activation of any of the MAPKs evaluated.

Effect of MAPK inhibitors on ICAM-1 and VCAM-1 expressions

In order to assess whether the inhibitory effect of celecoxib

on ICAM-1 and VCAM-1 expression may be related to drug

effects on the reported MAPKs, well-known experimental

inhibitors of these enzymes were compared. Time-course

experiments (0–8 h) demonstrated that SB202190 or

SP600125 (10 mM) down-regulated ICAM-1 and VCAM-1

expressions, with the maximal inhibition achieved after

4 h incubation, maintained up to 6 h and fading thereafter

(n¼3; Figures 4a and b). The extent of the inhibition that

could be obtained with SP600125 (maximum at B40%) was

higher than that measured with SB202190 (maximum at

B25%). Treatment of HT29 cells, either with SB202190 or

SP600125, decreased ICAM-1 and VCAM-1 expressions,

Figure 1 Time course of celecoxib and rofecoxib on ICAM-1 and
VCAM-1 expressions. (a) HT29 cells were incubated with celecoxib
or rofecoxib (10 mM) from time 0 to 8 h. At the time indicated, cells
were processed for western blot analysis as described in the Methods
section. The immunoblot shown is representative of three separate
experiments. (b) Agarose gel showing products of RT-PCR assay for
ICAM-1 and VCAM-1 cDNA from HT29 cells. Cells were incubated
with celecoxib or rofecoxib (10 mM) from time 0 to 4 h. At the
time indicated, cells were processed for mRNA extraction. Single
transcripts corresponding to the sizes predicted for ICAM-1 (498 bp)
and VCAM-1 (399 bp) were detected. b-actin was used as a
housekeeping gene. Data are representative of three separate
experiments. (c) Densitometric analysis of western blot and RT-PCR
products. Values of protein expression, normalised to b-actin, are
expressed as percentage decrease versus control, mean±s.e.m.,
n¼3. Values of RT-PCR products were obtained from HT29 cells
incubated with celecoxib (10mM) from time 0 to 4 h. Data were
analysed by one-way ANOVA and the Dunnett’s test (*Po0.05
versus control). RT-PCR, reverse transcription-PCR.

Figure 2 Dose–response relationships of celecoxib and rofecoxib
on ICAM-1 and VCAM-1 expression. (a) HT29 cells were incubated
with celecoxib or rofecoxib 0.001–10 mM for 4 h and then subjected
to western blot analysis. Data, normalised to b-actin, are expressed
as percentage decrease versus control, mean±s.e.m., n¼4. Data
were analysed by one-way ANOVA and the Dunnett’s test (*Po0.05;
**Po0.01 versus control). (b) The immunoblot shown is representa-
tive of four separate experiments.
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respectively, in a dose-dependent way (0.001–10 mM; n¼4;

Figure 4c).

Effect of celecoxib and MAPK inhibitors on HT29 cell adhesion to

FCS-coated plastic wells

ICAM-1 and VCAM-1 are involved in the adhesion mechanisms

that underlie interactions between cancer cells or between

cancer cells with other cell types or the extracellular matrix.

We previously showed that celecoxib inhibits the expression

of these adhesion molecules on HT29 cells, and thus to

evaluate the functional significance of the observation, we

assessed the adhesion of HT29 cells to FCS-coated plastic

wells. As shown in Figure 5, celecoxib inhibited HT29 cell

adhesion to FCS-coated plastic wells in a dose-dependent

way and in the same concentration range evaluated

previously (n¼5). The maximum inhibition (B55%),

achieved even here at 10 mM, was comparable with those

measured in assays of the effects of celecoxib on ICAM-1 and

VCAM-1 expressions. In the same experimental conditions,

rofecoxib inhibited HT29 cells adhesion to plastic only at

10 mM and to a lower extent than celecoxib (B30%) (data not

shown). The effect of celecoxib in the adhesion test was

matched by those of the MAPK inhibitors SB202190 and

SP600125. Both drugs, in the same concentration range

evaluated previously (Figure 5), inhibited HT29 cell adhesion

to FCS-coated plastic wells. The maximum inhibition

(B50%) was quite close for both drugs, but SP600125

was significantly active even at 0.01 mM. To evaluate the

mechanism of HT29 cell adhesion to FCS-coated plastic

wells, experiments were performed by pre-incubating HT29

cells with mAbs blocking each of the two adhesion

molecules. Adhesion of HT29 cells to FCS-coated plastic

wells was inhibited by 50% (ICAM-1 mAb) and 35% (VCAM-

1 mAb), thus demonstrating a direct involvement of the two

adhesion molecules in the adhesion of HT29 cells to FCS-

coated plastic wells (Figure 5).

Effect of celecoxib on apoptosis

Celecoxib has been reported to affect cancer cells in a

number of ways. The antineoplastic properties of celecoxib

have been attributed, at least in part, to its ability to directly

inhibit COX-2 by binding to its active site (Hood et al.,

Figure 3 Effect of celecoxib on MAPKs. (a) HT29 cells were
incubated with celecoxib (10 mM) from time 0 to 8 h. At the time
indicated, cells were processed for western blot analysis as described
in the Methods section. The immunoblot shown is representative of
three separate experiments. ph indicates the phosphorylated form of
each MAPK analysed. (b) Densitometric analysis of ph-p38, ph-p55
and ph-p46 MAPK activation. HT29 cells were incubated with
celecoxib (0.01–10mM) or rofecoxib (10 mM) for 4 h and then
processed for western blot analysis as described in the Methods
section. Data, normalised to b-actin, are expressed as percentage
inhibition versus control, mean±s.e.m., n¼3. Data were analysed
by one-way ANOVA and the Dunnett’s test (*Po0.05 versus
control). (c) The immunoblot shown is representative of three
separate experiments.

Figure 4 Effect of MAPK inhibitors on ICAM-1 and VCAM-1
expressions. (a) HT29 cells were pretreated with SB202190 or
SP600125 (10 mM) for 30 min and then incubated from time 0 to 8 h.
At the time indicated, cells were processed for western blot analysis
as described in the Methods section and analysed by densitometry.
Data, normalised to b-actin, are expressed as percentage inhibition
versus control, mean±s.e.m., n¼3. Data were analysed by one-way
ANOVA and the Dunnett’s test (*Po0.05; **Po0.01 versus control).
(b) The immunoblot shown is representative of three separate
experiments. (c) HT29 cells were pretreated with SB202190 (0.001–
10mM) for 30 min and then plated for 4 h or directly incubated with
SP600125 (0.001–10mM) for 4 h and 30 min. Cells were processed
for western blot analysis as described in the Methods section. The
immunoblot shown is representative of four separate experiments.
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2003). We evaluated PGE2 synthesis in HT29 cells as a

measure of COX-2 activity, by dose–response experiments

performed at the same time and concentrations as those used

to evaluate the effect on adhesion molecule expression.

Treatment of HT29 cells with celecoxib inhibited PGE2

production in a dose-dependent way. COX-2 is basally

expressed at a high level in HT29 cells that also possess

COX-1. At the highest dose tested (10 mM celecoxib), PGE2

production was inhibited by about 30% (data not shown).

This extent of inhibition is similar to those measured in the

other assays reported here. To ascertain whether the drug

could also exert other effects in experimental conditions

suitable for inhibiting adhesion molecule expression, the

ability of celecoxib to affect apoptosis in HT29 cells was

evaluated. In time-course experiments, treatment of HT29

cells with 10 mM celecoxib up to 8 h induced Bax and BID

expressions with a maximum at about 4 h, whereas the drug

inhibited Bcl-2 expression with a maximal inhibition at the

same time (n¼3; Figure 6a). In the same experimental

conditions, rofecoxib induced a significantly lesser increase

in Bax expression and did not significantly modify BID

and Bcl-2 expressions (n¼ 4; Figures 6b and c). As Bax

overexpression is correlated with translocation to mitochon-

dria, we have also demonstrated that 10 mM celecoxib, with

4 h incubation, induced Bax translocation (n¼ 3; Figure 6c).

These data indicate that celecoxib activates a proapoptotic

response in HT29 cells, involving both the intrinsic and the

extrinsic pathways.

Effect of continuous celecoxib exposure on ICAM-1 and VCAM-1

expressions on HT29 cells

To evaluate the duration of the effect of celecoxib on ICAM-1

and VCAM-1 expressions in HT29 cells, we replenished

celecoxib in the culture medium every 2 h up to 8 h. Under

these experimental conditions, the ability of celecoxib to

decrease ICAM-1 and VCAM-1 expressions was maintained

over the whole time (8 h), until it reached a plateau,

Figure 5 Effect of celecoxib, SB202190, SP600125 and a-ICAM-1 and a-VCAM-1 mAbs on HT29 cell adhesion to FCS-coated plastic wells.
HT29 cells were plated with celecoxib or pretreated for 30 min with SB202190 and plated for 4 h at 37 1C for 4 h or incubated for 4 h and
30 min with SP600125. All compounds were tested at 0.001–10 mM. HT29 cells were treated with mAbs to a-ICAM-1 or a-VCAM-1 (5mg ml�1)
for 30 min and then plated on FCS-coated plastic wells for 4 h. Data are expressed as percentage inhibition versus control, as mean±s.e.m.,
n¼5. Control adhesion was 65±6 cells per microscope field (mean±s.e.m., n¼15). Data were analysed by one-way ANOVA and the
Dunnett’s test (*Po0.05, **Po0.01 versus control).

Figure 6 Effect of celecoxib and rofecoxib on expressions of Bax,
BID and Bcl-2. (a) HT29 cells were incubated with celecoxib (10mM)
from time 0 to 8 h. At the time indicated, cells were processed for
western blot analysis as described in the Methods section. The
immunoblot shown is representative of three separate experiments.
(b) HT29 cells were treated with celecoxib or rofecoxib (10mM) for
4 h and processed for western blot analysis as described in the
Methods section. The immunoblot shown is representative of four
separate experiments. (c) Immunoblot representing translocation of
Bax to mitochondria in HT29 cells treated with celecoxib or
rofecoxib (10 mM) for 4 h. COX 4 and b-actin are mitochondrial
and cytosolic protein markers, respectively. The immunoblot shown
is representative of three separate experiments.
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demonstrating the drug’s ability to maintain the inhibition

of expression of the two adhesion molecules (n¼3; Figures

7a and b).

Discussion and conclusion

Adhesion molecules play a key role in tumour development,

as they mediate both interactions between cancer cells and

interactions between cancer and other cells (e.g. endothelial

cells). Specific adhesion molecules are involved in processes

that allow cancer cell migration, tissue invasion and

metastasis formation (Fidler, 2002). Colon cancer metastases

are frequently localised in the lung, and this could be related

to the ability of colon cancer cells to adhere to microvascular

endothelial cells of the lung that express the ligands for

ICAM-1 and VCAM-1, present on tumour cells (ten Kate

et al., 2004). Microvascular endothelial cells of the lung

normally express LFA-1 and VLA-4, ligands for ICAM-1 and

VCAM-1, respectively, which are not present on macro-

vascular endothelial cells (ten Kate et al., 2004). Celecoxib,

the only anti-inflammatory drug approved by the FDA

(1999) for adjuvant therapy in patients with familial

adenomatous polyposis, was recently proposed to be useful

in reducing the occurrence of colorectal sporadic adenoma-

tous polyps within 3 years after polypectomy (Arber et al.,

2006). Celecoxib has never been studied as a modulator

of these adhesion molecules. Using HT29 cells as an

experimental model, we have demonstrated that celecoxib

down-regulated ICAM-1 and VCAM-1, decreasing their

expression by about 40% with no comparable effect with

rofecoxib. To our knowledge, this is the first demonstration

of the effect of celecoxib on the expression of these adhesion

molecules in HT29 cells. The demonstration that continuous

exposure to the drug was able to maintain down-regulation

of ICAM-1 and VCAM-1 is an important finding, also from a

therapeutic point of view. The chemopreventive effect

displayed by celecoxib may be linked to its ability to

maintain the down-regulation of adhesion molecules, pre-

venting the attachment of tumour cells either among

themselves or to other cells.

At the highest concentrations tested here, celecoxib

cannot be regarded as a selective inhibitor of COX-2

(Fitzgerald and Patrono, 2001). Both COX isoforms are

present in HT29 cells (Goel et al., 2001). While evaluating

the possible mechanism(s) of the action of celecoxib, we

focused our attention on data showing the drug’s ability to

interfere with the activity of some MAPKs (Chun et al., 2004;

Steffel et al., 2005). Chun et al. (2004) have shown that

celecoxib inhibits both the catalytic activity and the

phosphorylation of p38 MAPK in an experimentally induced

carcinogenesis model. This data can be explained by the

common chemical structure shared by p38 MAPK inhibitors,

such as SB203580, and celecoxib (Muller, 2003). Moreover,

Steffel et al. (2005) demonstrated that, in human aortic

endothelial cells, 10 mM celecoxib decreased TNFa-induced

tissue-factor expression by 50% by inhibiting JNK phosphory-

lation. Based on these observations, we tried to confirm the

inhibitory effects of celecoxib on HT29 cells, in order to

ascertain a possible relationship between inhibition of

MAPKs and a decrease in ICAM-1 and VCAM-1 expressions.

In HT29 cells, celecoxib inhibited p38 and activation of

p55 JNK MAPKs in a time- and dose-dependent way, without

affecting p42/44 and p46 JNK. It appears that celecoxib

inhibition of MAPKs occurs at the same time and concentra-

tion as those needed to reduce ICAM-1 and VCAM-1

expressions. These results are in keeping with a possible

relationship between inhibition of MAPKs and a decrease in

ICAM-1 and VCAM-1 expressions, both affected by micro-

molar concentrations of celecoxib. Moreover, the refilling

experiments showed that celecoxib could induce a long-

lasting inhibition of p38 and p55 JNK MAPKs, suggesting a

prolonged inhibitory effect of the drug also on MAPKs (data

not shown).

To confirm the role of MAPKs in the expression of ICAM-1

and VCAM-1, we performed experiments with selective

inhibitors of MAPKs previously used to evaluate celecoxib’s

effect. We utilised the p38 inhibitor SB202190, which like

SB203580 has a chemical structure shared also by celecoxib,

and JNK inhibitor SP600125. SB202190 and SP600125

inhibited ICAM-1 and VCAM-1 expressions in a time- and

dose-dependent way, and also in this case we obtained a

curve with a shape that significantly overlapped with all

the previously described dose–response curves for celecoxib.

PD98059 was also tested as a negative comparator, confirm-

ing that p42/44 is not involved in celecoxib-mediated

inhibition of adhesion molecule expression (data not

shown). Evidence for the functional meaning of these results

Figure 7 Effect of continuing treatment with celecoxib (replenish-
ment) on ICAM-1 and VCAM-1 expressions. (a) HT29 cells were
incubated with celecoxib (10 mM) and cells were washed twice every
2 h and fresh celecoxib added, up to 8 h (arrows). Every 2 h, cells
were processed for western blot analysis as described in the Methods
section and analysed by densitometry. Data, normalised to b-actin,
are expressed as percentage inhibition versus control, mean±s.e.m.,
n¼3. Data were analysed by one-way ANOVA and the Dunnett’s
test (*Po0.05 versus control). (b) The immunoblot shown is
representative of three separate experiments.
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is provided by adhesion data. Celecoxib inhibited HT29 cell

adhesion to FCS-coated plastic wells in a dose-dependent

way (0.001–10 mM) and at 4 h incubation. Similar results were

obtained with MAPK inhibitors SB202190 and SP600125, but

not with PD98059 (data not shown). We demonstrated the

direct involvement of ICAM-1 and VCAM-1 in mediating

HT29 cell adhesion to FCS-coated plastic wells by blocking

ICAM-1 and VCAM-1 with mAbs. The extent of celecoxib’s

inhibition of HT29 cell adhesion was of the same order as the

inhibition recorded with mAbs to the adhesion molecules.

Various experimental studies have shown a positive

correlation between the expression of COX-2 and inhibition

of apoptosis. In HT29 cells, we found that two pro-apoptotic

proteins Bax and BID were induced by treatment with

celecoxib, whereas the expression of the anti-apoptotic

protein Bcl-2 decreased after treatment with celecoxib in a

time-dependent way with a maximum effect, in both cases,

at 4 h. In our experimental model, Bax was translocated

to mitochondria, demonstrating that both intrinsic and

extrinsic apoptosis pathways are activated. In the same

experimental conditions, rofecoxib increased Bax, without

affecting BID and Bcl-2 expression. Refilling experiments

showed, once again, that continuous exposure to celecoxib

induced a lasting effect on Bax and BID up-regulation and

Bcl-2 down-regulation, demonstrating the drug’s ability to

produce a prolonged effect (data not shown). Increased

expression of Bax and BID has been reported in another

colon cancer cell line, COLO 205, after stimulation with

nimesulide, another COX-2 inhibitor that, in this cell line,

induced a pro-apototic pathway (Godlewski et al., 2002). In

other cell lines and in other experimental conditions (Hsu

et al., 2000), celecoxib did not affect Bcl-2 expression,

underlining a cell- and dose-dependence of this effect. The

different behaviour between celecoxib and rofecoxib is in

agreement with data reported by Zhu et al. (2002), suggesting

a key role for the sulphonamide moiety in the pro-apoptotic

activity of celecoxib (Zhu et al., 2002). Our results provide

the first demonstration of the involvement of Bcl-2 family

proteins in celecoxib-mediated apoptosis in HT29 cells.

It is very important to stress that the celecoxib concentra-

tions required to achieve an apoptotic effect in cell culture

experiments are well in excess (5–20 fold higher) of human

plasma concentrations achieved after administration of one

400 mg dose per day (Marx, 2001; Maier et al., 2005). This

discrepancy may be attributed to the time required to obtain

tumour regression in vivo (weeks or months), whereas an

anti-proliferative effect in cell cultures is achieved after hours

or days (Maier et al., 2005).

Celecoxib-mediated down-regulation of ICAM-1 and

VCAM-1 on HT29 cells could explain new aspects of the

chemopreventive effects of this drug on colon cancer.

Celecoxib may reduce the ability of tumour cells to invade

local issues and to spread to distant sites, not only through

reduced secretion of matrix metalloproteinases (Cha et al.,

2004; Peluffo et al., 2004), but also by inhibiting the

adhesiveness of colon cancer cells, thus reducing the

interactions between different cell types. In conclusion, this

study contributes to our knowledge about the mechanism of

celecoxib’s action in an in vitro experimental model. This

demonstrates a role for celecoxib, not only in apoptosis, but

also in the modulation of the expression of adhesion

molecules in colon cancer cells, reducing cell adhesiveness,

inhibiting MAPKs activity and thus suggesting a role for the

drug in reducing the formation of metastases.
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